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ABSTRACT 

EFFECTIVE OPTIMIZATION OF CATALYTIC HYDROGENATIONS USING A 
RATIONALLY DESIGNED HYDROGEN UPTAKE SYSTEM 

 
 

Fraser Waldie                  Advisor: 
University of Guelph, 2012      Professor M. Schlaf 
 
 
 This thesis examines the various aspects of catalytically deoxygenating biomass-

derived feedstocks including the relevant catalyst materials, conditions and equipment. 

Preliminary investigations probed the ability of T316 SS, as a reactor material, to perform 

as an effective hydrogenation catalyst at temperatures above 100 oC, under reducing 

aqueous-acidic media. Additionally, an external apparatus was developed in order to 

facilitate the optimization of catalytic hydrogenations. The accuracy and applicability of 

this system was confirmed using the reduction of levulinic acid to γ-valerolactone. 

Accurate information pertaining to the quantity of hydrogen consumed was obtained in 

addition to in situ differential rates reaction allowing for the derivation of the integrated 

rate law. Subsequently, the newly designed uptake system was used to monitor, and 

effectively optimize, the deoxygenation of a series of complex furfural-derived substrates 

towards the attempted production of high-energy density fuels. Commercially available 

Pd/C and Ru/C catalysts were employed, unsuccessfully, under a variety of reaction 

conditions. 
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1 INTRODUCTION  
 

1.1 MOTIVATION  

Global dependence on petroleum based feedstocks for the production of fuels, 

energy, petrochemicals, fine chemicals, monomers/polymers and all other carbon-based 

products has brought about significant strain to our natural environment. The increasing 

number of environmental and political issues arising from this dependence have slowly 

brought about the realization that a shift from these non-renewable resources is required.1 

A petrochemical industry based solely on crude oil and natural gas is obviously not 

sustainable. This is due not only to the non-renewable nature of its carbon base but also 

because of the negative effects caused to the environment during nearly all steps of 

production as well as consumption.1-3 While there a number of viable options for the 

production of fuels to power our machines; hydrogen, solar and biomass, only biomass is 

capable of supplying the necessary elements, C, H, and O, in the abundant amounts 

necessary for the production of chemicals and consumer products. 

While the shift from the world’s dependence on petroleum based feedstocks to 

renewable and sustainable sources may seem feasible and favourable, this is easier said 

than done. The worlds first commercial oil fields were developed more than 150 years 

ago (Azerbaijan 1846, Poland 1854, Ontario 1858).2 The use of crude oil as a resource 

has undergone well over 100 years of research and development for enhancement of the 

underfunctionalized crude via amination, oxidation, hydration, hydroformylation, 

hydrocyanation, and dehydrogenation. An attractive alternative source of carbon is plant 

biomass in the form of monosaccharide sugars and their corresponding polyalcohol 



 

 2 

derivatives. Biomass is particularly attractive not only because of its renewable nature but 

also due to the fact that it is carbon-neutral. Additionally, carbohydrates are the world’s 

most important class of organic compounds in terms of volume produced as they 

represent 95% of the annually re-growing biomass though only 3% is utilized by man, the 

rest decays along their natural pathways.4 Lignocellulose, in particular, is one of the 

cheapest and most abundant forms of biomass and is consequently one of the most 

promising carbon based feedstocks capable of displacing dependence on crude oil and 

natural gas.  

The major problem lies in the processing of these overfunctionalized crude 

feedstocks, which require methods of dehydration, hydrogenation, and hydrogenolysis to 

be converted into chemicals that can replace or supplement existing petro-chemical feeds. 

 

Figure 1-1: Alternate chemical pathways for two sources of carbon-based feed stocks. 
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The chemistry required to process biomass is comparatively “opposite” with respect to 

the their petroleum based feedstocks and, as a result, significantly less research and 

development has been exploited in this area.2 Overfunctionalization, is essentially the 

presence of oxygen on every carbon in the form of hydroxyl functional groups. This 

overfunctionalization results in very high reactivity, which as a result, is very difficult to 

control and exploit. Currently, the key problem associated with the large-scale 

biorefining of carbohydrates to commodity chemicals is the absence of low-cost 

processing technology.1 

Conventionally, the biorefining of biomass derived feedstocks is achieved through 

a nickel catalyzed gasification to synthesis gas (CO/H2) followed by Fischer-Tropsch 

chemistry or catalytic conversion to mixed alcohols using either iron or cobalt catalysts.1 

These methods require temperatures as high as 800 oC to convert carbohydrates to CO 

and H2, which are then recombined to form hydrocarbons and water, Figure 1-2.5 

Synthesis Gas
Production

Fischer-Tropsch
Process

Refining, Separating
and 

Upgrading Product

Refinery Fuel Gas

Gasoline, Jet and Diesel

Water

Air or Oxygen

Steam

Biomass

Synthesis Gas

H2, CO

Light Gases

Syn Crude
Chemicals

 

(2n+1) H2     +     n CO CnH(2n+2)     +     n H2O
150-300oC

Co/Fe

F-T Process:

 

Figure 1-2: Industrial conversion of biomass via Fischer-Tropsch chemistry. 
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However even with the use of in-plant heat recovery, thermal efficiencies on the 

order of < 60% are observed. In addition to the low thermal efficiencies, Fischer-Tropsch 

chemistry yields a large distribution of carbon chain lengths which require further 

refining to obtain the narrow range of carbon chain lengths required for diesel or aviation 

fuels. The synthesis gas produced must also undergo expensive treatment for the removal 

of sulfur and ammonia in order to allow for the heterogeneous catalysts to function 

efficiently.6 In consequence, the current method affords an abysmal carbon-atom 

efficiency in which only one out of every five biomass-derived carbon atoms is retained 

for use as fuel. This low efficiency is also a result of the amount large of carbonaceous 

feedstocks required to heat the gasifier and produce electricity for the plant. Biomass can 

also be processed via thermochemical liquefication and/or pyrolysis to bio-oil or by acid 

hydrolysis to yield sugars which require further refining.1  

1.2 LIGNOCELLULOSE AND PLANT BIOMASS 

The use of high value food crops (e.g., corn) as a feedstock for biomass is 

commonly viewed as unethical, especially when being used for the production of fuels. 

High value food crops are not a viable carbon source for the production of fuels as they 

compete with food for fertile land, which in turn affects the price of food.7 When used for 

the production of fine chemicals, the issue of competition with food sources becomes 

significantly less severe. Fine chemicals have longer life times, and require significantly 

smaller volumes of material, thereby significantly lowering the volume of biomass 

required. Despite consuming a small fraction of biomass with respect to fuels, the 

products are actually worth more.8 Moreover, the moral dilemma arising from use of high 

value food crops for fuels or fine chemicals can be addressed through the utilization of 
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non-food derived biomass, such as lignocellulosics, i.e., non-edible crop and forestry 

biomass residues.  

Lignocellulose is comprised of three main components; cellulose, hemicellulose, 

and lignin and constitutes the most abundant renewable organic carbon source on the 

planet. Of these three components, 75-90 wt.% are sugar polymers while the remaining 

10-25 wt.% are large organic aromatic compounds known as lignin.9  

 

Figure 1-3: Illustration of the various components of biomass including: Cellulose (top), 
Hemicellulose (bottom left), and Lignin (bottom right).10 
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Cellulose is mainly comprised of glucose monomers bound by β-1,4 glycosidic 

linkages which can be acid hydrolyzed to yield the corresponding dimers, trimers, and 

tetramers (cellobiose, cellotriose and cellotetrose, respectively) and then further 

hydrolyzed to the glucose monomer. Hemicellulose is also a sugar polymer, though it is 

comprised of five different sugars; C5 sugars xylose and arabinose, as well as C6 sugars 

galactose, glucose, and mannose which are bound and typically constitute 20-40 wt.% of 

biomass. The amorphous nature of hemicellulose makes it easier to hydrolyze to its sugar 

monomers with respect to cellulose. Cellulose is a crystalline material resulting from the 

presence of highly ordered inter-strand hydrogen bonding. In recent years increasingly 

efficient methods for the conversion of sugar polymers to higher-energy-density sugar-

derived molecules have been developed. The versatile precursor for many high value 

chemicals and fuels, 5-hydroxymethyl furfural (HMF), as well as sugar monomers and 

dimers, can be obtained through hydrolysis in ionic liquids under relatively mild 

conditions (≤ 140 oC, 15 psi).11-12 Ionic liquids enable homogeneous hydrolysis of 

cellulose and hemicellulose catalyzed by strong mineral or organic acids. The resulting 

hydrolysis yields water-soluble reducing sugars such as glucose, cellobiose, and higher 

oligomers (yields up to 97%). The resulting reducing sugars can then be further converted 

to HMF (89%) in a one-pot fashion through the use of an aldose-ketose isomerization 

catalyst CrCl2.
11 In consequence, the biomass-derived sugars can now in principle be 

obtained for future conversion into fuels and petrochemicals via liquid-phase catalytic 

processing. Sugar alcohols, which are obtained by the hydrogenation of the sugar 

monomers xylose and glucose, can be reduced via a combination of 

hydrogenation/dehydration type reactions to yield deoxygenated products, i.e., value 



 

 7 

added chemicals. Examples starting from hemi-cellulose and glucose are illustrated in 

Schemes 1-1 and 1-2 where iterative acid-catalyzed dehydration/metal-catalyzed 

hydrogenation reaction cascades produce alkenes, alkanes and primary alcohols, all of 

which are valuable petrochemicals with a wide variety of applications.13, 14  

Ultimately, there is not only great potential for a well designed catalytic system to 

selectively deoxygenate biomass-derived platform molecules to high valued products, but 

also an overwhelming necessity for them. As a result the goal of this research is to devise 

highly effective and relatively inexpensive means of deoxygenating various platform 

molecules derived from lignocellulose using simple heterogeneous catalytic systems. 
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Scheme 1-1: Conceivable pathways for the deoxygenation of hemi-cellulose derived C5 
units (xylose, xylitol, furfural) to 1-pentanol, pentene and pentane. 
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Scheme 1-2: Conceivable pathways for the deoxygenation of cellulose derived C6 units 
(fructose, glucose, sorbitol, HMF) to 1-hexanol, hexene and hexane. 

 

1.3  BIOMASS DERIVED SUBSTRATES 

While HMF is widely recognized as a promising platform for the production of 

fuels and chemicals, there are a number of problems associated with its chemistry. Side 

reactions leading to humins, i.e., ill-defined polymerization products, formed through 

condensation reactions, are commonly encountered during the dehydration of fructose to 

HMF. These side reactions include isomerization, condensation, rehydration, reversion, 

fragmentation, and/or additional dehydration reactions.15 The presence of the highly 

reactive aldehyde on furfural and HMF make working with these two chemicals at the 

high temperatures required for biomass conversion particularly challenging. Despite these 

challenges, many different platform chemicals can be derived directly from HMF and 

furfural efficiently and inexpensively. A few of these key substrates are discussed in 

more detail below. 
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1.3.1 Levulinic Acid  

A variety of interesting bulk chemicals are accessible from the acid-catalyzed 

hydrolysis of cellulose. An interesting example is levulinic acid (LA), a versatile 

precursor for fuel additives, polymers, and resins.16 Large scale production of LA from 

biomass is achieved through patented technology involving HMF as an intermediate. 

Presently LA can be produced at costs as low as $0.09-$0.22 per kg.17  

O
O

OH

HO
OH

* *

n

O
HO

O O

O

OHcat./ ∆∆∆∆ [H+]/ ∆∆∆∆

+ 2 H2O

Cellulose Hydroxymethylfurfural
(HMF)

Levulinic Acid

+
O

OH

Formic Acid

 

Scheme 1-3: Production of levulinic acid by the acid hydrolysis of cellulose. 

  

The low cost and potentially high availability of LA make it one of the most 

promising platform molecules for production of other important bulk chemicals and 

solvents such as methyl-tetrahydrofuran (MTHF, an important fuel additive) and δ-

aminolevulinic acid (DALA, a biodegradable insecticide).17-18 LA is of particular interest 

due to the presence of two reactive functional groups, a ketone and carboxylic acid group, 

which open the door to a variety of different reaction pathways. Accordingly, LA was 

classified as one of the top 12 value-added platform molecules available from biomass by 

the U.S. Department of Energy in 2004, which was narrowed from a range of 300 

chemicals in 2002.19 A possible reaction cascade for the selective deoxygenation of LA to 

higher valued products is presented in Scheme 1-4. 
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Scheme 1-4:  Potential value chain for the acid/metal catalyzed deoxygenation of LA. 

 

Under acidic conditions, LA undergoes an intramolecular condensation to γ-

angelicalactone, which is then followed by hydrogenation to γ-valerolactone (GVL) 

almost quantitatively using Ru/C and external H2.
17 GVL can then be subsequently 

opened to yield pentenoic acid followed by hydrogenation to form pentanoic acid. 

Pentanoic acid can also be achieved via the direct hydrogenolysis of GVL. Pentanoic acid 

is valuable as a precursor to ethyl pentanoate, via esterification, which is a diesel fuel 

additive while GVL itself can serve as a fuel directly.20 GVL may also be hydrogenated 

to 1,4-pentanediol, a valued polyester precursor, which can be dehydrated to MTHF.17 

Pentenoic acid is also capable of undergoing decarboxylation to butene which may be 

subsequently oligomerized to yield long chain alkanes (C8+) or be further hydrogenated to 

butane.21-22 Total deoxygenation also leads to pentene or pentane, both of which have 
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value as PlatForming (Platinum Reforming) feeds in the production of gasoline or 

elastomers.23  

1.3.2 HMF/Furfural Derived Substrates 

Extended carbon chain sources (C8-C15) are necessary for applications in gasoline, 

and particular jet and diesel engines which require higher energy density fuels than can 

be supplied by ethanol or butanol. Conventionally, the longest alkane chains available 

from biomass range from C1 to C6, which are attainable through aqueous-phase 

dehydration/hydrogenation (APD-H) or aqueous-phase reforming (APR) (Scheme 1-5). 

APD-H involves a bi-functional pathway in which long chain sugar polyols such as 

sorbitol (hydrogenated glucose) are repeatedly dehydrated by a solid acid (SiO2-Al2O3) or 

a mineral acid (HCl) catalyst and subsequently hydrogenated by a metal catalyst (Pt, Pd, 

Rh, Ru, etc).24 Early studies by Dumesic et al. had shown that alkanes can be selectively 

produced with the use of metals such as Ni, Pd, Pt, Ir, Ru, Rh and Re on a silica support 

where Rh, Ru, and Ni show a low selectivity towards H2 production and a high selectivity 

for alkane production. Other systems include the use of Pt on a TiO2, C, or Al2O3 which 

show increased activity by adding Ni, Co or Fe as co-catalysts.25  
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Scheme 1-5: Production of light alkanes (C1 to C6) from sorbitol over bifunctional 
catalysts.1 

 
 
 
 While the production of light alkanes cellulose and hemicellulose is in principle 

possible with current technology, the production of longer chain alkanes (C7 to C15) has 

posed more significant challenges. Dumesic25 has also investigated this process by 

combining the dehydration/hydrogenation process with an upstream aldol condensation 

step to produce new C-C bonds as shown in Scheme 1-6. As with Dumesic’s original 

ADP-H process, the dehydration/hydrogenation still takes place over a bi-functional 

metal/acid catalyst (4 wt.% Pt/SiO2-Al2O3) in a specifically designed four-phase reactor. 

The four phase reactor system is comprised of (1) an aqueous inlet stream containing 

large water soluble organic reactants, (2) a hexadecane alkane inlet stream, (3) a H2 inlet 

gas stream and (4) a solid catalyst (Pt/SiO2-Al2O3).
1 While no special treatment was 

required for smaller substrates, such as sorbitol, the production of larger alkanes required 

the use of a four phase reactor system due to the large amounts of reactant being 

converted to coke.1 The major problems encountered by Dumesic et al. during the 

production of C9 to C15 alkanes was the prevalence of coking (~20-50 % of the reactant 
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Scheme 1-6: Production of liquid alkanes (C9 to C15) from glucose over bifunctional 
catalysts.25 
 

 

converts to coke using  standard APD-H methods) and lack of a suitable catalyst system 

capable of long-term stability under the aqueous-phase reaction conditions.25 

Recently, a collaborating research group at the Los Alamos National Laboratories 

(LANL) devised a methodology for the production of a series of furfural and 5-hydroxy-

methyl-furfural derived derivatives with carbon counts C8 to C15, which can be isolate 

and purified as oils or solids. A summary of the various substrates is given in Scheme 1-

7. The details of the chain extension reactions performed by LANL are currently 

protected under a non-disclosure agreement and can therefore not be discussed here.26 

What is important about these substrates is the use of inexpensive starting materials to 

produce long chain substrates in a relatively simple, cost effective and energy-efficient 

manner. A few of these inexpensive starting materials include; HMF from glucose 
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dehydration, ethyl levulinate from levulinic acid esterification27, 1,1-dimethoxy-2-

propanone [pyruvaldehyde dimethylacetal] from methanol and pyruvaldehyde28, and 

acetone, a common solvent produced from the cumene process.  

The key objective pertaining to these substrates was to devise a simple method for 

the complete removal of oxygen content towards the production of alkanes using 

efficient, low cost, metal and acid catalysts. 
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Scheme 1-7: Aldol condensation products resulting from; HMF (R = CH2OH), methyl 
furfural (R = CH3) and furfural (R =H). 
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1.3.3 Deoxygenation Strategy 

Biomass is a complex feedstock requiring multiphase catalysis in complex 

environments in order to achieve selective conversion. As already discussed the 

complexity of biomass stems from its over-functionalization with respect to crude oil 

where the carbon to oxygen atom ratio is typically 1:1. This high oxygen content lowers 

the energy density of the biomass derived molecules and as such selective deoxygenation 

without any C-C bond breakage is the ultimate goal. The set of fundamental reactions 

required for the deoxygenation of biomass are illustrated in Figure 1-4.2 Common to all 

these reactions is the need for selective activation, reduction and/or removal of oxygen 

based functional groups (hydroxyl, carbonyl, ether, ester). The basis for all of these 

transformations (with the exception of ester hydrogenolysis, which is kinetically 

challenging) is first an acid catalyzed dehydration followed by a metal catalyzed 

hydrogenation or hydrogenolysis resulting in a net loss of oxygen.  

While heterogeneous systems are known to be capable of such transformations, 

(e.g., the deoxygenation of 1,4-anhydro-erytrhitol to THF over Re/Ni/C patented by 

DuPont29 and the deoxygenation of glycerol to 1,2-propanediol in high selectivity over 

Ni, CuO•CrO3 or Ru/C30-32) there are a few intrinsic limitations which heterogeneous 

systems suffer from with respect to these types of substrates. Sugar alcohols, like many 

other biomass derived substrates, are highly polar substrates inevitably leading to strong 

and irreversible substrate adsorption/decomposition on the also highly polar 

heterogeneous catalyst support surface resulting in rapid catalyst fouling and 

deactivation, typically by coking. The ability of heterogeneous catalysts to perform such 

transformations will be discussed in upcoming sections. 
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b) Easier: Rehydration, Loss of Water, Hydrogenation
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Figure 1-4: Fundamental reactions for the deoxygenation of biomass.2 

 
 

1.4 HETEROGENEOUS CATALYSIS 

The catalytic deoxygenation of biomass can be accomplished using either 

heterogeneous or homogeneous catalysis, though heterogeneous catalysts are the most 

commonly encountered in the petroleum and chemical industries. In today’s petroleum 

industry approximately 90% of all processes use heterogeneous catalysis, and a similar 

trend is more than likely to occur for the future of biorefineries.33 The primary 
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advantages to heterogeneous catalysis include their ease of recycling, allowing for 

multiple reuse, and their stability under severe reaction conditions (temperatures as high 

as 1600 K and pressure up to 5000 psi, compared with temperatures less than 300 K for 

biological catalysts) allowing for faster reaction times and smaller reactor sizes,i.e., 

higher space-time yields.34 For the above reasons, the focus of the research in this thesis 

is primarily on heterogeneous catalysis.  

A catalyst can be formally described as a substance used to accelerate a chemical 

reaction without being consumed itself.33 This accelerated reaction rate is achieved 

without varying the thermodynamic equilibrium of the reaction, but instead by offering 

an alternative pathway for the reaction to occur. Catalysts can influence not only the rate 

of a reaction but also the distribution or selectivity of the products formed. 

Heterogeneous catalysts function while in a separate phase than the reactants, typically as 

a solid material in a liquid or gaseous environment. Conversely, homogeneous and 

enzymatic catalysis takes place in the same phase. The mechanism of heterogeneous 

catalysis can be typically be broken down into seven essential steps, which are illustrated 

in Figure 1-5, though the actual nature of active surface under working conditions is often 

unknown even with the aid of experimental surface science.33 Step 1 involves the 

diffusion of the reactant from the bulk solution to the catalyst particle followed by 

diffusion into the catalysts intraparticle pores in step 2. At the active site, the reactant 

undergoes adsorption onto the catalytic surface (3), catalytic surface (5). Finally, the 

dfgdf 
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Figure 1-5: Steps in heterogeneous catalysis reactions for a porous supported catalyst. 

 

product must diffuse from the catalysts intraparticle pores and back into the bulk solution 

in steps 6 and 7. Any of these seven steps could be the rate limiting step depending on the 

catalyst design and the reaction conditions. 

The effectiveness of a given metal catalyst on the overall rate of reaction is based 

upon Sabatier’s Principle which proposes that the existence of an unstable intermediate 

between the catalyst surface and at least one of the reactants. This intermediate must be 

stable enough to form in sufficient quantities, and labile enough to decompose to the final 

product or products.35 In other words, the interaction between the substrate and the 

catalyst should be neither too strong, such that the product fails to dissociate from the 

catalyst, nor too weak, such that the substrate fails to bind initially to the catalyst. This 
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principle is commonly represented by volcano plots, first reported by Balandin35, which 

correlate the reaction rate against a suitable property, such as the heat of formation (∆Hf) 

of the intermediate by the catalyst. Volcano plots like the one shown in Figure 1-6, 

illustrate the temperature required to form the unstable intermediate at a specific rate. At 

low and high values of ∆Hf the reaction rate is slow, meaning that higher temperatures 

are required due to slow adsorption or desporption steps respectively. At the optimal 

value for the ∆Hf, in this case when using platinum group metals, lower temperatures are 

required as a result of a suitable rate of adsorption/desorption by the catalyst. 

 

Figure 1-6: Volcano plot for the decomposition of formic acid on transition metals.35  
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Chemisorption of gases (such as hydrogen) on the surfaces of transition metals 

requires vacant d-atomic orbitals or vacancies within the d-band which are capable of 

accepting electrons from the adsorbate or substrate. In groups such as the Group IIIA and 

VIIA metals, the number of d-vacancies is large, resulting in gases being adsorbed so 

strongly they cannot be removed. Conversely, Group IB metals contain no d-vacancies 

and adsorb gases very weakly resulting in a low overall activity. Consequently, maximum 

activity is observed for metals of Group VIII whom have the smallest number of d-

vacancies. The most effective metal tends to vary with each substrate. Selected examples 

are discussed below.36  

1.5 CATALYTIC HYDROGENATIONS WITH HETEROGENEOUS CATALYSTS 

The success of a given hydrogenation reaction is mainly determined by the 

reaction conditions employed. The major factors affecting hydrogenation reactions are 

the choice of metal, the amount of catalyst needed, temperature, hydrogen pressure, and 

solvent. To be economically viable for industrial application, the desired catalytic system 

should be capable of hydrogenating various functional groups in a one-pot process under 

reasonable temperature and pressure. As well, the catalyst should be stable under the 

necessary reaction conditions and be resistant to leaching and poisoning to allow for 

consistent catalyst recycling. The design, synthesis and characterization of heterogeneous 

catalysts is beyond the scope of this study. As a result, only commercially available 

heterogeneous catalysts were investigated. 
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1.5.1 Types of Catalysts 

Heterogeneous catalysts can be either unsupported, as finely divided metal, metal 

oxides/sulfides/phosphates, metal-organic frameworks, metal salts, etc., or supported. 

Unsupported catalysts are advantageous when a particular substrate is difficult to 

hydrogenate or when substantial losses in yield are incurred due to the irreversible 

adsorption of products by the catalyst support. In many cases, unsupported bulk catalysts 

may also function as supports for supported catalyst systems. Typically, supported 

catalysts have been found to be more useful in industrial processes due to the significant 

advantages offered by the support itself. One of the rare exceptions is the use of Raney-

type systems (generated  from alloys of transition metals with Al by leaching the Al 

component under aqueous alkaline conditions), which are commonly used as industrial 

hydrogenation catalysts.37-38  

Supports permit better efficiency of the active metal by increasing the exposed 

surface area, as well as by facilitating metal recovery, which is particularly important 

when using expensive platinum metals. Also, catalyst supports can provide greater 

resistance to impurities or poisons and can even play a role in controlling product 

selectivity.39 Active metals can be incorporated into supports through a variety of 

methods including but not limited to; decomposition, impregnation, precipitation, co-

precipitation, adsorption or ion-exchange where both low and high surface area materials 

can be employed. A collection of commonly used supports are described in Table 1-1.40 
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Table 1-1: Characteristics of commonly used catalyst supports. 

Support Specific Surface 
Area (m2/g) 

Pore 
Volume 
(mL/g) 

Average Pore Diameter 
(nm) 

 
α-Al2O3 (alumina) 0.1-5 - 500-2000 

Activated α-Al2O3 100-350 0.4 4-9 

SiO2-Al2O3  200-600 0.5-0.7 3-15 

SiO2 (silica) 400-800 0.4-0.8 2-8 

Zeolites 400-900 0.08-0.2 0.3-0.8 

Activated Carbon 800-1200 0.2-2.0 1-4 

 
 

Other popular supports include carbonates and sulfonates which have been shown 

to be moderately active but more selective than metals supported on carbon. Selection of 

an appropriate support can be trivial and often the use of carbon or alumina is adequate 

for most reductions. Activated charcoal is particularly attractive due to its low cost, high 

surface area and pore volume, chemical inertness, and ease of metal recovery.41 When 

selectivity becomes a factor, the use of more specialized supports may be required. In 

many cases the stability of the support in a chosen solvent must be taken into account. 

Various supports, such as silica and alumina, are not hydrothermally stable at elevated 

temperatures.42 Additionally, the use of alcoholic solvents have also been shown to 

deactivate various heterogeneous catalysts.43  

Many different metals are capable of performing hydrogenations for both large 

and small scale applications. Metals such as nickel, cobalt, copper, and iron have found 

unique roles as selective hydrogenation catalysts.31,44-47 The platinum group metals – 

ruthenium, rhodium, palladium, osmium, iridium and platinum – have all been 

consistently used as highly effective hydrogenation catalysts and were the first transition 
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metals used to perform catalytic hydrogenations as early as 186340 with platinum and 

palladium having been by far the most widely used metals for catalytic hydrogenation.39 

Little attention was paid to ruthenium and rhodium until the mid-1950’s, which have 

since become popular as active hydrogenating metals.48-51 Osmium and iridium have 

found much less use than the other four platinum metals. One possible explanation is the 

pyrophoric nature of both osmium and iridium as finely ground powders as well as the 

formation of highly toxic osmium tetraoxide, OsO4, in the presence of oxygen. Chart 1-1 

illustrates the varying prices of platinum group metals. Despite their higher costs with 

respect to other transition metals, platinum group metals typically allow for lower 

catalyst loading, decreased reaction times, and significantly lower energy input with 

regards to the required reaction temperatures and pressures.48,52-54  
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Chart 1-1: Current prices of platinum group metals per gram in USD. (July 2011, 
adapted from www.thebulliondesk.com)    
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1.5.2 Hydrogenation of Selected Functional Groups 

Biomass-derived substrates, particularly the substrates previously mentioned in 

Sections 1.3.1 and 1.3.2, contain numerous functionalities. These include, but are not 

limited to; olefins, carbonyls, esters, and heterocyclic aromatics. No single metal or 

catalyst system is unanimously effective for the hydrogenation/hydrogenolysis of every 

functional group, though sufficient data has been accumulated in order to develop a 

satisfactory hypothesis pertaining to a suitable set of reaction conditions and catalyst 

materials capable of achieving the desired deoxygenated products.  

1.5.2.1 Olefins 

In general, the most readily hydrogenated functional group is the carbon-carbon 

double bond.40 One of the earliest known hydrogenations was the reaction of ethylene 

with hydrogen over reduced nickel at high temperature to yield ethane in the vapour 

phase.55 Many metals are capable of reducing olefins though the most popular catalysts 

consist of platinum group metals or Raney Ni. The use of high temperatures and 

pressures allows for a decreased catalyst load as well as a decrease in the required 

reaction time.40 Generally the tendency of platinum group metals to promote olefin 

reduction follows the order of; 

Pd >> Ru > Rh > Pt >> Ir 

Interestingly, the effect of solvents and supports is minimal with respect to the properties 

of the individual metals.39 Of course all trends are dependent on the presence of other 

functional groups and cannot be assured for all substrates. The selection of a suitable 

catalyst for the reduction of olefins is generally based upon the other functional groups 
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present and selectivity requirements. When considering the total deoxygenation of 

biomass derived substrates, olefins are generally regarded as simple to reduce and as such 

a suitable catalyst system should be based upon the functional groups requiring more 

specialized catalyst systems. 

1.5.2.2 Ketones and Aldehydes 

Reduction of carbonyls is widely practiced in industrial settings, and is relatively 

straightforward. The reduction of aldehydes is considerably easier than that of ketones for 

obvious steric reasons, though the reduction of carbonyls becomes even more facile in the 

presence of activating groups alpha to the carbonyl function. Aside from the platinum 

group metals, nickel and copper-chromium catalysts have also found widespread 

application for carbonyl reduction though they are limited by the necessity for higher 

temperatures and pressures in order to achieve comparable activity. The use of nickel 

catalysts has been gradually reduced in recent years due to various difficulties associated 

with their disposal and handling.41 The scope of carbonyl reduction is quite large and 

dependent upon numerous factors including the solvent system, pH, catalyst, and the 

substrate itself. Excellent reviews covering the hydrogenation of ketones and aldehydes 

have been written by Nishimura, Rylander and Simons.39-41 As such, only the basic 

concepts of carbonyl reduction will be discussed below.  

Palladium has long been the metal of choice for the reduction of aromatic or 

unsaturated carbonyls in neutral non-polar solvents (hexane, DMF, ethyl acetate, etc.) at 

temperatures between 5 to 100oC and pressures of 15 to 150 psi. Ruthenium, though less 

active, has also found promising use for this purpose and may also be favourable due to 

an historically lower cost.56 Often a competitive ring hydrogenation at elevated 
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temperatures and pressures can result from the use of metals such as palladium and 

rhodium. If desired, this effect is commonly countered through the addition of trace 

inhibitors such as zinc, silver or iron salts.57 Furthermore, hydrogenolysis of the resulting 

alcohol can often be promoted using elevated temperatures and pressures or through the 

use of acidic medium41 (Scheme 1-8). The ability to achieve this has obvious potential 

application for the goals of this research (see below).  

O

+ H2

Pd/C
neutral solvent

Pd/SiO2
Pd/SiO2-Al2O3
acidic solvent

HO

 

Scheme 1-8: Hydrogenation of acetophenone. 

 

In the case of aliphatic carbonyls, platinum or ruthenium are generally preferred 

with temperatures between 5 to 150 oC and pressures of 15 psi to 150 psi using alcohols, 

ethyl acetate or water as a solvent. Palladium, on the other hand, has typically been 

reported as an ineffective catalyst for aliphatic carbonyls. While less expensive than 

platinum, the use of ruthenium may require more demanding conditions, aqueous 

solvents and often requires a slight induction period due to the need of first reducing the 

less noble ruthenium to its metallic state.41 When using platinum metals in acidic 

alcoholic solvents such as methanol or ethanol, it is quite common to generate acetals, 

hemiacetals and enol ethers leading to the formation of ethers, alcohols or hydrocarbons, 

as illustrated in Scheme 1-9.58-59 
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Scheme 1-9: Reactions of the hydrogenation of cyclohexanone in the presence of 
platinum group metals. 

  

Solvent selection can play an integral role in the reduction of aliphatic ketones 

(Table 1-2) where it has been shown that platinum, rhodium and ruthenium are 

particularly effective in water, 0.5 N NaOH and 0.5 N HCl, though significantly less so in 

acetic acid and ethyl acetate. Palladium, regardless of solvent was illustrated to be 

ineffective.60 Rhodium and ruthenium, unlike platinum, illustrated optimal activity under 

neutral or basic conditions while performing sluggishly in acidic media. Aliphatic 

carbonyls generally form the corresponding alcohols with little or no hydrogenolysis over 

most transition metals unless in the presence of acidic media.61  
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Table 1-2: Relative rates of hydrogenation of aliphatic ketones.60 

Solvent 

Acetic Acid Water NaOH (0.5 M) HCl (0.5 M) Methanol Ethyl Acetate Catalysta 

I II III I II III I II III I II III I II III I II I II 

Pd/C 0.2 0.0 0.0 0.0 0.1 0.0 0.2 p’ 0.2 0.0 0.1 0.1 0.0 0.2 0.0 0.0 0.1 0.0 

Pt/C 0.2 7 0.3 6 22 18 p’ 20 p’ 11 22 10 0.2 0.2 0.3 0.2 0.3 0.2 

Rh/C 0.2 11 p’ 16 25 15 20 26 22 5 16 4 0.1 0.3 0.3 0.0 0.2 0.0 

Ru/C 0.0 0.0 0.0 26 24 11 14 24 45 0.2 p’ 0.2 p’ 0.1 p’ 0.0 0.1 0.0 

a 5% metal on activated carbon. 
I = methyl isobutyl ketone, II = cyclohexanone, III = cyclopentanone. Rates are expressed in mL H2/minute/300 mg catalyst; p’ indicates a slow decline in the 
rate as the reaction progressed. 
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1.5.2.3 Esters and Carboxylic Acids 

Carboxylic acids can be reduced to alcohols, diols, and lactones under high 

pressure. These conversions are generally quite difficult under mild conditions even with 

the use of metal catalysts. Carboxylic acids are hydrogenated to alcohols under forcing 

conditions using copper, rhodium, ruthenium and rhenium. Copper has been used to 

obtain alcohols at temperatures of 320-340 oC and hydrocarbons at temperatures of 350-

390 oC with high pressures.40 Meanwhile, rhodium catalysts have been used for the 

reduction of fatty acids to alcohols in water at 150-175 oC and 2000 psi. The 

hydrogenation was also accompanied by the formation of large amounts of esters which 

were inert under these conditions.62 Ruthenium has been shown to be capable of similar 

conversions under harsher conditions63 (135-225 oC and 5000-10000 psi) while platinum 

and palladium have shown minimal activity, even under more sever conditions. The 

selective reduction of carboxylic acids to aldehydes is particularly challenging and, for 

our purposes, generally undesirable due to the favourable aldol condensation side 

reactions occurring during aldehyde hydrogenation. These side reactions most commonly 

lead to tar formation through polymerization side reactions, which deactivate the catalyst 

through fouling and coking.41 

Kaplan observed that acetic acid could be reduced rapidly over rhodium at room 

temperature and pressure though the reduction halted abruptly after minimal conversion, 

most likely due to the formation of poisonous products.40 This occurrence may lead to 

appreciable errors in the amount of hydrogen consumed by a reaction when carried out in 

acetic acid as a solvent. To avoid this, reductions carried out in acetic acid must consist of 

substrates which are adsorbed more strongly than the acid itself. 
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Esters, with few exceptions, are intrinsically difficult to reduce and survive most 

catalytic reactions. For this reason esters, like acids, make excellent solvents for 

hydrogenation reactions. However, esters have been shown to be hydrogenated to the 

corresponding alcohols in the presence of suitable catalysts under high pressures and 

temperatures. The ability to reduce an ester is very much dependent on the nature of the 

substrate itself. The use of platinum group metals is limited almost exclusively to the 

production of carboxylic acids where temperatures above 300 oC are required when 

employing platinum or palladium catalysts.40 The production of hydrocarbons from esters 

has been observed but is by no means common and generally requires high catalyst 

loading.39 The reduction of esters to ethers is highly competitive with the hydrogenolysis 

to acids and is only favourable for substrates which do not favour the formation of acids. 

Finally, the hydrogenolysis of esters to alcohols is commonly not observed with platinum 

group metals. Hydrogenolysis of esters to alcohols is a reversible process, meaning the 

relative concentrations of esters and alcohols at equilibrium depend on the temperature as 

well as on the hydrogen pressure. This equilibrium was well illustrated by Adkins during 

the hydrogenation of octyl carpylate at 260 oC using copper-chromium oxide.64 Most 

often copper-chromium oxides have been used for this transformation though select 

examples have been illustrated recently for the use of bimetallic catalysts consisting of a 

platinum group metal with tin.65-66  
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1.5.2.4 Heterocyclic Aromatics 

The main relevance of this section is for the hydrogenation and hydrogenolysis of 

furan rings which has significant relevance to the substrates being supplied by LANL. 

Hydrogenation of furans can yield tetrahydrofurans or ring cleavage products 

such as alcohols, ketones, and alkanes. The mechanism of aromatic hydrogenation is still 

very much disputed. It is most commonly is described as an interaction of the π-electrons 

of the aromatic ring with the d-orbitals of the metal.67-68 The metal is then capable of 

transferring hydrogen atoms from its surface to the adsorbed substrate/intermediates 

resulting in a fully saturated ring system.69  

The hydrogenation of an unsubstituted furan moiety can be achieved at ambient 

temperature and ~ 50 psi hydrogen using Raney nickel. With substituted furans, higher 

temperatures and pressures are often required, though at higher temperatures, ring 

opening is more likely to occur subsequently leading to various side reactions.70 

Commonly rhodium or ruthenium can be employed in order to avoid or minimize ring-

opening side reactions at low temperatures.71  In most cases ruthenium and rhodium are 

believed to be a superior catalysts to nickel for the hydrogenation of furans to 

tetrahydrofurans as the hydrogenations can take place under significantly milder 

conditions.40  

Hydrogenation of furans over copper-chromium oxide or platinum catalysts 

results in the hydrogenolysis of the ether linkage yielding ring-opened products. 

Extensive hydrogenolysis of furans over platinum metal catalysts has also been illustrated 

while much less so with palladium. This trend appears to reflect the preferential 

difference for enol-type ethers rather than allyl-type ethers in palladium.40 Ring cleavage 
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can occur under relatively mild conditions over platinum catalysts, especially in acidic 

media, though the use of other platinum group metals, such as palladium or ruthenium, 

generally requires much harsher conditions (>250 oC) and often results in numerous side 

products at lower temperatures.39 

1.5.3 Stainless Steel as a Catalyst 

An interesting, though unconventional, catalyst material is type-316 stainless steel 

(T316 SS). Stainless steel is produced on a multi-million ton scale and is relatively 

inexpensive. It is also the most commonly used steel in the manufacturing of high-

pressure reactors. As an alloy, T316 SS consists of Fe (68-72%), Cr (16-18%), Ni (10-

14%), Mo (2-3%), Mn (<2%) and in some cases smaller amounts (<1%) of Si, P, and S 

(Figure 1-7).72  

Ni, 12-14%

Cr, 16-18.5%

Fe, >61%

Si, >1
Mn, >2 S, >0.03

P, >0.045%Mo, 2-3%

C, >0.03

 
Figure 1-7: Composition of T316 Stainless Steel. 
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Generally, T316 SS is considered to be an inert and highly corrosion resistant 

material. These properties are the result of the formation of a mechanically strong and 

adherent chromium oxide layer of ~ 100 Å in thickness.  If, however, the surface can be 

activated by removal of the passivating film, this would expose various transition metals 

in oxidation state of zero (M0), predominantly iron and nickel. In principal, these metals 

may then either act as heterogeneous catalysts or promote an anodic/cathodic reaction 

through metal oxidation and substrate reduction. Nickel in oxidation state zero, similar to 

Raney Ni, was noted throughout Section 1.5.2 as an effective hydrogenation catalyst for 

various functional groups. A plausible mechanism for the removal of the chromium oxide 

layer under reducing conditions has been proposed by Ryan whereby pitting occurs 

around manganese sulphide inclusions present in the stainless steel.73 

In addition to the economic driving forces mentioned above for T316 SS as a 

catalyst, there are two other benefits. Stainless steel might also be seen as an 

environmentally cleaner process as it requires water as a solvent rather than the generally 

toxic and volatile organic solvents typically associated with platinum group catalysis. As 

well, the use of water as a solvent would also allow for the biphasic separation of 

hydrocarbon products.  

The application of T316 SS as a catalyst is not a new concept. In the 1950’s 

Holzkamp and Ziegler indicated that traces of nickel leached from stainless steel had 

resulted in the dimerization of ethylene to butane leading to the development of the first 

transition metal based polymerization catalysts.22 Around the same time, sodium-

promoted, finely divided stainless steel had been employed as a Fischer-Tropsch 

catalyst.74 By 1960, and at more extreme temperatures of 500-700 oC, stainless steel has 
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been used to effect the hydrogenolysis of n-heptane to C1-C6 hydrocarbons over a copper 

catalyst.75 Finally, at even higher temperatures of 800 oC, reactor walls consisting of 

stainless steel have been identified as a key contributor towards the decomposition of 

methane to hydrogen and coke, as well as in the mechanism of coke formation during the 

pyrolysis of octanoic acid.76-77 Of more relevance to the current study, Arai et al. reported 

that the hydrogenation of 2-butyne-1,4-diol in supercritical carbon dioxide, ethanol and 

water were catalyzed by the stainless steel reactor wall,78-79 although they failed to 

conclusively establish that the observed catalytic activity was in fact not caused by traces 

of active hydrogenating metals that could have been present in the reactor from previous 

experiments.  

1.6 MECHANISTIC ANALYSIS OF HYDROGENATION REACTIONS 

In order to develop an efficient, high yielding and sustainable catalytic process 

thorough understanding of the catalytic mechanism by which process operates is 

desirable. In many ways the understanding of the catalytic mechanism depends heavily 

upon the ability to observe a reaction under the specific reaction conditions. There have 

been many examples of reactions which performed well in a laboratory setting and then 

failed to perform in a pilot plant setting.80 At the root of all catalytic processes are the 

reaction kinetics which describe some of the most fundamental parameters of a specific 

reaction. Reaction kinetics have also been identified as the “reflection” of the reaction 

mechanism. Of course, in the case of high temperature and pressure hydrogenations, in 

situ observations are almost always difficult to obtain.  

For conventional chemical reactions, the most common methods for monitoring 

kinetics are sampling from the reaction flask followed by analysis using NMR, IR, GC, 
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or LC. While sufficiently useful in determining concentration and conversion values, 

these analytical tools fail in three essential ways. First, these methods measure an 

integration of rate from the beginning of the reaction to the time the sample was taken, 

i.e., without integration with respect to time no rate can be determined. More important to 

hydrogenation reactions at high pressures, only a limited number of samples can be taken 

before a significant effect is made upon the overall reaction conditions. Finally, these 

analysis methods are not in situ measurements. Samples which are removed from the 

reaction conditions may undergo chemical changes which potentially distort the true 

nature of the reaction occurring within the reactor. Despite these intrinsic limitations 

many researchers have proceeded to determine reaction kinetics on the basis of initial 

rates. In this method, the initial rates are often determined by calculating the slope over 

the linear portion of concentration vs time plots. This method is obviously problematic 

due to the irregular or discontinuous nature of many reaction rates and kinetics, i.e., a 

reaction rate can increase, decrease or remain unchanged over time. Additionally, 

reaction rates can increase over time at the beginning of a reaction and later decrease with 

time upon formation of new intermediates.81  

In situ monitoring provides information about the reaction as it happens under the 

specific reaction conditions being employed. This information then allows for the 

determination of reaction intermediates as well as an understanding of the kinetics 

associated with that reaction. Consequently, the development of kinetic probes which can 

provide rate data accurately over the course a reaction is essential. With respect to 

hydrogenation/deoxygenation reactions, there are currently two popular kinetic probes 

which offer in situ information; one is use of reaction calorimetry, the other is by 
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measuring hydrogen uptake. Hydrogen uptake is advantageous in that the design and 

installation of a hydrogen uptake system is significantly less expensive as compared with 

reaction calorimetry.   

Hydrogen uptake by definition provides a natural and direct measure of the 

overall rate of hydrogenation, RH2, since its rate is related to the rates of each individual 

step, ri, by; 

  

2H r i i
i

R V N r= ∆∑      1.1 

 
where Vi is the volume of the batch and ∆Ni is the hydrogen stoichiometry for the ith 

hydrogenation step.81 As a result, the uptake measurements serve as an in situ probe for 

measuring the kinetics of hydrogenation reactions under any set of reaction conditions 

and provides the hydrogen stoichiometry associated with each step of the hydrogenation. 

Collectively this information can provide descriptive detail of the reaction pathway and 

yields the advantage of being able to adjust and optimize an experiment substantially 

faster when compared with conventional methods. 

1.6.1 Measuring Hydrogen Uptake 

The key aspect of any hydrogen uptake system is the measurement of the 

hydrogen flow through a thermal mass flow meter. In industry two types of thermal mass 

flow meters exist; thermal dispersion and capillary type. Both types of flow meters are 

based upon heat convection from a heated surface to a flowing fluid or gas, the 

differences lie in the use of each type of meter. Thermal dispersion flow meters are 

commonly used for industrial gas flow applications, whereas capillary-type flow meters 
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are used for smaller flows of high purity gases or liquids. Capillary-type flow meters are 

the most widely used in industry and was also used in the development of our own 

hydrogen uptake system, i.e., the focus of this section will be on capillary-type thermal 

mass flow meters. 

The reason mass of hydrogen flow is measured rather than volume is that volume 

flow measurements are significantly less reliable. The basis for this statement is that 

changes in gas temperature and pressure will change the density of a fixed volume of gas. 

Alternatively, mass measurements are relatively immune to changes in inlet temperature 

and pressure. In other words, the fact that the temperature of the reactor is significantly 

higher than that of the reservoirs during a high temperature hydrogenation reaction is 

irrelevant. Mass flow meters directly measure the molecular flow of a fluid or gas 

resulting in the most accurate and reliable measurements of rate. The basic theory behind 

a thermal mass flow meter is illustrated in Figure 1-8.  

 

Figure 1-8: Principle of operation of a thermal mass flow meter. Courtesy of 
www.BrooksInstruments.com. 
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Gas first enters the flow body and is immediately divided into two streams. The 

majority of the flow passes through a laminar-flow bypass, which is a series of small 

capillaries acting as an internal restriction, resulting in a pressure drop which forces a 

known fraction of gas flow through the sensor tube. The relationship between the 

pressure drop and the flow is a linear measurement. Inside the sensor tube, a high 

precision power supply then directs heat to the centre of the sensor tube which is carried 

equal distances upstream and downstream to two resistant temperature measuring 

elements. In the absence of flow, the heat provided by the power supply reaches both 

sensors equally and effectively cancels out. With increasing flow, heat is carried away 

from the upstream element towards the downstream element resulting in a temperature 

differential. Since the specific heat capacity of the gas is known, the amount of energy 

used to heat the gas is also known; as a result the mass flow rate is based on the 

temperature difference between the upstream and downstream elements; 

 E mC T= ∆       1.2 

 
The temperature differential is then interpreted by a bridge circuit and amplified as a 0 – 

5 Vdc output signal. Finally, by integrating the mass flow rate over time the total volume 

of hydrogen consumed over the course of the reaction can be determined. The calibration 

data and specifications for the thermal mass flow meter used for this thesis are reported in 

Appendix B.  
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1.7 OVERVIEW OF RESEARCH PROJECTS 

 The experimental work of this thesis was been divided into three sub-projects. 

The first project served as an introduction to the operation of high pressure hydrogenation 

equipment as we investigated the potential role that T316 SS, as a reactor material, could 

play on the catalytic hydrogenation of various substrates. Upon concluding the catalytic 

effects of T316 SS, and with the added knowledge pertaining to high pressure equipment, 

we set out to develop an external apparatus that would facilitate the way we study and 

understand catalytic hydrogenations in the form of a hydrogen uptake system. The 

accuracy and applicability of this system was confirmed in using the well understood 

reduction of LA to GVL encountered in the project I. Finally, the knowledge and 

experience gained in the previous two projects was applied towards a more complex and 

globally relevant series of substrates with goal of producing high-energy density fuels 

from biomass-derived sources. 

1.7.1 Project I: Activation of Type 316 Stainless Steel for the 
Catalytic Deoxygenation of Biomass Derived Substrates Under 
Reducing Aqueous Acid Conditions. 

 
In the first project, the scope and capability of T316 SS as a deoxygenation 

catalyst was investigated using levulinic acid as a model substrate. Previous work in the 

Schlaf group22 led to the intriguing discovery that at temperatures > 100 ºC in acidic 

aqueous medium, the T316 SS used to construct the hydrogenation reactors was actively 

catalyzing hydrogenation reactions resulting in false positives during control reactions 

(reactions in which no catalyst material is added). The goal of this project was to expand 

upon the initial investigations that verified T316 SS as the active catalyst in the reaction 
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and to better understand the mechanism of activation. Di Mondo conducted the initial 

validation studies through a series of temperature and acid screens using glycerol as the 

test substrate (Scheme 1-10). Further control experiments involving a variation of 

solvents and reaction conditions were employed by Di Mondo to confirm the specific set 

of conditions required for activating of T316 SS. Additionally, ICP-MS and XPS 

analyses of the reaction solutions, as well as the reactor body, were performed in order to 

confirm the absence of other hydrogenating metals (Re, Ru, Pd, Pt, Ir, etc).22  

 

HO OH
OH 100 mM DMS, 40 mM HOTf

800 psi H 2 (g) , 5 h
100-250 oC, H2O

OH

OH
+                        +

 

Scheme 1-10: Reaction conditions employed in temperature series for the hydrogenation 
of glycerol using 316SS as a catalyst. 

 
 

Using a commercially available -325 mesh T316 SS powder, stainless steel was 

conclusively identified as the active catalytic species when LA consumption was directly 

correlated to the amount of T316 SS present in the reaction mixture In order to realize the 

potential for T316 SS as a catalyst material, a comparative study was performed using 

two commercially available Ru/C catalysts which had recently demonstrated effective 

conversion of LA to GVL in aqueous acidic media.82-83 The recycle ability of the three 

systems was also compared in order to assess the longevity and reproducibility of their 

activity. The results of this study provided valuable insight into the scope and capability 

of T316 SS as an industrially viable catalyst.   
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1.7.2 Project II : Design, Operation, and Optimization of a 
Rationally Designed, Low Cost Hydrogen Uptake System 

 
An effective hydrogen uptake system was designed and optimized for the 

purposes of accurately determining the amount of molecular hydrogen consumed during 

a given hydrogenation reaction. The rationalization for the newly designed system was to 

facilitate a means of gaining kinetic information pertaining to hydrogenation reactions by 

quantitatively injecting hydrogen gas through a thermal mass flow meter. In theory, the 

apparatus could be operated using two different methods which we defined as: 

“Totalizer” or “Dynamic”. The Totalizer mode permits the accurate measurement of the 

total mass of hydrogen consumed by the substrate over the course of the reaction. The 

Totalizer mode is a suitable method for gaining a basic understanding of the uptake 

system while still obtaining valuable information regarding the potential products formed 

during the reaction. Meanwhile, the Dynamic mode plots the differential rate of reaction 

during the hydrogenation and effectively yields in situ kinetic information in real time. 

Because the uptake system injects hydrogen as a reagent into the reactor while the 

hydrogenation is occurring, the rate of flow of hydrogen through the mass flow meter 

into the reactor is a direct measurement of the mass of hydrogen consumed by the 

substrate in real time. 

In order to gauge the accuracy and applicability of the newly designed hydrogen 

uptake system LA was investigated as the model substrate. The precision and accuracy 

with respect to the expected hydrogen consumption was measured using the Totalizer 

mode, while an investigation into the ability to determine differential reaction rates 

directly from the uptake system was pursued using the Dynamic mode. In addition, the 

rate dependence with respect to hydrogen pressure, substrate concentration, and catalyst 
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loading were also investigated in order to determine the overall rate law for the 

hydrogenation of LA to GVL. The accuracy of the apparatus was confirmed by 

comparing with the results of similar kinetic studies.83,84 As a result, the newly developed 

uptake system could be applicable for the efficient optimization of catalytic 

hydrogenation reactions. 

1.7.3 Project III : Deoxygenation of Furfural, Methyl Furfural, and 
Hydroxymethyl Furfural (HMF) Derived Substrates. 

 
In a collaborative project with LANL, the Schlaf group was provided with the 

task of catalytically deoxygenating a series of chain-extended substrates (C8 to C15) 

towards the production of high energy density fuels. A brief description of these 

substrates was given in Section 1.3.2. The optimal catalytic conditions were unknown as 

a result of the diverse and intricate nature of the substrates. With particular emphasis on 

the thirteen-carbon substrate, derived from HMF and ethyl levulinate and abbreviated as 

the C13 substrate, a sequence of optimization studies were conducted in order to 

determine a rational set of reaction conditions applicable to all substrates supplied by 

LANL. The C13 substrate was of particular interest as it contained the relevant functional 

groups commonly encountered in biomass-derived substrates:  a (terminal) hydroxyl, an 

aromatic furan ring, an α,β-unsaturated ketone, and an ester. 

HO
O O

O

O  

Figure 1-9: C13 substrate supplied by LANL. 
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The research conducted involved the use of commercially available 

heterogeneous catalysts under a variety of reaction conditions. Palladium and ruthenium 

on activated carbon were selected on the basis of their low cost and versatility towards 

the reduction of numerous functional groups. The effect of pH, solvent, temperature, and 

catalyst loading were all considered as well as the use of solid Lewis acid promoters. In 

additionally, combinations of the two platinum metal catalysts were investigated in hope 

of achieving synergistic effects. The final reaction products were qualitatively analyzed 

by NMR and GC/GC-MS and quantitatively analyzed by GC where possible. Due to the 

complex nature of the substrates, the newly developed hydrogen uptake system was also 

employed to monitor the degree of hydrogenation arising from the various reaction 

conditions. The results of this study represent a preliminary investigation into the 

practicality of producing high energy density fuels from biomass-derived substrates in an 

energy-efficient manner, and addresses the necessity for more active and selective 

catalysts. 
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2 RESULTS AND DISCUSSION - PROJECT I  

 In the following section we present what we believe to be the first detailed 

investigation into the activation and use of 316SS as a hydrogenation catalyst in aqueous 

acidic media, as a function of the temperature, acid concentration, and effective T316 SS 

surface area. The deoxygenation of LA was used as test substrate for the study. 

2.1 CONFIRMATION OF T316 SS AS A CATALYST MATERIAL  

Aside from the quantitative analysis of the reactor body confirming the absence of 

trace hydrogenating metals performed by Di Mondo, there still existed the requirement 

for a well designed experiment which would conclusively identify T316 SS as the active 

catalyst material. Conclusive evidence for the activation and catalytic activity of T316 SS 

under reducing aqueous acidic conditions came from the experiment represented in Chart 

2-1. The experiment was carried out in a 24-well parallel reactor using 2 mL borosilicate 

test tubes where the only stainless steel present was that of a -325 mesh powder  (about 

the same consistency as silt) purchased from ESPI metals. This experiment conclusively 

showed that only test tubes containing T316 SS powder converted LA to GVL. In the 

parallel reactor, a series of samples were prepared in which 19 test tubes contained 

solutions of 500 mmol/L LA and 100 mmol/L dimethyl sulfone (DMS) as an internal 

standard (ISTD) in water with varying amounts of SS powder (0 – 200 mg) and HOTf (0 

– 60 mmol/L). Three test tubes contained LA and DMS with HOTf only (20, 40 and 60 

mmol/L) and two blank tubes containing only water were used to monitor for potential 

cross contamination.  
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Chart 2-1: Consumption of LA and production of GVL as a function of added T316 SS powder (-325 mesh) and acid concentration 
(HOTf).  

 
Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], 210 oC, 800 psi H2 (g) (initial pressure at ambient temperature), 
in water, time = 24 h. 
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 For samples containing LA, DMS and HOTf only, no consumption of LA or 

production of GVL was observed. The sample containing water only showed no cross-

contamination, and no LA or GVL by GC or GC-MS. Meanwhile, the results of samples 

containing various amounts of steel and acid illustrated a clear trend in which the 

catalytic activity as determined by the consumption of LA and the production of the main 

hydrogenation product, GVL, are directly correlated to the amount of T316SS powder 

added. This correlation was true for any acid concentration and even true for samples 

which contained no external acid at all. This can be explained by the fact that LA is itself 

a Brønstedt acid and is acidic enough to activate the steel for hydrogenation to GVL. The 

highest amount of GVL produced was in fact for samples containing no HOTf at all. In 

all cases where T316 SS powder was present the characteristic green/brown inorganic 

precipitates were formed giving conclusive evidence to the etching mechanism proposed 

by Schlaf et al.22  

 The parallel reactor is limited in that gas samples of each individual sample 

cannot be analyzed and as such the identity and amount of gas phase alkanes/alkenes 

produced cannot be determined from these experiments. Additionally, Chart 2-1 does not 

show the concentration of further hydrogenation products, such as pentanoic acid (PA), 

which would make up the mass balance, though at these reaction conditions the amount 

of further hydrogenation products produced was expected to be low. Previous 

experiments by the Schlaf group had illustrated that, at temperatures below 225 oC, GVL 

was the dominant product (> 80%) while the presence of PA and alkanes/alkenes was 

limited.22 The apparent decrease in activity as illustrated by a decreasing consumption of 

LA in the presence of higher acid concentrations may reflect the complexity of the 
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overall reaction cascade for LA deoxygenation (Scheme 1-4) rather than a dependence 

upon acid concentration for catalytic activity. 

2.2 T316 STAINLESS STEEL AS A (-325) MESH POWDER 

The addition of powdered steel not only allowed for the T316 SS to act as a 

suspension in a slurry bed reactor, it also significantly increased the amount of exposed 

stainless steel surface to the reaction solution and thus increased the active catalytic 

surface area. Using 2.50 g of T316 SS powder as an example (the typical amount used in 

a given hydrogenation reaction) the added amount of stainless steel surface area can be 

calculated. The density of T316 SS is known to be approximately 7.99 g/cm3 and a 

particle of -325 mesh powder has an average diameter of 0.044 mm, therefore; 

The volume of a single particle of -325 mesh stainless steel powder (assume 

average diameter) is; 

34
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And the volume 2.50 g of 316 Stainless Steel Powder is; 
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Then the number of particles added per 2.50 g of Stainless Steel Powder is; 
 

           5g
particles

V
N

V
=       2.3 

3

8 3

6

0.313

4.46 10

7.02 10

particles

particles

cm
N

cm

N

−=
×

= ×
 

 

 
Then the total surface area added is found by multiplying the number of particles by the 

surface area of a single particle, where the surface area of a single particle is; 

24particleSA rπ=                 2.4 

2

5 2

4 (0.0022 )

6.082 10

particle

particle

SA cm

SA cm

π
−

=

= ×
 

 

 
Finally, 
 

Total particle particlesSA SA N= ×               2.5 

5 2 6

2 2 2

6.08 10 7.02 10

427 4.27 10

Total

Total

SA cm

SA cm m

−

−

= × × ×

= = ×
 

 
 
 As a result, 2.50 g of T316 SS powder adds approximately 427 cm2 of additional 

surface area (assuming perfectly spherical particles as the lower limit of surface area) to 

the already ~ 90 cm2 provided by the 50 mL reactor body, drive shaft, impeller and lid. 

Despite the additional surface area, the nature and number of actual active sites available 

after etching by the aqueous acidic medium in situ remains unknown. 
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2.3 CATALYST COMPARISON – SS VS RU/C 

In order to assess the capabilities of T316 SS as an effective 

hydrogenation/deoxygenation catalyst a comparative study was conducted to compare 

T316 SS directly against two commercially available 5% Ru (w/w) on carbon catalysts (5 

% Ru/C; Evonik H 198 P/W, and EscatTM 4401-BASF). Recently, a number of 

investigations regarding the conversion of LA to GVL have been reported using 5% 

ruthenium on activated carbon (Ru/C).82-83 The 10:1 ratio of -325 mesh T316 SS to 5% 

Ru/C (i.e., 2.50 g : 0.25 g) was selected arbitrarily and used in all comparative studies.  

A set of four reactions were carried out and are illustrated in Chart 2-2. The first 

reaction is a “blank” reaction, in which only the reactor body was catalytically active, the 

second reaction contains an additional 2.50 g, or ~ 427 cm2, of powdered T316 SS while 

the final two reactions contained the two commercially available Ru/C catalysts.  Figure 

2-2 illustrates the pressure evolution in the reactor as a function of time (and inherently 

the 30 min ramp in temperature occurring during the heating phase) over the course of 3 

h. Each reaction starts with an initial pressure of 800 psi of hydrogen gas at ambient 

temperature, as the reaction heats up and reaches the desired reaction temperature of 250 

oC, the pressure of the system increases. In this plot, the lower the recorded pressure in 

the sealed reactor the higher the amount of molecular hydrogen consumed and 

consequently the higher the catalytic activity. As was assumed, the commercially 

available Ru/C catalysts were substantially more active.  
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Chart 2-2: Hydrogen pressure vs time (180 min.) during the induction period and hydrogenation of LA in water as a function of 
catalyst employed, dotted line represents when the reaction has reached set temperature.  

 
Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], HOTf [40 mmol/L], no cat./2.50 g T316 SS powder/0.250 g 5% 
Ru/C Evonik, 250 oC, 800 psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 2-3: Hydrogen pressure vs time (1440 min.) during the induction period and hydrogenation of LA in water as a function of 
catalyst employed, dotted line represents when the reaction has reached set temperature.  

 
Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], HOTf [40 mmol/L], no cat./2.50 g T316 SS powder/0.250 g 5% 
Ru/C Evonik, 250 oC, 800 psi H2 (g) (initial pressure at ambient temperature), in water. 
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 An important observation to be made is the presence of a small dip at 

approximately 10 min for the Ru/C catalysts. This was indicative of pressure uptake 

occurring before the reaction reached the set temperature. In other words, the two 

ruthenium catalysts are active at temperatures significantly lower than that of the T316 

SS, as low as 110 oC. This phenomenon can be explained by the facile first step in the 

cyclization of LA to GVL. Stainless steel cannot perform this feat as it required higher 

temperatures to become activated and may even require a slight induction period. After 

30 min. the reactions reach the desired temperature of 250 oC (illustrated by a dotted line 

on charts 2-2 and 2-3) at which point the Ru/C catalysts have a maximum pressure of 

only 1180 psi while the blank and T316 SS reactions reach pressures of >1400 psi.  

Once at the maximum temperature and pressure, the pressure in the Ru/C 

reactions gradually decreases over the course of 24 h with the most significant decreases 

occurring within the first three hours, see Chart 2-3. Conversely, the T316 SS reactions 

experience slower decreases in pressure earlier in the reaction and larger drops towards 

the end. The results of these plots can be attributed to the deoxygenation scheme of LA 

(Scheme 1-4) whereby the reduction of LA to GVL is relatively simple and occurs quite 

readily. This is then followed by the significantly more demanding transformations of 

ring opening GVL to PA and further decarboxylation of PA to butene (BE)/butane (BU) 

or reduction to pentene with further hydrogenation to pentane (PE). These results are then 

further explained by observing the product distributions of the four reactions which are 

illustrated in Chart 2-4. 
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Chart 2-4: Product distribution in the deoxygenation of LA in water as a function of catalyst employed. LA = levulinic acid, GVL = 
γ-valerolactone, PA = pentanoic acid, BU/PE = 1-butene/butane for 316SS; butane/pentane for Ru/C cat., determined by TCD-micro-
GC against authentic standards.  

 
Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], HOTf [40 mmol/L], no cat./2.50 g 316SS powder/0.250 g 5% 
Ru/C, 250 oC, 800 psi H2 (g) (initial pressure at ambient temperature), 24 h. 
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 The T316 SS catalyst and blank reactions did not achieve full conversion, about 

85 % and 65 % respectively, and generated mainly the intermediate products GVL or PA 

rather than the fully deoxygenated alkenes and alkanes. The Ru/C catalysts on the other 

hand achieved full conversion with 40 % to 60 % being completely deoxygenated 

alkanes. With reference to Scheme 1-4, the reduction of LA to butane and pentane 

requires a total of 3 and 5 equivalents of hydrogen respectively. The reduction of LA to 

GVL and PA on the other hand requires only 1 and 2 equivalents respectively and are the 

major products produced by the T316 SS systems. Thus the total consumption of 

hydrogen for Ru/C catalyzed reactions should be significantly higher than for the T316 

SS reactions. However, all four reactions achieved relatively similar drops in pressure 

over the course of the reaction (blank = 56 psi; T316 SS = 141 psi; Ru/C Evonik = 145 

psi; and Ru/C EscatTM = 109 psi). The most logical explanation for this trend was the 

production of large amounts of gas phase alkanes by the Ru/C catalysts (~ 20 % more by 

EscatTM with respect to Evonik) which would effectively suppress the observed drop in 

pressure within the reactor. 

Another interesting observation was that the Ru/C catalysts achieved an 

approximately 3:1 mixture of totally deoxygenated pentane and butane while the T316 SS 

catalyst produced solely butene and butane, with butane being the major gas phase 

product. These results were confirmed by TCD-micro-GC analysis of the head space and 

were identified against authentic samples. Additionally, the T316 SS system produced a 

significantly higher amount of CO2 in the gas phase, which illustrated a preference for the 

decarboxylation of PA to butane or GVL to butene. The same results were observed 

when GVL was used as the starting substrate and was hydrogenated under the same 
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reaction conditions employing both Ru/C and T316 SS. The results of these gas phase 

analysis can be found in Appendix A. 

2.4 CATALYST RECYCLING – SS VS RU/C 

One of the most important attributes of an industrially viable heterogeneous 

catalyst is its ability to be recycled multiple times without loss of activity or selectivity. 

This is particularly difficult to achieve when working with highly polar biomass-derived 

substrates such as sugars or sugar polyalchols which routinely foul and coke 

heterogeneous catalysts. In order to circumvent this problem Shell devised a method for 

the production of PA from LA via a two step process in which a non-acidic catalyst was 

used to obtain GVL which was then physically isolated and further deoxygenated to PA 

using an acidic catalyst.20 For obvious reasons the more steps required for a particular 

process the more expensive and undesirable it becomes. In consequence, the robustness 

of the commercially available Ru/C Evonik as well as the T316 SS powder was 

determined by recycling the two catalysts six times under the same reaction conditions 

previously employed. Starting again from 2.50 g of steel, the mass loss was limited to 

147 mg after the first run and between 30 and 60 mg for the remaining recycles. When 

starting with 0.25 g of Ru/C, losses of >10 mg per recycle were observed, indicating the 

losses inferred with the T316 SS were most likely associated with the etching mechanism 

encountered during activation. For obvious reasons the reactors were not polished 

between recycles and the catalysts were isolated and reused after subsequent washing and 

drying overnight. The results of the six recycles are summarized in Charts 2-5 (a) and (b). 

 



 

 56 

(a)                     (b) 

 
 

Chart 2-5: Affect of reuse of the (a) (left) 316SS powder vs the (b) (right) Ru/C (5%, Evonik) catalyst on catalyst activity and product 
distribution.  

 
Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], HOTf [40 mmol/L], 2.50 g 316SS powder or 0.25 g Ru/C (5%, 
Evonik), 250 oC, 800 psi H2 (initial pressure at ambient temperature), 12 h, in water. 
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Both catalysts were capable of maintaining consistent conversion of LA over the 

course of the six recycles, ~75 % for T316 SS and 100% for Ru/C. The T316 SS catalyst 

showed only a slight variation in selectivity over the course of the experiment which did 

not seem to follow a clear trend, on average the steel catalyst produced ~30 % GVL, ~25 

% BE/BU, and ~18 % PA. The Ru/C catalyst meanwhile showed a rather significant 

decrease in the selectivity towards PA and an increase in the production of totally 

deoxygenated alkane products, which constitutes the thermodynamic sink for the 

deoxygenation of LA. One might speculate from this trend that over several recycles only 

totally deoxygenated products would prevail with Ru/C while T316 SS may be capable of 

maintaining partially oxygenated products. 

2.4.1 Decarboxylation of γ-Valerolactone 

As seen in Chart 2-4, T316 SS produced a wide range of products with low 

selectivity. The desire to use T316 SS as a catalyst to achieve a single product selectively 

was a valuable proposition, particularly for the production of butene which is a highly 

valuable precursor for numerous chemical products (notably rubber) and can even be 

oligomerized to produce transportation fuels.21 Recently Dumesic devised a strategy by 

which aqueous solutions of GVL could be converted to liquid alkenes in a molecular 

weight range appropriate for transportation fuels.84 The key advantage to this strategy 

was that it required no external hydrogen source. Dumesic showed that at elevated 

pressures (>500 psi) over a SiO2/alumina catalyst, GVL could be decarboxylated to 

equimolar amounts of CO2 and butene.  

Having observed the chemistry T316 SS was capable of, a similar investigation 

was conducted for the production of butenes. Starting with 2.50 g of T316 SS powder in a 



 

 58 

500 mmol/L solution of GVL in water, the reactor was heated to 250 oC in the absence of 

external H2 (g), Scheme 2-1. 

O O

100 mM DMS
40 mM HOTf

2.50 g T316 SS
250 oC, 12 h

OH

O

+ + + CO2

 

Scheme 2-1: Conversion of GVL to butene in the absence of H2 (g). 

 

At the end of the reaction, after the reactor had cooled ambient temperature, it was 

apparent that a gas pressure of 41 psi had formed in the head space. Analysis of the head 

space revealed that two butene isomers had been produced along with an equivalent 

amount of CO2. Analysis of the liquid solution revealed that only 31.5% conversion had 

been achieved, though the reaction was 63 % selective for formation of butenes and CO2. 

The remainder of the mass balance consisted of ring opened pentenoic acid and unreacted 

GVL. 

2.5 CONCLUSIONS AND FUTURE WORK 

The goal of this research project was to further understand the scope and 

applicability of T316 SS as a potential deoxygenation/hydrogenation catalyst. As a result 

of the studies carried out with LA, it became abundantly clear that T316 SS was in fact an 

active hydrogenation catalyst under reducing aqueous acidic conditions. Further studies 

helped to verify that the catalytic activity of the T316 SS was directly proportional to the 

effective surface area of T316 SS available within the reactor.  
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T316 SS was shown to have effectively reduced LA to GVL, PA, and to the 

totally deoxygenated products butene and butane via decarboxylation. T316 SS was also 

shown to be considerably less active than commercially available Ru/C catalysts and 

required significantly harsher conditions. Interestingly enough, both catalyst systems 

were able to maintain high conversion rates over the course of six recycles. T316 SS was 

also capable of maintaining its selectivity for various deoxygenated products over six 

recycles. As a result of this research, the use of T316 SS as an inexpensive material for 

industrial application may also be expanded such that the wetted surface area of steel 

within a reactor body is maximized in order to utilize the reactor itself as a robust, low 

cost, and promiscuous catalyst for the deoxygenation of a wide variety of water-soluble 

biomass-derived substrates. This phenomenon is of course intrinsic to a Brønstedt acidic 

aqueous environment, which is coincidentally intrinsic to the reaction conditions utilized 

in biomass conversion. 

Optimization of the T316 SS catalyst would be valuable in order to determine the 

specific reaction conditions required to achieve more selectivity. As of now, catalysis by 

T316 SS yields a wide variety range of products which must be further processed and 

isolated in order to be useful. Moreover, the use of a lower cost, non-halogenated proton 

source (H2SO4, HNO3, HOAc), instead of HOTf, would allow this catalyst system to be 

even greener and more economical. HOTf is a particularly expensive acid and is also 

difficult to handle. Other acids, which are less expensive and more user friendly, may 

prove to be equally as effective for achieving the same results. The scope of this study 

could be large and should by no means limited to T316 SS. Investigations with various 

stainless steel alloys which contain higher percentages of Fe, Ni or Cr may yield even 
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better results and could yield further insight into the true nature of the catalytic 

mechanism.  

2.6 EXPERIMENTAL  

Commercially obtained reagents were used as received. T316 Stainless Steel 

powder (-325 mesh) was purchased from ESPI metals. High-pressure hydrogenation 

reactions were conducted with 25 mL reaction solutions in an Autoclave Engineers (AE) 

Mini-Reactor with a 50 mL stainless steel (316 SS) reactor vessel or a HELTM Cat-24 

well parallel reactor. All high-pressure experiments employed industrial grade hydrogen 

gas (99.995 %). GC analyses were carried out on a Varian 3800 using a 30 m Rtx-1701 

(14 % cyanopropylphenyl/86% dimethyl polysiloxane) column. Quantification was 

achieved through a three-level calibration against authentic samples, employing dimethyl 

sulfone (DMS, 100 mmol/L) as an internal standard. GC-MS analysis were carried out on 

a Varian Saturn 2000 GC/MS employing a 30 m Rtx-1701 (14 % cyanopropylphenyl/86 

% dimethyl polysiloxane) column running in default EI mode. Head space analysis of gas 

samples were carried out on a SRI 8610C micro-GC with a TCD detector against 

authentic gas samples. Authentic gas calibration samples containing 1000 ppm of C1 - C6 

alkanes and C2 – C6 alkenes in helium were obtained from GRACE Davison Discovery 

Sciences. 
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2.6.1 Procedure for Hydrogenations in the Parallel Reactor  

Four aqueous solutions of 500 mmol/L (2.903 g, 0.025 mol) LA and 100 mmol/L 

DMS (0.4706 g, 0.005 mol) were prepared in 50.00 mL volumetric flasks with varying 

concentrations of HOTF, 0 mmol/L, 20 mmol/L (0.088 mL), 40 mmol/L (0.177 mL), and 

60 mmol/L (0.265 mL). Stock solutions were added to each of the 2 mL borosilicate glass 

test tubes (1.5 mL) and sonicated, the contents of each the 24 tubes are described in Table 

2-1. From each tube a 0.5 mL sample was removed for GC analysis of initial samples. 

The desired amount of T316 SS powder was measured directly into each of standard 

glass tubes separately. A 2 × 2 mm stir bar was added to each test tube. Each of the tubes 

were systematically loaded into the 24 wells of the HELTM Cat-24 reactor which was then 

sealed. The reactor was evacuated using an aspirator for 2 mins, pressurized to 800 psi 

with H2 (g) and evacuated. The evacuation/pressurization cycle was repeated twice more. 

The reactor was pressurized to 800 psi and heated to 210 oC. Cold tap water was 

employed to cool the condensing fingers within the reactor. After 24 h, the heater was 

turned off and the reactor placed in an ice bath for 30 mins, followed by an acetone/dry 

ice bath for 5 mins to condense any volatile products and ensure that cross-contamination 

did not occur during depressurization. The reactor was depressurized and the samples 

were allowed to come to room temperature. From each test tube, a 0.5 mL sample was 

obtained for final GC analysis. The reactor and cooling fingers were washed several 

times with reagent grade methanol. 
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Table 2-1: Contents of each reaction tube within the 24-well parallel reactor.   

1 2 3 4 5  
[HOTf] 

(mmol/L) mSS (mg) [HOTf] 
(mmol/L) mSS (mg) [HOTf] 

(mmol/L) mSS (mg) [HOTf] 
(mmol/L) mSS (mg) [HOTf] 

(mmol/L) mSS (mg) 

1 0 20 0 50 0 100 0 200 0 0 

2 20 20 20 50 20 100 20 200 0 0 

3 40 20 40 50 40 100 40 200 0 0 

4 60 20 60 50 60 100 60 200 H2O only 

5 20 0 40 0 60 0 H2O only  

*Each test tube contains 500 mmol/L LA and 100 mmol/L DMS unless otherwise stated. 
**m SS is mass of T316 SS powder.
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2.6.2 Procedure for Hydrogenations in Autoclave Reactors 

100 mmol/L of DMS (0.2353 g, 0.0025 mol) was dispensed into a 25.00 mL 

volumetric flask, followed by 500 mmol/L of LA (1.4515 g, 0.0125 mol) or 500 mmol/L 

of GVL (1.2515 g, 0.0125 mol). The remaining volume was then filled by HPLC water. 

The solution was sonicated for 5 minutes. 88 µl (40 mmol/L) of 

Trifluoromethanesulfonic acid (HOTf) was added and the solution mixed. A 0.5 mL 

sample was taken for initial GC analysis. The substrate solution was added to the reactor 

vessel along with the desired catalyst (0.25 g of Ru/C or 2.50 g of T316 SS powder) and 

then sealed. The reactor was evacuated for 2 min using a water aspirator, pressurized to 

800 psi with H2 gas, and allowed to equilibrate for 2 min. The evacuation/pressurization 

cycle was repeated twice more. Stirring was set at 500 rpm and the reactor was heated to 

its target temperature. Timing started once the reactor reached the set operating 

temperature. After 24 h the reactor heating was turned off and the reactor was placed in 

an ice bath for 30 min to condense any volatile products. A gas sample of the reactor 

headspace was collected in a latex balloon. The sample was injected into both GC-MS 

and a TCD-Micro-GC for analysis. The remaining gas was vented, the reactor opened, 

and a final sample taken for GC analysis. The reactor vessel was polished on a 

mechanical lathe using abrasive paper then washed with methanol to give a clean surface 

of T316 SS. The impeller was sand-blasted and washed with methanol to give a clean 

surface of T316 SS. All other exposed components were polished by hand using fine sand 

paper and cleaned with methanol. 
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2.6.3 Procedure for the Catalytic Decarboxylation of γ-
Valerolactone in the Absence of Hydrogen 

 
100 mmol/L of DMS (0.2353 g, 0.0025 mol) was dispensed into a 25.00 mL 

volumetric flask, followed by 500 mmol/L of GVL (1.2515 g, 0.0125 mol). The 

remaining volume was then filled by HPLC water. The solution was sonicated for 5 

minutes. 88 µl (40 mmol/L) of Trifluoromethanesulfonic acid (HOTf) was added and the 

solution mixed. A 0.5 mL sample was taken for initial GC analysis. The substrate 

solution was added to the reactor vessel along with 2.50 g of T316 SS powder and then 

sealed. The reactor was evacuated for 2 min using a water aspirator and then the vacuum 

was released. The evacuation cycle was repeated twice more. Stirring was set at 500 rpm 

and the reactor was heated to 250 oC. Timing started once the reactor reached the set 

operating temperature. After 12 h the reactor heating was turned off and the reactor was 

placed in an ice bath for 30 min to condense any volatile products. A gas sample of the 

reactor headspace was collected in a latex balloon. The sample was injected into both 

GC-MS and a TCD-Micro-GC for analysis. The reactor was opened, and a final sample 

taken for GC analysis. The reactor vessel was polished on a mechanical lathe using 

abrasive paper then washed with methanol to give a clean surface of T316 SS. The 

impeller was sand-blasted and washed with methanol to give a clean surface of T316 SS. 

All other exposed components were polished by hand using fine sand paper and cleaned 

with methanol. 
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3 RESULTS AND DISCUSSION – PROJECT II  
 

In the following section we present a detailed investigation into the design and 

operation of a low cost hydrogen uptake system capable of obtaining accurate kinetic 

information pertaining to catalytic hydrogenations. LA was selected as the test substrate 

for the study based on our already extensive knowledge of the reaction and products as 

well as due to the simplicity of the reaction. 

O
HO

O

O

O100 mM DMS

500 psi H 2 (g) , 12 h
125 oC, H2O  

Scheme 3-1: Reaction conditions employed for validating the accuracy of the hydrogen 
uptake system. 

 
 

3.1 DESIGN OVERVIEW  

Figure 3-1 shows the schematic for the hydrogen uptake system designed in the 

Schlaf group which measures hydrogen consumption while maintaining a “constant” 

pressure within the reaction vessel (small fluctuations may occur, though the reservoirs 

were designed to be orders of magnitude larger in volume than that of the reactor itself). 

Table 3-1 details the components used for the construction of the system. 

The consumption of hydrogen was determined either directly by integrating the 

hydrogen mass flow rate through the thermal mass flow meter, or indirectly by 

monitoring the pressure drop in the hydrogen reservoirs. Pressure drop is a significantly 

less accurate measure of uptake as it is an integral rather than differential measurement.  
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Figure 3-1: Schematic diagram of the hydrogen uptake system. Refer to Table 3-1 for descriptions of modules I-X. 
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Table 3-1: Components of the Hydrogen Uptake System. 

Item Name Description 

I Shut-off Valve (from Tank) SS Integral Bonnet Needle Valve, 0.09 Cv, 1/8 in Swagelok Tube Fitting 

II Hydrogen Reservoirs 304L SS Double-Ended DOT-Compliant Sample Cylinder, ¼ in. FNPT, 3785 cm3 

III Rupture Disc 316L SS Rupture Disc Tee, ¼ in. Male NPT x ¼ in. Female NPT, 1900 psig 

IV Shut-Off Valve (From Reservoirs) SS Quarter-Turn Instrument Plug Valve, 1/4 in. Swagelok Tube Fitting, 1.6 Cv 

V Hydrogen Flow Valve SS Integral Bonnet Needle Valve, 0.09 Cv, 1/8 in Swagelok Tube Fitting 

VI Industrial Digital Pressure Gauge Setra Pressure Transmitter 0-2000 psig, 4-20 mA, ± 0.073% Accuracy 

VII Pressure Equilibration Valve SS Integral Bonnet Needle Valve, 0.09 Cv, 1/8 in Swagelok Tube Fitting 

VIII Thermal Mass Flow Meter Brooks® Model 5860S Mass Flow Meter 

IX Digital/Analogue Converter  National Instruments USB-6525 Digital I/O 

X One-way Check Valve SS Poppet Check Valve, Fixed Pressure, 1/8 in. Swagelok Tube Fitting, 1/3 psig 

The entire system was connected using 316/316L SS Seamless Tubing (1/8 in.) and SS Swagelok Tube fitting Connectors and Joints. 
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3.1.1 Interpretation of Mass Flow Data 

The data obtained by the hydrogen uptake system from each of the hydrogenation 

reactions included the pressure drop of the reservoirs as well as the thermal mass flow, 

represented as the total volume of hydrogen (in L) which flowed through the mass flow 

meter. In order to usefully interpret this data in terms of moles of molecular hydrogen, 

and thus hydrogen equivalents consumed, a simple spreadsheet was designed (Appendix 

C). Using the simplest equation of state (EOS), the ideal gas law (3.3), it is possible to 

predict the number of moles of hydrogen from the volume which passes through the flow 

meter or vice versa. 

PV nRT=       3.1  

 
Where P is the pressure, V is the volume, T is the temperature, n is the number of moles, 

and R is the gas constant (8.314510 ± 0.000070 J K-1 mol-1). The ideal gas law pertains to 

a gas which is composed of randomly-moving, non-interacting particles. In order to fully 

understand real gases a number of factors must be taken into account such as; 

compressibility effects, variable specific heat capacity, and van der Waals forces. In most 

cases real gases, such as hydrogen, oxygen, nitrogen, etc., can behave like ideal gases and 

the ideal gas approximation can be used with reasonable accuracy. This is particularly 

true at high temperatures or low pressures when intermolecular forces are insignificant 

with respect to the kinetic energy of the gas molecules and when the size of the molecules 

is insignificant with respect to the empty space between them. At higher pressures, the 

intermolecular forces and molecule size become increasingly significant and the ideal gas 

law begins to fail, especially at pressures high enough to cause real gases to undergo 
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phase changes to liquid or solid. As a precaution, a truncated virial equation, which had 

been recently demonstrated for similar experiments to ours, was employed.85 The 

truncated virial EOS, also known as the Kamerlingh-Onnes equation,86 is derived directly 

from statistical mechanics which deals with the thermodynamic behaviour of systems 

composed of large numbers of particles. The virial EOS describes the state of a gas as; 

2
1 ...m

m m

PV B C
Z

RT V V
= = + + +      3.2 

 
Where B, C,…, are the second, third,…, virial coefficients, Vm is the molar volume, and 

Z is the compression factor. The virial coefficients are unique to given substances and are 

functions of temperature only. The accuracy of the virial EOS can be increased 

indefinitely according to statistical mechanics by considering higher order terms. 

Generally the virial coefficients are determined experimentally from gas-compressibility 

data by fitting the results at a given temperature using a polynomial in reciprocal volume. 

The coefficients of this polynomial are then identified with the coefficients of the infinite 

virial series. As you would expect, the values for the virial coefficients obtained depend 

on the degree of the polynomial used as well as the density range of the compressibility 

factor (Z).87 We proposed using the virial coefficients obtained experimentally by 

Michels et al. which utilized a six term polynomial for pressures between 74 and 44,000 

psi where B = 14.38 cm3/mol and C = 370 cm3/mol at 298.15 K.88 The uncertainties are 

small for the second coefficient (B) but larger for the third coefficient (C). At lower 

pressures (< 100 psi) simply utilizing the second coefficient is sufficient, though at higher 

pressures (> 500 psi) the contributions from the third coefficient become more 

significant. The compressibility factors calculated using data acquired from the National 
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Institute of Standards and Technology (NIST) (courtesy of Robert P. Currier of the Los 

Alamos National Laboratory) were compared against the virial EOS using only the 

second coefficient (B) and using both the second and third coefficients (B and C). Only 

very small differences were observed between the NIST data and the virial EOS, even 

when only the second coefficient was used, which effectively confirmed the truncated 

virial EOS to be accurate for our purposes.  

While the use of the virial EOS only increases the accuracy of the mass flow 

measurements by 0.0588 %, it can have a significant effect on the interpretation of 

pressure drops by the reservoir tanks depending upon the moles of the substrate in the 

reaction. 

3.2 APPLICATION OF THE TOTALIZER MODE 

In order to confirm the accuracy and effectiveness of our hydrogen uptake system 

a suitable system was selected on the basis two essential criteria. First, all of the reaction 

products must be known and accurately quantifiable. Second, there must be no gas phase 

products which may effectively alter the apparent mass of hydrogen flowing into the 

reactor through the mass flow meter. For this reason the well understood LA system was 

selected as a model system and run at a relatively low temperature and pressure to ensure 

that only a single product was formed and no gas phase products. When hydrogenating 

LA at 125 oC, 500 psi H2 (g) for 12 h in water it was found that 100 % conversion was 

achieved with 100 % selectivity for GVL. 

Charts 3-1 and 3-2 illustrate the hydrogen pressure for the hydrogenations of LA 

at 125 oC, 500 psi H2 (g) for 12 h in water. Each chart begins at ambient temperature, 

where the initial pressure of the reactor is set to 500 psi H2 (g). The reactions do not reach 
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the desired set temperature of 125 oC until after 35 minutes (represented by vertical 

dotted lines on charts 3-1 and 3-2). It is obvious from these plots that the reaction is 

essentially complete before the reaction has even reached the desired temperature as a 

significant dip in the hydrogen pressure is observed during the time of heating beginning 

between the first 8-10 minutes and ending after approximately 35 minutes. While each of 

the reactions was run for 12 h overnight, very minimal uptake was observed beyond the 

initial uptake observed within the first 35 minutes. Despite this observation, no kinetic 

information can be obtained from the available data, as the drop in hydrogen pressure in 

this case is not an accurate representation of hydrogen consumption.  



 

 72 

400

420

440

460

480

500

520

540

560

580

600

0 10 20 30 40 50 60 70

Time (min)

H
yd

ro
ge

n 
P

re
ss

ur
e 

(p
si

)

Run 1

Run 2

Run 3

 

Chart 3-1: Hydrogen pressure vs time (60 min) during the induction period and hydrogenation of LA in water with 5% Ru/C Evonik, 
dotted line represents when the reaction has reached set temperature. 

  

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g (0.1 mol % w.r.t LA) 5% Ru/C Evonik, 125 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-2: Hydrogen pressure vs time (720 min) during the induction period and hydrogenation of LA in water with 5% Ru/C 
Evonik, dotted line represents when the reaction has reached set temperature.  

 
Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g (0.1 mol% w.r.t LA) 5% Ru/C Evonik, 125oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in water. 
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The data above represent a strong correlation between each of the three trials with 

respect to one another in terms of the drop in hydrogen pressure over the course of the 

reaction. Each of the three trials were then analyzed using the Totalizer mode, whereby 

the volume of hydrogen consumed was totalized at the end of the reaction by refilling the 

reactor to the same pressure as the uptake reservoirs at ambient temperature. The 

rationale behind the totalizer mode is that the reactor is pressurized to the same pressure 

as the hydrogen reservoirs attached to the uptake system and then sealed. The reactor is 

then set to the desired temperature and allowed to react for a set amount of time. Over the 

course of the reaction the substrate will consume hydrogen and thus decrease the pressure 

within the reactor, as is observed in Charts 3-1 and 3-2. Upon cooling to ambient 

temperature at the end of the reaction, both the reactor and the hydrogen reservoirs 

attached to the uptake system are at the same temperature. The difference in pressure 

between the reservoirs and the reactor is then effectively the amount of hydrogen which 

was consumed over the course of the reaction. This value can be quantitatively measured 

by refilling the reactor to the same pressure as the reservoirs through the thermal mass 

flow meter. The hydrogen which flows through the thermal mass flow meter was 

recorded as a mass flow (mL/min) over time which was then directly integrated to give a 

total volume of hydrogen consumed (mL). Using the ideal gas law in combination with 

the truncated virial EOS, described in Section 1.6.2, it is then possible to determine the 

total number of hydrogen equivalents consumed for a given substrate of known volume 

and concentration. Using this same logic, it is possible to determine how much hydrogen, 

by volume, should theoretically be consumed for the reaction of LA to GVL knowing 

that only one hydrogen equivalent is required.  
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In general, measuring the hydrogen uptake based on the pressure drop of the 

hydrogen reservoirs was highly inaccurate and inconsistent. The main reason for this is 

the accuracy of the pressure gauge is greatest when operating at or near the maximum 

working pressure of the instrument, in this case 2000 psi. The reactions involved in this 

project were conducted at pressures of 500 psi or lower, meaning the industrial pressure 

gauge was operating at 25 % of its maximum working pressure. At pressures this low the 

accuracy of the instrument begins to decrease significantly. In many cases the overall 

pressure drop of the reservoirs was only predicted to be between 0.5 psi and 1.6 psi, or 

0.1 % to 0.32 %. These pressure drops are too small to be accurately measured by the 

instrument and for this reason the hydrogen uptake measurements with respect to virial 

pressure drop will not be discussed further and the main focus will be on that of the 

thermal mass flow meter measurements. 

The volume of hydrogen consumed by each of the three hydrogenation reactions 

is recorded in Table 3-2. The average hydrogen volume was 569.9 mL with a standard 

deviation of 6.5 mL or a 1.14 % difference. The three reactions exemplify a strong 

correlation with one another illustrating the precision of the instrument. The 

concentration of each reaction solution was measured to be between 1000.0 mmol/L and 

1000.5 mmol/L. 
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Table 3-2: Hydrogen uptake/consumption results for the hydrogenation of LA in water.a 

Run Actual Volume (mL) 
1 563.8 
2 569.2 
3 576.7 

Average 569.9 ± 6.5 
a Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g (0.1 mol% wrt LA) 5% 
Ru/C Evonik, 125 oC, 500 psi H2 (g) (initial pressure at ambient temperature), in water. 
 
 

The volume of hydrogen measured from each individual reaction was then 

compared with the theoretical values expected for the conversion of LA to GVL in order 

to determine the overall accuracy of the apparatus. The expected theoretical values as 

well as the percentage error of the apparatus are recorded in Table 3-3. For the theoretical 

values, a series of substrate amounts (mmol of substrate) were included to account for the 

loss of substrate in preparing the initial GC sample (~0.5-0.75 mL) as well as any 

residual solution left in the original volumetric flask where the solution was prepared. 

The percentage error corresponding to this range of concentrations was calculated using 

Equation 3.1. 

 

( )
% 100

Experimental Theoretical
Error

Theoretical

−= ×    3.3 
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Table 3-3: Theoretical uptake values for the hydrogenation of LA to GVL in water based 
on the amount of substrate present.a 

Amount of Substrate 
(mmol) 

Theoretical Volume 
(mL) 

Percentage Error 
(%) 

25.00 601.7339 5.290362 
24.50 589.6993 3.357524 
24.25 583.6819 2.361201 
24.00 577.6646 1.344136 
23.75 571.6472 0.305643 
23.50 565.6299 0.754928 

a Theoretical values are based on the virial expansion EOS using the second and third virial coefficients (B 
and C) at 293.15 K where; B = 14.38 and C = 370.  
 
 
 
 The theoretical volumes of consumed hydrogen range from 601.7 mL to 565.6 

mL depending on the amount of solution lost during the experimental set up. The reaction 

solutions were prepared in 25.00 mL volumetric flasks and then transferred to the 

stainless steel reactor body, transferring as much reaction solution as possible. From the 

reactor body a volume ranging from 0.54 mL to 0.62 mL was removed to be analyzed by 

GC. As a result it is appropriate to assume that the approximate volume of each of the 

1000 mmol/L solutions is between 24.50 mL and 23.75 mL yielding a total substrate 

amount of between 24.50 mmol and 23.75 mmol. The approximate percentage error of 

the apparatus as a whole to be between 5.29 % and 0.31 % with 

the most likely percentage error between 1.34 % and 2.36 %. Section 1.6.1 discussed the 

theory behind the thermal mass flow meter while Appendix B describes the calibration 

and accuracy of the specific unit being applied in the apparatus. An error between 1 % 

and 3 % is within the overall error the mass flow meter itself and as a result confirms a 

high degree of accuracy and precision for the hydrogen uptake system when utilizing the 

Totalizer mode. 
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3.2.1 Summary 

The Totalilzer mode has been demonstrated to effectively quantify the total 

volume of hydrogen consumed by a given hydrogenation reaction with a high degree of 

accuracy. The data obtained yields valuable information pertaining to the stoichiometry 

of the reaction and hence the possible reaction products by relating the hydrogen volume 

to the total number of hydrogen equivalents consumed for a specific substrate of known 

concentration and volume. The accuracy of the Totalizer mode was found to be within 

the error range of the thermal mass flow meter which was less than 2.5 %. The Totalizer 

mode is useful tool for gaining quantitative information pertaining to hydrogenation 

reactions and can be employed for any combination of reaction temperature and 

pressures. While the reactions can potentially be optimized by monitoring the total 

volume of hydrogen consumed alone, the Totalizer mode becomes significantly more 

useful when operated in tandem with the Dynamic mode.  

3.3 APPLICATION OF THE DYNAMIC MODE 

In addition to the Totalizer mode, the hydrogen uptake system was also designed 

to operate in a Dynamic mode where the flow of hydrogen from the reservoirs to the 

reactor is measured in real time as the hydrogenation is occurring. The result of these 

experiments directly yields kinetic information pertaining to the rate of reaction with 

respect to hydrogen consumption. As discussed in Section 1.6, hydrogen uptake by 

definition provides a natural measure of the overall rate of hydrogenation. Again using 

LA as a test substrate, the hydrogen uptake system was used to determine the reaction 
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rate orders for the conversion of LA to GVL with respect to substrate concentration, 

catalyst loading, and hydrogen pressure.  

The operation of the Dynamic mode is significantly different from that of the 

Totalizer mode. As was apparent from the previous section, LA begins consuming 

hydrogen before the reactor is able to reach the desired set temperature, and once at the 

set temperature the reaction appears to be essentially complete. In order to measure the 

hydrogen consumption directly during the hydrogenation, the pressure of both the 

reservoirs and the reactor must be equal and the valve through the thermal mass flow 

meter must be opened to the reactor in order to measure the flow rate over time. This 

cannot be achieved until the reactor has reached its maximum pressure and has stabilized, 

at which point the hydrogen reservoirs can be manually filled to match the pressure inside 

the reactor. The difficulty with this situation is that the catalyst must be isolated from the 

reaction solution such that no hydrogenation occurs during the induction period of the 

reaction solution. Once at the set temperature, the catalyst must undergo a controlled 

release at which point hydrogen consumption may commence. The easiest way to achieve 

this was to seal the desired catalyst in some form of glass vessel which would be placed 

in the reactor along with the reaction solution. Upon reaching the desired reaction 

temperature, the mechanical stirrer was activated and effectively smashed the glass vessel 

instantaneously releasing the catalyst contained inside. 

The vessel which contained the catalyst was required to be inexpensive, easy to 

prepare and operate, and release all of the catalyst uniformly into the reaction solution on 

command. Initial experiments employed a 7” Norell® NMR tube which matched all of 

the necessary criteria. The catalyst was weighed and loaded in to the NMR tube which 
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was then sealed under vacuum and cut with a blow torch to the desired length and scored 

to ensure the glass would break inside the reactor. The issue with this initial set up was 

that while the NMR tube did in fact break open in the reactor upon activating the stirring 

mechanism, the majority of the catalyst remained packed in the broken halves of the 

vessel and as a result was not uniformly distributed throughout the reaction solution. The 

next logical idea was to heat and shape the NMR tube into a large spherical bulb. Shaping 

the NMR tube into a spherical bulb not only reduced the wall thickness of the glass vessel 

but also ensured that when the vessel broke it would shatter rather than simply breaking 

at the points of scoring. Again this design utilized inexpensive materials, was easy to 

prepare and easy to work with. Any catalyst, homogeneous or heterogeneous, could be 

loaded into the glass vessels and sealed using a blow torch. This process could be 

performed either under vacuum, in open air, or under inert argon atmosphere depending 

on the specific requirements of the catalyst.  

Chart 3-3 illustrates the volume of hydrogen consumed against time for a 1 M 

solution of LA with 0.1 mol % Ru (5% Ru/C Evonik) at 500 psi H2 ambient, and 125 oC 

in water. Under these conditions, the average hydrogen mass flow was found to be 28.62 

mL/min, which was determined mathematically by fitting a trend line parallel to the x-

axis through the linear portion mass flow vs time plot representative of the reaction rate. 

The slope of the curve in Chart 3-3 is a direct differential rate measurement at constant 

pressure. Under these conditions the initial rate of reaction is 26.7 mL/min. This initial 

rate holds true over the first 15 minutes after which time the reaction is approximately 

65% complete and the rate begins to decrease significantly. Beyond the first 15 minutes 

of the reaction the reaction rate slows to 3.7 mL/min and the reaction reaches completion 
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after approximately 30 minutes. To confirm the mass balance, the final reaction solution 

was analyzed by GC. The yield of GVL from LA was 98% with 100% selectivity. 

The final rates of reaction obtained in this study were not compared due to the 

decreased accuracy of the thermal mass flow meter near the end of the reaction. Near the 

end of the reaction, the hydrogen mass flow rate generally decreases to less than 5 

mL/min or less than 10 % of the maximum flow rate of the thermal mass flow meter. The 

accuracy of the thermal mass flow meter decreases significantly when operating at lower 

mass flow rates (Appendix B). When operating at 10 % of the maximum flow rate of the 

instrument, the error limit reaches approximately 3 % of the rate. For this reason, the 

focus of comparison for each of the reactions will be centered around the initial 

differential rates alone. 
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Chart 3-3: Hydrogen volume consumed over time during the hydrogenation of LA in water.  

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % w.r.t LA), 125 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in water. 
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3.3.1 Determining Reaction Orders 
 

In order to determine the rate law for the hydrogenation of LA to GVL, the rate of 

hydrogen uptake was investigated for three different catalyst loadings, three different 

hydrogen (pressures) concentrations, and two different initial substrate concentrations. 

Following a similar procedure outlined above, the average mass flow, and initial rates of 

reaction were determined for each of various reaction parameters. Charts 3-4 and 3-5 

illustrate the initial rates of reaction when employing catalyst loadings of 0.01 and 0.05 

mol% respectively. The initial rates of reaction for all three catalyst loadings were then 

directly compared in Chart 3-6. In order to determine the overall reaction order with 

respect to the catalyst loading, the log of the initial reaction rates was plotted against the 

log the of the catalyst concentration (in mol%), (Chart 3-7). The slope of Chart 3-7 yields 

the overall reaction order with respect to the catalyst loading. Similar plots were 

conducted to determine the rate dependence upon the hydrogen pressure/concentration as 

well as the initial concentration of LA. Charts 3-8 and 3-9 illustrate the initial rates of 

reaction when decreasing the hydrogen pressure to 250 psi and 375 psi respectively while 

Charts 3-10 and 3-11 compare the three reaction rates and determine the reaction order. 

Chart 3-12 represents the initial reaction rate when the initial concentration of LA was 

decreased to 500 mM, while Chart 3-13 compares the initial reaction rates for the two 

concentrations of LA.  

The reaction orders determined from these plots, the average mass flow 

determined mathematically as well as the reaction times, conversion and selectivity are 

summarized in Table 3-4 below. 
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3.3.1.1 Catalyst Loading 
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Chart 3-4: Effect of catalyst loading on the volume of hydrogen consumed over time during the hydrogenation of LA in water.  

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.0126 g 5% Ru/C Evonik (0.01 mol % w.r.t LA), 125 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-5: Effect of catalyst loading on the volume of hydrogen consumed over time during the hydrogenation of LA in water. 

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.0632 g 5% Ru/C Evonik (0.05 mol % wrt LA), 125 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-6: Comparison of hydrogen consumption over time during the hydrogenation of LA in water with respect to catalyst loading.  

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g, 0.0632 g, and 0.01264 g 5% Ru/C Evonik (0.1, 0.05, 
and 0.01 mol % wrt LA respectively), 125 oC, 500 psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-7: Relationship between the catalyst loading and the relative differential rate where the slope of the curve is equal to the 
overall reaction order for the hydrogenation of LA to GVL with respect to catalyst loading. 
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3.3.1.2 Hydrogen Pressure 
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Chart 3-8: Effect of hydrogen pressure on the volume of hydrogen consumed over time during the hydrogenation of LA in water. 

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % wrt LA), 125 oC, 250 psi 
H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-9: Effect of hydrogen pressure on the volume of hydrogen consumed over time during the hydrogenation of LA in water. 

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % wrt LA), 125 oC, 375 psi 
H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-10: Comparison of hydrogen consumption over time during the hydrogenation of LA in water with respect to hydrogen 
pressure.  

 
Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % wrt LA), 125 oC, 250 
psi, 375 psi, and 500 psi H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-11: Relationship between the hydrogen pressure and the relative differential rate where the slope of the curve is equivalent to 
the overall reaction order for the hydrogenation of LA to GVL with respect to hydrogen pressure. 
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3.3.1.3 Initial Substrate Concentration 
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Chart 3-12: Effect of concentration on the volume of hydrogen consumed over time during the hydrogenation of LA in water. 

Reaction conditions: LA [500 mmol/L], DMS (ISTD) [100 mmol/L], 0.0632 g 5% Ru/C Evonik (0.1 mol % wrt LA), 125 oC, 500 psi 
H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-13: Comparison of hydrogen consumption over time during the hydrogenation of LA in water with respect to the initial 
substrate concentration.  
 
Reaction conditions: LA [1000 mmol/L and 500 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g and 0.0632 g 5% Ru/C Evonik (0.1 
mol % wrt LA), 125 oC, 500 psi H2 (g) (initial pressure at ambient temperature), in water. 
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Table 3-4: Summary of the experimental data obtained using the Dynamic mode for the hydrogenation of LA to GVL. 

Product Yield 

Rxn. [LA] 
(mol/L) 

Cat. 
Loading 
(mol %)a 

Time (h) PH2 (psi)b T (oC) 

Average 
Mass Flow 
(mL/min) b 

 

Initial 
Rate 

(mL/min) 
Conversion 

(%) GVL (%) 

1 1.0 0.1 0.50 500 125 28.62 26.7 98 100 

2 1.0 0.01 1.50 500 125 9.54 8.8 85 100 

3 1.0 0.05 1.00 500 125 17.12 17.3 99 100 

4 1.0 0.1 1.00 250 125 12.88 13.8 98 100 

5 1.0 0.1 1.00 375 125 21.57 20.2 98 100 

6 0.50 0.1 0.50 500 125 24.40 25.9 100 100 

7 1.0 0.1 0.25 500 150 42.36 43.9 98 100 

a catalyst loading of ruthenium metal with respect to the number of moles of LA 
b average hydrogen mass flow for the linear portion of the mass flow plot based on the line of best fit through the linear portion of the hydrogen mass flow v time 
plot



 

 95 

3.3.1.4 Reaction Temperature 

 Another significant parameter to consider, particularly in catalysis, is the effect of 

the reaction temperature on the rate of the reaction. To investigate this parameter, an 

additional reaction was conducted at the elevated temperature of 150 oC. With the 

increased reaction temperature, the average hydrogen mass flow was calculated to be 

42.63 mL/min. At the elevated temperature it was apparent that the average hydrogen 

mass flow had been significantly increased and allowed for a shorter reaction time when 

compared to the identical reaction run at 125 oC. As illustrated in Chart 3-14, the initial 

rate of reaction was 43.9 mL/min over the first 10 to 12 minutes before gradually 

decreasing to a final rate of 3.6 mL/min. The results of this study are summarized in 

Table 3-4.  

 By comparing the initial rates for the two experiments conducted at 125 oC and 

150 oC there is an unambiguous correlation between the overall rate of reaction and the 

reaction temperature. Chart 3-15 plots both experiments together so that the significant 

increase in reaction rate becomes more obvious. In order to determine the activation 

energy of the hydrogenation of LA to GVL, a significantly larger number of experiments 

would have to be conducted in order to gain an accurate representation. Although time 

did not permit for this investigation, the potential significance of such a study will be 

discussed. 
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Chart 3-14: Effect of temperature on the volume of hydrogen consumed over time during the hydrogenation of LA in water. 

Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % wrt LA), 150oC, 500 psi 
H2 (g) (initial pressure at ambient temperature), in water. 
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Chart 3-15: Comparison of hydrogen consumption over time during the hydrogenation of LA in water with respect to reaction 
temperature. 

 
Reaction conditions: LA [1000 mmol/L], DMS (ISTD) [100 mmol/L], 0.1264 g 5% Ru/C Evonik (0.1 mol % wrt LA), 125oC and 
150oC, 500 psi H2 (g) (initial pressure at ambient temperature), in water. 



 

 98 

3.3.2 Summary 

The detailed investigation into the kinetics pertaining to the hydrogenation of LA 

to GVL using the Dynamic mode of the hydrogen uptake system yielded a wealth of 

information. Of course, experimental investigations into the overall reaction kinetics 

concerning this simple reaction are by no means new. In 2010 Zhang et al. illustrated that 

LA could be converted to GVL quantitatively in a batch reactor over a 5% Pd/C 

catalyst.89 Zhang et al. investigated the effects of reaction temperature and hydrogen 

pressure on the reaction rate and found that both had significant effects. Reactions were 

carried out at temperatures between 100 oC to 160 oC and pressures of 150 psi to 350 psi. 

Using the Langmuir isotherm adsorption equation with dissociative adsorption of 

hydrogen, a hydrogenation kinetic model was devised which agreed consistently with 

experimental results above. Overall it was determined that the hydrogenation reaction 

rate was zero-order with respect to LA and first-order with respect to hydrogen. A similar 

study using a homogeneous Ru-(TPPTS) catalyst and a biphasic DCM/water mixture was 

carried out by Heeres et al.90 Heeres et al. employed a 350 mL stainless steel autoclave to 

investigate the dependence on temperature, substrate concentration, catalyst 

concentration, and hydrogen pressure at temperatures between 50oC to 115oC and 

pressures of 75 psi to 650 psi. Heeres et al. were also able to show that the hydrogenation 

of LA to GVL was highly dependent upon temperature, and first order dependent on 

hydrogen pressure. 

The purpose of this study was not to confirm or define the overall reaction 

kinetics for the conversion of LA to GVL but rather to investigate the scope and 

capability of the hydrogen uptake system on a relatively simple and well understood 
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system. From this study it was possible to determine what factors contributed to the 

overall rate of reaction, and more specifically, that the hydrogenation of LA to GVL was 

first order with respect to hydrogen pressure, independent, or zeroeth order with respect 

to LA concentration, and had a reaction order of 0.5 with respect to catalyst 

loading/concentration. From the experimental data it was possible to devise the rate law 

for the hydrogenation of LA to GVL as; 

 [ ] [ ] [ ]0 0.5 1

exp 2Rate k LA Ru H=     3.4 

This proposed rate law, with respect to hydrogen pressure and the initial concentration of 

LA, is in perfect agreement with those previously established by Zhang and Heeres under 

relatively similar reaction conditions. Obvious conclusions can be made concerning the 

effect of temperature on the rate of reaction as well. The rate constant is directly related 

to the reaction temperature and could be used to determine the overall activation energy, 

Gibbs free energy, and/or entropy for a given reaction when a sufficient number of data 

points are obtained. The obvious advantages of the dynamic mode are observed when 

comparing to the reactions employing the Totalizer mode. Without previous knowledge 

of the reaction kinetics, the arbitrary reaction time of 12 h was selected, though through 

the use of the Dynamic mode it became apparent that reaction times of less than 1 h could 

be employed while still achieving the same levels of conversion and selectivity. From the 

results obtained using the model system confirmed that accurate kinetic data can be 

obtained using the newly developed hydrogen uptake system.  
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3.4   CONCLUSIONS AND FUTURE WORK 

An effective, low cost, and simply designed hydrogen uptake system has been 

developed which allows for accurate real time analysis of hydrogenation reactions in 

order to obtain in situ kinetic data. The hydrogen uptake system was orders of magnitude 

less expensive to construct when compared with a pre-assembled system capable of 

similar function and accuracy. The Totalizer mode has been shown to provide highly 

accurate quantitative data pertaining to the progression of a given hydrogenation reaction 

while the Dynamic mode provided highly accurate information regarding the rate of 

reaction. Together these two methods can provide insight into a given hydrogenation 

reaction and can be used effectively in tandem to quickly and effectively optimize any 

hydrogenation reaction in the temperature and pressure ranges accessible by the 

apparatus. In order for any bench top process to be considered industrially applicable it is 

essential to encompass a complete and thorough understanding of the reaction kinetics. 

By determining the rate law for a given reaction, it becomes possible to determine the 

exact reaction parameters (temperature, pressure, concentration, etc.) required to achieve 

the highest number of turnovers in the most time and cost efficient manner. In other 

words, by knowing the turn over number (TON) achieved for a given reaction employing 

a given catalyst concentration, the effective turn over frequency (TOF) can be 

determined, thus allowing for the economic viability of any given hydrogenation process 

to be fully assessed for potential industrial applicability. 

There are, of course, intrinsic limitations to the current design of the hydrogen 

uptake system. With regards to the Totalizer mode, all of the reaction products should be 
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condensed in the liquid phase of the reactor such that the pressure differential between 

the hydrogen reservoirs and the reactor is an accurate representation of the mass of 

hydrogen consumed. The presence of large amounts of gas phase products can play a 

significant role in decreasing the observed amount of hydrogen consumed by a particular 

reaction. While at this point in time there is no effective solution to this problem, it is 

many ways an insignificant issue when considering the hydrogenation of larger 

molecules (five carbons or larger). This is a reasonable limitation considering that when 

various biomass derived substrates of interest such as glucose, fructose, sorbitol, xylitol, 

etc. are completely deoxygenated to alkanes (pentane and hexane) which are liquids at 

room temperature, i.e., their contribution to the overall system pressure is limited to their 

vapour pressures, which at ambient temperatures are negligible. Cases where significant 

errors could occur would be in the decomposition of substrates to gases such as carbon 

monoxide, carbon dioxide, methane, ethane, etc., which are unfavourable pathways for 

the purposes of our research. Future experiments should be conducted in which 

significant quantities of gas phase products are formed such that the relative effect of 

these products on the theoretical uptake volume could be quantified. LA could again be 

used as a model substrate whereby at higher temperatures in the presence of acid towards 

the formation of butane and pentane is known. The theoretical uptake volume could be 

calculated based on the number of mmol of each product and then compared with the 

experimental results to determine the overall effect on the accuracy of the method. 

The Totalizer mode could be effectively employed as a characterization tool for 

identifying potential products based on the number of hydrogen equivalents consumed. 

Of course, this methodology is also limited if a wide range of products are formed, each 
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with varying degrees or hydrogenation. Unless all of the resulting products are fully 

characterized and quantified, the interpretation of the uptake data is significantly less 

trivial. Regardless, the uptake data gained from the Totalizer mode will always be useful 

in understanding what set of reaction conditions yielded the greatest consumption of 

hydrogen and thus the highest degree of hydrogenation. 

There are obvious limitations to the use of the Dynamic mode as well. The 

method for determining the rates of reaction is based solely on the rate of consumption of 

hydrogen meaning only steps in which hydrogen is consumed are accounted for with 

regard to the experimental rates. In order to understand the full of effect of this potential 

limitation, future work involving increasingly complex substrates which undergo less 

trivial reduction pathways should be conducted. The key aspects of this future work 

would be to observe whether or not the competing pathways would overlap thus 

rendering the kinetic data obtained effectively useless for determining the rate law 

directly. In order confirm this, the hydrogen uptake data would have to be compared with 

the rates obtained through traditional methods which require the constant monitoring of 

the reaction composition. In either case the hydrogen uptake system would still be an 

extremely useful analytical tool. If competing reaction pathways do in fact overlap, the 

data obtained from the hydrogen uptake system can still give insight into the optimization 

of the process, though direct rate information pertaining to a particular step in the 

hydrogenation would not be feasible. Alternatively, if a reaction was found to follow one 

major reaction pathway it would interesting to observe whether or not it is possible to 

rationalize the rate determining step by observing the changes in the plot representing the 

volume of hydrogen consumed over time. An ideal situation would be to observe a 
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staircase plot for the overall reaction where at certain points in the hydrogenation the 

slope plot (or rate of hydrogen consumption) increases or decreases. Again, the overall 

process could be optimized by monitoring the relative changes in the rate of hydrogen 

consumption based on adjustments to the various parameters involved in the reaction. For 

a complex reaction pathway it is reasonable to assume that obtaining the true rate law 

equation for that reaction would become significantly less trivial though valuable insight 

into the potential reaction mechanism and pathway should still be conceivable.    

Another limitation of the Dynamic mode is the significant amount of noise 

observed in the hydrogen mass flow data. This was significant because the hydrogen 

mass flow data is integrated to yield the hydrogen volume plot which is effectively the 

rate of reaction. For the purposes of this study the noise was only a minor concern as the 

average hydrogen mass flow produced straight line plots corresponding to the hydrogen 

volume consumed. Of course, were the application of uptake system to be extended to 

gain accurate reaction rates and activation energies for unknown systems it would be 

highly desirable to reduce the amount noise in order to obtain the highest degree of 

accuracy in the resulting data. It is believed that the source of the noise results from the 

one-way check valve installed between the thermal mass flow meter and the autoclave. 

The basis for this hypothesis was that essentially no noise was observed when 

equilibrating using the Totalizer mode, though when operating under the Dynamic mode, 

a significant amount of noise resulted. What this indicated was that if the consumption of 

hydrogen is not consistent the check valve will continuously oscillate between the open 

and closed position resulting in drastic peaks and valleys in the mass flow data. 

Originally the one-way check valve was installed to prevent the thermal mass flow meter 
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from being damaged by a back-flow of volatile or corrosive vapor from the solution 

within the autoclave. While this is remains a significant concern, a suitable solution must 

be devised such that the flow meter is sufficiently protected from potential volatiles while 

producing highly accurate mass flow data with reduced noise. One proposed solution to 

this problem is to install a form of dampener between the mass flow meter and the 

autoclave to replace the one-way check valve. The damper would consist of a small 316 

SS double-ended miniature sample cylinder, between 10 cm3 and 25 cm3, which would 

allow hydrogen to flow more consistently through the mass flow meter and into the 

autoclave. Meanwhile, were any volatile components to flow backwards through the line 

towards the flow meter they would be captured within the sample cylinder and liquefied. 

Volatiles would only be expected to flow back towards the mass flow meter in cases of 

experimental error, or in situations where significant amounts of gas phase products are 

produced. Such situations would result in the autoclave obtaining higher pressures than 

the uptake system’s reservoirs. When operated properly, the mass flow meter should be 

sufficiently protected while providing a more accurate representation of the true 

hydrogen mass flow. 
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3.5 EXPERIMENTAL  

Commercially obtained reagents were used as received. High-pressure 

hydrogenation reactions were conducted with 25 mL reaction solutions in an Autoclave 

Engineers (AE) Mini-Reactor with a 50 mL stainless steel (316 SS) reactor vessel. All 

high-pressure experiments employed industrial grade hydrogen gas. GC analyses were 

carried out on a Varian 3800 using a 30 m Rtx-1701 (14 % cyanopropylphenyl/86 % 

dimethyl polysiloxane) column. Quantification was achieved through a three-level 

calibration against authentic samples, employing dimethyl sulfone (DMS, 100 mmol/L) 

as an internal standard. Head space analysis of gas samples were carried out on a SRI 

8610C micro-GC with a TCD detector against authentic gas samples. Authentic gas 

calibration samples containing 1000 ppm of C1 - C6 alkanes and C2 – C6 alkenes in 

helium were obtained from GRACE Davison Discovery Sciences. Uptake measurements 

were achieved using a Brooks® Model 5860S Mass Flow Meter which were converted 

using a National Instruments USB-6525 Digital I/O digital/analogue converter. A 

standard operating procedure for the operation of the hydrogen uptake system is included 

in Appendix D. 

3.5.1 General Procedure for Hydrogenations - Totalizer Mode 

100 mmol/L of DMS (0.2353 g, 0.0025 mol) was dispensed into a 25.00 mL 

volumetric flask, followed by 1000 mmol/L of LA (2.9078 g, 0.025 mol). The remaining 

volume was then filled by HPLC water. The solution was sonicated for 5 minutes. A 0.5 

mL sample was taken for initial GC analysis. The substrate solution was added to the 

reactor vessel along with 1 mmol/L of 5 % Ru/C Evonik (56% water) (0.1264 g, 0.1 mol 
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% wrt LA) and then sealed. The reactor was pressurized to 500 psi with H2 gas, and 

allowed to equilibrate for 2 min. The reactor was evacuated and repressurized to 500 psi 

twice more. Stirring was set at 500 rpm and the reactor was heated to its target 

temperature of 125 oC. Timing started once the reactor reached the set operating 

temperature. After 12 h the reactor heating was turned off and the heating jacket 

removed. The reactor was allowed to cool to room temperature to match that of the 

hydrogen reservoirs. Once at room temperature, the reactor was filled with hydrogen to 

the pressure of the reservoirs through the mass flow meter and the total hydrogen mass 

flow was recorded. The mass flow program was set at the input range of 0-50 ml/min 

with a threshold value of 0.925 ml/min. A gas sample of the reactor headspace was 

collected in a latex balloon. The sample was injected into a TCD-Micro-GC for analysis. 

The remaining gas was vented, the reactor opened, and a final sample taken for GC 

analysis. The reactor vessel was polished on a mechanical lathe using abrasive paper then 

washed with methanol to give a clean surface of T316 SS. The impeller was sand-blasted 

and washed with methanol to give a clean surface of T316 SS. All other exposed 

components were polished by hand using fine sand paper and cleaned with methanol. 

3.5.2 General Procedure for Hydrogenations - Dynamic Mode 

100 mmol/L of DMS (0.2353 g, 0.0025 mol) was dispensed into a 25.00 mL 

volumetric flask, followed by the desired amount of LA (2.9078 g, 0.025 mol, or 1.4515 

g, 0.0125 mol). The remaining volume was then filled by HPLC water. The solution was 

sonicated for 5 minutes. A 0.5 mL sample was taken for initial GC analysis. The substrate 

solution was added to the reactor vessel along with a sealed glass vessel containing the 

desired amount of 5 % Ru/C Evonik and then sealed. The reactor was pressurized to the 



 

 107 

desired pressure with H2 gas, and allowed to equilibrate for 2 min. The reactor was 

evacuated and repressurized twice more. The reactor was heated to its target temperature. 

Once the reactor reached the set operating temperature; the valves from the reservoirs 

through the mass flow meter and into the reactor were opened, the mass flow program 

was started, and the mechanical stirrer was activated in order to release the catalyst from 

the glass container. The mass flow program was set at the input range of 0-50 ml/min 

with a threshold value of 0.925 ml/min. Once the reaction was complete, all valves were 

closed between the reservoirs and the reactor and the heating was turned off and the 

heating jacket removed. The reactor was allowed to cool to room temperature. A gas 

sample of the reactor headspace was collected in a latex balloon. The sample was injected 

into a TCD-Micro-GC for analysis. The remaining gas was vented, the reactor opened, 

and a final sample taken for GC analysis. The reactor vessel was polished on a 

mechanical lathe using abrasive paper then washed with methanol to give a clean surface 

of T316 SS. The impeller was sand-blasted and washed with methanol to give a clean 

surface of T316 SS. All other exposed components were polished by hand using fine sand 

paper and cleaned with methanol. 
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4 RESULTS AND DISCUSSION - PROJECT III  
 

In the following section we present a detailed investigation into the attempted 

total deoxygenation of various furfural-derived substrates, supplied by LANL, for the 

production of high-energy density fuels. The majority of the research was focused around 

the thirteen-carbon substrate (C13 substrate) that posed the most significant 

deoxygenation challenges. The presence of numerous functional groups made the C13 

substrate ideal for establishing the optimized reaction conditions for the deoxygenation of 

similarly derived substrates.  

The furfural derived substrates represent a relatively new and unexplored group of 

compounds. The goal of this project was to decrease the overall oxygen content in a time, 

energy, and cost-effective manner. Scheme 4-1 illustrates two favourable deoxygenation 

products obtainable from the C13 substrate for use as an aviation fuel (bottom) or diesel 

fuel (right). During the optimization of this process, a number of parameters were 

investigated including the effect of solvent, reaction time, reaction temperature, and the 

use of acid and metal catalysts.  

HO
O O

O

O

8 H2            3 H2O

11 H2

4 H2O

+    EtOH

O

O

 

Scheme 4-1: Desired products for the total deoxygenation of the C13 hydroxymethyl 
furfural derivative. 
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4.1 CATALYSIS RESULTS 

The three furfural-derived substrates investigated in this section (C13, C12, and 

MeC13), as well as the applicable characterization methods for each, are represented in 

Table 4.1. 

Table 4-1: Structures and characterization methods of the C13, C12, and MeC13 LANL 
substrates investigated in this study. 

Product No. Structure Characterization Method 

C13 O O
O

O
HO

 

NMR/IRa 

C12 O O
O

O  

NMR/IR/GC/GC-MS 

MeC13 O O
O

O  

NMR/IR/GC/GC-MS 

a The high polarity of this substrate prevents analysis by GC and/or GC/MS. 

 

Due to the complex nature of the reaction products, the effectiveness of a given 

hydrogenation reaction was measured by the total number hydrogen equivalents/total 

volume of hydrogen consumed. The first sections will discuss the optimization towards 

the total deoxygenation of the LANL substrates followed by a detailed discussion of the 

attempted characterization and quantification of the various reaction products obtained. 

Table 4-2, below, represents the theoretical mass flow volumes of hydrogen for the 

hydrogenation of a 235 mmol/L solution of LANL substrate with respect to the number 

of H2 equivalents consumed. 
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Table 4-2: Theoretical uptake values for the hydrogenation of the LANL substrates, 
based on 235 mM solutions.a 

Number of Hydrogen Equivalents  
1 2 3 4 5 6 

V (mL)  141 282 422 563 704 845 
a Theoretical values are based on the virial expansion EOS using the second and third virial coefficients (B 
and C) at 293.15 K where; B = 14.38 and C = 370. 
 

 

In addition to the observations made through the use of the hydrogen uptake 

system, each of the final reaction solutions were analyzed using all available and 

applicable techniques in order to gain as much qualitative information as possible. 

Without the availability of authentic standards for calibration, exact quantitative yields 

for each of the reaction products formed were however unattainable. As a result, only the 

major products, as observed by NMR and GC and confirmed by the effective mass 

balance with regards to the final mass of the crude reaction mixtures, will be discussed in 

detail here. 

 Each of the final reaction solutions were isolated and analyzed using 1H, 13C, 

HSQC NMR and GC/GC-MS where applicable. Table 4-3 summarizes the 

characterization techniques applicable for the major reaction products recovered 

following the various catalytic deoxygenation reactions. Table 4-3 also includes the 

theoretical number of hydrogen equivalents to be consumed for the formation of the 

various products when starting from each of the three starting materials where applicable. 

A simple reaction scheme for the successive hydrogenation/deoxygenation of the three 

LANL substrates is presented in Scheme 4-2. 

 



 

 111 

OR O
O

O

H2

[cat.]

H2/[cat.]

- H2O

for 
R = HOCH2 

only

2 H2
[cat.]

OR O
O

O

O O
O

O

O O
O

O

2 H2
[cat.]

OR O
O

O
1 2

3 4

H2/[cat.]

- H2O

 

Scheme 4-2: Reaction pathway for the successive hydrogenation of the three LANL 
substrates. 

 
 
 
 Table 4-4 subsequently summarizes the various reaction parameters investigated 

during the attempted total deoxygenation of the three substrates. In addition to the 

hydrogen uptake data, the major products are proposed as well as the percentage 

conversion of the initial substrate. In all cases where a catalyst was present, full 

conversion of the starting material was observed. All reactions were run at 500 psi H2 (g) 

(at ambient temperature) employing different catalyst variations, reaction temperatures, 

and reaction times. 
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Table 4-3: Structures and characterization methods of the major reaction products observed following catalytic 
deoxygenation/hydrogenation of the three LANL substrates. 

Theoretical Hydrogen Equivalentsb Product No. Structure Characterization Methoda 
C13 C12 MeC13 

1 O O
O

O
HO

 

NMR onlyc 1 NA NA 

2 O O
O

O  

NMR/GC/GC-MS 2 NA 1 

3 O O
O

O
HO

 

NMR onlyc 3 NA NA 

4 O O
O

O  

NMR/GC/GC-MS 4 NA 3 

5 O O
O

O  

NMR/GC/GC-MS NA 1 NA 

6 O O
O

O  

NMR/GC/GC-MS NA 3 NA 

a relevant spectroscopic data for each of the major products is compiled in Appendix E. b theoretical hydrogen equivalents consumed with respect to the substrate 
being hydrogenated where applicable. c The high polarity of these substrates prevents their analysis by GC and/or GC/MS. 
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Table 4-4: Summary of catalytic deoxygenations performed on the C13, C12, and MeC13 LANL Substrates at 500 psi H2 (g) pressure. 

Product Yieldsa 
Rxn. Substrate Solvent 

Catalyst  

(0.1 mol% w.r.t 
substrate for all 

species)  

Time 
(h) 

Temperature 
(oC) 

Hydrogen 
Mass Flow 

(mL) 

H2 
Equiv. Major  % 

Conv. 
1 C13 EtOAc Pd/C 12 100 256.2 1.8 1, 3 100 
2 C13 EtOAc Pd/C 12 150 425.8 3.0 3 100 
3 C13 EtOAc Pd/C 12 200 473.5 3.4 3, 4 100 
4 C13 EtOAc Pd/C 6 200 448.9 3.2 3 100 
5 C13 EtOAc Ru/C 6 200 297.1 2.1 1, 2 100 
6 C13 EtOAc Ru/C 12 200 371.7 2.6 2 100 
7 C13 EtOAc Ru/C + La(OTf)3 12 200 334.4 2.4 2, 1 100 
8 C13 EtOAc Pd/C + La(OTf)3 12 200 397.0 2.8 3, 1 100 
9 C13 EtOAc Pd/C + Ru/C 12 200 480.4 3.4 4, 3 100 
10 C13 EtOAc Pd/C + Ru/C 12 250 632.9 4.5 4, 3, unk. 100 
11 C13 EtOAc Pd/C + Ru/C + La(OTf)3 12 200 441.4 3.1 3, 1 100 
12 C13 EtOAc Pd/C + Ru/C + HOTf 12 200 580.2 4.1 unk. 100 
13 None EtOAc Pd/C + Ru/C + HOTf 12 200 172.3 - - - 
14 C13 HOAc Blank 12 200 210.1 1.5 C13, 1 90-95 
15 C13 HOAc Ru/C 12 200 231.5 1.6 C13, 1 90-95 
16 C13 HOAc Pd/C 12 200 549.7 3.9 unk., 4, 3 100 
17 C13 HOAc Ru/C + Pd/C 12 200 569.5 4.0 unk., 4, 3 100 
18 C12 EtOAc Pd/C 12 200 387.6 2.7 6, 5 100 
19 C12 EtOAc Pd/C + La(OTf)3 12 200 450.1 3.2 6 100 
20 C12 EtOAc Pd/C + Ru/C + HOTf 12 200 648.5 4.3 unk. 100 
21 MeC13 EtOAc Pd/C 12 200 294.7 2.0 2, 4 100 
22 MeC13 EtOAc Pd/C + La(OTf)3 12 200 259.9 1.7 2, 4 100 
23 MeC13 EtOAc Pd/C + Ru/C + HOTf 12 200 483.6 3.2 4, unk., 2 100 

a percentage conversion and major products determined by NMR and GC where applicable and confirmed by mass balance. 
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4.1.1 Effect of Reaction Conditions 

Suitable solvents for this study were required to be inexpensive, relatively non-

toxic, and non-reactive with the substrate, products, or themselves such that the 

optimized process could be extended to an industrial scale. Initial solubility tests revealed 

that most organic solvents were suitable for solvating the LANL substrates, although 

water proved unsuccessful. Solvents considered for this study included methanol, 

ethanol, dioxane, ethyl acetate, acetic acid, and sulfolane. Due to the limited availability 

of the substrates, initial solvent screening was carried out using LA as a model substrate. 

Pd/C and Ru/C catalysts were shown to be ineffective for the hydrogenation of LA to 

GVL when carried out in dioxane and sulfolane, both neat and in the presence of varying 

amounts of water. For this reason, sulfolane and dioxane were not considered further as 

solvents for the hydrogenation of the LANL substrates. Solvents such as methanol, 

ethanol, ethyl acetate, and acetic acid were all successful, even in the presence of water.  

Alcohols were considered unsuitable as reaction solvents based on the fact they 

do not allow for the addition of Brønstedt acids to act as co-catalysts. At high 

temperatures in the presence of acid, methanol readily reduces to the highly volatile and 

flammable dimethoxy ether which subsequently compromises the safe operation of the 

autoclave. Triflic acid, which is often employed as an acid co-catalyst for hydrogenation 

reactions in the Schlaf Group, is commonly known to react violently with alcohols to 

produce ethers and olefins. In order to circumvent this problem, solvents such as ethyl 

acetate and acetic acid, which are more resistant to acidic conditions, were employed.  

As observed in the results in Section 3 for the hydrogenation of LA, it is obvious 

that reaction temperature plays a significant role in the reaction rate during 
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hydrogenation. While no kinetic studies were conducted for reactions involving the 

LANL substrates, Chart 4-1 reports the effect of temperature on the hydrogenation of the 

C13 substrate in EtOAc using Pd/C. Increasing the reaction temperature resulted in an 

overall increase in the amount of hydrogen consumed in reactions 1 through 3 (). At the 

lowest temperature of 100 oC, a mixture of 1 and 3 were observed to be the major 

products. Product 1 is formed via the trivial reduction of the alkene moiety requiring a 

single hydrogen equivalent. Product 3 requires a total of three hydrogen equivalents such 

that all double bond equivalents are hydrogenated both on the alkyl chain as well as 

within the furan ring. Product 1 was the predominant product at 100 oC. The reaction 

consumed 1.8 hydrogen equivalents with the balance generating 3. By increasing the 

temperature to 150 oC product 3  became the dominant product with only minor amounts 

of 1 remaining, as observed in the NMR spectra. The hydrogen uptake increased to 3.0 

hydrogen equivalents at 150 oC which again agreed with the observed products in 

reaction 2 (Table 4-4). At 200 oC, product 3 predominated along with a proportional 

amount of product 4 which results from the hydrogenolysis of hydroxymethyl functional 

group requiring one additional hydrogen equivalent for a total of four. The observed 

number of hydrogen equivalents observed at this temperature was 3.4 yielding strong 

evidence for the presence of 3 and 4 as the major reaction products. 
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Chart 4-1: Comparison of hydrogen consumption, by volume (mL), for the 
hydrogenation of the C13 substrate with Pd/C in EtOAc at select temperatures. 

 
Reaction conditions: C13 [235 mmol/L], 0.0302 g 5% Pd/C Evonik (0.1 mol% wrt 
substrate), 100 oC/150 oC/200 oC, 500 psi H2 (g) (initial pressure at ambient temperature), 
in EtOAc. 
 

 In general, reaction times of 12 h were employed during the hydrogenation of the 

LANL substrates to ensure a complete reaction occurred. The 12 h reaction time was 

selected on the basis of the complex nature of the substrates being investigated as well as 

the lack of general knowledge pertaining to their reactivity. Chart 4-2 represents the 

hydrogenation of the C13 substrate with Ru/C and Pd/C in EtOAc at 200 oC and 500 psi 

H2 (g) (initial pressure at ambient temperature) over 6 h and 12 h. With regards to Pd/C, 

the additional 6 h resulted in only a marginal increase in the total hydrogen consumption 

as the number of hydrogen equivalents consumed increased from 3.2 to 3.4. With a 6 h 
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reaction time, products 3 and 4 were again determined to be the major components with 

significantly more 3 than 4 produced. Conversely, Ru/C experienced a more noteworthy 

increase in hydrogen consumption when the reaction time was increased from 6 h to 12 h. 

When using Ru/C as the catalyst, the total number of hydrogen equivalents consumed 

increased from 2.1 to 2.6. When Ru/C was employed as the catalyst material in reactions 

5 and 6, the major products observed were 1 and 2. After 6 h, a mixture of the two 

products prevails. By increasing the reaction time to 12 h, product 2 prevailed as the only 

major product with small amounts of 4 resulting in the observed uptake of 2.6 hydrogen 

equivalents. The most likely explanation for this observation is that ruthenium often 

experiences a slight induction period during hydrogenation reactions. This hypothesis is 

supported by the data given in Charts 4-3, which show the hydrogen pressure within the 

autoclave over the course of the hydrogenation starting from ambient temperature and 

500 psi H2 (g) at time zero. Chart 4-3 a, which represents the hydrogen pressure over the 

first 60 min, including time required to reach the set temperature of 200 oC, clearly shows 

the increased activity of Pd/C with respect to Ru/C.  
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Chart 4-2: Comparison of hydrogen consumption, by volume (mL), for the hydrogenation of the C13 substrate in EtOAc over 6 h and 
12 h. 

 
Reaction conditions: C13 [235 mmol/L], 0.0316 g 5% Ru/C Evonik/0.0302 g 5% Pd/C Evonik (0.1 mol% wrt substrate), 200 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in select solvents. 
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Chart 4-3: Hydrogen pressure vs time (a) 60 min and (b) 720 min for the hydrogenation of the C13 substrate with Ru/C and Pd/C in 
EtOAc over 12 h.  Dotted line represents when the reaction has reached set temperature. 

 
Reaction conditions: C13 [235 mmol/L], 0.0302 g 5 % Ru/C Evonik/0.0316 g 5 % Pd/C Evonik (0.1 mol% wrt substrate), 200 oC, 500 
psi H2 (g) (initial pressure at ambient temperature), in select solvents. 



 

 120 

Hydrogen was consumed in the presence of Pd/C within the first five minutes of 

the reaction. However, the hydrogen pressure did not begin to drop until approximately 

10 minutes after heating has been initiated when employing Ru/C as the catalyst material. 

Chart 4-3 b, which represents the hydrogen pressure within the autoclave over the entire 

12 h reaction time, illustrates that a significant drop in hydrogen pressure occurred after 

reaching the set temperature as well as after the first 6 h of reaction time. Only a minimal 

drop in hydrogen pressure was observed beyond the first hour of the reaction when 

employing Pd/C as a catalyst.  

The patterns observed in Charts 4-3 a and b were consistent for all reactions 

involving either Pd/C or Ru/C, regardless of whether a co-catalyst was present. In other 

words, significant uptake was consistently observed within the first 5 minutes for all 

reactions involving Pd/C while delayed activity was observed for all reactions where 

Ru/C was employed. The majority of the pressure drop was observed during the time of 

heating, below the set temperature, for reactions involving Pd, while the majority of the 

pressure drop was observed after the reaction had reached the set temperature for 

reactions employing Ru/C. For this reason, the reaction time was maintained at 12 h to 

ensure all reactions involving Ru/C were supplied with sufficient time to achieve 

maximum conversion. 

4.1.2 Effect of Catalyst and Solvent 

For this study, Pd/C and Ru/C were selected on the basis of their low cost and versatility 

towards the reduction of the numerous functional groups present on the substrates of 

interest. Initial studies were carried out in EtOAc to allow for the addition of HOTf as a 

co-catalyst. Chart 4-4 summarizes the various metal and acid catalysts investigated for 
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the deoxygenation of the C13 substrate in EtOAc at 200 oC, 500 psi H2 (g) (ambient 

temperature), over 12 h. The total hydrogen mass flow, in mL, and the total equivalents 

of hydrogen consumed are also tabulated. Under the specified reaction conditions, Pd/C 

routinely achieved a higher degree of hydrogenation with respect to the Ru/C based on 

the total volume of hydrogen consumed. The combination of Ru/C and Pd/C together 

resulted in no significant increase in hydrogen consumption when compared with the 

reactions employing Pd/C alone.  
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Chart 4-4: Comparison of hydrogen consumption, by volume (mL), for the 
hydrogenation of the C13 substrate in EtOAc with select catalyst systems. 

 
Reaction conditions: C13 [235 mmol/L], no cat./0.0316 g 5% Ru/C Evonik/0.0302 g 5% 
Pd/C Evonik/0.0037 g La(OTf)3/0.250 mL of 0.1 M HOTf in water (0.1 mol% wrt 
substrate), 200oC, 500 psi H2 (g) (initial pressure at ambient temperature), in EtOAc. 
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Reactions 9 and 10 (Table 4-4) employed the combination of both platinum group 

metals. At 200 oC, reaction 9, similar uptake values were observed when compared with 

the use of Pd/C alone and no significant differences were observed in the major reaction 

products though the relative abundance of product 4 with respect to 3 appeared to 

increase slightly. By increasing the reaction temperature to 250oC in reaction 10, the 

hydrogen uptake increased from 3.4 to 4.5 hydrogen equivalents and a new major product 

was observed by NMR and GC-MS. The new product could not be conclusively 

identified by either GC-MS or NMR but was proposed to contain one or more additional 

alcohol functionalities by GC-MS and 13C NMR suggesting either hydrogenation of the 

remaining ketone function in 3 or 4 or ring opening to a diol. The GC-MS reported 

successive peaks separated by 18 mass units which is indicative of an alcohol 

fragmentation pattern. Similarly, the 13C NMR produced an increased number of CH 

peaks in the 78 ppm to 82 ppm range proposed to be CHOH peaks. The unknown 

product(s) identified under these conditions were observed multiple times for reactions 

involving both the C13 and MeC13 substrate, particularly when applying high 

temperatures or in the presence of acid. The proposed linear polyalcohols formed through 

hydration of the furan ring are illustrated in Scheme 4-3. 



 

 123 

O
HO O

O

O

H2

[cat.]

H2/[cat.]

- H2O

2 H2
[cat.]

O
HO O

O

O

O O
O

O

O O
O

O

2 H2
[cat.]

O
OH O

O

O
1 2

3 4

O
OH

OH O

O
O

OH

OH O

O
HO

H2/[cat.]

- H2O

H2/[cat.]

- H2O

H2

[cat.]

O O
OH

O

O
OH

OH O

OH

H2/[cat.]

- H2O

H+/H2O H+/H2O H+/H2O

 

Scheme 4-3: Proposed structures (framed) for the unidentified reaction product(s). 

 

 For all of the proposed products in Scheme 4-3, only one additional hydrogen 

equivalent is required for a total of five. The experimentally observed consumption was 

4.5 hydrogen equivalents which in addition to the reported NMR and GC-MS data, 

supported the structures proposed above. 

The addition of the water-stable Lewis acid, La(OTf)3, did not result in an 

increased hydrogen consumption for reactions employing either Ru/C or Pd/C. 

Conversely, the addition of the Lewis acid to the reactions in EtOAc appeared to have 

inhibited the overall activity of the catalyst systems and actually decreased the overall 

consumption of hydrogen. The decrease with respect to the Ru/C catalyst was a minor 0.2 

hydrogen equivalents, or 37 mL of hydrogen. The hydrogenolysis appeared to be most 

significantly inhibited as product 1 became more prevalent than when Ru/C alone was 

employed as a catalyst. A similar trend was observed for the system employing Ru/C 

with Pd/C. In reaction 11, the total number of hydrogen equivalents effectively decreased 

to 3.1 from 3.4 and the unidentified product observed in the reactions 9 and 10 was no 

longer present. The Pd/C catalyst experienced the most significant decrease of 0.6 
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hydrogen equivalents, or 76 mL. In the case of Pd/C, the THF derivative 3 remained the 

dominant product though product 1 was also present by NMR. When using Pd/C alone as 

a catalyst no amount of product 1 observed by NMR.  

In reaction 12, HOTf was added as a Brønstedt acid co-catalyst in tandem with 

the two platinum group metal catalysts. While a considerable volume of hydrogen was 

consumed in the presence of HOTf, NMR analysis of the thick brown oil suggested the 

formation of oligomer/polymer products which was subsequently confirmed by the 

absence of any identifiable peaks in the GC and GC-MS traces. For all reactions 

involving the addition of HOTf a significant amount of HOAc was observed in the 

GC/GC-MS analysis. In order to confirm the source of the side product, a control reaction 

was conducted whereby EtOAc was hydrogenated in the presence of Pd/C, Ru/C, and 

HOTf. Following the reaction, the hydrogen uptake system reported a total consumption 

of 172.3 mL of hydrogen. EtOAc can undergo both hydrogenolysis to HOAc and ethane 

as well as hydration to HOAc and ethanol as shown in Scheme 4-4. 

 

O

O H2

OH

O
+ C2H6

H2O

OH

O
+

OH  

Scheme 4-4: Hydrogenation and hydration of EtOAc to HOAc and ethane and ethanol 
respectively. 
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The hydrogenolysis mechanism was confirmed to be relevant by the presence of 

ethane in the gas phase as confirmed by analysis of the reactor headspace using a micro-

GC with a TCD detector calibrated against authentic gas samples. This result was 

potentially significant considering the hydrogenation of EtOAc could result in false 

positives with regards to the hydrogen uptake data when operating under strongly acidic 

conditions.  

 Upon analyzing the reaction solutions above, it became obvious that the HOTf 

was possibly too strong of an acid for the hydrogenation for the C13 substrate as 

significant decomposition and/or polymerization reactions were observed. While in 

collaboration with the research members from LANL, it was anticipated that acidic 

conditions, Lewis or Brønstedt, were necessary in order to open the furan ring to yield the 

desired alkane products. Using HOAc as a reaction solvent was beneficial in that it 

provided a significantly milder Brønstedt acidic environment. Chart 4-5 below represents 

the hydrogenation results for the C13 substrate in HOAc at 200 oC, 500 psi H2 (g) 

(ambient temperature) for 12 h. Due to the limited availability of the substrate only four 

catalyst variations were investigated, the total hydrogen mass flow, in mL, as well as total 

number of equivalents of hydrogen consumed are tabulated below.  

 Reactions 14-17 involved the application of HOAc as the reaction solvent. The 

control reaction in HOAc for the C13 substrate, where no catalyst material was added, 

experienced a significant amount of hydrogen uptake when compared with the blanks 

performed in EtOAc and was also found to have formed significant amounts of product 1. 

Despite the use of glacial acetic acid, a small amount of water remains present yielding a 

reducing, aqueous-acidic environment capable of activating the stainless steel reactor 
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Chart 4-5: Comparison of hydrogen consumption, by volume (mL), for the 
hydrogenation of the C13 substrate in HOAc with select catalyst systems. 

 
Reaction conditions: C13 [235 mmol/L], no cat./0.0316 g 5 % Ru/C Evonik/0.0302 g 5 % 
Pd/C Evonik (0.1 mol% wrt substrate), 200 oC, 500 psi H2 (g) (initial pressure at ambient 
temperature), in HOAc. 
 
 
body to act as a hydrogenation catalyst. This hypothesis was also confirmed by presence 

of the characteristic, green chromium precipitate which was similarly observed during the 

hydrogenation of LA with T-316 SS in Project I. 

 
Ru/C was found to be particularly ineffective in HOAc as only 1.6 hydrogen 

equivalents were consumed over 12 h, only slightly more than the 1.5 equivalents 

observed for the blank reaction. Analysis of the reaction mixture concluded the overall 

conversion was comparable to the blank with the formation of 1 as the major product. 

Pd/C and the combination of both Pd/C with Ru/C reported similar results with hydrogen 

uptake values of 3.9 and 4.0 equivalents respectively. Similarly, the two reactions yielded 
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nearly identical product mixtures consisting of products 3, 4, along with the unidentified 

product also observed in reaction 10. 

4.1.3 Comparison of Similar Substrates 

In addition to the hydroxylmethyl furfural derived C13 substrate discussed above, 

two additional LANL substrates were also investigated due to the structural similarities. 

While the chemistry was expected to be relatively similar for the three substrates, Chart 

4-6 illustrates the different affinities for each substrate to be uptake hydrogen under 

various reducing conditions. Each of the reactions were run in EtOAc at 200 oC and 500 

psi H2 (g) (at ambient temperature) for 12 hours.  

Reactions 18 through 20 investigated the reactivity of the C12 towards reduction 

using Pd/C alone as well as in the presence of a Lewis and Brønstedt acidic co-catalyst. 

Similar reduction pathways were observed for the C12 substrate as observed for the C13 

substrate. Employing Pd/C alone, yielded the major reaction products 6 and 5 

respectively (Table 4-3). The reduction of the C12 substrate to products 5 and 6 would 

require one and three hydrogen equivalents respectively. The experimental uptake of 2.7 

hydrogen equivalents agreed well with the production of 6 as the major product with a 

minor amount of 5 being present as well. The introduction of La(OTf)3 as a co-catalyst 

assisted the overall hydrogenation of the C12 substrate as the observed hydrogen uptake 

was increased to 3.2 equivalents and product 6  was identified to be the most abundant 

product in the crude reaction mixture. Similar to the result observed with the C13 

substrate, the addition of HOTf resulted in large number of unidentifiable 

oligomer/polymerization products.  
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Chart 4-6: Comparison of hydrogen consumption, by volume (mL), for the 
hydrogenation of various substrates in EtOAc with select catalyst conditions. 

 
Reaction conditions: C13/C12/MeC13 [235/250/250 mmol/L], 0.0302 g 5% Pd/C 
Evonik/0.0316 g 5% Ru/C Evonik/0.0037 g La(OTf)3/0.250 mL of 0.1 M HOTf in water 
(0.1 mol% wrt substrate), 200 oC, 500 psi H2 (g) (initial pressure at ambient temperature), 
in EtOAc. 
 
 

 A similar study was conducted for the MeC13 substrate in reactions 21 through 23. 

In the presence of the Pd/C alone, the major products confirmed by NMR and GC/GC-

MS were 2 and 5 respectively. The observed uptake of 2.0 hydrogen equivalents demands 

that the relative abundance of 2 was greater than that of 4, which require one and three 

hydrogen equivalents respectively when reducing the MeC13 substrate.  As observed with 

the C13 substrate, the addition of La(OTf)3 inhibited the overall hydrogenation reaction. 

The total number of hydrogen equivalents consumed decreased to 1.7 from 2.0. The 

reaction products observed under these reaction conditions were consistent with those 

observed for reaction 21. In reaction 23, the addition of HOTf resulted in the 
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consumption of 3.2 hydrogen equivalents which was consistent with the formation of 4 as 

the major reaction product. Also observed, was a significant amount of the unidentified 

compound also formed in reaction 10 as well as a small amount of the furan adduct 2. 

4.2 CONCLUSIONS AND FUTURE WORK 

The newly designed hydrogen uptake system was employed to effectively monitor 

and optimize the overall hydrogenation of a series of complex furfural derived substrates 

supplied by LANL. The volume of hydrogen consumed under each set of reaction 

conditions was used to quantify the degree of hydrogenation. Ensuing analysis of the 

crude reaction mixtures by NMR and GC/GC-MS analysis was also performed in order to 

identify the major products formed. The primary goal for this research was to decrease 

the overall oxygen content of the supplied substrates in order to increase their energy 

density for use as sustainable fuels in diesel and jet engines. The oxygen content of 

conventional petroleum-derived feeds is less than 2 wt % which is reduced to an average 

oxygen content of 0.5 wt% as estimated by the American Petroleum Institute.91 The 

oxygen content of the substrates being investigated was between 27 and 30 wt% and 

experienced little to no decrease in overall oxygen content. The reaction conditions and 

catalyst materials selected did not provide sufficient deoxygenation and were inherently 

limited in several ways.  

The activity of Ru/C was found to be limited to the hydrogenolysis of the 

hydroxyl moiety while Pd/C was more effective for the hydrogenation of the furan ring. 

The application of both metals together resulted in no significant advantage over the use 

of palladium alone indicating that catalytic synergism was not prevalent in this situation. 

Regardless of the reaction conditions employed, the reduction of the ketone moiety and 
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resulting deoxygenation was never conclusively observed. Both ruthenium and palladium 

are more than capable of reducing both saturated and unsaturated ketones under relatively 

mild conditions revealing that the overall electronic and/or steric properties of the 

substrates must have provided a sufficient barrier to prevent the reduction. Additionally, 

opening of the furan ring was generally not observed, but was proposed for the minor 

unidentified reaction products. The typical bond strength of an oxygen attached to an 

aromatic carbon is about 84 kJ/mol greater than that of an oxygen attached to the 

aliphatic carbon.91 This implies that the elimination of oxygen from phenols, furans, and 

aromatic ethers or the hydrogenolysis of the C-O bond on these compounds will be 

inherently more difficult when compared with alcohols and aliphatic ethers. After 

hydrogenation of the aromatic ring to corresponding cycloalkane, the aromatic C-O bond 

is converted to an aliphatic C–O bond which enhances the oxygen elimination. Hydrogen 

pressure is then proposed to be the major factor influencing the hydrodeoxygenation.91 

While hydrogenation of the unsubstituted furan ring can generally be achieved using 

relatively mild conditions, substituted furan derivatives require higher temperatures and 

pressures. This phenomenon was observed when comparing the three furan substrates 

investigated here, of which the unsubstituted C12 substrate experienced the highest degree 

of hydrogenation and consumed the largest quantity of hydrogen in an acidic 

environment. Conversely, the MeC13 substrate experienced the lowest degree of 

hydrogenation, either due to the stabilizing electronic effects of the methyl group 

attached to the furan ring, or due to higher degree of steric hindrance between the 

substrate and the heterogeneous catalyst. The C13 substrate generally experienced a 

higher degree of hydrogenation than the MeC13 though less than that of the C12 substrate. 
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Ring opening was proposed to have occurred when operating at temperatures of 250 oC 

or in the presence of a Brønstedt acid as shown in reactions 10, 16, 17, and 23.  As a 

result, the application of higher temperatures and pressures under acidic conditions are 

likely necessary to achieve the desired deoxygenated products. 

Future work for this project would involve the development of more active 

catalyst systems while improving our overall understanding of the deoxygenation 

mechanism. Conventional catalysts such as Pd/C and Ru/C were inherently limited in 

their hydrogenation capabilities towards the highly complex substrates being 

investigated. The ideal catalyst systems would be multi-functional, and contain two or 

more metals which operate synergistically towards forming the totally deoxygenated 

product. For more complicated substrates, the use of two or more metals synergistically 

may yield better rates, yields and/or selectivity than either metal is capable of 

individually. The potential effectiveness of synergism can be described by the assumption 

that hydrogenation involves two or more discreet steps with multiple intermediates, some 

of which may be reduced more easily by one metal than another, as well as through the 

exploitation of spill-over and other effects.35  Tomishige, for example, has employed 

heterogeneous Rh-ReOx/SiO2 catalysts consisting of 4 wt% Rh and 0.25-1.0 wt% Re, for 

the conversion of THF to 1,5 pentanediol as well as Ni/Pd systems for the total 

hydrogenation of furan derivatives.92-94 Similar catalyst systems composed of various 

metal combinations including; Re, Rh, Ir, Mo, etc. could be prepared by incipient wetness 

on an SiO2 support. From an economical standpoint, less active catalysts consisting of 

cheaper metals could be employed because such systems are potentially less sensitive to 

poisoning and could also be reused more often. Following the identification of a suitable 
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catalyst system, the overall catalytic process would require optimization in order to 

achieve the highest level of conversion in the most cost- and energy-efficient manner. 

Using the hydrogen uptake system in the Dynamic mode, kinetic studies could be 

performed in order to gain a better understanding of the overall reduction mechanism 

and, and possibly, to provide insight into the rate limiting steps of the process. The results 

of this investigation could provide valuable insight into the minimum catalyst loadings, 

temperatures, and pressures required to achieve the necessary TON and TOF required by 

industrial standards.  

4.3 EXPERIMENTAL  

Commercially obtained reagents as well as LANL substrates were used as 

received. High-pressure hydrogenation reactions were conducted with 25 mL reaction 

solutions in an Autoclave Engineers (AE) Mini-Reactor with a 50 mL stainless steel (316 

SS) reactor vessel. All high-pressure experiments employed industrial grade hydrogen 

gas. GC analyses were carried out on a Varian 3800 using a 30 m Rtx-1701 (14 % 

cyanopropylphenyl/86 % dimethyl polysiloxane) column. Quantification was achieved 

through a three-level calibration against authentic samples, employing dimethyl sulfone 

(DMS, 100 mmol/L) as an internal standard, where applicable. NMR spectra were 

obtained using a Bruker 400 MHz spectrometer, all spectra were calibrated to the 

respective residual solvent signal. IR spectra were obtained using a Nicolet 4700-FTIR 

spectrometer employing solution cells with 0.1 mm CaF2 windows. Head space analysis 

of gas samples were carried out on a SRI 8610C micro-GC with a TCD detector against 

authentic gas samples. Authentic gas calibration samples containing 1000 ppm of C1 - C6 

alkanes and C2 – C6 alkenes in helium were obtained from GRACE Davison Discovery 
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Sciences. Uptake measurements were achieved using a Brooks® Model 5860S Mass 

Flow Meter which were converted using a National Instruments USB-6525 Digital I/O 

digital/analogue converter. A standard operating procedure for the operation of the 

hydrogen uptake system is included in Appendix D. 

4.3.1 General Procedure for Hydrogenation Reactions 

250 mmol/L LANL substrate solutions (1.3890 g (C12)/1.4767 g (C13)/1.4767 g 

(MeC13), 0.00625 mol/0.00585 mol/0.00625 mol respectively) was dispensed into a 25.00 

mL volumetric flask. The remaining volume was then filled by HPLC grade EtOAc or 

Glacial HOAc. The solution was sonicated for 5 minutes. A 0.5 mL sample was taken for 

initial GC analysis, where applicable. The substrate solution was added to the reactor 

vessel along with 0.25 mmol/L of 5 % Ru/C Evonik (56% water) (0.0316 g, 0.1 mol% 

wrt substrate) and/or 0.25 mmol/L 5 % Pd/C Evonik (60% water) (0.0302 g, 0.1 mol% 

wrt substrate) and/or 0.25 mmol/L La(OTf)3 (0.0037 g, 0.1 mol % wrt substrate) and/or 

0.25 mmol/L HOTf (0.250 mL of 1.0 mol/L HOTf in HPLC water, 0.1 mol % wrt 

substrate) and then sealed. The reactor was pressurized to 500 psi with H2 gas, and 

allowed to equilibrate for 2 min. The reactor was evacuated and repressurized to 500 psi 

twice more. Stirring was set at 500 rpm and the reactor was heated to its target 

temperature. Timing started once the reactor reached the set operating temperature. After 

12 h the reactor heating was turned off and the heating jacket removed. The reactor was 

allowed to cool to room temperature to match that of the hydrogen reservoirs. Once at 

room temperature, the reactor was filled with hydrogen to the pressure of the reservoirs 

through the mass flow meter and the total hydrogen mass flow was recorded. The mass 

flow program was set at the input range of 0-50 ml/min with a threshold value of 0.925 
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ml/min. A gas sample of the reactor headspace was collected in a latex balloon. The 

sample was injected into a TCD-Micro-GC for analysis. The remaining gas was vented, 

the reactor opened. The reaction solution was filtered through celite and glass wool to 

remove the catalyst. From the filtered solution, a 5 mL standard solution was prepared 

with 100 mmol/L DMS (0.0471 g, 0.0005 mol). The remaining reaction solution was 

dried on the rotovap to the resulting crude oil for NMR and IR analysis. Reactions 

involving HOTf were neutralized by washing with 1 M NaHCO3 three times and 

extracting with CHCl3. The reactor vessel was polished on a mechanical lathe using 

abrasive paper then washed with methanol to give a clean surface of T316 SS. The 

impeller was sand-blasted and washed with methanol to give a clean surface of T316 SS. 

All other exposed components were polished by hand using fine sand paper and cleaned 

with methanol. 
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5 SUMMARY OF RESULTS 

The principle goal of the work in this thesis was to first gain a thorough 

understanding of catalytic hydrogenation reactions and reactor equipment, and then to 

apply the knowledge gained towards a globally relevant issue. The first two projects 

involved the catalytic hydrogenation of LA, a heavily investigated and relatively well-

understood reaction. By studying such a trivial substrate, greater emphasis was placed 

upon understanding the experimental procedures relevant to catalytic hydrogenations in 

general. The knowledge obtained during these preliminary investigations was then 

applied to a series of significantly more complex substrates that are potentially more 

relevant to the chemical industry. Furthermore, the scientific methods developed during 

the investigations with LA provided valuable insight regarding the general understanding 

of catalytic hydrogenation reactions.   

 The first project in this thesis provided a general introduction to the operation and 

understanding of high-pressure reaction equipment. Studies were conducted in order to 

confirm T316 SS as an active catalyst material as well as to determine the applicability 

and limitations for its use as a viable catalyst system. When compared against 

commercially available Ru/C catalysts, T316 SS was found to be considerably less active 

for the total deoxygenation of LA. The comparative study also investigated the 

robustness and longevity of the two catalyst systems, which revealed both to be capable 

of maintaining consistent conversion and selectivity over the course of six reaction 

cycles. While the T316 SS reactor body was found to play a profound role during 

hydrogenation reactions, the observed activity was strictly limited to an aqueous, 

Brønstedt acidic environment at temperatures above 100 oC. The overall activity was 
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observed to increase with the addition of increasing amounts of SS present as a powdered 

material, as well as with increasing reaction temperature. The results of this study were 

significant for two reasons. The first being the realization of T316 SS to perform as an 

effective, low-cost catalyst material for the catalytic hydrogenation of biomass-derived 

substrates in an aqueous acidic medium. Conveniently, the reaction conditions necessary 

for the activation of T316 SS are intrinsic to those employed for the upgrading of 

biomass-derived substrates. The overall relevance and future applicability of T316 SS as 

a deoxygenation catalyst remains relatively unknown, though the ability of this widely 

used industrial material to be utilized as such is of obvious interest and significance. The 

second, and likely the most significant contribution of this project, was the realization of 

the potential role a reactor material can play during a catalytic reaction. This result has 

epitomized the essential requirement for extensive control studies during the development 

and optimization of any given catalytic reaction. Catastrophic errors can result from 

casually dismissing false positives, or negatives, without a thorough understanding of 

why the given result was observed. By conducting an extensive set of control reactions a 

greater understanding of the true catalyst nature may be obtained.  

 Building upon the experience gained regarding the operation of high-pressure 

reactor equipment, we set out to develop an apparatus that would facilitate the 

understanding of reaction kinetics pertaining to catalytic hydrogenations. Accordingly, a 

low-cost hydrogen uptake system was developed using commercially available materials 

and equipment. The basis of the hydrogen uptake system was to quantitatively inject 

hydrogen gas, as a reagent, through a thermal mass flow meter and into the autoclave 

reactor vessel in order to determine the total volume of hydrogen consumed during a 
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given hydrogenation reactor. The volume of hydrogen consumed was subsequently 

converted to represent the total number of hydrogen equivalents consumed by a given 

substrate of known concentration. The purpose of this system was to provide simple and 

efficient method of determining initial rates of reaction, or to simply be used as a 

characterization tool for realizing the degree of hydrogenation of a given reaction. In 

order to confirm the accuracy and applicability of the self-designed system, the simple 

conversion of LA to GVL was used a model reaction. Accurate measurements were 

obtained with regards to the total volume of hydrogen consumed after a given reaction by 

using the Totalizer mode, while relevant kinetic data was acquired through the use of the 

Dynamic mode. The results of this work effectively established the rate law for the 

hydrogenation of LA to GVL and thus provided the necessary information to efficiently 

optimize the process. This project illustrated to ability to design and build an apparatus 

capable of obtaining accurate quantitative measurements pertinent to catalytic 

hydrogenations at a fraction of the cost of commercially available systems. The 

information gained from this system is relevant in many ways. Most importantly, for 

gaining accurate kinetic information and establishing a universally applicable method for 

efficiently obtaining reaction kinetics in situ, which represents a traditionally challenging 

task due to the extreme reaction conditions employed for catalytic hydrogenations.   

 In the final project of this thesis, an attempted total deoxygenation of a series of 

furfural-derived substrates towards the production of high-energy density fuels was 

pursued. Due to the complex nature of the long carbon chain substrates, accurate 

quantitative and qualitative data was difficult to obtain and as a result, the hydrogen 

uptake system was utilized to further comprehend the hydrogenation results. 
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Commercially available Ru/C and Pd/C catalysts were employed under a variety of 

reaction conditions in order to obtain the highest degree of deoxygenation. While neither 

catalyst system was capable of achieving the desired results, Pd/C yielded the highest 

level of activity while in the presence of a Brønstedt acidic environment. Many of the 

reaction products could not be conclusively identified using the available characterization 

methods and as such the information obtained from the hydrogen uptake system proved 

invaluable in determining the progress of the optimization. The results of this study 

represent a preliminary survey of the relevant reaction conditions applicable to upgrading 

a relatively unexplored and complex series of substrates supplied by LANL. While the 

main objective of this research was not realized here, valuable information pertaining to 

the complexity of the chemistry of these substrates was realized. To realize this goal, 

further studies employing more promiscuous heterogeneous or homogeneous catalyst 

systems are necessary. The applicability of the hydrogen uptake system was sufficiently 

demonstrated as it contributed significantly towards the characterization of the various 

reaction products. Additionally, the succession of the hydrogenation was accurately 

monitored, which greatly assisted in progression of the optimization. Due to the 

incomplete understanding of the reaction products being formed, kinetic studies of the 

process would not have yielded valuable information and as a result were not conducted.  

 Collectively the work in this thesis provides a detailed investigation into the 

comprehensive and innovative operation of high-temperature and -pressure 

hydrogenation equipment for the catalytic hydrogenation of biomass-derived feedstocks. 

The results of work demonstrated the importance of understanding the true nature of a 

catalytic reaction while providing a new and intriguing method for understanding and 
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studying catalytic hydrogenations. Furthermore, the results of these studies were 

demonstrated to be applicable for evaluating and solving globally relevant issues. 
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APPENDIX A:  SELECTED M ICRO -GC TRACES 
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A 1: Micro-GC trace of 1000 ppm C2-C5 alkene Standards. 

 
 

 
 

A 2: Micro-GC trace of 1000 ppm C1-C6 alkane Standards. 
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A 3: Micro-GC trace of the reactor headspace from hydrogenation of LA with 
T316 SS and 40mM TfOH at 250 °C, 800 psi H2 (g) (at ambient temperature) for 
12 h in water. 
 

 
 



 

 149 

A 4: Micro-GC trace of the reactor headspace from hydrogenation of GVL with 
T316 SS and 40mM TfOH at 250 °C, 800 psi H2 (g) (at ambient temperature) for 
12 h in water. 
 

 



 

 150 

A 5: Micro-GC trace of the reactor headspace from hydrogenation of LA with 5 % 
Ru/C Evonik and 40mM TfOH at 250 °C, 800 psi H2 (g) (at ambient temperature) 
for 12 h in water. 
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A 6: Micro-GC trace of the reactor headspace from hydrogenation of GVL with 5 
% Ru/C Evonik and 40mM TfOH at 250 °C, 800 psi H2 (g) (at ambient 
temperature) for 12 h in water. 
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APPENDIX B: CALIBRATION DATA SHEET (THERMAL MASS 
FLOW METER) 
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Customer Conditions Calibration Conditions 

Gas name :   Hydrogen Gas name :   Hydrogen 
Temperature :   20oC Temperature :   20oC 
Inlet pressure :   800 psi g Inlet pressure :   250 psi g 
Outlet pressure :   0 psi g Outlet pressure :   0 psi g 
Full scale flow :   50 mL/min Gas factor :   1 

(at 273.15 K, 1013.25 bar) Calibr. Attitude :   1 
Range factor :   1 Calibr. tool no. :   1 

 
Linearization Polynomial (Accuracy spec. ±0.70 o.r. ±0.20 f.s) 
A0 :   -0.000607 A2 :   -0.099312 
A1 :   1.26969 A3 :   0.155329 

 
Desired Flow Actual Flow Error Error Limit 

[%of max.] [mL/min Hydrogen] [mL/min Hydrogen] [% of rate] [% of rate] 

5.092832 2.546416 2.5662 0.62 4.63 
13.16102 6.58051 6.5662 -0.22 2.22 
26.326756 13.163378 13.084 -0.60 1.46 
52.638138 26.319069 26.347 0.11 1.08 
76.751114 38.375557 38.364 -0.03 0.96 
99.068954 49.534477 49.395 -0.28 0.90 
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APPENDIX C: DETERMINING THE THEORETICAL HYDROGEN 
MASS FLOW VALUES 
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C 1: Representation of the Microsoft Excel spreadsheet used for determining 
theoretical hydrogen mass flow volume. 
 

 A B C D 
1 R [J/(K*mol)] 8.314410E+00  
2 T [K] 293.15  
3     
4 Conversion (psi -> Pa) 6.894757E+03  
5     
6     
7 B (H2) [m^3/mol] 0.00001438  
8 C (H2) [m^3/mole] 3.7E-10  
9  Virial  Ideal  

10  High Pressure Ambient Pressure Ambient Pressure 
11 Reactor Volume [mL] 25 25  25
12 Reservoir Volume [mL] 7570 7570 7570
13 Total Volume [mL] 7595 7595 7595
14 Volume Ratio 303.8 303.8 303.8
15 Total Volume [m^3] 0.007595 0.007595  0.007595
16 Pressure [psi] 500 14.69595025 14.69595025
17 Pressure [Pa] 3.447379E+06 1.013250E+05 1.013250E+05
18     
19 Mols H2    
20 Substrate [mmol] 5.85 5.85  5.85
21 H2 Equivalents 1 1  1
22 Total mmols [mmol] 5.85 5.85  5.85
23     
24 Volume at pressure    
25 (nRT)/p [m^3] 4.136073E-06 1.407215E-04  1.407215E-04
26 Bn 8.412300E-08 8.412300E-08  
27 (Cpn)/(RT) 3.061436E-09 8.998143E-11  
28 Volume [m^3] 4.223258E-06 1.408057E-04   
29 Volume [mL] 4.223258 140.805742  140.7215292

30   
Percentage 
Difference 0.059807917

 
Columns C and D compare the theoretical hydrogen mass flow using virial 

expansion EOS and ideal gas law respectively. The reactor volume (row 11) is the total 

volume inside the autoclave less the volume of the reaction solution (total reactor volume 

is 50 mL and the volume of the reaction solution is 25 mL) and the reservoir volume is 

the total volume of the two reservoir tanks attached to the hydrogen uptake system. The 

mass flow meter is calibrated for a temperature of 273.15 K and a pressure of 1013.25 bar 
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or 14.69595025 psi. Therefore, the reaction temperature and pressure do not affect the 

theoretical mass flow volume. Rows 20 and 21 are the most important and represent the 

number of moles of the given substrate in the initial reaction solution as well as the 

number of hydrogen equivalents required for the hydrogenation of that substrate. The 

product of rows 20 and 21 is the total number of moles of hydrogen required for the 

hydrogenation and is determined in row 22. Rows 25 through 29 determine the total 

volume of hydrogen expected to flow through the mass flow meter based on the number 

of moles of hydrogen determined in row 22. Column C represents the expected reading 

from the mass flow meter for the consumption of 5.85 mmol of hydrogen based on the 

virial expansion theorem using the second and third (B and C) virial coefficients from 

rows 7 and 8 respectively. Column D performs the same calculation using the ideal gas 

law and is not corrected for virial expansion. The percentage difference between the two 

methods is determined in row 30. 

 If the exact concentration of the reaction products formed during a given 

hydrogenation is known, the number of mmol of a given product can be entered into row 

20. The number of hydrogen equivalents required to reach the given product can then be 

entered into row 21 to determine the total volume required. The sum of the mass flow 

volumes for each product formed is the total mass flow volume expected for the 

experiment. 
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APPENDIX D: SOP FOR THE HYDROGEN UPTAKE SYSTEM  
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Introduction to the Hydrogen Uptake System, Mini Reactor and Control Tower 
 

THIS SOP IS NOT MEANT TO REPLACE HANDS-ON TRANING FROM 
QUALIFIED PERSONNEL! 
 
This SOP describes the basic procedure for operating and maintaining the hydrogen 
uptake system as well as the mini reactor and URC tower associated with it. This SOP 
will also give a brief insight into a few of the common problems arising through use of 
the system as well as solutions to these problems. 
 

1 General Comments and Introduction 
Treat the pressure reactor and its components with respect at all times. If you are unsure, 
or feel uncomfortable, while operating the reactor system, STOP and ask for assistance 
from qualified personnel.  
 
The volume of the reactor vessel is 50 mL. The maximum reaction volume is 25 mL, the 
minimum reaction volume to allow stirring is 15 mL. 
 
The reactor has a burst disc rated for 1750 psi at room temperature. Maximum working 
pressure should be no more than 1400 psi. 
 
The hydrogen reservoirs attached to the uptake system have burst disc rated for 1900 psi 
at room temperature. Maximum working pressure should be no more than 1800 psi. 
 
Familiarize yourself with the Pressure Reactor Checklist, posted in the hydrogenation lab 
and be sure that you understand all safety precautions when working with hydrogen gas 
and pressurized systems. 
 
Familiarize yourself with the mini reactor documentation and explosion drawings of the 
reactors. This information can be found in the binders located in the hydrogenation lab 
and is essential for a full understanding of the reactors. These diagrams are also necessary 
for trouble shooting various problems and replacing damaged parts within the reactor. 
 
Spare parts (ferrules, nuts, O-rings, bearings, etc) are located in a plastic storage unit. 
These parts should be routinely checked and restocked as necessary from Autoclave 
Engineers. The catalog numbers are labeled on the front of the container containing the 
spare part. Exception, Kalrez O-rings are ordered from Daemar Inc. (product number 
029-K-4079). A sample order form for these O-rings can be found on the bench top in the 
hydrogenation lab. 
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2 The Uptake System 

 
 
Figure 1: Hydrogen uptake system 
 

 
Figure 2: Schematic Diagram for the hydrogen uptake system 
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2.1 Set-Up 
 
Note: The shut-off valve from the reservoirs (green valve) remains open at all times 

unless performing maintenance to the uptake system (changing batteries, 
changing mass flow meter, fixing leaks etc.). Pressurizing while this valve is 
closed can result in over pressurizing the reservoirs! 

 
1. Ensure all valves to and from the uptake system are CLOSED. Turn on the industrial 

digital pressure gauge found on the uptake system. Flip the main power switch, 
located on the rear of the control tower.  

 
2. Assemble the reactor vessel containing substrate solution and catalyst by screwing the 

reactor vessel into the body. (In the case of a dynamic run the catalyst will be 
contained in a sealed glass tube). 

 
3. Open the main valve to the hydrogen tank, listen for leaks before opening the valve 

from the regulator. Listen for leaks between the regulator and the shut-off valve to the 
hydrogen uptake system. 

 
4. Open the shut-off valve from the tank into the uptake system. Monitor the pressure 

via the industrial digital pressure gauge. Fill approximately 15-20 psi above the 
desired set point of the reaction to be run. 

 
5. Upon reaching desire pressure, close the shut-off valve from the tank. Close the 

regulator valve as well as the main valve to the hydrogen tank. 
 
6. The pressure of the reservoir will fluctuate depending on how quickly the reservoir 

was filled, the pressure will drop slightly as the temperature returns to ambient. Allow 
the digital meter to equilibrate and ensure no leaks are present (a more rapid decrease 
in pressure indicates a leak in the system). LEAKS: Use snoop to find by checking all 
joints and valves.  

 
a. If a leak is found; close the shut-off valve from the reservoirs and vent the 

system. Tighten the fitting(s) affected. Re-pressurize and check for leaks. 
Repeat until no more leaks are present. NEVER WORK ON A 
PRESSURIZED SYSTEM. 

 
7. Open the pressure equilibration valve leading to the reactor. 
 
8. Open the reactor valve connected to the uptake system and allow the reactor to reach 

pressure slowly. Ensure the reactor has no leaks by once again using snoop solution. 
 

a. If leak is found; close reactor valve leading from uptake system and vent the 
reactor. Tighten the necessary fitting(s). Re-pressurize as above and check for 
leaks. NEVER WORK ON A PRESSURIZED SYSTEM.  
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9. Vent the reactor to ~100-125 psi and evacuate the reactor using the water aspirator for 
approximately 2 minutes. Close the valve, remove the vacuum hose, and turn off the 
water to aspirator. (Turning off water before removing hose can result in water being 
sucked into the reactor!) 

 
10. Repeat pressurization/evacuation cycle twice more. 
 
11. During the last pressurization, at about 10 psi from the desired set point, slowly open 

the Hydrogen Flow Valve located beside the Mass Flow Meter in order to fill the line. 
 
12. Record both the initial pressure of the reactor, the uptake system as well as the 

temperature from the reactor control tower. 
 

2.2 Setting Temperature and Mixing Speed 
 
1. Ensure the high temperature shutdown is set no higher than 350oC. Set this value 

according the reaction being run (approximately 25% higher than the reaction 
temperature). To set, press and hold the red “set” button on the “Overtemperature” 
panel. Press the grey “loop” button twice until “TP-H” appears. Set the temperature 
using the blue arrows. Return the main screen by pressing “set” once. 

 
2. Flip the two main power switches “heater” and “mixer” and ensure both values for 

the Process Temperature and Mixer Speed are set to “0”.  
 
3. Set the temperature to the desired value using the blue arrows, the number will flash 

quickly until set. When the desired temperature is reached press “set”. 
 
4. Set the mixer speed by setting the mixer speed to a minimum value of 500 rpm. 

Again, the value will flicker lightly until set. When the desired mixing speed is 
reached press “set”. (When running Dynamic mode the mixer is not set until set 
temperature is reached see Section 4.2 Dynamic Mode) 

 
5. You should see the mixer speed quickly ramp to the desired rpm and fluctuate around 

the desired value. The Overtemperature panel should quickly begin to climb in 
temperature, the Process Temperature more slowly. With increasing Process 
Temperature the Process Pressure value should also increase. 

 
6. Wait until the set temperature has been reached and ensure it goes no higher and that 

the pressure remains within a safe range (see introduction). Record the temperature 
and pressure from the control tower, turn off the digital pressure gauge on the uptake 
system. 

 
BEFORE LEAVING THE HYDROGEN LAB: be sure the main valve on the hydrogen 
tank is close, the fumehood sash is lowered and the reactor is operating properly (no 
vibrations, noises etc.)  
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3 The Multi-Range Hydrogen Flow & Mass Recorder 
Program 
 

 
 
Figure 3: Multi-Range hydrogen flow and mass recording program. 
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Table 1: Components of the multi-range hydrogen flow & mass recorder program 
 
 Name Description 
1 Input Range The input range is selected based on the calibration level of 

the flow meter being used. In the figure illustrated above, the 
flow meter is calibrated for a flow of 0-50 mL/min. 

2 Sampling Rate The frequency at which flow measurements are taken during 
the experiment. Above, the rate is set for one measurement 
every 2 seconds. 

3 Data File Experiments are saved as data files in the location illustrated 
in the below window. Before beginning a new experiment 
replace “run1” with the name of your experiment. 

4 Flow Rate This value is a real time measurement of the current flow 
rate through the mass flow meter. 

5 Flow Rate Plot Plot of the Flow Rate (mL/min) vs Time (sec) 
6 Volume Plot Plot of Total Volume of Hydrogen (L) flowing through the 

mass flow meter over Time (sec) 
7 Acquire Acquisition command to commence mass flow rate 

measurements 
8 Threshold/Baseline Determines how the Flow Rate data is integrated into the 

Volume Plot 
9 Threshold Value Set the value for the threshold or baseline cut off 
10 Volume Total volume as measured over the course of the experiment 
11 Reset Volume Resets the volume plot and value to zero 
 
Figure 3 and Table 1 give a general description of the mass & flow recorder program. 
The following illustrations describe the use of the Threshold/Baseline function. The 
Threshold/Baseline function is useful in cases when the Flow Rate is particularly low 
and accuracy begins to decrease. At low Flow Rates the program may read large 
variations in flow due to background noise or other factors. The sum of these 
inaccuracies can lead to large discrepancies between the actual and theoretical mass flow 
values for a given experiment. 
 
The flow rate may not read zero depending on the calibration of the Mass Flow Meter, as 
long as the value is below 1 and constant you are able to proceed with the experiment. 
Adjust for a flow rate above zero by using either a Threshold or Baseline function. 
Pressing the Threshold/Baseline “switch” flips between the two options. 
 
The use of Threshold function allows the operator to set all Flow Rate integrations for 
values below a set limit to zero. This is valuable when considering the lower limit for the 
accuracy of a given mass flow meter and setting a threshold for all values less than this 
accuracy setting. 
 
The Baseline function allows the operator to integrate all Flow Rate values as both 
positive and negative values in the Volume Plot such that inaccuracies due to 
fluctuations “balance out” over the course of an experiment. 
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3.1 Threshold Set to Zero 
 

 
 
With the threshold value set to zero all Flow Rate values larger than zero will be 
integrated as a positive volume on the Volume Plot and all Flow Rate values less than 
and equal to zero are integrated as zero on the Volume Plot. 
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3.2 Set Threshold Value 
 

 
 
 
When a threshold value is set (eg. 0.950 mL/min as above) all Flow rate Values above 
0.950 mL/min are integrated as positive values on the Volume plot, while all values less 
than and equal to 0.950 mL/min are integrated as zero on the Volume Plot. In the above 
figure, the threshold was set to 0.950 mL/min in the middle of the experiment and as such 
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the Volume Plot now shows a flat curve with no increase in volume despite the flow rate 
of 0.9146 mL/min. 

3.3 Set Baseline Value 
 

 
 
 
When the Baseline is set, Flow Rate values above the Baseline value are integrates as 
positive values on the Volume plot, while all Flow Rate values below the Baseline value 
are integrated as negative values on the Volume Plot. The figure above illustrates how the 
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Volume Plot now illustrates increases and decreases in total hydrogen flowing through 
the system and into the reactor. 

4 Operating the Uptake System 
 
The hydrogen uptake system can be operated in two ways, Totalizer mode and Dynamic 
mode. 
 
1. The Totalizer mode allows for accurate measurements of the total hydrogen taken 

up by the substrate over the course of the reaction as well as a measure of the total 
virial pressure drop from the digital pressure gauge. The Totalizer mode is 
suitable as a starting experiment for gaining a basic understanding of the uptake 
system while still gaining valuable information about the hydrogen uptake by the 
substrate. 

 
2. The Dynamic mode plots the real time rate of reaction during the hydrogenation. 

The Flow Rate plot illustrates an accurate representation of the rate of hydrogen 
uptake by the substrate and also indicates when the reaction is complete when the 
flow rate drops to zero and the volume plot no longer increases.  

 
The upcoming section gives a detailed description for the operation and understanding of 
the uptake system for both modes of operation. Preceding this section, the reactor should 
be pressurized and leak tested as illustrated in section 2.1 Set-Up. 
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4.1 Totalizer Mode 
 
1. With the reactor fully pressurized and leak tested, follow the instructions in 

section 2.2 Setting Temperature and Mixing Speed and set the desired 
temperature and mixer speed on the control tower. 

 
2. Record the initial temperature and pressures from both the control tower as well 

as the digital pressure gauge. 
 
3. Allow the reactor to reach the set temperature, monitoring the pressure such that it 

remains within a safe range of the burst rating. Record the maximum temperature 
and pressure reached by the reactor. 

 
4. Once the reaction has completed, turn off the mixer by first setting the mixer 

speed to “0” with the blue arrows and pressing the red “set” button. Allow the 
mixer speed to come down to zero and the mixer to stop before turning off the 
main power breaker. DO NOT TURN OFF THE BREAKER BEFORE SETTING 
THE MIXER SPEED TO ZERO. 

 
5. Follow the same procedure for the temperature control, set the temperature to “0” 

with the blue arrows and press the red “set” button, once the reactor starts to cool 
it is safe to turn off the main power breaker. 

 
6. Allow the reaction to cool to room temperature, this can be achieved faster by 

CAREFULLY removing the heating jacket and cooling with an ice bath. 
 
7. Record the current temperature and pressures on both the control tower as well as 

the digital pressure gauge 
 
8. Open the Hydrogen Flow & Mass Recorder Program, be sure that the Input range 

is set to the correct value for the flow meter being used and that the volume is 
zeroed. 

 
9. Set the desired Threshold or Baseline as illustrated in section 3 The Multi-Range 

Hydrogen Flow & Mass Recorder Program 
 
10. Change the data file name to the name of your experiment by replacing “run1.dat” 

(eg. FW-II-55.dat) 
 
11. Start the acquisition by hitting the green “ACQUIRE” button the Mass/Flow 

Program. The flow rate may not read zero depending upon the calibration of the 
Mass Flow Meter, take note of this and adjust using a Threshold or Baseline 
Function. 
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12. Slowly open the Hydrogen Flow Valve (if this was not done during pressurization 
a large peak may result as the line is filled, the volume can be reset by pressing 
the red “Reset Volume” button on the Mass/Flow Program). 

 
13. SLOWLY  open the valve to the reactor, carefully monitoring the Mass/Flow 

Program for spikes in the Flow Rate plot. You must be careful not to exceed the 
flow rate limit of the Mass Flow Meter or inaccurate values will result.  

 
14. Carefully maintain a flow rate between 40-90% of the upper limit of Mass Flow 

Meter in order to achieve maximum accuracy from the Mass Flow Meter. 
 
15. Once the re-pressurization has completed close the valve to the reactor as well as 

the Hydrogen Flow Valve on the uptake system. Uptake is complete when the 
pressure of the reactor matches the pressure of the uptake system and the Flow 
Rate on the mass/flow program falls to and maintains a reading of “0” or the 
original flow rate observed when the acquisition began.  

 
16. Stop the acquisition by pressing the yellow “HALT” button the mass/flow 

program 
 
17. Record the final pressures from the control tower and the digital pressure gauge as 

well as the volume from the mass/flow program. 
 
18. Using a balloon, obtain a gas sample of the head space. Vent the reactor into the 

fume hood. 
 
19. Disassemble the reactor. 
 
20. Plotting and acquiring data from the mass/flow program will be covered in section 

4.3 Data Acquisition. 
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4.2 Dynamic Mode 
 
During a Dynamic run the catalyst is contained within a sealed glass tube to prevent 
uptake during the induction period, carefully assemble the reactor without breaking the 
capsule and proceed as normal 
 
1. Open the Hydrogen Flow & Mass Recorder Program, be sure that the Input range 

is set to the correct value for the flow meter being used and that the volume is 
zeroed. 

 
2. Set the desired Threshold or Baseline as illustrated in section 3 The Multi-Range 

Hydrogen Flow & Mass Recorder Program 
 
3. Change the data file name to the name of your experiment by replacing “run1.dat” 

(eg. FW-II-55.dat) 
 
4. With the reactor fully pressurized and leak tested, follow the instructions in 

section 2.2 Setting Temperature and Mixing Speed and set the desired 
temperature and mixer speed on the control tower. 

 
5. Record the initial temperature and pressures from both the control tower as well 

as the digital pressure gauge. 
 
6. Allow the reactor to reach the set temperature but DO NOT turn on the mixer, 

monitoring the pressure such that it remains within a safe range of the burst 
rating. Record the maximum temperature and pressure reached by the reactor.  

 
7. Quickly, but carefully, fill the reservoirs of the uptake system to the same 

pressure as the reactor as indicated on the control tower. Record the pressure on 
the digital pressure gauge once it stops fluctuating.  

 
8. Start the acquisition by hitting the green “ACQUIRE” button the Mass/Flow 

Program. The flow rate may not read zero depending upon the calibration of the 
Mass Flow Meter, take not of this and adjust using a Threshold or Baseline 
Function. 

 
9. Slowly open the Hydrogen Flow Valve (if this was not done during pressurization 

a large peak may result as the line is filled, the volume can be reset by pressing 
the red “Reset Volume” button on the Mass/Flow Program). 

 
10. QUICKLY,  but carefully, open the valve to the reactor, carefully monitoring the 

Mass/Flow Program for spikes in the Flow Rate plot. The Flow Rate will quickly 
spike before re-equilibrating. 
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11. Turn on the mixer by pressing the “set” button, this will break open the capsule in 
which the catalyst is contained, record this time as t = 0. 

 
12. Allow the reaction to run until the Flow Rate on the mass/flow program falls to 

and maintains a reading of “0” or the original flow rate observed when the 
acquisition began. 

 
13. Close the valve to the reactor as well as the Hydrogen Flow Valve on the uptake 

system. 
 
14. Stop the acquisition by pressing the yellow “HALT” button the mass/flow 

program 
 
15. Record the final pressures from the control tower and the digital pressure gauge as 

well as the volume from the mass/flow program. 
 
16. Turn off the mixer by first setting the mixer speed to “0” with the blue arrows and 

pressing the red “set” button. Allow the mixer speed to come down to zero and 
the mixer to stop before turning off the main power breaker. DO NOT TURN 
OFF THE BREAKER BEFORE SETTING THE MIXER SPEED TO ZERO. 

 
17. Follow the same procedure for the temperature control, set the temperature to “0” 

with the blue arrows and press the red “set” button, once the reactor starts to cool 
it is safe to turn off the main power breaker. 

 
18. Allow the reaction to cool to room temperature, this can be achieved faster by 

CAREFULLY removing the heating jacket and cooling with an ice bath. 
 
19. Using a balloon, obtain a gas sample of the head space. Vent the reactor into the 

fume hood. 
 
20. Disassemble the reactor. 
 
21. Plotting and acquiring data from the mass/flow program will be covered in section 

4.3 Data Acquisition. 
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4.3 Data Acquisition 
 
Following a reaction using the hydrogen uptake system two plots will be available for 
analysis, the Flow Rate plot and the Volume plot. Depending the type of reaction run, the 
length of the reaction may extend beyond the visible area of the x-axis which is set for 
100 seconds. In order to re-scale the x-axis, right click the plot (example below is for the 
Flow Rate Plot), select “Visible Items” and “Scale Legend”. 
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A new legend should appear for the plot, the one for the Flow Rate Plot may be difficult 
to see.  
Click the “X” button, located beside the “Time (sec)” section of the legend. The Plot will 
then fit to screen but may be too large to fit in the visible area of the plot. To correct this, 
right click on the “X” button, and select “Reinitialize to Default Value” 
 

  
 
 
 
The entire experiment should now be visible on a single plot as illustrated above. This 
procedure must be repeated for each plot individually. 
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Alternatively, the x-scale can run in a continuous fashion as the experiment proceeds 
illustrating the entire plot in real time. This can be achieved by right clicking on the plot 
area and selecting “AutoScale X”. This must be performed for each plot individually. 
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Once the entire experiment is visible on both plots, the data can be exported directly to 
Microsoft Excel. This is done by right clicking the plot, selecting “Export” followed by 
“Export Data To Clipboard”. With Excel open, paste the data for both plots. 
  

 
  
 
The original plot itself can also be exported by selecting the “Copy Data” option. Pasting 
into Excel or Word will reveal the black and white plot as seen on the Mass/Flow 
Program. 
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5 Maintenance of the Uptake System 
 
Routinely the uptake system may require minor maintenance such as replacing batteries 
for the digital pressure gauge, replacing the mass flow meter, or sealing leaks in one of 
the various lines. Regardless of the maintenance to be done, begin by closing the green 
Shut-Off Valve from the reservoirs and venting the line, both through the Equilibration 
Valve as well as the Hydrogen Flow Valve.  
 
LEAKS: Routinely check for leaks using Snoop, once the line has been 

vented tighten the necessary fittings and re-pressurize by opening 
the green Shut-Off Valve. 

 
BATTERIES: The batteries for the digital pressure gauge will die over time and 

require replacing. Use the appropriate allen key, found in the tool 
box in the reactor room, to loosen the tubing from the plexi-glass 
backboard and proceed to remove the pressure gauge from the line. 
Replace the batteries located at the back of the gauge and replace 
the gauge to the line. BE SURE TO PRESSURE TEST THE LINE 
AFTER REPLACING THIS GAUGE. 

 
FLOW METER: First loosen the Hydrogen Flow valve from the plexi-glass 

backboard using an allen key. With the line loose, unscrew the 
mass flow meter from the line as well as from the metal baseboard 
it is resting on (these screws are located underneath the flow 
meter). Reassemble the new flow meter and tighten the Hydrogen 
Flow Valve back onto the plexi-glass backboard. BE SURE TO 
PRESSURE TEST THE LINE AFTER REPLACING THIS 
METER. 

 
BURST DISC: Have the machine shop replace the burst disc if it blows.  
 
All enquiries involving the general operation and maintenance of the reactor or control 
towers should be directed to the either the “Reactor SOP’s” or the Autoclave Engineers 
CD manual located in the hydrogenation lab. 
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APPENDIX E: COLLECTION OF SPECTROSCOPIC DATA FOR THE 
MAJOR PRODUCTS FORMED AS DESCRIBED IN SECTION 4 
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E 1: Hydroxymethyl Furan Adduct 

 
MW:  254.28 g/mol 

 
Appearance: 
Orange-brown oil 
 
Lit. and/or notebook # 
and page: 
FW-II-63, p. 74 
 
First made on date: 
April 24, 2011 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 
 

1H:  (400 MHz, CDCl3): δ = 1.97 (t, 7.2 Hz, 3 H), 2.53 (t, 7.40 Hz, 2 H), 2.69 (t, 6.46 Hz, 
2 H), 2.76 (t, 7.48 2H), 2.87 (t, 7.15 2 H), 4.06 (q, 7.16 Hz, 2 H), 4.47 (s, 2 H), 5.88 (d, 
3.08, 1H), 6.10 (d, 3.08, 1H) 
 
13C: (400 MHz, CDCl3): δ = 14.06 (CH3), 22.17 (CH2), 27.85 (CH2), 37.06 (CH2), 40.58 
(CH2), 57.24 (CH2) 60.54 (CH2), 105.94 (CH), 108.41 (CH), 152.67 (C), 154.43 (C), 
172.78 (C), 207.44 (C) 
 
HSQC: (400 MHz, CDCl3): See below. 
 
COSY: (400 MHz, CDCl3): See below. 
 
 

Synthesis and Structure:  
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O
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1H NMR of the hydroxymethyl furan adduct, obtained on a 400 MHz spectrometer using 
CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
 
 
 

 

 
13C NMR of the hydroxymethyl furan adduct, obtained on a 400 MHz spectrometer using 
CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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HSQC spectrum of the hydroxymethyl furan adduct, obtained on a 400 MHz 
spectrometer using CDCl3 as a solvent. Contains residual EtOAc solvent and other minor 
impurities. 
 
 

 

COSY spectrum of the hydroxymethyl furan adduct, obtained on a 400 MHz 
spectrometer using CDCl3 as a solvent. Contains residual EtOAc solvent and other minor 
impurities. 
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E 2: Methyl Furan Adduct 

 
MW:  238.28 g/mol 

 
Appearance: 
Orange-brown oil 
 
Lit. and/or notebook # 
and page: 
FW-II-58 p. 68 
 
First made on date: 
March 25, 2011 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 
 

1H:  (400 MHz, CDCl3): δ = 1.91 (t, 7.2 Hz, 3 H), 2.17 (s, 3 H), 2.52 (t, 6.50 Hz, 2 H), 
2.67 (t, 5.24 Hz, 2 H), 2.74 (m, 2H), 2.81 (m, 2 H), 4.06 (q, 7.12 Hz, 2 H) 
 
13C: (400 MHz, CDCl3): δ = 13.32 (CH3), 14.02 (CH3), 22.07 (CH2), 27.84 (CH2), 36.94 
(CH2), 40.86 (CH2), 60.35 (CH2), 105.83 (CH), 105.64 (CH), 150.40 (C), 152.44 (C), 
172.65 (C), 207.53 (C) 
 
COSY: (400 MHz, CDCl3): See below. 
 
MS: (EI) m/e calc. for C13H18O4: 238.121, found 238. See below. 
        (CI) m/e calc. for C13H18O4: 238.121, found 239. See below. 
 

 
 

Synthesis and Structure:  
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1H NMR of the methyl furan adduct, obtained on a 400 MHz spectrometer using CDCl3 

as a solvent. Contains residual EtOAc solvent and other minor impurities. 
 
 
 

 
13C NMR of the methyl furan adduct, obtained on a 400 MHz spectrometer using CDCl3 

as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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COSY spectrum of the methyl furan adduct, obtained on a 400 MHz spectrometer using 
CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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GC-MS trace of the methyl furan adduct, obtained using electron ionization. 

 

 

GC-MS trace of the methyl furan adduct, obtained using chemical ionization. 
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E 3: Hydroxymethyl Tetrahydrofuan Adduct 

 
MW:  258.31 g/mol 

 
Appearance: 
Pale yellow oil 
 
Lit. and/or notebook # 
and page: 
FW-II-64, p. 75 
 
First made on date: 
May 4, 2011 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 
 

1H:  (400 MHz, CDCl3): δ = 1.18 (t, 7.14 Hz, 3 H), 1.46, 1.66, 1.90 (m, 6 H), 2.50 (q, 7.58 
Hz, 4 H), 2.67 (q, 6.23, 2 H), 3.39 (dd, 5.64 Hz, 1 H), 3.58 (dd, 3.26 Hz, 1 H), 3.81 (m, 1 
H), 3.90 (m, 1 H), 4.05 (q, 7.12 Hz, 2 H) 

13C: (400 MHz, CDCl3): δ = 13.99 (C), 26.74 (CH2), 27.84 (CH2), 29.53 (CH2), 31.13 
(CH2), 39.27 (CH2), 60.47 (CH2), 64.88 (CH2), 79.06 (CH), 79.65 (CH), 172.77 (C), 
209.04 (C) 
 
 
 

Synthesis and Structure:  
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 169 

 
1H NMR of the hydroxymethyl tetrahydrofuran adduct, obtained on a 400 MHz 
spectrometer using CDCl3 as a solvent. Contains residual EtOAc solvent and other minor 
impurities. 
 
 

 

 
13C NMR of the hydroxymethyl tetrahydrofuran adduct, obtained on a 400 MHz 
spectrometer using CDCl3 as a solvent. Contains residual EtOAc solvent and other minor 
impurities. 
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E 4: Methyl Tetrahydrofuran Adduct 

MW:  242.31 g/mol 
 
Appearance: 
Pale yellow oil 
 
Lit. and/or notebook # 
and page: 
FW-III-17, p. 26 
 
First made on date: 
August 18, 2011 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 

 
 

 
MS: (EI) m/e calc. for C13H18O4: 242.152, found 243. See below. 
        (CI) m/e calc. for C13H18O4: 242.152, found 243. See below. 

Synthesis and Structure:  
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GC-MS spectrum for the methyl tetrahydrofuran adduct, obtained using electron 
ionization. 
 
 
 

 
 
GC-MS spectrum for the methyl tetrahydrofuran adduct, obtained using chemical 
ionization. 
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E 5: Methyl Furan Adduct 

 MW:  224.25 g/mol 
 
Appearance: 
Pale yellow oil 
 
Lit. and/or notebook # 
and page: 
FW-III-6, p. 7 
 
First made on date: 
July 26, 2011 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 

 
 

 
MS: (EI) m/e calc. for C12H16O4: 224.105, found 224. See below. 
        (CI) m/e calc. for C12H16O4: 224.105, found 225. See below. 

 

Synthesis and Structure:  
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GC-MS spectrum of the furan adduct, obtained using electron ionization. 
 

 
 

 
 

GC-MS spectrum of the furan adduct, obtained using chemical ionization. 
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E 6: Tetrahydrofuran Adduct 

 
MW:  228.28 g/mol 

 
Appearance: 
Orange oil 
 
Lit. and/or notebook # 
and page: 
FW-III-7, p. 8 
 
First made on date: 
September 27, 2007 
 
Made by:  
Fraser Waldie 
 
Chromatography 
conditions: 
 

1H:  (400 MHz, CDCl3): δ = 1.20 (t, 7.16 Hz, 3 H), 1.40, 1.66, 1.80, 1.93 (m, 6 H), 2.54 
(m, 4 H), 2.67 (t, 6.54, 2 H), 3.64 (m, 1 H), 3.76 (m, 2 H), 4.06 (q, 7.16 Hz, 2 H) 
 
13C: (400 MHz, CDCl3): δ = 14.08 (CH3), 25.59 (CH2), 27.92 (CH2), 29.32 (CH2), 31.18 
(CH2), 37.02 (CH2), 39.32 (CH2), 60.48 (CH2), 67.53 (CH2), 78.20 (CH), 172.77 (C), 
208.65 (C) 
 
HSQC: (400 MHz, CDCl3): See below. 
 
MS: (EI) m/e calc. for C12H20O4: 228.136, found 229. See below. 
        (CI) m/e calc. for C12H20O4: 228.136, found 229. See below. 
 

 
 

Synthesis and Structure:  
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1H NMR of the tetrahydrofuran adduct, obtained on a 400 MHz spectrometer using 
CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
 
 

 

 
13C NMR of the tetrahydrofuran adduct, obtained on a 400 MHz spectrometer using 
CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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HSQC spectrum of the tetrahydrofuran adduct, obtained on a 400 MHz spectrometer 
using CDCl3 as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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GC-MS spectrum of the tetrahydrofuran adduct, obtained using electron ionization. 

 

 

GC-MS spectrum of the tetrahydrofuran adduct, obtained using chemical ionization. 
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E 7: Unidentified Product 

 

1H NMR of the unidentified product, obtained on a 400 MHz spectrometer using CDCl3 

as a solvent. Contains residual EtOAc solvent and other minor impurities. 
 

 

 

13C NMR of the unidentified product, obtained on a 400 MHz spectrometer using CDCl3 

as a solvent. Contains residual EtOAc solvent and other minor impurities. 
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GC-MS spectrum of the unidentified product, obtained using electron ionization. 

 

 

GC-MS spectrum of the unidentified product, obtained using chemical ionization. 

 


