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ABSTRACT 

 The transition from non-renewable fossil fuel chemical feedstocks to bio-renewable 

chemical feedstocks will be vital for the health of the environment. The current processing 

and use of fossil fuels produced by the petroleum industry release greenhouse gasses like 

carbon dioxide into the air causing heat to get trapped in the atmosphere. If greenhouse gas 

emissions continue at the rate they are now it is expected to cause polar ice caps to melt, 

ocean levels to rise, and climate all over the globe to change. By switching to bio-renewable 

feedstocks, the level of greenhouse gasses emitted would drastically decrease because 

processing renewable resources is nearly carbon neutral, meaning there would be no 

additional carbon dioxide output than what was already present in the plants and trees from 

which the renewable resources were sourced from.  

 Some of the major challenges surrounding conversion of bio-renewable resources 

are finding efficient ways to mass produce the chemical building blocks, prevention of 

catalyst deactivation due to biogenic impurities like sulfur containing amino acids and 

selective conversion of compounds containing α,β-unsaturated aldehydes to their 

respective unsaturated alcohols. Some of the way’s researchers have been trying to 

overcome these challenges have been by synthesizing heterogeneous catalysts using new 

approaches to get them to perform more selectively. One possible method is synthesizing 

multi-metal catalysts. Multi-metal catalysts have been proven to increase catalytic activity 

as well as increase reaction rate, making them of interest for the conversion of biomass. 

Another possible method is by introducing a polymer microenvironment to the surface of 

the catalyst to act as a “solid solvent”. This microenvironment has been proven to decrease 



 

catalyst deactivation due to biogenic impurities as well as restrict access to the catalyst’s 

active sites causing a shift in catalyst selectivity. 

 The goal of this research was to determine if introducing a polystyrene polymer 

microenvironment present above the surface of carbon supported palladium and platinum 

catalysts would increase the selectivity of the cinnamaldehyde hydrogenation to the 

reduction of the C=O double bond and away from the reduction of the C=C double bond. 

This study is important because it is desirable to find an effective way to reduce α,β-

unsaturated aldehydes, and if this method is successful with this reaction, it could be 

possible to apply it to other widely available bio-based compounds.  

 Incipient wetness impregnation was used to apply the polymer to the catalyst pores. 

The hydrogenation reactions performed with the commercial catalyst indicated that the 

Pd/C catalyst preferred the more thermodynamically favored reduction of the alkene 

whereas the Pt/C catalyst had some selectivity towards both the alkene and the unsaturated 

aldehyde. Addition of the polymer microenvironment to the Pd/C catalyst didn’t appear to 

have any effect on the selectivity of the reaction. This could be due to the reactions running 

at 100% conversion, making it impossible to know the extent of the reaction. Conversely, 

our observations could be due to inadequate cross-linking of the polymer causing it to be 

flushed out by the dioxane solvent. One of the reactions run with the polymerized Pt/C 

catalyst showed a significant increase in the selectivity towards the unsaturated alcohol, 

suggesting that this method may be a way to efficiently complete this conversion.  
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INTRODUCTION 

I. Transition from Fossil Fuels to Biofuels 

 Studies of global climate change and its causes have become increasingly more 

important over the last several years. Most energy produced in the world is derived from 

burning fossil fuels like coal and crude oil. Fossil fuels have been the primary source of 

energy because of its abundance and low cost. Carbon dioxide is a greenhouse gas that is 

naturally present in the atmosphere and it is absorbed by many natural processes like plant 

respiration. Carbon dioxide and other greenhouse gasses are also released by burning fossil 

fuels. Since the industrial revolution, mankind has increased the concentration of carbon 

dioxide in the atmosphere by three-fold. This increase of carbon dioxide concentration is 

believed to be one of the main causes of global climate change which is being witnessed 

all over the world. Increasing the amount of greenhouse gasses creates a heat-trapping 

effect in the atmosphere which can increase the ocean temperature causing glaciers to melt 

which in turn causes an increase in the sea level. The singular act which would vastly 

decrease the amount of carbon dioxide being released into the atmosphere would be 

transitioning from fossil fuels to renewable biomass to produce the world’s energy. 

Over the last few decades researchers all around the world have been trying to find 

economical ways to process biomass to be used in both the petrochemical and chemical 

industries. The U.S has taken special interest in research of biorefining because the country 

no longer wants to depend on foreign and politically unstable sources of nonrenewable 

carbon like coal and crude oil.1 For over 120 years technological advancements in 

feedstock conversion and processing technologies has optimized the processing of fossil 

fuel based carbon. During the refining of crude oil to produce transportation fuels, light 
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hydrocarbon by-products are produced which are too volatile to be used in the fuels. The 

need to process these by-products sparked the inception of the chemical industry known 

today. The light hydrocarbons are processed by thermal cracking to form ethylene and 

propylene, which, along with benzene, are the three primary building blocks of many of 

the industrial chemicals produced today.2  

For the successful transition from fossil fuels to bio renewable sources it will be 

important follow the same platform chemical approach like seen in the current petroleum 

industry which produces the building blocks ethylene and propylene. In this approach a 

small number of chemical intermediates must first be produced which could then be 

converted using either a biological process or a chemical conversion to produce a large 

number of desired chemical products.2 In addition to following the platform chemical 

approach it will be important to isolate specific biologically derived compounds which 

could act as a functional replacement for certain petrochemicals. Functional replacement 

of existing petrochemicals has the advantage of providing an opportunity to introduce a 

new chemical species into the market which could both replace and extend current 

chemical products into new applications.2 

Renewable carbon sources are of great abundance, and can come from agricultural 

waste, aquatic plants, trees and animal waste, making them an ideal feedstock for energy 

production as well as other industrial feed stocks. Processes which use biomass are nearly 

carbon dioxide neutral because at the end of the product’s life cycle, the biobased products 

release no more carbon dioxide than was originally introduced to the system when it was 

grown.3 Another benefit of using biomass as a carbon source is the ability to use 

biotechnology to alter the structure of the plants to provide specific intermediates or to 
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increase the production of specifically useful compounds.4 The use of biomass in the 

chemical industry also supports green chemistry, which is the design of chemical products 

and processes to reduce the use and generation of hazardous substances.5 Because the 

environmental advantages of replacing nonrenewable carbon sources with biomass based 

carbon sources are endless it is vital that the U.S makes this transition. 

 One of the challenges of using biomass feedstocks in the chemical industry is the 

presence of impurities in the biological feedstocks which can negatively impact the 

chemical processes in which they are used. One example is the presence of sulfur-

containing amino acids which poison palladium and ruthenium catalysts causing 

deactivation of the catalyst.6 Several research groups in the U.S have been working to 

optimize the catalysts which are used in the chemical conversions of biological materials 

to try to combat some of the known issues with conversion of biomass. One promising way 

to optimize heterogenous catalysts during chemical conversion is to use an organic polymer 

to create an microenvironment that surrounds the catalytically active sites of the catalyst.7 

Research has shown that a polymer microenvironment can alter the surface properties,8 

increase recyclability9 and also prevent deactivation of supported metal heterogeneous 

catalysts.7 This shows that it could be a viable method to improve biomass conversion 

technology. 

 The chemical conversion studied in this thesis will be the catalytic hydrogenation 

of the biological compound cinnamaldehyde. Cinnamaldehyde has an aromatic ring bound 

to an α,β-unsaturated aldehyde. The selective hydrogenation of the unsaturated aldehyde 

to its corresponding allylic alcohol (cinnamyl alcohol in this case) is important in both the 

chemical and the pharmaceutical industries due to their prevalence in many common 
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compounds. Unsaturated aldehydes contain two functionalities which can be 

hydrogenated, the C=C double bond whose hydrogenation leads to saturated aldehydes and 

an aldehyde whose reduction leads to unsaturated alcohols.10 Generally, the reduction of 

the C=C double bond is more thermodynamically favorable than the hydrogenation of the 

C=O double bond making the selective hydrogenation of α,β-unsaturated aldehydes a 

challenging task. The goal of this thesis was to determine if introducing a polymer 

microenvironment to the catalysts used during the hydrogenation of cinnamaldehyde could 

increase the selectivity of the reaction towards the reduction of the C=O double bond and 

away from the more thermodynamically favored C=C double bond. 

 Successful selective hydrogenation of cinnamaldehyde would be important for a 

few reasons. The biggest reason would be because if the catalysts with the polymer 

microenvironment are able to achieve selective hydrogenation of cinnamaldehyde, it could 

act as a pseudo reaction, meaning it likely be used in the hydrogenation of other compounds 

with similar structures. This would mean that it could be possible to use the same principles 

to hydrogenate other unsaturated aldehydes containing compounds into their associated 

unsaturated alcohol. Not only could polymer microenvironments improve feasibility of 

hydrogenation reactions, but it could also improve the selectivity of many other catalyzed 

reactions. If it is possible to alter the selectivity of chemical reactions it would be possible 

to transition from using nonrenewable resources to biomass resources in the chemical and 

pharmaceutical industries. This would be a significant step in reducing the amount of 

carbon dioxide released into the atmosphere.  
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II. Catalytic Hydrogenation Reactions 

 Catalytic hydrogenation involves the addition of two hydrogen molecules across 

the double bond of an alkene in the presence of a metal catalyst, often in conditions of high 

pressure.11 Hydrogenation reactions require the use of a catalyst because of the large 

activation energy which must be overcome to begin the reaction. Figure 1 shows the higher 

activation energy required for an uncatalyzed reaction compared the to lower activation 

energy required for a catalyzed reaction. 

 

Figure 1: Reaction Energy Diagram for Hydrogenation Reaction12 

Several different metal catalysts can be used for the hydrogenation reaction, these 

metals include platinum, palladium or nickel. The reaction begins when H2 interacts with 

the surface of the metal catalyst which breaks the H-H bond and forms individual hydrogen 

atoms which get adsorbed onto the surface of the metal.11 The alkene in the reactant then 

arranges with the metal surface and surface chemistry allows for the reaction between the 

π bond in the alkene and the two hydrogen atoms on the surface of the metal. This adds the 



 

 6 

two hydrogen atoms to the carbon on either end of the alkene. Figure 2 shows the 

mechanism for a catalytic hydrogenation reaction.   

 

Figure 2: Catalytic Hydrogenation Mechanism12 

Homogenous Catalysis 

 Homogeneous catalysis is a reaction which occurs with a catalyst which is in the 

same phase as the reactants. The biggest advantage of homogeneous catalysts is that they 

can tend to be more selective for certain types of reactions.13 These catalysts are often used 

for chiral reactions where the stereochemistry is important, like the synthesis of 

pharmaceuticals. Some examples of widely used homogeneous catalysis processes are acid 

catalysis, organometallic catalysis and enzymatic catalysis.  

 The major downside to homogeneous catalysis is that it can be difficult to separate 

the catalyst from the reaction solution. Often separation would require a distillation 

column. This forms a problem when separating certain catalysts because the temperature 

needed for distillation could destroy the catalyst making it unusable. This disadvantage 

causes increased cost of the process due to not being able to recycle the catalyst and to the 

cost of disposing of waste materials.  
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Heterogeneous Catalysis 

 Heterogeneous catalysis is a reaction which occurs with a catalyst which is in a 

different phase than the reactant solution. Typically, the catalyst is a solid and the reactants 

can either be gasses or liquids. The major advantage of this method is that it is easy to 

separate and recycle the catalyst by using filtration. This is a very important factor for 

industrial manufacturing processes which need large amounts of expensive catalysts for 

their reactions. One limitation of heterogeneous catalysis has to do with the available 

surface area of the catalyst. The surface of the catalyst can become completely saturated 

with the reactant, preventing access to the active sites and slowing or even stopping the 

reaction until the products leave the surface to make space for additional reactants. 13 

 An example of a heterogeneous catalyst is a supported metal catalyst. The active 

component of many catalysts is a supported metal like platinum, palladium or nickel. Since 

only the surface of the metal is available to catalyze a reaction, catalysts are normally 

prepared to maximize the metal surface area for a given weight of metal.14 Catalysts are 

usually prepared by using small metal crystallites of the desired metal and attaching them 

to a thermally stable, high surface area support like alumina, silica or carbon.14 The most 

common preparation methods are impregnation, ion-exchange, adsorption and deposition-

precipitation.15 Another important reason to use a support is they physically separate the 

small metal crystallites preventing them from clumping together into larger crystallites 

which would decrease the overall effective surface area of the catalyst.16 The different 

preparation methods to make supported metal catalysts will not be reviewed in this study.  
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III. Polymer Microenvironments 

Polymers 

Polymers are synthesized by polymerization of monomer subunits. One type of 

polymerization is called radical polymerization. There are three main phases during this 

process. Figure 3 shows a general radical polymerization using peroxide as an initiator. 

Phase one is initiation. During initiation an initiator like a peroxide is heated to produce 

two carbon free radicals (1). An initiator is required for this step because monomers are 

stabilized to prevent unwanted polymerization while in storage. Initiators provide a source 

of free radicals that are needed for the propagation step and when added at a high enough 

concentration, they increase the rate of polymerization. Phase two is called the propagation 

step. During this step, the carbon free radicals react with the alkene in the monomers to 

form more free radicals (2) which again react with the monomers to create a chain (3). This 

step continues to repeat, adding monomer after monomer to the chain. Phase 3, the final 

phase, is called termination. During termination, two free radicals couple together to form 

the final, stable polymer (4).11 

 

Figure 3: General Radical Polymerization Steps Using a Peroxide Initiator17 

(1) 

(2) 

(3) 

(4) 
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 The polymer used in this study is was a styrene/divinylbenzene copolymer. A 

copolymer is a polymer which is made with more than one species of monomer. This 

copolymer was polymerized using the monomers styrene and divinylbenzene and the 

initiator azobisisobutyronitrile (AIBN). The addition of the divinylbenzene to the monomer 

solution allowed for cross-linking to occur. Cross-linking is when covalent bonds are 

formed to connect polymer chains to each other. The more divinylbenzene added to the 

polymer solution, the greater the degree of cross-linking and the greater the degree of cross-

linking, the more rigid and stiff the polymer becomes. The goal of this polymerization was 

to produce a rigid polymer with a high degree of cross-linking to prevent the solvent from 

extracting the polymer from the catalyst during the hydrogenation reaction.  

 Figure 4 shows the initiation of AIBN during the initiation step of the radical 

polymerization of a styrene/divinylbenzene copolymer. During this phase, the N=N double 

bond turns into a triple bond which releases the two carbon radicals on either side of it. 

Figure 5 shows the general copolymerization of styrene and divinylbenzene. This figure 

shows that the styrene monomers polymerize to create polystyrene chains which then get 

cross-linked to each other using the divinylbenzene monomers to create a multi-chain 

system. The higher the concentration of divinylbenzene in the monomer solution, the more 

places that the polystyrene chains could be connected.  
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Figure 4: Initiation of AIBN18 

Figure 5: Copolymerization of Styrene and Divinylbenzene19 

Polymers and Catalysts 

The recent research around chemical conversion of biomass feedstocks has 

prompted the need to improve the economics of catalytic reactions. One area which has 

been readily studied in the last several years is the introduction of a polymer 

microenvironment to the surface and the pores of catalysts. A polymer microenvironment 

is essentially a polymer or copolymer compound which is cross-linked within the pores of 

the catalyst. The addition of polymers to catalysts has been shown to alter the surface 

properties,8 increase recyclability by immobilizing metal based catalysts,9 prevent 

deactivation of supported metal catalysts7 and even control selectivity by restricting access 

to the catalysts active sites,8 which is the topic of this study. 

One way to apply the polymer to the pores of the catalyst is the process called 

incipient wetness impregnation. During this process, the metal catalyst is slowly treated 

Styrene 

Divinylbenzene 

AIBN 
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with the exact volume of polymer solution needed to fill the pores of the catalyst. During 

the addition, capillary action pulls the polymer solution into the pores. Once the total 

volume of polymer solution is added to the catalyst it is left to polymerize (oftentimes it is 

heated to speed up the polymerization process). When done correctly, there shouldn’t be 

an obvious difference in appearance of the catalyst and the polymer should coat the walls 

of the catalytic pores.  

 

Microenvironments Increasing Recyclability 

 When investigating catalyst recyclability researchers struggled to find ways to 

synthesize heterogenous catalysts which wouldn’t leach, and which provided adequate 

activity. Catalyst leaching occurs when the conditions used during catalysis reactions 

(temperature, pressure and choice in solvent) causes the bonds between the metal catalyst 

and its support to break causing them to separate, rendering the catalyst unusable. This 

phenomenon is detrimental to both the economics and the environmental impact of the 

process. One promising method to prevent catalyst leaching is the process of 

microencapsulation. Microencapsulation was first introduced in 1998 as a way to coat and 

isolate substances until their activity was needed and it was studied vastly for its 

applications in the pharmaceutical industry.20 It’s use in catalysis is as a technique to 

immobilize catalysts onto polymer supports. In this process, catalysts would be physically 

enveloped by thin films of polymers (typically polystyrene derivatives) which would 

immobilize the catalyst due to the interaction between the π electrons of the benzene rings 

in the polystyrene backbone and the vacant orbitals of the catalysts.9 This new type of 

heterogenous catalysts were named “microencapsulated catalysts”. Microencapsulated 
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catalysts prevent catalyst leaching by increasing the strength of the interactions between 

the metal and the support making it more difficult for reaction conditions to impact the 

recyclability of the catalyst. Another advantage to microencapsulated catalysts is that, 

unlike other processes that were studied to address this issue, it does not negatively affect 

the activity of the catalyst (in some cases it even improved it).9 

 

Microenvironments Preventing Deactivation 

 There are two main forms of chemical deactivation which can cause a catalyst to 

become ineffective. Catalyst poisoning is when there is a loss of catalytic activity due to 

the absorption of impurities at the catalyst’s active sites. Poisons are substances like sulfur 

or lead which interact very strongly and irreversibly with the catalyst’s active sites. Catalyst 

inhibitors also cause a loss of catalytic activity which is due to the absorption of inhibitors 

that have weak interactions. The difference between poisons and inhibitors is that poisons 

are irreversible, and inhibitors can often be reversed. One major issue when trying to 

convert bio-renewable feedstock sources is the presence of biogenic impurities like sulfur 

containing amino acids. The hydrogenation of triacetic acid lactone (TAL) is of chemical 

importance because it produces the intermediates necessary to produce sorbic acid which 

is used as a food preservative (see Figure 6). The palladium catalysts used for the 

hydrogenation are easily deactivated and irreversibly poisoned by amino acids and sulfur 

containing amino acids present as biogenic impurities in TAL feedstock. Deactivation of 

the catalyst can also occur via carbon deposition which is when carbon compounds 

decompose and clog the pores of the catalyst. Carbon deposition is common when 

upgrading highly functionalized and reactive species like TAL. Complex separation 
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processes could be implemented to try to filter biogenic impurities out of the reaction 

solution to prevent catalyst poisoning, but these processes are expensive.  

 

Figure 6: Triacetic Acid Lactone Compound 

There are two topics that have been studied by researchers to reduce the 

deactivation of catalysts during chemical conversions. One way is creating and 

implementing a multi metal catalyst and the other way is by adding a polymer 

microenvironment to the catalyst. Synthesizing a multi-metal catalyst can be an effective 

way to prevent deactivation. The first two steps during the conversion of TAL to sorbic 

acid are hydrogenation reactions. When the hydrogenation is completed using an aluminum 

oxide supported palladium catalyst, deactivation of the catalyst occurs over time due to 

carbon deposition. When gold nanoparticles are added to the palladium catalyst and used 

in the hydrogenation, the deactivation due to carbon deposition is eliminated.7 For the 

production of sorbic acid, a multi-metal catalyst is effective at preventing catalyst 

deactivation due to carbon deposition however it is still subject to deactivation due to 

poisoning from biogenic impurities. 

Addition of a polymer microenvironment to a catalyst is an effective way to prevent 

catalyst deactivation due to biogenic impurities during hydrogenation reactions. Many of 

the biogenic impurities which cause deactivation contain polar functional groups while bio-

renewable feedstocks like TAL are often less polar.7  The difference in polarity can be used 

Triacetic Acid Lactone Sorbic Acid 



 

 14 

when picking the polymer coating for the catalyst to create a microenvironment that is 

unfavorable for polar species. For example, for the hydrogenation of TAL, polyvinyl 

alcohol (PVA) was the chosen polymer because TAL is highly soluble in alcohols while 

amino acids are not. A polymer coating on a catalyst can act as a “pseudo solvent” or a 

“solid solvent” which suppresses the access of biogenic impurities while still allowing 

access of the reactants to the catalytic active sites therefore reducing catalyst deactivation.7 

When the multi-metal palladium/gold catalyst which was developed to prevent 

deactivation from carbon deposition, was overcoated with PVA the catalyst was found to 

have improved tolerance towards biogenic impurities.7 The combination of a multi-metal 

catalyst and a polymer microenvironment has been proven to be a viable way to efficiently 

and selectively convert biologically derived platform species with little catalyst 

deactivation.  

 

Microenvironments Altering Selectivity 

 Polymer microenvironments have been found to be efficient in improving the 

selectivity of a chemical conversion towards a more desirable product. Research completed 

by Ricardo Alamillo and colleagues8 used Polyvinylpyrrolidone (PVP) as a polar aprotic 

polymer microenvironment to increase the selectivity of the dehydration reaction of 

fructose to produce the possible biological platform chemical 5-hydroxymethylfurfural 

(HMF). Prior to Alamillo’s research, conversion of fructose to HMF was only possible in 

water, but the yields were low. Both methods require difficult separation which decrease 

yield of HMF making the conversion expensive and inefficient. Results of this study 

showed that the addition of the PVP polymer to the catalyst achieved selectivity levels like 
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those of the other two methods of preparation. Unlike the other two preparation methods 

of HMF, the PVP polymer coated solid catalyst can be easily separated from the reaction 

products, and the product can be easily separated from the low boiling, single phase solvent 

system.8  

  Polystyrene (PS) was chosen for the polymer microenvironment to be used for the 

hydrogenation of cinnamaldehyde because like the aromatic ring and the alkene in the 

cinnamaldehyde compound, it is nonpolar. This suggests that the PS pseudo solvent could 

bring both the aromatic ring and the alkene into solution with the solid polymer solvent 

leaving just the aldehyde to interact with the active site of the catalyst. If this were to 

happen, it would increase the selectivity of the reaction towards cinnamyl alcohol and away 

from hydrocinnamaldehyde. Like previously stated, altering the selectivity of the reaction 

towards the unsaturated aldehyde to produce its respective unsaturated alcohol is an area 

of research of great importance for the viability of conversion of biologically derived 

feedstocks. 

 

IV. Cinnamaldehyde and its Derivatives 

Cinnamaldehyde 

3-Phenyl-2-propenal, also known as cinnamaldehyde (CALD) is a naturally 

occurring compound found in the bark of the Chinese Cinnamon and the Ceylon Cinnamon 

trees which grow primarily in Indonesia.21 CALD is a yellow liquid at room temperature 

with the sweet smell of cinnamon which is extracted from the essential oils of the tree’s 

bark using distillation.21 The compound contains an aromatic ring with an α,β-unsaturated 

aldehyde (see Figure 7). The most common use of CALD is in cooking and baking 
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applications as well as in the fragrance industry.21 However, research has shown that 

treatment for diabetes,22 use as antifungal agents,23,24 antimicrobial agents25,26, antiviral 

agents27, anticancer agents28, and antioxidant agents,29 are some of the many other 

applications for CALD.  

 

Figure 7: Cinnamaldehyde compound30 

 The main industrial process used to produce CALD is the base-catalyzed aldol 

addition of benzaldehyde with acetaldehyde.31 The industrial process is carried out in the 

presence of a dilute sodium hydroxide solution with at least two equivalents of 

benzaldehyde.31 About 80% yield of CALD can be achieved by slowly adding 

acetaldehyde to benzaldehyde at around 70°C.32 This process beings by using the sodium 

hydroxide base to catalyze an adol reaction between the acetaldehyde and benzaldehyde to 

produce an adol (see Figure 8). Then the same base catalyzes the dehydration of the alcohol 

which was created in the first step to produce the C=C double bond in the cinnamaldehyde 

compound (see Figure 9). 
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Another way that CALD has been obtained at high purity is by fractional distillation 

of the bark from the Chinese and Ceylon Cinnamon trees.31 This process separates the 

CALD from the other components within the essential oils by heating them up over the 

boiling points of the unneeded components causing them to vaporize and separate from the 

CALD. This process is the easiest and cheapest way to produce CALD. 

There has been extensive research done on CALD and its potential uses due to it 

being a compound that is easy to obtain from nature and because of its many derivatives. 

The three derivatives of CALD that were investigated in this study are 

hydrocinnamaldehyde, phenyl propanol and cinnamyl alcohol. Hydrogenation of CALD 

has been one area of research (and the main topic in this study). Typically, under mild 

conditions, the carbonyl group is reduced to produce cinnamyl alcohol and at high 

temperatures the CALD goes to complete reduction to produce phenyl propanol. 

 

Acetaldehyde Benzaldehyde 

Adol 

Figure 8: Base Catalyzed Adol Reaction 

Adol Cinnamaldehyde 

Figure 9: Base Catalyzed Dehydration Reaction 
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Hydrocinnamaldehyde 

 3-Phenylpropionaldehyde, also known as hydrocinnamaldehyde (HCALD), is a 

derivative of CALD. The compound is a light-yellow liquid at room temperature with a 

similar cinnamon scent as its CALD predecessor.33 The C=C double bond in CALD gets 

hydrogenated to produce HCALD which has an aromatic ring with a saturated aldehyde 

(see Figure10). HCALD has been found to be an important intermediate compound in the 

production of several pharmaceutical drugs, one which is used in the treatment of HIV.34 

 

Figure 10: Hydrocinnamaldehyde compound35 

 The current way to produce HCALD is the hydrogenation of CALD. The challenge 

with this reaction is increasing the selectivity towards the HCALD compound. One 

possible way to increase the selectivity of the hydrogenation reaction towards HCALD is 

to run the reaction using a palladium catalyst in the presence of iron. The iron can be on 

the same support as the palladium catalyst or iron salt could be mixed in the reagent 

solution, both options produced similar selectivity results.36 This process was able to 

produce 100% selectivity towards HCALD when the hydrogenation was run near room 

temperature in either a batch or a continuous process.36 Figure 11 shows the hydrogenation 

reaction of CALD which was completed in the presence of iron(II) chloride to produce 

HCALD. 
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Phenyl Propanol 

 3-Phenyl-1-Propanol, or phenyl propanol (PP), is a derivative of CALD. PP is a 

white powder at room temperature which dissolves easily in solvent.37 The C=C double 

bond in CALD gets hydrogenated to produce HCALD. Then the C=O double bond in the 

aldehyde of HCALD gets hydrogenated to produce a saturated alcohol connected to the 

aromatic ring (see Figure 12). PP is used as a fragrance ingredient in cosmetic products 

such as perfumes, shampoos, and soaps and in non-cosmetic products like household 

cleaners and detergents.37 

 

Figure 12: Phenyl Propanol Compound35  

 PP is produced when CALD is fully hydrogenated. This can follow one of two 

pathways. Figure 13 shows the full hydrogenation of CALD via the HCALD compound to 

produce PP. Figure 14 shows the full hydrogenation of CALD via the cinnamyl alcohol 

compound to produce PP. Both reaction pathways can occur with any catalyst used during 

the hydrogenation if the reaction is run long enough, with enough excess hydrogen gas.  

+ H2 
Pd 

FeCl2 

Cinnamalde Hydrocinnamaldehyde 

Figure 11: Hydrogenation of Cinnamaldehyde in the Presence of Iron to Produce Hydrocinnamaldehye 
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Cinnamyl Alcohol 

 3-Phenyl-2-propen-1-ol, or cinnamyl alcohol (CA), is a derivative of CALD. CA is 

a colorless solid with a sweet hyacinth smell.31 It can be found in nature in hyacinth 

absolute, the essential oil from the hyacinth flower, in the leaves and bark of the cinnamon 

tree, and in Guava fruit.31 The unsaturated aldehyde of the CALD compound gets 

hydrogenated to produce CA which is an aromatic ring with an unsaturated alcohol group 

(see Figure 15). CA is the cinnamaldehyde derivative with the most industrial importance 

and is used widely in the fragrance industry, as a food flavoring, in the production of 

photosensitive polymers, in the creation of inks for printing, in the formulation for animal 

repellents and in the development of insect attractants.31 It is also an important raw material 

and intermediate in medicine and in the production processes of other fine chemicals. 

 

Cinnamaldehyde Hydrocinnamaldehyde Phenyl Propanol 

+ H2 + H2 

Figure 13: Cinnamaldehyde to Hydrocinnamaldehyde to Phenyl Propanol 

Cinnamaldehyde Phenyl Propanol Cinnamyl Alcohol 

+ H2 + H2 

Figure 14: Cinnamaldehyde to Cinnamyl Alcohol to Phenyl Propanol 



 

 21 

  

Figure 15: Cinnamyl Alcohol Compound35 

 Production of CA is very important due to its wide array of industrial applications. 

CA was mainly prepared industrially using a borohydride reaction with a homogenous 

catalyst.38 While this process successfully produced CA, it had two significant downsides: 

it is very difficult to separate the catalyst from the reaction products, and the catalyst often 

lost activity making it impossible to recycle.38 Lack of recyclability makes the process both 

expensive and a detriment to the environment. One process which has been preferred over 

the previous borohydride reduction is the Meerwein-Ponndorf-Verley reduction (MPV).31 

This reaction is the reduction of aldehydes and ketones to their corresponding alcohols by 

using a heterogeneous catalyst like aluminum alkoxide in the presence of an alcohol. In a 

typical MPV process, CALD is dissolved in 2-propanol which contains aluminum 

isopropoxide. During this reaction the 2-propanol is oxidized to form acetone which is then 

removed continuously at reflux, and CALD is selectively reduced to CALD.39 Lastly, 

purification of the end product yields up to 90% cinnamyl alcohol.31 Figure 16 shows the 

reaction scheme of the MPV reduction of CALD to produce CA as well as some other 

possible side products which could be produced during the reduction. 
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Figure 16: MPV Reduction of Cinnamaldehyde to Produce Cinnamyl Alcohol39 

 One downside of using the MPV reduction reaction to produce CA is that the 

process produces a waste treatment problem associated with the disposal of large quantities 

of aluminum salts.31 Another reaction which is used to produce CA, and the reaction 

investigated in this study, involves the liquid phase catalytic hydrogenation of CALD in 

the presence of a platinum catalyst.31 

 

Hydrogenation of Cinnamaldehyde 

 The choice of solvent and catalyst used during hydrogenation reactions can play a 

large role in the selectivity of the reaction. Hydrogenation reactions are often carried out 

in a solvent for several reasons, to dissolve solid reactants and products, to absorb the 

energy given off during exothermic reactions, to suppress reaction rates during highly 

exothermic reactions and to keep the catalysts surface free from impurities and carbon 

deposits.40 The most important solvent effects in the hydrogenation of α,β-unsaturated 

aldehydes are solvent polarity, hydrogen solubility, interaction between the catalyst and 

Cinnamaldehyde Cinnamyl Alcohol Phenyl Propanol 

5-methyl-3- phenylcyclopent-2-en-1-one 1-Cinnamyl 2-Propal Ether 
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the solvent as well as solvation of reactants in the bulk liquid phase.34 A non-polar solvent 

like toluene used during the hydrogenation of CALD over a palladium catalyst efficiently 

produces HCALD while a polar solvent like acetone was less effective because it had the 

tendency to produce diacetals.41 When designing reaction conditions it is vital to pick a 

solvent and a catalyst system which would favor the desired products. The polar solvent 

dioxane and the metal catalysts palladium and platinum on carbon (Pd/C and Pt/C) were 

used for the reactions carried out in this study. Both catalysts were studied to see if either 

one (or both) would be affected by the addition of the carbon microenvironment to its 

surface. Differences in catalyst activities and resulting reaction selectivity’s may be due to 

the geometry of the catalytic sites as well as an influence of the size of the metal particles.42 

Reaction selectivity is not only affected by solvent and catalyst choice, it can also be 

affected by reaction conditions like temperature and pressure as well as the choice in 

catalyst support. 

 

General Selectivity using Pd/C 

 Hydrogenation of CALD over a palladium catalyst is typically used when trying to 

reduce the C=C double bond to produce HCALD. Research by Tomasz Szumelda and 

colleagues studied a CALD hydrogenation reaction over Pd/C catalyst and the effect of 

adding gold (Au) nanoparticles to the catalyst.43 The first reaction investigated used Pd/C 

and the non-polar solvent toluene which achieved 100% conversion of CALD after 45 

minutes when it was run at 1 bar hydrogen pressure at 22 ˚C in an agitated batch reactor. 

Over 45 minutes, this reaction had HCALD selectivity ranging from 60 to 70%, CA 

selectivity ranging from 22 to 30% and PP selectivity ranging from 7 to 8%. This research 
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found that under the specific reaction conditions the Pd/C catalyst favored the HCALD 

product, it also found that running the reaction beyond 45 minutes, caused an increase in 

PP and a decrease in both HCALD and CA.  

 

General Selectivity using Pt/C 

 Hydrogenation of CALD over a platinum metal catalyst is typically used when 

trying to reduce the C=O double bond to produce CA. Research by Arnaldo B. da Silva 

and colleagues investigated the effect of metal support interaction during the selective 

hydrogenation of CALD to CA using platinum based metallic and bimetallic catalysts.42 In 

this study the hydrogenation reaction used the polar solvent isopropanol and was run at 60 

˚C and 400 bars in a stirred Parr reactor. They found that the Pt/C catalyst deactivated after 

280 minutes after only about 50% CALD conversion. The cause of the catalyst deactivation 

was suspected to be due to the strong adsorption of HCALD inhibiting the absorption of 

CA. After reacting for 280 minutes, the selectivity of CA was slightly higher than that of 

the Pd/C catalyst at 32%, the selectivity of HCALD was 50% and the selectivity PP was 

17%. This study was not effective at proving the fact that Pt/C catalysts tend towards the 

production of CA. Some possible reasons for the failure of high CA selectivity could be 

due to the deactivation of the catalyst or due to the choice of solvent and reaction 

conditions. A better example of Pt/C catalysts tending towards the CA product was studied 

by Nagendranath Mahata and colleagues.10 This study ran a hydrogenation reaction over 

Pt/C in a stirred batch reactor at 16 bar hydrogen and 75 ˚C with the non-polar solvent 

cyclohexane to avoid the formation of acetals. After 12 hours the CALD conversion was 

45%, the selectivity of CA was 42%, HCALD was 45% and PP was 13%. Mahata and 
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colleagues’ research illustrated that the Pt/C catalyst has a higher selectivity of CA at lower 

conversion of CALD than the use of a Pd/C catalyst. 

 

Selective Hydrogenation 

 In addition to the selection of the reaction conditions, the solvent, the supported 

catalyst, and the use of polymer microenvironments, the use of multi-metal catalysts has 

been a proven way to alter the selectivity of hydrogenation reactions. The hydrogenation 

reaction over the Pd/C catalyst studied by Tomasz Szumelda and colleagues ran an 

additional reaction under the same conditions with the addition of Au to the catalyst.43 The 

CALD hydrogenation over the multi-metal catalyst PdAu/C reduced the selectivity 

preference of the reaction from the reduction of the C=C double bond towards the reduction 

of the C=O double bond when the Au:Pd ratio was greater than 1. The selectivity towards 

CA increased from about 30% to nearly 60% and the selectivity towards HCALD 

decreased from 65% to only 40%. Addition of iron (Fe), a second metallic nanoparticle to 

the Pt/C catalyst used in Arnaldo B. da Silva and colleagues research showed nearly 7 times 

the catalytic activity and much better selectivity towards CA than the original Pt/C 

reaction.42 The CALD hydrogenation over PtFe/C reached 50% conversion after only 40 

minutes and the selectivity of CA increased from 32% to 76% while the selectivity of 

HCALD decreased from 50% to 5%. Both aforementioned studies illustrated the benefit of 

using a bimetallic catalyst during the production of CA via catalytic hydrogenation. 
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Justification for Work 

 The major goal of this study was to see if the addition of the polystyrene polymer 

microenvironment to the surface of carbon supported palladium and platinum catalysts 

could enable the polymer to act as a solid solvent and direct selectivity of the hydrogenation 

of cinnamaldehyde. The polymer polystyrene was chosen for this research because of the 

aromatic rings present in both the polymer and the cinnamaldehyde compound. The 

similarity in the chemical structures can cause the polymer to act as a pseudo solvent by 

bringing the aromatic ring in the cinnamaldehyde compound into solution with the 

aromatic rings within the polystyrene coating. This solvation can cause the 

cinnamaldehyde compound to stabilize within the polymer and arrange itself in a way to 

improve selectivity towards the hydrogenation of the unsaturated aldehyde. Should this 

phenomenon occur, the addition of specific polymer microenvironments to metal catalysts 

could be applied to other catalytic reactions to allow for the ability of altering reactions 

towards the more valuable products. 
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METHODS 

Materials 

 Trans-cinnamaldehyde (CALD), 3-phenyl-1-propanol (PP), 3-phenyl-2propen-1-ol 

(CA) and 3-phenylpropionaldehyde (HCALD) were acquired from Acros Organic. CALD 

was kept refrigerated when it was not being used. 1,4 Dioxane and Toluene were acquired 

from Acros Organics. 2-tert-butylphenol (TBP) was acquired and used as an internal 

standard. Styrene and 1,1’-azobis(cyclohexanecarbonitrile) (AIBN) were acquired from 

Sigma Aldrich, and divinylbenzene (DVB) was acquired from Alfa Aesar. Styrene, AIBN 

and DVB were kept refrigerated when not in use. Palladium, 5% on carbon powder, type 

490 was acquired from Alfa Aesar and Platinum, 1% on carbon powder was acquired from 

Acros Organics. Palladium 3% on porous organic framework (POF) was prepared 

according to the procedure described by Andrew Riscoe et al. (2019)44 and was graciously 

provided by Prof. Matteo Cargnello of Stanford University. 

 

Equipment 

 An Agilent 7820 gas chromatograph coupled to a 5973 mass selective detector 

(GC-MS) and an Agilent 7820 gas chromatograph with flame ionization detector (GC-FID) 

were used for the identification of compounds in the reaction products and for calculation 

of compound concentrations, respectively. All hydrogenation reactions were run in a 50 

mL Parr autoclave reactor. Reaction temperatures were controlled by a PID temperature 

controller (Automation Direct). The reactions took place in the reaction vessel over a 

hotplate and magnetic stirrer. A hot oil bath was used during the polymerization, a vacuum 

filter and oven were used to dry polymerized catalysts and filter reaction products and 
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benchtop balances were used to weigh compounds. The procedures for the processes listed 

above are yet to come. 

 

Preparation of GC Standards 

 Standards for CALD, HCALD, PP and CA were needed to analyze GC-FID data. 

Each standard contained an internal standard to attain a ratio between the concentration of 

the sample and the concentration of the IS. First, four standards with increasing 

concentrations were created for CALD by adding 0.26, 0.52, 0.78 and 1.04 grams of CALD 

to 5 milliliters of dioxane in individual vials. This produced CALD solutions with 

concentrations of 52, 104, 156 and 208 grams per liter. Next, 50 microliters of each of the 

four concentrations were added to individual vials and mixed with 10 microliters of the 

TBP internal standard and 1 milliliter of dioxane. This process was repeated three times 

additional times for the HCALD, PP and CA standards. 

 

Hydrogenation Reaction Procedure 

 The hydrogenation reaction was completed in the 50 mL Parr autoclave reactor. 

The reactant solution was prepared by mixing about 500 milligrams of CALD with about 

22 grams of dioxane and adding them to the reactor vessel. Then a stir bar and the Pd/C or 

Pt/C catalyst was weighed and added to the reactor vessel. The reactor vessel was then 

placed on the hot plate, sealed and the stir bar was turned on to 600 rotations per minute. 

Next, the reaction vessel was purged seven times with an inert gas, either argon or nitrogen 

depending on which was available, and the seal was inspected for leaks by coating the seal 

in soap and looking for bubbles. After determining that the vessel was properly sealed, it 



 

 29 

was purged three times with hydrogen gas and then filled with hydrogen at a pressure of 

40 bar. Lastly, the temperature controller was set to heat the reaction from room 

temperature to 40 ˚C over ten minutes, from 40 ˚C to 80 ˚C over fifteen minutes and run at 

80 ˚C until the specified reaction time at which point the heating element turned off and 

the reaction cooled down to room temperature. Once the reactor cooled to room 

temperature, the temperature controller was turned off, the hydrogen was released from the 

reactor and the products and catalyst was removed from the reaction vessel.  

 

Preparation of GC Samples 

 All products from the hydrogenation reactions were prepared the same way. The 

product/catalyst mixture was first filtered using the vacuum filtration. The filtered catalyst 

was disposed of and the remaining product solution was filtered a second time using 

syringe filters to ensure no solid particulates. 5 milliliters of filtered product were added to 

a vial and mixed with 100 microliters of IS. Lastly, 100 microliters of the IS containing 

sample was mixed with 100 microliters of dioxane and added to a GC vial.  

. 

Obtaining Data from the GC 

 The prepared GC samples were run through the GC-MS so that the products 

produced could be identified. The GC application was used to determine the identity of the 

products present in the sample. The samples were also run in the GC-FID. The GC-FID 

results provided the area under the peaks of the compounds present in the product sample 

as well as the area under the peak of the IS which, when used in conjunction with the 
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previously prepared standards, allowed for the calculation of the concentrations of the 

compounds in the reaction products 

 

Determination of the Incipient Wetness Point 

 The incipient wetness point was calculated for both the Pd/C catalyst and the Pt/C 

catalyst to determine the necessary volume of the monomer solution for the incipient 

wetness impregnation of the polymer into the catalyst pores. The wetness point was found 

by first weighing out an amount of catalyst in a bowl and an amount of toluene in a vial 

(toluene was used because it is volatile like styrene). Then a timer was started, and toluene 

was added to the catalyst using a pipette until the point when the texture of the catalyst was 

analogous to not-quite-wet sand. At that point, the timer was stopped, and the total time 

was recorded, and the vial of toluene was weighed again. The time period that the toluene 

was added to the catalyst was recorded so that when the incipient wetness impregnation 

was completed, the styrene could be added over the same amount of time to account for 

any material which may have volatilized during the calculation of the incipient wetness 

point. The wetness point was calculated by dividing the difference in the mass of the 

toluene vial before and after the addition to the catalyst by the initial mass of the catalyst. 

This process was completed several times to get an average wetness point value. This value 

gives the mass of polymer solution that is needed per gram of catalyst. This process was 

completed for the Pd/C and the Pt/C catalysts. 
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Incipient Wetness Impregnation Catalyst Preparation Method 

 The monomer solution was prepared by mixing 0.05 weight percent AIBN, 35 

weight percent DVB and 64.95 weight percent styrene. The ratio of compounds was 

determined from research on the glass transition temperature of polystyrene completed by 

T. S. Ellis et al in 1983.19 The weight percent of DVB was the highest tested in the study, 

this percent was chosen to increase the amount of polymer cross-linking during the 

polymerization. Once the monomer solution was created, the incipient wetness point for 

each catalyst was used to calculate the amount of the solution which needed to be added to 

5 grams of the catalyst. The desired monomer solution was added over the amount of time 

which was recorded when finding the incipient wetness point to account for any solution 

which may have volatilized during that time. After addition of the required volume of 

monomer solution, the mixture was placed in a hot oil bath at 60 ˚C for 48 hours. After 48 

hours, the catalyst was removed from the oil bath, washed with dioxane and then deionized 

water and dried in the oven before it was ready to be used in a hydrogenation reaction.  

 

Wet Impregnation Catalyst Preparation Method 

 The monomer solution was prepared using the same compound ratios as stated in 

the previous method. For this polymerization, 1 gram of each of the catalysts were added 

to 5 grams of the monomer solution. The submerged catalysts were polymerized in the hot 

oil bath at 60 ˚C for 48 hours. After 48 hours, the solution became a translucent solid 

material which had the black catalyst suspended inside. To remove both polymer/catalyst 

mixtures from the flasks tetrahydrofuran (THF) was added to help loosen the mixture from 
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the surface of the glass. The mixtures were scraped out of the flasks and crushed using a 

mortar and pestle. 
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RESULTS AND DISCUSSION 

The first eight reactions which were ran were “base case” reactions to get an initial 

idea of the selectivity of the Pt/C and Pd/C catalyst and to determine running conditions 

needed to achieve the desired conversion. The two reaction variables which were adjusted 

were the mass of catalyst and the reaction time. Reaction temperature, pressure and amount 

of the CALD and the solvent remained the same. There were four series of base case 

reactions completed for each catalyst. Table 1 indicates the reaction conditions for the first 

eight reactions. Reactions 1 through 4 were competed using the commercially produced 

Pd/C catalyst. The conditions of the first reaction used 100 milligrams of catalyst and had 

a reaction time of 4 hours which ran to 100% conversion. In the attempt to reduce the 

CALD conversion, reaction 2 was run for one hour less with the same amount of catalyst. 

Reaction 2 still had high conversion so the 3rd and 4th reactions were completed, decreasing 

both the mass of the catalyst and the length of the reaction. Despite these changes, it was 

not possible to achieve a CALD conversion lower than 100% while remaining within the 

operating conditions of the reactor, so the running conditions for the Pd/C reaction were 

set at 1 hour using 80 milligrams of catalyst. 

 Reactions 5 through 8 followed the same general thought process as reactions 1 

through 4. Reaction 5 was run with 100 milligrams of Pt/C for four hours. Initial conversion 

calculations indicated that this reaction had a high CALD conversion, a flaw was found in 

these calculations later which indicated that the actual CALD conversion was 70%. To 

reduce the supposed high CALD conversion, reactions 7 and 8 were run by reducing the 

catalyst loading to 80 milligrams and the reaction time to 3 hours and then 2 hours. The 

initial CALD conversion calculations determined that reaction 8 was the ideal running 
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conditions because it produced a CALD conversion near the goal of 80%. A CALD 

conversion of 80% was the goal of the base case reactions because it is high enough to 

produce measurable concentrations of the products and low enough to prevent a large 

amount of the HCALD and CA products to be completely hydrogenated to produce PP. It 

is clear after the miscalculation that reaction 8 had a CALD conversion of 42%, which is 

lower than the goal but would be enough for this study.  

 The large difference in CALD conversion between the Pd/C catalyst and the Pt/C 

catalyst is due to the difference in metal loading of the catalyst. The Pd/C catalyst had a 

palladium loading of 5%, meaning that 5% of the total supported catalyst mass was 

palladium metal. However, the platinum loading of the Pt/C catalyst was 1% meaning that 

only 1% of the total supported catalyst mass was platinum metal. The metal of the 

supported catalysts is the material which contains the catalytic active sites so a higher metal 

loading would lead to more active sites and a higher CALD conversion. Another 

characterization which could aid in understanding the difference in conversion between the 

two catalysts would be the dispersion of the metal catalysts on the carbon support. The data 

necessary to calculate the dispersion of the catalysts is unavailable so this metric was not 

possible to measure for this study. 

Table 1: Base Case Reaction Conditions 

Reaction Catalyst 
CALD Feed 

Concentration 
(g/L) 

Catalyst 
Mass (mg) 

Reaction 
Time (hr) 

CALD 
Conversion 

1 Pd/C 23.5 100 4 100 ± 0% 
2 Pd/C 23.8 100 3 97 ± 0.2% 
3 Pd/C 22.6 80 3 100 ± 0% 
4 Pd/C 23.6 80 1 100 ± 0% 
5 Pt/C 23.5 100 4 70 ± 1.8% 
6 Pt/C 24.1 100 4 56 ± 2.7% 
7 Pt/C 22.9 80 3 45 ± 3.3% 
8 Pt/C 24.0 80 2 42 ± 5.0% 
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 The incipient wetness point of the Pt/C and Pd/C catalysts were found following 

the procedure indicated above. Table 2 shows the calculated wetness points of the two 

catalysts and the amount of time it took to achieve the point of wetness. A sample 

calculation can be found in the Appendix. The average wetness point was used for both 

catalysts. The average wetness point for the palladium catalyst was 0.84 grams of solvent 

per gram of catalyst which needed to be added over the period of 68 seconds. The average 

wetness for the platinum catalyst was 1.06 grams of solvent per gram of catalyst which 

needed to be added over the period of 95 seconds. It was important to add the monomer 

solution over the average time which was recorded during the calculation of the wetness 

points because it accounted for the loss in monomer solution mass due to volatilization.  

Table 2: Incipient Wetness Point and Time 

Catalyst Wetness Point (g solvent/g catalyst) Time (seconds) 
Pd/C 0.92 52 
Pd/C 0.74 63 
Pd/C 0.85 89 
Pt/C 1.07 106 
Pt/C 1.05 82 
Pt/C 1.06 96 

 

 Once the average wetness points for each catalyst were determined, incipient 

wetness impregnation was completed following the procedure outlined above. See table 3 

for the amounts of styrene, AIBN and DVB that were needed to create the necessary 

amount of monomer solution for the polymerization. See the Appendix for a sample 

calculation using the wetness point to calculate the masses of the compounds. It was 

observed that after the 48 hours in the hot oil bath, the catalysts still appeared wet and there 
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was a strong smell of styrene. The catalysts were left under the hood for several hours to 

allow some of the excess polymer solution to volatilize.  

Table 3: Masses for the Monomer Solutions 

Catalyst Mass Catalyst (g) Styrene (g) DVB (g) AIBN (g) Total (g) 
Pd/C 5 2.728 1.470 0.002 4.2 
Pt/C 5 3.442 1.855 0.003 5.3 

 

The polymer encapsulated catalysts were used in four reactions total, two with the 

platinum catalyst and two with the palladium catalyst. Reaction conditions for these four 

reactions are shown in Table 4. Reactions 9 and 11 were completed with the catalyst which 

was left under the hood to dry, reactions 10 and 12 were completed with the same 

polymerized catalyst but it was washed with dioxane and deionized water and then dried 

in the oven. The first of the two reactions for both catalysts were run at the first running 

conditions investigated because they were completed during the same time period. Both 

Pd/C catalysts which were polymerized using the incipient wetness method had 100% 

conversion of CALD. Due to the high conversion of the PS/Pd/C reactions and of the Pd/C 

reactions, it is impossible to evaluate whether addition of the polymer made any difference 

in the selectivity or activity of the catalyst. 

Table 4: Reaction Conditions with the Catalysts Polymerized using Incipient Wetness Impregnation 

Reaction Catalyst 
CALD Feed 

Concentration 
(g/L) 

Catalyst 
Mass (mg) 

Reaction 
Time (hr) 

CALD 
Conversion 

9 Pd/C 24.0 100 4 100 ± 0% 
10 Pd/C – washed 23.0 80 1 100 ± 0% 
11 Pt/C 23.1 100 4 41 ± 3.6% 
12 Pt/C – washed 24.6 80 2 39 ± 5.2% 

 

 Following the incipient wetness impregnation polymerization method, the wet 

impregnation preparation method was completed following the procedure in the methods 
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section. Four reactions were run with these catalysts, two for the Pd/C catalyst and two for 

the Pt/C catalyst. Table 5 shows the reaction conditions for these four reactions. For the 

two Pd/C catalyst reactions the mass of polymerized catalyst was further reduced from 80 

milligrams to 50 milligrams as a last effort to decrease CALD conversion. Reactions 13 

and 14 indicate a decrease in CALD conversion. This was the only time in the study that 

the conversion was able to be reduced below 100% when using the palladium catalyst. This 

suggests the addition of the PS polymer to the catalyst altered the activity of the catalyst. 

The decrease in catalyst mass from 80 to 50 milligrams and the fact that some of that mass 

was taken up by polymer, further reducing the catalyst loading also could have aided in the 

decrease of conversion, but it is unlikely that it is the only cause. 

Table 5: Reaction Conditions with the Solid Polymerized Catalyst Reactions 

Reaction Catalyst CALD Feed 
Concentration (g/L) 

Catalyst 
Mass (mg) 

Reaction 
Time (hr) 

CALD 
Conversion 

13 Pd/C 22.7 50 1 63 ± 3.2% 
14 Pd/C 23.1 50 1 70 ± 2.5% 
15 Pt/C 24.5 80 2 45 ± 4.7% 
16 Pt/C 24.5 80 2 84 ± 1.4% 

 

 The final reaction which was run was using a palladium catalyst which was on a 

POF support. The catalyst was the subject of a study completed by Andrew Riscoe et al. 

(2019) which investigated whether the addition of a polymer microenvironment could 

influence the energetics of catalytic oxidation of carbon monoxide.44 This research found 

that the addition of the POF to the palladium catalyst had an effect on the oxidation of 

carbon monoxide. Because the Pd/POF catalyst had been proven to act differently than that 

of a regular Pd/C catalyst, a sample of the catalyst was used for the CALD hydrogenation 

to see if the more sophisticated polymer-encapsulated catalyst would have a stronger effect 
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on the selectivity of the reaction than that of the catalysts made in this study. Table 6 shows 

the reaction conditions for the reaction run using the Pd/POF catalyst. 

Table 6: Reaction Conditions for the Pd/POF Catalyst Reaction 

Reaction Catalyst CALD Feed 
Concentration (g/L) 

Catalyst 
Mass (mg) 

Reaction 
Time (hr) 

CALD 
Conversion 

17 Pd/POF 22.6 50 1 42 ± 5.0% 
 

 Table 7 shows the selectivity results of all the hydrogenation reactions run with 

palladium catalysts in this study. Reactions 1 through 4 show that the commercially made 

catalyst has the expected selectivity. All four reactions produced a combination of HCALD 

and PP. This shows that the palladium catalyst always reduced the C=C double bond in the 

CALD compound. Reactions 9 and 10 used the polymerized catalyst which was 

synthesized using the incipient wetness impregnation method. The results in Table 7 shows 

that the addition of the catalyst didn’t alter the selectivity of the reaction towards CA 

because the only two products that were produced were HCALD and PP, just like that of 

the commercial Pd/C catalyst. The lack of change in the conversion and the selectivity 

leads to the thought that the polymerization of this catalyst may not have taken place 

correctly. The GC-MS results showed the presence of styrene derivatives in the products 

suggesting one of two things: the polymerization was unsuccessful, or the PS polymer was 

not cross-linked enough to prevent it from being broken down and extracted from the 

catalyst by the dioxane solvent.  

 Reactions 13 and 14 were run with the catalyst which was polymerized in a bulk 

amount of monomer solution. These two reactions were the only two to show a decrease 

in CALD conversion. Comparison of reactions 13 and 14 to reaction 9 which was run for 

the same amount of time with a slightly higher catalyst loading show a significant decrease 
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in conversion and a slight increase of HCALD selectivity. This difference in selectivity is 

likely due to the difference in conversion, although there is a possibility that the PS 

microenvironment had an effect. Nether of the catalysts polymerized in bulk produced any 

CA. Reaction 17 was the reaction run with the Pd/POF catalyst. This catalyst showed lower 

conversion than any of the other palladium reactions, however there were no products 

produced. One of the major concerns associated with the synthesis of this polymer was the 

incorporation of sulfur caused by decomposition of the solvent which was used.44 Sulfur is 

a known poison of palladium catalysts and could be the cause of the lack of reaction. The 

lack of reaction should suggest that the CALD conversion should be 0%, but it was 

observed to be 42%. One possible cause of the difference in conversion could be that during 

the reaction, some of the CALD could be trapped within the surface of the catalyst, 

preventing the products from diffusing from the catalyst surface and therefore increasing 

CALD conversion. 

Table 7: Hydrogenation Reaction Selectivity with Palladium Catalysts Results 

Reaction Catalyst Conditions Conversion HCALD PP CA 
1 Commercial Cat 100 ± 0% 72 ± 2.0% 28 ± 2.0% 0% 
2 Commercial Cat 97 ± 0.2% 86 ± 1.0% 14 ± 1.0% 0% 
3 Commercial Cat 100 ± 0% 73 ± 2.0% 27 ± 2.0% 0% 
4 Commercial Cat 100 ± 0% 91 ± 2.0% 9 ± 2.0% 0% 
9 Impregnation Cat 100 ± 0% 82 ± 2.0% 18 ± 2.0% 0% 
10 Impregnation Cat - washed 100 ± 0% 92 ± 2.0% 8 ± 2.0% 0% 
13 Solid Polymer Cat 63 ± 3.2% 95 ± 1.0% 5 ± 1.0% 0% 
14 Solid Polymer Cat 70 ± 2.5% 96 ± 1.0% 4 ± 1.0% 0% 
17 Pd/POF Cat 42 ± 5.0% 0% 0% 0% 

  

Table 8 shows the selectivity results of the hydrogenation reactions run using the 

platinum catalysts. Reactions 6 through 8 completed with the commercial catalyst followed 

similar selectivity to what was expected from the literature. The Pt/C reactions produced 
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HCALD, PP, and CA showing that there was some reduction of both the C=C and the C=O 

double bonds. It is expected for the selectivity of HCALD to be higher than that of the CA 

because the hydrogenation of the C=C double bond is still thermodynamically favored over 

the C=O double bond. The reaction conditions which were able to produce the highest 

percent of CA was reaction 6 which was run with 100 milligrams of catalyst for 4 hours.  

Reactions 11 and 12 were run with the PS catalyst synthesized using the incipient 

wetness impregnation method. These two reactions showed slightly lower conversion than 

that of the commercial catalyst run at the same conditions (reaction 8). The unwashed 

catalyst used in reaction 11 showed a significant increase in CA selectivity when compared 

to reaction 8 at the same reaction conditions. The catalyst used in reaction 12 was washed 

before use. This reaction produced selectivity results almost identical to those of the 

reaction 8 ran at the same conditions. These results suggest that the initial PS 

polymerization was successful in increasing the selectivity towards CA but that washing 

the catalyst with dioxane likely removed the PS from the surface of the catalyst causing 

catalyst to return it it’s unaltered state. Reactions 15 and 16 were run using the catalyst 

which was polymerized in bulk monomer solution. The reaction results in Table 8 show 

that there were no products produced but there was an increase in CALD conversion. This 

suggests that the addition of the polymer microenvironment in this manner likely trapped 

the CALD reactant in the polymer/catalyst surface preventing the products to enter the 

solution and therefore increasing the conversion. 
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Table 8: Hydrogenation Reaction Selectivity with Platinum Catalysts Results 

Reaction Catalyst Conditions Conversion HCALD PP CA 
5 Commercial Cat 70 ± 1.8% 100 ± 0% 0% 0% 
6 Commercial Cat 56 ± 2.7% 76 ± 2.0% 8 ± 1.0% 15 ± 1.0% 
7 Commercial Cat 45 ± 3.3% 87 ± 1.0% 0% 13 ± 1.0% 
8 Commercial Cat 42 ± 5.0% 91 ± 5.0% 2 ± 0% 7 ± 5.0% 
11 Impregnation Cat 41 ± 3.6% 80 ± 2.0% 0% 20 ± 2.0% 
12 Impregnation Cat - washed 39 ± 5.2% 92 ± 5.0% 2 ± 0% 6 ± 5.0% 
15 Solid Polymer Cat 45 ± 4.7% 0% 0% 0% 
16 Solid Polymer Cat 84 ± 1.4% 0% 0% 0% 
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CONCLUSION 

 In conclusion, this study of whether the addition of a polymer microenvironment to 

a palladium catalyst can alter the selectivity of the reaction away from the reduction of the 

C=C double bond and towards the reduction of the C=O double bond doesn’t lead to 

substantial differences in selectivity. The running conditions and CALD concentrations 

used for the palladium reactions were not enough to produce a reaction with a CALD 

conversion less than 100%. It is hard to analyze reactions run at high conversions because 

it makes it impossible to know the extent of the reaction. This study of whether the addition 

of a polymer microenvironment to a platinum catalyst could increase the selectivity 

towards the unsaturated aldehyde shows some promise. The unwashed PS polymerized 

Pt/C catalyst using the incipient wetness impregnation method showed an increase in CA 

selectivity of over 10% when compared to the reaction run at the same conditions using 

the commercial catalyst.  These results suggest that this method is a possible way to 

upgrade metal catalysts to improve the selectivity of α,β-unsaturated aldehydes which 

would be a vital step in the successful transition from fossil fuel based chemical feedstocks 

to bio-renewable chemical feedstocks.  
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FUTURE WORK 

 Additional research about ways to improve metal catalysts to be more selective 

towards the desirable compounds containing unsaturated alcohols will be of great industrial 

importance. One area which could be most important to study could be the synthesis of 

multi-metal polymer encapsulated catalysts. Multi-metal catalysts on their own have been 

proven to have the ability of altering reaction selectivity’s as well as increasing reactant 

conversion and rate of reaction. Increasing conversion and reaction rate will aid in the 

commercial viability of the catalysts by making the process more efficient. Polymer 

microenvironments have been proven to reduce deactivation of catalysts due to biogenic 

impurities as well as improve reaction selectivity. The combination of these two types of 

catalysts could produce the heterogeneous catalyst necessary to allow for the transition 

towards bio-renewable chemical feedstocks. It will take many tries before the ideal 

combination of metals and polymers are found which is why it is vital to continue to 

research these catalysis topics. 

 In respect to this thesis, should future work be completed on this project there are 

a few things that could be adjusted. The reaction conditions need to be significantly 

changed to allow for trustworthy data related to the palladium catalyzed reactions. Using a 

catalyst with lower loading and reducing the CALD concentration in the reactant feedstock 

are two ways which this could be completed. These changes would be necessary to 

accurately evaluate both the selectivity of the commercial catalyst and that of the 

polymerized catalyst. The incipient wetness method of PS polymerization was shown to be 

the best way to synthesize the polymer encapsulated catalyst. However, with this method, 

washing of the catalysts with dioxane seemed to have removed the PS coating. Increasing 
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the amount of DVB in the monomer solution would increase the polymers level of cross-

linking as well as prevent the solvent from stripping the polymer from the catalyst. 

 Catalyst characterization is something that could have aided in understanding 

exactly what was occurring on the surface of the catalyst. Should further work on this 

project be done, BET analyses on the polymerized catalysts should be completed. BET 

catalyst characterization can be used to evaluate the pore volumes of both the commercial 

catalyst and the polymerized catalyst, and the results could be used for comparison. This 

would show how much of the catalysts pore volume is taken up by the polymer 

microenvironment and would indicate whether the polymerization was successful or not. 

 Lastly, it would be important to test this theory on other compounds. It is assumed 

that if it worked for CALD that it would also work for other compounds with similar 

functional groups. Before this theory could be implemented anywhere, it would be 

important to test it with a wide variety of compounds to determine optimum catalyst 

synthesis and reaction conditions.  
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APPENDIX 

Table 9: Incipient Wetness Point Raw Data 

Catalyst Catalyst 
Mass 
(g) 

Initial 
Toluene 
Mass (g) 

Final 
Toluene 
Mass (g) 

Wetness Point (g 
solvent/g catalyst) 

Time 
(seconds) 

Pd/C 1.0 25.68 24.76 0.92 52 
Pd/C 1.0 23.84 23.11 0.74 63 
Pd/C 1.0 24.74 23.89 0.85 89 
Pt/C 1.0 22.75 21.68 1.07 106 
Pt/C 0.99 21.74 20.71 1.05 82 
Pt/C 0.99 22.81 21.77 1.06 96 

 

Wetness Point Sample Calculation 

WP =
mass	initial	toluene − mass	final	toluene

mass	catalyst =
25.68g − 24.76g

1.0g

= 0.95	
g	polymer
g	catalyst  

 
Monomer Solution Masses of Compounds Sample Calculation 

mass	polymer	solution = WP ∗ mass	catalyst = 0.84	
g	polymer
g	catalyst ∗ 5	g	catalyst

= 4.2	g	polymer 
 

mass	styrene = mass	polymer	solution ∗ wt%	styrene = 4.2g	polymer ∗ 0.6495
= 2.728	g	styrene 

 
mass	DVB = mass	polymer	solution ∗ wt%	DVB = 4.2g	polymer ∗ 0.35

= 1.47	g	styrene 
 
mass	AIBN = mass	polymer	solution ∗ wt%	AIBN = 4.2g	polymer ∗ 0.0005

= 0.002	g	AIBN 
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Conversion Sample Calculation 

CALD	Conversion =
Inital	CALD	Concentration − Final	CALD	Conetration

Inital	CALD	Concentration ∗ 100%

=
0.178molL − 0.054molL

0.178molL
∗ 100% = 70% 

Selectivity Sample Calculation 

HCALD	Conversion =
conc. HCALD

conc. HCALD + conc. PP + conc.		CA ∗ 100%

=
0.019molL

0.019molL + 0.002molL + 0.004molL
∗ 100% = 76% 

 

PP	Conversion =
conc. PP

conc. HCALD + conc. PP + conc.		CA ∗ 100%

=
0.002molL

0.019molL + 0.002molL + 0.004molL
∗ 100% = 8% 

 

CA	Conversion =
conc. CA

conc. HCALD + conc. PP + conc.		CA ∗ 100%

=
0.004molL

0.019molL + 0.002molL + 0.004molL
∗ 100% = 15% 
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Figure 17: Calibration Curves Used for Product Concentration Calculation 
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Sample Calculation of Product Concentration  

Conc. HCALD = slope ∗
AVG	HCALD	Peak	Area
AVG	IS	Peak	Area ∗

10
9 ∗ Conc. IS

= 4.7149 ∗
25790
35069 ∗

10
9 ∗ 0.046

mol
L = 0.177

mol
L  

 

Conc. CALD = slope ∗
AVG	HCALD	Peak	Area
AVG	IS	Peak	Area ∗

10
9 ∗ Conc. IS

= 1.822 ∗
2654
35069 ∗

10
9 ∗ 0.046

mol
L = 0.007

mol
L  

 

Conc. PP = slope ∗
AVG	HCALD	Peak	Area
AVG	IS	Peak	Area ∗

10
9 ∗ Conc. IS

= 1.9146 ∗
6223
35069 ∗

10
9 ∗ 0.046

mol
L = 0.017

mol
L  

 

Conc. CA = slope ∗
AVG	HCALD	Peak	Area
AVG	IS	Peak	Area ∗

10
9 ∗ Conc. IS

= 0.9952 ∗
1688
35069 ∗

10
9 ∗ 0.046

mol
L = 0.002

mol
L  
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