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Abstract 

Membrane contact reactors (MCRs) have been evaluated for the selective hydro-treating 

of model reactions; the partial hydrogenation of soybean oil (PHSO), and the conversion of lactic 

acid into commodity chemicals.   Membranes were rendered catalytically active by depositing 

metal catalyst onto the polymer “skin” of an asymmetric membrane.  Hydrogen was supplied to 

the support side of the membrane and permeated from the support side to the skin side, where it 

adsorbed directly onto the metal surface.  Liquid reactant was circulated over the membrane, 

allowing the liquid to come into direct contact with the metal coated surface of the membrane, 

where the reaction occurred.  Our membrane contact reactor approach replaces traditional three-

phase batch slurry reactors.  These traditional reactors possess inherent mass transfer limitations 

due to low hydrogen solubility in liquid and slow diffusion to the catalyst surface. This causes 

hydrogen starvation at the catalyst surface, resulting in undesirable side reactions and/or extreme 

operating pressures of 100 atmospheres or more.  By using membrane reactors, we were able to 

rapidly supply hydrogen to the catalyst surface.     

When the PHSO is performed in a traditional slurry reactor, the aforementioned hydrogen 

starvation leads to a high amounts of trans-fats.  Using a MCR, we were able to reduce trans-fats 

by over 50% for equal levels of hydrogenation.  It was further demonstrated that an increase in 

temperature had minimal effects on trans-fat formation, while significantly increasing 

hydrogenation rates; allowing the system to capture higher reaction rates without adversely 

affecting product quality.  Additionally, high temperatures favors the hydrogenation of polyenes 

over monoenes, leading to low amounts of saturated fats.  MCRs were shown to operator at high 

temperatures and: (1) capture high reaction rates, (2) minimize saturated fats, and (3) minimize 

trans-fats.  



 

  

We also demonstrated lactic acid conversion into commodity chemicals using MCRs.  

Our results show that all MCR experiments had faster reaction rate than all of our controls, 

indicating that MCRs have high levels of hydrogen coverage at the catalyst.  It was also 

demonstrated that changing reaction conditions (pressure and temperature) changed the product 

selectivities; giving the potential for MCRs to manipulate product selectivity.  
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When the PHSO is performed in a traditional slurry reactor, the aforementioned hydrogen 

starvation leads to a high amounts of trans-fats.  Using a MCR, we were able to reduce trans-fats 

by over 50% for equal levels of hydrogenation.  It was further demonstrated that an increase in 

temperature had minimal effects on trans-fat formation, while significantly increasing 

hydrogenation rates; allowing the system to capture higher reaction rates without adversely 

affecting product quality.  Additionally, high temperatures favors the hydrogenation of polyenes 

over monoenes, leading to low amounts of saturated fats.  MCRs were shown to operator at high 

temperatures and: (1) capture high reaction rates, (2) minimize saturated fats, and (3) minimize 

trans-fats.  



 

  

We also demonstrated lactic acid conversion into commodity chemicals using MCRs.  

Our results show that all MCR experiments had faster reaction rate than all of our controls, 

indicating that MCRs have high levels of hydrogen coverage at the catalyst.  It was also 

demonstrated that changing reaction conditions (pressure and temperature) changed the product 

selectivities; giving the potential for MCRs to manipulate product selectivity.  
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Chapter 1 - Introduction 

 1.1 Thesis Outline 

 1.1.1 Introduction 

This thesis is comprised of chapters which are papers that: (1) are accepted for 

publication, (2) have been submitted for publication, or (3) we plan on submitting for 

publication.  Being part of the National Science Foundation Integrative Graduate Education and 

Research Traineeship Program (NSF IGERT) at Kansas State University, my research focus on 

sustainable biofuels and biobased products from an interdisciplinary perspective.  In addition to 

my own personal research, I was involved in group projects involving PhD students from a 

diverse range of disciplines.  This thesis will report on the works involved in both my 

collaboration projects, and my solitary research. 

My non-collaboration work involves the development of membrane contact reactors for 

use in three-phase catalytic reactions actions.  The two reactions studied are the partial 

hydrogenation of soybean oil (PHSO), and the aqueous-phase conversion of lactic acid.  Both of 

these reactions, when operated in traditional slurry reactors, possess inherent mass transfer 

limitations due to low hydrogen solubility in the liquid phase and slow diffusion to the catalyst 

surface. This results in hydrogen scarcity at the catalyst surface, causing slow reaction rates, 

undesirable side reactions, or both1,2.  In the case of the PHSO, hydrogen starvation at the 

catalyst cites is directly linked to the production of trans-fats3.  In the hydrotreating of lactic acid, 

operating pressures of over 100 atmospheres of pressure are commonly employed4.   

My collaboration work involved using cyclopentyl methyl ether (CPME) as a green 

solvent alternative for chloroform in the liquid-liquid extraction of oleaginous yeast oils.  In 

addition to wet oil extractions, CPME has also attracted interest as a green ether for various other 



 

2 

processes; however, there is a lack of fundamental studies involving CPME interactions with 

other chemicals5,6.  This thesis reports on the liquid-liquid equilibria of four water-alcohol-

CPME systems; the alcohols are methanol, ethanol, 1-propanol, and 2-propanol7.  

 1.1.2 Outline 

Chapter 2 is in the peer-review process.  It has been accepted with revisions for Catalysis 

Today8.  It is reproduced as it was prepared for publication.  It involves our initial investigations 

into converting commercially available hollow fiber membranes into catalytic membrane 

reactors.  We use the model reaction of the PHSO to explore the effects that temperature and 

hydrogen pressure have on the production of trans-fats, kinetics, and selectivities.   

Chapter 3 continues the work of using commercial “off the shelf” membrane modules as 

membrane reactors from chapter 2.  This chapter explores different catalysts, expands the 

temperature range of the previous experiments form 80°C to 140°C, tests different membrane 

configurations, and investigates catalyst deactivation.  This paper is prepared for publication. 

Chapter 4 reports on the catalytic conversion of lactic acid using ruthenium coated 

polymeric membranes.  This reaction involves several parallel and series reactions taking place 

simultaneously.  The temperature and pressure of the system were varied in an attempt to control 

product selectivity.   

Chapter 5 is in the peer-review process.  It has been accepted with revisions for The 

Journal of Chemical and Engineering Data7.   It is reproduced as it was prepared for publication.  

This chapter reports on the liquid-liquid equilibria of CPME ternary systems.  The purpose was 

to obtain thermodynamic data that can be useful for incorporating CPME as a green process 

solvent.  Four water-alcohol-CPME systems were studied.  Ternary diagrams with binodal 

curves and tie-lines were determined. 



 

3 

Chapter 6 is comprised of conclusions and recommendations for future work.  

  

 1.2 Background and Theory  

 1.2.1 Membranes 

The field of membrane science is a mature field with some of the earliest works being 

traced back to experiments done on pig bladders in 17489.  Since these early works, the field has 

expanded to include a diverse range of materials, applications, membrane types, and 

configurations.  There are polymer, metal, ceramic, and liquid membranes.  Applications range 

from water desalination, to gas separations, to membrane assisted chemical reactions, to medical 

devices.   Some of the principle types of membranes include isotropic microporous, nonporous 

dense films, Loeb-Sourirajan anisotropic, and thin film composite anisotropic membranes10.  The 

three basic module configurations are flat sheet, spiral wound, and hollow fiber.  The choice of 

membrane material and configuration is governed by the conditions and compatibility of the 

stream constituents to the membrane material.  While both inorganic and polymeric are 

applicable to gas and liquid separations, inorganic membranes are usually chosen for high 

temperatures operations, while polymeric membranes can be used at more modest temperatures 

(< 200 °C)11-13.  Both polymeric and inorganic membranes have widespread industrial use13,14.   

Gas transport across a membrane can be divided into three categories depending on the 

pore size: (1) convective transport occurs when the pores are larger than the mean free path (λ), 

(2) Knudsen diffusion occurs when the pores are smaller than λ, and (3) solution diffusion occurs 

when the membranes are dense or non-porous.  Because we propose to use membranes as contact 

reactors, the membranes must also act as a barrier against liquid phase transport, this study will 

only focus on membranes with Knudsen and solution diffusion.  



 

4 

  

 

Figure 1.1 – Different types of gas transport through a membrane 

 

The governing equation for one dimensional diffusion can be represented by Fick’s first 

law of diffusion: 

JA = -DA
𝒅𝑪

𝒅𝒙
                                                          Equation 1.1 

Integrating over the thickness of the membrane, the flux becomes: 

JA = -DA
𝒅𝑪

𝒅𝒙
 = -DA 

𝑪𝟏−𝑪𝟐

𝒍
                                         Equation 1.2 

where JA is the molar flux of species A, DA is the diffusion coefficient for A, C1 is the 

concentration of A on the feed side of the membrane, C2 is the concentration of A on the 

permeate side of the membrane, and l  is thickness of the membrane.  Although Fick’s law can be 

used for both Knudsen and solution diffusion, the diffusion coefficients are calculated 

differently. 

Knudsen diffusion occurs when the pore radii become smaller than the mean free path of 

the molecules (λ), under these conditions the gas molecules will have collisions with the pore 

walls more frequently than with another gas molecule15.  The Knudsen diffusion coefficient (Dkn) 

can be estimated by: 
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Dkn =
𝟏

𝟑
 dv                                                        Equation 1.3 

where d is the pore diameter, and v is the molecular velocity.  Because a molecule’s kinetic 

energy (
1

2
mv2) is equal to kBT, rearranging for v gives: 

 v =√
𝟐𝒌𝑩𝐓

𝒎
                                                   Equation 1.4 

where kB is the Boltzman constant, T is the temperature, and m is the molecular mass.  

Combining eq. 1.3 and 1.4 gives: 

Dkn = 
𝒅

𝟑
[

𝟐𝒌𝑩𝐓

𝒎
]

𝟏/𝟐

                                                Equation 1.5 

 

Gases with different masses will have different velocities, and different Knudsen 

diffusion coefficients.  Because molecule-molecule collisions are rare in Knudsen diffusion, it is 

possible to use a porous membrane to separate gas mixtures.  The separation (α) achieved can be 

calculated by dividing Dkn of species A by Dkn of species B and taking the inverse.  This is also 

equal to the ratio of the square root of molar masses of each species: 

 αA/B = Dkn(B) / Dkn(A) = √𝒎B  / √𝒎A                           Equation 1.6 

Solution-diffusion occurs in a dense non-porous polymer.  Molecules permeate through 

the free volume of the polymer chains, with the free volume cavities changing due to thermal 

motion of the polymer chains16.  In solution diffusion, a gas molecule must first absorb into the 

dense polymer.  It then diffuses through the membrane.  And finally desorbs out the other end.  

The permeability of a membrane is the product of the diffusion coefficient (D) and the sorption 

coefficient (S): 

P = D * S                                                        Equation 1.7 
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The diffusion coefficient is a kinetic term; it relates the energy required for a gas 

molecule to diffuse through the membrane.  The sorption coefficient is a thermodynamic term, it 

is a measure of the concentration of gas that can be adsorbed into the polymer membrane16.  Both 

of these terms are temperature dependent and can be described with the following Arrhenius type 

equations: 

S = S0 exp {
−𝑯𝒔

𝑹𝑻
}                                               Equation 1.8 

D = D0 exp {
−𝑬𝒅

𝑹𝑻
}                                             Equation 1.9 

Combining equations 1.7-1.9 yields: 

P = P0 exp {
−𝑬𝑷

𝑹𝑻
}                                            Equation 1.10 

Ed is the diffusion activation energy, Hs is the heat of sorption, and Ep is the activation energy for 

permeation.  S0, D0, and P0 are the pre-exponential factors.  The sorption coefficient typically 

decreases with temperature, while the diffusion coefficient typically increases with temperature.  

Generally, an increase in temperature increases permeability; however, this is not always the 

case.  Depending on the gas, polymer, and temperature range, the permeability can actually 

decrease with temperature.  

The governing equation for gas transport across a dense membrane is given by: 

JA = PA 
𝒑𝟏− 𝒑𝟐

𝒍
                                        Equation 1.11 

where JA is the molar flux of species A, PA is the permeability coefficient for A, p1 is the partial 

pressure of A on the feed side of the membrane, p2 is the partial pressure of A on the permeate 

side of the membrane, and l  is thickness of the membrane.  This equation shows that the driving 

force for gas transport across a membrane is the difference in partial pressure between the feed 

and permeate side.  
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In solution diffusion, the maximum ability of a membrane to separate two gases is 

defined as the ideal selectivity and is calculated as the ratio of the pure gas permeability 

coefficients: 

α*A/B = 
𝑷𝑨

𝑷𝑩
                                              Equation 1.12 

Membrane properties are characterized via measurements of pure gas flux values.  Values 

of α*A/B less than that of the polymer are an indication of surface defects. 

 

 1.2.2 Mass Transfer Resistances in Traditional Three-Phase Reactions 

Consider a simplified three-phase heterogeneous hydrogenation reaction: 

 

Figure 1.2 – Simplified three-phase reaction scheme                              

where A is a gas reactant (hydrogen), B is a liquid reactant, and C is a liquid product.  In order 

for the A to reach the catalyst surface, so the reaction can take place, the following steps have to 

occur17: 

1. Transport of A from the bulk gas to the gas-liquid interface 

2. Transport of A from gas-liquid interface to bulk liquid 

3. Transport of A and B from bulk liquid to catalyst surface 

4. Diffusion of reactants through the pores of the catalyst (pore diffusion) 

5. Adsorption of reactants onto active sites of catalyst 

6. Surface reaction 
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Similar to resisters in series, the overall resistance to mass transfer (Rtot) of A from the 

bulk gas to the catalyst surface can be derived from the individual mass transfer resistances in 

steps 1-418: 

  Rtot = R1 + R2 + R3 + R4     (Total mass transfer resistance)                                 Equation 1.13 

 R1 = 
𝟏

𝒌𝒈𝒂
  (mass transfer resistance in the gas phase)                                             Equation 1.14 

  R2 = 
𝟏

𝒌𝒍𝒂
  (mass transfer resistance in the liquid phase at the gas-liquid interface)  

Equation 1.15 

  R3 = 
𝟏

𝒌𝒍𝒂𝒔
  (mass transfer resistance in the liquid phase at the liquid-solid interface)  

Equation 1.16 

R4 = 
𝒅𝒑

𝟔𝑫𝒊𝒂𝒑𝝓 𝐭𝐚𝐧 𝐡(𝝓)
 (mass transfer resistance in pores)                                     Equation 1.17 

Φ = 
𝒅𝒑

𝟔
 √

𝒌𝒓
′′𝒂𝒔

𝑫𝒊
                                                                                                          Equation 1.18 

where 𝐶𝐴
∗ is solubility of A in B, 𝑘𝑙𝑎 is the gas-liquid mass transfer coefficient, 𝑘𝑙𝑎𝑠 is the liquid-

solid mass transfer coefficient, and Φ is the Thiele modulus; see List of Symbols for the full 

definitions.  Several correlations have been developed based on reactor type, reactor geometry, 

and physical properties of the reactants to calculate the mass transfer coefficients17.   

Additionally, criteria has been established to test whether gas-liquid (α1), liquid-solid 

(α2), and pore diffusion (Φ) mass transfer resistances are significant; they are considered 

significant if the following inequalities hold true17:  

α1 =  
𝑹𝑯

𝑪𝒂𝒌𝒍𝒂
 > 0.1                                                    Equation 1.19 

α2 =  
𝑹𝑯

𝑪𝒂𝒌𝒍𝒂𝒔
 > 0.1                                                    Equation 1.20 

Φ  > 0.2                                                                  Equation 1.21 
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where RH is hydrogenation rate.  RH is an observed value taken from experimental data.  

 As mentioned above, the three-phase reactions investigated in this thesis, the partial 

hydrogenation of soybean oil3 and the lactic acid conversion19,20, are known to possess one more 

of these mass transfer limitations.  The use of membrane contact reactors are proposed as a 

means to reduce or eliminate these mass transfer resistances.   

 

 1.2.3 Membrane Reactors 

The use of a membrane to influence the composition within a chemical reactor is termed 

a “Membrane Reactor” (MR).  A membrane reactor is a unit that takes advantage of the 

separation properties of membranes and combines them with a chemical reactor into a single 

unit, the concept was introduced in the 1960’s by Gryaznov21.  There are several configurations 

that membrane reactors can be operated in, each having its own distinct advantage.  Figure 1.3 

shows two configurations: an extractor configuration where products are selectively removed 

from the reactor as they are being formed as a means to the shift equilibrium to the right, and a 

distributor configuration where a reactant is selectively added to a reactor to minimize the 

formation of undesired products.     

 

 

 

 



 

10 

 

Figure 1.3 – Membrane reactors in (left) extraction configuration and (right) distributor 

configuration.  Species “D” represent a desired product and species “U” represents an 

undesired product.  

  

Figure 1.4 shows two different configurations for membrane contact reactors (MCRs), 

“flow-through” and “flow-over” modes.  MCRs in the flow-through mode use a porous 

membrane with either Knudsen or convective transport.  Catalyst is attached inside the pores, 

and premixed reactants are forced through the membrane; an early name for these MCRs was 

“catalytic filter”22,23.  The function of the membrane is to provide a reaction surface and a 

controlled residence time.  These type of membranes provide excellent contact between reactants 

and catalyst, and are a good choice of reactors if pore diffusion is a limiting factor.   

 

Figure 1.4 – Schematic for catalyst membrane contact reactors in the (left) flow-over 

configuration and (right) flow-through configuration.  
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In flow-over operations, catalyst is attached to one side of the membrane and one reactant 

flows over the catalyst.  The second reactant is supplied to the membrane from the opposite non-

catalytic side of the membrane, where it must permeate through the membrane to reach the 

catalyst cites.  By forcing the second reactant to permeate through the membrane, it is possible to 

control its concentration at the catalyst surface, which allows for the ability to control product 

selectivity.  Another benefit of this configuration arises when using three-phase reactions in 

which the gas phase has low solubility in the liquid phase, such as the two reactions reported on 

in this thesis.  By using the flow-over configuration, it has been shown that hydrogen starvation 

at the catalyst cites can be eliminated and reactions can be operated under kinetically controlled 

conditions8.  For these reasons, only membrane contact reactors operated in the flow-over 

configuration were investigated in our studies.  

 

 1.2.4 List of Symbols 

JA  molar flux of species A, mol/m-2 s-1 

DA diffusion coefficient of A, m2/s 

C1 concentration of A on the feed side of the membrane, mol/m3 

C2 concentration of A on the permeate side of the membrane, mol/m3 

l thickness of the membrane, m 

Dkn Knudsen diffusion coefficient, m2/s 

d  pore diameter, m 

v molecular velocity, m/s 

m mass, kg 

kB Boltzman constant, m2 kg s-2 K-1 
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T temperature, K 

αA/B  separation factor, dimensionless 

P permeability, Barrer = 10-10 (cm3(STP) / cm. sec. cmHg) 

S sorption coefficient, dimensionless  

Ed  diffusion activation energy, J/mol 

Hs heat of sorption, J/mol 

Ep  activation energy for permeation, J/mol  

S0 sorption pre-exponential factor, dimensionless 

D0 diffusion pre-exponential factor, Barrer = 10-10 (cm3(STP) / cm. sec. cmHg) 

P0  permeation pre-exponential factor, Barrer = 10-10 (cm3(STP) / cm. sec. cmHg) 

R gas constant 

p1 partial pressure of feed side, Pa 

p2 partial pressure of permeate side, Pa 

α*A/B ideal selectivity, dimensionless 

Rtot,  resistances to mass transfer, s 

R1, R2, 

R3,R4   

kg gas-side mass transfer coefficient, m/s 

a specific gas-liquid contact area, m2/m3  

kl liquid-side mass transfer coefficient, m/s 

𝐶𝐴
∗ gas solubility, cL/cg at equilibrium  

as specific external surface area of solid, m2/m3 

dp particle diameter, m 
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Di impeller diameter, m 

𝜙 Thiele modulus, dimensionless 

𝒌𝒓
′′ first order surface reaction rate constant, m/s 

RH overall hydrogen rate, kmol m-3 s-1  

𝑪𝒂 saturation solubility of H2 in liquid phase, kmol/m3 
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Chapter 2 - Composite Catalytic Tubular Membranes for Selective 

Hydrogenation in Three-Phase Systems 

 2.1 Introduction 

Three-phase catalytic reactions involve liquid-phase and gas-phase reactants coming into 

contact with a solid-phase catalyst.  These three-phase heterogeneous reactions are widely used 

in industrial applications from pharmaceuticals to food processing.  These reactions are typically 

carried out in batch slurry systems or trickle bed reactors.  However, these traditional reactors 

possess inherent mass transfer limitations due to low hydrogen solubility in the liquid phase and 

slow diffusion to the catalyst surface. This results in hydrogen starvation at the catalyst surface, 

causing slow reaction rates, undesirable side reactions, or both1,2.  In the case of the partial 

hydrogenation of soybean oil (PHSO), the model reaction chosen for this study, the undesired 

side reaction is the production of trans-fats24,25.  

PHSO is the process of chemically adding hydrogen to a fat molecule in the presence of a 

catalyst.  This process converts some of the double bonds of unsaturated fatty acids to single 

bonds26.  Industrial hydrogenation, or hardening, of vegetable oil has been carried out since the 

early parts of the 1900’s27.  Hydrogenation improves the oxidative stability, flavor stability, and 

changes the melting point of the oil.  Unfortunately, hydrogenation also results in conversion of 

some cis double bonds to the trans configuration.  These isomers are collectively referred to as 

trans-fats or trans-fatty acids3,26,27.   The accepted reaction scheme for hydrogenation of a 

polyunsaturated fatty acid is shown in Figure 2.13.   

The scheme consists of three consecutive first order reactions in which linolenic acid is 

hydrogenated to linoleic acid, to oleic acid, to steric acid.  This is a simplified scheme and 

neglects shunt reaction, isomerization, or double bond migration.  The overall hydrogenation rate 
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for vegetable oils in a dead end batch reactor has been shown to follow first order kinetics3.  The 

rate constant is defined as: 

k = 
𝒍𝒏(

𝑰𝑽𝒐
𝑰𝑽

)

𝒕
                                                        Equation 2.1                                         

where t is time of reaction, IV0 is the initial iodine value, and IV is the iodine value at time t.  

The units of k are 
1

𝑡𝑖𝑚𝑒
.  

 

Figure 2.1 - Simplified consecutive reaction scheme for hydrogenation of soybean oil.  The 

accepted nomenclature for lipids is expressed as [Cx:y], where x is the number of carbon 

atoms in the lipid and y is the number of double bonds present. 

 

PHSO reactions are typically carried out in a batch autoclave with a nickel catalyst under 

the following conditions: 110-190°C, 2.0-5.0 bar, and 0.01-0.15 wt% nickel3.  These conditions 

are necessary to increase the solubility of hydrogen gas in the oil and to accelerate the 

hydrogenation reaction rate on the catalyst surface.  Unfortunately, while the high reaction 

temperatures promote rapid reaction, they decrease hydrogen solubility in the oil resulting in low 

hydrogen coverage on the catalyst, and accelerate the production of trans-fatty acids3.  

Palladium has been widely studied as an alternative catalyst28-31.  Palladium has an 

activity that is 15-20 times greater than nickel, and palladium can give lower trans-fat 

isomerization if the reaction can be run in the absence of mass-transfer limitation31.  However, 

when palladium is used in place of nickel under the normal operating conditions of the latter, 

mass transfer limitations are known to exist and palladium produces more trans-fats than 

nickel31. 
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A possible solution to overcome these mass transfer limitations, and lower the production 

of trans-fats, is the application of catalytic membrane contact reactors (CMCRs).  CMCRs are 

created by impregnating an asymmetric membrane with a catalyst on the selective “skin” of a 

membrane.  Hydrogen is supplied from the support side of the membrane and permeates from the 

support side to the skin side, where it adsorbs directly onto the metal surface.  Liquid reactant is 

circulated over the skin side, allowing the liquid to come into direct contact with the metal 

coated surface of the membrane where the hydrotreating occurs, Figure 2.2.  CMCRs have the 

potential to eliminate hydrogen starvation by changing the transport mechanism of hydrogen 

delivery to the catalyst surface, thus changing the reaction from mass transfer limited to 

kinetically limited.  In the PHSO, the mass transfer of gas into the liquid phase is known to be 

the rate limiting step3.  With CMCRs, the gas delivery to the catalyst surface is governed by the 

transport mechanism of the gas through the membrane: solution diffusion, Knudsen diffusion, or 

convection.   

The system configuration shown in Figure 2.2 is referred to as a “flow-over” system; 

because the liquid reactant is circulated over the surface of the catalyst.  Another configuration 

that has received interest is the pore “flow-through” method32.  In the flow-through 

configuration, catalyst is embedded inside the pores of the membrane and premixed reactants are 

forced through the membrane; an early name for these CMCRs was “catalytic filter”22,23.  By 

forcing the reactants through membrane pores, with either convective or Knudsen transport, 

excellent contact is achieved between reactants and catalyst, and pore diffusion can be eliminated 

as a limiting factor.  We chose the flow-over system because a flow-through system is still 

limited by the low hydrogen solubility in the oil phase, as the oil and hydrogen must be premixed 

prior to flowing though the pores33.  A study hydrogenating sunflower oil showed that this 
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excellent catalyst-oil contact, coupled with low hydrogen solubility leads to higher trans-fat 

formation than a slurry reactor33.        

 

Figure 2.2 - Schematic of catalytic membrane contact reactor (CMCR).  Catalyst is 

attached to the selective layer, hydrogen is supplied to the support side, oil is circulated 

over the selective layer; allowing the oil to come into contact with the catalyst.   

 

The concept of the catalytic membrane reactors was first introduced by Gryaznov in the 

1960’s21,34.  These early works focused on thick non-porous metal membranes.  Additionally, 

much of the early work on catalytic membrane reactors focused on gas-phase reactions35,36; 

while more recent work in the gas phase includes the novel destruction of chemical warfare 

agents37.  Since then, CMCRs have been demonstrated using asymmetric membranes for three-

phase reactions.  These works include CMCRs for hydrogenation of dissolved oxygen in 

water38,39, hydrogen peroxide synthesis40, and the hydrogenation of various vegetable oils41.  

Previous bench scale studies in our lab have shown that bench scale flat sheet membrane reactors 

are able to reduce the amount of trans-fats formed by up to 70% in the PHSO42-44.  However, 

extending this technology from the bench scale to commercial use requires a more complete 

understanding of how process conditions and reactor design influences system performance.   
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The objective of this study was to access the potential to scale-up CMCRs for the partial 

hydrogenation of soybean oil.  CMCRs were prepared using commercially available hollow fiber 

membranes.  The influence of the process temperature and pressure on reaction rate and 

selectivity was measured.  The CMCR results are compared to those of the traditional slurry 

system and viability for large-scale design.   

 

 2.2 Materials and Methods 

 2.2.1 Materials 

Commercial available composite tubular membranes and module (PVM-035) were 

purchased from Pervatech BV (Netherlands).  Refined, bleached, and deodorized soybean oil 

(iodine value, IV = 129-132) was purchased from a local grocery store, Dillon’s Food Store Inc.  

Poly(N-vinyl-2-pryyolidone) (PVP) average M.W. 58,000, K29-32 and palladium(II) chloride 

with a purity of 99.999, was purchased from ACROS Organics™.  Methanol (MeOH) 99.8% 

(Certified ACS Reagent Grade) was purchased from Fisher Scientific.  Hydrogen and nitrogen, 

ultra high purity (99.999%), were purchased from Linweld Inc.    

 2.2.2 Virgin Membrane 

The membranes used are a polymeric/ceramic composite with a substrate layer of α-

Al2O3 (outside/shell side), an intermediate layer of γ-Al2O3/titania, and a polydimethylsiloxane 

(PDMS) top layer (inside/bore side).  The dimensions are 500 x 10 x 7 mm (length x O.D. x I.D.)  

The PDMS layer is listed as non-porous with a thickness ranging from 3 to 5 μm.   

All membranes used were flux tested using a constant-pressure variable volume 

apparatus as a means of quality control, a similar device is described elsewhere45.  All flux 

measurements were performed at a feed pressure of 4.2 bar gauge, 0 bar gauge permeate 
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pressure, and 25°C.  The normalized gas fluxes are determined, and the pure gas selectivities 

( 𝛼𝑖/𝑗) were calculated.    𝛼𝑖/𝑗 is the ratio of normalized flux of pure gas i over pure gas j.  Gas 

fluxes are reported in gas permeation units (GPU); where one GPU equals 10−6 𝑐𝑚(𝑆𝑇𝑃)
3

𝑐𝑚2∗𝑠𝑒𝑐∗𝑐𝑚𝐻𝑔
.  A 

membrane is considered defect free if it has an  𝛼𝑖/𝑗 equal to the ratio of the permeance of gas i 

and gas j for material of the selective skin layer (PDMS).  Any skin defects in the membrane will 

lower this selectivity.   

For this study membrane permeance and selectivities for the pure gases hydrogen and 

nitrogen were tested.  The purpose of testing for pure gas selectivity is to probe for structural 

damage to the selective skin of the membrane.  A small amount of skin defects were acceptable; 

all membranes used were required to have an  𝛼𝑖/𝑗 greater than Knudsen diffusion selectivity.  

 2.2.3 Catalyst Deposition 

Membranes were rendered catalytically active by wet impregnation of a polymer-

palladium complex.  A catalyst solution was prepared by dissolving 0.4g PVP and 0.2g PdCl2 in 

MeOH into a 50 mL centrifuge tube and sonicated overnight in a water bath.  The membranes 

were coated by first plugging one end of the membrane tube and filling it with 9 mL of the PVP-

PdCl2-MeOH solution.  The second end was then plugged, and the membrane was inverted 

several times.  The membranes were drained of the PVP-PdCl2-MeOH solution and placed in an 

oven at 60°C and allowed to dry for 30 min.  This process was repeated five times.  The coated 

membranes were reduced from PdCl2 to Pd under a hydrogen atmosphere for two hours prior to 

use.  Catalyst reduction was confirmed using powder x-ray diffraction (XRD).   

Because the catalyst was deposited on the inside of the membrane (diameter ≈ 7mm), we 

were unable to perform XRD directly on the membrane.  Instead, reduction was performed on a 

model surface.  A PDMS film was coated with the PVP-PdCl2 and reduced under identical 
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conditions; XRD was performed on this sample.  The bottom two diffraction patterns in Figure 

2.3 are the unreduced PdCl2; the bottom most pattern (▬) shows pure PdCl2 powder, the 2nd 

pattern from the bottom (▬) shows the PDMS film coated with our PVP-PdCl2 catalyst.  The top 

two diffraction patterns show the reduced palladium; the 3rd pattern from the bottom (▬) shows 

palladium on a XRD slide, and the top most pattern (▬) shows the reduced PVP-Pd on a PDMS 

film.  Both of the unreduced samples (bottom two patterns) show characteristic peaks at 2θ ≈ 

17°,  27°, 28°, and 38° representing the PdCl2 (020), (011), (120) , and (111) planes respectively; 

these peaks are not present in the reduced samples (top two patterns).  The reduced patterns 

shows characteristic peaks at 2θ ≈ 40°, 46°, and 67° representing the (111), (200), and (220) 

planes respectively.  Figure 2.3 shows that our initial catalyst solution of PVP-PdCl2 contains a 

mixture of PdCl2 and Pd, indicating that some of the PdCl2 was reduced prior to the deposition of 

the metal (during the catalyst solution preparation step); this is expected as methanol is known to 

reduce PdCl2
46; however, figure 3 clearly shows that our final PVP-Pd contains no metal salt.  

Figure 2.3 also shows the amorphous halo of the PVP polymer. 

 

Figure 2.3 - XRD results for catalyst reduction on PDMS film model surface.  XRD 

spectrum clearly show reduction of PdCl2 to Pd, even in the presence of the anchoring 

polymer PVP.  Additionally, the amorphous halo of the PVP is present.    
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Similar to Gao et al.35, we found that the metal salt alone could not be irreversibly 

adhered on the polymeric skin of the membrane; however, the PVP anchored metal complex was 

able to adhere onto the skin of the membranes.  Inductively coupled plasma (ICP) tests, at a 

detection limit of 5 mg/L, performed on oil samples showed no signs of catalyst leaching into the 

liquid phase (ICP results not shown).  Figure 2.4 shows that the coated membrane on the right 

has a darker color, indicating that PVP-Pd catalyst adhered to the selective layer of the 

membrane.   

 

Figure 2.4 - Virgin membrane (left side) and catalytic membrane (right side).  The darker 

color on the bore side of the membrane on the right indicates that PVP-Pd catalyst adhered 

to the selective layer. 

 

 2.2.4 Reactor Set-up 

A schematic of the reactor system employed is shown in Figure 2.5.  Oil is circulated 

through the CMCR using a positive displacement pump (Q1CSY, Fluid Metering Inc.).   The 

recirculation loop was constructed of ¼ inch stainless steel tubing (Swagelok Company), 

wrapped in a heating tape (BSAT051006, BriskHeat Corporation).  Hydrogen was supplied to 

the shell side of the reactor (support side of the membrane).  Nitrogen was supplied to the oil 
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side of the membrane; the oil side was kept at a higher pressure than the hydrogen pressure to 

prevent the selective skin of the membrane from being damaged. 

Immediately following catalyst reduction, 19.8 gram of oil was added to the system and 

circulated at 1 mL/sec.  The system was then pressurized and purged with nitrogen, and the 

heating tape was turned on.  Once the system equilibrated at the desired temperature, the 

hydrogen pressure was applied; this was recorded as the start of the reaction.  0.09g samples 

were collected periodically and saved for fatty acid methyl ester analysis.  At the end of each 

experiment, the system was drained of oil and flushed with five volumes of hexane.   

 

 

Figure 2.5 - Schematic of the membrane reactor setup for the PHSO experiments: (1) 

Piston pump; (2) membrane module; (3) membrane; (4) purge valve; (5) pressure gauge; 

(6) check valve; (7) hydrogen source (8) thermal couple; (9) nitrogen source; (10) sample 

port.  
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 2.2.5 Sample Analysis 

Triglycerides were converted to fatty acid methyl esters (FAMEs) using American Oil 

Chemists’ Society (AOCS) official method Ce 2-6647.  The corresponding FAMEs were 

analyzed on a gas chromatogram (GC), equipped with a flame ionization detector (FID); 

Hewlett-Packard 6890 series.  The GC method employed was AOCS official method Ce 1h-0548.  

The column used was a 100m CP-Sil 88 (Agilent Technologies), the injector port and detector 

were kept at 220 °C with a 100:1 split ratio, the oven was operated isothermally at 180 °C, and 

the carrier gas was helium at 1.0 mL per min.  From the GC results, we were able to determine 

the iodine value (IV) of the samples using AOCS official method cd 1c-8549. 

 2.2.6 Error Analysis 

The error bars shown represent the propagation of error present in each measurement.  

There were three important sources of error for the measurements reported: IV, mass of oil, and 

time.  The error in IV (±1.2) was determined by performing the transesterification and the 

subsequent GC analysis 10 times on the same sample of oil.  The range from these 10 runs was 

used as the error in IV.  The error in the total mass of oil initially charged to the reactor was 

taken to be ±0.99 g.  This was determined by filling and draining the system 10 times, the range 

from these 10 points was used.  And the error in time used was ±1.0 minute; this was the 

accuracy of the clocks used.  These values were used to propagate the error in the results section.  

There are two other sources of error, temperature and pressure, ±1 °C and ±0.2 bar respectively.  

However, these values were not used in any calculations and thus not propagated further.  

Temperature and pressure were usually independent variables, and errors bars were not added in 

the x-axis of plots.   
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 2.3 Results and Discussion 

 2.3.1 Pressure Effects 

The driving force for hydrogen flux across the membrane is the difference in hydrogen 

partial pressure between the two sides of the membrane.  As the hydrogen pressure is increased 

on the shell side an increase in hydrogen flux and hydrogen availability at the catalyst surface is 

expected.  As long as hydrogen consumption is greater than the ability to delivery hydrogen to 

the catalyst, we should expect the reaction rate to increase as the hydrogen flux is increased.  

However, once hydrogen delivery is greater than hydrogen consumption, the reaction rate will 

reach a maximum.  This is indeed what we see in Figure 2.6.   

Figure 2.6 shows the reaction rate as a function of hydrogen pressure for the PHSO at 65 

°C ± 2 using three different membranes.  Each data point is a separate experiment.  CMCR 1, 

CMCR 2, and CMCR 3 represent different membranes; however, they are structurally identical 

(i.e. the same catalogue number), so any variation in gas transport properties would come from 

variations in the manufacturing processes.  The data can be divided into two regions: (1) ≤ 2 bar 

of hydrogen pressure, and (2) > 2 bar of hydrogen pressure.  In the first region, the reaction rate 

increased with an increase in hydrogen pressure; however, in the second region the reaction rate 

remained fairly constant with increasing hydrogen pressure.  In the low pressure region, the 

reaction is hydrogen delivery limited.  Above some threshold (≈ 3 bar for this study), the reaction 

is kinetically limited.   
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Figure 2.6 - Reaction rate as a function of hydrogen pressure for the partial hydrogenation 

of soybean oil at 65°C ±2 for three different membranes. CMCR 1 (●), 2 (▲) and 3 (■) 

(represent different membranes; however, structurally they are identical {i.e. the same 

catalog number}, and with identical catalyst application).   The graph shows two regions: 

(1) at hydrogen pressures ≤ 2 bar, hydrogen delivery limited region, where an increase in 

hydrogen pressure causes an increase in reaction rate, (2) at hydrogen pressures ≥ 3.5 bar, 

kinetically limited region, where the limiting factor is catalyst availability.   

 

The reaction order for the runs with hydrogen pressure ≥ 3.5 bar was determined to be -

0.1 ± 0.2 with respect to hydrogen pressure (Figure 2.7).  This zero-order type behavior would 

indicate that the system was operating under kinetically controlled conditions and the catalyst 

had sufficient hydrogen coverage throughout the experiments.  In contrast, a slurry system with a 

Pd catalyst, operating at over 50 bar hydrogen pressure, has a reaction order of 0.628, indicating 

that the reaction is limited by hydrogen availability at the catalyst.  The reported slurry system is 

believed to be free of pore diffusion limitations28, thus any hydrogen starvation must be due to 

low hydrogen solubility into the oil phase.  Our CMCR system is able to produce kinetically 

controlled conditions at pressures > 4 bar, while slurry systems at pressures in excess of 50 bar 

are not.  
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The variability in the reaction rates given in Figure 2.6 is probably due to the lack of 

control in the catalyst deposition.  After each experiment, the membrane was sonicated in hexane 

overnight, dried, and fresh catalyst was redeposit.  Without a means to control the precise 

amount of catalyst applied for each experiment, variability in the amount and availability of 

catalyst is to be expected.  Although CMCR 1, CMCR 2, and CMCR 3 are physically different 

membranes, they are treated exactly the same; the procedures for depositing catalyst and 

cleaning the membranes are consistent thought out the experiments.  Nevertheless, Figure 2.6 

clearly demonstrates that a CMCR can supply hydrogen sufficiently fast to achieve high and 

constant catalyst surface coverage that ultimately achieves fast and selective conversation.   

  

Figure 2.7 - Reaction order with respect to hydrogen pressure equals -0.1 ± 0.2, for data 

points ≥ 3.5 bar from Figure 2.6 (kinetically limited region).  This zero order behavior 

indicates that the catalyst surface maintains high hydrogen coverage throughout the 

experiments. 

 

As discussed in the experimental section, the membranes used are ceramic/polymer 

composites.  The goal of composites is to produce a membrane that contains a very thin, 

selective, top layer that is supported by a nonselective porous layer50,51.  The ceramic layer acts 

as the porous support, and provides essentially no resistance to gas transport, its purpose is to 
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provide mechanical strength to the top polymer layer.  The top polymer (PDMS) layer is non-

porous, approximately 3-5 μm thick, and essentially provides all of the resistance to gas 

transport.  By minimizing the thickness of the top layer, and using a very permeable support 

layer, it is possible to produce a membrane that has high flux and close to the intrinsic selectivity 

of the selective PDMS layer50,51.  Which is what Table 2.1 shows for the unmodified membranes 

having hydrogen fluxes between 100-300 GPU, and selectivities close to the intrinsic  𝛼𝐻2/𝑁2
 = 

2.23 at 35°C52.  

Table 2.1 also shows a significant jump in hydrogen and nitrogen flux for CMCR 1 and 

CMCR 2 after use, while the fluxes for CMCR 3 essentially stayed constant.  We believe that 

this is due to the repeated process of: (1) using the membranes, (2) depositing and reducing 

catalyst, and (3) cleaning (described above); this repeated cycle induced defects into the 

membrane skin.  Because the selective PDMS layer is ultrathin, even small defects can lead to a 

large increases in gas fluxes53,54.  CMCR 1 and CMCR 2 were exposed to this cycle 14 and 10 

times (respectively), while CMCR 3 was only used 4 times; with more uses, we expect CMCR 3 

to also see an increase in flux.  Table 2.1 also shows the selectivities of the unmodified vs. 

modified membranes, the selectivities can provide insight into the nature of the type of defects 

that are being created in the membranes.  

The selectivities are between the intrinsic selectivity of PDMS (2.23 at 35°C)52 and 

Knudsen selectivity (3.74).  This would indicate the induced defects are small; in Knudsen range 

or smaller.  If the defects were large, then the gas transport would be convective flow and the 

membrane would become non-selective i.e. 𝛼𝐻2/𝑁2
 would become 1.  Knudsen diffusion occurs 

when the pores are smaller than the mean free path of the gas.  When this is the case, the gas 

molecules will have collisions with the walls of the pores more frequently than with other gas 
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molecules53.  The 𝛼𝐻2/𝑁2
 for Knudsen diffusion is 𝛼𝐻2/𝑁2

 = √
𝑀𝑊𝑁2

𝑀𝑊𝐻2
, where 𝑀𝑊𝑁2 and 

𝑀𝑊𝐻2 stand for the molecular weight nitrogen and hydrogen, respectively53.   

 

Table 2.1 - Membrane flux at 25°C and 4.2 bar: prior to metal deposition and after 

completion of reactions. 

 

 2.3.2 Temperature Effects 

In a traditional slurry reactor, an increase in temperature increases the rate of hydrogen 

consumption at the catalyst, while simultaneously decreasing hydrogen solubility in the liquid 

phase.  These factors lead to a decrease in hydrogen coverage on the catalyst and a 

corresponding increase in trans-fat production3.  Figure 2.8 compares the trans-fat formed, for 

equal levels of hydrogenation (IV ≈ 115), as a function of the reaction temperature.   A slurry 

reactor with a Pd/Al2O3 catalyst shows a signification increase in trans-fat as temperature is 

increased29.  However, for the CMCR system, the production of trans-fat is essentially 

temperature independent.  Additionally, the CMCR’s trans-fat formed at all tested temperatures 

is less than the trans-fat formed at 23 °C for the slurry reactor.  This allows the CMCR system to 

be operated at high temperatures, capturing higher reaction rates without adversely affecting 

product quality. 

 

Virgin membranes 

(permeance, GPU) 
After reaction (permeance, GPU) 

 

N2 H2 

  
𝐻2

𝑁2
𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

Number 

of 

Reactions 

N2 H2 

  
𝐻2

𝑁2
𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

CMCR 1 32.8 113.7 3.5 14 350 1160 3.3 

CMCR 2 107 263 2.5 10 550 1760 3.2 

CMCR 3 88 220 2.5 4 93 196 2.1 
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Figure 2.8 - Trans-fat formation as a function of temperature.  Trans-fat formation is 

essentially temperature independent using membrane reactors.   The slurry reactor (■) 

show a significant increase in trans-fat formation as the temperature increases.  Membrane 

reactors (●) operated between 2-5 bar hydrogen pressure, slurries were 3.5 bar 29 

 

 2.3.3 Kinetics 

Albright55 developed the kinetic equations for the reaction scheme shown in Figure 2.1.  

The governing equations are:  

[Ln] = [Ln0] 𝒆−𝒌𝟏𝒕                                                                                         Equation 2.2 

[L] = [Ln0] (
𝒌𝟏

𝒌𝟐−𝒌𝟏
) (𝒆−𝒌𝟏𝒕  −  𝒆−𝒌𝟐𝒕) + [L0] 𝒆−𝒌𝟐𝒕                                     Equation 2.3    

  [O] = [Ln0] (
𝒌𝟏

𝒌𝟐−𝒌𝟏
) (

𝒌𝟐

𝒌𝟑−𝒌𝟏
) (𝒆−𝒌𝟏𝒕  −  𝒆−𝒌𝟑𝒕) -                                          Equation 2.4                            

[Ln0] (
𝒌𝟏

𝒌𝟐−𝒌𝟏
) (

𝒌𝟐

𝒌𝟑−𝒌𝟐
) (𝒆−𝒌𝟐𝒕  −  𝒆−𝒌𝟑𝒕) +   

[L0] (
𝒌𝟐

𝒌𝟑−𝒌𝟐
) (𝒆−𝒌𝟐𝒕  − 𝒆−𝒌𝟑𝒕) + 

[O0] 𝒆−𝒌𝟑𝒕 

 

where [Ln0],[L0], and [O0] are the starting wt% of linolenic acid, linoleic acid, and oleic acid 

respectively.  [Ln], [L], and [O] are the wt% of linolenic acid, linoleic acid, and oleic acid at time 
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(t).  The individual rate constants (k1, k2, k3) were calculated by solving for the three 

simultaneous equations above.   

The temperature dependence of the rate constants are correlated using the Arrhenius 

equation:   

                                                                    𝒌 = 𝑨𝒆−𝑬𝒂/𝑹𝑻
                                                     Equation 2.5                                   

where k is the rate constant, A is the preexponential factor, Ea is the apparent activation energy, 

R is the gas constant, and T is the temperature in kelvin.  The Ea of a reaction can be determined 

by carrying out the reaction at different temperatures and plotting the ln(k) versus 1/T.  The 

resulting Arrhenius plot will have a slope equal to -Ea/R.  These plots were used to determine the 

apparent activation energy for the over rate of hydrogenation (k), and for the individual rate 

constants (k1, k2, and k3); denoted as: 

     Ea = apparent activation energy for the overall rate of hydrogenation (k) 

     Ea1 = apparent activation energy for linolenic acid to linoleic acid (k1) 

     Ea2 = apparent activation energy for linoleic acid to oleic acid (k2) 

     Ea3 = apparent activation energy for oleic acid to steric acid (k3) 

The apparent activation energy for overall (Ea), and the individual reactions (Ea1, Ea2, and 

Ea3) for our CMCR system were determined.  The system was filled with oil and operated as 

described above (section 2.4) at four different temperatures.  Four samples were taken at each 

temperature.  After the forth sample at a given temperature, the hydrogen pressure was turned off 

and the temperature was increased.  The system was allowed 30 minutes to equilibrate to the new 

temperature and hydrogen pressure was reapplied.  This was repeated for the final two 

temperatures (Figure 2.9).  The Arrhenius plots for CMCR system was graphed and the apparent 

activation energies were determined, Table 2.2.   
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Figure 2.9 - Partial hydrogenation of soybean oil at four temperatures for a catalytic 

membrane: 50°C (♦), 60°C (●), 70°C (■), 80°C (▲).  The overall and individual rate 

constants (k, k1, k2, k3) were determined as well as the apparent activation energies (Ea, Ea1, 

Ea2, Ea3). 

Because activation energy of a catalyst should be system independent (absent of mass 

transfer limitations) we compared the Ea of our CMCR to that of a slurry system.  We found that 

the results for the CMCR system compares similarly to a slurry reactor with Pd/alumina, 36.4 

kJ/mol compared to 30.1 – 35.9 kJ/mol respectively,  

 

Table 2.328.  Additionally, the Arrhenius plots for both systems were linear.  The 

agreement of apparent activation energies and linearity of the plots would indicate that both 

systems are free of mass transfer limitations.  However, the CMCR system achieved this at 4 bar 

hydrogen pressure compared to 51 bar for the slurry.  This further demonstrates the ability of 

CMCRs to operate in the kinetically controlled region at greatly reduced pressures.   

 2.3.4 Selectivities 

When hardening soybean oil, the aim is to hydrogenate linolenate (Ln, C18:3), while 

maintaining linoleate (L, C18:2), and minimizing stearate formation (S, C18:0).  These 
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preferences are expressed as the linolenate (SLn) and linoleate (SL) selectivities3,55.  These 

selectivities are defined as:   

SLn = 
𝒌𝟏

𝒌𝟐
                                                        Equation 2.6 

SL = 
𝒌𝟐

𝒌𝟑
                                                          Equation 2.7  

The apparent activation energy for individual hydrogenation steps show that Ea1 > Ea2 > 

Ea3, Table 2.2.  This is consistent with literature for both nickel3 and palladium3,28,29,31 slurry 

reactors.  This is credited to preferred adsorption of the polyenes over the monoenes56.  This 

increasing activation energy means that it is advantageous to run the reaction at higher 

temperatures, as the higher temperatures will improve selectivities (Figure 2.10).  Because Ea1 > 

Ea2 > Ea3, as the temperature is increased, k1 will increase at a greater rate than k2, and k2 will 

increase at a greater rate than k3.  According to equations 2.6 and 2.7, this results in higher SL 

and SLn at higher temperatures, as demonstrated in Figure 2.10.   Because increasing 

temperatures in a slurry reactor causes an increase in trans-fats, slurries are forced to choose 

between improved selectivities or lower trans-fats.  Membrane reactors are not forced to choose 

between this tradeoff; CMCRs can run at higher temperatures without the increase in trans-fats, 

allowing them to capture the improved selectivities.   

 

Table 2.2 - Summary of apparent activation energies for the CMCR 

 

Apparent 

Activation 

Energy (kJ/mol) 

R2 of 

Arrhenius 

plot 

Ea (Overall) 36.4 0.9484 

Ea1 (Ln → L ) 46.9 0.9503 

Ea2 (L → O) 43.9 0.9835 

Ea3 (O → S) 28.9 0.9995 
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Table 2.3 - Apparent activation energy: Membrane systems, and slurry systems 

System 
H2 Pressure 

(bar) 
Temperatures 

(°C) 
Ea       

(kJ/mol) 

CMCR 4.0 50-80 36.4 

Pd/alumina28 51.7 50-110 30.1 – 35.9  
  

 

 

Figure 2.10 - Temperature effects on selectivities for CMCR.  As the temperature is 

increased, both the SLn (▲) and SL (■) selectivities increase.  Higher selectivities are desired 

as SLn represents the selectivity of polyunsaturated fats over monounsaturated fats.   And 

SL represents the selectivity of monounsaturated fats over saturated fats.  

 

 2.3.5 Scale-up  

The membrane and module combination were chosen for three reasons, they are: (1) 

commercially availability, (2) available in the hollow fiber configuration, and (3) several module 

sizes were available.  When accessing the scale-up feasibility of using membrane reactors on a 

commercial scale, commercial availability is important as this allows for easy and cheap 

replacement of key components.  The hollow fiber configuration is important, as this is the most 

efficient configuration for membrane packing density57.  We chose the smallest module available 
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(one tube, 0.005 m2 membrane surface area), and have used its performance as a basis for 

estimation of a pilot CMCR system for the PHSO.  Ray29 reported that 600 mL of oil, at 12 

IV/hour, with 0.004% Ni loading, was an acceptably fast reaction rate for the PHSO.  

Extrapolating our data of 22 mL of oil, at 4.2 IV/hr, with 0.005 m2 surface area for the CMCR, 

we would require 0.39 m2 to equal the slurry’s space time yield (assuming reaction rate is 

constant with scale-up).    

When using a CMCR, all of the catalyst is attached to the surface of the membranes, thus, 

the amount of catalyst that a reactor can contain is limited to the available surface area of the 

membrane.  Whereas, with a slurry reactor, there is no limit to the amount of catalyst that can be 

used.  This can lead to large amounts of required surface area if the reaction rate is slow; the 

example used above would require 0.39 m2 of surface area.  However, if the temperature can be 

increased without adversely effecting selectivity, as we demonstrated above, then the reaction 

rate can be increased while simultaneously lowering the membrane surface area required.  

Commercially treatment of 5-20 tonnes of oil for an IV reduction of 40 points in 8-10 hours is 

standard.  To accomplish this using current technology would require 1500-7300 m2.  This could 

be realized in one to a few hollow fiber modules57.  

  

 2.4 Conclusion 

It was demonstrated that a Pd-PVP complex could be attached to commercially available 

membrane for use as a CMCR.  The partial hydrogenation of soybean oil was used as model 

reaction in comparison to three phase batch slurry reactor to investigate mass transfer limitations 

of the gas phase delivery to the catalyst surface.  It was found that at hydrogen pressures as low 

as 2 bar, CMCRs are able to maintain a high level of hydrogen coverage at the catalyst, with a 
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reaction order of (-0.1 ± 0.2) with respect to H2 pressure.  This allowed our system to produce 

significantly less trans-fat than a slurry reactor (12 wt% vs. 30 wt% trans-fats at equivalent 

temperature and extent of reaction).  Additionally, trans-fat formation for our CMCRs is 

essentially temperature independent, contrary to slurry reactors which show a clear correlation 

between increased temperature and increased trans-fats.  Kinetic studies were performed and the 

Ea for the overall rate of hydrogenation of the system was found to be 36.4 kJ/mol at 4 bar 

hydrogen pressure; this value is in agreement with a slurry reactor operating at over 50 bar 

hydrogen pressure.   
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Chapter 3 - Platinum and Palladium Composite Catalytic 

Membrane for Three-Phase Hydrogenation 

 3.1 Introduction 

Catalytic membrane contact reactors (CMCRs) have received considerable attention as a 

possibly alternative to three-phase batch slurry reactors for many hydrogenation reactions38,39,41.  

These traditional reactors possess inherent mass transfer limitations due to low hydrogen 

solubility in the liquid phase and slow diffusion to the catalyst surface. This causes hydrogen 

starvation at the catalyst surface, resulting in undesirable side reactions and/or extreme operating 

pressures1,2.  CMCRs have the potential to increase hydrogen available at the catalyst at reduced 

operating pressures and temperatures.  

A schematic for CMCRs is shown in Figure 3.1.   Hydrogen is supplied to the side of the 

membrane opposite the catalyst, permeates through the membrane, where it adsorbs directly onto 

the metal surface.  Liquid reactant is circulated over the catalyst, allowing the liquid to come into 

direct contact with the metal coated surface of the membrane where hydrogenation occurs.  With 

CMCRs, the gas delivery to the catalyst surface is governed by the transport mechanism of the 

gas through the membrane: solution diffusion, Knudsen diffusion, or convection.  By changing 

the rate of hydrogen delivery to the catalyst surface, CMCRs can change the limiting factor in a 

reaction from mass transfer limited, to kinetically limited 

The early concepts of membrane reactors dates to the 1960s.  Gryanov et al.21,34 wanted 

to take advantage of hydrogen’s ability to diffuse through palladium, and couple palladium 

membranes to hydrogenation and dehydrogenation reactions.  Various liquid phase 

hydrogenation reactions were proposed;34,58,59 however, these employed thick non-porous metal 

membranes, which are both expensive and provide low hydrogen flux.  An alternative to a solid, 
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non-porous metal layer, are composite membranes.  Composite membrane can be produced by 

dispersing a metal catalyst onto a membrane; either into the porous support60,61, or the nonporous 

“skin”42 of the membrane, Figure 3.1.  The membranes can be polymeric44, ceramic41,62, or a 

ceramic/polymeric composite8.    

Early work in our lab involved sputter coating polymer membranes with platinum for the 

partial hydrogenation of soybean oil (PHSO)42-44.  In the PHSO, low hydrogen solubility into the 

liquid phase is known to cause hydrogen starvation at the catalyst, leading to the production of 

trans-fats at high levels (>30wt%)3.  These sputter coated membranes were able to reduce trans-

fats by over 70%, indicating high hydrogen coverage at the catalyst was achieved.  In more 

recent work in our lab, commercially available ceramic/polymeric were rendered catalytically 

active and used in the PHSO with promising results8.  However, these latest results were limited 

to a narrow temperature range due to the operating limits of the membrane, and only reported on 

one type of catalyst.  Here we extend the temperature range and report on results for additional 

catalysts.   

  In this study, various membrane/catalyst combinations and configurations are prepare 

and investigated for the PHSO.  All membranes used are tubular ceramic/polymeric composites, 

with the ceramic providing a porous layer and the polymer being a non-porous layer.  Catalyst 

was deposited in either the porous ceramic or attached to the non-porous skin of the membrane 

with palladium and platinum being the catalysts studied.  We report reaction selectivities, trans-

fat formation, and reaction rates of CMCRs.  These results are compared to slurry reactors, 

which are the industrial standard for the PHSO. 
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Figure 3.1 - Catalytic membrane contact reactors (CMCRs) in the flow-over configuration, 

with catalyst attached to the selective skin of the membrane (left), and catalyst embedded 

in the porous support (right). 

 

 3.2 Experimental 

 3.2.1 Materials 

Refined, bleached, and deodorized soybean oil (iodine value, IV = 129-132) was 

purchased from a local grocery store, Dillon’s Food Store Inc.  Poly(N-vinyl-2-pryyolidone) 

(PVP) average M.W. 58,000, K29-32, platinum(II) chloride (99.999% pure), and palladium(II) 

chloride (99.999% pure), were purchased from ACROS Organics™.  Methanol (MeOH) 99.8% 

(Certified ACS Reagent Grade) was purchased from Fisher Scientific.  Hydrogen and nitrogen, 

ultra high purity (99.999%), were purchased from Linweld Inc.  Deionized (DI) water was 

produced in-lab. 

 3.2.2 Membranes 

Commercial available composite tubular membranes and module (PVM-035) were 

purchased from Pervatech BV (Netherlands).  Two different types of membranes were used in 

this study, both types are a polymeric/ceramic composite with dimensions of 500 x 10 x 7 mm 
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(length x O.D. x I.D.).  The ceramic portion of the membranes are porous and provide structural 

support, and the polymer is a thin non-porous layer.  One type has a substrate layer of α-Al2O3 

(outside/shell side), an intermediate layer of γ-Al2O3/titania, and a polydimethylsiloxane (PDMS) 

top layer (inside/bore side), we will refer to these type of membranes as “PDMS”63.  The 2nd 

type has a substrate layer of α-Al2O3 (outside/shell side), an intermediate layer of γ-Al2O3, and a 

hybrid silica (HybSi®) on top layer (inside/bore side)), we will refer to these type of membranes 

as “HybSi”64.  More information on the HybSi® structure, processes, and fabrication can be 

found elsewhere65-68. 

All membranes used were flux tested using a constant-pressure variable volume 

apparatus as a means of quality control, a similar device is described elsewhere45.  All flux 

measurements were performed at a feed pressure of 4.2 bar gauge, 0 bar gauge permeate 

pressure, and 25°C.  The normalized gas fluxes are determined, and the pure gas selectivities 

( 𝛼𝑖/𝑗) were calculated.    𝛼𝑖/𝑗 is the flux ratio of pure gas i relative pure gas j.  Gas fluxes are 

reported in gas permeation units (GPU); where one GPU equals 10−6 𝑐𝑚(𝑆𝑇𝑃)
3

𝑐𝑚2∗𝑠𝑒𝑐∗𝑐𝑚𝐻𝑔
.  A 

membrane is considered defect-free if the experimental 𝛼𝑖/𝑗 equals the ratio of the permeabilities 

for the gas pair through the polymer employed.  Any skin defects in the membrane will lower 

this selectivity.  At the test conditions, the ideal selectivities (indicating defect-free behavior) for 

hydrogen/nitrogen equals 2.23 for PDMS69 and 20.7 for HybSi70.     

For this study membrane permeance and selectivities for the pure gases hydrogen and 

nitrogen were tested.  The purpose of testing for pure gas selectivity is to probe for structural 

damage to the selective skin of the membrane.  A small amount of skin defects were acceptable; 

all membranes used were required to have an  𝛼𝑖/𝑗 greater than Knudsen diffusion selectivity.  
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 3.2.3 Catalyst 

Three catalyst solutions were prepared, two different palladium solutions and one 

platinum solution.  One type of palladium catalyst was prepared by dissolving 0.2g of PdCl2 and 

0.4g PVP into a 50 mL of MeOH.  The second type of palladium catalyst was prepared by 

dissolving 0.2g of PdCl2 into a 50 mL of MeOH; no PVP was added.  The platinum catalyst was 

prepared by dissolving 0.2g of PtCl2 and 0.4g PVP into 50 mL of DI water.  All solutions were 

sonicated overnight in a water bath. 

We found that solutions of the metal salts alone, both PdCl2 and PtCl2, would not adhere 

to the polymer skin on the tube side of the membranes.  Consequently, all catalyst used on the 

tube side experiments are the PVP-anchored solutions.  The tube side depositions was 

accomplished by plugging one end of the membrane tube and filling it with 9 mL of the catalyst 

solution.  The second end was then plugged, and the membrane was inverted several times.  The 

membranes were drained of the catalyst solution placed in an oven at 60°C and allowed to dry 

for 30 min.  This process was repeated five times.   

The shell side of the membranes were able to irreversible adhere the palladium salt 

without the aid of the PVP.  Catalyst was applied to the shell side (support side) of the membrane 

by assembling the module and 20 mL of catalyst solution was aliquoted into the shell side of the 

module.  The module was inverted and shaken several times, and the solution was drained.  The 

membrane was allowed to air dry and the process was repeated five times.   

Through this process, three different type of membrane/catalyst combinations were 

prepared with catalyst on the tube side, and one type for catalyst on the shell side.  These 

combinations are named after the membrane used (PDMS or HybSi), followed by the catalyst 
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used.  For example, PDMS/Pd-PVP represents a PDMS membrane (described above) 

impregnated with the Pd-PVP catalyst.  This nomenclature will be used throughout this report.    

All catalytic membranes were reduced by flowing hydrogen through the appropriate side 

of the module (shell side or tube side) at 1 mL/sec two hours, at room temperature.  Catalyst 

leaching was tested using inductively coupled plasma (ICP), at a detection limit of 5 mg/L, on 

the used oil after experiments, neither the palladium or platinum metals were found in the oil 

phase (ICP results not shown). 

 3.2.4 Reactors 

A schematic of the reactor systems employed is shown in Figure 3.2.  Oil is circulated 

over the catalyst side of the membrane using a positive displacement pump (Q1CSY, Fluid 

Metering Inc.).   The recirculation loop was constructed of ¼ inch stainless steel tubing 

(Swagelok Company), wrapped in a heating tape (BSAT051006, BriskHeat Corporation).  

Hydrogen was supplied to the side of the membrane that did not contain the catalyst, Figure 3.1.  

For the tube side experiments, nitrogen was supplied to the tube side at a pressure 1.0 bar greater 

than the hydrogen pressure; this was done to prevent the membrane skin from becoming 

damaged.  This precaution was not taken with the shell side experiments. Unless otherwise 

stated, all reactions were performed within two hours of catalyst reduction. Once reduction was 

completed, oil was loaded into the system and circulated at 1.0 mL/sec; shell side experiments 

used 99g of oil, tube side experiments used 19.8g of oil.  Once the system equilibrated at the 

desired temperature, the hydrogen pressure was applied; this was recorded as the start of the 

reaction.  0.09g samples were collected periodically and saved for fatty acid methyl ester 

analysis.  At the end of each experiment, the system was drained of oil and flushed with five 

volumes of hexane. 
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Figure 3.2 -  Schematic of the membrane reactor setup for the PHSO experiments: (1) 

piston pump; (2) membrane module; (3) membrane; (4) purge valve; (5) pressure gauge; 

(6) check valve; (7) hydrogen source (8) thermal couple; (9) nitrogen supply; (10) sample 

port.  

 

 3.2.5 Sample Analysis 

The iodine value (IV) of the samples were determined using AOCS official method cd 

1c-8549: 

IV = (C18:1 x 0.86) + (C18:2 x 1.72) + (C18:3 x 2.58)             Equation 3.1 

where [Cx:y], x is the number of carbon atoms in the fatty acid and y is the number of double 

bonds present.  Triglycerides were converted to fatty acid methyl esters (FAMEs) using 

American Oil Chemists’ Society (AOCS) official method Ce 2-6647.  The corresponding FAMEs 

were analyzed on a gas chromatogram (GC), equipped with a flame ionization detector (FID); 

Hewlett-Packard 6890 series.  The GC method employed was AOCS official method Ce 1h-0548.  

The column used was a 100m CP-Sil 88 (Agilent Technologies), the injector port and detector 
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were kept at 220 °C with a 100:1 split ratio, the oven was operated isothermally at 180 °C, and 

the carrier gas was helium at 1.0 mL per min.   

 3.2.6 Error Analysis 

Unless otherwise stated, the error bars shown represent the propagation of error present in 

each measurement.  There were four important sources of error for the measurements reported: 

IV, wt% trans-fat, mass of oil, and time.  The error in IV (±1.2), and wt% trans-fat (0.56%) were 

determined by performing the transesterification and the subsequent GC analysis 10 times on the 

same sample of oil.  The range from these 10 runs were used as the error.  The error in the total 

mass of oil initially charged to the reactor was taken to be ±0.99 g.  This was determined by 

filling and draining the system 10 times, the range from these 10 points was used.  And the error 

in time used was ±1.0 minute; this was the accuracy of the clocks used.  These values were used 

to propagate the error in the results section.  There are two other sources of error, temperature 

and pressure, ±1°C and ±0.2 bar respectively.  However, these values were not used in any 

calculations and thus not propagated further.  Temperature and pressure were independent 

variables, and errors bars were not added in the x-axis of plots. 

 

 3.3 Results and Discussion 

 3.3.1 Temperature and Selectivities (Tube Side) 

Figure 3.3 represents the reaction scheme for the PHSO3.  Vegetable oils are tri-esters 

with three fatty acids attached to a glycerol molecule.  The fatty acids in soybean oil contain 0, 1, 

2, or 3 double bonds.  When hydrogenating these double bonds, the goal is to hydrogenate the 

trienes over the dienes, and dienes over the monoenes; these preferences are expressed as the 
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linolenate (SLn) and linoleate (SL), (equations 3.2 and 3.3).  The preference to minimize trans-fat 

formation is given as the isomerization selectivity (Si), equation 3.4: 

 

 

Figure 3.3 – Reaction scheme for the hydrogenation of linolenate (Ln) 

 

SLn = 
𝒌𝟏

𝒌𝟐
                                                                      Equation 3.2 

SL = 
𝒌𝟐

𝒌𝟑
                                                                       Equation 3.3  

Si = 
𝜟𝑰𝑽

𝜟𝒕𝒓𝒂𝒏𝒔−𝒇𝒂𝒕𝒔
                                                          Equation 3.4 

where ΔIV is the change in iodine value, and Δtrans-fat is the increase in wt% trans-fat.  The 

objective of our CMCR system is to maximize Si, SLn, and SL.   

Figure 3.4 shows the Si as a function of temperature for the three different 

membrane/catalyst combinations.  A previous study in lab our looking at a PDMS/Pd-PVP 

CMCR showed that trans-fat formation was independent of reaction temperature8.  While, slurry 

reactors see a significant increase in trans-fat formation as the temperature is increased and a 

corresponding reduction in Si, Figure 3.429.  This is because increasing the temperature in a 

slurry reactor simultaneously increases the hydrogen consumption (increased reaction rate) and 

decreases the hydrogen solubility in the oil.  This leads to hydrogen scarcity at the catalyst 

surface and increased trans-fat formation3.  

This study was able to extend our results to temperatures up to 140 °C using the HybSi 

membrane; whereas the previous study was limited to 80 °C.  As with the previously 
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investigated PDMS/Pd-PVP, the two new membrane/catalyst combinations are able to out 

preform the slurry reactor at all temperatures studied.  All membrane/catalyst systems produced 

trans-fats at rates that were independent of temperature.  Figure 3.4 shows HybSi/Pd-PVP 

essentially has the same Si at 50 °C as 140 °C; which are both greater than the Si of the slurry at 

23 °C.  This would indicate that CMCRs have high levels of hydrogen coverage at the catalyst at 

all temperatures.  For slurry reactors, in general, high pressure and low temperatures are 

favorable for low trans-fat formation, conversely, CMCR are able to combine high temperature 

with low pressures and still produce low amounts of trans-fats.  Figure 3.4 also shows that the Pt-

PVP catalyst produces about half the trans-fat as the Pd-PVP catalysts; this is be expected, as 

supported platinum is known to produce less trans-fats than supported palladium for the 

hydrogenation of vegetable oils3.    

 

Figure 3.4 - Isomerization selectivity as a function of temperature for tube side 

experiments.  The slurry reactor (■) with a Pd 29 catalyst shows a significant decrease in 

selectivity as the temperature is increased.  The selectivity for all three combinations of 

CMCR/catalyst are virtually temperature independent.  The PDMS/Pt-PVP membrane 

(▲) showed the highest selectivity, with the HybSi/Pd-PVP (♦) and PDMS/Pd-PVP (●) 

showing equivalent levels of selectivity.  All reactions were between 2-4 bar hydrogen. 
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Figure 3.5 compares the linolenate and linoleate selectivities of the same catalyst on two 

different membranes; PDMS/Pd-PVP and HybSi/Pd-PVP.  As with the Si, the SL and SLn trends 

from our previous study held true; SLn and SL increase with increasing temperatures.  These 

results are desirable, as higher SLn and SL equate to lower amounts of the saturated fat, stearic 

acid (C18:0), for equal levels of hydrogenation.  The results of temperatures effects on selectivity 

would indicate that CMCRs should be able to run at the highest allowed operating temperature of 

the membranes to achieve the highest SLn and SL selectivities, while producing an oil product 

with consistently low trans-fat content.        

 

Figure 3.5 - Linolenate (SLn) and linoleate (SL) selectivities as a function of temperature.  

Both the HybSi/(Pd-PVP) SLn (Δ) and SL(□) 8, and the PDMS/(Pd-PVP) SLn(▲) and SL(■) 

follow the same trend of increasing selectivity with increasing temperature. 

 

 3.3.2 Reaction Rates (Tube Side) 

Table 3.1 shows the reaction rate for three different membrane/catalyst combinations.  

The PDMS/Pt-PVP has a reaction rate of 0.048 (IV/hr/mL oil), this is the average of the points in 

Figure 3.4 that are between 67-75 °C.  The PDMS/(Pd-PVP) has a reaction rate of 0.13 ± 0.01, 
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this is the average of the points in Figure 3.4 between 63-67 °C.  And the HybSi/(Pd-PVP) has a 

reaction rate of 0.14 ± 0.02, this is the average of the points at 70 °C from Figure 3.4. The Pt-

PVP catalyst reaction rate was significantly lower than the two Pd-PVP catalyst.  This is be 

expected, as supported platinum is known to have lower reaction rates than supported palladium 

for the hydrogenation of vegetable oils3.   

Table 3.1 also shows that both the PDMS and HybSi membranes with Pd-PVP catalyst 

have the same reaction rate.  We concluded in our previous study that our CMRCs are zero order 

with respect to hydrogen and are operating under kinetically controlled conditions8; that is, the 

reaction rate is controlled by the amount of catalyst deposited and is not limited by hydrogen 

availability.  If we extend this conclusion to the HybSi membrane, then equal reaction rates 

would indicate that the PDMS and HybSi CMCRs have equal amounts of available catalyst.               

 

Table 3.1 – Reaction rates and operating conditions for three different tube side 

membrane/catalyst combinations 

Membrane/catalyst 

reaction rate 

(IV/hr/ml oil) error 

Pressure 

range (bar) 

Temperature 

range (°C) 

PDMS/(Pt-PVP) 0.048 ± 0.014* 2.0 - 4.0 67 - 75 

PDMS/(Pd-PVP) 0.125 ± 0.013** 3.5 - 6.0 63 - 67 

HybSi/(Pd-PVP) 0.142 ± 0.011*** 3.0 - 4.0 70 

*range of the two points used to calculate rate 

**standard deviation of the six points used to calculate rate 

***standard deviation of the eight points used to calculate rate 

 

 

 3.3.3 Reaction Rates (Shell Side)  

We had two factors in mind when we ran experiments with catalyst on the shell side of 

the membrane.  We wanted to take advantage of the fact that the outside of the membrane has a 
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greater surface area than the inside of the membrane, 75 cm2 to 50 cm2 respectively.  

Additionally, we hypothesized that the catalyst would more readily adhere to the ceramic pores 

of the membrane than to the non-porous polymer skin.  According to these two criteria, the shell 

side experiments were a success.  As noted in the experimental section, neither palladium nor 

platinum were able to adhere to the polymeric skin layer of the membrane without the aid of the 

PVP polymer; yet, the palladium is able to deposit onto the shell side of the membrane without 

the use of the PVP.  However, despite the increased surface area, when comparing reaction rates 

of the same membrane/catalyst combination, the shell side was over an order of magnitude 

slower than the tube side experiments, (0.0065 vs. 0.142 
𝐼𝑉

ℎ𝑟∗𝑚𝐿 𝑜𝑖𝑙
  respectively), Figure 3.6.  

Additionally, the reported shell side reaction was ran at 90 °C while the three other reported rates 

were ran between 63-70 °C, further exasperating these differences in rates.  We believe that these 

lower reaction rates are caused by oil in the pores of membrane causing increased mass transfer 

resistant for the hydrogen to reach the catalyst cites.  When the catalyst is attached to the 

membrane skin, the only barrier for hydrogen transport is hydrogen diffusing through the 

membrane.  If oil is in the membrane pores, hydrogen would have to diffuse through both the 

membrane and the oil to reach the catalyst surface.  Flux data from Table 2.1 would seem to 

support these hypothesizes. 

The flux for this membrane after a reaction was too low to be measured on a constant 

pressure variably volume system.  After the first reaction reported in Figure 3.7, the membrane 

was sonicated in hexane overnight in an attempt to remove the oil from the pores, however this 

proved unsuccessful.  Although the hydrogen flux was too low to measure, it was not stopped 

altogether; as Figure 3.7 shows that the CMCR was still able to hydrogenate soybean oil even 

after it was “clogged”.  The three runs represent different PHSO experiments using the shell side 
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membrane, fresh catalyst was not applied in-between runs.  The slope of each run was linear, all 

runs have a R2 value greater than 0.991, indicating that oil transport from the bulk, to the catalyst 

inside the membrane pores, and back to the bulk, occurred at constant rate; the membrane was 

not becoming “more clogged” over time.    The change in slope of subsequent runs in is 

attributed to catalyst deactivation, 39% loss in reaction rate from the first run to the third. 

 

 

Figure 3.6 - Reaction rates for various membrane/catalyst configurations.  The shell side 

experiment (far left) is considerably slower than the tube side experiment of the same 

membrane/catalyst combination (far right). 

 

 

Table 3.2 – Shell side experiments flux data shows membrane clogging 

 Flux (GPU) 

 virgin membrane coated and reduced after reaction 

 N2 H2 
𝐻2

𝑁2
  selectivity  N2 H2  

𝐻2

𝑁2
  selectivity  N2 H2   

𝐻2

𝑁2
  selectivity  

HybSi (Pd, shell side) 45 1062 23 30 390 13 n/a* n/a* n/a* 

n/a* - flux was too slow to measure using constant pressure flux system 
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 3.3.4 Catalyst Deactivation 

The oil used in this study was typical of soybean oil used in industrial hydrogenation; it 

was degummed, neutralized, bleached, and deodorized27. These oils are known to contain 

catalyst poisoning material: sulfur and phosphorous organic compounds, oxidation products, 

soaps, and free fatty acids71-73; with sulfur having the greatest impact on deactivation, followed 

by phosphorus compounds74.  Sulfur poisoning is known to increase trans-fat isomerization75, 

while phosphorus poisoning does not affect the linolenate (SLn), linoleate (SL), or isomerization 

(Si) selectivities72,73.  Another possible reason for catalyst deactivation is the formation of coke 

on the catalyst76,77. 

  

 

Figure 3.7 - Catalyst Deactivation - Shell side membrane ran three PHSO experiments 

without applying fresh catalyst in-between runs.  All reactions ran at 90 °C and 4 bar 

hydrogen pressure.  1st reaction (●), 2nd reaction (▲), and 3rd reaction (■) have reaction 

rates of 0.007, 0.005, and 0.004 IV/hr/mL oil, respectively. 
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Mäki-Arvela et al.77 studied linoleic acid to stearic acid using Pd/C supported catalyst to 

elucidate the catalyst deactivation.  They concluded that the deactivation for their experiments 

were caused by coke forming on the active cites of the catalyst, or coke formation blocking the 

pores of the catalyst support; citing a lowering of specific surface of reacted catalyst as evidence.  

They ruled out catalyst poisoning because they used pure, analytical grade linoleic acid.  

Edvardsson et al.76 studied coke formation on Pd/α-Al2O3 and Pd/γ-Al2O3 catalyst for the 

hydrogenation of sunflower oil methyl esters.  Coke formation was continuous with repeated use 

for the Pd/γ-Al2O3, accompanied with a >50% loss in catalytic activity after four repeated uses.  

Alternatively, Pd/α-Al2O3 showed essentially no coke formation and no deactivation.   

Table 3.3 summarizes the reaction rate and selectivities for each run in Figure 3.7.  We 

did not see a change in selectivities from run to run.  Additionally, the substrate layer of our 

membrane, which is the layer that catalyst was deposited on, is α-Al2O3, which Edvarsson found 

no coke formation76.  These would indicate that our catalyst deactivation is from a non-

phosphorus poisoning, not coking.  Although a more thorough characterization of our spent 

catalyst would provide greater insight.      

Table 3.3 – Reaction rates and selectivities of successive runs 

PHSO run 

Reaction Rate 

(IV/hr/mL oil) SLn SL Si 

1 0.0065 0.53 1.80 1.90 

2 0.005 0.54 1.94 1.93 

3 0.004 0.64 1.88 1.88 

 

 3.4 Conclusion  

In this study we used several CMCR with different membrane/catalyst combinations for 

the PHSO with high selectivities.  We were able to extend the results from the previous study to 

higher temperature (up to 140 °C), incorporate a new catalyst (platinum), and a new membrane 
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(HybSi).  For tube side experiments, we used three different membrane/catalyst combinations: 

(1) PDMS/Pd-PVP, (2) HybSi/Pd-PVP, and (3) PDMS/Pt-PVP.  We found that the trend of 

trans-fat formation being independent of reaction temperature held for all three different 

membrane/catalyst combinations and for the entire temperature range studied.  Additionally, we 

successfully deposited Pd catalyst into the porous support of a composite ceramic/polymeric 

tubular membranes.  Running PHSO oil experiments with the oil on the porous support side of 

the membrane led to slower reaction rates than running the catalyst and oil on the selective skin 

side of the membrane.  These slower rates are believed to be caused by oil clogged in the pores 

of the membrane, leading to lower hydrogen transport rates to the catalyst surface.  Catalyst 

deactivation was observed over time for successive runs; with the reaction rate decreasing by 

42% from the first run to the third.  This deactivation is believed to be from catalyst poisoning. 

 

 

  



 

53 

Chapter 4 - Lactic Acid to Commodity Chemicals using Ruthenium 

Coated Polymeric Membranes 

 4.1 Introduction 

The conversions of renewable carbohydrates to lactic acid (L.A.) is one of the largest 

fermentation processes currently employed78-80.  Lactic acid is used in the food and beverage 

industry as a preservative, flavouring, and pH adjuster81-83.  It also sees widespread application in 

the cosmetic industry84,85 in a variety of applications: treat wrinkles86, moisturizer87, and skin 

whitening88.  Because L.A. contains both a hydroxyl and carboxylic acid functional groups, it is 

highly reactive and offers several novel routes to commodity chemicals89,90, several possible 

routes are shown in Figure 4.1.  Acetaldehyde91,92, 1,2 propanediol93-95, pyruvic acid96,97, acrylic 

acid98-100, 2,3 propanediol100, propionic acid101, and ethyl lactate102-104 can all be derived from 

lactic acid.  Because of this versatility, the US Department of Energy has labelled lactic acid one 

of its top 30 chemical building block candidates from sugar105 and a top 15 platform chemicals 

from a biorefinery carbohydrates105.  However, several of these reactions suffer from inadequate 

hydrogen coverage on the catalyst due to extremely low hydrogen solubility in water106,107, 

which results in an unselective spread of products101.  Elevated pressures are often used to 

achieve sufficient hydrogen concentration in the liquid phase, Table 4.1.  The use of membrane 

contact reactors (MCRs) offers a possibility to simultaneously lower operating pressures and 

controlling selectivities.  

One type of MCR that has received considerable attention in recent years for 

hydrogenation reactions are metal coated polymeric membranes36,39,43.  These consist of an 

asymmetric polymeric membrane, the membrane contains a porous support layer with a non-

porous dense polymer “skin”, and metal catalyst is attached to the membrane skin.  The 
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hydrogen gas is supplied to the support side of the membrane, permeates from the support side to 

the skin side, and is immediately adsorbed onto the catalyst surface.  A second reactant, gas or 

liquid phase, is passed over the skin of the membrane, allowing all reactants and catalyst to come 

into contact.  Because the driving force for gas transport across the membrane is the difference in 

partially pressure from the feed side to the permeate side, it is possible to control the rate of 

hydrogen delivery to the catalyst by changing the hydrogen pressure applied to the support side 

of the membrane.  This gives MCRs the potential to control product selectivities61,108. 

 

 

Figure 4.1 – Possible conversion pathways for lactic acid to commodity chemicals 
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Table 4.1 – Reaction conditions for aqueous phase lactic acid reactions 

Product Temp. (°C) Press. (bar) Source 

acetaldehyde 300 57 91 

Propionic acid  350 57 101 

1,2 propanediol 170 140 95 

2,3 pentanedione  370 100 100 

acrylic acid 385  345 bar 98 

 

 Gao et al. used a MCR for the selective hydrogenation of cyclopentadiene35.  Gao 

showed that by changing the hydrogen partial pressure, they were able to control the rate at 

which the double bonds were hydrogenated, and control the rate that cyclopentene was formed 

vs. cyclopentene.  In the case of three-phase reactions, Singh et al. used MCRs for the selective 

hydrogenation of soybean oil109.  Low hydrogen solubility in the liquid phase (oil) is known to 

cause hydrogen starvation at the catalyst; this hydrogen starvation is the known cause for trans-

fat production for this reaction.  Singh was able to show that CMRs were able to produce a 

hydrogenated oil with a 70% reduction in trans-fa, demonstrating that membrane reactors 

maintain high levels of hydrogen coverage at the catalyst surface.       

The purpose of this study is to access the potential of MCR for the catalytic conversion of 

lactic acid.  Asymmetric polyetherimide membranes were produced in-house and ruthenium 

metal was attached through a spin coating process.  Experiments were run at temperatures 

between 130 – 170 °C, and pressures between 0 – 10 bar hydrogen pressure.  We report the 

effects of reaction conditions on selectivity, conversion, and reaction rates.   
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Figure 4.2 – Schematic of a metal coated asymmetric membrane for use as a membrane 

contact reactor.  

 

4.2 Experimental 

 4.2.1 Materials 

Deionized water was produced on-site.  Hydrogen and nitrogen gas (99.999%) were 

purchased from Linweld Inc.  Polyetherimide (UltemTM 1000) was purchased from Saudi Basic 

Industries Corporation (SABIC), Figure 4.3.  Lactic acid was purchased as 85 wt% L.A. in 

water, and diluted to 2 wt% prior to use.  All other chemicals used are listed in Table 4.2. 

 

 

Figure 4.3 – Ultem 1000, polyetherimide  
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Table 4.2 – Chemicals used 

Compound Source Purity 

1,2 propanediol Sigma-Aldrich >99.5% 

pyruvic acid Sigma-Aldrich 0.95 

2,3 pentanedione Sigma-Aldrich 0.97 

acrylic acid Acros Organics >95.5% 

ethyl lactate Acros Organics >99.5 

acetaldehyde Acros Organics >99.5 

lactic acid Acros Organics 0.85 

ethanol Decon Labs >99.5 

methanol Fisher >99.5 

2-propanol Fisher >99.5 

1-propanol Fisher >99.5 

Propionic acid Fisher >99.5 

 

 

 4.2.2 Integrally Skinned Asymmetric Membranes 

PEI asymmetric membranes were fabricated through a phase inversion method developed 

by Peinemann 110.   Dichloromethane (54.6 wt%), 1,1,2,2 tetrachloroethane (4.8 wt%), p-xylene 

(17.8 wt%), acetic acid (6.9wt%), and PEI (15.9wt%) were combine in a glass jar and allowed to 

stir for 48 hours at room temperature.  After all of the polymer was dissolved, the resulting 

solution was cast on a glass plate using a Gardner casting knife at a thickness of 400 μm.  

Immediately following casting, the membranes were placed in an acetone bath.  After 30 min, 

the membrane sheets were remove from the acetone bath and hang dried overnight.  After hang 

drying, the membranes were placed in a vacuum over at 80 °C for a minimum of 24 hours.  4.2 

cm diameter membrane stamps were cut out of the sheets and flux tested for defects.  All 

membranes used had an overall thickness (support + skin) between 202-259 μm. 

Membranes were flux tested using a constant-volume variable-pressure apparatus as a 

means of quality control, a similar device is described elsewhere111.  All flux measurements were 
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performed at a feed pressure of 4.2 bar gauge and 35°C.  The normalized gas fluxes are 

determined, and the pure gas selectivities ( 𝛼𝑖/𝑗) were calculated.   𝛼𝑖/𝑗 is the ratio of normalized 

flux of pure gas i over pure gas j.  Gas fluxes are reported in gas permeation units (GPU); where 

one GPU equals 10−6 𝑐𝑚(𝑆𝑇𝑃)
3

𝑐𝑚2∗𝑠𝑒𝑐∗𝑐𝑚𝐻𝑔
.  A membrane is considered defect free if it has an  𝛼𝑖/𝑗 

equal to the ratio of the permeance of gas i and gas j for material, ( 𝛼𝑖/𝑗 = 117-129 for Ultem 

1000)112,113.  The membranes were tested pre and post catalyst deposition Table 4.3.  The 

membranes used had an effective skin thickness between 140 – 460 nm; effective thickness is 

back calculated by dividing the measured permeance by the known nitrogen permeability112,113.  

These data include membranes that have a selectivity higher than 80 from Table 4.3, as 

selectivities lower than this will have significant defects and return an imprecise skin thickness 

that is too thin.     

Table 4.3 – Membrane flux and selectivities 

Reaction conditions Virgin membranes Coated and reduced 

Pressure Temp (°C) 

H2 flux 

(GPU)  

N2 flux 

(GPU)   selectivity 

H2 flux 

(GPU)   

N2 flux 

(GPU)   selectivity   

1 130 31 0.32 97 n/a n/a n/a 

3 130 29 0.35 82 16 0.85 19 

6.5 130 53 0.38 140 n/a n/a n/a 

7 130 53 0.32 165 435 126.00 3 

1 150 26 0.16 161 18 0.26 69 

6.5 150 31 0.19 165 n/a n/a n/a 

7 150 34 0.97 35 10 2.30 4 

10 150 45 0.30 150 32 1.61 20 

1 170 21 0.11 191 13 0.45 29 

3 170 30 0.20 150 24 0.45 54 

7 170 43 1.74 25 17 0.65 25 
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 4.2.3 Catalyst 

Catalyst solution was prepared by combining 0.6 g of RuCl3 and 50 mL of ethanol into a 

centrifuge tube and sonicating overnight.  Membranes were coated through a spin coating 

process.  Virgin membranes were placed on the chuck of a spin coater with the support side 

down and the skin side facing up.  Approximately 1.5 mL of catalyst solution was pipetted onto 

the membrane, with the spinning process beginning within 5 second of the pipetting.  The spin 

coater was run at 2500 RPM for 30 seconds, with an acceleration of 250 RPM/sec.  After 30 

seconds, the spin coater was stopped, and the process was repeated a total of 15 times.  The 

coated membrane was allowed to dry at room temperature overnight.  After drying, the catalytic 

membranes were reduced at 120 °C in a hydrogen atmosphere.  Figure 4.4 shows that the virgin 

membranes are white, followed by the RuCl3 coating as a brownish color, and the reduced 

membrane is shown as a shiny metallic color.       

 

Figure 4.4 – PEI membranes that are: (left) virgin, (middle) coated with RuCl3, and (right) 

coated and reduced.  
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 4.2.4 Reactor   

The reaction systems (Figure 4.5) consists of a loop of ¼ inch stainless steel tubing 

(Swagelok®).  Liquid was circulated using a gear pump (Micropump®), through a stainless steel 

membrane cell (Millipore XX4404700).  The feed side was over pressurized with nitrogen to 

avoid damaging the skin layer of the membrane.  Hydrogen was used as a sweep gas on the 

permeate side of the membrane at a flow rate of 1.0 mL/min.  The sweep gas was collected using 

two cold traps in series; the first trap was cooled using ice water, the 2nd trap was cooled using 

liquid nitrogen.  Both the feed and permeate lines were wrapped in heating tapes.  The permeate 

side was heated to ensure that liquid did not condense before reaching the cold traps.   

All reactions were started within two hours of catalyst reduction.  The system was loaded 

with 60 mL of 2 wt% lactic acid in water.  The system was purged and then pressurized with 

nitrogen to a pressure of 1 bar higher than the anticipated hydrogen pressure.  After the nitrogen, 

the system is pressurized with hydrogen; it was pressurized in this order to ensure that the 

membrane skin stays intact.  The heat is then turned on, and this marks the start of the reaction 

(time = 0).  Samples from both the feed and permeate were collected periodically.  All 

experiments reported have >92% mass recovery.      
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Figure 4.5 – Reaction system: (1) gear pump, (2) membrane cell, (3) pressure gauge, (4) 

check valve, (5) hydrogen supply, (6) metering valve, (7) cold trap, (8) thermos couple, (9) 

purge valve, (10) sampling port, (11) nitrogen supply.  

 

 4.2.5 Product Analysis 

Samples were analyzed using a high pressure liquid chromatograph (HPLC), Shimadzu 

LC-10A, with an Aminex HPX-87H column.  Injection volumes were 10 μL, the flow rate was 

0.6 mL/min, the column was maintained at 55°C, and the mobile phase was 5mM H2SO4 in 

water.  All compounds were calibrated with a 6-point calibration curve with concentration 

ranging from 5 - 20,000 ppm.  All calibrations were fit to a linear regression with an R2 > 

0.9900.   

 4.3 Results and Discussion 

4.3.1 Reaction Rates 

Three different controls were run to compare with the MCRs.  One control was a slurry 

reactor operated at 170 °C, 10 bar hydrogen pressure, and the catalyst was three spin coated 
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membranes.  The membranes were treated the same as the membranes used in the MCR 

experiments, three membranes were used to ensure that the control had an equal or greater 

amount of catalyst as the MCRs.  A second control was a MCR experiment in which the 

hydrogen and nitrogen lines were switch.  The purpose of the second control is to run an 

experiment in which the hydrogen delivery mechanics are the same as a slurry reactor, but the 

flow patterns are the same as the MCR experiments.  The third control was run in the same set-

up as the MCR experiments; however, there was no hydrogen applied to the system.  As Figure 

4.6 shows, all of the MCR experiments ran at a fast reaction rate than all of the controls.  If 

hydrogen availability at the catalyst is a limiting factor in the reaction rate, then these results 

would indicate that MCRs have higher levels of hydrogen coverage at the catalyst cites.   

 

Figure 4.6 – Membrane reactors outperform controls for every combination of 

temperature and pressure. Controls: membrane reactor with no hydrogen pressure (■), 

parr reactor with three catalytic membranes (X, 10 bar), membrane reactor with hydrogen 

on the feed side (□, 10 bar).  Membrane reactors: 1 bar (●), 3 bar (▲), 7 bar (+), and 10 bar 

(-).  
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Figure 4.7 shows the lactic acid conversion as a function of pressure for the three 

temperatures used, 130 °C, 150 °C, and 170 °C.  There were no discernible patterns between 

hydrogen pressure and reaction rate.  This may be due to our catalyst deposition method; we do 

not believe that we were depositing equal amounts of catalyst consistently.  As Table 4.3 and 

Figure 4.8 show, the spin coating process dramatically alters the transport characteristics of the 

membrane; the decrease in selectivities would indicated that defects are being introduced into the 

membrane skin.  Alcohols are known to swell membranes114, and we noticed physical 

deformations in the membrane turning the coating process; they curly inwards, or become wavy, 

Figure 4.4.  If the membranes are not perfectly flat, then we should expect variations in the spin 

coating process.  Surface roughness is another parameter that effects spin coating depositions; 

although atomic force microscope (AFM) measurements were not perform, we could assume that 

the surface roughness varied from membrane to membrane.  In future studies it would be 

advisable to develop a sputter coating technique for catalyst deposition.  This would provide 

consistent catalyst deposition from sample to sample, while maintaining the integrity of the 

membrane skin109.  
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Figure 4.7 – Effects of pressure on lactic acid conversion in MCRs for: (a.) 130 °C, (b.) 150 

°C, and (c.) 170 °C.  Lines are added for visual aid, they do not suggest a mathematical 

relation. 
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Figure 4.8 – Effects of spin coating and reducing catalyst on PEI membranes.  Solid marks 

are the virgin membrane, and hollow marks are the coated and reduced.  Membranes 

typically see a decrease in hydrogen flux and selectivity; except in the case that the of 

Knudsen selectivity, where in increase in flux was observed.  

 

4.3.2 Selectivities 

Figure 4.9 shows the final product composition (lactic acid was not included) of all the 

reported reactions.  All unidentified peaks, and unaccounted for mass were combined into, 

“other”.  Although each combination of temperature and pressure produces different 

compositions over time, Figure 4.10 – 4.12, as in the case of conversion rates, patterns in the 

selectivity are hard to identify.  As mentioned above, the spin coating process does not deposit 

catalyst consistently from membrane to membrane, and variation in catalyst amount is known to 

effect product selectively in ruthenium catalysed lactic acid95.  However, with that being said, 

there are still some trends of note.      

All of the reactions at 130 °C show large amounts of “other” being formed.  These 

missing masses could be in the form of gaseous products.  Zhang et al.95 studied lactic acid 

conversion over Ru/C catalyst, and found that at temperatures < 170 °C, the major products were 
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methane, ethane, and propane.  However, we did not test the gas phase, further sample analysis is 

require to test this hypothesis.    

Another results that stands out is the fact that the control with no hydrogen pressure 

reacted.  The major products were acetaldehyde (36%), methanol, (36%), ethyl lactate (15%), 

and other (5%).  Halpern et al. studied the reaction pathways for fumaric acid and maleic acid 

(both are acids with a hydroxyl and carboxyl group) with a ruthenium catalyst, using deuterium 

tracer labeling.  They found that hydrogenation of the acids occurred with D2 in H2O, and 

yielded undeuterated products115.  Conversely, hydrogenation with H2 in D2O yielded deuterated 

products.  They concluded that hydrogen atoms participating in the reactions originated from the 

water, and not the gas phase.  This could explain why our control with no hydrogen still reacts 

and forms produces.  Another possible explanation is the fact that lactic acid is known to 

undergo self-esterification in the absence of catalyst and hydrogen116.  It is probably a 

combination of both of these properties.     

Also, ethyl lactate and pyruvic acid were produced in every reaction.  The ethyl lactate 

could be explained due the self-esterification explained above.  All of the literature on lactic acid 

to pyruvic acid are vapor-phase experiments or enzyme catalysed.  The vapor experiments 

available note that direct oxidation of L.A. to pyruvate produces low yields as this reaction 

competes with acetaldehyde and CO2 formation78,117; which is what we see in the control.  All of 

the controls see large amounts of acetaldehyde; however, the MCRs do not see large selectivity 

towards acetaldehyde, indicating some kind of fundamental difference in reaction mechanism 

between MCRs and slurry reactors.             
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As Figure 4.10 – 4.12 show, the conversion of lactic acid is a complicated process.  There 

are several parallel reactions occurs, as well as multiple reactions happening in series.  Again, it 

is hard to distinguish trends from these figures.   

 

 

Figure 4.9 – Final product compositions: (top left) 130 °C, (top right) 150 °C, (bottom 

right) 170 °C, and (bottom right) control reactions.     
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Figure 4.10 – Composition over time for membrane reactors at 130 °C and different 

hydrogen pressures.  Indicated products use the right vertical axis.  Lactic acid was 

included in calculate, but data points were left out.  Lines are for visual aid, they do not 

imply a mathematical relationship. 
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Figure 4.11 - Composition over time for membrane reactors at 150 °C and different 

hydrogen pressures.  Indicated products use the right vertical axis.  Lactic acid was 

included in calculate, but data points were left out.  Lines are for visual aid, they do not 

imply a mathematical relationship. 
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Figure 4.12 - Composition over time for membrane reactors at 170 °C and different 

hydrogen pressures.  Indicated products use the right vertical axis.  Lactic acid was 

included in calculate, but data points were left out.  Lines are for visual aid, they do not 

imply a mathematical relationship. 
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 4.4 Conclusions 

The catalytic conversion of lactic acid into valuable commodity chemicals was 

demonstrated using a membrane contact reactor.  By using the MCR, it was expect to overcome 

gas-liquid mass transfer resistances, thus increasing hydrogen coverage at the catalyst cites.  It 

was further expected that a change in hydrogen pressure would change the hydrogen availability 

at the catalyst and allow for the manipulation of product selectivity.  The results are currently 

ambiguous.  MCRs were shown to have higher reaction rates, indicating higher hydrogen 

availability.  And it was clearly demonstrated that changing pressure while holding the 

temperature constant, does indeed change product selectivity; however due the large amounts of 

unknown products, no clear patterns can be interpreted.  More sample analysis to identify the 

unknown products could help elucidate the selectivity trends that the MCRs provide.  

Additionally, a more consistent metal deposition, such as sputter coating, would ensure 

repeatability in selectivity and conversions.       
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Chapter 5 - Liquid-Liquid Equilibria for Ternary Systems of Water 

+ Cyclopentyl Methyl Ether (CPME) + Alcohol; Methanol, Ethanol, 

1-Propanol, or 2-Propanol  

 5.1 Introduction 

Oleaginous microalgae118-120 and yeast121-123 are two types of non-crop based renewable 

oils that have received considerable attention in recent years.  These renewable oil sources have 

been considered in a wide range of commercial applications from nutritional supplements124,125, 

to biodiesel119,124,126, to feed stock for fine chemicals127,128.  However, there is no consensus on 

large scale lipid extraction of either oleaginous yeast or microalgae129,130.  The methods of Bligh 

and Dyer131, and Folch132, are generally accepted as the standard procedures to extract lipids 

from wet materials;133,134 however, these are only performed on laboratory scale and use large 

volumes of chloroform.  Chloroform’s toxicity135 may prevent its industrial scale use.  With this 

in mind, cyclopentyl methyl ether (CPME) has been proposed as a green solvent alternative for 

the liquid-based lipid extraction129.  

In addition to oil extraction, CPME has been discussed as a possible green solvent to 

replace tetrahydrofuran, (THF), diethyl ether, methyl tert-butyl ether (MTBE), 1,4-dioxane, and 

other commonly used ether solvents in chemical synthesis and various extractions5,136,137.  The 

advantageous properties of CPME include: (1) resistance to peroxide formation, (2) low 

vaporization energy, (3) high hydrophobicity, (4) stable under acidic and basic conditions, (5) 

high boiling point, and (6) low solubility of salts5,6.  To facilitate these operations, a more 

complete understanding of how CPME fundamentally interacts with various components is of 

importance.  A plethora of liquid-liquid equilibria (LLE) data of ternary systems exists for the 
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above mentioned ethers (MTBE,138-140 1,4-dioxane,141,142 THF,140,143 etc.); however, LLE data for 

CPME ternary systems is lacking144,145.  

  The purpose of this study is to measure LLE data for the four ternary systems of water + 

CPME + alcohol, with the alcohols being methanol, ethanol, 1-propanol, and 2-propanol.  The 

binodal points were determined using the cloud point method146,147 and tie-line data were 

determined from gas chromatography (GC).  Measurements were carried out at 298.15K and 

atmospheric pressure.  The tie-line data were verified using the Othmer-Tobias148 and Hand149 

correlations.  Additionally, distribution coefficients and separation factors were calculated.  The 

LLE data determined in this study were compared to LLE data for the water + methanol + 

chloroform system as a possible green alternative for the Bligh and Dyer131 extraction method. 

     

 5.2 Experimental 

 5.2.1 Chemicals   

HPLC grade water (CAS Registry No. 7732-18-5), methanol (CAS Registry No. 67-56-

1), 1-propanol (CAS Registry 71-23-8), and 2-propanol (CAS Registry No. 67-63-0) were 

purchased from Fisher Scientific.  Ethanol (CAS Registry No. 64-17-5) was purchased from 

Decon Labs Inc.  CPME was purchased from Sigma-Aldrich (CAS Registry No. 5614-37-9).  All 

reagents used had a mass fraction purity >0.999, Table 5.1. 
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Table 5.1 - Suppliers and Purity of Chemicals 

Chemical 

Name 
Source 

Initial Mass 

Fraction 

Puritya 

Purification 

Method 

Final 

Mass 

Fraction 

Purity 

Analysis 

Method 

Water Fisher > 0.999 none > 0.999 GCb 

Methanol Fisher > 0.999 none > 0.999 GCb 

Ethanol 
Decon 

Labs 
> 0.995 none > 0.999 GCb 

1-Propanol Fisher > 0.999 none > 0.999 GCb 

2-Propanol Fisher > 0.999 none > 0.999 GCb 

CPME 
Sigma-

Aldrich 
> 0.999 none > 0.999 GCb 

aManufacturer listing    bGas chromatography  

 

 5.2.2 Procedure 

  The experimental setup for the binodal curve data includes a 50 mL water jacketed cell, 

magnetic stir plate, recirculating water bath, a glass burette, and a thermocouple.  Data for the 

bimodal curve were constructed using both the cloud point method146,147, and by determining tie-

lines.  Twelve cloud point measurements were performed for each ternary system; six points 

were determined for the water-rich sides of the bimodal curves, and six points for the CPME rich 

sides.  Initially samples were prepared that contained 100/0, 90/10, 80/20, 70/30, 60/40, and 

50/50 (wt%/wt%) water/alcohol.  These samples were prepared by weighing the appropriate 

components into a 40 mL sample vial containing a magnetic stir bar, using an A&D® GR-120 

analytical balance ±0.0001 g.  The vial was then placed in a 50 mL jacketed cell.  Water was 

circulated at a temperature of 298.15 K using a Lauda-Brinkmann RC 6 water bath ± 0.05 K.  

The jacked cell was placed on a magnetic stir plate, and the temperature was monitored using a 

thermal couple probe, Omega® KTSS-HH, connected to a thermal couple, Amprobe TMD-50 ± 

0.1 K.  CPME was titrated into the water-alcohol mixture using a burette with an accuracy of 

0.05 mL.  The endpoint was determined when the mixture went from homogeneous, to cloudy, to 
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a heterogeneous mixture.  The data points for the solvent-rich side of the curves were determined 

in much the same way.  CPME and alcohol were weighed out in the 100/0, 90/10, 80/20, 70/30, 

60/40, and 50/50 (wt%/wt%) mixtures, and water was titrated in until heterogeneity was reach.  

The error for the cloud point measurements were determined using error propagation.  The error 

in the components that were weight are ± 0.0001 g and the error in the titrated components are 

±0.05 mL, this volume is converted to mass according to each components density.  The reported 

error for the cloud point mass fraction data is reported as ± 0.003.  Each data point actually has a 

different error, as each data point propagated error to a different amount; however only one value 

for error is reported per table.  We picked the data point with the greatest error and reported that 

error for the entire table.  The data generated from these cloud point measurements gave a rough 

guide for the binodal, and were used as a guide to prepare the tie-line samples.   

The tie-line samples were prepared using the same experimental setup described above.   

Various water-alcohol-CPME mixtures were prepared at compositions within the two phase 

region of the ternary plots.  The samples were prepared by weighing the components into a 40 

mL glass vial with a magnetic stir bar, total weight was approximately 30 g for each sample.  

The vial was placed in the jacketed cell and vigorously stirred for a minimum of 2 hours.  After 

agitation, the heterogeneous mixture was left to settle for at least 2 hours to reach equilibrium.  

Approximately 300 μL of each phase was removed and analyzed using a gas chromatograph 

(GC) equipped with a thermal conductivity detector (TCD); Hewlett-Packard 6890 series.  The 

error for the tie-lines are from error in the GC.  For each GC calibration curves, we injected six 

different samples of known concentrations, and back calculated the concentration using the 

calibration curve.  All GC calibration curves were accurate to >0.005 mass fractions for every 

point checked.   
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The GC employed an auto-sampler with 1 μL injection volumes.  Two capillary columns 

were connected in series using a press fit connector (Agilent 5190-6979); the first column was a 

DB-Wax (Agilent 125-7032) followed by a DB-5 (Agilent 122-5032), column flow was constant 

at 1.2 mL/min, with helium as a carrier gas.  The injector port was maintained at 170 °C and 

operated in split mode with a 150:1 split ratio.  The temperature program starts at 50 °C and 

holds for 1 minute, followed by a 20 °C per minute ramp to 200 °C, total run time is 8.5 minutes.  

The detector was a TCD operated at 150 °C with helium as the reference gas.   

 

 5.3 Results and Discussion 

 5.3.1 Experimental LLE Data 

Table 5.2 lists the experimental cloud point data of the ternary systems water (1) + 

alcohol (2) + CPME (3).  The alcohols are methanol, ethanol, 1-propanol, and 2-propanol.  The 

data was determined at 298.15 K and atmospheric pressure.  The compositions are listed as mass 

fractions.  Figure 5.1 and Figure 5.2 show the combine cloud point and tie-line data. 
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Table 5.2 - Experimental LLE Mass Fraction Obtained using the Cloud Point Method for 

the Ternary Systems Water (1) + Alcohol (2) + CPME (3) at Temperature T = 298.15 K 

and Pressure p = 0.1 MPaa 

  organic phase aqueous phase 

alcohol w1 w2 w3 w1 w2 w3 

methanol 0.0066 0.0000 0.9934 0.9869 0.0000 0.0131 

  0.0443 0.1027 0.8530 0.8823 0.0984 0.0193 

  0.0950 0.1867 0.7183 0.7696 0.1986 0.0318 

  0.1459 0.2622 0.5919 0.6742 0.2851 0.0407 

  0.2155 0.3204 0.4641 0.5493 0.3669 0.0839 

  0.2744 0.3734 0.3522 0.4079 0.4085 0.1836 

              

ethanol 0.0066 0.0000 0.9934 0.9943 0.0000 0.0057 

  0.0317 0.1067 0.8616 0.8776 0.1001 0.0223 

  0.0795 0.186 0.7345 0.7736 0.1935 0.0329 

  0.1545 0.2557 0.5898 0.6531 0.2790 0.068 

  0.2220 0.3110 0.4670 0.5083 0.3383 0.1533 

  0.3278 0.3360 0.3362 0.3394 0.3380 0.3226 

              

1-propanol 0.0131 0.0000 0.9869 0.9870 0.0000 0.0130 

  0.0384 0.0984 0.8632 0.8735 0.1042 0.0222 

  0.0625 0.1876 0.7499 0.7666 0.1953 0.0381 

  0.0794 0.2763 0.6443 0.6626 0.2833 0.0541 

  0.1277 0.3494 0.5229 0.5382 0.3594 0.1024 

  0.1935 0.4034 0.4031 0.4222 0.4202 0.1576 

              

2-propanol 0.0099 0.0000 0.9901 0.9899 0.0000 0.0101 

  0.0259 0.0974 0.8767 0.8685 0.1092 0.0223 

  0.0724 0.2018 0.7258 0.7704 0.2000 0.0296 

  0.1138 0.2668 0.6195 0.6468 0.2824 0.0708 

  0.1619 0.3352 0.5028 0.5224 0.3491 0.1285 

  0.2253 0.3898 0.3849 0.3946 0.3988 0.2066 

aStandard uncertainties u are u(w) = 0.003, u(T) = 0.1 K, and u(p) = 10 kPa 
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Table 5.3 lists the tie-line values, distribution coefficients (Di), and selectivities (S).  

These are defined as: 

    D1 = 
𝒘𝟏

𝒐𝒓𝒈

𝒘𝟏
𝒂𝒒                                                             Equation 5.1                              

D2 = 
𝒘𝟐

𝒐𝒓𝒈

𝒘𝟐
𝒂𝒒                                                             Equation 5.2                                                                                                                                                                   

S = 
𝑫𝟐

𝑫𝟏
                                                              Equation 5.3                                                      

where D1 and D2 are the distribution coefficients for the water and alcohol, respectively, in each 

phase.  w1 is the water fraction, w2 is the alcohol fraction.  The superscripts org and aq refer to 

the organic and aqueous phases, respectively.  And the selectivity S is the capability of CPME to 

extract the alcohol from the water phase, Figure 5.3.   

 

Table 5.3 - Experimental LLE Mass Fraction (Tie-Line Data) for the Ternary Systems 

Water (1) + Alcohol (2) + CPME (3) at Temperature T = 298.15 K and Pressure p = 0.1 

MPaa 

  organic phase aqueous phase   

alcohol w1 w2 w1 w2 D1 D2 S 

methanol 0.0571 0.1144 0.4398 0.3960 0.13 0.29 2.23 

  0.0307 0.0678 0.5444 0.3616 0.06 0.19 3.32 

  0.0147 0.0316 0.6872 0.2675 0.02 0.12 5.52 

  0.0087 0.0135 0.8120 0.1603 0.01 0.08 7.86 

  0.0870 0.1526 0.3767 0.3985 0.23 0.38 1.66 

  0.0264 0.0586 0.5719 0.3471 0.05 0.17 3.66 

  0.0174 0.0381 0.6530 0.2946 0.03 0.13 4.85 

  0.0122 0.0244 0.7290 0.2335 0.02 0.1 6.24 

  0.0042 0.0028 0.9296 0.05190 0.00 0.05 11.94 

         

ethanol 0.1585 0.2500 0.5818 0.3147 0.27 0.79 2.92 

  0.0986 0.1919 0.6449 0.2845 0.15 0.67 4.41 

  0.0745 0.1490 0.6866 0.2616 0.11 0.57 5.25 

  0.0411 0.1013 0.7315 0.2301 0.06 0.44 7.84 
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  0.0145 0.0361 0.8320 0.1428 0.02 0.25 14.51 

  0.0085 0.0152 0.9011 0.0763 0.01 0.2 21.12 

  0.0198 0.0511 0.8077 0.1669 0.02 0.31 12.49 

  0.0368 0.0918 0.7485 0.2194 0.05 0.42 8.51 

         

1-propanol 0.2038 0.4071 0.8234 0.1541 0.25 2.64 10.67 

  0.1579 0.3680 0.8408 0.1372 0.19 2.68 14.28 

  0.1225 0.3211 0.8538 0.1245 0.14 2.58 17.98 

  0.1253 0.3211 0.8538 0.1247 0.15 2.57 17.55 

  0.0798 0.2400 0.8747 0.1044 0.09 2.3 25.2 

  0.0343 0.1057 0.9096 0.0700 0.04 1.51 40.04 

  0.1953 0.4022 0.8304 0.1478 0.24 2.72 11.57 

  0.1619 0.3719 0.8418 0.1368 0.19 2.72 14.14 

  0.1360 0.3416 0.8518 0.1274 0.16 2.68 16.79 

  0.1045 0.2899 0.8636 0.1156 0.12 2.51 20.72 

  0.0211 0.0504 0.9338 0.0472 0.02 1.07 47.26 

  0.0379 0.1196 0.9031 0.0758 0.04 1.58 37.6 

  0.0472 0.1518 0.8934 0.0857 0.05 1.77 33.53 

  0.0647 0.2027 0.8848 0.0945 0.07 2.14 29.33 

         

2-propanol 0.1580 0.3387 0.7573 0.2067 0.21 1.64 7.85 

  0.122 0.2947 0.7827 0.1872 0.16 1.57 10.1 

  0.0816 0.2149 0.8140 0.1605 0.10 1.34 13.36 

  0.0258 0.0861 0.8691 0.1096 0.03 0.79 26.46 

  0.1866 0.3535 0.7342 0.2235 0.25 1.58 6.22 

  0.1370 0.3085 0.7692 0.1987 0.18 1.55 8.72 

  0.1220 0.2887 0.7803 0.1896 0.16 1.52 9.74 

  0.0742 0.2082 0.8153 0.1594 0.09 1.31 14.35 

  0.0247 0.0815 0.8729 0.1054 0.03 0.77 27.33 

  0.0121 0.0214 0.9289 0.0532 0.01 0.4 30.88 

  0.2537 0.3863 0.7088 0.2431 0.36 1.59 4.44 

aStandard uncertainties u are u(w) = 0.005, u(T) = 0.1 K, and u(p) = 10 kPa 
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Figure 5.1 - LLE data for the ternary systems (a) {water + methanol + CPME}, and (b) 

{water + ethanol + CPME} at T= 298.15 K; cloud point data (○), tie-lines (◊). 
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Figure 5.2 - LLE data for the ternary systems (a) {water + 1-propanol + CPME}, and (b) 

{water + 2-propanol + CPME} at T= 298.15 K; cloud point data (○), tie-lines (◊).  
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Qualitatively, the tie-lines and cloud point data are in good agreement.  Quantitatively, 

the reliability of the lines were confirmed by plotting the Other-Tobias (equation 5.4) and Hand 

(equation. 5.5) correlations: 

 

𝒍𝒏 [
𝟏−𝒘𝟑

𝒐𝒓𝒈

𝒘𝟑
𝒐𝒓𝒈 ] = 𝒂 + 𝒃 𝐥𝐧 [

𝟏−𝒘𝟏
𝒂𝒒

𝒘𝟏
𝒂𝒒 ]                            Equation 5.4 

𝒍𝒏 [
𝒘𝟐

𝒐𝒓𝒈

𝒘𝟑
𝒐𝒓𝒈] = 𝒄 + 𝒅 𝐥𝐧 [

𝒘𝟐
𝒂𝒒

𝒘𝟏
𝒂𝒒]                                Equation 5.5   

where w1, w2, and w3 are the mass fraction of water, alcohol, and CPME respectively.  The 

superscripts are as in equations 5.1 and 5.2.  a, b, c, d are the fitting parameters for the linear 

regression, Table 5.4.       

 

Table 5.4 - Fitting Parameter for Othmer-Tobias and Hand Plots 

  Othmer-Tobias Hand 

alcohol a b R2 c d R2 

methanol -1.9575 1.2268 0.9900 -1.9534 1.4113 0.9866 

ethanol 0.1405 1.8305 0.9893 0.0709 1.8042 0.9808 

1-propanol 4.9132 2.8968 0.9916 4.0489 2.3819 0.9941 

2-propanol 2.6776 2.416 0.9928 2.4227 2.2252 0.9951 

 

 

 5.3.2 Comparison of CPME to Chloroform. 

 The Bligh and Dyer method for extraction lipids from wet biomass uses a water-

methanol-chloroform system131.  Our system would replace chloroform with CPME and 

methanol with any of the four possible alcohols, methanol, ethanol, 1-propanol, or 2-propanol.  

Table 5.5 lists the physical properties of CPME and chloroform.  Although relative to chloroform 

CPME is far less hydrophobic, in absolute terms CPME is hydrophobic.  CPME also has a 
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similar heat of vaporization as chloroform.  These terms are important if a separation step is 

necessary to remove water and/or alcohol from the CPME phase. 

 

 

Figure 5.3 - Separation factor (S) for {water + methanol + alcohols} at T = 298.15 K;        

methanol (●), ethanol (■), 1-propanol (♦), and 2-propanol (▲) 

 

 Figure 5.4 shows the LLE ternary diagram for water-methanol-chloroform as well as the 

four systems studied in this work.  As shown in Figure 5.4, the miscibility gap for the four 

systems are fairly similar, with ethanol having the farthest deviation from the Bligh and Dyer.  

More importantly, the reason that the water-methanol-chloroform system is so successful for 

lipid extraction is because the oil partitions almost completely into the chloroform phase. 

Combine this with the slopes of the tie-lines (downward sloping), and upon phase separation the 

chloroform phase will contain almost no water or methanol, and mostly oil.   If CPME acts like 

chloroform and very little oil partitions into the alcohol, then the water + methanol + CPME 

system would be preferred; downward sloping tie-line with low selectivity (S).  However, if 

CPME does not capture all of the oil, and some lipids partition into the alcohol, then the water + 

1-propanol + CPME system would be preferred; upward sloping tie-lines high selectivity (S).   

 

 



 

84 

 

Table 5.5 - Physical Properties of CPME5 and Chloroform150 

property CPME Chloroform 

molecular weight (g/mol) 100.16 119.38 

density (298.15 K) [kg/m3) 860 1480 

boiling Point [K] 379.15 334.15 

dielectric constant (298.15) 4.76 4.81 

viscosity [mPa∙s] 0.55 0.54 

heat of vaporization [kJ/kg] 289.3 248.1 

azeotropic temperature with water [k] 356.15 326.45 

azeotropic composition [solvent/water, wt%/wt%] 83.7/16.3 97.0/3.0 

solubility of water in solvent (293.15 K) [g/100g] 0.3 0.06 

solubility of solvent in water (293.15 K) [g/100 g] 1.1 0.8 

 

 

 

Figure 5.4 - LLE ternary diagrams for water + methanol + chloroform151 (○), water + 

methanol + CPME (□), water + ethanol + CPME (x), water + 1-propanol + CPME (◊), and 

water + 2-propanol + CPME (Δ). Tie-lines (-) correspond to water + methanol + 

chloroform system.151 
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 5.4 Conclusion. 

LLE data for four ternary systems, water + alcohol + CPME (the alcohol being methanol, 

ethanol, 1-propanol, or 2-propanol) were determined at 298.15 K and atmospheric pressure.  

Both cloud point measurements and tie-line measurement were performed.  The accuracy of the 

tie-line data were checked using the Othmer-Tobias and Hand equations.  Distribution 

coefficients and selectivities were reported.  The physical properties and LLE ternary diagrams 

of CPME was compared to chloroform for the extraction of lipids from wet-biomass.  It was 

concluded that CPME has the potential to replace chloroform, but more studies on oil-CPME-

alcohol partitions would are needed.    
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Chapter 6 - Conclusion 

 6.1 Summary and Conclusions 

This work focused on the development of membrane contact reactors for use in 

heterogeneous three-phase reactions.  It was demonstrated that commercially available 

membranes could be rendered catalytically active with very little modification, and used in the 

partial hydrogenation of soybean oil (PHSO) to decrease hydrogen mass transfer resistances.  

Additionally, the catalytic conversion of an aqueous solution of lactic acid into commodity 

chemicals was accomplished using ruthenium coated polymeric membranes. 

When hydrogenated in a traditional slurry reactor, the PHSO is known to produce high 

amounts of trans-fats.  The low solubility of hydrogen gas in the oil causes significant hydrogen 

scarcity at the catalyst surface.  This lack of hydrogen coverage is the cause of the trans-fats.  By 

using a membrane contact reactor, we were able to reduce trans-fat formation by over 50% 

compared to a slurry reactor with similar catalyst and equal levels of hydrogenation.  We also 

demonstration that the PHSO reaction is nearly zero order with respect to hydrogen pressure, 

indicating that the membrane reactor was operating in a kinetically limited region.  

Additionally, it was shown that the formation of trans-fats is independent of temperature 

using the membrane reactor, whereas slurry reactors show a strong positive correlate between 

temperature and trans-fat production.  With slurry reactors, as the temperature is increased, the 

hydrogen solubility of the oil is reduced, leading to an increase in hydrogen starvation, causing 

trans-fats to be formed.  In addition to producing low trans-fats, it is also desirable to minimize 

the amount of saturated fat produced.  However, minimizing saturated fats is favoured at high 

temperature, while minimizing trans-fats is favoured at low temperatures; forcing a trade-off 

scenario for slurry reactors.  Membranes reactors, because hydrogen is delivered by permeation 
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through the membrane (which actually increases with increasing temperature), are able to 

operate at elevated temperatures without a loss in hydrogen at the catalyst cites, allowing for: (1) 

increased reaction rate, (2) minimize saturated fats, and (3) minimize trans-fats. 

In the lactic acid experiments, flat sheet polymeric membranes (polyetherimide) were 

fabricated in-house and coated with ruthenium catalyst through a spin coating process.  Aqueous 

phase hydrogenation experiments, similar to the PHSO, are also known to suffer from low 

hydrogen solubility of the liquid phase; requiring pressures of 100 bar or more of hydrogen 

pressure.  The intended goals were to reduce the operating pressures, improve reaction rates, and 

control product selectivity with the use of membrane contact reactors.  Our results show that the 

use of membrane reactors was able to increase the reaction rates compared to all control 

experiments; however the ability to control selectivity is currently uncertain.  It was 

demonstrated that changing reaction conditions (pressure and temperature) was able to change 

product selectivities; however there were many unknown products, which leads to an uncertain 

final composition.  Further analysis of the unknown compounds is needed to clarify the 

selectivities.  Additionally, a more accurate catalyst deposition technique is required to ensure 

consistent and even metal loading.     

  

 6.2 Future work 

If this project were to continue, there are several directions that I could envision this 

research going.  Below I will outline what I believe to be important and attainable avenues of 

investigation.  
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6.2.1 Catalyst Deposition and Determination 

 Knowing the mass of catalyst deposited on the membrane would be immensely 

important.  This would allow for the reaction rates to be normalized on a catalyst mass basis, 

which would allow for better comparison between membrane reactors and traditional three-phase 

reactors.  Determining the mass of catalyst on the commercial hollow fibers membranes 

mentioned in chapters 2 and 3 proved difficult because normal elemental analysis techniques, 

such as acid digestion or energy dispersive spectroscopy (EDS), were not possible due to the 

location of the catalyst (on the inside of the tube), and the material of the membrane (ceramic).  

However, if the membranes are flat sheets, it is possible to digest the entire membrane in 

hydrofluoric acid for inductively coupled plasma (ICP) analysis.  Alternatively, sputter coating is 

a technique that allows for both a uniform distribution and a precise amount of material (catalyst) 

to be deposited152.  Because the amount of catalyst deposited is known, sputter coating would 

eliminate the need of additional wet chemistry and instrumentation that ICP requires for metal 

loading determination.   

Moreover, with magnetron sputter coating it is possible to deposit more than one metal at 

a time.  Experiments could be conducted using both single metal and bimetallic depositions.  For 

the bimetallic deposition, first titanium or chromium will be deposited onto the polymer skin, 

followed by a platinum group metal.  Both Cr and Ti are known to be “adhesion” metals, and it 

is common to uses these adhesion metals as an intermediate layer between two surfaces that will 

not adhere by themselves.  These bimetallic depositions may provide a more robust adhesion 

than a single metal153,154.      

Another route to preparing catalytic membranes is to deposit catalytic nanoparticles 

(NPs) onto the surface of a membrane.  There is an abundance literature on both NP synthesis155-
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157 and NPs use in modifying membranes158-160.  Along with the chemical reactions themselves, 

surface modifications opens up an entire surface chemistry avenue for research.  How are the 

NPs adhering?  What forces are involved? 

 6.2.2 Surface Modifications 

One particular aspect of surface modification that receives considerable study, and could 

be potentially useful for this project, is chemical cross-linking114.  Cross-linking can be used to 

reduce plasticization161, improve or reduce water flux162, and increase chemical resistant163; with 

the latter being on interest for this project.  With the reactions studied in these works, the 

solvents/reactants were very mild (oil and water) toward the membranes; however, more 

aggressive solvents, such as tetrahydrofuran (THF), are known to be detrimental to 

polyimides161,164,165.  

The crosslinking of polyimides (PIs) with diamines has been shown to improve solvent 

stability and density166.  The diamine is first dissolved in an alcohol, and the cross-linking 

solution is introduced on the surface of the membrane.  The alcohol swells the membrane, which 

allows the diamine access to the polymer chains161,164,166,167.  The diamine reacts with the end of 

the polymer chain by breaking the imide bond and makes an intermolecular amide bond/bridge.  

Although diamines have been studied with polyimides such as P84 and Matrimid, to my 

knowledge, there are no reported studies on Ultem 1000/diamine cross-linking.  Additionally, the 

instrumentation to study the surface science of the cross-linking, and the above catalyst adhesion 

questions, are available either within the Chemical Engineering department, or within other 

Kansas State University departments. 

ATR-FTIR (attenuated total reflection – Fourier transform infrared spectroscopy), housed 

in Biological and Agricultural Engineering, is used to compare original and cross-linked 
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membranes.  ATR-FTIR shows that with increased cross-linking, imide groups are replaced with 

amide groups.  Although the exact chemical shifts are specific for different polyimides, there are 

three main bands for imide shifts in the unmodified PIs around: (1) 1770-1790 cm-1 (C=O 

asymmetric stretch of imide groups), (2) 1700-1720 cm−1 (C= O symmetric stretch of imide 

groups), and (3) 1340-1360 cm−1 (C–N stretch of imide groups)167,168.  These peaks are shown to 

decrease with increased cross-linking time, while the characteristic bands of the amide groups 

increase; ≈1645 cm-1 (C=O stretch band of the CONH group)169 and ≈1530 cm-1 (C-N stretch of 

the C-N-H group)166.       

XPS (X-ray photoelectron spectroscopy), housed in Chemical Engineering, is another 

common characterization technique that is used to characterized cross-linked membranes.  Cross-

linking with diamines introduces more nitrogen atoms, while keeping other atoms constant.  

Overtime, it would be expected to see an increase in nitrogen, thus, the ratio increase of N1s to an 

orbital from an element that is not being added, is considered an indication of the degree of 

cross-linking.  For example, the PI used by Shao et al.168 contained fluorine (F), and the cross-

linking agent only contained carbon (C), hydrogen (H), and nitrogen (N).  They used XPS to 

show that increased cross-linking time correlated with increased N1s/F1s and N1s /O1s ratios168. 

Because the membranes used are polymers, XRD (X-ray diffraction), housed in Chemical 

Engineering, does not show sharp, distinct peaks, instead, it returns an amorphous halo.  

However, diamine cross-linking universally causes shifts to the right, indicating a significant 

decrease in the d-spacing; with increased cross-linking time associated with a greater decrease in 

the d-spacing166-168,170,171.  Additionally, XRD intensity is known to decrease with increased 

cross-linking time.  The drop in d-spacing is thought to be caused by inter-polymer chain 

bonding167, or possibly by hydrogen bonding of inter-chain and intra-chain170.  Both the loss of 
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intensity and d-spacing are indicative of a tightening of the overall system.  Diamine cross-linked 

membranes are known to densify, which supports the above XRD trends161,164-166. 

In addition to the benefit that the cross-linking would provide to the membrane reactors, 

the cross-linking characterization would provide an opportunity for an original manuscript.  I 

envision a chemical reaction using the membrane reactor as the long term focus of the project, 

with the cross-linking as a co-currant side project. 
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Appendix A - Apparent Activation Energy  

 

 

 

Figure A.1 - Arrhenius plot for PHSO using two different membrane/catalyst: (a.) 

HybSi/Pd-PVP membrane, (b.) PDMS/Pd-PVP 
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Figure A.2 – Arrhenius plot for hydrogen permeance of virgin membranes: (●) HybSi 

membrane, (■ and □) PDMS.  The two data sets for the PDMS are the same membrane, 

they are broken up where the Arrhenius plot has an inflection point. 
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Table A.1 – Apparent Activation Energies for overall and individual reaction in the PHSO. 

 PDMS/Pd-PVP HybSi/Pd-PVP 

 

 Apparent 

Activation 

Energy (kJ/mol) 

R2 of 

Arrhenius 

plot 

 Apparent 

Activation 

Energy (kJ/mol) 

R2 of 

Arrhenius 

plot 

Ea (overall) 34.1 0.9484 16.0 0.9335 

Ea1 (Ln  L) 47.0 0.9503 27.3 0.9294 

Ea2 (L  S) 43.9 0.9835 21.3 0.951 

Ea3 (S  O) 28.7 0.9995 1.7 0.9143 

 

 

 

Table A.2 - Apparent Activation Energies for Overall reaction (PSHO) 

Apparent Activation Energies for Overall reaction (PSHO) 

System 
H2 Pressure 
(bar) 

Temperature 
range (°C) Ea (kJ/mol) 

PDMS (Pd-PVP) 4 50-80 36.4 

HybSi (Pd-PVP) 4 50-115 16.0 

Pd/slurry 51.7 50-110 30.1-35.9 

 

 

Table A.3 - Apparent Activation Energies for hydrogen Permeance 

Apparent Activation Energies for hydrogen Permeance 

System 
H2 Pressure 
(bar) 

Temperature 
range (°C) Ea (kJ/mol) 

PDMS (virgin) 3.5 19-54 -3.3 

PDMS (virgin) 3.5 68-77 11.84 

HybSi (virgin) 3.5 19-131 8.4 
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