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Reactive distillation is a combination of a traditional multi-stage distillation 

column with a chemical reaction.  The primary benefits of a reactive distillation process 

are reduced capital costs for equipment and energy in addition to enhanced conversion 

for equilibrium-limited reactions.  One such equilibrium-limited reaction is an olefin 

metathesis.  Olefin metathesis is a catalyzed reaction that breaks the double bond in 

olefins and rearranges the alkene fragments into new olefinic products.  A comprehensive 

investigation of a reactive distillation based olefin metathesis and supporting 

experimentation is documented here.  A small pilot plant study was performed for pilot 

scale performance comparison.  Bench reactor experimentation was conducted for the 

purposes of learning detailed information on specific metathesis reactions.  Lastly, a 

process simulation study was completed for comparison in performance with the small 

pilot plant process. 

 The small pilot plant study involved the design, construction, testing, operation, 

and optimization of a reactive distillation column.  Continuous operation campaigns at 
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two different hydraulic capacities within the reactive zone were performed and their 

performances were compared.  A higher hydraulic capacity proved to be more efficient 

and more selective for the conversion of medium molecular weight olefins into both 

lighter and heavier olefinic products. 

 Bench reactor experiments were designed with the intent of investigating specific 

alpha olefin metathesis reactions and obtaining conversions, selectivities, and yield 

structures for future simulation work.  However, under conditions similar to that within 

the small pilot plant process, there existed a high frequency of secondary double bond 

isomerization (possibly due to an isomerization activity for alumina).  There was also an 

observed dependence on temperature for both the primary metathesis and secondary 

isomerization reactions. 

 A process simulation representative of the small pilot plant process was 

constructed in AspenPlus.  Using a simplified reaction network based on assumptions and 

analysis of the reactive zone, its performance was compared with that of the small pilot 

plant process.  The simulation performance tended to underpredict overhead 

compositions, but accurately simulated the bottoms product composition. 

 Because reactive distillation has not been used with a heavy olefin metathesis 

reaction, this dissertation demonstrates the uniqueness and effectiveness of a reactive 

distillation based heavy olefin metathesis. 
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CHAPTER 1: INTRODUCTION 

 
 

1.1 REACTIVE DISTILLATION AND OLEFIN METATHESIS 

 
A chemical process that combines a chemical reaction with a traditional multi-

stage distillation is called a reactive distillation.  For a reactive distillation, this reaction 

typically occurs in liquid phase (homogeneous catalysis) or on the surface of a solid 

catalyst in contact with a passing liquid stream (heterogeneous catalysis).  Instead of 

operating a stand-alone reactor and then feeding the product stream to a separate unit 

operation for separation, a reactive distillation combines the advantages of both unit 

operations and saves capital in the process.  Reactive distillations have lower equipment 

costs due to less equipment being necessary for an overall process, but they also have 

lower operational costs due to enhanced thermal efficiency and reaction performance.  

This type of process is especially useful for equilibrium-limited reactions; the distillation 

helps separate products with different volatilities from the reacting zone.  Conversions 

can then be pushed beyond their typical equilibrium restrictions due to the constant 

removal of the products from the reacting zone.  This enhanced conversion also comes 

with the possibility of enhanced product quality because reacting zone temperatures do 

not have to be operated as high as they would have to be in a stand-alone reactor.  Lower 

temperatures equate lower degradation and reduced quantities of side products.  

However, reactive distillation has a key drawback, its complexity.  Attempting to 

simulate and operate an actual reactive distillation process is a complicated function of 
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vapor-liquid equilibriums, mass transfer rates between phases, reaction kinetics, and 

diffusions to the active sites of heterogeneous catalysts.  Some examples of past success 

with reactive distillation are esterifications, hydrolysis, oligomerizations, and alkylations.  

The key to a successful reactive distillation lies in the ease of reaction at moderate 

operating conditions and the ease of separation of the products by boiling point.  For this 

reason, olefin metathesis is a viable candidate for reactive distillation. 

Olefin metathesis is an equilibrium catalyzed reaction that cleaves the double 

bonds in olefins and redistributes the alkene fragments into a statistical distribution of 

olefins.  Reaction (1) represents the most generic olefin metathesis reaction. 

   

 (1) 

Here, both R and R’ can be alkyl groups or hydrogen.  Reaction (1) is a self-metathesis, 

or a metathesis between two identical olefins.  The alternative is a cross-metathesis, or a 

metathesis between two different olefins.  A specific example for an olefin metathesis is 

shown in Figure 1. 

 

Figure 1 - Example olefin metathesis reaction: 2-octene self-metathesis. 
 

Figure 1 shows a self-metathesis of 2-octene producing both a lighter product (2-butene) 

and a heavier product (6-dodecene).  The first industrial metathesis reaction was the 
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Phillips Petroleum Corporation Triolefin Process for the production of ethylene and 2-

butene from propylene.  More recently, olefin metathesis has been applied to three areas: 

synthetic organic chemistry for the synthesis of biological compounds, design of future 

production scale processes, and current commercial productions of specialized olefins 

and polymers (Ivin, 1997).  However, the success of an olefin metathesis process is 

strongly tied to the success of the catalyst system selected.  Numerous catalyst systems 

have been developed over the last few decades, the most common involving molybdenum 

(Mo), tungsten (W), ruthenium (Ru), or rhenium (Re).  Proper selection of a catalyst 

system for a specific process must be made based on catalyst activity, lifetime, durability, 

and regenerability.  Once an appropriate catalyst is selected, the equilibrium reaction can 

react medium (molecular weight) olefins into both a lighter olefin and heavier olefin, thus 

producing a broad range of volatilities of reactants and products.  This makes olefin 

metathesis an ideal candidate for reactive distillation, if an appropriate catalyst system is 

selected. 

 
 

1.2 MPM TECHNOLOGYTM 

 
Realizing that olefin metathesis was gaining widespread usage in technology and 

patents and was also a possible ideal candidate for reactive distillation, a new endeavor 

was created by MPM TechnologyTM.  MPM, or “Multi-Phase Metathesis”, TechnologyTM 

proposes a patented pathway to the co-production of light olefins (ethylene and 

propylene) and heavy olefins (linear internal olefins, or LIOs) via reactive distillation 

combined with olefin metathesis.  This reactive distillation invention feeds a narrow 
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range of light hydrocarbons to a fixed catalyst bed within a fractionation unit.  The 

reactive zone is composed of a combination of metathesis catalyst and isomerization 

catalyst that creates both lighter and heavier olefinic products.  The fractionation section 

above the reactive zone (rectifying section) is used to concentrate the lighter olefinic 

products and the fractionation section below the reactive zone (stripping section) is used 

to concentrate the heavier olefinic products (US Patent #6,518,469, Abazajian, 2003). 

The proposed implementation of this patented process is for the conversion of 

low-value butenes and pentenes partially into of ethylene and propylene and partially into 

high-value heavy linear internal olefins (LIOs) of a designated molecular weight range 

(US Patent #6,515,193, Abazajian, 2003).  This process involves multiple steps of 

reactive distillation wherein each subsequent step is fed with the bottoms product of the 

previous stage.  This implementation produces ethylene and propylene as an overhead 

product from each step, while producing a heavier and heavier bottoms product.  Figure 2 

shows an illustration of this overall four step process.  Table 1 summarizes the product 

distribution of each product stream from Figure 2.   
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Figure 2 - MPM TechnologyTM four step process flow diagram. 
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Table 1 - Product distribution for multiple steps of reactive distillation as designated by MPM 
TechnologyTM. 

Step # Feed Overhead Product Bottoms Product 

1 Butene Ethylene/Propylene Pentene/Hexene 

2 Pentene/Hexene Ethylene/Propylene Heptene/Octene 

3 Heptene/Octene Ethylene/Propylene Decene - Dodecene 

4 Decene - Dodecene Ethylene/Propylene Pentadecene - Octadecene 

 

This implementation however was not limited to four steps; less or more could be utilized 

depending upon the desired heavy product.  The advantages of this implementation 

include the aforementioned benefits of reactive distillation and its lower energy demands, 

but also the added benefit of converting a low-value by-product stream (butenes) into a 

universally demanded stream of ethylene and propylene in addition to a high-value 

stream of designated LIOs.  Ethylene and propylene are both petrochemical feedstocks 

with very high universal demands.  LIOs are the pre-cursers for detergents, lubricants, 

drilling fluids, and surfactants, all of which have very high-value due to the limited 

production of LIOs.  There are obvious economic benefits for this process proposed by 

MPM TechnologyTM. 

 For the purposes of demonstrating the feasibility of producing high molecular 

weight LIOs via MPM TechnologyTM’s patented process, a reactive distillation pilot plant 

process became necessary.  Limited by the availability of equipment, floor space, capital, 

and resources, only operation of one of the steps outlined in Figure 2 was viewed as a 

practical demonstration.  The third step involving a feed of octenes (with removal the 

heptenes) was selected as a proper demonstration step.  This step was selected because 

octene (specifically 1-octene) was easy to obtain, and also because running a system with 
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low vapor pressure hydrocarbons was a safer and easier process to design and operate.  

This dissertation highlights a joint venture between MPM TechnologyTM and the 

University of Texas at Austin’s Separation Research Program in demonstrating the 

feasibility of this step of the process on a small pilot plant scale.  Supporting analytical 

work, bench scale experimentation, and process simulation is also highlighted. 

 

 

1.3 PROJECT SCOPE 

 
This dissertation describes the development and analysis of a reactive distillation 

process involving olefin metathesis via pilot plant experimentation, bench scale 

experimentation, and process simulation.  The design and development of a small pilot 

plant process is used to investigate the performance of this reactive distillation process 

involving olefin metathesis.  Bench scale experimentation is used to provide supporting 

assessments on the reactivity of a specific metathesis catalyst with respect to changes in 

temperature, flow rate or weight hourly space velocity (WHSV), and carbon number in 

the feed.  Process modeling is used in conjunction with bench scale experimentation 

performance to predict the performance of a simulated process similar to the small pilot 

plant process. 

A small pilot plant reactive distillation process was constructed, tested, and 

operated.  During the evaluation of this pilot plant process, valuable information was 

obtained for the isomerization of 1-octene, metathesis of mixed linear octenes, and 

subsequent reactive distillation.  Two continuous operations of the small pilot plant 
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process were performed with distillation and reaction performances were being 

compared.  Bench reactor experimentation provided valuable qualitative information on 

the self-metathesis reaction of alpha olefins under specific conditions.  This qualitative 

information was especially useful in assessing the commercial viability of this specific 

utilization of olefin metathesis within a reactive distillation.  However, no detailed kinetic 

information was obtained for these olefins due to the high frequency of side 

isomerization and subsequent cross metathesis between the olefin isomers.  An existing 

process simulation was updated and revised to properly reflect the current small pilot 

plant process.  Its performance was used to predict the performance of reactive 

distillation process involving olefin metathesis with moderate accuracy.  The reaction 

network employed within this process simulation was considered oversimplified. 

This dissertation is divided into three areas based on the three areas the project 

encompassed.  Following the literature review in Chapter 2, the first section (Chapter 3) 

outlines design and development of the small pilot plant process and the specific 

experimentation methods that were performed on this process. Piping and 

instrumentation diagrams were generated and operating procedures were created to fully 

detail this process.  Chapter 6 outlines the experimental results and discussion for the 

performance of this small pilot plant process.  The experimental tests performed were as 

follows: a hydraulic capacity test of the fixed catalyst bed under appropriate conditions; 

an evaluation of a feed isomerization pre-reactor; an evaluation of a metathesis reactor, 

which was in essence an evaluation of the entire process under transient conditions; and a 

continuous evaluation of the entire process for two separate campaign, each performed at 

a different hydraulic loading of a metathesis reactor. 
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The second section (Chapter 4) outlines the bench scale experimentation that was 

designed and performed.  A bench metathesis reactor apparatus was designed and 

constructed so that refined experiments could be performed in an attempt to learn detailed 

information about specific metathesis reactions.  Chapter 4 details two different sets of 

designed experiments that were performed.  Chapter 7 provides the results and discussion 

of these bench reactor experiments.  The first set of experiments focused on operating the 

reactor with conditions similar to those found within the small pilot plant metathesis 

reactor.  The second set of experiments focused on operating the reactor over a broader 

range of temperatures so that optimal conditions for a specific reaction could be obtained. 

 The final section (Chapter 5) details the process simulation.  Chapter 8 presents 

the results and discussion for the process modeling section.  Analysis of the initial 

simulation and the revised simulation are provided.  The reaction network was also 

updated to properly reflect the process being investigated.  This involved both the 

categorization of isomerization and metathesis reactions and the allocation of these 

reactions to appropriate reaction stages within the process simulation.   

Important conclusions and recommendations for future work for each of the three 

areas of this project are outlined in Chapter 10 and Chapter 11, respectively.  Necessary 

raw data and calculations are provided in appendices. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 INTRODUCTION 

 
This chapter outlines previous works related to general olefin metathesis, olefin 

metathesis involving a rhenium metathesis catalyst system for both light and heavy 

molecular weight olefins, and implementations of olefin metathesis in a variety of 

processes.  A general overview of olefin metathesis and its history provides an 

introduction to the past experiences with olefin metathesis and the specific catalyst 

systems that were utilized.  A discussion of the more recent experimentations with the 

rhenium catalyst system for olefin metathesis on both light and heavy olefins offers 

insight into the developing rhenium catalyst systems.  Lastly, a brief review of patented 

and commercial technologies that involve olefin metathesis is highlighted. 

 
 

2.2 OVERVIEW OF OLEFIN METATHESIS AND CATALYTIC SYSTEMS 

 
The term “olefin metathesis” was first used in the late 1960’s and was used to 

describe an apparent swapping of carbon atoms between pairs of double bonds (Ivin, 

1997).  The three broad and most well-known sub-categories of olefin metathesis are 

“exchange” metathesis, “ring-opening” metathesis, and “ring-closing” metathesis.  

Because this dissertation is focused on acyclic olefin metathesis, only “exchange” 

metathesis will be reviewed.  The first well-known industrial application of an 
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“exchange” olefin metathesis was the Phillips Petroleum Corporation Triolefin Process, 

which was used to convert excess propylene into ethylene and butene (Banks, 1964).  

This industrial implementation of an otherwise unfamiliar chemistry acted as an 

introduction of olefin metathesis to the rest of the scientific community, and extensive 

research began into understanding metathesis reaction mechanisms, metathesis catalytic 

systems, and future applications. 

The first proposed mechanism for metathesis was called a “quasicyclobutane” 

mechanism in which two olefins exchanged pairs of alkylidenes (Calderon, 1967).  Two 

olefin reactants lined up next to each other and a metal catalyst complex; the alkylidene 

groups exchanged places through a symmetrical cyclobutane intermediate.  Herisson and 

Chauvin (1971) proposed a new mechanism after noting that the “quasicyclobutane” 

mechanism did not account for the presence of cross products early in the reaction.  This 

mechanism, which is the current accepted mechanism, became known as a “carbene” 

mechanism in which a metallocarbene reacts with an olefin to form an intermediate 

metallacyclobutane.  This intermediate reacts further by decomposing into a new olefin 

and a new metallocarbene capable of being recycled and continuing with further 

reactions.  The presence of both this metallocarbene and metallocycle was confirmed by 

Kress (1987). 

In terms of catalyst systems, there were numerous catalyst systems that were 

utilized for metathesis reactions.  These catalyst systems occurred in both heterogeneous 

and homogeneous phases and the most successful systems involved tungsten (W), 

molybdenum (Mo), ruthenium (Ru), and rhenium (Re).  They were divided into three 

types of catalysts: ones containing a metal carbene (i.e. W(=CPh2)(CO)5); ones 
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containing an attached alkyl group (i.e. EtAlCl2); and ones containing neither a metal 

carbene nor an attached alkyl group (i.e. Re2O7), but create a metal carbene by having the 

olefin interact with the transition metal complex (Ivin, 1997).  Early metathesis catalyst 

systems typically involved W used in conjunction with an organometallic co-catalyst 

compound in the homogeneous phase.  However, due to the limited reactivity of these 

catalyst systems for olefins with attached functional group, alternative systems were 

investigated (Anderson, 1987).  Heterogeneous systems involved a transition metal 

complex deposited on a high surface area support structure such as alumina (Al2O3) or 

silica (SiO2).  These heterogeneous systems received increased attention, especially Mo-

based systems because the commercial Shell Higher Olefin Process (SHOP) utilized Mo 

in the late 1970’s.  Mo-based systems were typically operated under very high 

temperature and pressure, which promoted the possibility of degradation products and 

polymerization for certain systems.  Investigations of Ru-based systems by Novak and 

the Grubbs group began in the 1980’s.  The Ru-based systems were shown to have 

greater functional group tolerance and did not require complex handling and operational 

techniques when compared to the Mo-based systems (Fu, 1993).  This study also reported 

a high tolerance for the presence of air, water, or other impurities, an important 

observation for future potential commercial applications.  Furthermore, the ease of 

availability of ruthenium made its commercial use much more optimal.  However, Ru-

based systems lacked high reactivity, thus limiting their use.  There existed an 

opportunity for Re-based systems to excel due to their high functional group tolerance 

and their high activity and selectivity over a broad range of temperatures and (Anderson, 
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1987).  With each step in catalyst development, improvements have been made that have 

led to a variety of new applications and synthetic techniques (Grubbs, 2004). 

 
 

2.3 RHENIUM CATALYST SYSTEMS AND LIGHT OLEFIN METATHESIS 

 
Typical Re-based metathesis catalyst systems are composed of rhenium oxide 

deposited on alumina or silica supports.  The Re-based catalyst systems have exhibited 

high activities and selectivities at low temperatures, and have maintained activity for 

metathesis in the presence of functional groups (-COOR, -OCOR, -COR, -OR, etc.) when 

promoted with tetraalkyltin or lead compounds (Mol, 1991).  Re-based catalysts are 

prepared by impregnation of the rhenium on the support (i.e. γ-alumina) followed by a 

drying at modest heat and a calcinations at temperatures above 500 oC.  A study by 

Spronk (1992) on the effect of calcinations temperature on the activity of Re2O7/γ-Al 2O3 

catalysts concluded that a temperature between 1100 and 1200 K was ideal for activity, 

and that lower loading wt% of Re2O7 required higher calcinations temperatures.  The 

loading amount was studied by Kapteijn (1977), with the conclusion that activity was 

very low at low rhenium content, but increased exponentially above approximately 6 

wt% Re2O7 with the highest observed activity occurring at approximately 18 wt% Re2O7.  

However, optimal loading depended on the type of support used, its pore size, and its 

surface area. 

Because catalyst deactivation played a serious role in industrial usages of 

metathesis, deactivation and regeneration studies on Re-based catalysts have also be 

conducted.   Re-based systems have shown to have unavoidable deactivation, hence the 
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need to fully understand the deactivation mechanism.  A deactivation study by Amigues 

(1991) on Re2O7/γ-Al 2O3 catalysts concluded that there was both reversible and 

irreversible deactivation caused possibly by impurities.  Butadiene present for the 

metathesis of ethylene with butene produced oligomers that blocked the alumina pores, 

thereby deactivating active catalyst sites.  However, full activity was restored once the 

catalyst was washed with pure propylene, concluding that butadiene was a reversible 

deactivator.  Protic compounds such as methyl tert-butyl ether (MTBE) were shown to 

irreversibly deactivate Re2O7/γ-Al 2O3 catalysts.  However, deactivation without the 

presence of these impurities suggested an alternative mechanism was possible.  Another 

deactivation study of Re-based catalysts conducted by Spronk, Andreini, and Mol (1991) 

suggested that in addition to generic deactivation of catalyst by poisoning, an intrinsic 

deactivation mechanism was also possible.  The proposed mechanism was a reductive 

elimination of the metallacyclobutane intermediate.  This deactivation was shown to have 

a strong dependence on temperature, demanding lower reaction temperatures for 

continued high activity.  Regeneration techniques for Re2O7/γ-Al 2O3 catalysts have been 

also determined.  Studies by Amigues (1990) and Stoyanova (2008) concluded that this 

Re2O7/γ-Al 2O3 catalyst system was easily regenerated in an air flow at 550 oC. 

 Because the first industrial olefin metathesis process was for propylene converting 

into ethylene and butene, many experimental studies on the metathesis of light olefin 

compounds with Re2O7/γ-Al 2O3 catalysts have been performed.  A kinetic study on the 

metathesis of propylene over a Re2O7/γ-Al 2O3 catalyst within a fixed bed reactor was 

performed by Kapteijn (1981).  Through a statistical analysis of calculated kinetic 

parameters, this study rejected the previously accepted Langmuir-Hinshelwood model 
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that was used as a kinetic model for understanding the metathesis reaction kinetics.  The 

suggested model was in agreement with the carbene mechanism originally proposed by 

Herisson and Chauvin (1971), with the decomplexation and subsequent desorption of the 

products being considered not in equilibrium (Kapteijn, 1981).  Optimal rhenium content 

was studied by Kotov (2006).  This investigation concluded that a rhenium content of 10 

wt% was optimal based on its high efficiency and high amount of product per unit weight 

of rhenium used.  A recent experimental study by Stoyanova (2008) was performed on 

the metathesis of ethylene and butene into propylene involving multiple fixed beds of 

Re2O7/γ-Al 2O3 catalyst.  This study performed a high-throughput screening to investigate 

different calcinations procedures, regeneration techniques, reactor temperatures, WHSVs, 

and rhenium contents.  Calcination temperature was shown to have minimal effect on 

selectivity and conversion.  However, a pre-treatment of air at 550 oC was concluded to 

be advantageous and resulted in higher conversions.  Highest conversion was measured at 

the highest reactor temperature (100 oC), and the highest selectivity was measured at the 

lowest reactor temperature (50 oC).  The lowest operated WHSV of 1.3 hr-1 was 

considered the most optimal WHSV for high conversion and minimal loss in selectivity.  

Both selectivity to propylene and conversion of reactants were shown to be higher with 

higher rhenium content, but both were also shown to be drastically low for rhenium 

content below 5 wt% a Re2O7. 
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2.4 RHENIUM CATALYST SYSTEMS AND HEAVY OLEFIN METATHESIS 

 
Some important studies on metathesis involving heavier olefin metathesis have 

been performed with a Re2O7/γ-Al 2O3 catalyst.   The aforementioned studies relating to 

light olefin metathesis and Re2O7/γ-Al 2O3 catalyst were typically performed in the gas 

phase, however the heavier olefin metathesis reactions were typically liquid phase 

reactions.  Mol (1988) investigated the change in performance between different 

substrates for low loadings of Re2O7/SiO2*Al 2O3 catalyst for a 1-octene metathesis in a 

batch reactor.  This study in essence investigated the impact side reactions had on 

different substrates.  It was shown that by promoting a 3 wt% Re2O7/SiO2*Al 2O3 catalyst 

with tetraethyltin (SnEt4), the selectivity of the 1-octene metathesis drastically decreased 

due to high isomerization activity.  However, aluminum (Al)-treated silica showed very 

high selectivity due to very low isomerization activity.  Furthermore, Al-treated silica-

alumina showed even higher selectivity, which suggested that the surface alumina had a 

strong interference against isomerization.  It was concluded that Al-treating or using at 

least a partial alumina substrate was ideal for selectivity. 

 Kawai (1988) studied the metathesis of various n-alkenes ranging from 1-pentene 

to 4-nonene over a CsNO3/Re2O7/γ-Al 2O3 catalyst in a fixed bed reactor.  This extensive 

experimental study provided interesting insight into activity, selectivity, and secondary 

isomerization for n-alkenes based on the position of the double bond.  The metathesis of 

1-alkenes was concluded to have minimal isomerization, reporting greater than 98% 

selectivity, but the metathesis of internal alkenes was shown to have slightly lower 

selectivities due to higher rates of double bond shifting.  The isomerization was shown to 
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only be occurring in the direction of producing a more internal olefin and not a more 

terminal olefin; 2-alkenes were isomerizing and producing 3-alkenes, but not 1-alkenes.  

Another interesting conclusion was that for a cross-metathesis of two different 1-alkenes, 

the amount of cross-metathesis product was approximately equal to 50% and also 

approximately equal to the sum of the amounts of both self-metathesis products.  In terms 

of reactivity, it was proven that reactivity followed the sequence of 2- > 3- > 4- > 1-

alkene.  Therefore, if any isomerization of a 1-alkene was to occur, the 2-alkene product 

had a five or six times higher reactivity for metathesis than the original 1-alkene.  Lastly, 

reactivity was calculated to decrease approximately 20 - 30% per carbon atom added to 

the n-alkene chain. 

 A similar study by Spronk and Mol (1991) was performed on the metathesis of 

various 1-alkenes over a Re2O7/γ-Al 2O3 catalyst in a fixed bed reactor operated at 20 oC.  

Double bond shifting was present, but reported selectivities were greater than 95%.  The 

effect of carbon chain length and the ratio between cross-metathesis product amount and 

self-metathesis product amounts was similar to that of the Kawai (1988) study.  Notable 

was the observation that reactivity for self-metathesis decreased with increasing carbon 

chain length, but for cross-metathesis products the self-metathesis rates were 

approximately equal.  This idea suggested that for a mixture, the rate-determining step of 

the least reactive alkene suppressed the reactivity of the more reactive alkene.  Lastly, 

this study proposed that the desorption of the metathesis product was the rate-determining 

step.  A continuation of this study was performed by Spronk (1992) and investigated the 

kinetics of deactivation.  Two proposed methods were suggested to minimize 

deactivation of a Re2O7/γ-Al 2O3 catalyst: operate isothermally at equilibrium conversion 



 

18 
 

until this conversion was no longer possible due to deactivation or operate with a gradual 

increase in reactor temperature to counter the deactivation.  It was concluded that the 

temperature ramping protocol would be more optimal in converting 1-octene by 

metathesis, however practical applications of this method would be difficult due to the 

increase in secondary and degradation products by higher reactor temperatures. 

 There have been several recent studies related to a different kind of substrate 

(mesoporous alumina) used as a support for a Re2O7 catalyst.  One study by Onaka 

(2002) compared the conversion and selectivity between mesoporous alumina and γ-

Al 2O3 for the metathesis of 1-octene and 7-hexadecene in a batch reactor.  For both 

metathesis reactions, Re2O7 on mesoporous alumina was observed to have higher 

conversions and selectivities.  It was suggested that the mesoporous structure was more 

uniform than that of γ-alumina and therefore enhanced the rate and selectivity of the 

metathesis reactions.  Lastly, a loading content of 7 wt% Re2O7 was determined to be 

optimal for conversion and selectivity.  A study by Balcar (2004) explored the metathesis 

of 1-alkenes over a range of temperatures and Re loading contents.  The optimal 

conditions utilized were a loading content of 9.5 wt% with a reactor temperature of 60 

oC, but selectivity did not have a strong dependence on either of these conditions.  

Conversion was proven to have a strong dependence on the type of alumina used; 

conversions increased two to three times when the substrate was changed from γ-alumina 

to mesoporous alumina.  A similar study by Oikawa (2004) concluded that 7 wt% Re2O7 

on mesoporous alumina was the optimal Re loading content and that mesoporous alumina 

showed higher activity and selectivity for terminal and internal olefin metathesis when 

compared to γ-alumina.  A recent study by Hamtil (2006) was conducted for a batch 
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reactor metathesis of various terminal and internal olefins over Re2O7 deposited on 

mesoporous alumina.  This experimental study investigated the differences in reactivity 

for olefins with different positions of the double bond.  It was shown that selectivity was 

lower for a 1-alkene than a 2-alkene; this suggested that the rate of double bond 

isomerization was higher for a 1-alkene than for a 2-alkene.  Additionally, desorption 

rates were assumed to be lower for less volatile olefinic reactants, indicating that 

deactivation of the catalyst was higher when using these less volatile olefins. 

 

 

2.5 OLEFIN METATHESIS, PATENTS, AND REACTIVE DISTILLATION 

 
There are an obvious large variety of possible processes involving some 

recombination of olefin alkyl groups into more valuable combinations.  But the success 

of these processes is strongly tied to the current olefin market demands and costs of 

reactants and products.  With regard to actual implementations of olefin metathesis into 

industrial and commercial processes, there have been only a few successful processes, 

although numerous designs and developments have been envisioned.  The three most 

well-known olefin metathesis processes are the Phillips Petroleum Corporation Triolefin 

Process, the production of neohexene by the Chevron Phillips Chemical Company, and 

the Shell Higher Olefin Process (SHOP).   

The Phillips Petroleum Corporation Triolefin Process is widely considered the 

first industrial scale application of olefin metathesis.  The Triolefin Process started as a 

production of ethylene and 2-butene from a metathesis of propylene.  It was a 
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heterogeneous catalyst system containing WO3/SiO2 within a fixed bed reactor operated 

between 350 - 425 oC (Mol, 1999).  Two fractionation units were used downstream to 

separate lights and propylene from the heavies.  This process had a near equilibrium 

conversion of 40 - 43% with a selectivity to ethylene and 2-butene of at least 95% (Ivin, 

1997).  However, a change in the market and the increased demand for propylene forced 

this technology to be operated in the reverse direction for the production of propylene.  

An isomerization catalyst (MgO) was added to the fixed bed and was used to isomerize 

any 1-butene in the feed into 2-butene.  Typical single pass conversions are 60% with 

above 90% selectivity to propylene (Mol, 2004).   

 The synthesis of neohexene (3,3-dimethyl-1-butene), an intermediate used in the 

production of synthetic musk perfume, is another industrial application involving olefin 

metathesis.  Neohexene production is a result of a metathesis between β-di-isobutene and 

ethylene.  This process is similar to the Triolefin Process, containing the same 

heterogeneous catalyst system (WO3/SiO2 as a metathesis catalyst and MgO as an 

isomerization catalyst) in a fixed bed reactor.  The isomerization catalyst is used to 

isomerize any α-di-isobutene into β-di-isobutene because commercially available di-

isobutene comes as a mixture of both (Anderson, 1987).  After stripping out excess 

ethylene, two downstream fractionation units are used to separate isobutene and 

neohexene from unreacted di-isobutene.  The fixed bed reactor is operated near 370 oC 

and at 30 bar.  Typical conversions are 65 - 70% with a selectivity to neohexene of at 

least 85% (Ivin, 1997). 

 In 1977, the SHOP was initiated for the production of detergent-range olefins 

from ethylene by a three-stage process.  The first stage involves the oligomerization of 
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ethylene in the presence of a homogeneous Ni-phosphine catalyst at moderate 

temperature (90 - 100 oC) and high pressure (100 - 110 bar) (Ivin, 1997).  This first stage 

produces a Schulz-Flory distribution of even-numbered linear 1-alkenes ranging from C4 

to C40.  Alkenes ranging from C6 - C18 are removed and used for future production of 

lubricants, alcohols, detergents, and fatty acids.  In the second stage, the remaining 

fractions (< C6 and > C18) are purified, isomerized, and then sent to a metathesis reactor.  

The third stage is a metathesis of these streams which produces a mixture of linear 

internal alkenes with both odd and even numbers of carbon atoms at approximately 10 - 

15 wt% per pass.  The C11 - C14 cut is distilled off and used for the production of 

detergents.  This cut has a very high linear character (greater than 96%, with the 

remainder being mostly branched alkenes and paraffins) (Anderson, 1987).  The 

heterogeneous metathesis catalyst system is assumed to be MoO3/Al 2O3 operated 

between 100 - 125 oC and at 10 bar (Ivin, 1997). 

 There have also been numerous patents involving the implementation of olefin 

metathesis.  One patent was for the production of olefins by a metathesis with a mixture 

of tungsten oxide and molybdenum oxide acting as a metathesis catalyst in the presence 

of a methylating agent promoter (Kukes, 1985).  This catalyst is used in the production of 

propylene from ethylene and 2-butene in a fixed bed reactor operated between 400 - 600 

oC.  A patent by Chauvin (1995) describes a metathesis of olefins in the presence of an 

improved catalyst containing a niobium and/or tantalum and a rhenium compound 

deposited on a substrate containing at least 75% alumina.  This catalyst is used in the 

production of propylene from ethylene and 2-butene in a fixed bed reactor operated 

preferably between 20 - 150 oC and at a necessary pressure to match that of the vapor 
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pressure of the reactor mixture.  Another patent by Kelly (1997) addresses the production 

of a mixed stream of butenes and propylene by the metathesis of pentenes and ethylene.  

The butene product is primarily composed of isobutene and 1-butene, which can be used 

for the production of MTBE.  A metathesis catalyst is used in a fixed bed reactor, 

operated preferably between 15 - 40 oC and at an appropriate pressure to maintain a 

liquid phase within the reactor.  Liquid hourly space velocities (LHSV) are specified to 

be between 1 - 30 hr-1 by volume.  A patent by Jung (1987) proposes a reactive 

distillation process for the metathesis of a butene stream containing 1-butene, 2-butene, 

or both.  The preferred catalyst system is Re-based deposited on γ-alumina.  The 

metathesis reactions form ethylene and propylene as light products and pentenes and 

hexenes as heavy products.  The distillation is then used to separate these two product 

streams. 

 In terms of process simulation, very little literature exists.  One study by 

Okasinski (1998) on the design of kinetically controlled reactive distillation columns 

conducted a systematic, steady-state design of a metathesis of 2-pentene to form 2-butene 

and 3-hexene.  At atmospheric pressure, the vapor-liquid equilibrium is ideal and because 

the metathesis reaction is essentially thermoneutral, the distillation was assumed to 

operate with a constant molar overflow.  A constant reaction equilibrium constant was 

assumed and a rate expression for this metathesis reaction was calculated.  The column 

design determined that the process was feasible, forming relatively pure overhead and 

bottoms streams in about 13 stages reactive stages with the feed stage in the middle of the 

column. 
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2.6 LITERATURE REVIEW SUMMARY 

 
This literature review of olefin metathesis, experiments involving Re-based 

catalyst systems, and industrial processes involving olefin metathesis has shown that very 

few published results exist for heavy olefin metathesis.  With the exception of the patent 

by Jung (1987), none of these findings combined reactive distillation with olefin 

metathesis in a single step; the SHOP used a multi-stage and multi-unit operation process.  

This aforementioned patent was also a reactive distillation incorporating light olefin 

metathesis, but not heavy olefin metathesis.  Furthermore, with the exception of the 

SHOP, there are no large scale industrial processes that are used for the generation of 

LIOs from surplus chemical.  There is an obvious benefit in conducting an investigation 

of reactive distillation for heavy olefin metathesis with a Re-based catalyst system.
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CHAPTER 3: PILOT PLANT APPARATUS AND METHOD 

 

3.1 INTRODUCTION 

 
 Pilot studies of a process are an integral step in the full investigation of process 

development.  Pilot plants provide an avenue for investors or corporations to test the 

performance of a process with minimal associated risk.  The pilot plant scale is generally 

much cheaper to design, construct, and operate than the much larger production scale, 

hence its appeal.  Moreover, working with reduced quantities of potentially hazardous 

chemicals, reduced flow rates, and reduced waste generation provides a safer and more 

controlled experiment.  But most importantly, pilot plant studies yield important data that 

can be used for the design of a full-scale production process.  Information on chemical 

reactions, separation processes, and even chemical compatibilities can all prove useful in 

the final design of a process.   

Scaling up from a bench scale to a pilot plant scale provides unique opportunities: 

to observe a continuous operation of the whole process, and to examine effects that are 

near transparent on the bench scale.  Bench scale experimentation is typically done by 

investigating certain components of a process to test performance in a very controlled and 

confined environment.  It is here that pilot plants provide an opportunity to observe a 

process with everything operating in conjunction.  Additionally, processes studied on a 

bench scale typically cannot provide useful information on the impact of weather 

conditions and heat loss as well as the overall placement and location of process 
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equipment.  Pilot plant scales can illustrate the impact of outside temperature, radiative 

effects of the sun, and precipitation in addition to being able to operate on a scale where 

heat losses can be measured and more easily accounted for.  Constructing a pilot plant 

also provides a chance to learn optimal equipment placement, optimal sample point 

locations, and develop proper operating procedures, all of which play an integral role in 

the ultimate design of a full-scale process.  Pilot plants, in essence, provide detailed 

knowledge on a process operating in its entirety without having to invest in the time, 

money, manpower, and risk associated with a full-scale production.   

 

 

3.2 SMALL PILOT PLANT PROCESS DEVELOPMENT AND IMPLEMENTATION 

 
Due to the importance of pilot plant experimentation, a pilot plant study of a 

reactive distillation that involves olefin metathesis has been conducted.  This procedure 

involved all aspects of process development: design, construction, testing, operation, and 

optimization.  An approximate process flow diagram was provided by MPM Technology 

at the onset of this project and a general idea of the overall arrangement of the process 

was presented.  Figure 3 shows a simplified version of this process flow diagram. 
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Figure 3 - Pilot plant process flow diagram for reactive distillation involving olefin metathesis. 
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As can be seen, this reactive distillation process can be viewed as a distillation with a 

two-phase reactor in the middle.  The 1-octene feed was isomerized and fed to a two-

phase metathesis reactor.  This reactor was coupled with individual sections of a 

distillation column: a rectifying column for separating light olefins and a stripping 

column for separating heavy olefins.  The process had a co-production of light vapor 

product and heavy liquid product.  It was from this original flow diagram that process 

development began. 

 Fortunately, Sasol North America had recently decommissioned a distillation unit 

that was used for a linear alkyl benzene production and graciously donated the major 

vessels and supporting equipment to the Separations Research Program at the University 

of Texas at Austin.  Donated equipment included two columns each consisting of four 5 

foot spool segments with a diameter of 2 inches, three immersion heaters, two 600 gallon 

tanks each with their own relief valve, five pump skids (comprised of motors, positive 

displacement pumps, control valves, Micromotion® sensors and flow transmitters), four 

horizontal collection vessels, two vertical vessels used as dryers, and miscellaneous 

pressure transmitters, valves, and fittings.  The majority of this equipment would 

ultimately be used in the operation of a reactive distillation involving olefin metathesis.  

However, two major pieces of equipment were still required: the isomerization reactor 

and the metathesis reactor. 

 The original goal of MPM TechnologyTM was to design a pilot scale process and 

construct it next to a commercial facility, while the University of Texas would construct a 

small pilot scale process at J.J. Pickle Research Center.  The initial design done by MPM 

TechnologyTM yielded a column diameter of 6 inches and a reactor diameter of 18 inches.  
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The donated column from SASOL was 2 inches, therefore by scaling down properly this 

yielded a reactor diameter of 6 inches for a first-pass estimate at reactor dimensions.  An 

Aspentech® distillation simulation was performed to determine the hydraulic capability 

of the stripping and rectifying columns.  Then, a simulation of a column filled with 

packing selected to appropriately represent the catalyst pellets was performed with flow 

rates determined from the previous simulation.  This yielded a reactor diameter of 

approximately 6 inches.  The initial design done by MPM TechnologyTM also predicted a 

WHSV of 0.25 hr-1, which would require a catalyst bed length of approximately 5 feet.  

This diameter of 6 inches and length of 5 feet calculated a length to diameter (L/D) ratio 

of 10.  In order to properly support the catalyst in both reactors, a basket assembly was 

designed to function as a support chamber for the catalyst that could easily be inserted 

and removed.  The basket assembly was a 6 inch tube with a total length of 5 feet and a 

porous grid on both ends to allow vapor and liquid traffic to enter and exit.  Both reactors 

had identical catalyst bed dimensions, however the metathesis reactor required a single 

immersion heater to be placed below the catalyst bed to provide an additional heat source 

should heat losses in the vapor line to the reactor be significant.  Due to the addition of 

this immersion heater, the metathesis reactor design included a horizontal vessel at its 

base with a flange connection to the immersion heater. 

Furnaces for both of the reactors were then required.  By having furnaces with 

inner diameters of 6.75 inches, a gap of 0.0625 inches could be around each reactor.  

Applied Test Systems, Inc. supplied two Series 3210 Split Tube Furnaces with the 

following dimensions: inner diameter of 8 inches (with supports providing an actual inner 

diameter of 6.75 inches), outer diameter of 14 inches, heated zone length of 54 inches, 



 

29 
 

and total length of 58 inches.  Both furnaces had a temperature rating of 700 oC, 3-Phase 

480 VAC, Kanthal A1 vacuum formed elements, and a Class 1 Division 2 electrical 

classification.  These furnaces were to be primarily used as a heat source for regeneration, 

but to also supplement any heat losses that may occur during normal operation. 

A containment dike outside the Center for Energy and Environmental Resources 

(CEER) building and next to the SRP pilot plant was used as the location for this small 

pilot plant.  A two-tiered steel structure with decks of 10 feet each was anchored to the 

ground.  This structure provided the primary support for the distillation columns.  Pump 

skids were installed on the ground level, feed and product tanks were installed at a small 

distance away from the structure (and heat sources), and the reactors with their furnaces 

were installed next to the structure.  Figure 4 and Figure 5 show a view of this small pilot 

plant process from both north and south perspectives, respectively.  In the front of Figure 

4, the two-tiered steel structure that supports both the stripping and rectifying columns 

can be seen.  Each deck was 10 feet high with the columns elevated off the ground and 

extending a few feet above the top deck floor.  The ground level beneath the structure 

housed four pump skids that maintained liquid flow at four different locations throughout 

the process.  Beneath the stripping column was a 3 kW immersion heater; beneath the 

rectifying column was just a horizontal collection vessel.  The bases of each column sit 

on an elevated platform to facilitate ease of installation and allow easy access for 

troubleshooting.  In the front of Figure 5, the feed tank followed by the product tank can 

be seen.  Each tank was installed and plumbed so that either could function as a feed or 

product collection vessel.  Behind the tanks and next to the steel support structure, there 

was an aluminum box which housed both the isomerization and metathesis reactors.  
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Figure 6 shows a closer view of this reactor box.  The primary function of the aluminum 

exterior box was to weather-proof the furnaces and reactors.  Each reactor, with a furnace 

enclosed around the catalyst bed portion, hung side by side within the aluminum box.  

Figure 7 shows the inside of this reactor box with the side aluminum panels removed.  

Entering feed was fed up through the isomerization reactor, exited that reactor, and then 

was fed directly into the top of the metathesis reactor.  Liquid exiting the metathesis 

reactor left at the base of that reactor.  Entering vapor was fed above an immersion heater 

that was installed at the base of the metathesis reactor.  Exiting vapor left through the top 

of the metathesis reactor. 
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Figure 4 - Small pilot plant process viewed from the north. 

 
Figure 5 - Small pilot plant process viewed from the south. 
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Figure 6 - Reactor box containing both the isomerization and 

metathesis reactors. 

 
Figure 7 - Reactor box with the side aluminum panel removed. 
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Each column contained four 5-foot segments and was bolted together, resulting in 

20 total feet of wire gauze structured packing height (152.4 ft2/ft3, HETP ≈ 7-8 inches).  

Figure 8 provides a closer view of both columns standing side by side; the stripping 

column is on the left and the rectifying column is on the right.  Each column segment had 

approximately 25 feet of Gaumer heat tracing (4 W/ft) wrapped helically around it and 

then each segment was insulated.  This was done to minimize the heat losses through the 

surface of the column due to its smaller diameter.  As can be seen in Figure 8, each 

column segment had two resistance temperature detectors (RTDs): one that measured 

process temperature at the bottom of each segment and one that measured skin 

temperature at the middle of each segment.  The process temperature RTD was a direct 

process temperature measurement with a probe inserted directly into the column packing.  

The skin temperature RTD was a skin temperature measurement with a spring-loaded 

probe that allowed constant contact with the surface of the segment.  The heat tracing was 

controlled by the skin temperature measurement. 
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Figure 8 - Closer view of the stripping & rectifying columns for the small pilot plant process. 

 
Each pump skid contained identical layouts.  Figure 9 shows the equipment layout 

for one pump skid.  Each skid contained identical equipment and instrumentation: a GJ 

series Micropump® with a cavity plate design for vacuum operations; a 0.5 hp 56C frame 

motor; an Ashcroft pressure gauge rated for vacuum duty (30mmHg to 15 psig); a Badger 

Meter, Inc. ¼-inch Research Control® air-to-open valve with an appropriately sized 

valve stem; a Bellofram® Type-1000 I/P Transducer; a Swagelok® 40-micron TF-Series 

Stripping Column Rectifying Column 
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filter; a Tescom® back pressure regulator rated for 15 psig; and a Micromotion® 9700 

Series transmitter with Elite® flow sensor and HART communication.  Liquid entered 

the pump after passing through a filter in the bottom left of the skid.  A drain valve was 

set up upstream of the pump.  Liquid exited the pump with its exit pressure controlled by 

the back pressure regulator.  Excess liquid was then returned to the source vessel, if 

available.  The feed and reflux pump skid had an excess flow line that was returned to the 

suction line directly.  A liquid sample point was installed directly downstream of the 

pump.  Higher pressure liquid then entered the control valve (controlled by the I/P 

transducer) and then entered the flow sensor for flow measurement.  Flow rate, total flow, 

temperature, and density were all capable of being recorded.  A bypass line with a needle 

valve was added that allowed a bypass of the control valve, if needed. 
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Figure 9 - Small pilot plant process pump skid. 

 

 Testing of each piece of equipment was done.  Once all equipment was checked 

out individually, the process was test as a whole.  Initially, this testing was done with 

water being circulated throughout the process.  Once satisfactory distillation performance 

results were acquired, the catalyst beds were loaded and a neutral hydrocarbon blend (1:1 

ratio of cyclohexane and n-heptane) was used for testing.  Due to the lower heat of 

vaporization of these hydrocarbons, distillation performance improved and it was decided 



 

37 
 

to begin experimentation that involved an olefin feed and conduct reaction based 

experiments. 

 
 

3.3 PIPING AND INSTRUMENTATION DIAGRAMS FOR NORMAL OPERATION 

 
 The process design can be viewed in the following figures.  There were four 

primary zones of the process: the feed preparation area, the metathesis reactor, the 

stripping column, and the rectifying column.  Unless otherwise noted, all temperature 

measurements were done with RTDs. 

 Figure 10 shows a piping and instrumentation diagram (P&ID) for the feed 

preparation area.  The feed tank was filled with feedstock and pressurized with building 

supply nitrogen.  The specific feed used for this process was 1-octene (99.9% purity) and 

was provided by Chevron-Phillips.  A back pressure regulator was used to maintain a 

steady pressure of 50 psig within the feed tank.  A relief valve set for 120 psig burst 

pressure was installed for safety precautions.  A pressure transmitter and a level 

transmitter were both used to monitor tank pressure and tank level.  Liquid exited the 

feed tank, entered the feed pump skid, and then passed through a guard bed.  The guard 

bed was filled with Dynocel 616 1/16" spheres donated by Porocel Industries.  This 

absorbent was designed to remove primarily oxygen and sulfur containing compounds.  

A pressure transmitter was installed downstream of the guard bed to monitor for 

plugging.  The liquid then exited the guard bed and was fed via upflow into the 

isomerization reactor.  The isomerization reactor was filled with 33.92 lbs of industrial 

isomerization catalyst, which resulted in a total bed height of 5 feet.  This isomerization 
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catalyst was potassium oxide (K2O) embedded on catalytic grade γ-alumina (US Patent 

6,518,469).  The isomerization catalyst support shape was a ¼ inch cylinder with a 1/10 

inch hole through the cylinder was similar in size and shape to a ¼ inch Raschig ring.  

There were two temperature measurements associated with the isomerization reactor: a 

reactor skin temperature measurement halfway up the catalyst bed height and a liquid 

outlet process temperature used to monitor the temperature inside the reactor.  The split 

tube furnace functioned as an on-off heater, but due to its massive heating capability it 

was operated on a 100 second cycle with a specified “on” interval of a few seconds and 

the remainder being an “off” interval.  This was similar to a “percent-fire” situation 

where a variable heater was dialed to a percent of maximum firing capacity.  The skin 

temperature measurement was used to control whether the furnace operated this 100 

second cycle or whether is remained off.  The skin temperature was typically 50-100 oF 

warmer than the outlet process temperature.  A BS&B® Type SKR-UTM rupture disk 

(burst pressure of 230 psig at 72 oF, or 191 psig at 650 oF) was installed on the outlet of 

the reactor.  A relief line was connected to the rupture disk.  A Tescom® back pressure 

regulator rated for 50 psig was installed downstream of the reactor to hold pressure inside 

the reactor.
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Figure 10 - P&ID for the feed preparation area of small pilot plant process. 
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Isomerized feed exited the feed preparation area and entered the metathesis 

reactor area shown in Figure 11.  This feed mixed with the liquid leaving the bottom of 

the rectifying column creating the actual feed rate to the metathesis reactor.  The feed to 

the metathesis reactor was at the top of the reactor; a liquid distributor was placed above 

the metathesis reactor catalyst bed with holes around the outer ring allowing liquid traffic 

to trickle down into the reactor.  The metathesis reactor functioned identical to the 

isomerization reactor; there was a reactor skin temperature measurement used to control 

the split tube furnace and a vapor outlet process temperature used to monitor the 

temperature inside the reactor.  A BS&B® Type SKR-UTM rupture disk (burst pressure of 

230 psig at 72 oF, or 191 psig at 650 oF) was installed on the outlet of the reactor.  The 

immersion heater installed at the base of the metathesis reactor structure was a 0.67 kW 

heater with a thermocouple wrapped around the heating coils.  This immersion heater was 

used either in manual mode with a fixed percent of maximum firing capacity or in 

automatic mode with temperature control around the thermocouple temperature.  A level 

measurement of the liquid level in the base of the metathesis reactor structure was 

monitored to maintain a constant liquid level above the heating coils.  This level was 

sometimes controlled via cascade control with the metathesis reactor bottoms flow rate.   

A pump skid was used to measure and control the liquid flow out of the metathesis 

reactor and this flow was called the metathesis reactor bottoms flow.  This skid pumped 

hot liquid to the top of the stripping column.  Vapor exiting the metathesis reactor entered 

a heat traced and insulated line that ran to the bottom of the rectifying column.  This 

vapor line was heat traced and insulated to minimize condensation of saturated vapors.  A 

vacuum pressure transmitter was placed on the metathesis reactor vapor outlet line. 
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Figure 11 - P&ID for the metathesis reactor area of small pilot plant process.
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The metathesis reactor was filled with alternating layers of metathesis and 

isomerization catalysts.  The metathesis catalyst was rhenium oxide (Re2O7) embedded 

on catalytic grade γ-alumina (US Patent 6,518,469).  The isomerization catalyst used was 

the same as the catalyst used in the isomerization reactor (K2O).  The total bed height was 

5 feet.  Each catalyst layer was approximately the same depth (4 inches); therefore there 

were 15 total catalyst layers, eight metathesis bands and seven isomerization bands.  

Figure 12 shows a catalyst fill schedule for inside the metathesis reactor.  The total mass 

of catalyst used in the metathesis reactor was 34.61 lbs.  The liquid feed was distributed 

by the holes in the vapor distributer and then first entered a band of metathesis catalyst.  

Liquid metathesis products then came into contact with an isomerization band and were 

isomerized.  This was done in preparation for the next band of metathesis catalyst.  These 

isomerized products then entered another band of metathesis, repeating the method of 

metathesis followed up by isomerization.  This system was designed so that there was a 

propagation of multiple metathesis reactions.  The initial theory proposed by MPM 

TechnologyTM was that if the isomerization catalyst was not present, then the majority of 

the products would have been symmetric in nature, thereby limiting their metathesis 

potential and reducing the overall yield of products. 
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Figure 12 - Metathesis reactor fill schedule with alternating metathesis & isomerization catalysts. 

 

Figure 13 shows the stripping distillation column area of the small pilot plant 

process. Heavy liquid product from the metathesis reactor was pumped into the top of the 

stripping column.  The stripping column was packed with 20 feet of wire gauze 

structured packing.  The stripping column had four sections with heat tracing and 

temperature control.  The skin temperature measurement was used to control the heat 
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tracing.  Each heat tracing segment set point was set for slightly warmer than the process 

temperature in order to maintain minimal additional heat added to the system, while still 

countering the effects of heat loss.  A differential pressure measurement was taken across 

the column packing to monitor holdup in the stripping column and either a pressure 

transmitter or vacuum pressure transmitter were used to monitor column overhead 

pressure depending upon the process situation.  A BS&B® Type SKR-UTM rupture disk 

(burst pressure of 230 psig at 72 oF, or 191 psig at 650 oF) was installed at the top of the 

column.  A horizontal vessel at the base of the stripping column contained a 3 kW 

immersion heater with a thermocouple wrapped around the heating coils.  This 

immersion heater was operated identically to the immersion heater at the base of the 

metathesis reactor.  However, this reboiler functioned as the primary heat source for the 

entire system.  The process temperature at the bottom of the lowest column segment was 

used as the controlling temperature for this heater.  A level measurement of the liquid 

level in the base of the stripping column structure was made to maintain a constant liquid 

level above the heating coils.  This level was sometimes controlled via cascade control 

with the stripping column bottoms flow rate.  
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Figure 13 - P&ID for the stripping column area of small pilot plant process. 
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Boiled up vapor from the immersion heater traveled up the stripping column and 

exited at the top of the column out into a heat traced and insulated line.  This heat tracing 

was necessary in order to maintain the vapor phase as the hot vapor traveled from the 

stripping column to the bottom of the metathesis reactor.  Heavy liquid product was 

withdrawn from the horizontal vessel at the base of the stripping column by the stripping 

column bottoms pump skid.  This skid measured and controlled the stripping column 

bottoms flow.  Upstream of this pump skid was an Elanco, Inc spiral heat exchanger that 

was used with cooling water to cool the hot bottoms liquid.  A process temperature 

measurement was made just upstream of this heat exchanger.  The pump skid withdrew 

liquid product from the system and discharge it into the product tank.  The product tank 

system contained a level transmitter, pressure transmitter, back pressure regulator, and 

relief valve.  The product tank and feed tank were set up so that either could function as 

the feed or product tank.  

Figure 14 illustrates the remaining area of the small pilot plant process, the 

rectifying column section.  Hot vapor exiting the metathesis reactor was fed to the bottom 

of the rectifying column.  The rectifying column was identical to the stripping column 

and contained four segments that were each individually heat traced and insulated, skin 

temperatures used for heat tracing control, 20 total feet of the same packing, differential 

pressure measurement across the column packing, positive and vacuum pressure 

transmitters on the overhead vapor line, and a BS&B® Type SKR-UTM rupture disk (burst 

pressure of 230 psig at 72 oF, or 191 psig at 650 oF) installed on the top of the column.  

At the bottom of the rectifying was a horizontal collection vessel without an immersion 

heater.  This vessel was just used as a collection area and had a level transmitter to 
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monitor and maintain level within it.  This level was sometimes controlled via cascade 

control with the rectifying column bottoms flow rate.  A pump skid was used to withdraw 

liquid from the bottom of the rectifying column and this flow was called the rectifying 

column bottoms flow.  This liquid was pumped back to the top of the metathesis reactor 

where before it entered the reactor it was mixed with the feed after it exited the 

isomerization reactor. 

Vapor exiting the rectifying column was sent directly to a Whitlock® 1-4 shell-

tube heat exchanger.  This condenser was operated with cooling water and condensed 

everything that cooling water at ~45 oF could condense.  Any non-condensable vapor 

exited the condenser and combined with the vent line.  Condensed liquid accumulated in 

a vertical vessel which had a level transmitter to monitor level within the vessel.  This 

level was sometimes controlled via cascade control with the reflux flow rate.  A pump 

skid was used to withdraw liquid from the overhead accumulator and this flow was called 

the reflux flow.  This liquid was pumped back up to the top of the rectifying column.  

Before it was returned to the top of the column, it passed through a 2 kW immersion 

heater inserted in a vertical vessel.  The immersion heater had a thermocouple wrapped 

around the heating coils and was operated identically to the other two immersion heaters 

in this process.  This reflux heater was used to preheat the cold reflux before it was 

returned to the rectifying column.  However, due to its large power output and the typical 

reflux temperature being near ambient temperature, this immersion heater was not 

normally operated. 
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Figure 14 - P&ID for the rectifying column area of small pilot plant process.
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Overhead vapor that was not condensed exited the process unit through a Fox Air 

Jet Ejector.  The small pilot plant process was operated under a vacuum of 7 psia with 

nitrogen being used as the motive to pull a vacuum on the system.  Two control valves 

were used to control the pressure in the system: one to control the addition of nitrogen to 

increase system pressure and one to control overhead vapor out flow to decrease pressure.  

The nitrogen source to the ejector had a needle valve and pressure gauge installed 

upstream of the ejector that enabled a variable degree of motive flow through the ejector.  

The inlet nitrogen pressure to the ejector was typically set for 60 - 70 psig, which easily 

enabled a vacuum of 7 psia to be pulled on the system.  The ejector discharge traveled to 

the ground level and through a knockout vessel to knockout any additional condensable 

hydrocarbons prior to being ejected above the top deck of the structure. 

Nitrogen supply to the system was supplied at approximately 80 psig.  A 

Barksdale® pressure switch set for 70 psig was tied into the nitrogen source as a safety 

precaution in case the supply nitrogen failed.  Cooling water was supplied by the SRP 

cooling water supply at ~45 oF.  The primary cooling water pump for the SRP pilot plant 

was used to supply cooling water to the small pilot plant process, however a booster 

cooling water pump was used to help pump cooling water to the top of the steel support 

structure.  The cooling water temperature was also monitored, but its flow rate was not 

measured.  Air supply to the system for the I/P transducers was regulated down to 25 

psig.  Lastly, both differential pressure transmitters and all level transmitters (excluding 

tank level transmitters) had nitrogen purge lines installed on their low side indication to 

prevent hydrocarbon vapor from traveling in those lines and condensing.  The purge rate 

was set for 0.5 scfh via Dwyer® Visi-Float flow meters. 
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3.4 PIPING AND INSTRUMENTATION DIAGRAMS FOR REGENERATION 

 
Because this process was a reactive distillation with heterogeneous catalyst, a 

regeneration configuration and procedure had to be developed.  Both reactors were 

regenerated in series with the configuration given by the following figures.  

Figure 15 depicts the isomerization reactor regeneration setup.  The regeneration 

procedure was an oxidation of the catalyst surface under elevated temperatures.  The 

nitrogen supply to the system was used as the nitrogen source, while bottled dry air was 

used as the oxygen source.  Each gas line had a Dwyer® rotameter installed in order to 

maintain and manipulate the gas flow rates.  Each rotameter was used to manipulate the 

flow rates and obtain the necessary total oxygen concentration.  Both gas lines combined 

and the combined stream was fed into the bottom of the isomerization reactor.  The 

isomerization reactor furnace was operated in regeneration mode, a mode that did not 

differ significantly from the normal operation of this furnace.  The isomerization reactor 

furnace was controlled by the skin temperature.  The only major difference was that it 

was run much hotter to achieve the higher temperature requirements for the catalyst bed; 

the “on” interval for the 100 second cycle was much longer for regeneration than for 

normal operation.  The process temperature on the outlet of the isomerization reactor was 

used as an approximation for the internal reactor temperature. 
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Figure 15 - P&ID for the isomerization reactor regeneration of small pilot plant process.
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 Figure 16 illustrates the configuration of the metathesis reactor while operating in 

regeneration mode.  Hot gas exiting the isomerization reactor during regeneration was fed 

into the top of the metathesis reactor.  The metathesis reactor vapor outlet line and the 

liquid outlet line at the base of the reactor were shut to prevent hot gas from escaping.  

Hot gas traveled down through the metathesis reactor catalyst bed and exited through the 

metathesis reactor vapor inlet line.  The metathesis reactor during regeneration was 

operated identically to the isomerization reactor during regeneration.  The temperature on 

the exiting gas was monitored via the metathesis reactor vapor inlet RTD; this 

temperature provided an approximation for the internal reactor temperature.  The hot gas 

exiting the metathesis reactor was passed through a Sentry Equipment Corp TF Series 

helical coil heat exchanger.  Cooling water was run through this heat exchanger to drop 

the gas temperature before it was vented.  A pressure transmitter was installed 

downstream of the gas cooler and was used to monitor the pressure on the reactor outlet.  

The hot gas traveled to the top of the structure and was vented above the top deck. 

 The temperature control for each reactor was identical for a single regeneration.  

The regeneration procedure initially utilized gradual heating of the catalyst bed with an 

inert stream of nitrogen passing through the bed.  During this initial heating, each reactor 

furnace was gradually heated to 300 oC over the course of 8 hours and maintained at 300 

oC to ensure that the entire catalyst bed was at the desired temperature.  After a given 

amount of time, oxygen was to be introduced via air at a small total oxygen concentration 

(0.5% mol), the reactors were increased to 415 oC, and temperature and flow was held 

steady for a few hours.  After an observed exotherm passed through the reactors, the total 
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oxygen concentration was increased.  This oxygen concentration was increased to 1.0%, 

5.0% and 10% mol over the course of a single regeneration.  
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Figure 16 - P&ID for the metathesis reactor regeneration of small pilot plant process. 
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3.5 ANALYTICAL EQUIPMENT AND PROCEDURES: GC AND 13C NMR 

 
 For the small pilot plant experimentation, the majority of the analytical work was 

done by gas chromatography (GC), with some supporting analytical work done via 

nuclear magnetic resonance (NMR).   

For GC analysis, a Hewlett-Packard 5890 series gas chromatograph (GC) with a 

capillary column and flame ionization detector (FID) was used.  The capillary column 

used was a SGE BP-5 column with dimensions of 30 m by 0.25 mm by 1.0 µm.  GC peak 

identification and integration was done within EZ-Chrom Elite®.  Due to the complexity 

of the possible products from metathesis and isomerization of olefins, accurate calibration 

of the GC was conducted.  A standard of known concentrations of almost every alpha 

olefin between butene (C4H8) and eisocene (C20H40) was prepared, used for calibration of 

the GC, and used to identify regions where expected alkenes with specific carbon 

numbers would appear.  This cocktail of alpha olefins contained twice as much of the 

even numbered olefins as the odd numbered olefins, so that it was easier to distinguish 

the transition to a new carbon numbered olefin.  This cocktail also contained a fraction of 

the paraffin n-dodecane (C12H26) so that it would be easier to identify peaks prior to and 

after the dodecene peak. 

13C NMR proved to be very useful in identifying the contents of a product.  

Through 13C NMR, it was possible to identify the position of the double bond in a 

mixture of few alkenes.  It was also possible to identify the degree of branching amongst 

carbon atoms within alkenes via a 13C NMR Distortionless Enhancement by Polarization 
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Transfer (DEPT) analysis. The DEPT analysis enabled the detection of primary, 

secondary, ternary, or quaternary carbon atoms. 

 



 

57 
 

CHAPTER 4: BENCH REACTOR APPARATUS AND METHOD 

 

4.1 INTRODUCTION 

 
 Bench scale studies are a very important introductory experimental step in the 

investigation of a process.  Bench scale experimentation provides an opportunity to 

observe a separation, reaction, or both in a controlled environment.  Very specific and 

controlled experiments can be designed, constructed, and performed with minimal 

quantities of feedstock and waste.  Process flow rates are minimized and much more 

easily controlled and manipulated.  But most importantly, bench scale experimentation 

can yield fundamental information on reactions or separations.  This fundamental 

information (kinetics, thermodynamics, and transport properties) plays an integral role in 

the final design of a process. 

Bench scale studies of a simple reaction can provide important scale-up 

information for the pilot and production scale.  Performing a bench scale metathesis 

reaction with a matrix of flow rates and reactor temperatures can yield optimal operating 

conditions much faster than a pilot scale metathesis experimental program.  Less 

feedstock is used, less waste is generated, and less energy is used as heat for the reaction.  

By uncovering optimal flow rates and reactor temperatures, proper flow rate requirements 

for the pilot scale reactor and appropriately sized heat duty requirements for a pilot scale 

reactor furnace can be acquired.  Bench scale experimentation provides much more 
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flexibility in terms of experimental design, time and money investments, and operational 

requirements. 

 

 

4.2 BENCH SCALE REACTOR PROCESS 

 
 Because pilot scale experimentation was not able to provide fundamental 

information on the metathesis reactions being investigated, bench scale experimentation 

was performed.  An experimental design was conducted to uncover important 

fundamental information for metathesis reactions based on multiple variables: WHSV, 

reactor temperature, and carbon number of the olefin feed.  Figure 17 shows a process 

flow diagram of the bench scale reactor experiment. 
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Figure 17 - Bench reactor experiment process flow diagram for olefin metathesis. 
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 This bench scale process consisted of a fixed catalyst bed for the liquid phase 

catalyzed metathesis reaction.  A 3 gallon tank was filled with feedstock.  Nitrogen was 

used to pressurize the feed tank to 80 psig, forcing the liquid feed through the entire 

system.  Liquid feed was pushed through a Bronkhorst Liqui-Flow® Series L13V02 

liquid flow controller.  This flow controller was calibrated for octenes for a range of 0 to 

100 g/hr with an accuracy of ±1% of the full scale reading.  Bronkhorst software 

(FlowPlot v3.28 and FlowDDE v4.62 MBC) was used to monitor and manipulate the 

flow rate.  Liquid was then pushed up through a guard bed to remove any impurities or 

contaminants.  This dryer contained Dynocel 616 1/16" spheres that were donated by 

Porocel Industries.  The liquid feed was then sent to the reactor and furnace assembly.  

The feed line was coiled around the reactor within the furnace in order to pre-heat of the 

feed prior to entering the catalyst bed.  This liquid was heated while traveling down to the 

bottom of the reactor where it was fed up through the reactor.  The reactor was composed 

of five layers of materials: glass wool at the entrance, glass beads prior to the furnace 

zone, catalyst, glass beads after the furnace zone, and glass wool at the exit.  The glass 

wool was used to prevent particulates from clogging the tube entrance and exit.  The 

glass beads were used for inert space filler and flow distribution.  The metathesis catalyst 

used was the same catalyst as was used in the pilot plant.  The catalyst zone contained 

254.7 g of metathesis catalyst.  The reactor was 55 inches in length and 1.5 inches in 

diameter.  Figure 18 illustrates how the reactor was filled and the approximate 

dimensions.  As can be seen in Figure 18, the catalyst bed was centered within the 

furnace and a little off center within the total length of the reactor.  The catalyst bed was 

shorter than the total furnace length to enable 100% heating coverage of the catalyst bed. 
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Figure 18 - Bench reactor experiment detailed reactor fill schedule. 

 
 A Mellon Series SC11R split-hinged round tubular furnace was used for the heat 

source to the furnace.  This furnace had the following dimensions: inner diameter of 

2.375 inches, a heated zone of 24 inches, and a total length of 28.5 inches.  The furnace 
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had a temperature rating of 1100 oC, single phase 120 VAC, and a Class 1 Division 2 

electrical classification.  A type “K” thermocouple was provided as the temperature 

measurement for the control of the furnace.  A single zone digital temperature controller 

was used to control the furnace.  This thermocouple was used to measure the skin 

temperature of the reactor.  Another type “K” thermocouple was inserted into the reactor 

so that it was reading a process temperature at the end of the furnace heated zone.  This 

temperature was monitored through a Barnant analog temperature controller, but it was 

not manipulated.  The skin temperature set point was manipulated in order to maintain a 

desired process outlet temperature.  A Tescom® back pressure regulator rated for 50 psig 

was installed just downstream of the reactor and was used to hold a steady pressure of 25 

psig within the reactor.  The exiting product stream was collected in a vertical collection 

vessel to separate any vapor products from the liquid products.  Liquid product was 

accumulated in a 3 gallon product tank and vapor product was vented into a hood.  

Sampling was done on the liquid product entering the product tank. 

 

 

4.3 BENCH SCALE REACTOR ANALYTICAL EQUIPMENT 

 
 The analytical equipment used for the bench reactor experimentation was 

identical to that used for the pilot plant analysis.  All analysis was performed using a 

Hewlett-Packard 5890 series GC.  Third party extensive GC-MS and NMR analytical 

work was also used for supporting arguments. 
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4.4 BENCH SCALE REACTOR EXPERIMENTAL DESIGN 

 
 The experimental design goal for the bench scale reactor experiments was to 

uncover reaction information for the self-metathesis reaction of various alpha olefins at a 

variety of conditions.  Two different experiments were conducted.  The first involved 

operating multiple feedstocks at conditions matching those of the small pilot plant 

process.  Three alpha olefins were used as feeds: 1-hexene (99.56%), 1-octene (99.7%), 

and 1-decene (99.4%).  All feed material was provided by Shell Chemical Company and 

each feed was given a unique experiment number.  For each feed (or experiment 

number), there were four runs performed: high flow with low temperature, high flow with 

high temperature, low flow with low temperature, and low flow with high temperature.  

Using this terminology, “experiment” defined the type of feedstock and “run” defined the 

conditions that were used.  Table 2 summarizes the labeling system utilized. 

Table 2 - Summary of labeling system used for bench reactor experimentation. 

Label Description 

Experiment 1 1-Hexene feed 

Experiment 2 1-Octene feed 

Experiment 3 1-Decene feed 

Run 1 High flow, Low temperature 

Run 2 High flow, High temperature 

Run 3 Low flow, Low temperature 

Run 4 Low flow, High temperature 

 

The low and high temperatures were the desired temperatures for the process outlet 

temperature measurement.  These values were 160 oF and 200 oF, respectively.  These 
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temperatures were selected so that the bench reactor temperatures would be 

representative of the temperatures that occurred inside the metathesis reactor during the 

small pilot plant process campaigns.  The low and high flow rates were the desired flow 

rates that would provide WHSV values of approximately 0.2 hr-1 and 0.4 hr-1.  The flow 

rates were 50.0 g/hr for a WHSV of 0.20 hr-1 and 100.0 g/hr for a WHSV of 0.39 hr-1.  

These WHSV values were selected so that the bench reactor flow rates would be 

representative of the small pilot plant process campaigns.  As an example, Experiment 1, 

Run 1 represented a run of 1-hexene as the feed at 100.0 g/hr with an outlet process 

temperature of 160 oF. 

 The second experiment was an investigation of the impact temperature had on the 

frequency of side reactions.  Therefore, this study was conducted over a broader span of 

temperatures than the first set of experiments.  Two alpha olefins feedstocks (again 

provided by Shell Chemical Company) were used: 1-octene and 1-decene.  For each feed, 

duplicate runs were conducted at a single temperature.  The temperatures used were 

ambient (19 - 22 oC), 40 oC, 60 oC, and 80 oC.  All runs were conducted at 100.0 g/hr for 

a WHSV of 0.39 hr-1.  This WHSV value was selected so that it was comparable with the 

first set of experiments. 

Operational protocol did not vary between the two designed sets of experiments.  

Prior to each run, feed material filled the system through a bypass line around the flow 

controller until a steady liquid rate was acquired at the sample point.  This confirmed that 

the reactor was liquid full.  If the reactor was still liquid full from a previous run, then the 

reactor was flushed for at least 45 minutes with fresh feed.  After either a filling of the 

system or flushing of the system, the experimental flow rate was set and furnace was 
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turned on.  Sampling was performed every subsequent hour and process outlet 

temperatures were recorded every 15 minutes until the desired temperature was reached.  

Once consecutive steady outlet concentrations were acquired, the run for the experiment 

was complete.  Typically after four or five runs, the catalyst bed required regeneration.  It 

was regenerated using the approximately same method used in the pilot plant.  The 

reactor was purged with nitrogen the day before regeneration was necessary.  To begin 

the regeneration, the reactor was heated up to 300 oC.  Oxygen, via bottled air, was 

blended with the nitrogen purge and fed into the reactor with an approximate total oxygen 

concentration of 0.5% mol.  The reactor temperature was then increased and held 

constant at approximately 350 – 360 oC.  The oxygen concentration was slowly increased 

every hour until the total concentration was approximately 10% oxygen.  Once all 

observed exotherms had passed through the reactor, the furnace heat was turned off and 

the reactor was cooled down over night with a nitrogen purge. 
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CHAPTER 5: PROCESS SIMULATION METHOD 

 

5.1 INTRODUCTION 

 
 Simulation of a process is model-based representation of a single or multiple unit 

operation(s).  Process simulation can be used for a mathematical investigation of a 

process.  This then allows for an opportunity to predict the behavior of a system without 

actually having to physically perform an experiment.  The goal of any process model is to 

obtain a stable operating point with optimal operating conditions.  These operating 

conditions can then be used to further design a process or improve an already 

implemented process.  Optimization by simulation is a much more cost effective method 

of obtained optimal operating conditions.  Process modeling has the opportunity to 

interpolate and extrapolate over a larger range of operating conditions.  Having a strong 

simulated understanding of a system provides a significant benefit in its ultimate design, 

implementation, and operation. 

 A basic necessity for a successful model is a strong understanding of the chemical 

and physical properties involved in the process.  A simulation is only as strong as the 

theoretical basis and principles that it draws upon to obtain the optimal operating 

conditions.  Sometimes, basic chemical and physical properties are unknown and they 

have to be either measured by simply designed experiments (empirical methods) or 

estimated by other basic principles (theoretical methods).  Therefore, process models can 

be empirical, theoretical, or both empirical and theoretical in basis.  If constructed with 
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solid principles and performed properly, process simulation offers the chance to easily 

manipulate the process design and quickly observe the changes in performance. 

 

 

5.2 ASPENPLUS REACTIVE DISTILLATION INITIAL SIMULATION 

 
 A simulation based on the original bench scale experimentation performed by 

MPM TechnologyTM had been constructed.  As part of the current project, it was 

necessary to improve upon this simulation in order to match the performance of the small 

pilot plant process. 

 The initial simulation was constructed within AspenPlus version 2004.1 as 

a single RadFrac distillation unit operation. RadFrac is a rigorous theoretical stage model 

used for the simulation of multistage vapor-liquid distillation columns.  The RadFrac 

model is capable of modeling chemical reactions on all or specific equilibrium stages.  

Typically, these reactions can be specified as equilibrium reactions, fixed conversion 

reactions, or kinetic reactions and can occur in either vapor or liquid phase.  Lastly, a 

variety of process specifications can be made for a single RadFrac column: overhead or 

bottoms product rates; reflux rate or ratio; boil-up rate or ratio; and purity or recovery 

requirements.  Figure 19 shows a sample of a RadFrac column.  The initial simulation 

created by MPM TechnologyTM was a slight modification of Figure 19 and can be viewed 

in Figure 20. 
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Figure 19 - RadFrac column constructed in AspenPlus. 

 

FEED

DIST

BOT

DISTILL



 

 
 

69

 
Figure 20 - Initial simulation constructed in AspenPlus based on preliminary bench experimentation.
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As Figure 20 illustrates, there was a single feed stream and two product streams (a 

liquid bottoms product and an overhead vapor product).  One key point of interest was 

that the feed stage was on the reboiler.  The feed was a specified mixture of linear octene 

isomers (9% 1-octene, 49% 2-octene, 34% 3-octene, and 8% 4-octene) with a total feed 

rate of 13.4 lbs/hr.  The overhead rate was specified as 4.4 lbs/hr and the reflux ratio was 

specified at 80 on a mass basis.  The column was operated at 14.7 psia.  Because this 

process was a reactive distillation, specific reactions had to be specified at certain 

locations within this column.  In order to properly simulate the originally designed 

process, metathesis and isomerization reactions were specified on alternating stages 

within the column.  The column had a partial condensor, a reboiler, and 14 equilibrium 

stages (including the condensor and reboiler); therefore, there were 12 theoretical stages 

inside the column.  Each stage had metathesis or isomerization reactions specified on that 

individual stage.  The first column stage involved isomerization, the second column stage 

involved metathesis, the third column stage involved isomerization, and so on.  In total, 

there were six theoretical column stages involving metathesis reactions and six 

theoretical column stages involving isomerization reactions.  The last column stage (stage 

12) was intentionally a metathesis stage so that the first reactions to occur involving the 

newly introduced feed would be metathesis reactions. 

The isomerization reactions were assumed to be equilibrium reactions.  The 

metathesis reactions were assumed to be conversion reactions and therefore required 

information on expected conversion rates for each reaction.  To get this simulation to 

mathematically converge, information on conversions of light olefin metathesis reactions 

was used and extrapolated to represent that of heavy olefin metathesis reactions.  In 
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essence, the conversion information used for the metathesis reactions did not accurately 

portray the conversions for heavy olefin metathesis. 

 During the early design phase of the small pilot plant, there was some 

manipulation of this initial simulation.  Given a rough outline of the process, aspects of 

this initial simulation were changed in order to properly represent the small pilot plant 

process.  Key changes included column pressure, reflux ratio, location of the feed stage, 

and total number of theoretical stages.  The column pressure was reduced from 14.7 psia 

to 5 psia with a total column pressure drop of 4 psia.  The reflux ratio was reduced from 

80 to 2.  The feed location was changed to be above the top metathesis reactor stage.  In 

the initial simulation, the first stage that the feed interacted with was a metathesis stage.  

To replicate this, the first stage that the feed with its new location interacted with was 

also metathesis stage.  Lastly, the small pilot plant process was to contain three separation 

columns: a rectifying column, a metathesis reactor, and a stripping column.  To mimic 

this configuration, it was easiest to designate sections of the RadFrac column as the 

“rectifying section”, the “metathesis reactor section”, and the “stripping section.”  This 

meant allotting for additional separation stages above and below the reaction stages to 

allow for thorough separation of the light and heavy products.  Therefore, the total 

number of column theoretical stages was also changed, but the reaction stages remained 

in the middle of the column.  Figure 21 shows an updated version of the initial simulation 

illustrating some of the improvements. 
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Figure 21 - Initial simulation with improvements constructed in AspenPlus. 
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5.3 ASPENPLUS REACTIVE DISTILLATION OPTIMIZED SIMULATION 

 
Once the small pilot plant process was constructed and operated, more accurate 

estimations for operating conditions and process performance were available and were 

used to further optimize the process simulation.  In essence, the initial improvements 

were done to transition the initial simulation into a more accurate representation of the 

intended reactive distillation process.  However, a more optimized simulation was 

required once experimental data was acquired from actual operation of the small pilot 

plant process.  This optimized simulation was constructed in AspenPlus version 7.1. 

By knowing actual performance data and more detailed information about the 

process, some changes were made to the specifications and conditions of this process 

simulation.  These changes include the following: feed composition and flow rate; 

column overhead pressure and total column pressure drop; reflux rate; bottoms flow rate; 

and total theoretical stages.  Both the feed composition and flow rate used was 

representative of the feed conditions used during campaign 2 of the continuous operations 

of the small pilot plant process.  The feed composition was 11% 1-octene, 29% 2-octene, 

30% 3-octene, and 30% 4-octene and the feed flow rate was 12.95 lbs/hr (campaign 2).  

The overhead pressure in the small pilot plant process during operation was steadily 

maintained at 7 psia with minimal total pressure drop across the entire distillation.  For 

the simulation, an overhead pressure of 7 psia was used with an assumed 0.5 psia total 

column pressure drop.  Based on the conditions of campaign 2, the reflux rate was 

specified as 6.13 lbs/hr and the bottoms product rate was specified as 8.04 lbs/hr.  All of 

the flow rates (feed, reflux, and bottoms product) were specified based on an assumed 
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steady state during campaign 2, which can be viewed in Figure 36.  Lastly, knowing that 

the HETP of the column packing was between 7 and 8 inches and knowing that there was 

20 feet of packing in each pilot plant column, there would need to be approximately 33 

stages within each column.  The amount of reaction stages was reduced to 10 total stages 

with five metathesis stages and five isomerization stages.  Counting a partial condenser, 

33 rectifying section stages, 10 metathesis reactor section stages, 33 stripping section 

stages, and a reboiler, there were 78 total stages accounted for in the simulation.  This 

simulation conceptually looked identical to the improved version of the initial simulation 

shown in Figure 21. 

The reactions specified on each reaction stage were also updated.  In the initial 

simulation, specific reactions (both isomerization and metathesis reactions) were 

identified to occur on specific reaction stages.  However, because of the variety of 

possible isomers that could have existed, it was necessary to include all of the possible 

reactions between all of the possible isomers.  This method involved identifying all of the 

possible isomers and then generating all of the possible isomerization and metathesis 

reactions.  These reactions were then classified and specified to occur on certain stages.
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CHAPTER 6: PILOT PLANT RESULTS AND DISCUSSION 

 

6.1 INTRODUCTION 

 
 Small pilot plant experimentation for olefin metathesis in a reactive distillation 

unit was performed at J.J. Pickle Research Campus (PRC) at the University of Texas at 

Austin.  These experiments were designed to fully investigate the performance of the 

distillation and reaction processes.  The following sections outline and discuss the results.  

This experimentation involved hydraulic testing of the catalyst bed, evaluation of both 

the isomerization and the metathesis reactors, and operation of the entire process. 

 

 

6.2 METATHESIS REACTOR CATALYST BED HYDRAULIC TESTS 

 
 Because the metathesis reactor was designed to function as a two-phase reactor 

and the catalyst shape was specified to be that of similar size and shape to a ¼ inch 

Raschig ring, the metathesis reactor was, in essence, a packed bed.  In order to determine 

whether the proposed experimental flow rates could result in significant hydraulic 

loading of the catalyst bed within the metathesis reactor, necessary pre-installation 

reactor testing was required.  Flow rates estimated by the original AspenPlus simulation 

of the process were used as the expected conditions and hydraulic testing was then 
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designed to encompass these rates.  The expected liquid and vapor feed rates to the 

metathesis reactor were 0.0447 gpm (2.68 gph) and 162 scfh, respectively.   

The metathesis reactor was filled with 5 feet of inert catalyst supports and the 

reactor was operated as a two-phase flow vessel.  Air and water were used to create 

adequate two-phase flow through the reactor.  Rotameters were used to measure the air 

rate in standard cubic feet per hour of nitrogen (scfh N2, which was then converted to 

scfh of air) and the water rate in gallons per minute (gpm).  A Magnehelic® pressure 

gauge was used to measure the pressure drop across the catalyst bed.  Pressure drop was 

measured at a matrix of seven water rates (ranging from 0 – 0.29 gpm) and six air rates 

(ranging from 100 – 350 scfh N2, or 103 – 360 scfh air). 

Figure 22 shows the relationship between pressure drop per foot of packing and 

F-factor (vapor flow rates).  All raw data for this experiment is given in Table 24 and 

Table 25 in Appendix A.  Calculations of the F-factor are given in Appendix B.  As 

expected, the dry pressure drop measurement exhibited the lowest pressure drop for F-

factor.  As the water rate was increased for a given F-factor, pressure drop either 

remained constant or increased.  The maximum accessible water flow rate of 0.29 gpm 

(17.4 gph) displayed noticeably higher pressure drop when compared to the other water 

flow rates. 
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Figure 22 - Metathesis reactor catalyst hydraulic performance, pressure drop vs. F-factor.
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Figure 22 also suggested that this catalyst bed was well within the pre-loading 

region due to the presence of a linear relationship between pressure drop and F-factor.  A 

drastic increase in slope would indicate the entrance to the loading region and the 

approach of the flooding point, or the point of maximum hydraulic capacity.  Between the 

onset of flow and the loading point, the pressure drop per foot of packing is proportional 

to the vapor rate through packing (or the F-factor) to the 1.86 power (Billet, 1989).  For a 

given liquid rate, as the vapor rate increases so does the exponent; in the pre-loading 

region, the exponent is below 1.86; in the loading region, the exponent is approximately 

1.86; and beyond the loading region and near the flooding region, the exponent 

drastically increases.  Table 26 in Appendix A summarizes the fitted power law curve 

information for each liquid rate.  Power law curves fitted to each of the different liquid 

rates resulted in an average proportionality to the 1.5634 ± 0.0147 power with an average 

R2 value of 0.9896 ± 0.0032.  Lastly, because the metathesis reactor and both columns 

had different diameters, hydraulic loading of each vessel would be different.  Therefore, 

two different F-factors based on the diameter of each vessel were calculated for hydraulic 

comparison between the columns and the reactor.  The reactor F-factors were almost an 

order of magnitude below those of the columns.  This indicated that under expected flow 

rates, both the stripping and rectifying columns could exhibit some loading or hydraulic 

flooding.  Yet, it was concluded that even at the highest liquid and vapor rates tested, 

both well above the expected flow rates, no loading or flooding problems would occur in 

actual operation of the metathesis reactor. 
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6.3 ISOMERIZATION REACTOR PERFORMANCE 

 
 The isomerization reactor was evaluated in two phases.  The first phase was a 

broad test to determine optimal operating conditions (feed condition, flow rate, reactor 

temperature, and amount of passes).  The second phase was a more refined test that 

would investigate the effect of space velocity on conversion.  Both phases involved a 

slightly modified configuration of the pilot plant process.  The isomerization reactor was 

configured as a stand-alone reactor, with feed being pumped in from the feed tank and the 

product being sent directly to the product tank.  This allowed continuous operation of the 

isomerization reactor without having to deal with the other major equipment downstream 

of the isomerization reactor in the normal operation. 

 The first evaluation involved varying four parameters: the condition of the feed or 

the amount of inert paraffin blended with the feed, the reactor temperature, the feed rate 

to the reactor or the space velocity, and the number of times the chemical was passed 

through the reactor.  Three feed conditions were tested.  The first feed condition was 

blending the 1-octene feed with a 50/50 (by volume) mixture of cyclohexane and n-

heptane resulting in 50% 1-octene, 25% cyclohexane, and 25 % n-heptane.  The paraffin 

was added to absorb any possible exothermic heat of reaction that may occur as a result 

of the isomerization reaction.  The second feed condition was pure 1-octene.  And the 

third feed condition was mixture of isomerized 1-octene, or using the product of a first 

pass through the reactor as the feed to a second pass.  Reactor outlet temperatures ranging 

from 150 oF to 190 oF were tested to investigate the effect of temperature on the 

conversion.  Weight hourly space velocities (WHSV) were varied from 0.25 hr-1 up to 1.0 
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hr-1 to investigate the effect of flow rate through the reactor on the conversion.  Lastly, 

the isomerized product was re-fed to the reactor in order to investigate the effect of 

having multiple passes through the reactor.  Table 3 summarizes the results of the first 

phase of the isomerization reactor evaluation. 

Table 3 - Summary table for results of first phase of the isomerization reactor evaluation. 

Experiment Feed WHSV 
(hr-1) 

Reactor Outlet 
Temperature (oF) 

Total 1-Octene 
Conversion 

1* 1-Octene/paraffin feed 1 130 - 145 44.15% 

2* Product of Exp. 1 1 140.2 59.10% 

3* Product of Exp. 1 0.5 142.9 76.85% 

4* Product of Exp. 1 1 166.3 81.37% 

5* Product of Exp. 1 0.5 166.4 89.04% 

6 Pure 1-Octene 1 161.4 43.64% 

7 Pure 1-Octene 0.5 178.1 75.03% 

8 Product of Exp. 7 0.5 178.1 83.83% 

9 Product of Exp. 8 0.5 178.8 91.56% 

10 Pure 1-Octene 0.25 178.4 76.24% 

 

Experiments notated with an asterisk (*) were experiments containing paraffin.  

The last column represents “total 1-octene conversion” or the total amount of 1-octene 

that was isomerized.  In this column, the justification represents the number of passes that 

total conversion represents: left justification represents one pass, center justification 

represents two passes, and right justification represents three passes.  Experiment 1 was 
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an initial test of the reactor to confirm that isomerization did occur.  Experiments 2-5 

represented four tests of two reactor outlet temperatures and two space velocities, all of 

which utilized the product of the first experiment.  At the conclusion of Experiment 5, it 

was decided that the reaction was not exothermic and did not warrant having the paraffin 

buffer.  Experiment 6 was an initial test of the reactor to confirm that isomerization did 

occur without paraffin present.  Experiments 7-9 represented a study of multiple passes 

through the isomerization reactor at a constant space velocity and reactor outlet 

temperature.  Lastly, Experiment 10 was an investigation of a much smaller space 

velocity.  All raw data for the first phase of the isomerization reactor evaluation is given 

in Table 27 through Table 36 in Appendix A. 

As expected, increasing the reactor temperature increased the conversion of 1-

octene.  Additionally, decreasing the space velocity (decreasing the flow rate through the 

reactor) increased the conversion of 1-octene.  Under ideal conditions for this phase of 

the isomerization reactor evaluation, a single pass total 1-octene conversion was 

approximately 75%.  Ideally, continuing to increase the reactor temperature and decrease 

the flow rate should give the optimal conversion.  However, there were limitations on 

these conditions.  The reactor temperature could not be raised above that of the boiling 

point of 1-octene at approximately 7 psia (the distillation column pressure).  The boiling 

point of 1-octene at 7 psia is 206 oF; therefore, the ideal operating reactor temperature 

should be somewhere between 180 oF and 200 oF.  The expected pilot plant feed rate of 6 

lbs/hr represented a WHSV of 0.18 hr-1; therefore, the actual WHSV should essentially 

be at the expected feed rate of 6 lbs/hr. 
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The second phase of the isomerization reactor evaluation involved a refined 

investigation of the effect of WHSV on conversion.  In this phase, feed rate was varied at 

a constant reactor outlet temperature of 190 oF; WHSV values of 0.2 – 0.7 hr-1 were 

tested. Product samples were taken twice at the end of the day and their compositions 

were averaged.  For this study, five octene peaks were present.  They have been identified 

based on boiling points of the expected isomerization reaction products.  The order of 

first to last peak on the GC chromatographs is 1-octene, 4-octene (1), 4-octene (2), 3-

octene, and 2-octene.  The two peaks of 4-octene were assumed to be cis and trans 

stereoisomers of 4-octene.  Table 4 summarizes the product distribution in weight percent 

for this second phase of the isomerization reactor evaluation.  Figure 23 illustrates this 

product distribution in a stacked bar plot.  All raw data for this is given in Table 37 and 

Table 38 in Appendix A. 

Table 4 - Product distribution in weight % for the second phase of the isomerization reactor 
evaluation. 

WHSV (hr-1) 1-octene 4-octene (1) 4-octene (2) 3-octene 2-octene 

0.2 7.54 13.15 35.44 29.60 14.27 

0.3 6.39 6.69 32.22 33.28 21.44 

0.4 12.46 4.17 25.97 30.53 26.88 

0.5 20.36 2.14 18.10 26.52 32.90 

0.6 16.86 0.97 12.56 25.09 44.53 

0.7 40.12 0.87 8.28 17.35 33.39 
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Figure 23 - Product distribution in stacked bar graph format for second phase of isomerization reactor evaluation.
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As Table 4 and Figure 23 show, with increased flow through the reactor there was 

decreased conversion to more the more internal position of the double bond.  Starting at 

the lowest WHSV investigated of 0.2 hr-1 and increasing in WHSV, the amount of 2-

octene and 3-octene remains somewhat constant while the amount of 4-octene decreases 

pretty steadily.  At a WHSV of 0.4 hr-1, the amount of 3-octene begins to decrease while 

the amount of 2-octene still remains relatively steady.  This was consistent with the 

expectation that less time in the reactor or lower residence time (higher space velocity or 

higher flow rate) would decrease the degree of isomerization to the more internal olefins.  

In order to produce 4-octene from isomerization, the double bond had to first be shifted 

from the terminal position to the second position, then to the third position, and lastly to 

the middle position.  Reducing the amount of time spent in the reactor decreased the 

amount of time that the octene molecules had to isomerize.  Therefore, with increasing 

WHSV, the amount of 4-octene should decline, followed by a decline in the amount of 3-

octene at higher WHSV, and then followed by a decline in the amount of 2-octene at the 

highest WHSV.  Noteworthy was the fact that even as the WHSV was increased, the 

amount of 2-octene actually initially increased, even as the total 1-octene isomerization 

decreased.  The amount of 2-octene should have increased as less of it had the chance to 

isomerize to 3-octene and 4-octene thereafter.  Lastly, the assumption that there were two 

4-octene isomers being produced was supported by the immediate decrease in the amount 

of both peaks as soon as the WHSV was increased.  Logically speaking, the amount of 4-

octene should decrease with less residence time in the reactor, with both cis and trans 

being affected. 
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6.4 METATHESIS REACTOR PERFORMANCE 

 
 Once the isomerization reactor was fully evaluated, the metathesis reactor was 

evaluated.  Because the metathesis reactor was a two-phase reactor, the only optimal way 

to evaluate it was to operate the actual small pilot plant process in its entirety.  Therefore, 

the metathesis reactor evaluation involved a daily operation of the small pilot plant to 

confirm that metathesis was occurring and that the distillation side of the process was 

functioning properly.  This reactor evaluation was an opportunity to run all of the 

equipment at once and see how the entire system functioned.  For three separate weeks of 

operation, the small pilot plant process went through a startup in the morning and 

shutdown at the end of the day.  Due to the start and stop nature of the operation, it was 

easiest to operate in total reflux.  Total reflux is defined as a condition where all overhead 

vapor product is condensed, all liquid bottoms product is boiled up, and both resultant 

streams are returned to the process.  For this process, all liquid within the reboiler was 

continuously boiled back up into the stripping column; however some of the overhead 

vapor was not condensed because there was a partial condenser.  The feed was a mixture 

of octenes with approximately 40 - 45% 1-octene.  The distillation columns were 

operated with an overhead pressure of 7 psia and the metathesis reactor was operated so 

that it would yield a 200 oF vapor outlet temperature.  At the end of each week, samples 

at five locations were taken: the feed, the stripping column bottoms, the metathesis 

reactor bottoms, the rectifying column bottoms, and the reflux.  Due to the complexity of 

reactive distillation, the process was never able to reach an approximate steady state with 
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intermittent startup and shutdown, however throughout the week it was concluded that 

the metathesis reaction was indeed occurring.   

 Table 5 gives a simple summary of the results from this metathesis reactor 

evaluation.  It was evident that metathesis was occurring due to the presence of lighter 

compounds in the overhead distillate and heavier products in the bottoms.   

Table 5 - Summary of product distribution in weight % for metathesis reactor evaluation. 

Olefin 
Compound(s) 

Stripping 
Column 
Bottoms 

Metathesis 
Reactor Bottoms 

Rectifying 
Column Bottoms Reflux 

Light Olefins - - 1% 4% 

C6s 2% 0.5% 5% 41% 

C7s 1% 1.5% 15% 30% 

C8s 13% 23% 75% 25% 

C9s to C11s 13% 12% 4% - 

C12s 24% 22% - - 

C13s 32% 29% - - 

C14s 14% 11% - - 

Heavy Olefins 1% 1% - - 

 

It also appeared that the rectifying column was splitting the compounds between octenes 

and lighter, while the stripping column was splitting the compounds between octenes and 

heavier.  Therefore, the octenes were re-circulating through the metathesis reactor.  

Additional 13C NMR analysis was performed on these samples.  Figure 24 shows a DEPT 

13C NMR analysis for the stripping column bottoms.   
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Figure 24 - Quantitative 13C NMR result depicting the amount of branched carbon atoms present in the stripping column bottoms.
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Figure 24 illustrates signal strength versus the chemical shift for each carbon atom.  The 

low chemical shift values (ppm) represented all of the carbon atoms not involved a 

double bond.  The high chemical shift values (ppm) represented all of the carbon atoms 

involved in a double bond.  As can be seen in Figure 24, the carbon atoms away from the 

double bond were exclusively secondary carbons; if branching was present here, then 

these carbon atoms would be ternary or quaternary.  Additionally, the carbon atoms 

involved in the double bond were exclusively ternary carbons; if branching was present 

here, then these carbon atoms would be quaternary.  This analysis concluded that there 

was no branching amongst the products as there were only primary and secondary 

carbons detected; therefore, all of the olefinic products were linear in nature, either 

terminal or internal linear olefins.  No additional conclusions could be drawn from this 

reactor evaluation because this experimentation was in a highly transient state.  

Continuous operation of the small pilot plant process would be needed to drawn any other 

conclusions. 

 
 

6.5 CONTINUOUS PILOT PLANT OPERATION 

 
 Continuous operation of the small pilot plant process was necessary if any 

conclusions could have been drawn about the performance of olefin metathesis used in a 

reactive distillation.  Therefore, two separate campaigns of approximately 100 continuous 

hours of operation were performed.  Each campaign had a different feed rate and was 

affected by a different weather situation.  The first campaign was done with a feed rate to 

the metathesis reactor of 6 lbs/hr.  During the first campaign, the average outside mean 
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temperature was 39.2 oF (50.0 oF weekly high, 30.0 oF weekly low) and there was an 

average wind speed of 9.5 mph during the duration of this campaign.  There was also 

precipitation in the form of snow, sleet, and rain.  Consequently, weather played a 

significant role in the performance of this process, as balancing heat losses did prove to 

be challenging.  The second campaign was done with a feed rate to the metathesis reactor 

of 13 lbs/hr.  During the second campaign, the average outside mean temperature was 

56.6 oF (81.0 oF weekly high, 39.9 oF weekly low) and there was an average wind speed 

of 6.77 mph during the duration of this campaign.  This second campaign encountered 

some precipitation in the form of rain during two of the 5 days of operation.  The primary 

focus of multiple campaigns was to investigate the difference in the hydraulic loading of 

the metathesis reactor catalyst bed and observe the resulting impact on the reaction and 

product distribution.  However, due to the significantly different weather conditions, 

there was the additional environmental effect that had to be included in the assessment of 

the performance of the process.   

 For each campaign, numerous samples were taken.  Feed samples taken three 

times during the duration of the campaign indicated that the composition was constant.  

The process was started up under total reflux, but was transitioned to a continuous 

operation mode within 24 hours of the original startup.  At this point, samples were taken 

at the four primary liquid locations every three hours: stripping column bottoms, 

metathesis reactor bottoms, rectifying column bottoms, and reflux.   
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6.5.1 Small Pilot Plant Operation, Campaign 1 

 
Figure 25 shows a pie chart of the feed compositions for campaign 1.  Data for 

Figure 25 given in Appendix A in Table 39.  The feed had a breakdown of approximately 

30% 4-octene, 30% 3-octene, 30% 2-octene, and 10% 1-octene. 
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Figure 25 - Feed weight composition for campaign 1 at a feed rate of 6 lbs/hr. 
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Figure 26 through Figure 29 show stacking bar graphs of the weight composition 

for campaign 1 at a feed rate of 6 lbs/hr.  Each figure represents one of the four sample 

locations.  All of the analyzed data for these plots is given in Appendix A in Table 40 

through Table 47.  When reviewing the stacking bar graphs, it was easy to detect changes 

or shifts in the system.  For example, just prior to the 9:00am sample on 2/10/2010, the 

system was removed from a total reflux situation to a continuous mode.  In Figure 26, the 

first and second samples shown have a high concentration of heavier olefins (dodecenes 

and tridecenes primarily), but once the stripping column bottoms was initiated, that heavy 

olefin build-up decreased.  Between 9:00am and 12:00pm on 2/10/2010, the rectifying 

column bottoms pump was turned on and liquid was being pumped back into the top of 

the reactor.  This pump returned unreacted octenes back into the reactor to continue the 

metathesis.  This was evident in the increase in octene concentration at the metathesis 

reactor bottoms in Figure 27 and the decrease in octene concentration at the rectifying 

column bottoms shown in Figure 28.  Between 6:00pm and 9:00pm on 2/10/2010, the 

reflux pump was turned on and reflux was returned to the top of the rectifying column.  

This was primarily evident in Figure 26 with the first presence of nonenes in the stripping 

column bottoms product.  Within three hours of starting the reflux, the stripping column 

reboiler temperature decreased approximately 20 oF.  Lighter olefins were being pumped 

back down the rectifying column, undergoing metathesis in the reactor, and then resulting 

in the presence of some lighter olefinic products in the bottoms (nonenes).  Once the 

reflux pump was turned on, the entire system was operating and working toward a steady 

state condition.  On average, the system responded to “upsets”, or the initiation of liquid 

returns by pumps, within three hours.
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Figure 26 - Stripping column bottoms weight composition change over time for campaign 1. 
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Figure 27 - Metathesis reactor bottoms weight composition change over time for campaign 1. 
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Figure 28 - Rectifying column bottoms weight composition change over time for campaign 1. 
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Figure 29 - Reflux weight composition change over time for campaign 1.
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Identifying the exact point where steady state was reached proved to be 

challenging.  Comparing all of the figures above (Figure 26 through Figure 29), steady 

concentrations or minimal change between data points was not the exact same time for 

each sample point.  But it was determined that an approximate steady state was achieved 

over the last 24 hours of operation. This assumption of steady state came with one 

exception: there was an upset in the system between 12:00pm and 3:00pm on 2/11/2010, 

which was observable in each of the stacked bar graphs.  This upset was countered and 

balanced out within three hours.  For further analysis, an assumption was made for when 

the “steadiest” point was during operation.  This assumption was between 12:00am and 

3:00am on 2/12/2010.  This steady state interval lasting three hours was circled on each 

stacking bar graph in Figure 26 through Figure 29.  All five of the measured flow rates in 

this process were averaged between this three hour interval and were used to construct a 

mass balance for the entire process.  A summary of each of these flow rates is given in 

Table 6. 

Table 6 - Summary of flow rates for the three hour interval of steady state in campaign 1. 

Flow (lbs/hr) Average STD Max Min 

Feed 5.41 0.48 6.22 4.45 

Stripping Column Bottoms 3.96 0.22 4.25 3.57 

Metathesis Reactor Bottoms 8.51 0.46 9.06 7.91 

Rectifying Column Bottoms 0.63 0.10 0.77 0.37 

Reflux 0.78 0.19 0.94 0.44 

 

Within this three hour interval, all of the flow rates did not have a standard deviation 

above 0.5 lbs/hr.  It was concluded then that this interval would be an accurate time 
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period to assume steady state.  A flow diagram with this mass balance is given in Figure 

30.  All flow values are in units of lbs/hr.  The flow rate data for Figure 30 is given in 

Appendix A in Table 48. 
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Figure 30 - Flow diagram and mass balance for steady state operation during campaign 1. 
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The metathesis reactor was being fed 6.04 lbs/hr of total liquid, which was a WHSV of 

0.17 hr-1.  A calculation of the WHSV is given in Appendix B.  Using these flow rates 

and knowing what the approximate compositions were at locations around the metathesis 

reactor, an approximate hydraulic calculation of pressure drop within this reactor was 

performed.  It was estimated that the pressure drop was less than 0.01 inH2O per foot of 

packing.  This calculation is given in Appendix B.  This near zero calculated pressure 

drop across the catalyst bed was confirmed by the near zero measured pressure drop 

across the entire distillation network.  The calculated F-factor through the metathesis 

reactor was 0.026 (ft/sec)*(lbs/ft3)1/2. 

Figure 30 was used to make some conclusions and assumptions about what was 

occurring during the steady state of this reactive distillation.  A higher liquid mass flow 

rate was exiting the metathesis reactor than was being fed, which was likely a result of 

the generation of heavier olefins by the metathesis reactions.  The decrease in liquid rate 

and corresponding increase in vapor rate in the rectifying column would indicate that the 

vapor traveling through the rectifying column was likely superheated, thereby vaporizing 

some of the reflux traveling down the column.  This could have been corrected with a 

decreased duty on the rectifying column skin heat tracing.  The vapor could have also 

been superheated via the metathesis reactor furnace.  The reactions generated a variety of 

vapor phase hydrocarbons ranging from ethylene to heptenes.  It was also possible that 

the furnace added excess heat to the lighter olefins being generated, sending a 

superheated vapor to the rectifying column. 
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An important discussion could be made about the metathesis reactions occurring.  

The non-condensable vented hydrocarbon flow rate to reflux flow rate ratio was 

approximately 2 to 1.  Looking at the composition of the reflux during this interval in 

Figure 29, it was roughly 17% butenes, 37% pentenes, 34% hexenes, and the balance 

being heptenes and octenes.  If the non-condensable material was in a mass ratio of 2 to 1 

to this reflux, then the vented mass contained a significant amount of ethylene and 

propylene.  Because the molecular weight of ethylene or propylene is roughly one-half or 

one-third of the molecular weight of the primary components of the liquid reflux, there 

would have to be four to six times as many non-condensable molecules being vented.  If 

this was the case, then a key assumption could be made about the metathesis reactions 

that were occurring.  Every metathesis reaction generates one lighter molecule and one 

heavier molecule.  If there are two or three times as many ethylene and propylene 

molecules as butene through heptene molecules, then a majority of the metathesis 

reactions occurring were ones with reactants that were alpha or beta olefins.  But because 

the feed concentration breakdown was roughly 30% for 2-, 3-, and 4-octene, then the 

non-condensable ethylene and propylene generation would have to come primarily from 

the metathesis of the hydrocarbons being refluxed back down the rectifying column.  The 

lighter the olefin and therefore the shorter the olefin chain, the more common alpha and 

beta olefins could exist, either through isomerization (alpha olefins) or metathesis (beta 

olefins).  The essence of this key reaction assumption relies on the 2 to 1 ratio between 

non-condensable vapor and liquid reflux.  This ratio was not validated because vapor 

sampling on the overhead vented vapor was not performed due to the complexity of 

taking a vapor sample under vacuum.  Had this vapor sample been taken, a mass balance 
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around the entire process could have been performed and compared to the one in Figure 

30.  Lastly, the ratio of liquid bottoms product to non-condensable vapor was 2.73, 

suggesting that of the feed mass almost 1/3 becomes light vapor product while over 2/3 

becomes heavy liquid product. 

 

 

6.5.2 Small Pilot Plant Operation, Campaign 2 

 
Figure 31 shows a pie chart of the feed compositions for campaign 2.  Data for 

Figure 31 is given in Appendix A in Table 39.  The feed again had a breakdown of 

approximately 30% 4-octene, 30% 3-octene, 30% 2-octene, and 10% 1-octene.  As was 

evident by both Figure 25 and Figure 31, the feed composition was nearly identical 

between each campaign. 
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Figure 31 - Feed weight composition for campaign 2 at a feed rate of 13 lbs/hr. 



 

104 
 

 Figure 32 through Figure 35 show stacking bar graphs of the weight composition 

for campaign 2 at a feed rate of 13 lbs/hr.  Each figure represents one of the four sample 

locations.  All of the analyzed data for these plots is given in Appendix A in Table 49 

through Table 60.  As with the campaign 1 stacked bar graphs, it was easy to identify key 

disturbances in the system by observing the changes in the weight compositions.  By the 

time samples were begun for campaign 2, both the stripping column bottoms and 

rectifying column bottoms pumps were already on.  The stripping column bottoms pump 

was online by 3:00pm on the first day of operation (3/15/2010) and the rectifying column 

bottoms pump was turned on around 9:00am on 3/16/2010.  Sampling began at 12:00pm 

on 3/16/2010; therefore, the process had at least three hours to respond to the disturbance 

of the rectifying column bottoms pump being turned on.  This was evident in the fact that 

all of the stacking bar graphs for this campaign were relatively stable once sampling was 

started.  Continuous reflux began between 6:00pm and 9:00pm on 3/16/2010.  In Figure 

35, a shift in the reflux concentration occurred after 9:00pm on 3/16/2010.  Most notably, 

the reflux flow rate was slowly increased throughout the rest of the week.  The increasing 

reflux flow rate resulted in a gradual shift in the reflux weight composition; all heptenes 

and octenes that had reached the overhead condenser were recycled back down to the 

metathesis reactor.  Shortly after 9:00pm on the final evening of operation (3/18/2010), 

an upset occurred and the process did not really return to a relatively steady point within 

the final 12 hours of operation.  However, the 24 hours leading up to this point 

demonstrated a relatively steady state condition as can be observed by the minimal 

changes occurring in the stacked bar graphs leading up to 9:00pm on 3/18/2010. 
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Figure 32 - Stripping column bottoms weight composition change over time for campaign 2. 
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Figure 33 - Metathesis reactor bottoms weight composition change over time for campaign 2. 
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Figure 34 - Rectifying column bottoms weight composition change over time for campaign 2. 
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Figure 35 - Reflux weight composition change over time for campaign 2.
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 As with campaign 1, an assumption was made for when the “steadiest” condition 

occurred for campaign 2.  This assumption was made for the three hour interval of 

3:00pm to 6:00pm on 3/18/2010.  Investigation of this interval should capture any 

important information regarding steady state operations, prior to the upset that occurred 

shortly after 9:00pm on 3/18/2010.  This steady state interval lasting three hours was 

circled on each stacking bar graph in Figure 32 through Figure 35.  All five of the process 

flows were again averaged and were used to construct a mass balance for this steady state 

condition of campaign 2.   A summary of each of these flow rates is given in Table 7. 

Table 7 - Summary of flow rates for the three hour interval of steady state in campaign 2. 

Flow (lbs/hr) Average STD Max Min 

Feed 12.95 0.25 13.36 12.35 

Stripping Column Bottoms 8.04 1.23 10.41 5.29 

Metathesis Reactor Bottoms 26.24 0.55 27.16 24.96 

Rectifying Column Bottoms 4.20 0.39 4.64 3.39 

Reflux 6.13 0.93 8.01 4.70 

 

Within this three hour interval, all of the flow rates did not have a standard deviation 

above 1.25 lbs/hr.  These standard deviations were higher than those from campaign 1; 

however, the overall mass flow rates were two or three times larger in campaign 2.  A 

flow diagram with this mass balance is given in Figure 36.  All flow values are in units of 

lbs/hr.  The flow rate data for Figure 36 is given in Appendix A in Table 61. 
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Figure 36 - Flow diagram and mass balance for steady state operation during campaign 1. 
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The metathesis reactor was being fed 17.15 lbs/hr of total liquid, which was a WHSV of 

0.495 hr-1.  Using these flow rates and knowing what the approximate compositions were 

at locations around the metathesis reactor, an approximate hydraulic calculation of 

pressure drop within this reactor was performed.  It was estimated that the pressure drop 

approximately 0.17 inH2O per foot of packing.  This calculation was similar to the 

calculation found in Appendix B for campaign 1.  This higher calculated pressure drop 

was consistent with a higher measured pressure drop across the entire distillation 

network.  The calculated F-factor through the metathesis reactor was 0.103 

(ft/sec)*(lbs/ft3)1/2. 

Similarly to campaign 1, Figure 36 was used to draw some conclusions about 

what was occurring during the steady state operation.  There was significantly more 

(almost 10 lbs/hr) liquid mass leaving the metathesis reactor than was being fed.  

Furthermore, half of the vapor mass entering the bottom of the metathesis reactor exited 

out the top of the reactor.  Both of these observations could have been a result of multiple 

factors.  Obviously, the generation of heavier olefins via metathesis should have 

increased the mass of the liquid exiting the bottom of the reactor.  In addition, the 

generation of lighter olefins via metathesis should have decreased the mass of the vapor 

exiting the top of the reactor.  However, it was possible that some of the entering vapor 

condensed in the horizontal collection vessel at the bottom of the metathesis reactor.  

This would actually decrease the mass of vapor exiting the reactor as well.  A similar 

observation was made with regard to the decrease in vapor traveling through the 

rectifying column as there was a higher vapor flow rate leaving than there was entering 

the column.  It was likely that this vapor was superheated by the column skin heat tracing 
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and subsequently vaporizing some of the reflux.  The non-condensable vapor to liquid 

reflux ratio was actually less than 1 for this campaign, pointing towards the possibility of 

less ethylene and propylene and generation via metathesis.  The liquid bottoms product to 

overhead non-condensable ratio was 1.63, suggesting almost 2/3 of the feed mass 

entering the metathesis reactor was converted into heavy liquid product while more than 

1/3 was converted into light vapor product. 

 

 

6.5.3 Small Pilot Plant Campaign Comparisons 

 
 Each of the two campaigns yielded several interesting discoveries.  It was 

important to compare the differences in reactive distillation performance for each 

campaign.  Each campaign had nearly identical feed compositions; therefore, there were 

no contributions from the feed in the overall performance of the process between 

campaigns.  The stripping column bottoms products distribution varied slightly between 

each campaign.  Both campaigns contained primarily decenes, undecenes, dodecenes, and 

tridecenes; however, campaign 1 contained a significant fraction of nonenes as well.  

Interestingly enough both campaigns contained roughly equal ratios of decenes, 

undecenes, and dodecenes and identical amounts of tridecenes.  But the absolute amounts 

of decenes, undecenes, and dodecenes differed between campaigns because campaign 1 

contained nonenes.  This suggested that with increased loading, or higher WHSV, the 

metathesis reactions could have been more selective to heavier olefin production.  It was 

also possible that due to the higher outside temperature during campaign 2, it was easier 
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to keep nonenes boiled up and returned to the metathesis reactor for additional 

metathesis.  Less heat loss problems meant less unavoidable condensation.  This idea was 

supported by the fact that there was a much higher concentration of nonenes in the 

metathesis reactor bottoms shown in Figure 33 when compared to Figure 27.  It was also 

possible that the structured packing was more efficient at separating octenes and nonenes 

from the heavier olefins under increased column capacity.  The stripping column bottoms 

product distribution could have easily been a consequence of any of these explanations, 

but it was more than likely a combination of all three. 

 As with the stripping column bottoms product, the liquid reflux composition was 

slightly different between each campaign.  Both campaigns had butenes, pentenes, and 

hexenes, but campaign 1 contained some additional heavier olefins (heptenes and 

octenes).  This suggested that with increased metathesis reactor loading, or a higher 

WHSV, the metathesis reactions could have been more selective to lighter olefin 

production in addition to the increased heavier olefin production present in the stripping 

column bottoms product.  Logically, if the metathesis reactions occurring were more 

selective to heavier products, then they would have had to also be selective to lighter 

products.  It was also possible that because the outside temperature was warmer in 

campaign 2, the lighter olefin products did not condense as easily at the bottom of the 

rectifying column.  This can be seen in the difference between the rectifying column 

distributions in Figure 28 and Figure 34.  Campaign 1 had higher butene, pentene, and 

hexene concentrations in the rectifying column bottoms in comparison with campaign 2.  

Warmer outside temperatures allotted for better process heat containment, thereby 

allowing for higher quantities of butenes, pentenes, and hexenes in the liquid reflux.  
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Lastly, as with the stripping column, it could have been that the column packing 

performed much better under higher capacity.  The increased loading in the reactor 

resulted in higher flow rates (both liquid and vapor) at every location.  This higher vapor 

rate up through the rectifying column and higher liquid reflux rate back down the column 

could have improved the efficiency of the separation between hexenes and heptenes.  As 

with the differences in the bottoms product distribution between both campaigns, it was 

more than likely that the differences in the reflux distribution were a combination of all 

three of these explanations. 

The WHSV of campaign 2 was nearly three times that of campaign 1.  The 

original intention was to double the feed rate and observe the effect.  However, doubling 

the feed rate actually increased every other flow in the process resulting in the metathesis 

reactor catalyst bed being hydraulic loaded three times the volume that campaign 1 had.  

An increase in octene mass being fed to the metathesis reactor can be seen in Figure 34 

when compared to Figure 28.  Campaign 2 had twice as much octene initially fed from 

the feed tank, and consequently more of the octene feed was likely vaporized.  This 

octene vapor condensed in the horizontal collection vessel at the bottom of the rectifying 

column and was pumped back into the metathesis reactor.  While increased loading 

resulted in more octenes in the rectifying column bottoms, the metathesis reactions 

appeared to be more selective and more efficient at higher loading.  The recirculation of 

nonenes from the reactor bottoms and octenes from the rectifying column bottoms was 

able to constantly refresh the reactor with material that needed to be reacted.  The original 

design intent was to convert octenes into heavy and light olefins with minimal production 
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of olefins in between.  By having a process that recirculated these “in-between olefins”, 

the more successful this process was in achieving the original design goals. 

In retrospect, just operating both campaigns at the same feed rate but with 

different climate conditions would have been an interesting investigation on heat loss.  

Observing differences based on two competing forces (weather and hydraulic loading) 

complicated the analysis of each campaign performance.  Because this process contained 

distillation columns with diameters of 2 inches, the surface area to volume ratio was 

much greater than for a typical larger distillation column.  Heat losses played a very 

significant role during the operation of the small pilot plant process.   For this reason 

outside temperature, precipitation, and wind all could have all had a considerable impact 

on the performance of this process.  Nevertheless, not all large scale processes have the 

opportunity to be immune to environmental conditions as most are constructed outside.  

In a sense, it was therefore useful to study this process with environmental effects as a 

larger production scale of this process will likely encounter similar consequences. 

 

 

6.6 PILOT PLANT PROCESS CONCLUSIONS 

 
 A variety of experiments were performed on a small pilot plant process of 

reactive distillation involving olefin metathesis.  Each piece of equipment that played an 

integral role in the overall process performance was extensively tested.  The end result 

was a successful co-production of light and heavy molecular weight olefins. 
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 The hydraulic capability of the metathesis reactor catalyst bed was tested under 

expected pilot plant flow rates.  It was confirmed that the expected pilot plant flow rates 

would not result in hydraulic loading complications within the metathesis reactor.  The 

expected liquid and vapor flow rates appeared to be performing well within the pre-

loading region.  Because both of the columns had smaller diameters than the metathesis 

reactor, different F-factors based on vessel diameter were calculated.  The F-factors for 

the columns were an order of magnitude higher than those for the reactor, indicating that 

under the expected flow rates, loading or flooding complications could be present within 

the stripping and rectifying columns 

An experimental evaluation of the isomerization reactor yielded optimal operating 

conditions for the isomerization reaction.  The optimal isomerization reactor temperature 

was expected to be between 180 and 200 oF and the optimal WHSV was expected to be 

0.25 hr-1 or lower.  These conditions were expected to yield at least 75% total conversion 

of 1-octene into the other three linear isomers of octene.  Under constant reactor 

temperature, a variation in WHSV resulted in a variation in the distribution of isomers.  

Under low WHSV, the total conversion of 1-octene did not vary significantly, but the 

distribution of products did change.  As WHSV was increased, there was less conversion 

to the most internal olefins.  There was also a detection of stereoisomers of 4-octene; both 

cis and trans 4-octene were detected. 

An experimental evaluation of the metathesis reactor provided initial insight in 

the performance of the overall reactive distillation process.  This operation was 

considered a transient experiment and was solely used to confirm that the metathesis 

reactions were occurring.  The presence of both light olefins in the overhead reflux and 
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heavy olefins in the stripping column bottoms confirmed that the metathesis reactions 

were happening.  13C NMR DEPT analysis was used to confirm that all of the olefins in 

the stripping column bottoms product were linear in nature, either terminal or internal 

olefins.   

A continuous operation of the small pilot plant process was also performed at two 

different feed rates, each with differing weather conditions.  Both campaigns yielded a 

steady state condition for approximately 24 hours.  A comparison of each campaign 

concluded that a higher feed rate (higher hydraulic loading) to the metathesis reactor and 

a warmer weather condition was more optimal in overall system performance.  This 

process was designed to fully convert medium molecular weight olefins into both lighter 

and heavier olefins.  Under higher hydraulic loading, the metathesis reactions appeared to 

be more selective and more efficient.  Medium molecular weight olefins were more 

efficiently recirculated through the metathesis reactor and were therefore more efficiently 

converted into the light and heavy products. 
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CHAPTER 7: BENCH REACTOR EXPERIMENT RESULTS AND 
DISCUSSION 

 

7.1 INTRODUCTION 

 
A bench reactor experiment for olefin metathesis using multiple alpha olefins at a 

variety of conditions relevant to the pilot plant operating conditions was performed.  This 

study was designed to learn important information about the metathesis reaction(s) 

occurring for different carbon number feedstocks.  Two designed experiments were 

conducted.  The first experiment was designed to observe the reactivity of different 

carbon number feedstocks at conditions matching that of the small pilot plant process.  

Each feedstock had a matrix of four runs at two flow rates and two temperatures.  The 

second experiment was an investigation of reactivity over a broader span of temperatures 

in an attempt to learn more about the occurrence of side reactions.  The following 

sections outline these two experiments and discuss the results in an attempt to develop a 

yield structure for the metathesis reactor over the specific catalyst used. 
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7.2 BENCH REACTOR FIRST DESIGNED EXPERIMENT: PILOT PLANT CONDITIONS 

 

 

7.2.1 First Designed Experiment: Conversion and Selectivity Results 

 
 The first designed set of experiments performed on the bench reactor apparatus 

used three different carbon number feedstocks at the four run conditions outlined in Table 

2 in Chapter 4.  Table 8 shows the total conversions for each run and the selectivity to the 

primary liquid metathesis product for each of the twelve runs performed for this designed 

set of experiments.   
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Table 8 - Conversions and selectivities for first designed set of experiments of bench reactor 
experimentation. 

Experiment 1: 1-Hexene Total Conversion of 
Feed 

Selectivity of Primary 
Product 

Run 1: High Flow, Low Temp 83.63% 51.26% 

Run 2: High Flow, High Temp 85.53% 35.89% 

Run 3: Low Flow, Low Temp 87.09% 34.76% 

Run 4: Low Flow, High Temp 82.70% 44.90% 

Experiment 2: 1-Octene Total Conversion of 
Feed 

Selectivity of Primary 
Product 

Run 1: High Flow, Low Temp 72.98% 48.73% 

Run 2: High Flow, High Temp 89.23% 25.32% 

Run 3: Low Flow, Low Temp 66.67% 71.37% 

Run 4: Low Flow, High Temp 92.23% 13.04% 

Experiment 3: 1-Decene Total Conversion of 
Feed 

Selectivity of Primary 
Product 

Run 1: High Flow, Low Temp 80.23% 37.07% 

Run 2: High Flow, High Temp 90.98% 16.79% 

Run 3: Low Flow, Low Temp 70.94% 47.03% 

Run 4: Low Flow, High Temp 90.23% 12.99% 

 

Table 8 was created from stacking bar graphs for each run from each experiment, similar 

to those used for the small pilot plant analysis.  Figure 37 through Figure 40 display 

stacking bar graphs for experiment 1 (1-hexene) which show the change in product 

distribution throughout the duration of each run.  All raw data for experiment 1 can be 

found in Appendix A in Table 62 through Table 66.  Figure 41 through Figure 44 display 

stacking bar graphs for experiment 2 (1-octene) which show the change in product 
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distribution throughout the duration of each run.  All raw data for experiment 2 can be 

found in Appendix A in Table 67 through Table 71.  Figure 45 through Figure 48 display 

stacking bar graphs for experiment 3 (1-decene) which show the change in product 

distribution throughout the duration of each run.  All raw data for experiment 3 can be 

found in Appendix A in Table 72 through Table 79. 
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Figure 37 - Bench reactor product weight composition versus time for experiment 1, run 1. 
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Figure 38 - Bench reactor product weight composition versus time for experiment 1, run 2. 
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Figure 39 - Bench reactor product weight composition versus time for experiment 1, run 3. 

Bench Reactor Experiment 1, Run 3 (Low Temp, Low Flow) Distribution 
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Figure 40 - Bench reactor product weight composition versus time for experiment 1, run 4.
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Figure 41 - Bench reactor product weight composition versus time for experiment 2, run 1. 

Bench Reactor Experiment 2, Run 1 (Low Temp, High Flow) Distribution 
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Figure 42 - Bench reactor product weight composition versus time for experiment 2, run 2. 

Bench Reactor Experiment 2, Run 2 (High Temp, High Flow) Distribution 
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Figure 43 - Bench reactor product weight composition versus time for experiment 2, run 3. 

Bench Reactor Experiment 2, Run 3 (Low Temp, Low Flow) Distribution 
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Figure 44 - Bench reactor product weight composition versus time for experiment 2, run 4.
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Figure 45 - Bench reactor product weight composition versus time for experiment 3, run 1. 
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Figure 46 - Bench reactor product weight composition versus time for experiment 3, run 2. 
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Figure 47 - Bench reactor product weight composition versus time for experiment 3, run 4. 
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Figure 48 - Bench reactor product weight composition versus time for experiment 3, run 4. 
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7.2.2 First Designed Experiment: General Observations 

 
By viewing Figure 37 through Figure 48, it was clear that there was a significant 

amount of isomerization occurring for this set of experiments and for a catalyst designed 

for metathesis.  This isomerization was especially prevalent at the higher temperature 

(200 oF).  This undesired isomerization drastically affected the product yield, but was 

useful in comparing the performance of each run for each experiment.   

Some general observations were made for the all runs within this first designed 

set of bench reactor experiments.  For a run with a full day’s worth of samples, it was 

easy to observe the changes in product concentration throughout the entire duration of the 

run.  Prior to each run, the reactor was flushed through with fresh feed for approximately 

45 minutes with a high unmeasured flow rate.  After this flushing of the reactor, the flow 

controller and reactor furnace were turned on to their set points for the specific run.  

Because there was a dead space of inert glass beads downstream of the catalyst inside the 

reactor, there was a shorter residence time for that liquid to travel to the sample point.  

The earlier sampling in the run was representative of that liquid.  For example in Figure 

45 through Figure 48, there was a period of approximately 3 or 4 hours of a moderately 

steady product composition.  This period represents the liquid that had passed over the 

catalyst bed while it was still at ambient temperature.  As can be seen in Figure 45 

through Figure 48, the majority component in those initial periods was the feed.  The 

second most common component in the product sample in those initial periods was the 

primary heavy liquid product.  In essence, this primary heavy liquid product composition 

represented the conversion to that primary product under atmospheric temperature and 
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higher flow rate and WHSV.  In most cases the selectivity of the primary product was 

actually higher under these conditions than under the actual run conditions, meaning that 

those ambient conditions were more optimal for reaction than actual run conditions.  

Moreover, during this initial period there was minimal isomerization, which supported 

the idea that the olefin isomerization being observed was strongly tied to temperature. 

 Upon further inspecting the trends over time for each experiment, there was the 

initial product distribution that was representative of the feed passing through a cold 

reactor under a higher flow rate and WHSV.  Shortly after this initial period, there was a 

significant step change in composition (typically within the first hour or two immediately 

following the initial period).  The selectivity to the primary product decreased drastically 

during this step change, while the total conversion of the feed increased dramatically.  

Under the low flow rate runs, there was a 5 hour residence time that the feed spent within 

the catalyst bed.  This step change was representative of the first bit of liquid that had 

passed through the back end of the catalyst bed while it was warm.  In most of the high 

temperature runs (run 2 and run 4), this initial step change resulted in a higher selectivity 

of the primary product than the steady selectivity reached at the end of the run.  In the 

most of the low temperature runs (run 1 and run 3), this initial step change resulted in 

roughly the same selectivity of the primary product as the end of run steady selectivity.  

The trend of higher selectivity of the primary product in the middle of the runs during a 

high temperature condition suggested that the self-metathesis reaction could have 

possibly been reacting much faster than the isomerization reactions.  This indicated that 

the metathesis reaction was preferred to the isomerization reactions under high feed 

concentrations.  However, as the runs progressed further into the day, more isomerization 
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started occurring.  Generally, close to the end of the runs, there were multiple isomers 

being detected by the GC with the same carbon number as the feed.  Yet, the largest of 

these peaks was always the alpha olefin.  If the primary component of these peaks was 

the alpha olefin with minimal concentrations of the other internal olefins, then that 

possibly suggested that the internal olefins were more reactive than the alpha olefin for 

metathesis.  This notion has previously suggested by past studies (Kawai, 1988).  These 

internal olefins were being readily created by isomerization, but also quickly consumed 

by metathesis reactions.  In essence, the metathesis reactions that were occurring had 

higher reaction rates than those of the undesirable isomerization reactions that were also 

occurring. 

 

 

7.2.3 First Designed Experiment: Experiment 1 (1-Hexene) 

 
Table 8 and all twelve of the stacking bar graphs were used to draw some 

conclusions about the reactivity of alpha olefins based on changes in temperature and 

WHSV (or flow rate).  Analysis of the experiment 1 results provided insight in the 

reactivity of 1-hexene with respect to temperature and WHSV.  For experiment 1 (1-

hexene feed), the self-metathesis of 1-hexene yielded a primary heavy liquid product of 

5-decene.  There was no discernable affect that temperature or WHSV had on the total 

conversion of the feed because the conversions ranged from 82.7% to 87.09%.  There 

were also contrasting observations for the affect that temperature and WHSV had on the 

selectivity of the primary liquid metathesis product.  In one case, comparing run 1 to run 
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2, an increase in temperature decreased the selectivity.  Yet in the other case, comparing 

run 3 to run 4, an increase in temperature increased the selectivity.  With respect to 

WHSV, comparing run 1 to run 3, a decrease in WHSV decreased the selectivity.  But, 

comparing run 2 to run 4, a decrease in WHSV increased the selectivity.  Specifically for 

1-hexene as a feedstock, it was concluded that this alpha olefin was highly reactive for 

both metathesis and isomerization in the liquid phase under the utilized conditions.  For 

this reason, no noticeable trends in conversion and selectivity with respect to changes in 

temperature or WHSV were able to be deduced.  Experiment 1 provided inconclusive 

results.  

 

 

7.2.4 First Designed Experiment: Experiment 2 (1-Octene) 

 
Analysis of the experiment 2 results provided insight in the reactivity of 1-octene 

with respect to temperature and WHSV.  For experiment 2 (1-octene feed), the self-

metathesis of 1-octene yielded a primary heavy liquid product of 7-tetradecene.  The total 

conversion of 1-octene increased with an increase in temperature under constant flow 

rates (run 1 to run 2 and run 3 to run 4).  Furthermore, an increase in temperature also 

resulted in a drastic decrease in selectivity to the primary product.  Based on the 

observation that isomerization was more common at higher temperatures, increased 

isomerization of the feed would result in both an increase in conversion and a decrease in 

selectivity primary product.  More of the feed was isomerized and these isomerized 

molecules would then follow-up with subsequent metathesis, forming secondary 
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products.  With respect to WHSV, under a constant low temperature setting, a reduction 

in WHSV resulted in a slight decrease in conversion, but a dramatic increase in 

selectivity.  A reduction in flow would have decreased mass transfer to the catalyst active 

site through the pores.  A reduced diffusion through the catalyst pores would then have 

decreased the production of any product that needed the active site at the base of the pore.  

This would have resulted in a drop in total conversion of feed.  However, this did not 

justify the increase in selectivity.  It was possible that for 1-octene, a low flow rate and 

low temperature was the most optimal operating condition that would maximize self-

metathesis of 1-octene and minimize secondary isomerization and subsequent metathesis 

for this bench reactor apparatus.  Under a constant high temperature setting, a reduction 

in WHSV resulted in no real change in total conversion and a decrease in selectivity.  A 

high temperature likely promoted high activity of both metathesis and isomerization 

regardless of flow rate, suggesting that a reduction in mass transfer through the catalyst 

pores did not affect the total conversion of the feed.  This observation could have been 

explained by a possible source of the isomerization.  If the isomerization was occurring 

on the surface of the catalyst support (or catalyzed by the alumina), then a reduction in 

diffusion through the catalyst pores would not have decreased the isomerization activity.  

Furthermore, less diffusion and metathesis at the catalyst active site would have also 

decreased the selectivity of the primary product. 
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7.2.5 First Designed Experiment: Experiment 3 (1-Decene) 

 
Analysis of the experiment 3 results provided insight in the reactivity of 1-decene 

with respect to temperature and WHSV.  For experiment 3 (1-decene feed), the self-

metathesis of 1-decene yielded a primary heavy liquid product of 9-octadecene.  Similar 

to experiment 2, the total conversion of 1-decene increased with an increase in 

temperature under constant flow rates (run 1 to run 2 and run 3 to run 4).  Also similar to 

experiment 2 was the decrease in selectivity with an increase in temperature.  Higher 

temperatures promoted higher isomerization, and therefore increased total conversion of 

the feed and increased selectivity of secondary products.  With respect to WHSV, similar 

observations to experiment 2 were made.  Under a constant low temperature setting, a 

decrease in WHSV resulted in a decrease in conversion, but an increase in selectivity to 

the primary product.  For the same reasons outlined before, it was similarly concluded 

that a low flow and low temperature condition could have been the most optimal 

condition for maximizing the self-metathesis of 1-decene and minimizing secondary 

isomerization and subsequent metathesis.  Under a constant high temperature setting, a 

decrease in WHSV resulted in no change in conversion and a slight decrease in 

selectivity.  For the same reasons outlined before, if the secondary isomerization was 

occurring on the surface of the catalyst support, then there would be an observed decrease 

in selectivity with decreased flow rate and diffusion, but no real change in total 

conversion of the feed. 
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7.2.6 First Designed Experiment: Effect of Carbon Number of Reactivity 

 
 The conversion and selectivity data for each experiment was previously used to 

compare performances between run conditions and to get an understanding on the effect 

reactor temperature and flow rate (WHSV) had on the reaction performance.  But Table 8 

can be reorganized to illustrate the impact carbon number had on the conversion and 

selectivity.  Table 9 details this reorganization. 
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Table 9 - Reorganization of conversions and selectivities based on carbon number for the first 

designed set of experiments of bench reactor experimentation. 

Run 1: High Flow, Low Temp 

Feed Total Conversion of Feed Selectivity of Primary Product 

1-Hexene 83.63% 51.26% 

1-Octene 72.98% 48.73% 

1-Decene 80.23% 37.07% 

Run 2: High Flow, High Temp 

Feed Total Conversion of Feed Selectivity of Primary Product 

1-Hexene 85.53% 35.89% 

1-Octene 89.23% 25.32% 

1-Decene 90.98% 16.79% 

Run 3: Low Flow, Low Temp 

Feed Total Conversion of Feed Selectivity of Primary Product 

1-Hexene 87.09% 34.76% 

1-Octene 66.67% 71.37% 

1-Decene 70.94% 47.03% 

Run 4: Low Flow, High Temp 

Feed Total Conversion of Feed Selectivity of Primary Product 

1-Hexene 82.70% 44.90% 

1-Octene 92.23% 13.04% 

1-Decene 90.23% 12.99% 
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Looking at Table 9, some general observations about the effect of carbon number 

on the reaction performance could be made.  Under a high temperature condition (both 

run 2 and run 4), all three feedstocks showed very high activity with a gradual increase in 

conversion with increasing chain length, but a significant decrease in selectivity to 

primary product with increasing chain length.  As the chain length increased, the larger 

the number of different possible isomers there could have been.  For an isomerization of 

1-hexene, there were only three skeletal isomers that could have existed.  But for an 

isomerization of 1-decene, there were five skeletal isomers that could have existed.  

Isomerization of longer chain length olefins resulted in more possibilities of reactant pairs 

for a metathesis reaction.  Higher possibilities meant more possible products that were 

not the primary heavy liquid product.  In essence, when temperature and isomerization 

were high, the longer chain olefin was more reactive than the shorter chain olefin for both 

metathesis and isomerization.  This observation was independent of flow rate.  Under a 

low temperature condition (both run and run 3), the highest selectivities of all twelve runs 

were observed.  This indicated that temperature definitely had a strong impact on the 

performance of this reaction network.  The lower the temperature, the narrower the 

product distribution.  However, also under a constant low temperature, there was no 

distinguishable relationship for carbon number in the feed with respect to flow rate.  It 

was concluded that with this designed set of experiments, no quantitative assessment 

could be made about the reactivity of alpha olefins with respect to carbon number. 
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7.3 BENCH REACTOR SECOND DESIGNED EXPERIMENT: BROAD TEMPERATURE 
RANGE 

 

7.3.1 Second Designed Experiment: Conversion and Selectivity Results 

 
The second designed set of experiments performed on the bench reactor apparatus 

was with two different carbon number feedstocks at a broad range of temperatures 

outlined in Section 4.4.  Table 10 (1-octene) and Table 11 (1-decene) show the total 

conversion and the selectivity to the primary liquid metathesis product of each run 

performed for this designed set of experiments.   

Table 10 - Conversions and selectivities for second designed set of experiments of bench reactor 
experimentation with 1-octene. 

Temperature Run Title Total Conversion of 
Feed 

Selectivity of Primary 
Product 

Ambient  

Run 1 36.31% 81.22% 

Run 2 27.07% 91.17% 

Average 31.69% 85.47% 

40 oC 

Run 1 49.48% 88.80% 

Run 2 43.71% 91.10% 

Average 46.60% 89.88% 

60 oC 

Run 1 52.98% 88.84% 

Run 2 46.49% 90.00% 

Average 49.74% 89.38% 

80 oC 

Run 1 88.94% 28.69% 

Run 2 77.70% 50.69% 

Average 83.32% 38.95% 
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Table 11 - Conversions and selectivities for second designed set of experiments of bench reactor 

experimentation with 1-decene. 

Temperature Run Title Total Conversion of 
Feed 

Selectivity of Primary 
Product 

Ambient  

Run 1 26.64% 80.97% 

Run 2 25.85% 82.63% 

Average 26.25% 81.79% 

40 oC 

Run 1 55.64% 77.66% 

Run 2 62.25% 81.20% 

Average 58.95% 79.53% 

 
For each temperature condition, two runs were performed and averages of the 

conversions and selectivities were calculated.  Both Table 10 and Table 11 were 

generated from stacking bar graphs of each run, similar to those used before.  Figure 49 

through Figure 56 display the stacking bar graphs for the 1-octene runs which show the 

change in product distribution throughout the duration of each run.  All raw data for the 

1-octene runs can be found in Appendix A in Table 80 through Table 88.  Figure 57 

through Figure 60 display the stacking bar graphs for the 1-decene runs which show the 

change in product distribution throughout the duration of each run.  All raw data for the 

1-decene runs can be found in Appendix A in Table 89 through Table 92.   
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Figure 49 - Bench reactor product weight composition versus time: 1-octene, ambient temperature, run 1. 
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Figure 50 - Bench reactor product weight composition versus time: 1-octene, ambient temperature, run 2. 
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Figure 51 - Bench reactor product weight composition versus time: 1-octene, 40 oC, run 1. 
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Figure 52 - Bench reactor product weight composition versus time: 1-octene, 40 oC, run 2. 
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Figure 53 - Bench reactor product weight composition versus time: 1-octene, 60 oC, run 1. 
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Figure 54 - Bench reactor product weight composition versus time: 1-octene, 60 oC, run 2. 
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Figure 55 - Bench reactor product weight composition versus time: 1-octene, 80 oC, run 1. 
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Figure 56 - Bench reactor product weight composition versus time: 1-octene, 80 oC, run 2. 
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Figure 57 - Bench reactor product weight composition versus time: 1-decene, ambient temperature, run 1. 
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Figure 58 - Bench reactor product weight composition versus time: 1-decene, ambient temperature, run 2. 



 

 
 

155

 
Figure 59 - Bench reactor product weight composition versus time: 1-decene, 40 oC, run 1. 
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Figure 60 - Bench reactor product weight composition versus time: 1-decene, 40 oC, run 2. 
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7.3.2 Second Designed Experiment: Observations and Analysis 

 
Upon viewing Table 10, Table 11, and Figure 49 through Figure 60, some general 

observations about this second designed set of experiments were made.  As with the first 

designed set of experiments, there was the initial period of samples that represented the 

olefin feed passing over the catalyst bed at a higher flow rate and ambient conditions 

during filling or flushing.  This was evident in all of the runs for this second designed set 

of experiments, with the exception of the ambient temperature runs.  It was difficult to 

ascertain whether there was a step change in the concentrations for these runs.   

Of the twelve runs performed, ten of them had very high selectivities coordinating 

with moderate total conversions of the feed.  For these ten runs, the total conversions 

ranged from 25.85% to 62.25% and the selectivities ranged from 77.66% to 91.17%.  All 

ten of these runs were performed at either ambient conditions, 40 oC, or 60 oC.  Duplicate 

runs produced a slight variation in the conversion and selectivity values of approximately 

3% to 5% on a mass basis.  This variation could be attributed to the fact that the catalyst 

was losing activity; in every instance, the total conversion was lower in Run 2 than in 

Run 1.  The two outlying runs were the two performed at 80 oC for 1-octene; each had 

very high conversion with relatively low selectivity.  The total conversion was 

approximately 83.32% and the selectivity was approximately 38.95%.   

Previously during the metathesis reactor evaluation, the degree of branching for 

the stripping column bottoms product was determined via 13C NMR.  This degree of 

branching was determined to be very minimal.  For comparison, samples of the products 

from both a 40 oC and 60 oC run of the 1-octene runs were analyzed by Shell Chemical 
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Company for degree of branching.  Via GC and NMR, it was confirmed that for both of 

these temperatures, the total degree of branching was less than 0.5%.  And for the 

branching that was occurring, it was confirmed to be only occurring on olefinic carbon 

atoms and not on aliphatic carbon atoms.  

It was clear that temperature played a strong role in the occurrence of 

isomerization.  Up until 80 oC, there was minimal isomerization as all of the other ten 

runs had very high selectivities.  By increasing the temperature from ambient conditions 

to 60 oC, the total conversion gradually increased with the selectivity maintaining a 

relative steady high value.  From the first designed set of experiments, the lower 

temperature runs for 1-octene were performed at 160 oF (71.1 oC) and were used to 

support this trend.  These two runs at 160 oF both had approximately 69% conversion and 

60% selectivity; these values fit into this observed trend.  However, for the second set of 

designed experiment runs, there was also a significant step change in the amount of 

isomerization between 60 oC and 80 oC.  It was possible that the activation energy 

necessary for the isomerization of these alpha olefins was attained from some 

temperature between 60 oC and 80 oC. 

Between 1-octene and 1-decene, there was no trend with respect to reactivity 

based on carbon number.  Under ambient conditions, 1-octene had a higher conversion 

and a higher selectivity.  But at 40 oC, 1-decene had a higher conversion and a lower 

selectivity.  For this reason, no quantitative assessment could have been made about the 

reactivity of alpha olefins with respect to carbon number. 

 



 

159 
 

7.3.3 Second Designed Experiment: Temperature Ramping 

 
 In the previous section, it was concluded that there existed a temperature between 

60 oC and 80 oC that resulted in a significant step change in isomerization and therefore 

an observable change in total conversion and selectivity.  In order to investigate this 

range further, another run was performed with a temperature ramping providing a 

constant change in reactor temperature.  The reactor was raised to 60 oC, held constant 

for two hours, and then steadily increased by 2 oC every 20 minutes to 85 oC.  Table 12 

shows the conversions and selectivities as the temperature was changed throughout the 

day.  Figure 61 is a graphical representation of Table 12 and Figure 62 is a stacking bar 

graph which shows the change in product distribution throughout the duration of this 

temperature ramp run.  All raw data for this temperature ramp run can be found in 

Appendix A in Table 93 and Table 94.  



 

160 
 

Table 12 - Conversions and selectivities for temperature ramping run. 

Time Temperature 
(oC) 

Total 
Conversion of 

Feed 

Concentration of 
Primary Product 

Selectivity of 
Primary 
Product 

11:00am 60 36.89% 24.80% 67.23% 

11:30am 60 40.43% 28.79% 71.21% 

12:00pm 60 45.58% 35.29% 77.42% 

12:30pm 60 50.88% 41.31% 81.19% 

1:00pm 60 55.65% 43.72% 78.56% 

1:30pm 61 58.47% 47.03% 80.43% 

2:00pm 62 60.89% 48.94% 80.37% 

2:30pm 65 62.40% 49.41% 79.18% 

3:00pm 68 63.76% 50.60% 79.36% 

3:30pm 73 64.98% 50.79% 78.16% 

4:00pm 76 66.81% 51.26% 76.73% 

4:30pm 80 69.33% 50.87% 73.37% 

5:00pm 83 71.53% 49.60% 69.34% 

5:30pm 85 73.62% 48.84% 66.34% 

6:00pm 85 76.52% 46.10% 60.25% 

6:30pm 85 79.39% 43.26% 54.49% 
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Figure 61 - Graphical representation of conversions & selectivities for temperature ramp run. 



 

 
 

162

 
Figure 62 - Bench reactor product weight composition versus time for temperature ramp run.
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 As Table 12 and Figure 61 illustrate, when temperature was steadily increased, 

conversion also steadily increased.  Notable was the steady increase in conversion while 

the reactor temperature was held constant at 60 oC.  This increase in conversion 

represented the continued progression of the liquid products exiting the catalyst bed, but 

still having to pass through the inert glass bead section to reach the sample point.  As 

Figure 61 illustrates, there was also a definite point between 60 oC and 80 oC where the 

selectivity was maximized.  Identification of the exact temperature where this maximum 

selectivity occurred was difficult because the selectivity maintained an approximate value 

of 80% for almost two hours.  Furthermore, the sample taken at each time was actually 

representative of the product exiting the reactor at least an hour earlier due to the 

residence time required to pass through the inert glass beads and condenser prior to the 

sample point.  Therefore, there was a lag time between what the current sample 

represented and the temperature that was recorded at least an hour earlier.  Analysis of 

the second designed set of temperatures concluded that there was a noteworthy point 

between 60 oC and 80 oC.  Analysis of this temperature ramping run concluded that this 

range was more likely between 60 oC and 70 oC.  A more refined version of this 

temperature ramping schedule would possibly be able to help identify this unknown 

transition temperature. 
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7.4 BENCH REACTOR EXPERIMENTATION: OVERALL DATA COMPARISON 

 
 It was beneficial to look at all of the bench reactor experimental data from both 

designed sets of experiments together in hopes of discerning some overall trend.  Figure 

63 shows all of the data plotted together in the form of total conversion of the feed versus 

selectivity of the primary product for all three of the alpha olefins investigated.  Figure 63 

also includes linear trend lines for each of the different alpha olefins. 
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Figure 63 - All bench reactor data plotted as conversion versus selectivity.
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Disregarding carbon number, there was clearly a tradeoff between conversion and 

selectivity.  High conversion, as a result of higher temperatures therefore higher 

isomerization, was coupled with low selectivity due to secondary isomerization and 

metathesis reactions.  High selectivity, as a result of lower temperatures and therefore 

lower isomerization, was coupled with low conversion because these metathesis reactions 

have all been shown to have a moderate dependence on temperature.  With respect to 

carbon number, there appeared to be an observable effect selectivity had on conversion.  

As carbon number increased, the slope of the linear fit lines decreased.  This observation 

suggested that the heavier the olefin, the stronger the effect selectivity had on conversion.  

Therefore, a self-metathesis of 1-decene would have showed a more drastic change in 

conversion with smaller changes in selectivity.  Nonetheless, this observation was a 

general observation and was not fully justified because there was clear scatter in the data 

as was evident from the lower R2 values. 

 
 

7.5 METATHESIS CATALYST ISOMERIZATION: POSSIBLE SOURCES AND 
EXPLANATIONS 

 
The initial intent of the both of the designed sets of experiments was to uncover 

information on the olefin metathesis reactions under very controlled experimental 

conditions.  However, as the most previous results have shown, there was a very high 

degree of isomerization present in some of the runs.  Trying to interpret conversion and 

selectivity of a metathesis reaction when other side isomerization reactions were 

occurring made it nearly impossible to ascertain detailed kinetic information on specific 
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metathesis reactions.  The source of this isomerization could have been one of many 

things, and it was important to determine what may have caused this undesired secondary 

isomerization in hopes of avoiding it in future experimentation. 

It has been suggested that, due to possible impurities, alumina can be an active 

double-bond isomerization catalyst (Kapteijn, 1982).  Impurities such as silicon can 

create isomerization activity even with concentrations in the ppm level.  Therefore, it was 

possible that the actual catalyst support (γ-alumina) was a source of this isomerization.  A 

good control experiment would be to fill the reactor with inert alumina supports, 

regenerate them, and then test for isomerization activity by performing one of the 

designed experiments performed above.  This experiment was conducted at two 

conditions: a flow rate of 50 g/hr (WHSV = 0.39 hr-1) and 93 oC (200 oF) representing the 

highest anticipated isomerization and a flow rate of 100 g/hr (WHSV = 0.20 hr-1) and 40 

oC (104 oF) representing the lowest anticipated isomerization.  Figure 64 shows a similar 

stacking bar graph for this first condition, but this stacking bar graph has a few 

modifications.  Raw data for this experiment is given in Appendix A in Table 95. 

.  For simplicity, only carbon numbers detected in the product were included.  As 

can be seen in Figure 64, there were five different decene isomers detected.  All of the 

decene bars have been colored the same, but outlined to highlight the changes in 

concentration between each isomer.  As can been seen, at the highest assumed 

isomerization condition, approximately 15% of the 1-decene feed was being isomerized.  

The lowest assumed isomerization condition showed no difference in concentration 

profile between isomers when compared to the composition of the feed upstream of the 

reactor.  It was likely that the elevated temperature, and not the reduced flow rate, played 
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a stronger role in creating isomerization.  Nevertheless, it has been shown here that the 

same inert alumina supports used as the metathesis catalyst substrate were a possible 

source of the observed isomerization present amongst the sets of designed experiments 

previously performed. 
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Figure 64 - Bench reactor product weight composition versus time for inert alumina supports for 200 oF and a WHSV of 0.2 hr-1.
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Another possible source of isomerization was that dehydrogenation of olefins 

could have been occurring.  The rhenium oxide active site could have caused a pair of 

hydrogen atoms away from the double bond to be removed and exit the reactor as 

hydrogen gas.  This would have created a diolefin, and there would then be two double 

bond locations for metathesis to occur.  Past studies have suggested that internal olefins 

were more reactive than terminal olefins (Kawai, 1988).  Diolefins are not the same as 

internal olefins; however, it was possible that the more internal double bond of a diolefin 

was more reactive for metathesis than the more terminal double bond.  A good test to 

determine whether dehydrogenation was occurring would be to take a gas sample on the 

vapor outlet and measure for hydrogen.  If no hydrogen was present, then 

dehydrogenation could not have occurred. 

There was another possible test that could be used to further understand this 

undesirable isomerization.  If the reactor was fed with a symmetric olefin (2-butene, 3-

hexene, or 4-octene), then metathesis could not occur without isomerization.  A 

symmetric isomer in a trans orientation should be the most thermodynamically stable 

position for a linear olefin; therefore, isomerization should really not occur.  But if any 

other compound were to exit with the reactor effluent, then that would mean 

isomerization followed by metathesis would have had to occur. 

Because this undesirable side isomerization was occurring, it was near impossible 

to develop a yield structure for heavy olefin metathesis under the pilot plant conditions.  

If this isomerization had not been occurring, then it would have been easier to predict the 

performance of a specific metathesis reaction under a given set of conditions. 
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7.6 CONCLUSIONS 

 
A variety of specialized bench reactor experiments were performed in hopes of 

learning valuable kinetic information for specific metathesis reactions.  However, the 

underlying conclusion from these bench reactor experiments was that under the necessary 

pilot plant conditions, there was a high degree of isomerization occurring over this 

metathesis catalyst.  For this reason, only general qualitative assessments could be made 

about the reactivity of olefins with respect to temperature, flow rate, and carbon number 

in the feed. 

The first set of experiments was designed to observe the impact temperature and 

WHSV had on the reactivity of three different alpha olefins.  The investigated 

temperatures and WHSV were conditions that encompassed the small pilot plant 

metathesis reactor temperature and WHSV.  All of these runs displayed high conversions, 

low selectivities, and significant secondary isomerization coupled with subsequent 

metathesis.  This isomerization compromised the ability to make any quantitative 

assessments on the reactivity of olefins with respect to temperature, flow rate, and carbon 

number in the feed.  However, it was concluded that there was a possible optimal 

condition of a low flow and low temperature.  This prompted further bench reactor 

experimentation. 

The second set of experiments was designed to observe the impact temperature 

had on conversion and selectivity of two different alpha olefins.  These experiments 

concluded that between an ambient temperature condition and 60 oC, there was a 

moderate conversion of the feed and a relatively high selectivity to the primary liquid 
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product.  However, above 60 oC there was a step change in the amount of isomerization, 

which resulted in significantly higher conversions and significantly lower selectivities.  

The investigated temperatures were much lower than the required pilot plant reactor 

temperature; therefore the results were not directly comparable with pilot plant 

performance.  An experiment with a temperature ramp over time helped locate this step 

change in isomerization by suggesting that this temperature occurred somewhere between 

60 oC and 70 oC. 

An overall qualitative assessment of the bench reactor experiments suggested a 

tradeoff between conversion and selectivity.  High conversion only occurred with low 

selectivity and high selectivity only occurred with low conversion.  However, the 

undesired isomerization prevented any quantitative analysis of the reactivity of heavy 

olefins from being done.  An experimental test of the reactivity of inert alumina supports 

for isomerization was performed and it was concluded that the γ-alumina utilized for 

metathesis was indeed active for isomerization under high temperatures.  Future 

experiments designed to help ascertain the source of this isomerization (dehydrogenation) 

would help uncover more kinetic information about this specific system being 

investigated.  
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CHAPTER 8: PROCESS SIMULATION RESULTS AND 
DISCUSSION 

 

8.1 INTRODUCTION 

 
 A process simulation of a reactive distillation involving olefin metathesis has 

been constructed in AspenPlus version 2004.1 and its performance was compared with 

that of the actual small pilot plant process.  An initial simulation was modified and its 

performance was compared with that of the original simulation, which was based off 

preliminary bench experimentation.  Further development of this simulation led to 

classification of isomerization and metathesis reactions based on carbon number and 

position of the double bond in the reactant(s).  Once the reaction network was identified, 

a more advanced and accurate representation of the actual pilot plant process was 

constructed in AspenPlus version 7.1.  The following sections outline the results and 

discussion from the process simulation analysis. 

 

 

8.2 ASPENPLUS INITIAL SIMULATION PERFORMANCE AND IMPROVEMENT 

 
 The performance of the initial simulation constructed in AspenPlus version 

2004.1 was compared with the performance of modified versions of the simulation.  The 

specific changes that were made to the initial simulation included column pressure, reflux 
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ratio, location of the feed stage, and total number of theoretical stages.  A summary of the 

operating conditions and process specifications for each iteration of the simulation is 

given in Table 13. 
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Table 13 - Summary of operating condition and process specification manipulations of initial process simulation. 

Version 1 2 3 4 5 6 

Simulation Title 
Original by 

Jacinto 
Lopez 

Version 1 with 
column 
pressure 
changed 

Version 2 
with feed 
location 
changed 

Version 3 
with total 

stages 
changed 

Version 4 
with reflux 

ratio changed 

Version 5 
with total 

stages 
changed 

Total Stages 14 14 14 24 24 32 

Total Reaction 
Stages Middle 12 Middle 12 Middle 12 Middle 12 Middle 12 Middle 12 

Reflux Ratio 80 80 80 80 2 2 

Column Pressure 
(psia) 

14.7 5 5 5 5 5 

Column Pressure 
Drop (psia) 0.5 4 4 4 4 4 

Distillate Rate 
(lbs/hr) 4.4 2.2 2.2 2.2 2.2 2.2 

Feed Rate (lbs/hr) 12.368 6.184 6.184 6.184 6.184 6.184 

Feed Stage 14 14 2 7 7 11 

Feed 
Composition 

1-C8 9.22% 9.22% 9.22% 9.22% 9.22% 9.22% 

2-C8 48.65% 48.65% 48.65% 48.65% 48.65% 48.65% 

3-C8 34.14% 34.14% 34.14% 34.14% 34.14% 34.14% 

4-C8 8.00% 8.00% 8.00% 8.00% 8.00% 8.00% 
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Table 13 highlights the six versions of the process simulation.  First, the overhead 

pressure was reduced to 5 psia and a 4 total psia column pressure drop was added.  

Second, the feed location was changed from the reboiler to the top of the reaction stages.  

Third, six stages were added above the reaction stages and six stages were added below 

the reaction stages to allow for additional separation capability.  This resulted in 24 total 

theoretical stages: 6 “rectifying section” stages, 12 “metathesis reaction” stages, and 6 

“stripping section” stages.  Fourth, the reflux ratio was reduced from 80 to 2.  And last, 

four additional stages were added above and below the reaction stages resulting in 32 

total theoretical stages: 10 “rectifying section” stages, 12 “metathesis reaction” stages, 

and 10 “stripping section” stages.   

Table 14 and Table 15 summarize the effect these changes had on the product 

compositions for the liquid bottoms product and the overhead vapor product, 

respectively.  It was determined that the most significant change in product composition 

was a result of moving the feed location from the reboiler to the top of the reaction 

stages.  However, there were no significant improvements in product distribution as a 

result of changing the column pressure, reflux rate, and total number of stages.  From this 

point, implementation and operation of the small pilot plant process was necessary in 

order to compare the performance of these simulations to that of the actual process. 
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Table 14 - Summary of liquid bottoms product distribution for each iteration of the initial process simulation. 

Version Simulation Title 
Liquid Composition 

C6 C7 C8 C9 C10 C11 C12 C13 
1 Original by Jacinto Lopez 0.77% 0.00% 0.42% 0.00% 2.53% 35.40% 28.24% 10.96% 
2 Version 1 with column pressure changed 0.38% 0.00% 0.37% 0.00% 2.70% 37.81% 29.06% 9.74% 
3 Version 2 with feed location changed 0.02% 0.00% 0.02% 0.00% 6.26% 42.23% 29.60% 8.26% 
4 Version 3 with total stages changed 0.00% 0.00% 0.00% 0.00% 6.42% 44.70% 28.30% 3.32% 
5 Version 4 with reflux ratio changed 0.00% 0.00% 0.00% 0.00% 4.72% 42.32% 29.36% 9.69% 
6 Version 5 with total stages changed 0.00% 0.00% 0.00% 0.00% 3.40% 43.28% 29.96% 9.68% 

Version Simulation Title 
Liquid Composition 

C14 C15 C16 C17 C18 C19 C20 Total 
1 Original by Jacinto Lopez 8.59% 3.44% 4.83% 3.12% 0.96% 0.58% 0.16% 100.00% 
2 Version 1 with column pressure changed 7.78% 3.14% 4.64% 2.75% 0.86% 0.62% 0.15% 100.00% 
3 Version 2 with feed location changed 5.33% 2.39% 4.03% 1.33% 0.39% 0.13% 0.01% 100.00% 
4 Version 3 with total stages changed 5.42% 0.78% 8.77% 0.92% 1.23% 0.13% 0.00% 100.00% 
5 Version 4 with reflux ratio changed 5.51% 2.44% 3.95% 1.74% 0.23% 0.04% 0.00% 100.00% 
6 Version 5 with total stages changed 5.33% 2.41% 4.08% 1.60% 0.22% 0.03% 0.00% 100.00% 

 

Table 15 - Summary of overhead vapor product distribution for each iteration of the initial process simulation. 

Version Simulation Title 
Vapor Composition 

C3 C4 C5 C6 C7 Total 
1 Original by Jacinto Lopez 0.00% 21.01% 52.32% 26.67% 0.00% 100.00% 
2 Version 1 with column pressure changed 0.00% 20.57% 52.16% 27.27% 0.00% 100.00% 
3 Version 2 with feed location changed 0.00% 18.34% 48.00% 33.66% 0.00% 100.00% 
4 Version 3 with total stages changed 0.00% 18.37% 49.83% 31.81% 0.00% 100.00% 
5 Version 4 with reflux ratio changed 0.00% 18.98% 48.59% 32.44% 0.00% 100.00% 
6 Version 5 with total stages changed 0.00% 19.02% 49.05% 31.93% 0.00% 100.00% 
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8.3 REACTION NETWORK DEVELOPMENT AND ISOMERIZATION REACTION 
CATEGORIZATION 

 
 Because a variety of possible isomers of different olefins could have been present 

in the actual operation of the pilot plant, it was necessary to further develop the existing 

reaction network that was incorporated in the AspenPlus simulation.  The initial 

simulation reaction network was selective of its metathesis and isomerization reactions, 

yet it was necessary to develop a network that encompassed all of the possible reactions.  

From that network, it was then possible to include reactions based on certain 

classifications and eliminate others based on other classifications.   

The initial process simulation was recreated in AspenPlus version 7.1.  A key 

change was made during the creation of this new version of this simulation; the total 

number of stages involving reactions was reduced to 10, down from 12.  So, there were 

10 total stages with alternating metathesis and isomerization reactions specified on them.  

The first stage was a metathesis stage and there were five metathesis stages total and five 

isomerization stages total.  The isomerization reactions specified were every possible 

isomerization reaction between butene and hexadecene.  However, they had to be 

specified on certain stages.  Because the likelihood of lighter olefins reaching the bottom 

isomerization stage and the likelihood of the heavier olefins reaching the top 

isomerization stage were both low, the lighter olefin isomerization reactions were 

specified closer to the top of the metathesis reactor section and the heavier olefin 

isomerization reactions were specified close to the bottom of the metathesis reactor 

section.  Both campaigns from the continuous operation of the pilot plant yielded liquid 
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products ranging from butenes to hexadecenes.  Therefore, all possible isomerization 

reactions involving olefins between those product ranges were incorporated into the 

isomerization stages.  Table 16 shows the carbon number range of the olefins for each 

isomerization stage within the reaction zone of the simulated RadFrac column.  All of the 

possible isomerization reactions are listed in Table 96 and Table 97 in Appendix A. 

 

Table 16 - Summary of isomerization reactions specified for each process simulation reaction stage. 

Isomerization Stage # Metathesis Reactor Section Stage # Carbon # Range 

ISOM 1 2 C4 – C8 

ISOM 2 4 C5 – C9 

ISOM 3 6 C6 – C10 

ISOM 4 8 C7 – C11 

ISOM 5 10 C8 – C16 

 

All isomerization reactions were assumed to be equilibrium reactions. 

 

 

8.4 METATHESIS REACTION CATEGORIZATION 

 
 Because of the vast number of possible isomers of olefins that could have existed 

within the metathesis reactor, there were also a vast number of possible metathesis 

reactions that could have existed.  It was therefore necessary to generate all of these 

possible reactions and attempt to categorize them for possible future utilization.  
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Assuming that all of the reactions occurring had to occur in liquid phase, it was also 

assumed that any compound lighter than butene was not consumed in a metathesis 

reaction.  This limited propylene from being a reactant in a metathesis reaction.  This 

hypothesis was likely a strong assumption as under the temperature and pressures being 

considered, propylene could not exist in liquid phase.  A similar assumption was made 

for the opposite end (heavy olefins) of the reactant spectrum.  Once the process reached a 

relatively steady condition, the stripping column bottoms product from the actual pilot 

plant process did not contain more than 1% of any compound heavier than hexadecene.  

For this reason, an assumption for this reaction network was made about what reactions 

should be included.  Via metathesis, the reaction that involves the lightest olefins was 

assumed to be the only pathway to the production of this product.  For this situation, that 

means the only production of hexadecene must have come from a self-metathesis of 1-

nonene.  Additionally based off this assumption, that meant that hexadecene could not be 

generated from a compound higher in order than nonene.  In essence, the assumption was 

that all reactants for all metathesis reactions involved linear olefins ranging from butene 

to nonene.  Incorporating a heavier olefin into the possibilities for metathesis reactions 

exponentially increases the number of possible reactions. 

 All possible metathesis reactions involving reactants with all of the possible linear 

isomers of olefins ranging from butenes to nonenes have been generated.  From this 

procedure, 171 total possible reactions were created, however not all of them were 

considered “quality reactions”.  Three types of metathesis reactions were defined: a 

regular reaction, a mirror reaction, and a reverse reaction.  A regular reaction was a 

metathesis reaction in which the reactants combined to form a lighter and heavier product 
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that differed from the original reactants.  A mirror reaction was a metathesis reaction in 

which the reactants combined to form the same reactants; this type of reaction had no net 

product.  A reverse reaction was a metathesis reaction in which the reverse reaction 

appeared somewhere else in the network of reactions generated.  This type of reaction 

was assumed to only occur in one direction, the one where there was a generation of a 

lighter and heavier product.  Because metathesis reactions can cause two olefins to 

exchange pieces of each other, it is possible for four possible products to be created 

(existing in one set of two or another).  However, the metathesis reaction preferentially 

selects the products that will yield a lighter and heavier product than the reactant.  For 

this reason, it was necessary to eliminate half of the reverse reactions.  Table 17 

summarizes each type of reaction, gives an example of each reaction, and shows the total 

number of those reactions that existed. 

 

Table 17 - Types of metathesis reactions based on type of reaction classification. 

Type of 
Reaction Reaction Example 

Number of 
Possible 

Reactions 

Total A=B + C=D � A=C + B=D 171 

Normal 1-C4H8 + 1-C4H8 � C2H4 + 3-C6H12 121 

Mirror 1- C4H8 + 3-C6H12 � 1-C4H8 + 3-C6H12 26 

Reverse 
1-C4H8 + 4-C8H16 � 1-C5H10 + 3-C7H14 

24 
1-C5H10 + 3-C7H14 � 1-C4H8 + 4-C8H16 

 

In Table 17, for the reverse reaction examples, the second reaction would be preferred 

because it yields a lighter and heavier product than the original reactants.  Eliminating all 

of the mirror reactions and eliminating half of the reverse reactions resulted in a total of 
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133 “quality reactions” for metathesis.  All of these 133 reactions are summarized in 

Table 98 through Table 103 in Appendix A.  Color coding was used to help identify types 

of reactions.  Any reaction that has been grayed out was a mirror reaction.  These 

reactions were eliminated.  The remaining color coding was used to identify pairs of 

reverse reactions.  There were 12 pairs of reverse reactions.   

 Lastly, these reactions were categorized further into types of reactions relating to 

the position of the double bond in both reactants.  For example, the type of reaction with 

two alpha olefins (1-octene, for example) that underwent a metathesis reaction was 

categorized as a 1-/1- reaction.  Table 18 summarizes all of these classifications of 

reactions and the frequency that they could have occurred.   

 

Table 18 - Types of metathesis reactions based on position of double bond in reactant classification. 

Reactant 1 + Reactant 2 = Total Reactions 

1 + 1 = 21 

1 + 2 = 36 

1 + 3 = 20 

1 + 4 = 8 

2 + 2 = 15 

2 + 3 = 16 

2 + 4 = 6 

3 + 3 = 6 

3 + 4 = 4 

4 + 4 = 1 

Total 133 
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As can be seen from Table 18, the possibility of olefins with a more terminal double bond 

was more frequent than that of olefins with a more internal double bond.  A combination 

of an alpha olefin and a beta olefin was the most frequent reaction possibility.  This 

higher amount of more terminal olefin reactants was a result of incorporating more light 

olefins than heavy olefins in the pool of available reactants.  Butenes and pentenes only 

have alpha and beta olefins, therefore only terminal or near terminal olefins could have 

been involved in metathesis reactions.  This frequency of type of reactions based on the 

position of the double bond in the reactants was not indicative of what may have actually 

occurred in the metathesis reactor in the small pilot plant process.  This analysis was just 

an investigation into the frequency of types of reactions, not the frequency each of those 

reactions occurred.  Because a mixture of olefins (approximately 10% 1-octene, 90% 

internal octenes) was fed to the actual reactor, it was likely that the reactions involving 

more internal olefins were more frequently occurring. 

 The metathesis reactions needed to be assigned to specific stages in the simulation 

RadFrac column.  As a starting point, it was necessary to assume all 133 metathesis 

reactions could have occurred on any stage involving metathesis.  
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Table 19 summarizes the metathesis stages within the simulated RadFrac column reaction 

stages. 
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Table 19 - Summary of metathesis reactions specified for each process simulation reaction stage. 

Metathesis Stage # Metathesis Reactor Section Stage # Carbon # Range 

META 1 1 C4 – C9 

META 2 3 C4 – C9 

META 3 5 C4 – C9 

META 4 7 C4 – C9 

META 5 9 C4 – C9 

 

All metathesis reactions were assumed to reach an extent of reaction, or fixed conversion.   

 

 

8.5 ASPENPLUS OPTIMIZED SIMULATION PERFORMANCE 

 

8.5.1 Reaction Network Optimization 

 
With the reaction network updated, other adjustments were made to the initial 

simulation during its recreation in AspenPlus version 7.1.  These adjustments were 

outlined in Section 5.3.  This updated simulation now had to be optimized based on fixed 

conversions for specific metathesis reactions.  Because the bench reactor experimentation 

did not yield conclusive evidence on specific conversions of specific metathesis 

reactions, a starting point for reaction conversions had to be assumed.  To begin, 

metathesis reactions involving only the four linear isomers of octene as the reactants were 

assumed to occur and a conversion of 50% was selected.  All remaining metathesis 
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reactions were assumed to have a fixed conversion of zero.  For this situation, there were 

only nine metathesis reactions (involving only 1-octene, 2-octene, 3-octene, and 4-

octene) each with a conversion of 50%.  Continuing further, additional metathesis 

reactions involving reactants with identical carbon numbers were added.  Hexene 

metathesis reactions were included with a 70% conversion.  Heptene metathesis reactions 

were included with a 60% conversion.  And nonene metathesis reactions were included 

with a 40% conversion.  It was assumed that there was an effect on reactivity based on 

carbon number, hence the 10% difference between consecutive carbon numbers.  

Because no quantitative assessments on the reactivity of metathesis reactions were 

available from the bench reactor experimentation, these conversions were selected based 

off a past experiment study suggesting that the decrease in reactivity was approximately 

20% to 30% per one carbon atom increase in the feed (Kawai, 1988).  The performances 

of various versions of the metathesis reaction network were compared with the pilot plant 

performance of campaign 2 during its steady state condition.  Table 20 shows a 

comparison of multiple simulations involving different metathesis reactions with 

campaign 2 bottoms product compositions. 
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Table 20 - Simulation bottoms product compositions of different metathesis reaction networks 

compared with the bottoms product composition from campaign 2 of the pilot plant. 

Compound Pilot Plant 
Metathesis Reactions 

C8s C8s & C9s C7s & C8s C7s - C9s C6s - C9s 

C8s 0.00% 0.00% 0.00% 0.00% 0.00% 28.32% 

C9s 0.00% 11.89% 0.00% 12.29% 0.00% 7.84% 

C10s 24.00% 19.33% 20.92% 19.49% 21.14% 14.50% 

C11s 28.00% 25.67% 25.77% 26.00% 26.49% 16.93% 

C12s 28.00% 23.48% 26.65% 23.06% 26.06% 17.49% 

C13s 13.00% 16.55% 19.90% 16.11% 19.41% 12.23% 

C14s 4.00% 3.08% 5.14% 3.06% 5.19% 2.43% 

C15s 2.00% 0.00% 1.43% 0.00% 1.51% 0.25% 

C16s 1.00% 0.00% 0.20% 0.00% 0.21% 0.02% 

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

 

Table 20 shows that by using metathesis reactions for heptenes, octenes, and 

nonenes the bottoms product composition most closely matched that of campaign 2.  

However, adding heptene metathesis reactions to a network that already incorporated 

octene and nonene metathesis reactions did not significantly improve the performance.  

Nevertheless, a network with heptenes, octenes, and nonenes proved to be the best.  

Logically, it appeared that adding additional lighter carbon number metathesis reactions 

would push the simulation closer to the pilot plant performance.  However, incorporating 

hexene metathesis reactions shifted the bottoms product composition further away from 

pilot plant performance.  Because the olefin metathesis reaction(s) being investigated are 

liquid phase reactions, an assumption was made that compounds lighter than heptenes 



 

188 
 

were not involved in metathesis reactions as they would not readily be present in liquid 

phase.  This assumption was confirmed with the vapor-liquid equilibrium relationship 

from the process simulation.  On all stages involving reactions, the liquid mass fraction of 

hexenes was not ever greater than 2.24%.  Figure 65 shows the vapor and liquid 

concentrations based on the stage number for butenes, pentenes, and hexenes.  As Figure 

65 shows, it was safe to assume that compounds lighter than heptenes occurred much 

more readily in the vapor phase and were not greatly involved in metathesis.  All further 

process simulation analysis utilized metathesis reactions involving only heptenes, 

octenes, and nonenes.  
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Figure 65 - Vapor and liquid mass fractions for C4 - C6 based on stage number within the reaction zone of the process simulation.
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8.5.2 Effect of Reflux Ratio on AspenPlus Simulation Performance 

 
Because it was unknown if the actual reflux rate from campaign 2 was optimal, a 

comparison with varying reflux ratios was made.  Table 21 summarizes each of these 

simulations. 

 

Table 21 - Summary of process simulation properties for investigation of varying reflux ratios. 

Simulation # Reflux Rate (lb/hr) Reflux Ratio 

1 1 0.204 

2 2 0.407 

3 3 0.611 

4 4 0.815 

5 5 1.018 

6 (Pilot Plant) 6.13 1.248 

7 7 1.426 

8 10 2.037 

9 20 4.073 

10 50 10.183 

 

There were ten total reflux ratios investigated ranging from 0.204 to 10.183.  Simulation 

6 was the base case as it represented the pilot plant conditions from campaign 2.  For 

each simulation the bottoms product distribution and reflux distribution were compared 

to those of the actual pilot plant distributions.  Table 22 highlights the effect reflux ratio 

had on simulation performance.  The black column was the base case of pilot plant 

campaign 2. 
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Table 22 - Simulation liquid compositions for reflux and bottoms product as a function of reflux ratio. 

Bottoms Product Liquid Compositions 

Compound Pilot Plant 
Reflux Ratio 

0.204 0.407 0.611 0.815 1.018 1.248 1.426 2.037 4.073 10.183 

C8s 0.00% 18.05% 3.12% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

C9s 0.00% 6.00% 6.82% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

C10s 24.00% 17.05% 20.31% 21.56% 21.36% 21.25% 21.14% 21.10% 20.98% 20.90% 20.89% 

C11s 28.00% 20.85% 24.34% 26.04% 26.19% 26.35% 26.49% 26.57% 26.80% 27.04% 27.16% 

C12s 28.00% 20.25% 24.12% 26.24% 26.17% 26.10% 26.06% 26.01% 25.87% 25.77% 25.78% 

C13s 13.00% 14.53% 17.26% 19.43% 19.42% 19.42% 19.41% 19.46% 19.53% 19.73% 19.90% 

C14s 4.00% 2.66% 3.22% 4.93% 5.11% 5.16% 5.19% 5.21% 5.20% 5.03% 4.78% 

C15s 2.00% 0.57% 0.75% 1.59% 1.53% 1.52% 1.51% 1.44% 1.42% 1.34% 1.32% 

C16s 1.00% 0.04% 0.06% 0.21% 0.21% 0.21% 0.21% 0.21% 0.20% 0.19% 0.17% 

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 

Reflux Liquid Compositions 

Compound Pilot Plant 
Reflux Ratio 

0.204 0.407 0.611 0.815 1.018 1.248 1.426 2.037 4.073 10.183 

C2s 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 

C3s 0.00% 0.09% 0.12% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 0.13% 

C4s 10.00% 0.58% 0.76% 0.87% 0.87% 0.86% 0.86% 0.86% 0.85% 0.85% 0.86% 

C5s 33.00% 1.98% 2.59% 3.09% 3.16% 3.21% 3.26% 3.29% 3.37% 3.49% 3.60% 

C6s 57.00% 5.52% 7.49% 8.98% 9.14% 9.26% 9.37% 9.43% 9.59% 9.86% 10.09% 

C7s 0.00% 1.44% 1.56% 3.61% 6.05% 7.61% 8.90% 9.67% 11.44% 13.93% 16.06% 

C8s 0.00% 90.37% 87.49% 83.31% 80.65% 78.92% 77.48% 76.62% 74.61% 71.74% 69.27% 

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 
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As Table 22 shows, between a reflux ratio of 0.407 and 0.611, there appeared to be a 

point where increasing the reflux ratio further allowed for a step change in bottoms 

product distribution.  Above that reflux ratio inflection point, the simulated distillation 

was able to make a clean cut between nonenes and decenes.  With the exception of this 

inflection point, reflux ratios of above and below that of the base case did not 

significantly improve the bottoms product distribution.  From this observation, two 

conclusions were drawn.  First, because shifts of the reflux ratio from the base case did 

not significantly improve performance, it was possible that the actual pilot plant process 

was operating with close to its minimum number of stages.  And second, it was also 

possible that the bottoms product distribution was more strongly tied to the reaction 

network and how it was utilized via conversion numbers than to the reflux ratio.   

Analysis of the reflux concentration indicated that the pilot plant reflux 

concentrations did not match the simulation reflux concentrations at all.  All of the 

simulations shown in Table 22 predicted a majority of the reflux to be octenes, 70% or 

greater.  A mass balance around the condenser for the base case pilot plant condition 

concluded that 16.5% of pentenes, 35.4% of hexenes, 57.4% of heptenes, and 78.2% of 

octenes were being condensed.  For the vapor exiting the top of the column, more than 

20% of the octenes and almost half of the heptenes were exiting the process as a vapor 

and in essence not being reacted within the reactive zone.  This loss of reactant suggested 

that the assumed conversions were possibly underpredicting the actual reaction 

conversion, resulting in an overhead vapor composition containing more heavies than 

was likely present amongst the actual small pilot plant process overhead vapor stream.  

The actual small pilot plant process condenser was also possibly operating at a much 
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cooler temperature than the simulated condenser temperature of 141.5 oF because the 

small pilot plant process reflux concentration was composed of butenes, pentenes, and 

hexenes.  This observation was likely a shortcoming of this simulation, but an important 

conclusion could be drawn about this significant performance difference.  The simplest 

way of simulating a three column process with reactions occurring in the middle column 

was to utilize a single column.  An optimized distillation simulation will have an ideal 

temperature profile across that column with an optimized distribution of products.  Yet, 

the actual pilot plant process was not as streamlined as an optimized simulation.  The 

actual small pilot plant process did not have an immersion heater at the base of the 

rectifying column.  For this reason, significant heat was lost at this process location, 

thereby allowing some of the heavier vapor olefins to condense and be pumped back into 

the metathesis reactor.  And while this seemed like a shortcoming of the small pilot plant 

process, pilot plant performance actually appeared to perform quite well under that 

situation.  Instead of exhausting heat input by pumping heptene and octene vapors up to 

the overhead, these vapors were condensed, recycled back into the reactor, and increased 

reactant conversion and product yields.  Therefore, this observation was likely a 

shortcoming of using the single column setup of this process for comparison with actual 

pilot plant performance. 
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8.5.3 Heat Loss Considerations for AspenPlus Simulation 

 
 Because the small pilot plant process contained two 2 inch diameter columns, it 

was important to consider the impact heat losses may have played on column 

performance.  The larger surface area to volume ratio of a small diameter column should 

have resulted in significant heat losses.  There were numerous locations for heat loss to 

occur in the actual pilot plant; the three largest likely sources were vessel outer walls, un-

insulated liquid process lines, and overhead vapor lines.  These heat losses needed to be 

properly accounted for in the process simulation in their respective locations.  Increased 

internal flow rates can be directly related to heat losses.  Therefore, the point at which the 

pilot plant internal flow rates (Figure 36) matched up with the process simulation internal 

flow rates was considered the point where heat loss was accurately quantified.  The 

comparison between the flow rates shown in Figure 36 and the base case process 

simulation (heptene, octene, and nonene metathesis reactions with a reflux ratio of 1.248) 

is given in Table 23.  The bottoms product rate, reflux rate, and overhead vapor product 

(indirectly through mass balance with the given feed rate) were all specifications used to 

converge the simulation. 
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Table 23 - Pilot plant flow rates compared with process simulation flow rates. 

Process Flow 
Pilot Plant 
Flow Rate 

(lbs/hr) 

Process 
Simulation Flow 

Rate (lbs/hr) 

Overhead Vapor Product 4.91 4.91 

Liquid Reflux 6.13 6.13 

Liquid Entering Metathesis Reactor 17.15 18.93 

Vapor Exiting Metathesis Reactor 9.11 11.41 

Liquid Exiting Metathesis Reactor 26.24 26.27 

Vapor Entering Metathesis Reactor 18.20 18.23 

Liquid Bottoms Product 8.04 8.04 

 

As Table 23 illustrates, the pilot plant liquid and vapor flow rates around the metathesis 

reactor matched up quite well with their simulated counterparts.  This base case 

simulation did not account for any heat losses.  This was only possible if one of two 

situations had existed.  The first option was that heat loss did not play a role in the 

operation of the small pilot plant process, resulting in perfect alignment between internal 

flow rates.  However, due to the dimensions and size of the actual small pilot plant 

process, it was difficult to assume that heat losses did not play any role at all in the 

overall performance.  Hence, this idea was rejected.   

The second option was that the simulation was underpredicting the actual 

conversions present with the reactive zone.  An underprediction of conversions would 

have resulted in higher mass flows of reactants being forced up to the top of the column.  

Assuming the specified conversions were fully consistent with the actual conversions and 

thereby higher than the original specified values, then less vapor traffic on a mass basis 
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would have been traveling to the top of the column.  Then, by properly accounting for 

heat losses within the rectifying section, those internal flow rates would have been more 

consistent with the actual measured rates.  In contrast, an underprediction of conversions 

would have also resulted in lower liquid mass flows traveling down the column.  

Assuming the specified conversions were higher, then the simulated liquid traffic 

traveling to the bottom of the column would have been a higher on a mass basis.  But 

properly accounting for heat losses within the stripping section would have resulted in 

higher internal flow rates.  With respect to heat loss, by taking these considerations into 

account it was concluded that the stripping column was likely overheated, but the 

rectifying column was under-heated resulting in a high occurrence of heat loss.  This was 

based entirely on the assumption that the actual conversions within the reactive zone 

were much higher than the ones specified in section 8.5.1.  Moreover, bench reactor 

experimentation concluded that conversions at the necessary reactor temperature were 

actually significantly high.  But it was difficult to ascertain conversions for metathesis 

reactions when some of the feed was partially converting into additional isomers.   

Another consideration was the physical difference between the cuts made for the 

small pilot plant process and the simulated process.  During operation of the small pilot 

plant process for campaign 2, each column appeared to be making two separate cuts 

between different light and heavy keys.  The stripping column was making a cut between 

nonenes and decenes, while the rectifying column was making a cut between hexenes and 

heptenes.  The heptenes, octenes, and nonenes were essentially recirculating around the 

reactive zone and never really being distributed amongst the overhead vapor and bottoms 

product.  The simulated process was making a single cut between octenes and nonenes 
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across the single distillation column.  This inherent requirement for a RadFrac column 

was forcing more of the light key (octene) to the top of the column.  This would have 

overpredicted vapor traffic within the distillation column, a shortcoming of simulating 

this process with a single unit operation. 

 

 

8.5.4 Cross Carbon Number Metathesis Reactions 

 
The process simulation had shown to be a relatively accurate predictor of this 

reactive distillation performance when compared with actual pilot plant performance 

data.  However, the utilized reaction network only incorporated metathesis reactions with 

reactants of the same carbon number: heptenes with heptenes, octenes with octenes, and 

nonenes with nonenes. And while some positive correlation with this reaction network 

had been shown, the likelihood that these were the only metathesis reactions contributing 

to the production of olefinic products was very low.  For this reason, metathesis reactions 

involving reactants of two different carbon numbers needed to be incorporated into the 

process simulation.  Cross carbon number metathesis reactions between heptenes and 

octenes, heptenes and nonenes, and octenes and nonenes are all likely metathesis reaction 

pathways.  This process simulation was considered oversimplified without these cross 

reactions involved. 

Adding these reactions to the reaction network proved more difficult than simply 

specifying a fixed conversion for one reaction.  The addition of these cross reactions was 

discovered to be a function of each reactant concentration on each metathesis reaction 
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stage.  When reactant concentration was too low on a specific stage, the simulation had 

difficulty converging.  There was also no available information from the bench reactor 

experimentation to help predict conversions for these cross metathesis reactions.  The 

bench reactor experimentation proved mildly useful in predicting conversions based on 

carbon number, temperature, and flow rate (WHSV), but this information was only for 

self-metathesis of alpha olefins.  Convergence difficulties and unknown conversions 

complicated the ability of successfully incorporating these cross metathesis reactions.   

Due to this complexity of incorporating these additional cross metathesis reactions, the 

process simulation reaction network was confined to metathesis reactions involving 

identical carbon number reactants. 

 
 

8.6 CONCLUSIONS 

 
 A variety of process simulations were conducted to potentially simulate the 

performance of a small pilot plant process of reactive distillation involving olefin 

metathesis.  An optimized version of this process simulation created in AspenPlus 

version 7.1 has been shown to be moderately useful in predicting the performance of this 

process.  Although, this optimized simulation had its shortcomings and had room for 

improvement with accompanying follow-up bench reactor experimentation. 

 An initial simulation based on preliminary bench scale experimentation was 

created in AspenPlus version 2004.1.  This simulation was modified to better represent 

the small pilot plant process.  Modifications included feed stage location, reflux ratio, 

column pressure, and total number of theoretical stages.  Once the small pilot plant 
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process was operated during the continuous operation campaigns, performance data was 

available.  Additional modifications to the process simulation were necessary in order to 

accurately compare processes, both pilot plant and simulation. 

 The entire reaction network was re-established and both isomerization and 

metathesis reactions were re-classified.  The isomerization reactions that were included 

ranged from butene to hexadecene isomerizations and were allocated to specific reaction 

stages based on their likelihood of occurrence.  Lighter olefins were allocated at the top 

isomerization reaction stages and heavier olefins were allocated to the bottom 

isomerization reaction stages.  All of the isomerization reactions were considered 

equilibrium reactions.  The metathesis reactions that were included any metathesis 

reaction involving linear isomers of compounds ranging from butene to nonene.  Each 

reaction was classified by its carbon number of the first reactant and the position of the 

double bond in both reactants.  There were 133 total metathesis reactions and they were 

all considered fixed conversion reactions.  All metathesis reactions were allocated to 

every metathesis reaction stage.  Because compounds lighter than heptene were not 

readily occurring in the liquid phase within the reaction zone, all metathesis reactions 

involving reactants of these lighter compounds were set to a conversion of zero.  

However, due to the complexity of also including metathesis reactions involving 

reactants with differing carbon numbers, this reaction network was considered 

incomplete. 

 By specifying conversions for metathesis reactions involving identical carbon 

number reactants, simulation performance was compared with that of campaign 2 from 

the continuous operations of the small pilot plant process.  Measured bottoms product 
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compositions compared well with the simulation compositions, but the reflux 

compositions did not compare well.  This was attributed to the lack of an immersion 

heater at the base of the rectifying column; an immersion heater would have countered 

the condensation of metathesis reactor exiting vapor.  The measured reflux ratio was 

considered appropriate for this process.  Lastly, a heat loss analysis concluded that the 

assumed reaction conversions were likely too low, but that heat losses were likely most 

prominent within the rectifying column of the actual small pilot plant process. 

. 
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CHAPTER 9: CONCLUSIONS 

 

9.1 INTRODUCTION 

 
 Important conclusions have been drawn about the three primary researched areas 

of this project: pilot plant scale experimentation, bench scale reactor experimentation, 

and process simulation.  Pilot plant scale experimentation was successfully performed for 

a reactive distillation involving heavy olefin metathesis.  Bench scale reactor 

experimentation was performed to investigate heavy olefin metathesis reactions, but did 

not offer much insight into reaction kinetics outside of qualitative assessments on the 

isomerization and metathesis reactivity of different olefin metathesis reactions.  Lastly, a 

process simulation of the small pilot plant process was constructed and compared with 

empirical data. 

 

 

9.2 PILOT PLANT EXPERIMENTAL CONCLUSIONS 

 
 Two successful campaigns of continuous operation of a reactive distillation 

process involving olefin metathesis were performed.  Each campaign differed in two 

ways: hydraulic loading of the metathesis reactor and outside weather conditions.  

Campaign 2, which had increased hydraulic loading and warmer outside weather 

conditions, proved to be more optimal in the overall process performance. 
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 In campaign 2, the metathesis reactor was loaded with three times the volume that 

campaign 1 provided.  More “medium” molecular weight olefins were being recirculated 

around the reactor when compared with campaign 1.  A larger amount of nonenes was 

being boiled up by the metathesis reactor immersion heater and a larger amount of 

octenes was being returned to the top of the metathesis reactor from the bottom of the 

rectifying column.  Increased loading appeared to be more efficient at recirculating the 

undesirable “medium” molecular weight olefins.  The original intent of this process was 

to fully convert a “medium” molecular weight olefin into lighter and heavier molecular 

weight olefin.  The distillation would then be used to separate these two product streams, 

while recirculating unreacted feed and other side products in between the light and heavy 

products back to the reactor.  While both campaigns were able to successfully apply 

metathesis to octenes and create lighter and heavier products, campaign 2 proved to be 

more successful in approaching the original intent of the process.  In terms of the 

metathesis reaction, increased hydraulic loading proved to be more efficient and more 

selective in the production of greater quantities of lighter and heavier olefins products. 

 The bench reactor experimentation provided some insight into the actual 

metathesis reaction.  Under reactor conditions (WHSV and reactor temperature) similar 

to the pilot plant reactor, the catalyst and substrate being utilized had been shown to yield 

significant amounts of isomerization.  The pilot plant metathesis reactor was filled with 

alternating layers of metathesis and isomerization catalysts for the sole reason of 

propagating metathesis reactions by isomerization of “medium” molecular weight olefins 

products and then exposing them to another metathesis catalyst layer.  However, if the 

metathesis catalyst and substrate being utilized was providing significant amounts of 
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isomerization anyways, the need for the additional isomerization catalyst in the 

metathesis reactor was questioned.  Metathesis reaction yields could have been improved 

with increased quantities of metathesis catalyst in the pilot plant metathesis reactor.  

Recirculation of “medium” molecular weight olefins could have been even more efficient 

with more active catalyst sites.  This assumed excessiveness of the isomerization catalyst 

was fully contingent on assuming that the utilized metathesis catalyst and substrate would 

continue to cause isomerization under the process conditions used. 

 The regeneration of the catalyst, whether on the small pilot plant scale or the 

bench scale, was similar in formula for execution, but was not similar in frequency.  

Catalyst performance appeared to deteriorate much more quickly on the bench scale.  

This was likely due to the reduced amount of catalyst utilized in addition to the bench 

reactor being liquid full.  The metathesis reactor in the pilot plant contained 34.6 lbs of 

total catalyst, while the bench reactor contained 254.7 g of metathesis catalyst.  While 

deterioration should have been relatively absolute and independent of quantity, this pilot 

plant catalyst did not require regeneration as often as the bench reactor catalyst.  The 

distillation aspect of the pilot plant was able to constantly withdraw product from the 

metathesis reactor.  Some of the feed was converted into a vapor product and exited the 

reactor through the overhead vapor line.  Furthermore, the metathesis reactor in the pilot 

plant was essentially a trickle bed.  A very small quantity of liquid was constantly passing 

through the catalyst bed.  On the bench scale, all of the entering liquid had to pass 

through the reactor.  More than likely, all catalyst pores were being utilized under these 

liquid full experiments, meaning that this situation was likely more efficient in catalyst 

active site utilization.  However, incessant usage of the catalyst active site should have 
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deteriorated the catalyst activity much more quickly.  For the pilot plant, there would then 

be a tradeoff between hydraulic loading and catalyst lifetime.  Increased hydraulic 

loading of the reactive distillation metathesis reactor improved selectivity and efficiency, 

but feeding more liquid to the reactor would mean that the catalyst performance would be 

weakening much more quickly. 

 While the original process concept did indeed work, the original concept of the 

process was to be able to selectively produce certain heavier molecular weight olefins.  

The small pilot plant process results clearly demonstrated that for the feed composition 

that was fed to the process, the product distribution was not terribly selective.  For both 

continuous campaigns, the bottoms product distribution was roughly equal parts of 

decenes, undecenes, and dodecenes with the remainder being mostly nonenes, tridecenes, 

and tetradecenes.  This distribution was not selective at all.  Although, the feed 

composition was heavily composed of internal olefins, the resulting bottoms product 

distribution was representative of a variegated feed and the assumption that isomerization 

was readily occurring within the metathesis reactor.  Yet, the selective production of 

heavy olefins has yet to be proven.  And even if the feed was solely composed of a single 

isomer, bench reactor experimentation has proven that the product distribution would also 

be very unselective in nature under the required pilot plant process conditions.  It was for 

this reason that the original concept of this process was concluded to be an unsuccessful 

concept without significant process adjustments, by either modification of the catalyst or 

process conditions. 
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9.3 BENCH REACTOR EXPERIMENTAL CONCLUSIONS 

 
 Two simply designed sets of experiments were performed on a bench reactor to 

investigate the performance of a self-metathesis reaction under a variety of process 

conditions.  The first designed set of experiments was composed of four runs each for 

three different alpha olefin feeds at two flow rates and two reactor temperatures.  The 

second set of designed experiments was composed of twelve runs to investigate the effect 

of temperature on the primary metathesis and secondary isomerization reactivity.  There 

were two primary conclusions from these designed sets of experiments: isomerization 

was occurring in significant quantities and the metathesis and isomerization reactions had 

a strong dependence on temperature, but not on the flow rates investigated. 

 All twelve runs for the first designed set of experiments displayed some degree of 

isomerization.  The low temperature runs typically had less isomerization than the high 

temperature runs.  The increase from 160 oF to 200 oF resulted in significantly higher 

occurrences of isomerization, regardless of feed.  Because the small pilot plant process 

reactor was operated very near 200 oF, it was likely that a significant amount of 

isomerization was occurring within the small pilot plant process metathesis reactor.  

However, it was difficult to predict how to minimize this isomerization without 

drastically changing the catalyst system.  The general trend was that higher temperatures 

promoted higher isomerization, but more experimentation under lower temperatures was 

required to validate this hypothesis. 

There were no wide sweeping conclusions regarding the metathesis reactions and 

the effect temperature, flow rate (WHSV), and carbon number had on those reactions.  



 

206 
 

The only generic conclusive statement would be to say that the metathesis reaction was 

affected by a change in temperature.  But it was not a measureable quantity as it was not 

a consistent change amongst all experimental runs.  Yet, it was safe to conclude that the 

rate of reaction for the self-metathesis of an alpha olefin did have a dependence on 

temperature.  The effect of flow rate however did not yield any decisive statements about 

the rate of reaction.  More than likely, the flow rates and WHSVs being investigated were 

well outside of the range of observing significant changes in performance.  Lastly, it was 

difficult to distinguish any impact carbon number had on metathesis reaction 

performance.  Longer chain olefins should have had a lower rate of reaction as larger 

molecules have more difficulty diffusing through the catalyst pores.  But as has been 

shown, longer chain olefins appeared to promote isomerization much more easily than 

short chain olefins.  The addition of more possible side products via isomerization and 

then subsequent metathesis clouded the chance of ascertaining the impact carbon number 

had on the rate of reaction for metathesis. 

 The second designed set of experiments showed that both the primary metathesis 

reaction and the secondary isomerization reactions had a dependence on temperature over 

a broader range of reactor temperatures.  Selectivity to the primary metathesis product 

was higher at lower temperatures, but total conversion of the feed was lower at lower 

temperatures.  The degree of isomerization was minimal below a temperature of 60 oC, 

but there was an observed step change in the degree of isomerization somewhere between 

60 - 70 oC.  However, if a process could be operated at a lower temperature with this 

metathesis catalyst and substrate and possibly with a recycle loop for unreacted feed 

material, then both high conversions and high selectivities could be achieved.  This type 
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of process would complement the original concept of selective olefin production quite 

well.  But should this process be for 1-octene self-metathesis, then the distillation column 

pressure would have to be significantly reduced to a deep vacuum (less than 1 psia) in 

order to maintain a liquid phase reaction. 

The investigation of the trends of product composition over time provided an 

interesting insight into the kinetics of the metathesis reactions competing with the side 

isomerization reactions.  Because the primary heavy liquid product selectivity was 

generally always at its highest point in the middle of the run, it was likely that the 

metathesis reaction was very fast.  Once feed entered the hot reactor, it would undergo a 

metathesis very quickly.  Any unreacted feed continued on through the catalyst bed and 

was able to undergo double bond isomerization.  Furthermore, the detection of multiple 

isomers by the GC of the feed olefin did not significantly occur until late into the run.  

This meant that the isomerization reactions were likely very slow reactions relative to the 

metathesis reaction.  The absence of multiple isomers of the feed olefin until late in the 

run also suggested that any isomerization that did initially occur created internal olefins 

that were reacted away very quickly by the metathesis reaction. 

 Information was learned about some heavy olefin metathesis reactions, but more 

questions needed to be answered before any definitive kinetic statements could have been 

made.  The original intent of the bench reactor experimentation was to discover useful 

kinetic information (particularly a yield structure, feed conversions, and product 

selectivities) that could be used in the process simulation.  However, no concrete 

quantitative kinetic information was learned because of the vast number of metathesis 
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and isomerization reactions that were occurring.  This conclusion ultimately 

compromised the process simulation from being robustly tested.  

 

 

9.4 PROCESS SIMULATION CONCLUSIONS 

 
A process simulation representative of a reactive distillation of olefin metathesis 

was constructed prior to this project.  This original simulation did not accurately 

represent the small pilot plant process that was actually constructed and operated.  For 

this reason, the process simulation was updated and improved.  The current version of 

this simulation accurately portrays a three column process by simplifying it down into a 

single AspenPlus RadFrac column.  Assuming an approximate HETP for the rectifying 

and stripping column packing and specifying specific reactions on specific intermediate 

stages within the column, this process simulation was a highly specialized but very 

straightforward representation of the actual small pilot plant reactive distillation process. 

Part of the process simulation aspect of this project was to categorize metathesis 

reactions and prioritize certain reactions based on information learned from the bench 

reactor experimentation.  Metathesis reactions were categorized into two categories: the 

type of reaction based on the carbon number of the first reactant and the type of reaction 

based on the location of the double bonds in the two reactants.  For simplicity’s sake, 

metathesis reactions were assumed to only occur if the reactants were butenes, nonenes, 

or any linear olefin in between.  This restriction yielded 133 “quality” reactions, all of 

which were specified on every metathesis stage in the process simulation.  The majority 
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of these reactions involved reactants with at least one alpha olefin.  These metathesis 

reactions were assumed to be occurring with fixed conversions.  Based on the distribution 

of components between the vapor and liquid phases, it was shown that compounds lighter 

than heptenes were not significantly present in the liquid phase and therefore not 

participant in the metathesis reactions.  This limited the reaction network to only heptene, 

octene, and nonene metathesis reactions.  However, due to the complexity of 

incorporating cross carbon number reactant metathesis reactions, only metathesis 

reactions involving identical carbon numbers in both reactants were assumed to be 

participant in the metathesis reactions.  Because the bench reactor experimentation did 

not yield any quantitative information on reactivity relative to carbon number, 

conversions were assumed based on past studies. 

When the reaction network was finalized, simulation performance was compared 

with that of campaign 2 from the small pilot plant process continuous operations.  The 

bottoms product distribution compared well, but the liquid reflux distribution did not.  

Yet, further analysis of the reflux ratio and the heat loss concluded that the actual 

operation of the small pilot plant process was somewhat accurately represented by this 

process simulation.  This additional analysis actually helped propose locations for process 

improvement.  The addition of an immersion heater at the base of the rectifying column 

would have helped counter heat losses and promote higher vapor traffic and potentially 

higher resultant reflux.  The rectifying column would then have been more efficient at 

distributing the light olefins, which would then possibly improve reactor efficiency.  

Without this immersion heater, the function of the entire rectifying column was 

questioned.  Heat loss analysis further concluded that heat losses were likely more 
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prominent within the rectifying section of this process.  An underprediction of metathesis 

reaction conversions possibly disguised the simulation results, producing internal flow 

rates that appeared to align with the small pilot plant process performance thereby 

suggesting that heat losses did not play a role.  Yet, due to the dimensions and size of the 

actual process, it was concluded that heat losses could not be neglected. 

While the current version of the process simulation was a good representation of 

the small pilot plant process, it was still considered oversimplified due to the complexity 

of the reaction network.  Extensive follow-up fundamental experimentation would be 

needed in order to create a robust simulation that represented this specific process.  Even 

still, this process simulation was a representation of a concept that has been concluded to 

be unsuccessful.  In the end, a working simulation has been created and could much more 

easily be manipulated to represent a different process concept. 
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CHAPTER 10: FUTURE WORK AND RECOMMENDATIONS 

 

10.1 INTRODUCTION 

 
 While this project has provided very important information on a reactive 

distillation of olefin metathesis, many more questions have been posed for each of the 

three areas on which the project focused.  There is a need for future operations of the 

pilot plant to further study the small pilot plant process performance.  Additional bench 

scale experimentation would also be necessary to learn more quantitative information 

about the kinetics of the metathesis reaction.  Bench scale studies could also be 

performed to further the knowledge on this specific catalyst performance.  Finally, the 

constructed process simulation needs to be further tested for accuracy and robustness. 

 

 

10.2 PILOT PLANT RECOMMENDATIONS 

 
 The two pilot plant campaigns provided much useful information on how to 

successfully operate a reactive distillation of olefin metathesis.  However, two continuous 

operations of a process were not nearly enough to have a vast understanding of this 

process.  Further continuous operations can provide more important information: heat 

losses, metathesis reactor hydraulic and flooding capacities, rectifying and stripping 
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column hydraulic and flooding capacities, and additional metathesis reaction performance 

data.   

Both campaigns that were performed differed by two factors, feed rate to the 

system and outside weather conditions.  Both of these differences likely played roles in 

the differences in performance.  An operation of this process under identical process 

conditions but at different times in the year would provide information on the effect of 

heat loss.  Heat loss is a significant problem on small diameter columns, and an extensive 

study on it could prove fruitful in subsequent operations assuming heat containment 

optimizations were implemented. 

 Two feed rates were useful in a side by side comparison of process performance; 

however, the metathesis reactor was not pushed and tested at its hydraulic limits.  By 

having testing at a variety of feed rates, the capacity of the metathesis reactor could be 

identified and tested.  It was shown that campaign 2 at its higher hydraulic capacity 

resulted in higher selectivity and efficiency for metathesis.  Because the hydraulic 

loading of the metathesis reactor has such a dynamic impact on the entire system, it 

would be rewarding to further increase the hydraulic loading and observe the continued 

change in process performance.  Furthermore, by changing the hydraulic loading of the 

metathesis reactor, the capacity of both the rectifying and stripping columns also would 

change.  This would be useful in investigating the hydraulic capability of each column.  

Minor process improvements, such as higher reboiler duties or larger pump capacities, 

could then be implemented to further develop this process. 

 While the scale of a typical pilot plant is not the most ideal location to test catalyst 

robustness and lifetime, this specific small pilot plant process if operated for an extended 
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period of time could provide useful catalytic information on the specific catalysts being 

utilized.  The catalyst is typically one of the largest capital investments for a process 

involving a reaction, hence the need to understand its performance, robustness, and 

lifetime.  In essence, a catalyst return on investment is necessary.  The fact that catalyst is 

constantly losing its activity should always be considered, and an extensive study could 

accurately estimate the rate of degradation for both isomerization and metathesis 

catalysts.   

Some process improvements can also be made to further develop this system into 

a more smoothly operating process.  Capturing a vapor sample on the overhead non-

condensable vapor would allow a mass balance to be closed around the entire system.  

This mass balance could then be used to estimate the metathesis reaction performance.  

Larger process tubing and lines would allow for increased capacities and minimize vapor 

trapping that caused instrumentation complications.  The addition of an immersion heater 

at the base of the rectifying column could greatly improve the entire process 

performance, while possibly even reducing energy demands.  The horizontal collection 

vessel at the base of the rectifying column acted as a heat sink and condensed a large 

amount of vapor traffic entering the rectifying column.  An additional booster heat input 

here would counter this heat sink, and in effect possibly lower the stripping column 

reboiler heat input.  Finally, the metathesis catalyst bed was not hydraulically tested.  The 

reactor was likely well oversized, as the during the pilot plant campaigns the actual liquid 

rates entering the metathesis reactor were low enough to consider the reactor a trickle 

bed.  One way to fix this would be to remove some of the catalyst and replace the 
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withdrawn amount with an inert species.  By reducing the bed capacity, the opportunity 

for higher flow rates and better wetting of the catalyst bed could occur. 

 

 

10.3 BENCH REACTOR RECOMMENDATIONS 

 
 The bench reactor experimentation performed was a good initial step in 

understanding and attempting to model the actual metathesis reactions occurring in the 

pilot plant.  However, quantitative kinetic information was needed.  Most importantly, all 

of the sources for this undesirable isomerization need to be fully uncovered.  It has 

already been shown that the γ-alumina substrate was active for isomerization at high 

temperatures, but further experimentation on the inert alumina supports would help 

determine more optimal conditions that could minimize this secondary isomerization.  If 

the olefins are being dehydrogenated and diolefins are being formed, then a gas sample of 

the vapor outlet could be taken and tested for hydrogen.  This would then confirm 

whether dehydrogenation was occurring.  A symmetrical feed (2-butene, 3-hexene, or 4-

octene) could also be fed to the bench reactor filled with metathesis catalyst and the 

magnitude of isomerization could then be tested.  If a product other than the original feed 

were to show up in the effluent, then isomerization would have had to occur.  This would 

be a good test that could confirm that isomerization has been minimized.  It would also 

be beneficial to observe the relative rates of reaction between isomerization and 

metathesis reactions.   
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Once the source of isomerization was identified and minimized, then further 

bench reactor experimentation could be performed and more accurate predictions for 

conversions and selectivities of specific metathesis reactions could be made.  It would be 

advisable to repeat the aforementioned bench reactor runs to acquire repeatability.  There 

could be numerous other possible bench reactor experiments that would be quite 

beneficial: a wider range of feeds, mixed feeds, and even isomerized feeds.  Because the 

metathesis reactions appeared to have a dependency on temperature, a more extensive 

experimental design involving a variety of temperatures at the required small pilot plant 

process conditions would prove valuable in attempting to quantify this temperature 

dependence.  On the other side of experimental design, a wider breadth of WHSVs for 

multiple runs would help signify any dependence the metathesis reaction may have on 

WHSV.  This could be done via either changing the flow rates to more extreme values or 

manipulating the volume of catalyst in the reactor to achieve a desired WHSV.  Much 

more bench reactor experimentation will be needed in order to better understand the 

metathesis reactions and hopefully quantify their performances so that the process 

simulation can be tested. 

 

 

10.4 PROCESS SIMULATION RECOMMENDATIONS 

 
 Because the constructed process simulation was not tested for robustness, it would 

definitely need to be once additional quantitative information about the metathesis 

reactions incorporated in the model could be learned.  In its current iteration, it 
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represented the small pilot plant process to a certain degree, but the reaction network was 

still considered incomplete.  Future bench reactor experimentation could prove fruitful, if 

performed properly, in obtaining conversions, yield structures and selectivities.  From 

there, the 133 total metathesis reactions can be prioritized and accurately implemented on 

the metathesis stages of the reaction section.  This would then help further suggest 

process improvements.   

 A process simulation with a total of 133 metathesis reactions was quite difficult to 

model.  Information learned from the future bench reactor experimentation could 

hopefully help distinguish which reactions were more common, which were more 

reactive than others, and which were not occurring at all.  This should hopefully eliminate 

certain types of reactions based on qualifications learned from this experimentation.  

Then, the process simulation could be drastically simplified, in terms of its reaction 

network. 

 Once the reaction kinetics are identified and the process simulation has been 

accurately tested for performance and robustness, the next step would be to make major 

adjustments to process conditions and observe how the product streams changed.  Some 

suggestions would be to manipulate stage numbers, column pressure, location of 

metathesis or isomerization stages, feed rate, feed composition, and reflux ratio.  All of 

these manipulations should provide significant insight into the performance of this 

process and hopefully help recommend design improvements to the actual process.  If a 

new concept for this process was presented, then it would be easy to manipulate this 

process simulation to accurately represent the new concept. 
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Appendix A - Raw Data 
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Table 24 - Raw data for hydraulic testing of metathesis catalyst bed (1 of 2). 
Liquid 
Flow 
Rate 

Liquid 
Flow Rate 

Liquid 
Flow Rate 

Gas Flow 
Rate 

Gas Flow 
Rate 

Gas Flow 
Rate 

Gas 
Velocity F-factor F-factor ∆P ∆P per foot 

gpm lb/hr gpm/ft2 scfh (N2) scfh (air) lb/hr 
(air) ft/sec (air) for 6" for 2" inH2O inH2O per ft 

0 0 0 100 103.00 7.63 0.146 0.040 0.357 0.15 0.03 

0 0 0 150 154.50 11.45 0.219 0.059 0.535 0.24 0.048 

0 0 0 200 206.00 15.26 0.291 0.079 0.714 0.36 0.072 

0 0 0 250 257.49 19.08 0.364 0.099 0.892 0.53 0.106 

0 0 0 300 308.99 22.90 0.437 0.119 1.071 0.75 0.15 

0 0 0 350 360.49 26.71 0.510 0.139 1.249 1.05 0.21 

0.020 10.0 0.1019 100 103.00 7.63 0.146 0.040 0.357 0.16 0.032 

0.020 10.0 0.1019 150 154.50 11.45 0.219 0.059 0.535 0.25 0.05 

0.020 10.0 0.1019 200 206.00 15.26 0.291 0.079 0.714 0.39 0.078 

0.020 10.0 0.1019 250 257.49 19.08 0.364 0.099 0.892 0.57 0.114 

0.020 10.0 0.1019 300 308.99 22.90 0.437 0.119 1.071 0.82 0.164 

0.020 10.0 0.1019 350 360.49 26.71 0.510 0.139 1.249 1.12 0.224 

0.040 20.0 0.2037 100 103.00 7.63 0.146 0.040 0.357 0.16 0.032 

0.040 20.0 0.2037 150 154.50 11.45 0.219 0.059 0.535 0.26 0.052 

0.040 20.0 0.2037 200 206.00 15.26 0.291 0.079 0.714 0.4 0.08 

0.040 20.0 0.2037 250 257.49 19.08 0.364 0.099 0.892 0.59 0.118 

0.040 20.0 0.2037 300 308.99 22.90 0.437 0.119 1.071 0.84 0.168 

0.040 20.0 0.2037 350 360.49 26.71 0.510 0.139 1.249 1.13 0.226 

0.060 30.0 0.3056 100 103.00 7.63 0.146 0.040 0.357 0.17 0.034 

0.060 30.0 0.3056 150 154.50 11.45 0.219 0.059 0.535 0.27 0.054 

0.060 30.0 0.3056 200 206.00 15.26 0.291 0.079 0.714 0.42 0.084 

0.060 30.0 0.3056 250 257.49 19.08 0.364 0.099 0.892 0.61 0.122 

0.060 30.0 0.3056 300 308.99 22.90 0.437 0.119 1.071 0.87 0.174 

0.060 30.0 0.3056 350 360.49 26.71 0.510 0.139 1.249 1.18 0.236 
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Table 25 - Raw data for hydraulic testing of metathesis catalyst bed (2 of 2). 

Liquid 
Flow Rate 

Liquid 
Flow Rate 

Liquid 
Flow Rate 

Gas 
Flow 
Rate 

Gas Flow 
Rate 

Gas 
Flow 
Rate 

Gas 
Velocity F-factor F-factor ∆P ∆P per 

foot 

gpm lb/hr gpm/ft2 scfh 
(N2) scfh (air) lb/hr 

(air) ft/sec (air) for 6" for 2" inH2O inH2O 
per ft 

0.080 40.1 0.4074 100 103.00 7.63 0.146 0.040 0.357 0.17 0.034 

0.080 40.1 0.4074 150 154.50 11.45 0.219 0.059 0.535 0.28 0.056 

0.080 40.1 0.4074 200 206.00 15.26 0.291 0.079 0.714 0.43 0.086 

0.080 40.1 0.4074 250 257.49 19.08 0.364 0.099 0.892 0.63 0.126 

0.080 40.1 0.4074 300 308.99 22.90 0.437 0.119 1.071 0.87 0.174 

0.080 40.1 0.4074 350 360.49 26.71 0.510 0.139 1.249 1.19 0.238 

0.100 50.1 0.5093 100 103.00 7.63 0.146 0.040 0.357 0.17 0.034 

0.100 50.1 0.5093 150 154.50 11.45 0.219 0.059 0.535 0.28 0.056 

0.100 50.1 0.5093 200 206.00 15.26 0.291 0.079 0.714 0.44 0.088 

0.100 50.1 0.5093 250 257.49 19.08 0.364 0.099 0.892 0.64 0.128 

0.100 50.1 0.5093 300 308.99 22.90 0.437 0.119 1.071 0.9 0.18 

0.100 50.1 0.5093 350 360.49 26.71 0.510 0.139 1.249 1.25 0.25 

0.290 145.2 1.4770 100 103.00 7.63 0.146 0.040 0.357 0.19 0.038 

0.290 145.2 1.4770 150 154.50 11.45 0.219 0.059 0.535 0.34 0.068 

0.290 145.2 1.4770 200 206.00 15.26 0.291 0.079 0.714 0.49 0.098 

0.290 145.2 1.4770 250 257.49 19.08 0.364 0.099 0.892 0.75 0.15 

0.290 145.2 1.4770 300 308.99 22.90 0.437 0.119 1.071 1.04 0.208 

0.290 145.2 1.4770 350 360.49 26.71 0.510 0.139 1.249 1.36 0.272 
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Table 26 - Power Law fitted curve information to metathesis reactor catalyst bed hydraulic tests. 

Liquid Flow Rate (gpm) Constant Exponential R2 

0.00 3.9947 1.5460 0.9858 

0.02 4.4581 1.5624 0.9859 

0.04 4.6271 1.5685 0.9899 

0.06 4.6568 1.5538 0.9884 

0.08 4.7136 1.5520 0.9919 

0.10 5.2823 1.5894 0.9909 

0.29 5.7719 1.5715 0.9947 

Average 4.7864 1.5634 0.9896 

Standard Deviation 0.5772 0.0147 0.0032 
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Table 27 - Experiment 1 data for first phase of isomerization reactor evaluation. 

7/31/2008, Experiment 1 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Product 1 
(11am) 130.7 32.0 1 27.33 10.27 37.60 1.05 34.62 3.89 8.34 14.05 60.90 43.15% 

Product 2 
(12pm) 

145.7 32.2 1 34.64 12.78 47.42 1.55 23.67 1.81 6.46 18.31 50.25 52.90% 

Product 3 
(1pm) 137.3 32.2 1 38.16 13.95 52.11 1.92 31.64 0.37 2.72 10.29 45.02 29.72% 

Product 4 
(2pm) 147.1 32.2 1 39.10 14.16 53.26 1.87 24.08 0.47 3.97 15.46 43.98 45.25% 

Feed 5 
(3pm) 140.8 32.0 1 39.11 14.10 53.21 1.91 42.87 0.19 0.20 0.64 43.90 2.35% 

Product 5 
(3pm) 140.8 32.0 1 39.51 14.12 53.63 1.90 21.90 0.58 4.30 16.77 43.55 49.71% 

Product 
Average 142.9 32.1 1 39.24 14.13 53.37 1.89 29.62 0.41 2.82 10.96 43.81 44.15% 
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Table 28 - Experiment 2 data for first phase of isomerization reactor evaluation. 

8/7/2008, Experiment 2 Area %   

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Product 1 
(11:15am) 

140.3 31.3 1 27.87 11.55 39.42 1.44 28.59 3.77 8.48 15.83 56.67 49.55% 

Product 2 
(11:45am) 141.5 33.2 1 32.56 12.68 45.24 1.69 17.12 4.01 10.01 21.18 52.32 67.28% 

Product 3 
(12:20pm) 138.8 32.0 1 29.72 12.06 41.78 1.52 21.82 3.86 9.69 20.77 56.14 61.13% 

Product 
Average 

140.2 32.2 1 30.05 12.10 42.15 1.55 22.51 3.88 9.39 19.26 55.04 59.10% 
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Table 29 - Experiment 3 data for first phase of isomerization reactor evaluation. 

8/7/2008, Experiment 3 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Feed 4 
(1:45pm) 143.1 15.8 0.5 28.02 11.65 39.67 1.50 29.38 3.81 8.67 16.25 58.11 49.44% 

Product 4 
(1:45pm) 143.1 15.8 0.5 28.59 11.70 40.29 1.50 13.92 4.22 11.65 27.70 57.49 75.79% 

Feed 5 
(2pm) 142.7 15.5 0.5 28.53 11.71 40.24 1.42 29.19 3.76 8.58 16.09 57.62 49.34% 

Product 5 
(2pm) 142.7 15.5 0.5 28.48 11.70 40.18 1.52 12.73 4.36 11.96 28.57 57.62 77.91% 

Feed 
Average 142.9 15.7 0.5 28.28 11.68 39.96 1.46 29.29 3.79 8.63 16.17 57.87 49.39% 

Product 
Average 

142.9 15.7 0.5 28.54 11.70 40.24 1.51 13.33 4.29 11.81 28.14 57.56 76.85% 
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Table 30 - Experiment 4 data for first phase of isomerization reactor evaluation. 

8/8/2008, Experiment 4 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Product 1 
(10:30am) 166.5 31.1 1 28.89 11.78 40.67 1.51 9.50 5.45 13.43 28.75 57.13 83.37% 

Product 2 
(10:45am) 166.0 32.6 1 30.66 12.36 43.02 1.61 10.77 5.25 12.69 26.00 54.71 80.31% 

Product 3 
(11:35am) 166.4 31.9 1 30.85 12.35 43.20 1.59 10.72 5.24 12.63 25.93 54.52 80.34% 

Product 
Average 166.3 31.9 1 30.13 12.16 42.30 1.57 10.33 5.31 12.92 26.89 55.45 81.37% 
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Table 31 - Experiment 5 data for first phase of isomerization reactor evaluation. 

8/8/2008, Experiment 5 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Product 4 
(12:55pm) 166.3 15.5 0.5 31.00 12.42 43.42 1.61 5.22 6.36 14.60 28.10 54.28 90.38% 

Product 5 
(1:15pm) 

166.6 16.2 0.5 31.28 12.54 43.82 1.59 6.13 6.32 14.29 27.26 54.00 88.65% 

Product 6 
(1:30pm) 166.4 16.1 0.5 31.02 12.45 43.47 1.65 6.45 6.30 14.24 27.21 54.20 88.10% 

Product 
Average 166.4 15.9 0.5 31.10 12.47 43.57 1.62 5.93 6.33 14.38 27.52 54.16 89.04% 
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Table 32 - Experiment 6 data for first phase of isomerization reactor evaluation. 

8/12/2008, Experiment 6 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 

n-
C7 

Paraffin 
Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Feed 1 
(10:15am) - - - 0.28 0.12 0.40 - 98.57 0.00 0.54 0.31 99.42 0.85% 

Feed 2 
(12:15pm) 

- - - 0.28 0.12 0.40 - 98.52 0.00 0.54 0.31 99.37 0.86% 

Feed 
Average - - - 0.28 0.12 0.40 - 98.55 0.00 0.54 0.31 99.40 0.86% 

Product 3 
(12:30pm) 160.6 31.4 1 7.06 2.83 9.89 0.41 52.95 2.53 9.15 24.94 89.57 40.88% 

Product 4 
(12:40pm) 

161.8 32.1 1 6.46 2.56 9.02 0.36 51.63 2.40 9.49 26.99 90.51 42.96% 

Product 5 
(12:50pm) 161.7 31.8 1 5.65 2.26 7.91 0.34 48.60 2.38 10.36 30.36 91.70 47.00% 

Product 
Average 161.4 31.8 1 6.39 2.55 8.94 0.37 51.06 2.44 9.67 27.43 90.59 43.64% 
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Table 33 - Experiment 7 data for first phase of isomerization reactor evaluation. 

8/12/2008, Experiment 7 Area %  

Sample 
Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Product 9 
(1:15pm) 

176.7 15.8 0.5 0.39 0.17 0.56 0.00 11.72 10.07 25.56 52.02 99.37 88.21% 

Product 10 
(2:45pm) 

180.1 16.1 0.5 0.31 0.14 0.45 0.00 13.53 8.37 23.92 53.66 99.48 86.40% 

Product 11 
(3:30pm) 182.0 16.2 0.5 0.29 0.13 0.42 0.00 37.02 4.20 15.62 42.69 99.53 62.81% 

Product 12 
(11:10am) 180.4 16.2 0.5 0.33 0.15 0.48 0.00 19.40 7.25 21.62 51.19 99.46 80.49% 

Product 13 
(12:25pm) 181.9 15.5 0.5 0.29 0.14 0.43 0.00 30.70 6.15 18.45 44.22 99.52 69.15% 

Product 14 
(1:30pm) 178.6 15.9 0.5 0.28 0.13 0.41 0.00 16.93 6.28 21.57 54.75 99.53 82.99% 

Product 15 
(1:30pm) 174.7 16.4 0.5 0.26 0.12 0.38 0.00 17.38 4.91 20.19 57.07 99.55 82.54% 

Product 
Average 178.1 15.9 0.5 0.39 0.17 0.56 0.00 24.81 5.35 19.28 49.94 99.39 75.03% 
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Table 34 - Experiment 8 data for first phase of isomerization reactor evaluation. 

8/15/2008, Experiment 8 Area %   

Sample Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 

n-
C7 

Paraffin 
Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Feed 1 (10:00am) - - - 2.18 0.95 3.13 0.14 42.64 4.69 14.33 34.97 96.63 55.87% 

Feed 2 (11:25am) - - - 2.16 0.94 3.10 0.14 42.44 4.65 14.42 35.15 96.66 56.09% 

Feed Average - - - 2.17 0.95 3.12 0.14 42.54 4.67 14.38 35.06 96.65 55.98% 

Product 3 (11:25am) 179.1 15.9 0.5 0.33 0.16 0.49 0.00 18.62 8.07 22.53 50.22 99.44 81.28% 

Product 4 (1:10pm) 178.7 16.0 0.5 1.25 0.56 1.81 0.08 19.32 8.44 22.50 47.78 98.04 80.29% 

Product 5 (1:55pm) 179.6 16.1 0.5 1.64 0.73 2.37 0.10 17.46 7.97 22.32 49.72 97.47 82.09% 

Product 6 (3:30pm) 179.2 16.0 0.5 1.95 0.86 2.81 0.12 18.08 8.37 22.32 48.23 97.00 81.36% 

Product 7 (9:55am) 174.4 15.9 0.5 2.06 0.91 2.97 0.13 11.96 10.70 25.51 48.67 96.84 87.65% 

Product 8 (11:00pm) 179.4 15.9 0.5 2.03 0.91 2.94 0.13 10.47 11.12 26.30 48.97 96.86 89.19% 

Product 9 (12:00pm) 177.4 16.2 0.5 2.02 0.92 2.94 0.14 16.88 8.97 23.01 48.00 96.86 82.57% 

Product 10 (12:55pm) 180.7 15.8 0.5 1.95 0.90 2.85 0.14 14.82 8.44 23.07 50.60 96.93 84.71% 

Product 11 (3:05pm) 180.4 15.9 0.5 1.94 0.91 2.85 0.14 16.30 8.01 22.47 50.16 96.94 83.19% 

Product 12 (4:15pm) 180.2 15.7 0.5 1.92 0.90 2.82 0.14 16.45 7.95 22.20 50.36 96.96 83.03% 

Product 13 (11:10am) 178.7 16.1 0.5 1.96 0.91 2.87 0.14 11.25 10.17 25.10 50.40 96.92 88.39% 

Product 14 (12:25pm) 178.4 16.3 0.5 1.92 0.91 2.83 0.14 14.86 9.64 24.11 48.35 96.96 84.67% 

Product 15 (1:25pm) 181.3 16.2 0.5 1.90 0.90 2.80 0.15 15.37 8.64 23.32 49.65 96.98 84.15% 

Product 16 (2:40pm) 179.5 15.6 0.5 1.87 0.90 2.77 0.14 16.03 8.19 22.58 50.22 97.02 83.48% 

Product Average  179.1 16.0 0.5 1.73 0.80 2.53 0.12 15.74 8.86 23.32 49.37 97.29 83.83% 
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Table 35 - Experiment 9 data for first phase of isomerization reactor evaluation. 
8/20/2008, Experiment 9 Area %  

Sample Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 

n-
C7 

Paraffin 
Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 

Total 
% Octene 

Conversion 

Feed 1 (9:50am) - - - 1.61 0.77 2.38 0.13 15.90 9.13 23.55 48.84 97.42 83.68% 

Feed 2 (11:55am) - - - 1.63 0.78 2.41 0.12 15.91 9.21 23.48 48.79 97.39 83.66% 

Feed Average - - - 1.62 0.78 2.40 0.13 15.91 9.17 23.52 48.82 97.41 83.67% 

Product 3 (11:55am) 181.1 16.2 0.5 1.85 0.88 2.73 0.14 9.22 11.23 26.50 50.11 97.06 90.50% 

Product 4 (1:15pm) 179.4 16.1 0.5 1.75 0.84 2.59 0.13 8.98 12.77 27.61 47.85 97.21 90.76% 

Product 5 (1:55pm) 178.8 16.0 0.5 1.69 0.81 2.50 0.13 8.92 11.97 27.16 49.26 97.31 90.83% 

Product 6 (3:30pm) 179.1 16.0 0.5 1.67 0.80 2.47 0.13 8.50 12.08 27.50 49.25 97.33 91.27% 

Product 7 (11:10am) 177.6 16.2 0.5 1.61 0.78 2.39 0.13 6.45 15.09 30.20 45.68 97.42 93.38% 

Product 8 (12:00pm) 181.9 15.9 0.5 1.58 0.77 2.35 0.13 7.19 14.56 29.40 46.26 97.41 92.62% 

Product 9 (1:25pm) 178.4 16.6 0.5 1.60 0.78 2.38 0.12 8.02 12.71 28.10 48.61 97.44 91.77% 

Product 10 (2:20pm) 179.7 14.9 0.5 1.58 0.78 2.36 0.12 8.01 12.29 27.62 49.53 97.45 91.78% 

Product 11 (3:20pm) 179.3 15.6 0.5 1.55 0.77 2.32 0.12 8.02 12.17 27.60 49.70 97.49 91.77% 

Product 12 (11:45am) 177.7 16.2 0.5 1.48 0.75 2.23 0.13 8.61 11.29 26.97 50.70 97.57 91.18% 

Product 13 (12:25pm) 177.1 16.7 0.5 1.52 0.77 2.29 0.12 7.81 12.04 27.74 49.92 97.51 91.99% 

Product Average 178.8 16.1 0.5 1.61 0.79 2.40 0.13 8.22 12.35 27.71 49.13 97.40 91.56% 
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Table 36 - Experiment 10 data for first phase of isomerization reactor evaluation. 
8/26/2008, Experiment 10 Area %  

Sample Name 

Reactor 
Outlet 

Temperature 
(oF) 

Feed 
Rate 

(lb/hr) 

WHSV 
(hr-1) 

cyclo-
C6 n-C7 Paraffin 

Total 

20min 
Retention 

Time 
1-C8 4-C8 3-C8 2-C8 C8 Total % Octene 

Conversion 

Feed 1 (3:15pm) - - - 0.00 0.00 0.00 0.00 98.09 0.00 0.85 0.89 99.83 1.74% 

Feed 3 (4:10pm) - - - 0.00 0.00 0.00 0.00 98.17 0.00 0.79 0.87 99.83 1.66% 

Feed Average - - - 0.00 0.00 0.00 0.00 98.13 0.00 0.82 0.88 99.83 1.70% 

Product 2 (3:15pm) 177.1 8.1 0.25 0.28 0.13 0.41 0.00 23.58 6.79 21.50 47.65 99.52 76.31% 

Product 4 (4:10pm) 179.3 8.3 0.25 0.22 0.10 0.32 0.00 19.82 7.19 22.81 49.78 99.60 80.10% 

Product 5 (11:40am) 180.0 8.2 0.25 0.11 0.05 0.16 0.00 31.51 4.58 17.81 45.87 99.77 68.42% 

Product 6 (1:10pm) 177.1 7.7 0.25 0.10 0.05 0.15 0.00 16.84 6.89 23.07 52.98 99.78 83.12% 

Product 7 (2:20pm) 177.7 7.4 0.25 0.08 0.00 0.08 0.00 20.13 6.94 22.45 50.33 99.85 79.84% 

Product 8 (3:10pm) 181.3 8.0 0.25 0.07 0.00 0.07 0.00 27.70 6.07 20.19 45.90 99.86 72.26% 

Product 9 (3:20pm) 176.7 8.0 0.25 0.06 0.00 0.06 0.00 30.43 5.49 19.16 44.81 99.89 69.54% 

Product 10 (11:50am) 181.5 7.8 0.25 0.00 0.00 0.00 0.00 25.50 4.77 19.41 50.26 99.94 74.48% 

Product 11 (1:10pm) 178.9 7.8 0.25 0.00 0.00 0.00 0.00 17.97 6.80 22.79 52.38 99.94 82.02% 

Product 12 (4:10pm) 176.5 8.5 0.25 0.00 0.00 0.00 0.00 26.48 5.92 20.43 47.10 99.93 73.50% 

Product 13 (5:00pm) 176.3 7.8 0.25 0.00 0.00 0.00 0.00 26.52 5.55 20.07 47.79 99.93 73.46% 

Product Average 178.4 8.0 0.25 0.11 0.05 0.16 0.00 23.71 6.25 21.12 48.69 99.78 76.24% 
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Table 37 - Raw data for second phase of isomerization reactor evaluation (1 of 2). 

Sample 
1 

WHSV = 0.2 hr-1 WHSV = 0.3 hr-1 WHSV = 0.4 hr-1 

Feed rate = 6.8 lb/hr Feed rate = 10.2 lb/hr Feed rate = 13.6 lb/hr 

Sample taken at 3:00pm Sample taken at 3:00pm Sample taken at 3:00pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.420 11.93 1-octene 7.423 9.19 1-octene 7.373 6.29 

4-octene (1) 7.596 12.04 4-octene (1) 7.590 6.52 4-octene (1) 7.550 4.68 

4-octene (2) 7.753 34.15 4-octene (2) 7.756 30.88 4-octene (2) 7.713 28.63 

3-octene 8.013 28.22 3-octene 8.033 31.96 3-octene 7.996 32.67 

2-octene 8.263 13.65 2-octene 8.303 21.45 2-octene 8.279 27.72 

Sample 
2 

WHSV = 0.2 hr-1 WHSV = 0.3 hr-1 WHSV = 0.4 hr-1 

Feed rate = 6.8 lb/hr Feed rate = 10.2 lb/hr Feed rate = 13.6 lb/hr 

Sample taken at 4:00pm Sample taken at 4:00pm Sample taken at 4:00pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.386 3.15 1-octene 7.396 3.58 1-octene 7.416 18.62 

4-octene (1) 7.620 14.26 4-octene (1) 7.580 6.85 4-octene (1) 7.550 3.66 

4-octene (2) 7.763 36.73 4-octene (2) 7.746 33.56 4-octene (2) 7.703 23.31 

3-octene 8.026 30.97 3-octene 8.023 34.60 3-octene 7.986 28.39 

2-octene 8.273 14.89 2-octene 8.289 21.42 2-octene 8.273 26.03 

Average 

WHSV = 0.2 hr-1 WHSV = 0.3 hr-1 WHSV = 0.4 hr-1 

Feed rate = 6.8 lb/hr Feed rate = 10.2 lb/hr Feed rate = 13.6 lb/hr 

Sample taken at 4:00pm Sample taken at 4:00pm Sample taken at 4:00pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.403 7.540 1-octene 7.410 6.385 1-octene 7.395 12.455 

4-octene (1) 7.608 13.150 4-octene (1) 7.585 6.685 4-octene (1) 7.550 4.170 

4-octene (2) 7.758 35.440 4-octene (2) 7.751 32.220 4-octene (2) 7.708 25.970 

3-octene 8.020 29.595 3-octene 8.028 33.280 3-octene 7.991 30.530 

2-octene 8.268 14.270 2-octene 8.296 21.435 2-octene 8.276 26.875 
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Table 38 - Raw data for second phase of isomerization reactor evaluation (2 of 2). 

Sample 
1 

WHSV = 0.5 hr-1 WHSV = 0.6 hr-1 WHSV = 0.7 hr-1 

Feed rate = 17.0 lb/hr Feed rate = 20.4 lb/hr Feed rate = 23.7 lb/hr 

Sample taken at 3:00pm Sample taken at 3:00pm Sample taken at 1:45pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.426 25.53 1-octene 7.410 16.79 1-octene 7.450 25.48 

4-octene (1) 7.536 2.18 4-octene (1) 7.536 0.99 4-octene (1) 7.553 0.89 

4-octene (2) 7.686 17.44 4-octene (2) 7.673 12.62 4-octene (2) 7.683 10.28 

3-octene 7.973 25.00 3-octene 7.973 25.12 3-octene 7.979 21.88 

2-octene 8.276 29.85 2-octene 8.313 44.48 2-octene 8.319 41.47 

Sample 
2 

WHSV = 0.5 hr-1 WHSV = 0.6 hr-1 WHSV = 0.7 hr-1 

Feed rate = 17.0 lb/hr Feed rate = 20.4 lb/hr Feed rate = 23.7 lb/hr 

Sample taken at 4:00pm Sample taken at 4:00pm Sample taken at 2:45pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.403 15.18 1-octene 7.410 16.93 1-octene 7.506 54.75 

4-octene (1) 7.536 2.09 4-octene (1) 7.540 0.95 4-octene (1) 7.573 0.84 

4-octene (2) 7.690 18.76 4-octene (2) 7.673 12.50 4-octene (2) 7.68 6.28 

3-octene 7.986 28.03 3-octene 7.973 25.05 3-octene 7.949 12.82 

2-octene 8.299 35.94 2-octene 8.316 44.57 2-octene 8.276 25.31 

Average 

WHSV = 0.5 hr-1 WHSV = 0.6 hr-1 WHSV = 0.7 hr-1 

Feed rate = 17.0 lb/hr Feed rate = 20.4 lb/hr Feed rate = 23.7 lb/hr 

Sample taken at 4:00pm Sample taken at 4:00pm Sample taken at 2:45pm 

Compound Retention Time Area % Compound Retention Time Area % Compound Retention Time Area % 

1-octene 7.415 20.355 1-octene 7.410 16.860 1-octene 7.478 40.115 

4-octene (1) 7.536 2.135 4-octene (1) 7.538 0.970 4-octene (1) 7.563 0.865 

4-octene (2) 7.688 18.100 4-octene (2) 7.673 12.560 4-octene (2) 7.682 8.280 

3-octene 7.980 26.515 3-octene 7.973 25.085 3-octene 7.964 17.350 

2-octene 8.288 32.895 2-octene 8.315 44.525 2-octene 8.298 33.390 
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Table 39 - Feed weight compositions for campaign 1 and campaign 2 of small pilot plant continuous 
runs. 

Campaign 1, 6 lbs/hr Campaign 2, 13 lbs/hr 

Date/Time 2/11/2010 Date/Time 3/17/2010 

Time 3:00pm Time 6:00am 

Retention Time Weight % Compound Retention Time Weight % Compound 

7.370 11.87 1-octene 7.413 11.75 1-octene 

7.526 5.67 cis-4-octene 7.570 5.71 cis-4-octene 

7.673 24.30 trans-4-octene 7.716 24.21 trans-4-octene 

7.953 29.61 3-octene 7.996 29.68 3-octene 

8.239 28.55 2-octene 8.286 28.64 2-octene 

Date/Time 2/12/2010 Date/Time 3/18/2010 

Time 12:00am Time 6:00am 

7.380 11.85 1-octene 7.413 11.78 1-octene 

7.540 5.54 cis-4-octene 7.570 5.72 cis-4-octene 

7.700 24.41 trans-4-octene 7.713 24.24 trans-4-octene 

7.986 29.63 3-octene 7.993 29.67 3-octene 

8.276 28.57 2-octene 8.283 28.59 2-octene 

Date/Time 2/12/2010 Date/Time 3/19/2010 

Time 9:00am Time 6:00am 

7.373 11.85 1-octene 7.413 11.77 1-octene 

7.530 5.66 cis-4-octene 7.570 5.68 cis-4-octene 

7.680 24.33 trans-4-octene 7.716 24.24 trans-4-octene 

7.959 29.62 3-octene 7.996 29.69 3-octene 

8.249 28.54 2-octene 8.289 28.62 2-octene 

Average Average 

7.374 11.86 1-octene 7.413 11.77 1-octene 

7.532 5.62 cis-4-octene 7.570 5.68 cis-4-octene 

7.684 24.35 trans-4-octene 7.716 24.24 trans-4-octene 

7.966 29.62 3-octene 7.996 29.69 3-octene 

8.255 28.55 2-octene 8.289 28.62 2-octene 
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Table 40 - Stripping column bottoms weight composition data for campaign 1 (1 of 2). 

Compound(s) Average Retention Time 

2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/11/2010 2/11/2010 2/11/2010 

6:30am 9:00am 12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 
trans-4-octene 7.570 1.10 - - - - - - - - 

trans-3-octene 7.832 1.94 - - - - - - - - 

2-octene 8.113 1.03 - - - - - - - - 

nonene 

10.713 - - - - - - - - - 

11.115 - - - - - 3.44 3.12 1.77 3.18 

11.190 - - - - - 5.28 4.73 2.78 4.68 

11.248 - - - - - 0.90 0.77 0.47 0.80 

11.456 - - - - - 3.55 2.53 1.71 2.38 

11.720 - - - - - 1.43 0.98 0.69 0.93 

decene 

14.111 - - 13.67 19.61 26.74 25.19 22.21 22.96 21.54 

14.176 - - - - - - - - - 

14.214 - - - 0.63 - - - - 0.63 

14.368 - - 0.61 0.95 0.94 0.68 0.69 0.81 0.74 

undecene 
16.392 0.77 4.48 25.46 29.14 25.25 21.96 23.51 24.55 23.81 

16.591 - - - 0.56 - - - - - 

dodecene 18.268 55.72 59.42 30.41 23.31 21.72 21.66 23.73 25.08 24.86 

tridecene 
19.743 31.26 26.21 15.14 11.92 10.99 9.57 11.24 11.90 11.27 

19.785 - - - 0.61 - - - - - 

tetradecene 20.970 5.86 5.79 6.06 5.81 5.12 3.09 3.85 4.09 3.41 

pentadecene 22.057 1.62 2.18 3.53 3.59 3.15 1.46 1.55 1.66 1.24 

hexadecene 23.043 0.71 1.22 2.29 2.16 2.17 0.85 0.73 0.79 0.52 

heptadecene 23.950 - 0.71 1.39 1.10 1.53 0.55 0.36 0.38 - 

octadecene 24.795 - - 0.88 0.61 1.12 0.39 - 0.35 - 

nonadecene 25.587 - - 0.57 - 0.77 - - - - 

eisocene 26.342 - - - - 0.50 - - - - 
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Table 41 - Stripping column bottoms weight composition data for campaign 1 (2 of 2). 

Compound(s) 
Average 

Retention 
Time 

2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/12/2010 2/12/2010 2/12/2010 2/12/2010 

9:00am 12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

trans-4-octene 7.570 - - - 0.67 - - 0.31 - - 

trans-3-octene 7.832 - - - 1.84 - - 1.01 - - 

2-octene 8.113 - - - 1.02 - - 0.62 - - 

nonene 

10.713 - - - 0.35 - - - - - 

11.115 3.61 4.56 11.59 9.25 5.12 6.22 5.61 2.26 6.96 

11.190 4.99 6.43 12.55 11.55 8.42 8.30 7.02 3.54 11.03 

11.248 0.90 1.13 2.36 2.06 1.46 1.50 1.30 0.64 1.93 

11.456 2.33 2.74 3.50 3.32 2.79 2.66 2.50 1.60 3.56 

11.720 0.90 1.04 1.22 1.16 1.01 0.95 0.91 0.63 1.24 

decene 

14.111 20.80 19.61 16.58 13.63 20.50 18.45 18.27 18.35 17.06 

14.176 - - - 3.43 - - 0.57 4.79 - 

14.214 0.68 0.64 0.54 0.53 - 0.60 0.90 0.76 0.57 

14.368 0.77 0.75 0.62 0.52 0.59 0.86 0.32 0.98 0.59 

undecene 
16.392 23.28 22.44 18.27 18.40 22.04 21.39 21.04 25.79 19.35 

16.591 - - - - - 0.35 0.38 - - 

dodecene 18.268 24.87 24.22 20.12 20.92 24.96 23.03 23.11 26.78 23.77 

tridecene 
19.743 11.47 11.23 9.03 8.78 10.28 10.69 10.75 10.51 10.53 

19.785 - - - - - - - - - 

tetradecene 20.970 3.47 3.39 2.63 2.00 2.23 3.30 3.43 2.52 2.58 

pentadecene 22.057 1.34 1.29 0.99 0.59 0.58 1.20 1.36 0.83 0.84 

hexadecene 23.043 0.59 0.55 - - - 0.51 0.61 - - 

heptadecene 23.950 - - - - - - - - - 

octadecene 24.795 - - - - - - - - - 

nonadecene 25.587 - - - - - - - - - 

eisocene 26.342 - - - - - - - - - 
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Table 42 - Metathesis reactor bottoms weight composition data for campaign 1 (1 of 3). 

Compound(s) 
Average 

Retention 
Time 

2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 

6:30am 9:00am 12:00pm 3:00pm 6:00pm 9:00pm 

Area % Area % Area % Area % Area % Area % 

trans-3-heptene 4.453 - - - 0.65 1.38 1.17 

cis-3-heptene 4.557 - - - - 0.37 - 

trans-2-heptene 4.669 - - - 0.55 1.22 1.17 

cis-2-heptene 4.866 - - - - 0.44 0.44 

1-octene 7.241 - - - - - - 

cis-4-octene 7.431 0.66 0.55 1.23 2.33 3.50 4.53 

trans-4-octene 7.575 1.94 1.47 2.48 4.35 6.59 8.62 

trans-4-octene 7.659 - - 0.67 1.12 1.57 2.14 

trans-3-octene 7.855 4.34 2.87 2.91 4.05 6.27 8.61 

cis-3-octene 7.928 - - - - - - 

2-octene 8.144 2.21 1.46 1.32 1.66 2.41 3.22 

nonene 

10.711 - - - - - - 

11.125 2.65 2.45 4.53 8.09 11.54 13.61 

11.203 6.85 5.73 6.20 10.06 12.59 13.51 

11.254 1.17 1.01 1.09 1.77 2.23 2.42 

11.454 3.67 3.20 2.75 4.06 4.62 3.85 

11.717 1.16 1.05 0.94 1.42 1.60 1.26 

decene 

14.083 21.57 15.62 18.23 15.18 14.16 10.63 

14.167 - 4.25 0.60 - - - 

14.184 - 0.56 - 0.50 0.39 - 

14.345 0.49 0.60 0.82 0.60 0.41 - 

undecene 16.369 29.29 29.50 22.93 16.33 10.68 9.55 

dodecene 18.230 10.74 12.87 13.55 12.40 9.57 9.45 

tridecene 
19.721 6.12 6.83 7.63 6.28 4.25 4.06 

19.775 - - 0.53 - - - 

tetradecene 20.960 3.16 3.97 4.86 3.28 1.67 1.27 

pentadecene 22.053 1.99 2.70 3.10 2.25 0.87 0.51 

hexadecene 23.039 1.27 1.74 1.91 1.52 0.59 - 

heptadecene 23.947 0.720 0.99 1.12 0.95 0.41 - 

octadecene 24.791 - 0.59 0.61 0.60 0.68 - 
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Table 43 - Metathesis reactor bottoms weight composition data for campaign 1 (2 of 3). 

Compound(s) 
Average 

Retention 
Time 

2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 

12:00am 3:00am 6:00am 9:00am 12:00pm 3:00pm 

Area % Area % Area % Area % Area % Area % 

trans-3-heptene 4.453 - 0.61 - - - 0.66 

cis-3-heptene 4.557 - - - - - - 

trans-2-heptene 4.669 0.36 0.69 - - - 0.98 

cis-2-heptene 4.866 - - - - - - 

1-octene 7.241 - - - - - 0.60 

cis-4-octene 7.431 4.33 4.47 3.83 3.71 3.26 4.75 

trans-4-octene 7.575 8.74 9.28 8.17 8.27 7.62 11.57 

trans-4-octene 7.659 1.91 2.01 1.94 1.92 1.79 2.43 

trans-3-octene 7.855 8.38 9.16 8.51 9.15 8.50 13.72 

cis-3-octene 7.928 - - - - - 0.60 

2-octene 8.144 3.21 3.48 3.32 3.64 3.43 5.59 

nonene 

10.711 0.40 0.41 0.48 0.48 0.52 - 

11.125 16.84 16.01 17.41 15.42 15.66 7.23 

11.203 13.84 13.34 14.85 14.91 14.48 9.05 

11.254 2.61 2.50 2.79 2.71 2.82 1.66 

11.454 3.30 2.91 3.23 3.15 3.28 2.29 

11.717 1.05 0.92 1.03 1.03 1.08 0.80 

decene 

14.083 9.45 9.31 9.29 9.40 9.71 9.87 

14.167 - - - - - - 

14.184 - - - - - - 

14.345 - - - - - - 

undecene 16.369 9.53 9.18 9.34 9.57 10.17 10.41 

dodecene 18.230 9.35 9.54 9.54 10.20 10.68 11.54 

tridecene 
19.721 4.43 4.29 4.35 4.56 4.89 4.96 

19.775 - - - - - - 

tetradecene 20.960 1.61 1.36 1.38 1.35 1.54 1.30 

pentadecene 22.053 0.68 0.55 0.53 0.52 0.58 - 

hexadecene 23.039 - - - - - - 

heptadecene 23.947 - - - - - - 

octadecene 24.791 - - - - - - 
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Table 44 - Metathesis reactor bottoms weight composition data for campaign 1 (3 of 3). 

Compound(s) 
Average 

Retention 
Time 

2/11/2010 2/11/2010 2/12/2010 2/12/2010 2/12/2010 2/12/2010 

6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % 

trans-3-heptene 4.453 1.10 0.50 0.43 0.49 0.97 0.87 

cis-3-heptene 4.557 0.32 - - - - - 

trans-2-heptene 4.669 1.71 0.85 - 0.75 1.39 1.32 

cis-2-heptene 4.866 0.63 0.33 - - 0.51 0.50 

1-octene 7.241 0.39 0.39 0.39 0.44 0.49 0.52 

cis-4-octene 7.431 0.87 0.86 0.79 0.87 0.92 0.97 

trans-4-octene 7.575 6.19 6.48 6.39 7.10 7.53 8.17 

trans-4-octene 7.659 17.11 18.64 18.16 19.88 17.84 23.30 

trans-3-octene 7.855 - - - - 3.63 - 

cis-3-octene 7.928 17.74 20.87 19.58 19.71 21.61 24.01 

2-octene 8.144 6.63 7.95 7.43 7.16 7.85 8.75 

nonene 

10.711 - - - - - - 

11.125 3.45 2.73 2.77 2.65 2.31 2.14 

11.203 5.59 4.05 3.32 3.67 3.81 3.43 

11.254 1.06 0.77 0.63 0.67 0.74 0.66 

11.454 1.70 1.32 1.20 1.30 1.23 1.05 

11.717 0.60 0.48 0.44 0.47 - - 

decene 

14.083 9.00 8.47 8.88 8.45 7.38 6.07 

14.167 - - 0.32 - - - 

14.184 - - - - - - 

14.345 - - 0.47 0.39 - - 

undecene 16.369 9.52 9.44 10.18 9.34 7.96 6.67 

dodecene 18.230 11.00 10.37 10.78 10.25 9.11 7.68 

tridecene 
19.721 4.44 4.40 5.06 4.52 3.79 3.15 

19.775 - - - - - - 

tetradecene 20.960 0.92 1.11 1.74 1.36 0.94 0.74 

pentadecene 22.053 - - 0.72 0.53 - - 

hexadecene 23.039 - - 0.32 - - - 

heptadecene 23.947 - - - - - - 

octadecene 24.791 - - - - - - 
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Table 45 - Rectifying column bottoms weight composition data for campaign 1 (1 of 2). 

Compound(s) Average 
Retention Time 

2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/10/2010 2/11/2010 2/11/2010 2/11/2010 

6:30am 9:00am 12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.866 - - - 0.37 0.48 0.43 0.40 0.52 0.47 

1-butene 1.008 0.43 0.54 0.73 6.40 0.83 0.83 0.83 0.96 0.87 

trans-2-butene 1.052 3.00 3.77 4.79 2.61 5.97 6.05 5.38 5.86 5.09 

cis-2-butene 1.097 1.59 1.99 2.65 - 3.55 3.59 3.16 3.37 3.32 

1-pentene 1.350 0.59 0.78 1.11 1.27 1.43 1.54 1.54 1.54 1.44 

trans-2-pentene 1.450 7.10 8.99 12.00 14.06 14.86 16.15 16.53 15.82 14.87 

cis-2-pentene 1.506 2.42 3.00 4.03 4.16 5.23 5.46 5.76 5.25 5.27 

1-hexene 2.266 0.47 0.57 0.70 0.80 0.92 1.08 1.25 1.20 1.26 

trans-3-hexene 2.422 2.57 3.14 3.84 4.30 4.42 4.74 5.41 4.86 5.13 

trans-2-hexene 2.485 5.23 6.40 8.22 9.12 10.15 11.07 12.56 11.02 12.18 

cis-2-hexene 2.638 1.54 1.92 2.45 2.75 3.01 3.28 3.75 3.29 3.61 

1-heptene 4.243 - - - 0.26 - 0.39 0.54 0.48 0.61 

trans-3-heptene 4.443 0.85 1.02 1.31 1.43 1.53 1.60 1.98 1.59 2.24 

cis-3-heptene 4.547 - - - 0.36 - 0.41 0.51 0.41 0.60 

trans-2-heptene 4.667 0.70 0.81 0.99 1.08 1.20 1.37 1.73 1.40 1.93 

cis-2-heptene 4.890 - - - 0.35 - 0.45 0.57 0.46 0.64 

1-octene 7.328 1.76 1.60 1.46 1.75 1.61 1.85 2.40 2.54 3.05 

cis-4-octene 7.510 15.65 14.16 11.74 10.54 8.92 7.39 5.75 6.71 5.87 

trans-4-octene 7.642 24.87 22.20 18.94 20.10 14.78 12.93 10.93 12.49 11.24 

trans-4-octene 7.689 5.50 5.64 4.82 - 3.81 3.08 2.58 2.94 2.94 

3-octene 7.895 18.57 16.92 14.44 12.77 11.86 10.71 10.08 10.76 10.23 

2-octene 8.164 7.19 6.56 5.77 5.50 5.47 5.58 6.36 6.52 7.13 
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Table 46 - Rectifying column bottoms weight composition data for campaign 1 (2 of 2). 

Compound(s) Average 
Retention Time 

2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/12/2010 2/12/2010 2/12/2010 2/12/2010 

9:00am 12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.866 - - 0.53 0.64 0.40 0.48 0.60 0.66 0.50 

1-butene 1.008 0.96 0.76 0.92 1.10 0.93 0.92 1.07 1.13 1.05 

trans-2-butene 1.052 5.55 4.21 5.22 6.52 5.88 5.65 6.53 6.82 7.29 

cis-2-butene 1.097 3.29 2.86 3.30 3.73 3.39 3.51 4.08 4.47 4.53 

1-pentene 1.350 1.50 1.33 1.38 1.53 1.60 1.62 1.71 1.77 1.94 

trans-2-pentene 1.450 14.68 12.52 12.55 14.10 16.24 15.98 16.39 16.38 19.46 

cis-2-pentene 1.506 5.07 4.59 4.45 4.72 5.61 5.79 5.74 5.96 6.84 

1-hexene 2.266 1.32 1.31 1.35 1.37 1.60 1.67 1.67 1.72 1.99 

trans-3-hexene 2.422 5.15 4.92 4.69 4.44 5.29 5.71 5.33 5.15 5.59 

trans-2-hexene 2.485 12.19 12.06 11.30 10.86 12.52 13.55 13.38 13.00 13.69 

cis-2-hexene 2.638 3.67 3.66 3.47 3.29 3.78 4.19 4.03 3.93 4.14 

1-heptene 4.243 0.70 0.80 0.80 0.80 0.89 0.91 0.85 0.86 0.91 

trans-3-heptene 4.443 2.53 2.98 2.71 2.35 2.17 2.29 2.12 2.02 1.66 

cis-3-heptene 4.547 0.68 0.81 0.73 0.64 0.60 0.66 0.59 0.56 0.46 

trans-2-heptene 4.667 2.23 2.67 2.51 2.31 2.19 2.20 2.04 2.01 1.83 

cis-2-heptene 4.890 0.73 0.88 0.83 0.76 0.71 0.72 0.67 0.66 0.60 

1-octene 7.328 3.49 4.19 4.44 4.56 3.96 3.58 3.48 3.62 3.21 

cis-4-octene 7.510 4.92 4.72 4.32 3.54 2.92 3.31 3.94 3.47 2.51 

trans-4-octene 7.642 10.44 11.14 13.07 11.72 10.38 10.49 8.54 8.17 6.54 

trans-4-octene 7.689 2.60 2.52 - - - - 2.14 1.93 1.47 

3-octene 7.895 10.37 11.80 11.79 11.34 10.24 9.10 8.11 8.31 7.20 

2-octene 8.164 7.93 9.30 9.66 9.68 8.71 7.69 7.01 7.42 6.60 
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Table 47 - Reflux weight composition data for campaign 1. 

Compound(s) 
Average 

Retention 
Time 

2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/11/2010 2/12/2010 2/12/2010 2/12/2010 2/12/2010 

6:00am 9:00am 12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.887 - 0.63 0.55 0.64 0.70 0.67 0.60 0.67 - 0.67 

1-butene 1.023 1.63 1.76 1.40 1.35 1.42 1.52 1.50 1.46 1.55 1.34 

trans-2-butene 1.064 8.63 8.56 8.62 8.10 8.25 9.22 9.44 9.12 9.58 9.56 

cis-2-butene 1.104 5.51 4.94 5.18 4.97 5.01 5.64 5.63 5.44 5.52 5.65 

1-pentene 1.366 2.21 2.38 2.55 2.53 2.36 2.48 2.69 2.69 2.58 2.56 

trans-2-pentene 1.467 22.44 24.73 25.29 24.31 22.62 23.85 26.01 26.07 25.43 25.16 

cis-2-pentene 1.522 8.77 7.71 8.66 8.30 7.74 8.09 9.21 9.33 8.74 8.60 

1-hexene 2.284 1.29 1.49 1.78 1.93 1.92 2.07 2.22 2.34 2.28 2.43 

cis-3-hexene 2.441 5.33 6.46 6.96 7.30 6.92 7.23 7.79 8.33 7.60 7.76 

trans-3-hexene 2.505 11.82 12.94 15.64 16.56 16.28 16.84 17.82 18.71 18.08 18.48 

trans-2-hexene 2.656 3.68 4.03 4.63 4.94 4.82 5.01 5.33 5.68 5.38 5.55 

cis-2-hexene 2.720 - - - - - - - 0.39 - - 

1-heptene 4.250 - - - 0.50 0.55 0.59 0.61 0.64 - 0.70 

trans-3-heptene 4.456 1.10 1.27 1.54 1.69 1.75 1.84 1.85 1.93 1.79 1.91 

cis-3-heptene 4.549 - - - - 0.46 0.49 0.49 0.52 - 0.52 

trans-2-heptene 4.679 0.91 1.05 1.28 1.39 1.48 1.58 1.58 1.63 1.55 1.68 

cis-2-heptene 4.892 - - - - 0.48 0.51 0.51 0.53 - 0.55 

???? 6.023 - - - - 0.30 0.30 - - - - 

1-octene 7.231 - - - - 0.32 0.30 - - - - 

trans-4-octene 7.322 1.23 1.15 0.94 1.03 1.14 0.98 0.67 0.49 1.15 0.91 

cis-4-octene 7.500 7.01 6.20 4.74 4.87 5.31 4.01 2.46 1.67 3.94 2.76 

cis-3-octene 7.607 8.83 7.37 5.12 4.85 5.38 3.58 1.93 1.23 2.90 1.84 

trans-3-octene 7.660 3.44 2.79 2.27 2.33 2.37 1.86 1.20 0.83 1.92 1.37 

trans-2-octene 7.840 4.45 3.31 2.08 1.77 1.77 0.98 0.47 0.31 - - 

cis-2-octene 8.122 1.70 1.26 0.77 0.63 0.63 0.34 - - - - 
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Table 48 - Steady state flow rate data for the mass balance in campaign 1. 
2/12/2010, 12:00am to 3:00am 

Time Feed 
Flow 

Stripping 
Column 
Bottoms 

Flow 

Metathesis 
Reactor 
Bottoms 

Flow 

Rectifying 
Column 
Bottoms 

Flow 

Reflux 
Flow 

12:00:00 AM 6.214 3.756 8.536 0.716 0.922 

12:05:00 AM 5.463 3.865 8.580 0.678 0.907 

12:10:00 AM 6.100 3.877 8.504 0.684 0.897 

12:15:00 AM 6.146 3.831 8.469 0.684 0.887 

12:20:00 AM 6.017 3.917 8.488 0.690 0.893 

12:25:00 AM 5.868 3.935 8.438 0.697 0.897 

12:30:00 AM 5.732 3.855 8.833 0.725 0.889 

12:35:00 AM 5.424 3.903 9.010 0.687 0.891 

12:40:00 AM 6.052 3.888 9.058 0.738 0.891 

12:45:00 AM 5.925 3.795 8.942 0.765 0.900 

12:50:00 AM 6.217 3.705 9.017 0.749 0.882 

12:55:00 AM 5.865 3.664 9.055 0.742 0.879 

1:00:00 AM 5.915 3.734 9.011 0.732 0.909 

1:05:00 AM 5.650 3.687 9.007 0.675 0.919 

1:10:00 AM 5.078 3.654 8.951 0.660 0.937 

1:15:00 AM 5.174 3.633 9.000 0.649 0.912 

1:20:00 AM 5.413 3.656 9.023 0.670 0.916 

1:25:00 AM 5.480 3.590 8.975 0.666 0.903 

1:30:00 AM 5.326 3.568 8.991 0.665 0.897 

1:35:00 AM 5.536 3.991 9.026 0.683 0.928 

1:40:00 AM 5.341 4.097 9.004 0.721 0.926 

1:45:00 AM 5.208 4.081 8.924 0.723 0.890 

1:50:00 AM 5.412 4.231 8.071 0.504 0.897 

1:55:00 AM 4.735 4.248 7.934 0.501 0.762 

2:00:00 AM 4.775 4.124 7.915 0.527 0.760 

2:05:00 AM 4.930 4.076 7.991 0.622 0.759 

2:10:00 AM 5.026 4.077 8.057 0.623 0.745 

2:15:00 AM 4.815 4.151 8.159 0.613 0.750 

2:20:00 AM 4.452 4.142 7.940 0.369 0.456 

2:25:00 AM 5.337 4.172 7.972 0.472 0.465 

2:30:00 AM 5.374 4.160 8.011 0.549 0.450 

2:35:00 AM 4.882 4.226 8.023 0.557 0.439 

2:40:00 AM 5.562 4.210 7.999 0.513 0.472 

2:45:00 AM 4.888 4.222 8.032 0.522 0.460 

2:50:00 AM 4.746 4.215 8.011 0.509 0.454 

2:55:00 AM 5.030 4.242 7.981 0.486 0.495 

3:00:00 AM 4.894 4.187 7.924 0.478 0.496 
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Table 49 - Stripping column bottoms weight composition data for campaign 2 (1 of 3). 

Compound(s) Average Retention 
Time 

3/16/2010 3/16/2010 3/16/2010 3/16/2010 3/17/2010 3/17/2010 3/17/2010 3/17/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

nonene 

11.128 - - - - - - - - 

11.195 - - - - - - - - 

11.319 - - - - - - - - 

11.487 - - - - - - - - 

11.755 - - - - - - - - 

decene 

14.141 17.55 17.59 16.29 15.11 10.70 16.11 17.48 15.94 

14.196 5.61 4.93 4.85 4.84 3.63 4.54 5.80 4.78 

14.234 0.96 0.90 0.82 0.81 0.65 0.85 - 0.80 

14.394 1.73 1.68 1.66 1.65 1.49 1.74 1.72 1.59 

14.602 0.62 0.61 0.61 0.61 0.58 0.64 0.63 0.59 

undecene 

16.429 24.50 24.50 22.32 23.08 23.13 22.16 23.28 24.40 

16.507 - - - 0.49 0.55 0.49 0.46 - 

16.625 1.08 1.08 1.06 1.06 1.16 1.08 0.97 0.96 

16.819 - - - - 0.44 0.41 0.37 - 

dodecene 

18.299 24.05 24.35 22.77 23.55 23.82 23.04 23.73 25.15 

18.394 - - - - 0.38 0.34 0.30 - 

18.480 0.73 0.74 0.75 0.74 0.81 0.75 0.66 0.67 

tridecene 
19.766 12.17 12.51 12.86 13.74 14.64 13.42 12.98 13.81 

19.866 0.77 0.76 0.83 - 0.40 0.35 0.29 - 

tetradecene 20.998 5.36 5.73 6.95 6.69 7.61 6.51 5.68 6.02 

pentadecene 22.085 2.81 2.75 3.98 3.70 4.38 3.57 2.88 3.00 

hexadecene 23.069 1.42 1.33 2.34 2.14 2.64 2.00 1.56 1.57 

heptadecene 23.979 0.63 0.56 1.23 1.14 1.50 1.06 0.78 0.72 

octadecene 24.826 - - 0.67 0.65 0.99 0.61 0.43 - 

nonadecene 25.618 - - - - 0.51 0.33 - - 
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Table 50 - Stripping column bottoms weight composition data for campaign 2 (2 of 3). 

Compound(s) Average Retention 
Time 

3/17/2010 3/17/2010 3/17/2010 3/17/2010 3/18/2010 3/18/2010 3/18/2010 3/18/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

nonene 

11.128 - 2.12 - - 1.04 - 0.45 - 

11.195 - 2.83 - - 1.20 - 0.65 - 

11.319 - - - - - - - - 

11.487 - 3.39 - - 0.88 - 1.30 - 

11.755 - 1.63 - - 0.41 - 0.74 - 

decene 

14.141 20.71 19.75 18.13 15.18 17.15 19.90 16.36 14.93 

14.196 - 0.81 0.79 4.21 4.38 6.14 4.78 4.96 

14.234 0.74 - - 0.79 0.76 - 0.76 0.89 

14.394 1.37 1.52 1.64 1.86 1.56 1.82 1.68 1.89 

14.602 0.51 0.57 0.63 0.71 0.58 0.67 0.63 0.72 

undecene 

16.429 24.96 22.69 26.23 25.80 25.71 25.24 24.65 24.44 

16.507 - - 0.54 0.48 0.42 0.43 0.45 0.56 

16.625 0.85 0.88 1.13 1.03 0.85 0.90 0.93 1.21 

16.819 - - - 0.39 - 0.34 0.36 - 

dodecene 

18.299 25.77 23.33 26.95 26.08 26.40 25.50 25.81 24.98 

18.394 - - - 0.29 - 0.28 - - 

18.480 0.60 0.58 0.72 0.63 0.54 0.56 0.59 0.76 

tridecene 
19.766 13.88 11.69 14.16 13.33 12.09 11.79 12.75 13.18 

19.866 - - - - - - - 0.67 

tetradecene 20.998 5.81 4.81 5.63 5.20 3.87 3.90 4.46 5.83 

pentadecene 22.085 2.75 2.28 2.40 2.37 1.50 1.54 1.82 2.93 

hexadecene 23.069 1.41 1.09 1.05 1.16 0.67 0.69 0.81 1.44 

heptadecene 23.979 0.63 - - 0.52 - 0.28 - 0.63 

octadecene 24.826 - - - - -  - - 

nonadecene 25.618 - - - - -  - - 
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Table 51 - Stripping column bottoms weight composition data for campaign 2 (3 of 3). 

Compound(s) Average Retention 
Time 

3/18/2010 3/18/2010 3/18/2010 3/18/2010 3/19/2010 3/19/2010 3/19/2010 3/19/2010 
12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

nonene 

11.128 - - - - 1.47 1.36 1.13 11.66 
11.195 - - - - 2.04 1.95 1.63 11.47 
11.319 - - - - - - - 2.00 
11.487 - - - - 3.18 2.91 2.34 5.35 
11.755 - - - - 1.64 1.41 1.16 1.98 

decene 

14.141 14.72 16.92 15.81 16.16 17.89 22.60 22.60 14.15 
14.196 4.84 4.93 5.28 4.65 4.51 - 0.90 4.28 
14.234 0.87 0.94 0.91 0.90 0.80 0.84 - 0.69 
14.394 1.84 1.95 1.86 1.76 1.67 1.61 1.73 1.31 
14.602 0.70 0.74 0.70 0.67 0.62 0.60 0.64 0.48 

undecene 

16.429 25.03 24.83 26.24 27.15 24.57 24.66 25.11 18.49 
16.507 0.53 0.52 - 0.52 0.42 - - - 
16.625 1.16 1.12 1.08 1.01 0.85 0.83 0.90 0.63 
16.819 - - - - - - - - 

dodecene 
18.299 25.99 25.82 27.19 27.21 23.60 24.61 25.05 17.64 
18.394 - - - - - - - - 
18.480 0.74 0.69 0.66 0.59 0.48 0.49 0.53 - 

tridecene 
19.766 13.11 13.29 12.92 12.75 10.81 10.86 11.02 7.16 
19.866 0.63 - - - - - - - 

tetradecene 20.998 5.44 4.98 4.61 4.17 3.44 3.40 3.45 2.01 
pentadecene 22.085 2.58 2.23 1.90 1.71 1.39 1.31 1.27 0.69 
hexadecene 23.069 1.25 1.030 0.83 0.760 0.61 0.57 0.540 - 
heptadecene 23.979 0.56 - - - - - - - 
octadecene 24.826 - - - - - - - - 
nonadecene 25.618 - - - - - - - - 
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Table 52 - Metathesis reactor bottoms weight composition data for campaign 2 (1 of 3). 

Compound(s) Average Retention 
Time 

3/16/2010 3/16/2010 3/16/2010 3/16/2010 3/17/2010 3/17/2010 3/17/2010 3/17/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 
cis-4-octene 7.522 2.89 2.55 2.02 1.66 1.15 1.53 1.82 1.84 

trans-4-octene 7.637 6.57 5.97 4.98 4.39 3.31 5.19 5.19 5.27 

cis-3-octene 7.692 1.56 1.30 1.08 0.84 0.60 - 0.95 0.94 

trans-3-octene 7.886 5.73 4.78 3.73 3.04 2.07 2.81 3.31 3.38 

2-octene 8.160 2.15 1.83 1.41 1.16 0.80 1.07 1.26 1.30 

nonene 

10.754 - - - - - 0.67 - - 

11.223 19.06 20.93 22.39 23.41 22.49 23.06 22.23 23.29 

11.291 17.42 17.29 16.82 16.06 15.83 17.45 17.63 17.97 

11.336 3.23 3.30 2.83 2.81 2.83 - 3.05 3.39 

11.539 7.34 7.78 8.30 8.75 9.07 8.93 9.37 9.55 

11.784 2.65 2.82 3.08 3.30 3.49 3.42 3.56 3.63 

decene 

14.113 8.29 7.91 6.06 6.43 7.02 6.85 8.43 8.03 

14.197 - - 1.96 1.94 2.46 2.16 - - 

14.302 - - - - 0.42 0.38 - - 

14.401 0.60 0.60 0.64 0.67 0.78 0.72 0.63 0.55 

undecene 
16.403 7.63 7.57 7.83 8.10 8.42 8.28 7.77 7.52 

16.615 - - - 0.38 0.44 0.38 - - 

dodecene 
18.254 7.04 6.92 7.25 7.47 7.67 7.75 7.17 6.97 

18.312 0.52 0.55 0.56 0.55 0.70 0.57 0.53 - 

tridecene 19.746 3.96 4.06 4.33 4.39 4.82 4.42 3.95 3.83 

tetradecene 20.987 1.83 2.00 2.17 2.20 2.59 2.10 1.75 1.68 

pentadecene 22.078 1.00 1.16 1.32 1.29 1.58 1.20 0.91 0.87 

hexadecene 23.067 0.53 0.68 0.78 0.75 0.94 0.69 0.49 - 

heptadecene 23.977 - - 0.44 0.41 0.52 0.36 - - 
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Table 53 - Metathesis reactor bottoms weight composition data for campaign 2 (2 of 3). 

Compound(s) Average Retention 
Time 

3/17/2010 3/17/2010 3/17/2010 3/17/2010 3/18/2010 3/18/2010 3/18/2010 3/18/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

cis-4-octene 7.522 1.27 1.27 0.78 1.12 1.76 1.85 1.52 1.21 

trans-4-octene 7.637 3.95 3.96 3.42 4.82 6.72 6.97 6.03 5.37 

cis-3-octene 7.692 0.70 0.68 - - - - - - 

trans-3-octene 7.886 2.51 2.46 1.63 2.37 3.81 4.01 3.31 2.53 

2-octene 8.160 0.97 0.97 0.65 0.92 1.48 1.57 1.30 1.01 

nonene 

10.754 - - 0.36 0.33 - 0.71 - - 

11.223 22.43 21.90 20.77 17.28 16.82 19.32 19.13 22.38 

11.291 17.00 17.61 13.35 12.79 12.27 13.54 15.19 17.30 

11.336 3.19 3.09 2.52 2.44 2.22 2.53 2.95 3.32 

11.539 8.71 8.74 7.32 7.53 6.35 7.39 7.58 8.72 

11.784 3.26 3.28 2.70 2.91 2.32 2.72 2.74 3.13 

decene 

14.113 9.32 9.31 11.47 13.40 12.67 11.08 10.94 6.80 

14.197 - - 0.47 0.53 0.51 0.45 0.46 2.20 

14.302 - - 0.96 0.99 - - - - 

14.401 0.63 0.63 0.36 0.37 0.91 0.80 0.85 0.82 

undecene 
16.403 9.28 9.30 11.58 11.65 11.79 10.29 10.56 8.76 

16.615 - - 0.50 0.44 0.41 0.35 - - 

dodecene 
18.254 8.61 8.62 11.40 11.51 11.80 10.07 10.35 7.97 

18.312 0.53 0.53 - - - - - 0.63 

tridecene 19.746 4.68 4.70 5.73 5.42 5.32 4.40 4.76 4.40 

tetradecene 20.987 2.00 2.00 2.38 1.96 1.78 1.41 1.65 1.95 

pentadecene 22.078 0.97 0.97 1.12 0.85 0.73 0.55 0.68 1.00 

hexadecene 23.067 - - 0.54 0.38 0.33 - - 0.50 

heptadecene 23.977 - - - - - - - - 
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Table 54 - Metathesis reactor bottoms weight composition data for campaign 2 (3 of 3). 

Compound(s) Average Retention 
Time 

3/18/2010 3/18/2010 3/18/2010 3/18/2010 3/19/2010 3/19/2010 3/19/2010 3/19/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

cis-4-octene 7.522 1.00 1.04 0.93 1.20 1.62 2.40 2.09 3.64 

trans-4-octene 7.637 4.88 5.32 4.95 5.92 7.71 10.22 9.13 15.39 

cis-3-octene 7.692 - - - - - - - - 

trans-3-octene 7.886 2.07 2.20 2.08 3.06 4.20 5.91 4.93 8.78 

2-octene 8.160 0.82 0.87 0.83 1.27 1.72 2.36 1.96 3.46 

nonene 

10.754 0.49 0.47 0.90 0.87 - 0.46 0.49 0.55 

11.223 22.03 21.14 20.52 19.58 18.32 17.49 18.34 13.47 

11.291 16.58 15.17 14.85 14.48 15.70 14.81 15.42 13.10 

11.336 3.11 3.08 2.73 2.73 2.91 2.74 2.78 2.32 

11.539 9.63 9.62 9.37 9.22 8.75 6.53 6.52 4.48 

11.784 3.63 3.65 3.50 3.46 3.25 2.28 2.27 1.56 

decene 

14.113 9.65 10.29 10.59 11.12 11.07 10.00 10.39 9.80 

14.197 - - 0.47 0.47 - - - - 

14.302 - - - - - - - - 

14.401 0.86 0.90 0.91 0.82 0.79 0.73 0.78 0.65 

undecene 
16.403 9.28 9.81 10.18 10.11 9.94 9.52 9.87 9.20 

16.615 - - 0.42 - - - - - 

dodecene 
18.254 8.45 8.98 9.76 9.51 8.78 8.78 9.01 8.71 

18.312 0.55 0.56 - - - - - - 

tridecene 19.746 4.42 4.50 4.61 4.24 3.98 4.03 4.15 3.80 

tetradecene 20.987 1.78 1.67 1.69 1.39 1.25 1.27 1.33 1.08 

pentadecene 22.078 0.78 0.71 0.70 0.54 - 0.48 0.52 - 

hexadecene 23.067 - - - - - - - - 

heptadecene 23.977 - - - - - - - - 
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Table 55 - Rectifying column bottoms weight composition data for campaign 2 (1 of 3). 

Compound(s) Average Retention 
Time 

3/16/2010 3/16/2010 3/16/2010 3/16/2010 3/17/2010 3/17/2010 3/17/2010 3/17/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.889 - - 0.33 - - 0.37 - - 

1-butene 1.025 0.61 0.66 0.61 0.61 0.57 0.63 0.69 0.70 

trans-2-butene 1.070 4.54 4.73 4.40 4.43 3.86 4.33 4.98 5.04 

cis-2-butene 1.109 2.66 2.62 2.35 2.29 2.40 2.53 2.74 2.78 

1-pentene 1.373 0.77 0.84 0.86 0.88 0.89 0.92 0.99 1.03 

trans-2-pentene 1.475 9.12 10.23 10.54 10.81 10.71 10.84 11.73 12.14 

cis-2-pentene 1.530 3.15 3.38 3.43 3.53 3.55 3.69 4.02 4.20 

1-hexene 2.295 0.62 0.68 0.71 0.75 0.76 0.79 0.84 0.87 

trans-3-hexene 2.450 2.50 3.03 3.41 3.77 3.93 4.13 4.43 4.50 

trans-2-hexene 2.512 5.38 6.22 7.09 7.88 8.90 9.22 9.66 10.07 

cis-2-hexene 2.668 1.53 1.80 2.04 2.29 2.54 2.66 2.80 2.89 

1-heptene 4.282 0.49 0.51 0.52 0.53 0.52 0.52 0.52 0.53 

trans-3-heptene 4.480 1.04 1.29 1.60 1.97 2.41 2.54 2.61 2.65 

cis-3-heptene 4.586 - - 0.39 0.48 0.58 0.61 0.63 0.64 

trans-2-heptene 4.704 1.01 1.20 1.34 1.55 1.75 1.82 1.89 1.92 

cis-2-heptene 4.929 - - 0.43 0.49 0.56 0.58 0.60 0.62 

1-octene 7.386 8.65 8.01 7.79 7.47 7.05 6.74 6.23 6.03 

cis-4-octene 7.544 4.60 4.37 4.15 3.95 3.83 3.69 3.48 3.37 

trans-4-octene 7.683 17.30 16.35 15.55 15.11 14.60 14.12 13.34 13.00 

3-octene 7.953 18.61 17.61 16.78 16.15 15.84 15.15 14.39 14.00 

2-octene 8.240 17.43 16.47 15.68 15.04 14.76 14.10 13.40 13.02 
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Table 56 - Rectifying column bottoms weight composition data for campaign 2 (2 of 3). 

Compound(s) Average Retention 
Time 

3/17/2010 3/17/2010 3/17/2010 3/17/2010 3/18/2010 3/18/2010 3/18/2010 3/18/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.889 - - - - - - - - 

1-butene 1.025 0.56 0.56 - - 0.38 0.35 - - 

trans-2-butene 1.070 3.88 3.85 1.58 1.71 2.48 2.13 2.85 2.59 

cis-2-butene 1.109 2.27 2.25 1.05 1.00 1.37 1.41 1.07 1.63 

1-pentene 1.373 0.90 0.89 0.54 0.47 0.54 0.60 0.70 0.81 

trans-2-pentene 1.475 10.26 10.22 5.45 4.45 5.47 5.81 6.54 7.47 

cis-2-pentene 1.530 3.61 3.60 1.95 1.60 1.92 2.15 2.22 2.67 

1-hexene 2.295 0.77 0.77 0.57 0.51 0.51 0.56 0.67 0.76 

trans-3-hexene 2.450 3.87 3.82 2.62 2.18 2.10 2.18 2.48 3.07 

trans-2-hexene 2.512 8.71 8.72 6.42 5.36 5.20 5.74 6.87 8.07 

cis-2-hexene 2.668 2.53 2.52 1.90 1.62 1.56 1.71 2.04 2.43 

1-heptene 4.282 0.48 0.49 0.40 0.38 0.38 0.38 - 0.47 

trans-3-heptene 4.480 2.28 2.29 1.71 1.55 1.36 1.34 1.53 2.05 

cis-3-heptene 4.586 0.56 0.56 0.42 0.39 0.35 0.34 - 0.52 

trans-2-heptene 4.704 1.67 1.67 1.25 1.18 1.08 1.07 1.22 1.65 

cis-2-heptene 4.929 0.53 0.53 0.40 0.38 0.34 0.34 - 0.54 

1-octene 7.386 6.95 6.96 8.94 9.64 9.21 9.07 9.13 8.58 

cis-4-octene 7.544 3.79 3.81 4.64 4.99 4.84 4.78 4.73 4.41 

trans-4-octene 7.683 14.90 14.93 18.98 20.12 19.42 19.28 18.76 17.20 

3-octene 7.953 16.24 16.28 21.09 21.78 21.25 20.89 20.10 18.02 

2-octene 8.240 15.26 15.28 20.08 20.70 20.26 19.87 19.09 17.05 
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Table 57 - Rectifying column bottoms weight composition data for campaign 2 (3 of 3). 

Compound(s) Average Retention 
Time 

3/18/2010 3/18/2010 3/18/2010 3/18/2010 3/19/2010 3/19/2010 3/19/2010 3/19/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.889 - - - - - - - - 

1-butene 1.025 - - - - - - - - 

trans-2-butene 1.070 2.35 1.64 1.13 1.07 1.21 1.90 1.69 2.09 

cis-2-butene 1.109 1.45 1.06 0.75 0.65 0.76 1.10 1.19 1.32 

1-pentene 1.373 0.79 0.61 0.48 0.47 0.55 0.69 0.78 0.82 

trans-2-pentene 1.475 7.36 5.54 4.12 3.72 4.39 5.89 6.46 6.90 

cis-2-pentene 1.530 2.72 2.10 1.53 1.36 1.61 2.11 2.50 2.56 

1-hexene 2.295 0.79 0.73 0.66 0.67 0.97 1.26 1.38 1.43 

trans-3-hexene 2.450 3.24 2.76 2.35 2.33 3.72 5.42 5.60 6.08 

trans-2-hexene 2.512 8.30 7.52 6.68 6.54 11.27 15.11 17.39 18.29 

cis-2-hexene 2.668 2.53 2.30 2.08 2.10 3.74 5.10 5.80 6.35 

1-heptene 4.282 0.49 0.51 0.67 0.95 1.32 0.89 0.82 0.68 

trans-3-heptene 4.480 2.15 2.14 3.37 4.41 5.22 3.79 3.66 3.15 

cis-3-heptene 4.586 0.55 0.55 0.85 1.14 1.40 1.01 0.99 0.85 

trans-2-heptene 4.704 1.82 2.04 2.91 3.57 4.13 2.97 2.87 2.49 

cis-2-heptene 4.929 0.60 0.68 0.93 1.16 1.36 0.98 0.94 0.82 

1-octene 7.386 8.23 8.90 8.97 8.66 6.99 6.24 5.88 5.68 

cis-4-octene 7.544 4.29 4.57 4.58 4.56 3.91 3.42 3.16 3.04 

trans-4-octene 7.683 17.01 18.19 18.66 18.70 16.09 14.00 12.84 12.36 

3-octene 7.953 18.11 19.56 20.13 19.51 16.20 14.49 13.42 12.92 

2-octene 8.240 17.21 18.61 19.15 18.42 15.18 13.63 12.63 12.18 
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Table 58 - Reflux weight composition data for campaign 2 (1 of 3). 

Compound(s) Average Retention 
Time 

3/16/2010 3/16/2010 3/16/2010 3/16/2010 3/17/2010 3/17/2010 3/17/2010 3/17/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.890 - - 0.42 0.39 - 0.46 - - 

1-butene 1.035 1.79 0.91 0.87 0.86 0.89 0.97 0.98 1.00 

trans-2-butene 1.078 6.51 6.79 6.39 6.31 6.54 6.86 7.13 7.09 

cis-2-butene 1.117 3.03 3.69 3.73 3.38 3.65 3.51 3.79 3.93 

1-pentene 1.380 1.32 1.33 1.29 1.32 1.42 1.50 1.53 1.51 

trans-2-pentene 1.482 17.81 16.61 16.03 16.62 17.49 17.99 18.45 18.19 

cis-2-pentene 1.538 4.38 5.50 5.49 5.37 6.03 5.88 6.25 5.97 

1-hexene 2.304 1.53 1.50 1.45 1.38 1.39 1.37 1.43 1.34 

cis-3-hexene 2.462 - 5.79 5.95 6.07 6.45 6.81 7.12 6.79 

trans-3-hexene 2.527 18.84 12.71 12.24 12.70 13.86 13.90 15.36 14.46 

trans-2-hexene 2.678 3.76 3.67 3.63 3.69 4.00 4.09 4.45 4.19 

cis-2-hexene 2.770 - - - - - - - - 

1-heptene 4.287 0.85 0.83 0.84 0.83 0.86 0.86 0.92 0.84 

trans-3-heptene 4.485 1.75 1.71 1.80 2.16 2.40 2.56 2.89 2.76 

cis-3-heptene 4.591 - - 0.46 0.53 0.60 0.63 0.72 0.68 

trans-2-heptene 4.709 1.73 1.69 1.75 1.89 2.05 2.12 2.35 2.22 

cis-2-heptene 4.935 - 0.53 0.55 0.60 0.65 0.67 0.74 0.70 

trans-4-octene 7.373 5.54 5.49 5.48 5.25 5.13 5.21 4.75 5.30 

cis-4-octene 7.533 4.05 4.01 3.91 3.50 3.42 3.39 3.03 3.37 

cis-3-octene 7.650 8.78 8.80 8.87 10.35 7.62 7.27 6.39 6.94 

trans-3-octene 7.701 2.25 2.25 2.20 - 2.03 2.01 1.78 2.07 

trans-2-octene 7.901 8.45 8.49 8.72 8.84 7.10 6.32 5.26 5.67 

cis-2-octene 8.184 7.64 7.72 7.93 7.94 6.41 5.63 4.65 4.99 
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Table 59 - Reflux weight composition data for campaign 2 (2 of 3). 

Compound(s) Average 
Retention Time 

3/17/2010 3/17/2010 3/17/2010 3/17/2010 3/18/2010 3/18/2010 3/18/2010 3/18/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.890 - - - - 0.36 - - - 

1-butene 1.035 0.90 0.89 0.66 0.87 0.91 1.08 1.14 1.10 

trans-2-butene 1.078 6.76 6.72 4.42 5.63 6.04 7.15 7.06 6.81 

cis-2-butene 1.117 3.96 4.39 2.66 3.28 3.51 4.26 4.33 4.06 

1-pentene 1.380 1.51 1.52 1.82 2.08 1.85 2.17 2.40 2.42 

trans-2-pentene 1.482 18.14 18.01 20.21 21.26 19.32 22.02 22.92 23.22 

cis-2-pentene 1.538 6.16 6.89 6.82 7.51 6.64 7.83 8.56 8.48 

1-hexene 2.304 1.36 1.34 1.94 2.30 2.14 2.33 2.40 2.66 

cis-3-hexene 2.462 6.73 6.56 9.78 10.91 9.76 10.19 10.21 11.21 

trans-3-hexene 2.527 14.86 14.98 20.54 23.96 22.15 23.98 24.31 27.67 

trans-2-hexene 2.678 4.28 4.43 6.15 7.25 6.66 7.14 7.33 8.30 

cis-2-hexene 2.770 - - - 0.38 - - - 0.55 

1-heptene 4.287 0.84 0.81 1.01 1.13 1.09 1.15 1.10 0.57 

trans-3-heptene 4.485 2.79 2.69 3.58 4.09 3.90 4.06 3.79 1.80 

cis-3-heptene 4.591 0.69 0.71 0.87 1.01 0.96 1.01 0.96 - 

trans-2-heptene 4.709 2.22 2.24 2.64 2.98 2.84 2.95 2.67 1.13 

cis-2-heptene 4.935 0.71 0.70 0.83 0.93 0.89 0.93 0.82 - 

trans-4-octene 7.373 5.10 4.88 3.54 1.16 3.26 0.94 - - 

cis-4-octene 7.533 3.24 3.10 2.03 0.60 1.59 - - - 

cis-3-octene 7.650 6.96 6.54 4.08 1.07 2.71 0.82 - - 

trans-3-octene 7.701 1.93 2.13 1.19 0.36 0.96 - - - 

trans-2-octene 7.901 5.76 5.52 2.81 0.67 1.35 - - - 

cis-2-octene 8.184 5.11 4.95 2.43 0.57 1.09 - - - 
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Table 60 - Reflux weight composition data for campaign 2 (3 of 3). 

Compound(s) Average 
Retention Time 

3/18/2010 3/18/2010 3/18/2010 3/18/2010 3/19/2010 3/19/2010 3/19/2010 3/19/2010 

12:00pm 3:00pm 6:00pm 9:00pm 12:00am 3:00am 6:00am 9:00am 

Area % Area % Area % Area % Area % Area % Area % Area % 

propylene 0.890 - - - - - - - - 

1-butene 1.035 0.89 0.81 0.77 1.02 1.08 0.99 1.03 0.88 

trans-2-butene 1.078 5.84 5.26 4.83 5.82 5.94 5.86 6.19 5.83 

cis-2-butene 1.117 3.74 3.44 3.21 3.92 4.00 3.62 4.02 3.63 

1-pentene 1.380 2.32 2.39 2.49 2.60 2.94 2.63 2.90 2.80 

trans-2-pentene 1.482 22.37 22.73 22.53 21.40 23.79 22.39 24.71 24.60 

cis-2-pentene 1.538 8.89 9.06 9.07 8.89 9.56 8.99 9.59 9.43 

1-hexene 2.304 2.56 2.87 3.20 3.17 3.40 3.41 3.56 3.93 

cis-3-hexene 2.462 10.51 11.88 12.35 11.63 10.87 11.72 10.91 11.78 

trans-3-hexene 2.527 27.07 29.18 31.19 30.82 28.90 30.22 28.44 29.36 

trans-2-hexene 2.678 8.23 8.96 9.52 9.74 8.71 9.25 8.05 7.76 

cis-2-hexene 2.770 0.92 0.80 0.83 0.98 0.83 0.92 0.59 - 

1-heptene 4.287 1.14 0.79 - - - - - - 

trans-3-heptene 4.485 3.36 1.82 - - - - - - 

cis-3-heptene 4.591 0.93 - - - - - - - 

trans-2-heptene 4.709 1.22 - - - - - - - 

cis-2-heptene 4.935 - - - - - - - - 

trans-4-octene 7.373 - - - - - - - - 

cis-4-octene 7.533 - - - - - - - - 

cis-3-octene 7.650 - - - - - - - - 

trans-3-octene 7.701 - - - - - - - - 

trans-2-octene 7.901 - - - - - - - - 

cis-2-octene 8.184 - - - - - - - - 
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Table 61 - Steady state flow rate data for the mass balance in campaign 2. 
3/18/2010, 6:00pm to 9:00pm 

Time Feed 
Flow 

Stripping Column 
Bottoms Flow 

Metathesis Reactor 
Bottoms Flow 

Rectifying Column 
Bottoms Flow 

Reflux 
Flow 

3:00:00 PM 12.751 8.668 24.961 3.395 4.698 

3:05:00 PM 12.889 8.434 25.783 3.456 4.827 

3:10:00 PM 13.022 8.681 25.398 3.402 4.810 

3:15:00 PM 13.142 8.330 25.400 3.400 4.823 

3:20:00 PM 12.980 8.036 25.473 3.545 4.859 

3:25:00 PM 13.058 5.293 25.541 3.792 4.839 

3:30:00 PM 13.144 7.289 25.525 3.816 5.242 

3:35:00 PM 12.998 6.615 25.365 3.818 5.125 

3:40:00 PM 12.673 6.735 25.788 3.887 5.463 

3:45:00 PM 13.236 6.992 25.824 4.177 5.446 

3:50:00 PM 13.148 6.132 26.048 4.152 5.421 

3:55:00 PM 13.078 7.319 26.229 4.185 5.817 

4:00:00 PM 13.013 6.501 26.143 4.116 6.085 

4:05:00 PM 13.060 6.027 26.427 4.229 6.022 

4:10:00 PM 13.255 6.863 26.765 4.410 6.050 

4:15:00 PM 13.067 7.439 26.887 4.405 5.948 

4:20:00 PM 13.073 6.545 26.376 4.443 6.152 

4:25:00 PM 13.309 7.349 26.208 4.439 6.176 

4:30:00 PM 12.891 8.217 26.340 4.612 6.180 

4:35:00 PM 13.322 7.133 26.245 4.636 6.137 

4:40:00 PM 13.019 7.980 26.297 4.568 6.130 

4:45:00 PM 13.356 8.607 26.401 4.543 6.077 

4:50:00 PM 13.257 8.619 26.208 4.514 6.092 

4:55:00 PM 12.672 8.838 26.240 4.535 6.089 

5:00:00 PM 12.651 9.348 26.416 4.550 6.101 

5:05:00 PM 12.545 9.869 26.513 4.536 6.131 

5:10:00 PM 12.717 8.389 26.562 4.511 6.447 

5:15:00 PM 12.921 10.206 26.489 4.588 6.664 

5:20:00 PM 12.608 8.420 26.530 4.495 7.027 

5:25:00 PM 13.004 8.570 26.563 4.483 6.967 

5:30:00 PM 12.779 9.979 26.878 4.486 7.021 

5:35:00 PM 12.562 8.513 26.974 4.522 7.072 

5:40:00 PM 13.223 9.861 26.968 4.406 7.997 

5:45:00 PM 12.355 8.375 26.923 4.126 8.007 

5:50:00 PM 12.597 8.424 27.126 4.080 7.986 

5:55:00 PM 12.831 8.473 27.164 4.092 7.489 

6:00:00 PM 12.877 10.414 26.043 4.078 7.354 
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Table 62 - Bench reactor experiment 1, run 1 raw data. 

Compound(s) 
Average 

Retention 
Time 

6/14/2010 6/14/2010 6/14/2010 6/14/2010 6/14/2010 6/14/2010 6/14/2010 

11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % 

C3s 0.923 - 0.87 - 0.71 - 1.05 0.94 

C4s 1.055 - - - - - 0.59 0.64 

C5s 1.409 - 1.15 1.58 1.98 1.13 2.81 3.21 

C6s 
2.363 80.07 68.13 37.67 27.86 12.43 14.59 15.71 

2.551 - - - - 0.87 1.27 1.18 

C7s 

4.332 - - - - 0.73 1.03 1.15 

4.762 - - 1.19 1.62 5.36 6.23 5.75 

4.984 - - - - 1.93 2.24 2.05 

C8s 

7.566 - - - - 0.97 1.16 1.18 

7.673 - - - - 1.83 2.25 2.31 

7.733 - - - - 0.66 0.77 0.80 

C9s 
11.215 - - 2.54 3.84 11.92 12.35 12.51 

11.277 - - - 0.95 2.95 3.16 3.12 

C10s 
13.966 3.33 - - - - - - 

14.270 16.60 29.85 56.15 61.59 52.33 43.37 42.37 

C11s 16.412 - - 0.88 1.46 6.21 6.38 6.29 

C12s 18.281 - - - - 0.68 0.77 0.78 
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Table 63 - Bench reactor experiment 1, run 2 raw data. 

Compound(s) 
Average 

Retention 
Time 

6/15/2010 6/15/2010 6/15/2010 6/15/2010 6/15/2010 6/15/2010 6/15/2010 6/15/2010 6/15/2010 

9:30am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 
C3s 0.912 - 0.59 1.70 0.97 1.52 1.95 1.49 1.86 1.8 

C4s 

1.046 - - 0.70 0.73 1.20 1.37 1.37 1.48 1.56 

1.093 - - - - 0.84 0.96 0.86 0.82 0.79 

1.133 - - - - - - 0.47 - - 

C5s 
1.390 1.41 1.50 3.91 3.86 4.30 4.38 4.45 4.73 5.27 

1.503 - - - - 0.60 0.75 0.82 0.79 0.77 

C6s 

2.333 65.42 65.62 44.72 25.91 13.53 10.98 10.55 10.75 12.17 

2.514 - 0.59 1.36 - 2.00 2.34 2.54 2.44 2.43 

2.655 - - 0.86 1.00 0.76 0.88 0.96 0.92 0.93 

C7s 

4.320 0.79 0.60 - 0.72 0.97 1.04 1.13 1.21 1.30 
4.519 - - - - 0.69 0.93 1.12 1.11 1.08 

4.749 1.16 0.75 1.48 4.00 6.09 6.27 6.27 5.98 5.86 

4.977 - - 0.52 1.51 2.33 2.41 2.41 2.28 2.24 

C8s 

7.542 0.44 - - 0.59 1.51 1.87 2.10 2.11 2.04 

7.671 0.53 - - 1.11 2.52 3.05 3.36 3.38 3.24 

7.732 - - - - 0.94 1.14 1.25 1.29 1.24 
7.917 - - - - 0.54 0.70 0.81 0.82 0.78 

C9s 
11.211 2.37 1.74 2.56 7.85 12.45 13.17 13.45 13.47 13.03 

11.275 0.51 - 0.71 2.17 3.26 3.88 3.79 3.99 3.74 

C10s 
14.239 21.14 27.79 39.44 46.35 36.67 33.09 30.11 30.24 29.36 

14.299 - - 0.57 - - - - - - 

C11s 16.411 1.41 0.83 0.96 3.24 6.33 7.46 7.97 8.39 8.04 
C12s 18.283 0.76 - - - 0.99 1.41 1.74 1.94 1.87 

C13s 19.770 1.09 - - - - - 0.47 - 0.46 

C14s 
20.985 0.53 - - - - - - - - 

21.018 2.44 - 0.50 - - - 0.50 - - 
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Table 64 - Bench reactor experiment 1, run 3 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 

9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 6:00pm 7:00pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % 
C3s 0.921 - - - 0.59 - 0.76 1.05 1.77 1.37 1.21 1.13 

C4s 1.055 - - - - - - - - 0.55 0.53 0.55 

C5s 
1.350 - - - - - - - 0.88 - - - 

1.409 - - - 0.48 0.55 0.98 1.32 1.17 2.24 2.24 2.29 

C6s 
2.345 25.34 32.04 36.43 34.48 18.86 24.40 18.43 12.52 11.87 11.61 11.66 

2.546 - - - - - - - 1.19 0.88 0.97 0.93 

C7s 

4.331 - - - - - - - 0.62 0.68 0.75 0.80 

4.764 - - - - 0.60 1.00 2.11 4.25 4.52 4.67 4.68 

4.989 - - - - - - 0.75 1.75 1.62 1.68 1.67 

C8s 

7.535 - 0.48 - - - - - - 0.52 0.60 0.67 

7.680 - - - - - - 0.40 0.97 1.12 1.28 1.42 

7.743 - - - - - - - - - 0.47 0.51 

C9s 

11.049 1.14 1.49 1.47 1.28 1.07 0.79 0.68 0.75 0.80 0.83 0.85 

11.209 - - - - 0.65 1.21 2.99 5.72 6.27 6.74 7.17 

11.279 - - - - - - 0.76 2.26 1.65 1.71 1.85 

C10s 
14.161 20.71 28.56 29.25 27.28 25.58 16.24 - 4.07 3.56 - 2.83 

14.248 5.26 7.62 8.97 11.91 19.43 24.17 37.70 29.73 26.44 28.59 25.84 

C11s 

16.410 0.97 0.99 0.93 0.84 1.01 0.92 1.56 3.17 3.27 3.54 3.80 

16.669 - - - - - - 0.72 1.43 1.50 1.51 1.45 

16.861 - - - - - - - - 0.55 0.55 0.53 

C12s 
18.307 1.12 0.88 0.77 0.70 0.80 0.63 0.75 1.24 1.41 1.56 1.67 

18.354 - - - - - - - - 0.48 0.52 0.55 

C13s 19.817 1.81 1.38 1.13 1.07 1.78 2.03 3.46 5.40 5.98 6.22 6.31 

C14s 21.091 9.31 11.26 11.44 13.61 20.50 20.74 21.26 16.20 17.04 15.96 15.04 

C15s 
22.135 1.45 - - - - - - - - - - 

22.153 1.42 1.30 0.87 0.72 0.95 0.85 1.24 1.70 2.16 2.30 2.28 
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Table 65 - Bench reactor experiment 1, run 3 raw data (2 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 7/1/2010 

9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 6:00pm 7:00pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C16s 
23.040 0.87 0.95 0.59 - - - - - - - - 

23.116 3.47 0.53 - - 0.45 - - - - 0.48 0.47 

C17s 

23.942 1.14 - - - - - - - - - - 

24.014 3.86 1.81 1.25 1.02 1.09 0.72 0.83 0.85 1.03 1.09 1.05 

24.067 1.04 0.42 - - - - - - - - - 

C18s 
24.831 3.90 1.05 0.91 - 1.03 0.83 0.79 - - - - 

24.869 7.80 5.72 4.61 5.38 5.06 3.74 3.20 2.36 2.47 2.41 2.01 

C19s 
25.657 3.46 1.25 0.79 0.64 0.61 - - - - - - 

25.722 0.50 - - - - - - - - - - 

C20s 26.417 2.65 1.17 0.59 - - - - - - - - 

C21s 27.232 1.37 0.58 - - - - - - - - - 

C22s 28.157 0.87 0.50 - - - - - - - - - 

C23s 29.248 0.55 - - - - - - - - - - 
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Table 66 - Bench reactor experiment 1, run 4 raw data. 

Compound(s) 
Average 

Retention 
Time 

6/17/2010 6/17/2010 6/17/2010 6/17/2010 6/17/2010 6/17/2010 6/17/2010 6/17/2010 6/17/2010 

10:00am 11:00am 12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.914 - 0.52 1.31 1.86 2.22 - 2.42 2.50 1.80 

C4s 

1.047 - - - 0.59 - - - 1.24 1.11 

1.074 - - - - 0.77 - 1.19 1.23 1.21 

1.123 - - - - - - 0.84 0.67 0.72 

C5s 
1.398 0.93 0.57 2.94 4.75 5.64 2.95 4.89 4.20 3.52 

1.509 - - - - - - - 0.65 0.79 

C6s 

2.350 60.55 79.76 76.72 78.35 74.16 50.64 26.96 15.78 12.14 

2.496 - 0.86 0.71 0.82 0.64 0.95 1.58 2.14 2.60 

2.676 - - - - 0.73 0.55 0.75 0.92 1.03 

C7s 

4.331 - - - - - - 0.59 0.70 0.75 

4.528 - - - - - - - 0.55 0.76 

4.757 1.33 - - - 1.13 3.02 4.65 5.85 6.40 

4.986 - - - - - 1.16 1.80 2.28 2.49 

C8s 

7.571 - - - - - - 0.73 1.27 1.61 

7.676 - - - - - 0.55 1.20 1.99 2.57 

7.738 - - - - - - - 0.80 0.94 

7.936 - - - - - - - - 0.55 

C9s 
11.207 2.84 - - - 0.87 4.47 8.42 11.17 12.69 

11.275 0.74 - - - - 1.23 2.26 3.16 3.39 

C10s 14.231 32.92 17.69 18.32 13.62 13.85 33.34 38.98 37.77 36.49 

C11s 16.407 0.69 0.61 - - - 1.13 2.73 4.52 5.60 

C12s 18.287 - - - - - - - 0.61 0.85 
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Table 67 - Bench reactor experiment 2, run 1 raw data. 

Compound(s) 
Average 

Retention 
Time 

5/18/2010 5/18/2010 5/18/2010 5/18/2010 5/18/2010 

2:00pm 3:00pm 4:00pm 5:00pm 5:30pm 

Area % Area % Area % Area % Area % 

C3s 0.928 - 0.96 0.97 0.76 0.75 

C5s 1.407 - 0.62 - - - 

C6s 2.343 1.35 1.31 1.39 1.15 1.13 

C7s 4.344 4.23 4.11 4.61 4.18 4.10 

C8s 
7.474 18.17 20.08 25.53 27.32 27.32 

7.927 1.65 1.06 0.90 - - 

C9s 

11.041 1.60 1.40 1.47 1.21 1.15 

11.549 5.99 4.44 4.23 3.33 3.16 

11.815 2.16 1.61 1.53 1.21 1.14 

C10s 
14.129 0.78 - - - - 

14.202 1.71 1.26 1.18 1.05 0.99 

C11s 16.416 4.40 3.34 3.06 2.43 2.25 

C12s 18.304 8.14 6.49 5.72 4.66 4.42 

C13s 19.800 16.00 14.60 13.08 12.21 12.03 

C14s 
21.003 5.88 6.79 6.75 7.79 7.59 

21.073 22.78 26.48 25.44 28.89 30.21 

C15s 22.121 4.29 4.46 3.42 3.12 3.08 

C16s 23.103 0.86 1.01 0.73 0.69 0.68 
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Table 68 - Bench reactor experiment 2, run 2 raw data. 

Compound(s) 
Average 

Retention 
Time 

5/14/2010 5/14/2010 5/14/2010 5/14/2010 5/14/2010 

1:00pm 2:00pm 3:00pm 4:00pm 4:30pm 

Area % Area % Area % Area % Area % 

C3s 0.929 - 1.79 1.26 0.57 1.27 

C4s 

1.073 0.67 0.67 0.59 - 0.63 

1.107 - 1.35 0.94 - 0.85 

1.140 - 0.77 0.52 - - 

C5s 
1.412 - 0.52 0.61 - 0.69 

1.514 - 0.59 0.50 - - 

C6s 
2.345 0.80 0.87 1.14 1.18 1.31 

2.554 - 0.57 0.61 - - 

C7s 
4.343 2.43 2.00 2.63 3.12 3.10 

4.761 1.20 1.11 1.24 1.10 1.03 

C8s 

7.434 6.71 4.46 6.05 7.98 7.99 

7.942 3.41 2.84 3.11 2.86 2.62 

8.221 1.34 1.11 1.22 1.12 1.04 

C9s 

11.041 1.05 0.83 1.08 1.23 1.19 

11.246 0.94 0.87 1.00 0.87 0.77 

11.567 8.17 6.38 7.19 7.12 6.65 

11.826 3.16 2.48 2.79 2.74 2.56 

C10s 

14.138 1.37 1.39 1.64 1.55 1.45 

14.208 2.30 2.05 2.40 2.25 2.10 

14.434 1.40 1.26 1.33 1.14 1.03 

14.646 - 0.49 0.52 - - 

C11s 16.424 5.35 5.33 6.07 5.84 5.54 

C12s 18.317 9.86 9.90 10.40 10.22 9.88 

C13s 
19.495 0.87 - - - - 

19.810 18.25 17.53 16.83 17.44 17.10 

C14s 
21.000 4.52 4.77 4.21 4.90 4.63 

21.065 18.73 17.86 16.21 18.42 18.68 

C15s 22.130 6.10 7.63 6.27 6.59 6.29 

C16s 23.105 1.37 2.09 1.65 1.73 1.61 

C17s 24.012 - 0.50 - - - 
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Table 69 - Bench reactor experiment 2, run 3 raw data. 

Compound(s) Average Retention 
Time 

6/2/2010 6/2/2010 6/2/2010 6/2/2010 6/2/2010 

2:00pm 3:00pm 4:00pm 5:00pm 5:30pm 

Area % Area % Area % Area % Area % 

C3s 0.940 - - - - 0.68 

C7s 4.354 2.23 2.36 2.84 2.36 2.85 

C8s 
7.535 40.37 36.49 35.19 30.32 30.85 

7.946 - - - 0.49 - 

C9s 

11.046 - - - 0.42 - 

11.567 1.76 2.14 2.55 2.75 2.78 

11.834 0.64 0.80 0.97 1.03 1.04 

C10s 14.219 0.71 0.54 0.57 0.60 0.57 

C11s 16.429 0.98 0.96 0.99 1.06 1.03 

C12s 18.310 1.49 1.44 1.55 1.74 1.73 

C13s 
19.810 6.19 6.98 7.72 8.79 8.90 

19.889 - - - - 0.51 

C14s 
21.031 8.85 10.17 9.84 - 9.96 

21.117 35.63 37.02 36.65 48.82 37.84 

C15s 22.130 1.14 1.10 1.14 1.25 1.25 

C16s 23.109 - - - 0.36 - 
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Table 70 - Bench reactor experiment 2, run 4 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/9/2010 7/9/2010 7/9/2010 7/9/2010 7/9/2010 
9:30am 10:30am 11:30am 12:30pm 1:30pm 
Area % Area % Area % Area % Area % 

C3s 0.917 0.60 0.55 2.06 2.19 1.47 

C4s 
1.044 - - - 0.67 0.58 
1.088 - - - - 0.93 
1.128 - - - - 0.50 

C5s 
1.395 - - - 0.51 0.45 
1.501 - - - - - 
1.557 - - - - - 

C6s 

2.342 0.77 0.56 - 0.60 0.66 
2.492 - - - - - 
2.547 - - - - - 
2.707 - - - - - 

C7s 

4.356 2.82 2.19 2.11 2.11 2.32 
4.534 - - - - - 
4.762 - - - - - 
4.991 - - - - - 

C8s 

7.461 - - 72.47 - 27.31 
7.595 - 72.81 - 57.41 - 
7.695 52.57 - - - - 
7.953 - - - - 1.20 
8.233 - - - - 0.47 

C9s 

11.056 - - - - 0.55 
11.204 - - - - - 
11.268 - - - - - 
11.337 - - - - - 
11.591 1.80 1.33 - 1.65 4.36 
11.855 0.47 - - 0.53 1.67 

C10s 

14.157 - - - - - 
14.227 - - - 0.51 1.21 
14.286 0.54 - - - - 
14.451 - - - - 0.45 
14.663 - - - - - 

C11s 
16.450 0.94 0.55 - 0.81 2.38 
16.491 - - - - - 
16.678 - - - - - 

C12s 
18.334 2.56 0.97 - 1.22 4.15 
18.370 - - - - - 

C13s 
19.379 0.51 - - - - 
19.818 7.40 2.69 2.57 3.84 10.36 

C14s 

21.029 5.31 3.23 3.53 5.45 7.23 
21.087 19.07 15.13 17.26 21.90 27.56 
21.412 0.50 - - - - 
21.662 0.83 - - - - 

C15s 22.148 1.83 - - 0.61 3.26 
C16s 23.131 1.47 - - - 0.92 
C17s 24.026 - - - - - 
C18s 24.869 - - - - - 
C19s 25.663 - - - - - 
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Table 71 - Bench reactor experiment 2, run 4 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/9/2010 7/9/2010 7/9/2010 7/9/2010 7/9/2010 
2:30pm 3:30pm 4:30pm 5:30pm 6:30pm 
Area % Area % Area % Area % Area % 

C3s 0.917 1.48 1.67 1.92 1.53 1.53 

C4s 
1.044 0.68 0.65 0.86 0.80 0.80 
1.088 1.43 2.25 3.03 2.93 3.41 
1.128 0.85 1.37 2.06 1.62 1.51 

C5s 
1.395 - 0.45 0.57 0.57 0.58 
1.501 0.79 1.71 2.23 2.30 2.40 
1.557 - 0.72 1.10 0.96 1.01 

C6s 

2.342 0.62 0.52 0.56 0.55 0.55 
2.492 - 0.39 - 0.52 0.51 
2.547 0.66 1.53 2.01 2.04 2.12 
2.707 - 0.56 0.75 0.77 0.78 

C7s 

4.356 1.91 1.09 0.95 0.81 0.75 
4.534 - 0.72 0.92 0.94 0.93 
4.762 0.90 1.63 2.06 2.10 2.17 
4.991 - 0.67 0.84 0.85 0.87 

C8s 

7.461 14.46 4.53 2.89 1.73 1.36 
7.595 - 0.37 - - 0.46 
7.695 0.58 0.98 1.21 1.20 1.20 
7.953 2.04 2.74 3.11 3.17 3.18 
8.233 0.80 1.11 1.24 1.27 1.28 

C9s 

11.056 0.60 0.48 - - - 
11.204 - 0.90 1.04 1.15 1.10 
11.268 0.89 1.73 2.03 2.10 2.07 
11.337 - 0.41 0.58 - 0.48 
11.591 5.35 4.88 4.97 4.83 4.76 
11.855 2.12 1.95 1.99 1.94 1.90 

C10s 

14.157 1.16 2.35 2.67 2.78 2.79 
14.227 2.04 2.82 3.14 3.27 3.20 
14.286 - 0.59 0.75 0.66 0.66 
14.451 0.99 1.63 1.89 1.96 1.96 
14.663 - 0.66 0.75 0.79 0.78 

C11s 
16.450 4.23 5.27 5.74 6.05 6.09 
16.491 - 1.29 1.48 1.54 1.45 
16.678 - 0.68 0.83 0.87 0.86 

C12s 
18.334 6.57 8.39 7.85 8.22 8.20 
18.370 - - 0.78 0.73 0.75 

C13s 
19.379 - - - - - 
19.818 12.65 11.49 10.18 10.29 10.20 

C14s 

21.029 5.83 3.02 - - - 
21.087 22.73 13.42 12.84 11.94 11.32 
21.412 - - - - - 
21.662 - - - - - 

C15s 22.148 5.14 6.32 5.86 6.71 6.65 
C16s 23.131 1.80 3.21 3.13 3.84 3.78 
C17s 24.026 0.68 1.61 1.77 2.07 2.01 
C18s 24.869 - 0.85 1.41 1.10 1.05 
C19s 25.663 - 0.40 - 0.54 0.51 
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Table 72 - Bench reactor experiment 3, run 1 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

6/23/2010 6/23/2010 6/23/2010 6/23/2010 6/23/2010 6/23/2010 

9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 

Area % Area % Area % Area % Area % Area % 

C3s 0.924 - - - 0.90 1.46 1.96 

C5s 1.417 0.94 - - - - - 

C6s 2.348 8.32 3.26 2.03 1.94 0.94 - 

C7s 
4.350 0.67 - - - - - 

4.770 1.12 - - - - - 

C8s 7.409 - - - - - 0.94 

C9s 

11.046 1.29 0.98 1.45 2.26 3.60 4.54 

11.199 1.33 - - - - - 

11.536 - - - - - - 

C10s 

14.162 61.80 84.76 84.93 57.77 33.43 24.28 

14.189 - - - - - - 

14.436 - - - - 0.87 1.75 

14.650 - - - - - - 

C11s 

16.397 1.28 - - - 0.84 1.18 

16.677 1.09 - 1.06 2.29 5.44 7.82 

16.866 - - - - 2.01 2.94 

C12s 
18.305 - - - - - - 

18.348 0.81 - - - 0.88 1.16 

C13s 19.804 2.43 - 0.72 1.04 1.52 1.64 

C14s 21.048 9.25 3.54 3.52 3.70 3.23 2.57 

C15s 22.121 1.03 - - 0.87 1.48 2.01 

C16s 
22.965 - - - - - - 

23.109 - - - - 2.41 4.03 

C17s 
23.991 1.04 - - 3.14 1.74 - 

24.028 - - - - 6.75 11.72 

C18s 
24.828 1.26 1.35 1.16 5.42 6.94 6.30 

24.886 6.34 6.11 5.13 20.68 24.93 22.69 

C19s 25.651 - - - - 1.52 2.47 

C20s 26.408 - - - - - - 
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Table 73 - Bench reactor experiment 3, run 1 raw data (2 of 2). 

Compound(s) Average Retention 
Time 

6/23/2010 6/23/2010 6/23/2010 6/23/2010 6/23/2010 

3:00pm 4:00pm 5:00pm 6:00pm 7:00pm 

Area % Area % Area % Area % Area % 

C3s 0.924 - 1.58 1.67 0.93 0.74 

C5s 1.417 - - - - - 

C6s 2.348 - - - - - 

C7s 
4.350 - - - - - 

4.770 - - - - - 

C8s 7.409 1.04 1.15 1.58 1.19 0.96 

C9s 

11.046 4.47 4.60 6.03 4.47 3.42 

11.199 - - - - - 

11.536 - - - - 0.44 

C10s 

14.162 18.86 17.41 22.36 16.73 13.41 

14.189 - - - - 2.03 

14.436 2.21 2.39 3.02 2.11 1.58 

14.650 - 0.92 1.17 0.82 0.63 

C11s 

16.397 1.27 1.34 1.77 1.29 1.23 

16.677 8.34 8.46 10.57 7.44 5.77 

16.866 3.17 3.19 3.94 2.80 2.16 

C12s 
18.305 - - - - 0.49 

18.348 1.27 1.32 1.68 1.18 0.97 

C13s 19.804 1.64 1.56 1.56 1.30 1.25 

C14s 21.048 2.30 2.08 2.37 1.64 1.80 

C15s 22.121 2.59 2.82 3.28 2.54 2.94 

C16s 
22.965 - - - 0.91 - 

23.109 5.59 6.10 6.18 5.34 6.65 

C17s 
23.991 2.98 3.13 - 5.88 3.54 

24.028 11.49 11.49 12.21 8.85 12.90 

C18s 
24.828 6.36 5.68 3.98 - 6.56 

24.886 23.12 21.31 14.63 30.34 25.60 

C19s 25.651 3.31 3.44 1.98 3.61 4.21 

C20s 26.408 - - - 0.64 0.75 
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Table 74 - Bench reactor experiment 3, run 2 raw data (1 of 2). 

Compound(s) Average Retention Time 
6/24/2010 6/24/2010 6/24/2010 6/24/2010 6/24/2010 
9:00am 10:00am 11:00am 12:00pm 1:00pm 
Area % Area % Area % Area % Area % 

C3s 0.915 - 0.40 0.92 1.45 0.91 

C4s 
1.042 - - - 0.41 - 
1.090 - - - 0.44 1.08 
1.128 - - - - - 

C5s 
1.498 - - - - - 
1.555   - - - 

C6s 2.540 - - - - - 
C7s 4.748 - - - - - 

C8s 
7.408 0.68 0.59 0.57 0.57 0.88 
7.926 - - - - - 

C9s 
11.044 2.21 1.67 1.73 2.46 3.28 
11.537 - - - - 0.94 
11.810 - - - - - 

C10s 

14.064 - 0.52 - - - 
14.161 - - - - - 
14.211 59.65 75.41 68.95 36.23 20.35 
14.449 0.73 0.56 - 0.80 2.78 
14.653 - - - 0.40 1.16 

C11s 

16.402 0.62 - - 0.60 1.03 
16.479 - - - - - 
16.682 2.13 1.15 1.08 3.16 7.82 
16.870 0.63 - - 1.23 3.13 

C12s 

18.307 0.42 0.40 - - - 
18.360 0.37 - - 0.52 1.60 
18.414 - - - - - 
18.519 - - - - 0.91 
18.684 - - - - - 

C13s 
19.808 0.46 - - 0.64 1.25 
19.849 - - - - - 
19.977 - - - - - 

C14s 21.034 0.58 - - 0.75 1.72 
C15s 22.126 1.03 0.49 0.49 1.22 3.20 
C16s 23.116 2.21 1.04 0.94 2.49 5.85 

C17s 
23.986 - - - 1.78 2.71 
24.031 6.20 3.05 2.87 6.53 9.46 

C18s 
24.836 3.70 2.63 4.60 7.36 5.87 
24.899 16.93 11.40 17.32 28.89 20.06 

C19s 
25.640 1.44 0.67 0.54 1.61 3.21 
25.667 - - - - - 

C20s 26.409 - - - 0.45 0.82 
C21s 27.216 - - - - - 
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Table 75 - Bench reactor experiment 3, run 2 raw data (1 of 2). 

Compound(s) Average Retention Time 
6/24/2010 6/24/2010 6/24/2010 6/24/2010 
2:00pm 3:00pm 4:00pm 5:00pm 
Area % Area % Area % Area % 

C3s 0.915 1.34 1.30 1.45 1.36 

C4s 
1.042 0.47 0.50 0.51 0.51 
1.090 1.77 1.74 1.87 1.74 
1.128 1.02 1.04 1.00 0.98 

C5s 
1.498 1.03 1.09 1.05 0.93 
1.555 0.48 0.54 0.48 0.47 

C6s 2.540 0.58 0.69 0.65 0.59 
C7s 4.748 0.48 0.58 0.55 0.52 

C8s 
7.408 0.56 0.56 0.65 0.66 
7.926 0.81 0.94 0.94 0.88 

C9s 
11.044 1.25 1.11 1.31 1.34 
11.537 1.63 1.78 1.76 1.69 
11.810 0.67 0.73 0.73 0.70 

C10s 

14.064 3.28 2.40 3.10 2.89 
14.161 0.92 1.02 - 0.48 
14.211 0.62 0.73 0.72 0.66 
14.449 3.31 3.42 3.45 3.42 
14.653 1.38 1.42 1.44 1.43 

C11s 

16.402 1.25 1.43 1.31 1.31 
16.479 1.26 1.39 1.28 1.21 
16.682 6.02 5.88 6.19 6.23 
16.870 2.45 2.38 2.50 2.52 

C12s 

18.307 1.42 1.71 1.56 1.49 
18.360 2.17 2.31 2.26 2.16 
18.414 0.54 0.61 0.54 0.54 
18.519 1.65 1.79 1.70 1.59 
18.684 0.68 0.73 0.69 0.65 

C13s 
19.808 2.61 3.06 2.92 2.89 
19.849 0.89 1.01 0.93 0.80 
19.977 0.53 0.61 0.56 0.51 

C14s 21.034 3.86 4.51 4.18 4.44 
C15s 22.126 5.71 6.26 6.21 6.17 
C16s 23.116 8.70 8.90 8.98 9.07 

C17s 
23.986 2.93 2.64 2.66 2.63 
24.031 9.94 9.44 9.72 10.12 

C18s 
24.836 3.73 3.16 3.21 3.45 
24.899 13.02 11.08 11.56 11.91 

C19s 
25.640 1.28 1.25 1.22 - 
25.667 4.61 4.74 4.74 5.90 

C20s 26.409 2.31 2.53 2.45 2.31 
C21s 27.216 0.85 1.00 0.95 0.87 
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Table 76 - Bench reactor experiment 3, run 3 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

6/25/2010 6/25/2010 6/25/2010 6/25/2010 6/25/2010 6/25/2010 

9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 

Area % Area % Area % Area % Area % Area % 

C3s 0.898 0.33 0.39 - 0.69 0.87 0.99 

C7s 4.290 0.43 0.47 - 0.42 - - 

C8s 
7.410 0.94 1.07 0.84 0.98 1.23 1.08 

7.923 0.34 - - - - - 

C9s 
10.970 2.02 2.26 2.15 2.09 2.80 3.02 

11.546 0.67 - - - - - 

C10s 

14.036 28.56 - 0.38 0.44 - - 

14.197 2.73 52.38 56.46 60.54 69.59 55.81 

14.320 0.62 1.34 - 1.27 - - 

14.450 1.71 1.40 1.14 1.19 0.84 0.80 

14.661 0.73 0.69 0.49 0.61 - - 

C11s 

16.403 1.84 1.74 1.04 1.00 0.91 0.85 

16.492 0.47 - - - - - 

16.682 4.01 3.16 3.31 2.58 2.61 2.74 

16.869 1.32 0.92 0.97 0.74 0.80 0.96 

C12s 

18.315 1.22 1.13 0.77 0.74 - - 

18.359 1.20 0.87 0.91 0.68 - 0.67 

18.529 0.62 - - - - - 

C13s 
19.809 1.76 1.51 1.17 0.94 0.73 0.81 

19.859 0.34 - - - - - 

C14s 21.044 3.04 2.48 1.34 1.28 0.72 0.81 

C15s 22.126 3.17 2.05 2.04 1.50 1.07 1.34 

C16s 
22.952 0.80 - - - - - 

23.113 4.92 3.16 3.35 2.43 1.67 2.16 

C17s 
23.987 3.53 - - - - - 

24.028 6.20 5.57 5.91 4.38 3.03 4.66 

C18s 

24.839 8.91 2.56 2.78 2.58 2.63 4.93 

24.899 11.15 11.52 11.86 10.35 9.55 17.36 

24.974 0.34 0.37 - 0.39 - - 

C19s 25.656 4.16 2.20 2.28 1.62 0.94 1.03 

C20s 26.412 1.45 0.75 0.79 0.57 - - 

C21s 27.228 0.47 - - - - - 

 



 

271 
 

Table 77 - Bench reactor experiment 3, run 3 raw data (2 of 2). 

Compound(s) 
Average 

Retention 
Time 

6/25/2010 6/25/2010 6/25/2010 6/25/2010 6/25/2010 6/25/2010 

3:00pm 4:00pm 5:00pm 6:00pm 7:00pm 8:00pm 

Area % Area % Area % Area % Area % Area % 

C3s 0.898 0.88 - - 1.26 0.77 - 

C7s 4.290 - - - - - - 

C8s 
7.410 1.07 1.14 0.98 0.91 0.97 0.97 

7.923 - - - - - - 

C9s 
10.970 3.73 4.52 4.48 4.30 4.58 4.57 

11.546 - - - - - - 

C10s 

14.036 - - - - - - 

14.197 47.49 45.29 33.26 26.56 25.10 23.39 

14.320 - - - - - - 

14.450 1.15 1.76 2.11 2.25 2.65 2.79 

14.661 - 0.99 1.24 1.32 1.53 1.58 

C11s 

16.403 0.82 0.86 - 0.71 0.75 0.76 

16.492 - - - - - - 

16.682 3.51 4.70 5.37 5.68 6.43 6.76 

16.869 1.32 1.85 2.14 2.22 2.55 2.68 

C12s 

18.315 - - - - - - 

18.359 0.72 0.80 - 0.75 0.80 0.84 

18.529 - - - - - - 

C13s 
19.809 0.85 0.92 0.87 0.87 0.88 0.91 

19.859 - - - - - - 

C14s 21.044 0.83 0.88 0.87 0.89 0.92 1.01 

C15s 22.126 1.41 1.51 1.65 1.74 1.82 2.06 

C16s 
22.952 - - - - - - 

23.113 2.34 2.48 3.13 3.52 3.84 4.40 

C17s 
23.987 - - - 2.50 2.61 2.69 

24.028 5.92 6.51 9.40 8.30 8.92 9.91 

C18s 

24.839 6.01 5.58 7.23 7.07 6.97 7.18 

24.899 20.81 19.20 25.79 26.50 25.65 25.53 

24.974 - - - 0.58 0.61 - 

C19s 25.656 1.16 1.02 1.48 1.56 1.65 1.97 

C20s 26.412 - - - 0.49 - - 

C21s 27.228 - - - - - - 
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Table 78 - Bench reactor experiment 3, run 4 raw data (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

6/28/2010 6/28/2010 6/28/2010 6/28/2010 6/28/2010 6/28/2010 
9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 
Area % Area % Area % Area % Area % Area % 

C3s 0.915 - - 0.98 1.24 0.74 1.42 

C4s 
1.096 - - - - - 0.80 
1.138 - - - - - - 

C5s 
1.506 - - - - - - 
1.560 - - - - - - 

C6s 2.543 - - - - - - 

C7s 
4.518 - - - - - - 
4.745 - - - - - - 

C8s 
7.478 0.70 - 0.58 0.56 0.70 0.81 
7.919 - - - - - - 
8.205 - - - - - - 

C9s 

11.046 2.66 2.75 1.83 1.80 2.53 3.49 
11.230 - - - - - - 
11.527 - - - - - - 
11.801 - - - - - - 

C10s 

14.040 - - 0.50 0.52 - - 
14.194 54.77 69.74 67.46 69.97 75.25 51.34 
14.239 - - 1.34 - - - 
14.449 0.96 0.89 1.12 0.57 0.90 2.30 
14.649 - - 0.67 - - 1.26 

C11s 

16.397 - - - - - - 
16.471 - - - - - - 
16.522 - - - - - - 
16.678 2.92 2.82 1.63 1.45 1.91 4.18 
16.866 0.90 0.79 0.46 - 0.64 1.68 

C12s 

18.300 - - - - - - 
18.353 - - - - - - 
18.405 - - - - - - 
18.512 - - - - - - 
18.676 - - - - - - 

C13s 
19.800 - - - - - - 
19.842 - - - - - - 
19.972 - - - - - - 

C14s 
21.027 - - - - - - 
21.048 - - - - - - 

C15s 22.125 1.05 0.88 0.58 0.54 - 1.08 
C16s 23.111 2.38 1.76 1.31 1.20 0.93 2.34 

C17s 
23.972 - - - - - - 
24.024 7.53 4.99 4.22 3.87 2.80 6.43 

C18s 
24.832 4.87 2.96 3.04 3.33 2.86 5.09 
24.865 20.09 12.44 13.63 14.36 10.73 16.94 

C19s 25.653 1.17 - 0.66 0.59 - 0.84 
C20s 26.402 - - - - - - 
C21s 27.208 - - - - - - 
C22s 28.129 - - - - - - 
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Table 79 - Bench reactor experiment 3, run 4 raw data (2 of 2). 

Compound(s) Average Retention 
Time 

6/28/2010 6/28/2010 6/28/2010 6/28/2010 6/28/2010 
3:00pm 4:00pm 5:00pm 6:00pm 7:00pm 
Area % Area % Area % Area % Area % 

C3s 0.915 0.90 0.72 0.61 0.67 0.72 

C4s 
1.096 0.89 1.37 1.35 1.60 1.57 
1.138 - 0.84 0.78 0.94 0.91 

C5s 
1.506 - 0.95 1.19 1.50 1.49 
1.560 - - 0.54 0.65 0.64 

C6s 2.543 - - 0.91 1.14 1.17 

C7s 
4.518 - - - 0.54 0.56 
4.745 - - 0.74 0.90 0.94 

C8s 
7.478 0.84 - - 0.52 0.56 
7.919 - 0.91 1.16 1.28 1.30 
8.205 - - - 0.53 0.54 

C9s 

11.046 3.51 1.96 1.19 0.80 0.62 
11.230 - - 0.73 0.83 0.89 
11.527 0.93 1.89 2.10 2.13 2.08 
11.801 - 0.83 0.89 0.89 0.86 

C10s 

14.040 - 9.22 4.55 2.20 1.40 
14.194 31.65 0.98 1.23 0.57 0.67 
14.239 - - - 1.38 1.40 
14.449 3.55 4.42 4.07 3.69 3.43 
14.649 1.80 1.98 1.74 1.55 1.43 

C11s 

16.397 0.69 1.32 1.65 1.82 1.90 
16.471 - 1.53 1.86 1.96 1.93 
16.522 - - - 0.50 0.51 
16.678 6.28 7.03 5.94 5.09 4.61 
16.866 2.56 2.90 2.45 2.08 1.87 

C12s 

18.300 - 1.58 2.23 2.58 2.75 
18.353 1.03 2.18 2.50 2.57 2.52 
18.405 - - 0.60 0.60 0.60 
18.512 - 1.57 1.90 1.99 2.00 
18.676 - 0.64 0.77 0.82 0.82 

C13s 
19.800 0.85 2.61 3.51 4.00 4.25 
19.842 - 0.88 1.24 1.41 1.43 
19.972 - - 0.72 0.84 0.89 

C14s 
21.027 - - - 5.10 5.33 
21.048 1.18 3.48 4.53 0.59 0.68 

C15s 22.125 2.29 5.21 6.20 6.70 6.97 
C16s 23.111 4.53 7.79 8.22 8.20 8.34 

C17s 
23.972 2.26 - - - - 
24.024 7.88 12.02 10.87 9.80 9.67 

C18s 
24.832 5.89 4.21 3.10 2.39 2.15 
24.865 18.74 13.78 10.70 8.57 8.24 

C19s 25.653 1.77 3.76 4.37 4.41 4.94 
C20s 26.402 - 1.43 1.95 2.15 2.57 
C21s 27.208 - - 0.86 1.02 1.27 
C22s 28.129 - - - 0.48 0.62 
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Table 80 - Bench reactor 1-octene experiments: Ambient temperature, run 1. 

Compound(s) Average Retention 
Time 

7/22/2010 7/22/2010 7/22/2010 7/22/2010 7/22/2010 7/22/2010 7/22/2010 7/22/2010 

9:45am 10:45am 11:45am 12:45pm 1:45pm 2:45pm 3:45pm 4:45pm 

Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 
0.880 - - 0.40 - 0.42 0.43 - 0.45 

0.943 0.48 - - - - - - - 

C6s 2.354 0.66 0.57 0.53 0.45 0.43 0.37 - - 

C7s 4.359 2.95 2.48 2.25 1.92 1.79 1.52 1.30 1.20 

C8s 

7.597 39.05 62.64 65.25 61.30 63.16 63.69 64.82 65.03 

7.731 - 0.39 0.37 - - - 0.47 - 

7.980 0.93 0.56 - - - - - - 

8.263 0.38 - - - - - - - 

C9s 

11.066 0.86 0.74 0.62 0.50 0.42 - - - 

11.564 3.66 2.01 1.43 1.14 1.01 0.87 0.80 0.75 

11.844 1.18 0.54 0.39 - - - - - 

C10s 14.227 0.72 0.44 - - - - - - 

C11s 16.428 1.47 0.81 0.56 0.50 0.45 0.42 0.41 0.39 

C12s 18.310 3.42 1.82 1.17 0.93 0.72 0.56 0.48 0.43 

C13s 19.799 10.79 5.42 3.69 3.11 2.38 1.89 1.60 2.30 

C14s 
21.019 5.58 3.64 3.80 5.05 4.70 5.02 5.13 5.08 

21.099 24.35 16.35 18.54 24.29 23.97 24.85 24.99 24.38 

C15s 22.130 3.01 1.58 1.02 0.81 0.55 0.38 - - 

C16s 23.122 0.52 - - - - - - - 
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Table 81 - Bench reactor 1-octene experiments: Ambient temperature, run 2. 

Compound(s) Average Retention 
Time 

7/23/2010 7/23/2010 7/23/2010 7/23/2010 7/23/2010 7/23/2010 7/23/2010 7/23/2010 

9:45am 10:45am 11:45am 12:45pm 1:45pm 2:45pm 3:45pm 4:45pm 

Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.888 - 0.43 0.45 - 0.40 0.42 - - 

C7s 4.363 0.76 0.58 0.65 0.76 0.81 0.82 0.82 0.82 

C8s 
7.629 61.18 76.86 78.50 76.06 73.16 72.65 72.50 72.71 

7.826 - 0.35 - - 0.35 - - 0.36 

C9s 11.561 0.70 0.49 0.49 0.53 0.56 0.58 0.59 0.60 

C11s 16.436 0.54 - - - - - - - 

C12s 18.312 0.38 - - - - - - - 

C13s 19.789 1.33 0.77 0.70 0.74 0.77 0.77 0.78 0.77 

C14s 
21.022 5.73 3.71 3.80 4.23 4.47 4.83 4.82 4.85 

21.099 29.37 16.82 15.41 17.68 19.48 19.93 20.47 19.88 
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Table 82 - Bench reactor 1-octene experiments: 40 oC, run 1. 

Compound(s) Average Retention 
Time 

7/12/2010 7/12/2010 7/12/2010 7/12/2010 7/12/2010 7/12/2010 7/12/2010 7/12/2010 7/12/2010 
9:00am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 
Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.887 - - - 0.42 - - - - - 
C4s 1.110 0.49 - - - - - - - - 
C5s 1.480 0.64 - - - - - - - - 

C6s 
2.377 - 0.93 0.65 0.47 - - - - - 
2.450 1.01 - - - - - - - - 

C7s 4.384 2.00 1.98 1.56 1.21 1.08 0.97 0.92 0.89 0.85 

C8s 
7.606 55.16 66.57 61.43 56.40 53.49 50.27 49.08 51.06 51.09 
7.706 - - - - - - 0.57 - - 
8.090 0.79 0.45 - - - - - - - 

C9s 

11.089 - - 0.70 0.43 - - - - - 
11.198 1.15 1.05 - - - - - - - 
11.567 - - 1.13 0.86 0.81 0.80 0.79 0.75 0.72 
11.693 2.77 1.84 - - - - - - - 
11.956 1.03 0.49 - - - - - - - 

C10s 
14.121 - - 0.55 0.39 - - - - - 
13.936 0.67 0.68 0.57 0.44 0.41 0.46 - - 0.47 
14.323 1.44 0.91 - - - - - - - 

C11s 
16.436 - - 1.02 0.79 0.77 0.77 0.75 0.70 0.67 
16.526 2.69 1.62 - - - - - - - 

C12s 18.333 3.14 1.93 1.23 0.92 0.83 0.75 0.66 0.58 0.55 

C13s 
19.801 0.53 - 2.21 1.86 1.86 1.88 1.81 1.71 1.62 
19.871 4.62 3.03 - - - - - - - 

C14s 
21.043 4.72 2.65 4.95 6.26 7.32 8.36 9.26 8.62 8.24 
21.121 10.13 12.28 22.5 28.46 32.44 35.73 35.47 35.68 34.38 

C15s 22.164 3.23 1.60 0.94 0.63 0.53 - - - - 
C16s 23.145 1.87 0.84 0.54 0.45 0.46 - - - 0.44 
C17s 24.092 1.00 0.49 - - - - - - - 
C18s 24.900 0.92 0.66 - - - - 0.71 - 0.97 
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Table 83 - Bench reactor 1-octene experiments: 40 oC, run 2. 

Compound(s) 
Average 

Retention 
Time 

7/13/2010 7/13/2010 7/13/2010 7/13/2010 7/13/2010 7/13/2010 7/13/2010 7/13/2010 7/13/2010 

9:10am 10:00am 11:00am 12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.887 - - - - - - - - 0.41 

C7s 4.359 0.44 0.46 0.56 0.67 0.71 0.70 0.72 0.71 0.72 

C8s 
7.606 74.91 82.07 79.14 69.51 61.82 58.27 56.36 55.09 55.46 

7.726 - - - 0.51 - - - - - 

C9s 11.545 0.43 - 0.41 0.48 0.56 0.60 0.62 0.63 0.63 

C10s 14.216 - - - - - - - 0.38 0.37 

C11s 16.427 - - - - - 0.44 0.48 0.51 0.51 

C12s 18.305 - - - - - - - 0.37 0.36 

C13s 
19.789 0.94 0.62 0.65 0.81 1.00 1.09 1.16 1.21 1.20 

19.839 0.70 - - - - - - - - 

C14s 
21.023 4.06 3.25 3.87 5.55 7.78 7.30 8.24 7.55 7.36 

21.103 18.53 13.61 15.36 21.73 28.14 31.61 31.90 32.86 32.45 

C18s 24.864 - - - 0.74 - - 0.52 0.69 0.53 
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Table 84 - Bench reactor 1-octene experiments: 60 oC, run 1. 

Compound(s) 
Average 

Retention 
Time 

7/14/2010 7/14/2010 7/14/2010 7/14/2010 7/14/2010 7/14/2010 7/14/2010 7/14/2010 7/14/2010 

9:40am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.887 - - 0.39 - - - - - - 

C7s 4.353 0.40 0.48 0.63 0.71 0.81 0.91 1.03 1.15 1.23 

C8s 
7.588 83.63 87.21 79.21 65.53 56.06 50.17 47.10 47.00 46.95 

7.848 0.44 - - 0.53 - - - - - 

C9s 
11.550 - - 0.41 0.52 0.65 0.78 0.90 0.98 1.01 

11.823 - - - - - - - - 0.37 

C10s 14.209 - - - - - - - - 0.41 

C11s 16.420 - - - - 0.50 0.60 0.65 0.65 0.64 

C12s 18.299 - - - - - 0.41 0.44 0.45 0.46 

C13s 19.785 0.96 0.45 0.60 0.95 1.34 1.73 2.11 2.36 2.48 

C14s 
21.017 2.79 2.43 4.05 7.12 8.41 9.62 10.03 10.00 - 

21.090 11.78 9.42 14.72 24.01 32.24 35.78 37.33 37.40 46.44 

C18s 24.862 - - - 0.64 - - - - - 
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Table 85 - Bench reactor 1-octene experiments: 60 oC, run 2. 

Compound(s) 
Average 

Retention 
Time 

7/15/2010 7/15/2010 7/15/2010 7/15/2010 7/15/2010 7/15/2010 7/15/2010 7/15/2010 7/15/2010 

9:30am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.885 - 0.43 0.46 0.43 - 0.42 0.39 - - 

C7s 4.350 0.54 0.54 0.68 0.79 0.90 1.02 1.09 1.14 1.19 

C8s 
7.597 86.42 88.12 80.56 66.76 60.13 54.93 53.29 52.55 53.27 

7.986 0.41 - - - - - - - - 

C9s 11.551 - - - 0.53 0.65 0.77 0.83 0.86 0.88 

C10s 16.423 - - - - 0.40 0.47 0.50 - 0.52 

C12s 18.299 - - - - - - 0.39 - - 

C13s 19.785 0.64 0.51 0.62 0.96 1.28 1.63 1.84 2.00 2.16 

C14s 
21.021 2.49 2.27 3.99 7.35 8.60 9.69 9.48 9.96 9.57 

21.095 9.49 8.13 13.70 23.18 28.05 31.07 32.20 32.97 32.40 
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Table 86 - Bench reactor 1-octene experiments: 80 oC, run 1 (1 of 2). 

Compound(s) Average Retention Time 
7/20/2010 7/20/2010 7/20/2010 7/20/2010 7/20/2010 
9:45am 10:45am 11:45am 12:45pm 1:45pm 
Area % Area % Area % Area % Area % 

C3s 0.940 - - 1.35 1.88 1.61 

C4s 

1.072 - - 0.43 0.15 0.56 
1.116 - - - - 1.02 
1.156 - - - - 0.52 
1.257 - - - - 0.64 

C5s 
1.422 - - - - - 
1.527     - 
2.059 - - - 0.22 - 

C6s 
2.358 - - - - - 
2.571     - 
3.920 - - - 1.12 - 

C7s 
4.382 0.60 0.80 1.04 0.78 2.39 
4.780 - - - - 0.48 
5.006 - - - - - 

C8s 

7.436 -  - 18.31 - 
7.628 45.48 64.96 46.49 11.63 13.06 
7.766 - - - 0.32 - 
7.971 - 

  
0.17 1.70 

8.245 - - - - 0.67 

C9s 

10.969 - - - 0.25 - 
11.069 - - - 0.18 0.78 
11.270 - - - - 0.39 
11.574 - - - 1.88 - 
11.603 - 0.60 1.09 1.22 6.11 
11.779 - - - 0.70 - 
11.854 - - - 0.45 2.36 

C10s 

14.155 - - - - 0.43 
14.229 - - 0.42 0.84 1.42 
14.273 - - - - - 
14.452 - - - - 0.62 
14.660 - - - - - 

C11s 16.454 1.18 0.57 0.88 1.32 2.68 
C12s 18.341 2.03 0.47 0.59 1.86 5.52 

C13s 
19.835 4.00 1.37 2.65 7.62 14.65 
20.622 - - - 0.20 - 

C14s 
21.037 8.09 5.35 7.28 - 7.33 
21.124 30.73 25.88 37.78 46.62 28.83 

C15s 
22.121 2.36 - - - - 
22.143 - - - 1.86 5.18 

C16s 23.129 2.18 - - 0.43 1.02 
C17s 24.046 1.06 - - - - 
C18s 24.932 0.88 - - - - 
C19s 25.725 0.71 - - - - 
C20s 26.485 0.72 - - - - 
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Table 87 - Bench reactor 1-octene experiments: 80 oC, run 1 (2 of 2). 

Compound(s) Average Retention Time 
7/20/2010 7/20/2010 7/20/2010 7/20/2010 
2:45pm 3:45pm 4:45pm 5:45pm 
Area % Area % Area % Area % 

C3s 0.940 1.65 1.70 1.52 1.39 

C4s 

1.072 0.61 0.66 0.61 0.57 
1.116 1.15 1.05 0.86 0.68 
1.156 0.63 0.58 0.48 0.39 
1.257 - - - - 

C5s 
1.422 0.43 0.52 0.52 0.55 
1.527 0.48 0.48 0.41  
2.059 - - 1.02 - 

C6s 
2.358 0.82 0.99 - 1.12 
2.571 0.42 0.48 0.44 0.40 
3.920 - - - - 

C7s 
4.382 2.36 2.61 2.68 3.02 
4.780 0.86 0.97 0.90 0.84 
5.006 - - 0.36 - 

C8s 

7.436 - 6.93 7.15 8.36 
7.628 7.54 2.75 - - 
7.766 - - - - 
7.971 2.56 - 2.55 2.39 
8.245 1.00 1.08 1.00 0.95 

C9s 

10.969 - - - - 
11.069 0.90 1.01 1.04 1.15 
11.270 0.70 0.79 0.74 0.68 
11.574 7.01 7.03 6.60 - 
11.603 - - - 6.45 
11.779 - - - - 
11.854 2.72 2.72 2.53 2.47 

C10s 

14.155 0.96 1.12 0.94 0.92 
14.229 1.97 2.12 2.02 1.94 
14.273 0.38 - 0.37 

 
14.452 1.04 1.12 1.03 0.93 
14.660 0.41 0.43 0.40 - 

C11s 16.454 4.01 4.56 4.53 4.49 
C12s 18.341 7.87 8.65 8.67 8.64 

C13s 
19.835 16.40 16.67 16.80 17.22 
20.622 - - - - 

C14s 
21.037 5.70 5.17 4.98 5.39 
21.124 21.30 19.31 19.87 20.36 

C15s 
22.121 1.34 1.38 1.39 1.30 
22.143 5.24 5.43 5.49 5.37 

C16s 23.129 1.54 1.68 1.70 1.60 
C17s 24.046 - - 0.40 0.41 
C18s 24.932 - - - - 
C19s 25.725 - - - - 
C20s 26.485 - - - - 
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Table 88 - Bench reactor 1-octene experiments: 80 oC, run 2. 

Compound(s) 
Average 

Retention 
Time 

7/26/2010 7/26/2010 7/26/2010 7/26/2010 7/26/2010 7/26/2010 7/26/2010 7/26/2010 7/26/2010 

9:30am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 0.932 - - 1.02 1.34 1.22 1.36 1.35 1.33 1.36 

C5s 1.417 - - 0.43 0.45 0.35 - - - 0.37 

C6s 2.345 - - - - 0.47 0.61 0.75 0.82 0.90 

C7s 4.375 0.44 0.53 0.85 2.05 3.01 3.55 3.94 4.05 4.23 

C8s 

7.559 61.44 75.20 67.43 45.43 31.36 22.70 20.74 19.69 19.68 

7.943 - - - - 0.74 1.12 1.36 1.47 1.56 

8.226 - - - - 0.47 0.64 0.75 0.80 0.84 

C9s 

11.041 - - - - 0.39 0.62 0.74 0.80 0.84 

11.577 0.58 - 0.59 1.56 2.86 4.10 4.56 4.69 4.76 

11.827 - - - 0.61 1.14 1.62 1.80 1.85 1.86 

C10s 14.204 - - - - 0.53 0.70 0.68 0.71 0.74 

C11s 16.430 0.65 - 0.43 0.67 0.88 1.21 1.41 1.56 1.65 

C12s 18.303 - - - 0.68 1.54 2.88 3.64 4.11 4.44 

C13s 19.813 1.23 0.87 1.14 4.06 8.38 12.62 14.15 14.95 15.19 

C14s 
21.029 7.16 4.19 5.66 9.03 - 9.27 8.80 8.90 7.45 

21.115 28.50 19.20 22.45 33.66 45.37 34.23 32.01 30.63 30.38 

C15s 22.125 - - - 0.45 1.30 2.38 2.88 3.15 3.24 

C16s 23.102 - - - - - 0.41 0.47 0.49 0.51 
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Table 89 - Bench reactor 1-decene experiments: ambient temperature, run 2. 

Compound(s) Average Retention 
Time 

7/30/2010 7/30/2010 7/30/2010 7/30/2010 7/30/2010 7/30/2010 7/30/2010 

10:45am 11:45am 12:45pm 1:45pm 2:45pm 3:45pm 4:45pm 

Area % Area % Area % Area % Area % Area % Area % 

C7s 4.333 - - - - 0.52 0.46 0.55 

C8s 7.407 1.06 0.99 0.79 0.88 0.90 0.63 0.67 

C9s 11.029 0.81 0.84 0.80 0.93 1.04 0.87 0.97 

C10s 
14.024 - - - - - 2.32 - 

14.238 67.56 73.91 71.19 77.59 82.26 67.01 71.70 

C11s 16.653 0.64 0.64 0.62 0.66 0.73 0.76 0.85 

C13s 19.796 0.41 - 0.35 - - 0.53 0.57 

C15s 22.114 0.61 0.51 0.53 0.46 - 0.71 0.72 

C16s 23.097 1.36 1.02 0.95 0.72 0.57 0.72 0.67 

C17s 
23.999 0.95 0.77 0.83 0.64 0.52 0.92 - 

23.995 - - - - - - 0.80 

C18s 
24.835 4.07 3.58 3.66 3.03 2.26 3.96 3.47 

24.895 22.53 17.75 20.28 15.10 11.19 21.11 19.02 
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Table 90 - Bench reactor 1-decene experiments: ambient temperature, run 2. 

Compound(s) Average Retention Time 

8/6/2010 8/6/2010 8/6/2010 8/6/2010 8/6/2010 8/6/2010 8/6/2010 

12:00pm 1:00pm 2:00pm 3:00pm 4:00pm 5:00pm 6:00pm 

Area % Area % Area % Area % Area % Area % Area % 

C7s 4.325 - - - - - - 0.52 

C8s 7.390 0.54 0.55 0.65 0.52 0.51 - 0.55 

C9s 11.015 0.86 1.74 1.77 1.42 1.37 1.38 1.35 

C10s 14.214 58.51 68.80 78.54 72.12 72.96 75.66 75.88 

C11s 
16.379 - 0.55 0.42 - - - - 

16.642 0.87 0.98 0.89 0.83 0.87 0.92 0.96 

C13s 19.789 0.49 - - - - - - 

C15s 22.103 0.79 0.55 - 0.48 0.52 - 0.54 

C16s 23.085 0.82 0.74 0.45 0.52 - - 0.44 

C17s 23.989 1.55 1.96 1.04 1.31 1.16 1.01 0.74 

C18s 
24.815 5.31 3.93 2.69 3.63 3.60 3.35 3.16 

24.883 30.27 19.57 13.56 19.17 19.01 17.67 15.85 

C19s 25.637 - 0.63 - - - - - 
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Table 91 - Bench reactor 1-decene experiments: 40 oC, run 1. 

Compound(s) 
Average 

Retention 
Time 

8/10/2010 8/10/2010 8/10/2010 8/10/2010 8/10/2010 8/10/2010 8/10/2010 8/10/2010 8/10/2010 

9:30am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C7s 4.250 - - - - - - - 0.41 - 

C9s 11.013 1.35 1.13 1.20 1.45 1.69 1.73 1.96 2.16 2.17 

C10s 14.178 49.21 49.85 52.93 57.81 55.91 43.62 42.83 45.33 45.66 

C11s 
16.648 2.15 1.89 1.40 1.64 1.83 1.96 2.15 2.17 2.20 

16.837 - 0.48 0.37 0.47 0.56 0.62 0.69 0.69 0.70 

C12s 18.335 - 0.54 0.40 0.54 0.59 0.58 0.59 0.58 0.62 

C13s 19.788 0.78 0.70 0.48 0.68 0.66 0.67 0.68 0.65 0.71 

C15s 22.106 0.98 1.13 0.70 1.11 1.00 1.20 1.21 1.11 1.24 

C16s 23.086 0.75 0.89 0.47 0.69 0.63 0.85 0.88 0.82 0.90 

C17s 

23.935 - - 0.43 - - - - - - 

23.959 - 0.47 0.52 - - 0.72 0.80 0.76 0.82 

23.998 2.43 2.72 1.66 2.10 2.12 3.20 3.55 3.45 3.53 

C18s 

24.828 12.84 5.93 22.87 5.69 6.08 7.57 7.40 7.19 7.12 

24.900 29.50 33.47 15.67 26.93 27.86 36.78 35.95 33.46 33.23 

24.959 - 0.79 0.54 0.89 1.08 0.52 1.31 1.21 1.11 

C20s 26.393 - - 0.37 - - - - - - 
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Table 92 - Bench reactor 1-decene experiments: 40 oC, run 2. 

Compound(s) 
Average 

Retention 
Time 

8/11/2010 8/11/2010 8/11/2010 8/11/2010 8/11/2010 8/11/2010 8/11/2010 8/11/2010 8/11/2010 

9:30am 10:30am 11:30am 12:30pm 1:30pm 2:30pm 3:30pm 4:30pm 5:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C9s 11.016 2.13 2.12 1.82 1.66 1.48 1.43 1.67 1.58 1.56 

C10s 14.173 48.25 62.56 61.95 52.78 43.19 38.46 40.06 36.39 36.08 

C11s 
16.646 2.24 2.14 1.60 1.27 1.32 1.35 1.61 1.55 1.50 

16.837 0.59 0.56 - - - 0.42 0.52 0.49 0.48 

C12s 18.407 0.62 0.58 - - 0.46 0.46 0.53 0.49 0.47 

C13s 19.788 0.76 0.70 0.57 - 0.55 0.55 0.61 0.59 0.57 

C15s 22.106 1.22 1.04 0.97 0.53 1.05 1.10 1.17 1.17 1.14 

C16s 23.086 1.03 0.81 0.85 - 0.76 0.81 0.84 0.88 0.86 

C17s 
23.962 0.64 - - 1.14 0.64 0.74 0.80 0.89 0.84 

23.998 3.50 2.56 2.56 1.26 3.05 3.30 3.50 3.81 3.77 

C18s 

24.823 5.95 4.36 4.81 - 8.01 - 8.30 8.98 7.69 

24.901 32.05 21.55 23.81 40.60 38.43 49.85 39.20 42.22 43.04 

24.958 1.03 1.03 1.05 0.76 1.07 0.66 1.19 - 1.06 

C19s 
25.633 - - - - - 0.40 - 0.49 0.49 

26.382 - - - - - - - - 0.47 

C20s 26.391 - - - - - 0.47 - 0.49 - 
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Table 93 - Bench reactor temperature ramping run (1 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 

9:30am 10:00am 10:30am 11:00am 11:30am 12:00pm 12:30pm 1:00pm 1:30pm 2:00pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 
0.862 - - 0.39 - 0.35 - - - - - 

0.933 - - - - - - - 0.36 0.41 0.39 

C4s 
1.066 - - - - - - - - - - 

1.117 - - - - - - - - - - 

C5s 1.417 - - - 0.32 0.34 - - 0.35 - - 

C6s 2.343 0.81 0.69 0.61 0.58 0.54 0.49 - 0.39 0.35 - 

C7s 4.356 2.89 2.48 2.25 2.13 2.01 1.88 1.76 1.70 1.70 1.72 

C8s 

7.562 47.44 62.64 64.85 62.79 59.57 54.42 49.12 44.35 41.53 39.11 

7.746 - - - 0.32 - - - - - - 

7.962 0.81 0.44 - - - - - - - - 

8.246 - - - - - - - - - - 

C9s 

11.061 1.08 0.84 0.74 0.65 0.59 0.50 - - - - 

11.053 - - - - - - - 0.37 - - 

11.562 3.20 1.80 1.47 1.28 1.21 1.15 1.15 1.18 1.26 1.35 

11.832 0.89 0.48 0.40 0.35 0.35 - - 0.40 0.44 0.47 

C10s 
14.106 - - - 0.32 - - - - - - 

14.215 0.97 0.48 0.41 0.36 0.42 0.44 0.46 0.47 0.50 0.50 

C11s 16.426 1.87 0.95 0.75 0.66 0.67 0.73 0.81 0.86 0.91 0.95 

C12s 18.308 3.70 1.85 1.41 1.18 1.10 1.04 1.03 0.99 0.99 0.99 

C13s 
19.805 8.87 4.80 3.75 3.28 3.16 3.23 3.51 3.71 4.07 4.41 

19.962 - - - - - - - - - - 

C14s 
21.023 4.00 3.56 3.78 4.39 5.08 6.63 7.79 - - - 

21.116 19.70 17.03 18.03 20.41 23.71 28.66 33.52 43.72 47.03 48.94 

C15s 22.128 3.09 1.60 1.18 0.98 0.89 0.83 0.83 0.80 0.83 0.83 

C16s 23.113 0.67 0.38 - - - - - 0.34 - 0.35 
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Table 94 - Bench reactor temperature ramping run (2 of 2). 

Compound(s) 
Average 

Retention 
Time 

7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 7/21/2010 

2:30pm 3:00pm 3:30pm 4:00pm 4:30pm 5:00pm 5:30pm 6:00pm 6:30pm 

Area % Area % Area % Area % Area % Area % Area % Area % Area % 

C3s 
0.862 0.34 - - - - - - - - 

0.933 0.49 0.48 0.68 0.79 0.83 1.20 1.40 1.72 1.72 

C4s 
1.066 - - - - - 0.35 0.38 0.42 0.44 

1.117 - - - - - - - 0.35 0.46 

C5s 1.417 - - - - 0.33 0.33 - 0.35 0.35 

C6s 2.343 - - - - 0.33 0.37 0.42 0.52 0.62 

C7s 4.356 1.79 1.88 2.00 2.13 2.28 2.55 2.80 3.04 3.21 

C8s 

7.562 37.60 36.24 35.02 33.19 30.67 28.08 25.88 22.38 19.13 

7.746 - - - - - - - - 
 

7.962 - - - - - 0.39 0.50 0.73 1.00 

8.246 - - - - - - - 0.37 0.48 

C9s 

11.061 - - - - 0.38 0.43 0.49 0.57 0.48 

11.053 - - - - - - - - - 

11.562 1.47 1.61 1.75 1.92 2.14 2.55 2.96 3.63 4.35 

11.832 0.53 0.58 0.63 0.70 0.80 0.96 1.13 1.41 1.71 

C10s 
14.106 - - - - - - - - - 

14.215 0.51 0.52 0.52 0.53 0.53 0.57 0.61 0.70 0.82 

C11s 16.426 0.96 0.98 0.99 1.00 1.00 1.04 1.09 1.22 1.44 

C12s 18.308 0.98 1.00 1.04 1.11 1.22 1.47 1.79 2.42 3.24 

C13s 
19.805 4.75 5.22 5.65 6.31 7.07 8.27 9.53 11.32 13.19 

19.962 - - - - - - - - 0.43 

C14s 
21.023 - - - - - - - - 8.24 

21.116 49.41 50.60 50.79 51.26 50.87 49.60 48.84 46.10 35.02 

C15s 22.128 0.83 0.88 0.94 1.05 1.20 1.48 1.80 2.34 3.01 

C16s 23.113 0.33 - - - 0.34 0.35 0.37 0.41 0.47 
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Table 95 - Bench reactor inert alumina support run, 200 oF and 0.2 hr-1. 

Compound(s) 
Average 

Retention 
Time 

8/17/2010 8/17/2010 8/17/2010 8/17/2010 8/17/2010 8/17/2010 8/17/2010 8/17/2010 

11:30 AM 12:30 PM 1:30 AM 2:30 PM 3:30 PM 4:30 PM 5:30 PM 6:30 PM 

Area % Area % Area % Area % Area % Area % Area % Area % 

C10s 

12.823 - - 0.34 - - - - 0.32 

13.921 0.66 0.71 0.49 0.43 - - - - 

14.254 92.20 96.73 96.16 96.16 92.77 88.64 87.71 84.20 

14.460 1.27 1.16 1.47 1.78 4.61 6.11 8.36 10.46 

14.659 0.89 0.80 0.94 1.05 2.08 2.61 3.42 4.20 

C12s 18.283 0.65 0.60 0.59 0.58 0.54 0.46 0.51 0.46 

C18s 24.820 4.33 - - - - 2.18 - 0.36 
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Table 96 - Isomerization reactions for process simulation (1 of 2). 

Isomerization Reaction 
Isomerization Stage 

ISOM 1 ISOM 2 ISOM 3 ISOM 4 ISOM 5 

1-C4 ↔ 2-C4           

1-C5 ↔ 2-C5           

1-C6 ↔ 2-C6           

2-C6 ↔ 3-C6           

1-C7 ↔ 2-C7           

2-C7 ↔ 3-C7           

1-C8 ↔ 2-C8           

2-C8 ↔ 3-C8           

3-C8 ↔ 4-C8           

1-C9 ↔ 2-C9           

2-C9 ↔ 3-C9           

3-C9 ↔ 4-C9           

1-C10 ↔ 2-C10           

2-C10 ↔ 3-C10           

3-C10 ↔ 4-C10           

4-C10 ↔ 5-C10           

1-C11 ↔ 2-C11           

2-C11 ↔ 3-C11           

3-C11 ↔ 4-C11           

4-C11 ↔ 5-C11           
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Table 97 - Isomerization reactions for process simulation (1 of 2). 

Isomerization Reaction 
Isomerization Stage 

ISOM 1 ISOM 2 ISOM 3 ISOM 4 ISOM 5 

1-C12 ↔ 2-C12      
2-C12 ↔ 3-C12      
3-C12 ↔ 4-C12      
4-C12 ↔ 5-C12      
5-C12 ↔ 6-C12      
1-C13 ↔ 2-C13      
2-C13 ↔ 3-C13      
3-C13 ↔ 4-C13      
4-C13 ↔ 5-C13      
5-C13 ↔ 6-C13      
1-C14 ↔ 2-C14      
2-C14 ↔ 3-C14      
3-C14 ↔ 4-C14      
4-C14 ↔ 5-C14      
5-C14 ↔ 6-C14      
6-C14 ↔ 7-C14      
1-C15 ↔ 2-C15      
2-C15 ↔ 3-C15      
3-C15 ↔ 4-C15      
4-C15 ↔ 5-C15      
5-C15 ↔ 6-C15      
6-C15 ↔ 7-C15      
1-C16 ↔ 2-C16      
2-C16 ↔ 3-C16      
3-C16 ↔ 4-C16      
4-C16 ↔ 5-C16      
5-C16 ↔ 6-C16      
6-C16 ↔ 7-C16      
7-C16 ↔ 8-C16      
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Table 98 - All possible reactions with a linear butene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C4 

1-C4 + 1-C4 ↔ C2 + 3-C6 

1-C4 + 2-C4 ↔ C3 + 2-C5 
1-C4 + 1-C5 ↔ C2 + 3-C7 
1-C4 + 2-C5 ↔ C3 + 3-C6 

1-C4 + 1-C6 ↔ C2 + 3-C8 
1-C4 + 2-C6 ↔ C3 + 3-C7 
1-C4 + 3-C6 ↔ 1-C4 + 3-C6 

1-C4 + 1-C7 ↔ C2 + 3-C9 
1-C4 + 2-C7 ↔ C3 + 3-C8 
1-C4 + 3-C7 ↔ 1-C4 + 3-C7 

1-C4 + 1-C8 ↔ C2 + 3-C10 
1-C4 + 2-C8 ↔ C3 + 3-C9 
1-C4 + 3-C8 ↔ 1-C4 + 3-C8 

1-C4 + 4-C8 ↔ 1-C5 + 3-C7 
1-C4 + 1-C9 ↔ C2 + 3-C11 
1-C4 + 2-C9 ↔ C3 + 3-C10 

1-C4 + 3-C9 ↔ 1-C4 + 3-C9 
1-C4 + 4-C9 ↔ 1-C5 + 3-C8 

2-C4 

2-C4 + 2-C4 ↔ 2-C4 + 2-C4 

2-C4 + 1-C5 ↔ C3 + 2-C6 
2-C4 + 2-C5 ↔ 2-C4 + 2-C5 
2-C4 + 1-C6 ↔ C3 + 2-C7 

2-C4 + 2-C6 ↔ 2-C4 + 2-C6 
2-C4 + 3-C6 ↔ 2-C5 + 2-C5 
2-C4 + 1-C7 ↔ C3 + 2-C8 

2-C4 + 2-C7 ↔ 2-C4 + 2-C7 
2-C4 + 3-C7 ↔ 2-C5 + 2-C6 
2-C4 + 1-C8 ↔ C3 + 2-C9 

2-C4 + 2-C8 ↔ 2-C4 + 2-C8 
2-C4 + 3-C8 ↔ 2-C5 + 2-C7 
2-C4 + 4-C8 ↔ 2-C6 + 2-C6 

2-C4 + 1-C9 ↔ C3 + 2-C10 
2-C4 + 2-C9 ↔ 2-C4 + 2-C9 
2-C4 + 3-C9 ↔ 2-C5 + 2-C8 

2-C4 + 4-C9 ↔ 2-C6 + 2-C7 
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Table 99 - All possible remaining reactions with a linear pentene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C5 

1-C5 + 1-C5 ↔ C2 + 4-C8 

1-C5 + 2-C5 ↔ C3 + 3-C7 
1-C5 + 1-C6 ↔ C2 + 4-C9 
1-C5 + 2-C6 ↔ C3 + 4-C8 

1-C5 + 3-C6 ↔ 1-C4 + 3-C7 
1-C5 + 1-C7 ↔ C2 + 4-C10 
1-C5 + 2-C7 ↔ C3 + 4-C9 

1-C5 + 3-C7 ↔ 1-C4 + 4-C8 
1-C5 + 1-C8 ↔ C2 + 4-C11 
1-C5 + 2-C8 ↔ C3 + 4-C10 

1-C5 + 3-C8 ↔ 1-C4 + 4-C9 
1-C5 + 4-C8 ↔ 1-C5 + 4-C8 
1-C5 + 1-C9 ↔ C2 + 4-C12 

1-C5 + 2-C9 ↔ C3 + 4-C11 
1-C5 + 3-C9 ↔ 1-C4 + 4-C10 
1-C5 + 4-C9 ↔ 1-C5 + 4-C9 

2-C5 

2-C5 + 2-C5 ↔ 2-C4 + 3-C6 
2-C5 + 1-C6 ↔ C3 + 3-C8 
2-C5 + 2-C6 ↔ 2-C4 + 3-C7 

2-C5 + 3-C6 ↔ 2-C5 + 3-C6 
2-C5 + 1-C7 ↔ C3 + 3-C9 
2-C5 + 2-C7 ↔ 2-C4 + 3-C8 

2-C5 + 3-C7 ↔ 2-C5 + 3-C7 
2-C5 + 1-C8 ↔ C3 + 3-C10 
2-C5 + 2-C8 ↔ 2-C4 + 3-C9 

2-C5 + 3-C8 ↔ 2-C5 + 3-C8 
2-C5 + 4-C8 ↔ 2-C6 + 3-C7 
2-C5 + 1-C9 ↔ C3 + 3-C11 

2-C5 + 2-C9 ↔ 2-C4 + 3-C10 
2-C5 + 3-C9 ↔ 2-C5 + 3-C9 
2-C5 + 4-C9 ↔ 2-C6 + 3-C8 
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Table 100 - All possible remaining reactions with a linear hexene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C6 

1-C6 + 1-C6 ↔ C2 + 5-C10 
1-C6 + 2-C6 ↔ C3 + 4-C9 
1-C6 + 3-C6 ↔ 1-C4 + 3-C8 
1-C6 + 1-C7 ↔ C2 + 5-C11 
1-C6 + 2-C7 ↔ C3 + 5-C10 
1-C6 + 3-C7 ↔ 1-C4 + 4-C9 
1-C6 + 1-C8 ↔ C2 + 5-C12 
1-C6 + 2-C8 ↔ C3 + 5-C11 
1-C6 + 3-C8 ↔ 1-C4 + 5-C10 
1-C6 + 4-C8 ↔ 1-C5 + 4-C9 
1-C6 + 1-C9 ↔ C2 + 5-C13 
1-C6 + 2-C9 ↔ C3 + 5-C12 
1-C6 + 3-C9 ↔ 1-C4 + 5-C11 
1-C6 + 4-C9 ↔ 1-C5 + 5-C10 

2-C6 

2-C6 + 2-C6 ↔ 2-C4 + 4-C8 
2-C6 + 3-C6 ↔ 2-C5 + 3-C7 
2-C6 + 1-C7 ↔ C3 + 4-C10 
2-C6 + 2-C7 ↔ 2-C4 + 4-C9 
2-C6 + 3-C7 ↔ 2-C5 + 4-C8 
2-C6 + 1-C8 ↔ C3 + 4-C11 
2-C6 + 2-C8 ↔ 2-C4 + 4-C10 
2-C6 + 3-C8 ↔ 2-C5 + 4-C9 
2-C6 + 4-C8 ↔ 2-C6 + 4-C8 
2-C6 + 1-C9 ↔ C3 + 4-C12 
2-C6 + 2-C9 ↔ 2-C4 + 4-C11 
2-C6 + 3-C9 ↔ 2-C5 + 4-C10 
2-C6 + 4-C9 ↔ 2-C6 + 4-C9 

3-C6 

3-C6 + 3-C6 ↔ 3-C6 + 3-C6 
3-C6 + 1-C7 ↔ 1-C4 + 3-C9 
3-C6 + 2-C7 ↔ 2-C5 + 3-C8 
3-C6 + 3-C7 ↔ 3-C6 + 3-C7 
3-C6 + 1-C8 ↔ 1-C4 + 3-C10 
3-C6 + 2-C8 ↔ 2-C5 + 3-C9 
3-C6 + 3-C8 ↔ 3-C6 + 3-C8 
3-C6 + 4-C8 ↔ 3-C7 + 3-C7 
3-C6 + 1-C9 ↔ 1-C4 + 3-C11 
3-C6 + 2-C9 ↔ 2-C5 + 3-C10 
3-C6 + 3-C9 ↔ 3-C6 + 3-C9 
3-C6 + 4-C9 ↔ 3-C7 + 3-C8 
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Table 101 - All possible remaining reactions with a linear heptene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C7 

1-C7 + 1-C7 ↔ C2 + 6-C12 

1-C7 + 2-C7 ↔ C3 + 5-C11 
1-C7 + 3-C7 ↔ 1-C4 + 4-C10 
1-C7 + 1-C8 ↔ C2 + 6-C13 

1-C7 + 2-C8 ↔ C3 + 6-C12 
1-C7 + 3-C8 ↔ 1-C4 + 5-C11 
1-C7 + 4-C8 ↔ 1-C5 + 4-C10 

1-C7 + 1-C9 ↔ C2 + 6-C14 
1-C7 + 2-C9 ↔ C3 + 6-C13 
1-C7 + 3-C9 ↔ 1-C4 + 6-C12 

1-C7 + 4-C9 ↔ 1-C5 + 5-C11 

2-C7 

2-C7 + 2-C7 ↔ 2-C4 + 5-C10 
2-C7 + 3-C7 ↔ 2-C5 + 4-C9 

2-C7 + 1-C8 ↔ C3 + 5-C12 
2-C7 + 2-C8 ↔ 2-C4 + 5-C11 
2-C7 + 3-C8 ↔ 2-C5 + 5-C10 

2-C7 + 4-C8 ↔ 2-C6 + 4-C9 
2-C7 + 1-C9 ↔ C3 + 5-C13 
2-C7 + 2-C9 ↔ 2-C4 + 5-C12 

2-C7 + 3-C9 ↔ 2-C5 + 5-C11 
2-C7 + 4-C9 ↔ 2-C6 + 5-C10 

3-C7 

3-C7 + 3-C7 ↔ 3-C6 + 4-C8 

3-C7 + 1-C8 ↔ 1-C4 + 4-C11 
3-C7 + 2-C8 ↔ 2-C5 + 4-C10 
3-C7 + 3-C8 ↔ 3-C6 + 4-C9 

3-C7 + 4-C8 ↔ 3-C7 + 4-C8 
3-C7 + 1-C9 ↔ 1-C4 + 4-C12 
3-C7 + 2-C9 ↔ 2-C5 + 4-C11 

3-C7 + 3-C9 ↔ 3-C6 + 4-C10 
3-C7 + 4-C9 ↔ 3-C7 + 4-C9 
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Table 102 - All possible remaining reactions with a linear octene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C8 

1-C8 + 1-C8 ↔ C2 + 7-C14 

1-C8 + 2-C8 ↔ C3 + 6-C13 
1-C8 + 3-C8 ↔ 1-C4 + 5-C12 
1-C8 + 4-C8 ↔ 1-C5 + 4-C11 

1-C8 + 1-C9 ↔ C2 + 7-C15 
1-C8 + 2-C9 ↔ C3 + 7-C14 
1-C8 + 3-C9 ↔ 1-C4 + 6-C13 

1-C8 + 4-C9 ↔ 1-C5 + 5-C12 

2-C8 

2-C8 + 2-C8 ↔ 2-C4 + 6-C12 
2-C8 + 3-C8 ↔ 2-C5 + 5-C11 

2-C8 + 4-C8 ↔ 2-C6 + 4-C10 
2-C8 + 1-C9 ↔ C3 + 6-C14 
2-C8 + 2-C9 ↔ 2-C4 + 6-C13 

2-C8 + 3-C9 ↔ 2-C5 + 6-C12 
2-C8 + 4-C9 ↔ 2-C6 + 5-C11 

3-C8 

3-C8 + 3-C8 ↔ 3-C6 + 5-C10 

3-C8 + 4-C8 ↔ 3-C7 + 4-C9 
3-C8 + 1-C9 ↔ 1-C4 + 5-C13 
3-C8 + 2-C9 ↔ 2-C5 + 5-C12 

3-C8 + 3-C9 ↔ 3-C6 + 5-C11 
3-C8 + 4-C9 ↔ 3-C7 + 5-C10 

4-C8 

4-C8 + 4-C8 ↔ 4-C8 + 4-C8 

4-C8 + 1-C9 ↔ 1-C5 + 4-C12 
4-C8 + 2-C9 ↔ 2-C6 + 4-C11 
4-C8 + 3-C9 ↔ 3-C7 + 4-C10 

4-C8 + 4-C9 ↔ 4-C8 + 4-C9 
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Table 103 - All possible remaining reactions with a linear nonene isomer as the first reactant. 

First Reactant Metathesis Reaction 

1-C9 

1-C9 + 1-C9 ↔ C2 + 8-C16 

1-C9 + 2-C9 ↔ C3 + 7-C15 
1-C9 + 3-C9 ↔ 1-C4 + 6-C14 
1-C9 + 4-C9 ↔ 1-C5 + 5-C13 

2-C9 
2-C9 + 2-C9 ↔ 2-C4 + 7-C14 
2-C9 + 3-C9 ↔ 2-C5 + 6-C13 
2-C9 + 4-C9 ↔ 2-C6 + 5-C12 

3-C9 
3-C9 + 3-C9 ↔ 3-C6 + 6-C12 
3-C9 + 4-C9 ↔ 3-C7 + 5-C11 

4-C9 4-C9 + 4-C9 ↔ 4-C8 + 5-C10 
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Appendix B - Calculations 

 

Expected Reactor Liquid Feed Rates 
Estimated liquid feed rate to the reactor = 6.00 lbs/hr 
Estimated liquid rectifying column bottoms = 10.0 lbs/hr 
Specific gravity of 1-octene = 0.715 
Density of 1-octene (77 oF) = SG(1-octene)*ρwater = 0.715 * (62.4 lbs/ft3) = 43.7 lbs/ft3 

 
 
Expected Reactor Vapor Feed Rates 
Estimated vapor feed rate to the reactor = 12.0 lbs/hr 
Density of air (1 atm, 77 oF) = 0.0741 lbs/ft3 

 

 
F-Factor 
N2 flow rate = 100 scfh 

 

 

 

WHSV 
Mass flow rate = 6.04 lbs/hr 
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Pressure Drop 
Liquid flow rate = 6.04 lbs/hr 
Vapor flow rate = 4.55 lbs/hr 
-Liquid densities 
 1-octene (200 oF) = 40.77 lb/ft3 

-Because the exact liquid composition within the reactor was unknown, it was 
assumed to be ~100% octenes (~40.77 lb/ft3) 

-Vapor densities 
 ethylene (7 psia, 200 oF) = 0.0278 lb/ft3 
 1-heptene (7 psia, 200 oF) = 0.097 lb/ft3 

-Because the exact vapor composition was unknown, it was assumed to fall within 
these two densities (~0.0624 lbs/ft3) 

-from Leva’s correlation (Leva, 1992) 

 

 
 
  

 

 

 
 

 
 

 
-From Leva’s correlation plot (Leva, 1992) 
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