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Abstract 

Ethoxylated fatty amines are common in a wide variety of products used in household products as well as 

in industry. The production of these amines is done in batch and is de-intensified due to the high exothermic 

and autocatalytic character of the reaction. The production process is old and could be improved by going 

to continuous flow. When investigating the ethylene oxide reaction, heavy safety measurements need to be 

taken due to its flammability and the toxicity of ethylene oxide. Therefore, this paper will investigate the 

alkoxylation of fatty amines with propylene oxide. Since both epoxides have the same reaction mechanism 

when reacting with an alkyl amine, the obtained results can be used in further research on ethoxylation.  

The reaction follows the SN2 mechanism where the ring structure of the epoxide opens and the carbon 

attaches itself to the amine group forming a secondary amine. As there are two protons on the primary 

amine, two molar equivalent of propylene oxide can react with one molar equivalent of primary amine 

forming a tertiary amine. The hydroxide groups on the secondary and tertiary amines are catalysing this 

reaction.  

The overall reaction can be described by three reaction rates that all follow the Arrhenius equation. The first 

reaction is from primary amine to secondary and only depends on the concentrations of propylene oxide 

and primary amine. The other two reactions from primary to secondary amine and from secondary to ternary 

amine are autocatalytic. These two reactions also depend on the concentration of secondary and tertiary 

amine in the mixture.   

The first part of the research is done by finding the kinetics for these three reactions in a batch reactor. In 

this reactor dodecylamine was heated up to temperatures from 130°C to 160°C after which four subsequent 

additions of propylene were done. Combining all the data for these experiments, the three reactions rates 

with the Arrhenius constants were fitted. This resulted in a model with a coefficient of determination of 

0.95 and 6 variables to describe the reaction rate constants. The same is done for octylamine in a temperature 

range from 92°C to 150°C to gain these 6 Arrhenius variables. 

To test this model, experiments were conducted in a fed-batch system where the concentration of propylene 

oxide was maintained by continuously adding it into the dodecylamine. By doing this, full conversion was 

reached in a relatively short time without going to high pressures. When comparing the experimental results 

with the modelled results, a coefficient of determination of 0.92 was reached meaning that the kinetics can 

describe the reaction very well. 

A continuous flow system was made to optimize the reaction and to see how a recycle would benefit the 

system. After a lot of failed attempts to get the system working, a good conversion was reached. However, 

in these experiments, the conversion was higher than predicted by the model. To investigate where this 

mismatch comes from, additional experiments are required.  



vi 
 

  



vii 
 

Table of Contents 

 

1.Introduction ...........................................................................................................................................................- 1 - 

2. Theory ....................................................................................................................................................................- 3 - 

2.1 Alkoxylation mechanism of fatty amines...................................................................................................- 3 - 

2.2. Reaction kinetics ...........................................................................................................................................- 4 - 

2.3 Reactors used during the experiments .......................................................................................................- 4 - 

3. Experimental section ...........................................................................................................................................- 7 - 

3.1 List of materials .............................................................................................................................................- 7 - 

3.2 Introduction to the batch experiments ......................................................................................................- 7 - 

3.3 Introduction to the fed-batch experiments ...............................................................................................- 8 - 

3.4 Introduction to the continuous flow experiments ...................................................................................- 9 - 

3.5 Sample analysis............................................................................................................................................ - 10 - 

3.6 Determination of the kinetics ................................................................................................................... - 12 - 

3.7 Model of the continuous flow system ..................................................................................................... - 12 - 

4. Results ................................................................................................................................................................. - 13 - 

4.1 Results of the batch experiments ............................................................................................................. - 13 - 

4.2 Results of the fed-batch reactor experiments ........................................................................................ - 20 - 

4.3 Results of the continuous flow experiments .......................................................................................... - 22 - 

5. Conclusion.......................................................................................................................................................... - 27 - 

6. Recommendations............................................................................................................................................. - 29 - 

List of symbols ....................................................................................................................................................... - 30 - 

References ............................................................................................................................................................... - 31 - 

Acknowledgment ................................................................................................................................................... - 32 - 

 

  



viii 
 

 

 



J.H. VAN BENNEKOM - A KINETIC STUDY ON PROPOXYLATION OF FATTY AMINES IN BATCH AND CONTINUOUS FLOW 

 

- 1 - 
 

1.Introduction 

Ethoxylated and propoxylated fatty amines are widely used as non-ionic surfactants (Krogh et al., 2003). 

Due to their biodegradable and non-harmful properties one can find them in personal care products and 

dishwasher agents as well as in industrial processes such as dye transfer inhibitors, acid thickeners, detergent 

boosters, degreasers and in products such as plastic and dyes (Luis and Gil, 2015) (Dardoufas, 1972). In 

industry, the demand for these products will increase even further in the coming years (Dutch et al., 2017). 

Even though the demand for these products is increasing, not a lot of research is done on the kinetics of 

this reaction compared to other ethoxylation reactions, such as with alcohols or glycol(Serio et al., 2002) 

(Cox and Weerasooriya, 1999). 

The production process of ethoxylated fatty amines is 50 years old and is conducted in batch. Due to the 

high exothermic and autocatalytic behaviour of the reaction, the process is de-intensified. For this reason, a 

continuous flow system could be a big improvement in efficiency as well as in safety (Fogler, 2009). To 

improve the production process, more needs to be known about the kinetics of ethoxylation as well as 

propxylation of fatty amines.  

The alkoxylation reaction follows an SN2 mechanism for the substitutions of both protons of the amine 

group with the epoxide (Bruice, 2014). Where ethylene oxide is a toxic, flammable and an explosive gas of 

which the hazards include risks of a runaway reaction, an explosion, a liquid phase decomposition and 

toxification. Propylene oxide (PO) is less harmful (Proctor et al., 2004). Since the safety measures for PO 

are less strict, this research will only include the propoxylation of fatty amines. Due to the similarity of the 

reaction mechanism for both reactions, the acquired knowledge in this research will be applicable for the 

study on the kinetics of ethylene oxide as well.  

For a continuous system, the residence time is an important parameter to optimize to increase the yield. To 

find the optimum, kinetics need to be found that match the proposed reaction mechanism. Earlier research 

on butoxylation of fatty amines shows that conversion from primary to tertiary amine consists of 3 reaction 

steps (Müller, 2018). The first reaction is the conversion of a primary amine to a secondary amine. In this 

reaction, the ring opening from the epoxide breaks and attaches itself to the amine. The mechanism of the 

second and the third reaction are the same but they are catalysed by the hydroxide group that is formed on 

the secondary and tertiary amine. This makes the overall reaction autocatalytic. Equation 1.1-1.3 show the 

three reaction steps with equation 1.4-1.6 being the respective rate equations. For these reactions, no 

external catalyst is required.  

 𝑃𝑂 + 𝑃𝑅𝐼𝑀 
                     
→      𝑆𝐸𝐶 (eq. 1.1) 

 
𝑃𝑂 + 𝑃𝑅𝐼𝑀 

      𝑆𝐸𝐶,𝑇𝐸𝑅𝑇    
→          𝑆𝐸𝐶 

(eq. 1.2) 

 
𝑃𝑂 + 𝑆𝐸𝐶

     𝑆𝐸𝐶,   𝑇𝐸𝑅𝑇    
→           𝑇𝐸𝑅𝑇 

(eq. 1.3) 

   
 𝑟1 = 𝑘1 ∙ 𝐶𝑝𝑜 ∙ 𝐶𝑃𝑅𝐼𝑀      (eq. 1.4) 

 𝑟2 = 𝑘2 ∙ 𝐶𝑃𝑂 ∙ 𝐶𝑃𝑅𝐼𝑀 ∙ (𝐶𝑆𝐸𝐶 + 2𝐶𝑇𝐸𝑅𝑇) (eq. 1.5) 

 𝑟3 = 𝑘3 ∙ 𝐶𝑃𝑂 ∙ 𝐶𝑆𝐸𝐶 ∙ (𝐶𝑆𝐸𝐶 + 2𝐶𝑇𝐸𝑅𝑇) (eq. 1.6) 

 

The first objective of this research is finding the reaction rate constants(ki) for equation 1.4-1.6 using a batch 

reactor. Due to a visible temperature dependence, it is assumed that these constants follow the Arrhenius 

law as seen in equation 1.7. To investigate this, the temperature in the experiments will be varied. With these 

experiments, the pre-exponential factor as well as the activation energy can be fitted for all 3 reaction steps.  



J.H. VAN BENNEKOM - A KINETIC STUDY ON PROPOXYLATION OF FATTY AMINES IN BATCH AND CONTINUOUS FLOW 

 

- 2 - 
 

 

 
𝑘𝑖 = 𝐴𝑖 ∙ e

(−
𝐸𝐴,𝑖
𝑅𝑇
)
 

(eq. 1.7) 

 

To verify these kinetics, experiments were carried out in semi-batch while the concentration of PO is kept 

constant by continuous addition. With the known kinetics, a model is made to show the conversion of 

primary to tertiary amine inside a fed-batch reactor and in a continuous flow reactor. Due to constant 

addition of PO in the fed-batch reactor, the concentration can be kept high which load to faster production. 

As the reaction is autocatalytic, a recycle could benefit the conversion of the reaction or its residence time 

of a continuous flow reactor. This is also included in the model. To verify the model, two plug flow reactors 

in series with a recycle at the end of the first reactor were used.  
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2. Theory 

2.1 Alkoxylation mechanism of fatty amines 

The mechanism for the alkoxylation of fatty amines is given in Figure 1. In this figure, ethylene oxide is 

reacting with primary dodecylamine. The substitution of each amino-hydrogen by an epoxide molecule is 

assumed to follow an SN2 mechanism. In this mechanism, the fatty amine acts as a nucleophile. In the SN2 

mechanism, the nucleophile attacks the carbon bonded on the opposite side of the leaving group. Therefore, 

the carbon is said to undergo back-side attack, otherwise the leaving group blocks the approach of the 

nucleophile to the front of the molecule (Parker and Isaacs, 1959). The ring structure of the epoxide breaks 

due to this strong nucleophilic attack. The oxygen atom will be negatively charged and will attract a positively 

charged hydrogen atom which creates the alcohol group. It is suspected that the hydroxide group formed 

in the product acts as proton transfer agent. This causes the reaction to speed up and gives the reaction its 

autocatalytic behaviour. 

 

 

Figure 1. Reaction mechanism of one molar equivalent of ethylene oxide with one molar equivalent  of 
dodecylamine 
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In Figure 1, the reaction of ethylene oxide with amine is described. The relation 

between the ethylene-, propylene- and butylene-oxide reactions are described by 

Sundaram. It is stated that they all follow the same mechanism with a difference 

in the rate of reaction. In Figure 2, the transition state is proposed with the R-

group as a substituent. A larger substituent causes a slower reaction due to the 

fact that it acts as an impediment for the approach of the reactant. The ratio 

between reaction rate for the three epoxides from small to large is 1:0.67:0.44. 

However, the experiments in the cited paper were carried out at 20°C where this 

thesis investigates this reaction at higher temperatures (Sundaram and Sharma, 1969). 

2.2. Reaction kinetics 

In literature, very few propoxylation reactions are described. Usually, these reactions are with alcohols or 

with other functional groups like polyols (Viswanathan et al., 1990). These reactions often use an external 

catalyst or use basic conditions to speed up the reaction(Shannon, 1988). Therefore, results in current 

scientific literature are not very valuable to extract the kinetics from. Earlier research at Eindhoven 

University of Technology has been done on the butoxylation of fatty amines (Müller, 2018). This research 

included investigation on different kinds of reaction kinetics. Based on that research, it is assumed that the 

hydroxide groups of the secondary and tertiary amine catalyse the reaction significantly. The autocatalytic 

reaction rates described by equation 2.2 and 2.3 are thus dominating. However, experiments are usually 

started with pure primary amine where these effects are not present. For that reason, a third reaction rate 

described by equation 2.1 is added to describe this primary reaction. The reaction kinetics are relatively slow, 

therefore, it is assumed that there is no mass transfer limitation for this reaction. As the temperature 

dependence of the reaction needs to be considered, the results will be compared with the Arrhenius 

activation energy and the pre-exponential factor. The Arrhenius equation enables the researchers to express 

the dependence of the rate constant over a wide range of temperatures in terms of two empirical parameters 

described with equation 2.1 to 2.3. The parameters are the “pre-exponential factor” (A) and the 

“experimental activation energy” (Ea)(Menzinger and Wolfgang, 1969). 

 
𝑟1 = 𝐴1 ∙ e

(−
𝐸𝐴,1
𝑅𝑇

)
∙ 𝐶𝑃𝑂 ∙ 𝐶𝑃𝑅𝐼𝑀 

(eq. 2.1) 

 
𝑟2 = 𝐴2 ∙ e

(−
𝐸𝐴,2
𝑅𝑇

)
∙ 𝐶𝑃𝑂 ∙ 𝐶𝑃𝑅𝐼𝑀 ∙ (𝐶𝑆𝐸𝐶 + 2𝐶𝑇𝐸𝑅𝑇) 

(eq. 2.2) 

 
𝑟3 = 𝐴3 ∙ e

(−
𝐸𝐴,3
𝑅𝑇

)
∙ 𝐶𝑃𝑂 ∙ 𝐶𝑆𝐸𝐶 ∙ (𝐶𝑆𝐸𝐶 + 2𝐶𝑇𝐸𝑅𝑇) 

(eq. 2.3) 

2.3 Reactors used during the experiments 

In the experiments, several types of reactors are used, in this chapter, a summary is given on how these 

systems work. The three systems are modelled according to Figure 3 where the batch reactor is a simple 

stirred tank and the fed-batch is a stirred tank with a continuous input. The plug flow reactor is modelled 

by putting a number (N) of CSTRs in series. 

Figure 2. Transition state for 
epoxide-amine reaction 

Figure 3. Basic description to model the reactors 

Batch Fed-Batch Plug Flow Reactor N 
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2.3.1 Batch reactor 

The batch reactor is modelled as a ideally stirred tank reactor. In this reactor, the reaction material is added 

at the beginning of the reaction after which nothing is added or taken out. The most important aspect to 

assume for modelling a batch reactor is perfect mixing, when sufficient mixing is present, all the chemicals 

in the system are ideally mixed and this assumption is justified (Denbigh and Turner, 1984). In a batch 

reactor, it is exactly known what the amounts of all the components are, this way, a single reaction can be 

controlled very well. The disadvantage to this is that the start-up time is large, this is for the set-up as well 

as for the reaction. To model such a system, the reaction rates from the previous chapter can be used. Since 

there is no in or outflow, the mole balance looks like: accumulation= reaction. The mole balances for each 

component are shown in equation 2.4 to 2.7. 

 𝑑𝐶𝑃𝑅𝐼𝑀
𝑑𝑡

=  −𝑟1 − 𝑟2           
(eq. 2.4) 

 𝑑𝐶𝑆𝐸𝐶  

𝑑𝑡
=   +𝑟1  + 𝑟2 − 𝑟3 

(eq. 2.5) 

 𝑑𝐶𝑇𝐸𝑅𝑇
𝑑𝑡

=                      +𝑟3 
(eq. 2.6) 

 𝑑𝐶𝑃𝑂
𝑑𝑡

=    −𝑟1 − 𝑟2  − 𝑟3 
(eq. 2.7) 

2.3.2 Fed-Batch reactor 

A fed-batch reactor is similar to a batch reactor where only one reactant is fed continuously. For this 

experiment, the difference with the normal batch reactor is the continuous addition of the epoxide. As a 

result of the PO concentration that is kept constant, the inflow of PO must be equal to the reaction rate of 

PO. This is done by adjusting the feed rate to the reaction pressure. The mole balances for the amines in 

the system are the same as the batch. The mole balance for the PO is shown in equation 2.7. 

 𝑑𝐶𝑃𝑂
𝑑𝑡

= −𝑟1 − 𝑟2 − 𝑟3 +
φ𝑃𝑂 ∙ 𝐶𝑃𝑂𝑖𝑛
𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

= 0 
(eq. 2.7) 

This type of reactor is used for the production of alkoxylated fatty amines in industry. An advantage of this 

system is that not all the PO has to be added at the beginning of the process, this way the pressure can be 

kept relatively low. The disadvantage of this process is that once the batch is done, the entire system needs 

to be cleaned. This way, a large system is necessary to produce the amine in bulk.  

 

2.3.3 Plug Flow Reactor 

In a continuous flow system, there is a constant inflow of fresh reactants and a constant outflow of product. 

This type of system is often used in industry in a wide variety of processes. As the name suggests, due to 

the continuous production, no stops are necessary to clean or to reload the system. Therefore, the reactors 

can be build more compact, have a better temperature management or can withstand a high pressure. 

Another advantage of the plug flow reactor is that a recycle can be implemented, this would have a positive 

effect on the reaction due to its autocatalytic behaviour.  

For the continuous flow system, two long tubes are used. When the diameter of the tubes is small enough, 

the tubes behave as a plug flow reactor(PFR). To model such a rector, it is mathematically approximated to 

behave as multiple CSTRs in series. The outflow of the first tube is partially recycled and combined with 

the fresh amine and epoxide in the inlet. The rest of the outflow from the first tube is used as inflow for the 

second tube. This makes the mole balance for the system significantly more complicated than the batch 

reactor. The balances to model the system are seen in equation 2.8-2.15. In these balances, the inflow term 

of every element is defined by the flow delivered by the pumps divided by the volume of every element 

multiplied by the concentration. The volume of such a CSTR element is the total volume of the PFR part 
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divided by the number of tanks it is modelled with. In Figure 4, the flow scheme for the PFR is given where 

both of the PFRs are build up by N elements.  

 

 

Since inlet flows are pure primary amine and pure PO, the mole balance for the first element in the PFR is 

a combination of the inflow and the recycle, this is described as follows:  accumulation = in + recycle - out 

+ reaction 

𝑑𝐶𝑃𝑅𝐼𝑀
𝑑𝑡

=
φ𝑃𝑂 + φ𝑃𝑅𝐼𝑀

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑃𝑅𝐼𝑀𝑖𝑛 +

φ𝑅𝑒𝑐𝑦𝑙𝑒

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑃𝑅𝐼𝑀𝑟𝑒𝑐𝑦𝑐𝑙𝑒 −

φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑅𝐼𝑀𝑛 − 𝑟1 − 𝑟2 
(eq. 2.8) 

𝑑𝐶𝑆𝐸𝐶
𝑑𝑡

=                                                 
φ𝑅𝑒𝑐𝑦𝑙𝑒

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑆𝐸𝐶𝑟𝑒𝑐𝑦𝑐𝑙𝑒    −

φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑆𝐸𝐶𝑛    + 𝑟1  + 𝑟2 − 𝑟3 
(eq. 2.9) 

𝑑𝐶𝑇𝐸𝑅𝑇
𝑑𝑡

=                                                
φ𝑅𝑒𝑐𝑦𝑙𝑒

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑇𝐸𝑅𝑇𝑟𝑒𝑐𝑦𝑐𝑙𝑒  −

φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑇𝐸𝑅𝑇𝑛                   + 𝑟3 
(eq. 2.10) 

𝑑𝐶𝑃𝑂
𝑑𝑡

=
φ𝑃𝑂 + φ𝑃𝑅𝐼𝑀

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑃𝑂𝑖𝑛        +

φ𝑅𝑒𝑐𝑦𝑙𝑒

𝑉𝐶𝑆𝑇𝑅
∙ 𝐶𝑃𝑂𝑟𝑒𝑐𝑦𝑐𝑙𝑒      −

φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑂𝑛  − 𝑟1 − 𝑟2 − 𝑟3 
(eq. 2.11) 

 

For the other elements in the PFR, the inlet flows come from the outlet of the previous element. This gives 

a series of CSTR reactors with the following balance: accumulation = in – out + reaction. In the second 

PFR, the balance will be the same with the exception that the total flow will be less due to the recycle. 

 𝑑𝐶𝑃𝑅𝐼𝑀𝑛
𝑑𝑡

=
φ𝑡𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑅𝐼𝑀𝑛−1 −
φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑅𝐼𝑀𝑛 − 𝑟1 − 𝑟2 
(eq. 2.12) 

 𝑑𝐶𝑆𝐸𝐶n
𝑑𝑡

=
φ𝑡𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑆𝐸𝐶𝑛−1 −
φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑆𝐸𝐶𝑛 + 𝑟1 + 𝑟2 − 𝑟3 
(eq. 2.13) 

 𝑑𝐶𝑇𝐸𝑅𝑇𝑛
𝑑𝑡

=
φ𝑡𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑇𝐸𝑅𝑇𝑛−1 −
φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑇𝐸𝑅𝑇𝑛         + 𝑟3 
(eq. 2.14) 

 𝑑𝐶𝑃𝑂𝑛
𝑑𝑡

=
φ𝑡𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑂𝑛−1 −
φ𝑇𝑜𝑡𝑎𝑙
𝑉𝐶𝑆𝑇𝑅

∙ 𝐶𝑃𝑂𝑛 − 𝑟1 − 𝑟2 − 𝑟3 
(eq. 2.15) 

 

  

φ
PO

 

φ
OA

 
PFR1 PFR2 φ

total
 

φ
Recycle

 

Figure 4. PFR set-up flow scheme 
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3. Experimental section 

3.1 List of materials 

For the experiments, the chemicals and pumps that were used can be found in Table 1 and Table 2: 

Table 1. Used chemicals 

Name Supplier CAS-number Purity 

Reaction chemicals 

Dodecylamine (DDA) Acros Organics 124-22-1  ≥95.0% 

(±)-Propylene oxide (PO) Acros Organics 75-56-9 ≥99.5% 

Octylamine (OA) Merck KGaA 111-86-4  ≥99.0% 

Analytical chemicals 

Toluene  Acros Organics 108-88-3 ≥99.7% 

 

Table 2. Used pumps 

Type Model 

set-up pumps 

Syringe pump Nexus 6000 

Syringe pump NE-1000 

Shimadzu  LC-10AT 

Shimadzu  LC-20AD 

Analytical instrument 

Gas chromatography (GC) Shimadzu GC-2010 plus 

 

3.2 Introduction to the batch experiments 

In the batch experiment, the dodecylamine (DDA) or octylamine (OA) is mixed with the PO after which it 

is stirred and kept at the set temperature. The goal is to reach total conversion of the amine. However, when 

the total amount of PO is added to the amine, the pressure in the reactor will exceed the maximum pressure. 

To avoid this, the PO is added in parts. The experiments were carried out by four sequential additions. Each 

addition is with approximately 0.5 molar equivalent of PO per molar equivalent of amine. This way each 

experiment starts with a different configuration of different amines (primary/ secondary/ tertiary) with a 

relatively high concentration of PO. 



J.H. VAN BENNEKOM - A KINETIC STUDY ON PROPOXYLATION OF FATTY AMINES IN BATCH AND CONTINUOUS FLOW 

 

- 8 - 
 

3.2.1 Batch reactor set-up 

The configuration for the batch experiments is represented in 

Figure 5. The reactor itself is a Buchi Glassuster with a volume 

of 100 ml made of stainless steel. The reactor consists of a 

bottom cup which is heated and a top part with most of the 

connections on it that can be screwed on to the bottom of the 

reactor. The reactor is heated via a Lauda RE310 oil bath with a 

maximum temperature of 160 °C. The system is mixed with a 

mechanical stirrer that can go up to 1500 RPM. To remove air 

and other gasses from the system, a nitrogen line is connected to 

the reactor as well as a line to a vacuum pump. Pressure in the 

reactor can be relieved by the vent. For safety reasons, a burst 

plate is connected between the reactor and vent line. The PO 

enters the system via a line with a valve directly on top of the 

reactor. The pressure in the system is monitored digitally with a 

sensor which has a maximum pressure of 3 bar. The temperature 

is measured with a thermocouple in the liquid phase of the 

reactor. Samples can be taken at the bottom of the reactor. As 

the product can solidify at ambient temperature, the sample line 

is heated with heat tracer line. There is also the option to flush 

the sampling line with nitrogen. To avoid gas condensing in the 

colder parts of the tubing in the top of the reactor, the top is 

coiled with heat tracer line and insulated with foam. 

3.2.2 Method for the batch reactor 

Before the experiment, DDA is melted by preheating it to 70 °C. The DDA is weighed and added to the 

bottom part of the reactor. The top part is screwed back on the bottom cup to close the reactor. The system 

is heated by the oil bath to the desired temperature and the stirrer is set to 500 RPM. When the temperature 

of the liquid inside the reactor is stable, the system is flushed with nitrogen and vacuum is applied with the 

vacuum pump. The bottle with PO is taken out of the fridge and a syringe with an attached needle is 

weighed. The PO is extracted from the bottle via the syringe and weighed afterwards again. The syringe is 

connected to the system and emptied quickly when the valve on top of the reactor is opened. The pressure 

in the system rises quickly from approximately 0.2 bar to 3 bar, this is due to the evaporation of the PO. 

Since PO is the only reactant or component in the system that is present in the gas phase, it is known that 

PO is reacting with the amine when the pressure is decreasing. Over the course of the experiment, samples 

are taken. When the pressure in the system stops decreasing, there is no reaction anymore which can be due 

to a lack of PO or primary/ secondary amine. When this happens, the reactor is flushed with nitrogen and 

the oil bath is cooled down.  

3.3 Introduction to the fed-batch experiments 

Using the same set-up as the batch experiment, DDA is added to the reactor. The PO is added continuously 

with a syringe pump to keep the pressure stable. This way the PO concentration is kept constant over the 

duration of the experiment. 

3.3.1 Fed-batch reactor set-up 

For the fed-batch setup, the same Buchi Glassuster autoclave is used as in the batch experiment. The 

difference with the previous experiment is the inlet for the PO. This is now fed with a NE-1000 syringe 

pump. The pump can hold a 20 ml syringe which is connected to the reactor with a check-valve inserted in 

the tubing to avoid gas or amine entering the syringe.  

P T 
Inlet 

N2 

Vent 

N2 

Burst 
plate 

Vacuum 

Figure 5. Experimental batch reactor set-up 
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3.3.2 Fed-Batch method 

The start of the experiment is the same as the batch experiments where DDA is heated up and put in the 

reactor. When the reactor reached the set temperature, vacuum is applied. The syringe pump is filled up and 

a few millilitres are already injected into the reactor via the tubing. The pressure will increase rapidly and 

stabilize at a certain pressure. The syringe pump is set to a low flowrate (1 ml/hr). If the pressure decreases, 

the injection rate of the syringe is manually increased to stabilize the pressure. When the syringe is almost 

empty, a new syringe is filled up with PO so it can replace the old one to minimize downtime. 

3.4 Introduction to the continuous flow experiments 

For the continuous flow process, small diameter tubing is used to simulate a plug flow reactor (PFR). To 

make optimal use of the autocatalytic behaviour, a recycle is built in to insert already converted amine with 

reaction mixture at the start. 

 3.4.1 Continuous flow set-up 

The continuous flow set-up consists of two 1/8” 

stainless steel tubes. The first one is 2 meters long 

with an inner diameter of 0.0689 inch (1.76 mm), 

the second one is 3.6 meters long with an inner 

diameter of 0.0811 inch (2.06 mm). This makes 

the volume of the first line 5 ml and the second 

line 12 ml. Both tubes are coiled up and placed 

directly inside the Lauda RE310 oil bath which is 

set to 150.0°C. Due to the flow velocities in the 

tubing (2-4 mm/s) the liquid is assumed to have 

the same temperature of the oil bath. Both coils 

are connected with Swagelok Union crosses and 

tees to the pumps and sensors as seen in Figure 

6. The OA pump is a Shimadzu model LC-

20AD and is pumping amine directly from the bottle to the system, the flowrate of the pump has a maximum 

of 10 ml/min. When the system is flushed, the inlet can be switched to isopropanol via a three-way valve. 

The PO pump is a syringe pump (Nexus 6000) with a syringe of 200 ml and 50 ml that can be placed in the 

pump. With the 200 ml syringe, the pump has a maximum discharge pressure of 8 bar. When the system 

has a higher pressure, the pump does not generate any flow. With the smaller syringe of 50 ml, the pump 

works up to 12 bar. The pump is placed in a box which is continuously flushed with nitrogen (inert) to avoid 

PO vapour accumulation. At the outlet of the syringe, a three-way valve is placed. This way, the syringe can 

fill up via a needle or the line can be switched to connect the syringe to the reactor.  

The pump used for the recycle is a Shimadzu LC-10AT pump. The inlet of the recycle pump is the outlet 

of the first coil and is cooled down before it enters the pump. The recycle flow enters the system together 

with both the OA and the PO. The temperature of the system is measured with a PT100 at the two points 

where the stream exits the oil bath. 

After the second coil, the pressure is measured with an analogue pressure gauge that has a maximum of 60 

bar. At the end of the line, the backpressure regulator (BPR), ensures a constant pressure in the system. The 

flow is collected in the collection vessel that is continuously flushed with nitrogen. Between the BPR and 

the collection vessel, a valve can be opened to take a sample from this line. 

 

Figure 6. Experimental set-up for continuous flow 
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3.4.2 Continuous flow method 

At the start of the experiment, the system is filled with pure OA and the oil bath is set to 150 °C. The PO 

syringe is filled by using the pump to extract the PO from the bottle by using a needle and placing it inside 

the glovebox. Once the syringe is filled, the three-way valve is turned to connect the syringe with the system 

and the BPR is set to 10 bar. When the system is completely filled with OA the desired flowrates of the 

pumps are set.  

3.5 Sample analysis 

The samples are analysed in the GC-2010 plus.  

Due to the volatility of the PO, it evaporates 

quickly from the sample and cannot be detected 

during analysis, therefore only the amines can be 

analysed with this method. For the sample analysis, 

an amount of sample is weighted and dissolved in 

1 ml of toluene. The samples are measured in the 

GC according to the program that is developed for 

the specific amine. 

A calibration line ( as seen in Figure 7) is made with 

pure amine to correlate the area of a specific peak 

to mass of amine in a sample. The slope of the 

curve gives a “calibration factor” with the units 

[Peak Area/Mass amine in sample]. 

Since the molar weight of the primary amine is 

known, the molar amount per sample can be 

determined with the mass of the sample and the calibration factor. The formula is seen in equation 3.1 and 

its units in equation 3.2. 

 
𝑛𝑝𝑟𝑖𝑚𝑠𝑎𝑚𝑝𝑙𝑒 =

𝐴𝑟𝑒𝑎

(𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 ∙ 𝑀𝑊 ∙ 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒)
 

(eq. 3.1) 

 
[
𝑚𝑜𝑙𝑒

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
] = [𝐴𝑟𝑒𝑎] [

1

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
] [
𝑚𝑜𝑙𝑒

𝑔
] [

𝑔

𝐴𝑟𝑒𝑎
] 

(eq. 3.2) 

 

After a complete reaction, >99.0% pure tertiary amine is formed of which a calibration line can be made. 

Making a calibration line for the secondary amine is not possible with this method since no pure secondary 

amine is produced during the experiments. As the total molar amount of amine does not change in the 

reaction mixture, the calibration value of the secondary amine can be fitted according to the data of the 

primary and tertiary amines in the experiments. 

The density of the mixture is determined by the mass fraction of all the amines and their respective densities. 

The density of pure primary amine is found using Aspen data whereas the density of pure tertiary amine is 

measured at different temperatures for which an equation can be derived. The equation for the calculation 

of the mixture density is given below in equation 3.3. 

 
𝜌𝑚𝑖𝑥 =

𝑚𝑝𝑟𝑖𝑚 𝜌𝑝𝑟𝑖𝑚 +𝑚𝑠𝑒𝑐  𝜌𝑠𝑒𝑐 +𝑚𝑡𝑒𝑟𝑡 𝜌𝑡𝑒𝑟𝑡
𝑚𝑝𝑟𝑖𝑚 +𝑚𝑠𝑒𝑐 +𝑚𝑡𝑒𝑟𝑡

 
(eq. 3.3) 

 

The concentration of primary amine in the mixture can be calculated with the molar amount of primary 

amine in the sample together with the density of the mixture. This formula and their units can be seen in 

Figure 7. Example calibration line for GC analysis 
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equation 3.4-3.5. Note that for the concentrations of the amines the amount of PO in the mixture is not 

included. This is due to the volatility of PO resulting in quick evaporation from the sample. 

 𝑐𝑝𝑟𝑖𝑚 = 𝜌𝑚𝑖𝑥 ∙ 𝑛𝑝𝑟𝑖𝑚𝑠𝑎𝑚𝑝𝑙𝑒 
(eq. 3.4) 

 
[
𝑚𝑜𝑙

𝑙
] = [

𝑔

𝑙
] [

𝑚𝑜𝑙

𝑔𝑠𝑎𝑚𝑝𝑙𝑒
] 

(eq. 3.5) 

 

The conversion of the amine is indicated by a scale from 0 to 2, seeing that tertiary amine is already formed 

when only a small amount of secondary is present, it is not possible to get pure secondary amine so a 

conversion of 1 does not mean pure secondary but a mixture of the three amines. The conversion is 

determined by the following equation 3.6. 

 
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 1 +

(𝐶𝑡𝑒𝑟𝑡 − 𝐶𝑝𝑟𝑖𝑚)

𝐶𝑝𝑟𝑖𝑚 + 𝐶𝑠𝑒𝑐 + 𝐶𝑡𝑒𝑟𝑡
 

(eq. 3.6) 

   

3.5.1 Concentration of PO 

As mentioned in paragraph 3.5, PO is very volatile and therefore, the concentration cannot be determined 

by the used methods. Since PO is the only component in the gas phase, a relation between the pressure in 

the system and the concentration in the liquid was derived.  

The partial pressure of PO in the gas phase is equal to the product of mole fraction of PO in the liquid with 

its activity coefficient and the vapour pressure of pure PO (compare equation 3.7). The mole fraction of 

PO is equal to the concentration of PO divided by the total concentration given in equation 3.8. Combining 

this two equations and rewriting it gives equation 3.9. Since the total concentration consist of the 

concentration of PO, the equation can be further summarized to equation 3.10 

 𝑃𝑃𝑂 = 𝑥𝑃𝑂 ∙ 𝛾𝑃𝑂 ∙ 𝑃𝑃𝑂,𝑣𝑎𝑝  [𝑏𝑎𝑟] (eq. 3.7) 

 
𝑥𝑃𝑂 =

𝐶𝑃𝑂
𝐶𝑡𝑜𝑡𝑎𝑙

   [– ] 
(eq. 3.8) 

 
𝐶𝑃𝑂 =

𝑃𝑃𝑂  

𝑃𝑃𝑂,𝑣𝑎𝑝
∙
𝐶𝑡𝑜𝑡𝑎𝑙
𝛾
 [
𝑚3

𝑚𝑜𝑙𝑒
] 

(eq. 3.9) 
 

 
 

𝐶𝑃𝑂 =

𝑃𝑃𝑂  
𝑃𝑃𝑂,𝑣𝑎𝑝

∙ 𝐶𝑎𝑚𝑖𝑛𝑒

(𝛾𝑝𝑜 −
𝑃𝑃𝑂
𝑃𝑃𝑂,𝑣𝑎𝑝

)
  [
𝑚3

𝑚𝑜𝑙𝑒
] 

(eq. 3.10) 

 

The pressure of the system before PO additions is subtracted from the pressure at the time the samples 

were taken to only take the partial pressure of PO at that time into account. The partial pressure is divided 

by the vapour pressure of PO at the reactor temperature (Iranian Chemical Engineers Website, 2018). 

The activity coefficient can be calculated by using a NRTL model that uses multiple factors including the 

concentration of PO. By iteration, the concentration of PO can be calculated. When the partial pressure of 

PO divided by the vapour pressure is close to the activity coefficient, the denominator from equation 3.10 

becomes very large which results in unrealistic values for the concentration. 

An alternative method to determine the concentration of PO was derived using a constant factor for the 

total concentration divided by the activity coefficient term from equation 3.9. This factor can be multiplied 

with the partial pressure of PO divided by the vapour pressure of PO (compare eq. 3.11). By comparing 

this factor for all the experiments, the same constant factor turned out to fit very well for both the amines. 
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With this constant factor, the number of moles converted amine is equal to the amount of PO that is 

converted. The equation to determine the concentration of PO in the mixture is given in equation 3.11. 

 
𝐶𝑝𝑜 =

𝑃𝑝𝑜
𝑃𝑝𝑜,𝑣𝑎𝑝

∙
1

7 ∙ 10−5
 [
𝑚3

𝑚𝑜𝑙𝑒
] 

(eq. 3.11) 

 

3.5.2 Solubility model for propylene oxide in dodecylamine  

The concentration of PO depends on more parameters than only the partial pressure of PO. To model all 

the parameters, a solubility model was made (Poling and Prausnitz, 2006). The solubility model was made 

for PO in DDA. It uses a Non-random two-liquid model and was calculated with 60 data points gathered 

during the research. The solubility of PO in amine changes with the conversion of amine which was also 

included in the model. This model can predict the concentration of PO in DDA depending on conversion, 

temperature, partial pressure of PO and molar ratio. However, there was not enough data to generate a 

similar model for OA. Therefore, the constant factor is used to determine the concentration of PO in OA.  

3.6 Determination of the kinetics 

The rate constants for the reaction kinetics are determined by fitting all the concentration data to the 

expected mechanism that is described in chapter 2.2. A MATLAB script is made using a “lsqnonlin” solver. 

The solver uses the concentrations of PO and the amines of all the additions and fits a pre-exponential 

factor as well as the activation energy from the Arrhenius equation for the three reaction pathways. The 

confidence intervals of these 6 parameters are determined with the “nlparci” function inside MATLAB. The 

coefficient of determination of the model is calculated in the model using the residual sum of squares and 

the total sum of squares. 

3.7 Model of the continuous flow system  

To confirm the kinetics found in the batch experiments, the kinetics are tested in a continuous system and 

compared to the data from a model. This model is based on the system described in chapter 3.4 and uses 

the residence time, recycle ratio, temperature and molar ratio between PO and OA. In the model, it was 

assumed that the system is a PFR made from 50 CSTRs in series for the first tube and 100 CSTRs for the 

second tube as seen in Figure 3. Another assumption was that the volume of the tubing outside the reactor 

is negligible. Due to the cooling line after the reactor, the temperature of the liquid decreases and no 

significant reaction can take place, therefore this assumption is made. However, there is some additional 

volume in the connection pieces that might influence the residence time, this would affect the model. To 

keep the model simple, it was assumed that this effect can be neglected due to the small volume compared 

to the reaction volume.  

 

 

 

 

  



J.H. VAN BENNEKOM - A KINETIC STUDY ON PROPOXYLATION OF FATTY AMINES IN BATCH AND CONTINUOUS FLOW 

 

- 13 - 
 

4. Results 

Over the course of the project, several different experiments were conducted in the batch reactor. In this 

chapter, examples are shown on how the kinetics were determined in batch as well as the results from the 

continuous flow experiments. 

4.1 Results of the batch experiments 

4.1.1 Reactor pressure during batch experiments 

To find the kinetics for the reaction with dodecylamine, the four subsequent additions were done at four 

different temperatures each time. This sums up to 16 experiments in total to determine the kinetics for 

DDA. The pressure in the system during a single addition changes as shown in Figure 8. Before the addition, 

the pressure in the reactor was around 0.2 bar. When the PO was added, the pressure rises to 3 bar. Initially, 

the pressure was stabilizing. In this stage, the PO in the system was reaching an equilibrium between the 

vapour phase and the solubility in the liquid which depends on the vapour pressure. Once stabilized, the 

pressure decreases. The typical reaction time varies from 40 to 280 minutes depending on the conversion 

and temperature. In this example, the PO is added to pure primary OA, this means that initially, the 

autocatalytic effect was absent. As the reaction proceeds, the rate increases due to the formation of 

secondary amine. In the last part (after 140 minutes) of the experiment shown in Figure 8, the reaction rate 

decreases since there is less PO available. This observation is an indication of the autocatalytic effect in the 

reaction kinetics.  

 

4.1.2 Experimental concentrations 

During the experiment, the samples are collected and analysed in the gas chromatograph (GC). In Figure 9, 

an example is shown for the concentration profile of four consecutive additions at the same temperature. 

In this case, four additions of 0.5 mole PO per mole DDA at 150 °C were done. Over the course of the 

four additions, it can be observed that the concentration of secondary amine increased to about half of the 

total concentration before decreasing due to the conversion to tertiary amine. The rate of conversion was 

visibly slower at the end of each addition. This was a result of the low concentration of PO and the first 

Figure 8. Example of the reactor pressure during a single addition 
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order dependency on PO for each reaction step. During the second and the third addition, the concentration 

of PO decreased much more rapidly than in the first addition. This indicates that the autocatalytic effect 

was present due to a higher concentration of secondary and tertiary amine. In the last addition, the amine 

was fully converted to tertiary amine, for to this reason, the excess amount of PO remained in the system 

without further reaction.  

 

Figure 9. Amine and PO concentration during batch experiment 

 

4.1.3 Fitting kinetics with MATLAB 

For dodecylamine, four consecutive additions were conducted at four different temperatures; 130 °C, 140 

°C, 150 °C and 160°C. During each addition, approximately 6 samples were taken to determine the 

concentration of the amines. The pressures inside the reactor during the experiments was used to determine 

the gas and liquid phase concentration of PO. All the experimental data was fitted to the kinetics from 

equation 2.1 to 2.3. This was done by fitting the experimental results to the model results. An example of 

the model is shown in Figure 10, where the lines are the result of the model with the six Arrhenius 

parameters and the dots are the experimental values.  
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Figure 10. Experimental results compared to model for 4 additions at 150°C 

 

To determine the accuracy of the model, a parity plot was made with the 16 experiments. In Figure 11 the 

plot shows the experimental concentrations on the X-axis versus the predicted concentrations by the model 

on the Y-axis. As can be seen in Figure 11, most of the data points are near the ideal line which indicate a 

good fit with the model. Some of the deviation can been seen in the 140°C experimental values, this is most 

likely due to an accumulation in the sampling line which caused contamination from previous samples. 
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Figure 11. Parity plot for all DDA-PO additions 

 

The fitting of the data of the dodecylamine to the kinetics from equation 2.1-2.3 resulted in three exponential 

factors and three activation energies. In Table 3 the fitted values of the 6 Arrhenius parameters described 

by paragraph 2.2 are shown with the 95% confidence interval. In this case, the coefficient of determination 

was 0.9547. The margins for the confidence interval were very wide, for the pre-exponential factor, the 

margins were wider than the value meaning negative values are possible. The cause for these wide margins 

is the strong dependency of the pre-exponential factor and the activation energy. However, the coefficient 

of determination was high, meaning that the system is well described by these equations.  

Table 3. Arrhenius parameters for DDA 

DDA Pre-exponential factor Ae [kJ mole-1] 

k1 [L mole-1 min-1] 1.7∙103 ± 3.2∙104 58±64 

k2 [L2 mole-2 min-1] 4.5∙104 ± 1.9∙105 55±15 

k3 [L2 mole-2 min-1] 3.7∙102 ± 1.3∙103 39±13 

R2 0.9547  

 

To minimize the confidence interval, the pre-exponential factors were kept constant and only the activation 

energy was fitted. The constants that were used as pre-exponential factors were obtained during previous 

research on butoxylation of DDA (Müller, 2018). These values are shown in Table 4 where the coefficient 

of determination was very similar. This means that the system can still be well described with these kinetics. 

The error margin of the activation energy was decreased by an order of magnitude to an acceptable margin. 

For the first activation energy, the margin of the 95% confidence interval was still higher, this is due to the 

relation between the autocatalytic reaction from primary amine to secondary amine. 
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Table 4. Arrhenius parameters for DDA with constant pre-exponential factors 

 

In Table 3 and Table 4, the concentration of PO used to fit the parameters was determined by using a 

constant factor. In paragraph 3.5.2, it was mentioned that a solubility model was made to determine the 

concentration of PO depending on conversion, temperature, molar ratio and the partial pressure of PO. In 

Table 5, the solubility model was used to determine the concentration of PO and fit the activation energies 

accordingly. It can be seen that the coefficient of determination is decreases slightly. Since the results from 

both Table 4 and Table 5 have matching activation energies, it can be concluded that both methods to 

describe the concentration of PO have similar outcomes. 

Table 5. Arrhenius parameters for DDA with constant pre-exponential factors using solubility model  

DDA Pre-exponential factor Ae [kJ mole-1] 

k1 [L mole-1 min-1] 4.7∙104 66.6±7.7 

k2 [L2 mole-2 min-1] 3.3∙105 60.7±2.0 

k3 [L2 mole-2 min-1] 4.8∙105 63.6±2.1 

R2 0.9343  

 

For the propxylation of octylamine, the kinetics were investigated at three different temperatures: 92 °C, 

130 °C and 150 °C. With this data, the kinetics can be fitted in the same way as for the DDA additions. Due 

to a lack of data points, no reliable solubility model could be constructed for OA in PO. For this reason, 

only the constant factor was used to determine the concentration of PO. In Table 6, the results are shown 

for the six Arrhenius parameters together with their 95% confidence interval.  

   

Table 6. Arrhenius parameters for OA 

OA Pre-exponential factor Ae [kJ mole-1] 

k1 [L mole-1 min-1] 1.9∙10-5± 1.8∙10-4 0     ±28.1 

k2 [L2 mole-2 min-1] 3.2∙105 ± 5.2∙105 61.4±5.3 

k3 [L2 mole-2 min-1] 3.8∙105  ± 7.9∙105 62.9±6.6 

R2 0.9489  

 

The results show a very wide margin of error where even negative values are possible. The activation energy 

for the first reaction rate constant was 0 meaning no temperature dependency with a margin of error of 28 

kJ/mole. To minimize these margins, the pre-exponential factors were kept constant as seen before by the 

DDA fitting. For the autocatalytic reactions, the same values were used as a constant for the pre-exponential 

factor as they are close to the predicted values. This resulted in a wide margin of the 95% confidence interval 

for the k1 and a drop in the coefficient of determination. This could be expected since a pre-exponential 

factor of 4.7∙104 is not in the 95% confident interval of the pre-exponential factor of k1. To solve this, a 

value of 1 is used as pre-exponential factor for k1. The result of this is seen in Table 7. Using these constant 

pre-exponential factors, the margins in the confidence interval are very narrow indicating accurate results. 

 

 

DDA Pre-exponential factor Ae [kJ mole-1] 

k1 [L mole-1 min-1] 4.7∙104 70.0±5.0 

k2 [L2 mole-2 min-1] 3.3∙105 61.5±1.5 

k3 [L2 mole-2 min-1] 4.8∙105 64.0±2.2 

R2 0.9521  



J.H. VAN BENNEKOM - A KINETIC STUDY ON PROPOXYLATION OF FATTY AMINES IN BATCH AND CONTINUOUS FLOW 

 

- 18 - 
 

Table 7. Arrhenius parameters for OA with constant pre-exponential factors 

OA Pre-exponential factor Ae [kJ mole-1] 

k1 [L mole-1 min-1] 1 30.9 ±1.2 

k2 [L2 mole-2 min-1] 3.3∙105 61.2 ±0.3 

k3 [L2 mole-2 min-1] 4.8∙105 63.9 ±0.4 

R2 0.9395  

 

4.1.4 Small additions 

To see if the addition itself is a factor that needs to be considered, additional experiments were done. In 

each addition, a small amount of PO was added and samples were taken. At the end of the reaction, the 

reactor was flushed with nitrogen to remove the leftover PO in the system. In Figure 12, the concentration 

profiles over the course of the experiment are shown. Seeing that the initial concentration of PO after each 

addition was not as high as for the larger additions, the reaction rate was lower which gives a smoother 

concentration profile than seen earlier in Figure 9.  

 

Figure 12. Amine and PO concentrations for small additions of PO in DDA at 150°C 

As it is important to determine if the results of the small additions fit to the model with the Arrhenius 

parameters from Table 4, a parity plot was made. In Figure 13, the parity plot is shown with only the 

experimental concentrations from the small additions on the X-axis compared to the modelled 

concentrations on the Y-axis. All the data points are close to the ideal line and the coefficient of 

determination of these points is 0.9892, meaning that a small addition of PO also fits the model. 
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Figure 13. Parity plot for small additions of PO in DDA at 150 °C 

. 

4.1.5 Influence of the stirring velocity  

One of the assumptions made to determine the kinetics is that the system is not mass transfer limited. To 

verify this, an experiment was carried out varying the stirrer speed in the batch reactor. For this experiment, 

a large amount of pure DDA was converted with 0.5 mole PO per mole DDA. At the end of this addition, 

the product was divided into two equal parts. In both cases, an equal amount of PO was added and the 

stirring speed was varied between the experiments. In Figure 14, the pressure inside the reactor over the 

course of the experiment for both additions are shown. Both experiments show the same pressure 

development over time. Around twenty minutes into both experiments, the higher velocity experiment 

shows a quicker decrease in pressure. During the remaining part of the experiment, the pressure decreases 

for both stirring velocities is equal. From these results, it is concluded that there is no significant mass 

transfer limitation for this experiment.  
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Figure 14. Pressure during 2 additions with different stirring velocities 

  

 

4.2 Results of the fed-batch reactor experiments 

For the fed-batch experiment, DDA was added and heated after which a pulse of PO was added into the 

reactor. The syringe pump was constantly adjusted to keep the reactor pressure constant. The injections 

were done at three different pressures of PO to achieve three different concentrations. In Figure 15, the 

pressure inside the reactor during the three experiments is shown. It can be seen that at the beginning of 

the experiment, the pressure remained quite stable. When more secondary and tertiary amine are formed, 

the reaction rate increased which leads to an increase in flowrate which caused the pressure to fluctuate 

more. Since the average pressures are close to the set-points of 1600, 1100 and 700 mbar, they were assumed 

to be constant. 

 

Figure 15. PO pressure in fed-batch experiments 

The samples that were taken during these experiments were compared to the model. This is shown in Figure 

16. In this figure, the partial pressure of PO was used instead of the reactor pressure shown in Figure 15. 

To reduce the duration of these experiments, the starting mixture in the first and second experiment was 

already converted to a conversion of 0.4. Therefore, the first two experiments can only be compared to the 

second half of the third experiment. When looking at the required time to go from a conversion of 0.4 to 
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1.6, the partial pressure of PO has a clear influence. For the lowest concentration of PO, this took about 

180 minutes whereas with the middle partial pressure, this took 116 minutes and the highest pressure took 

only 95 minutes. This experiment shows that the partial pressure of PO is related to the concentration of 

PO which increased the reaction rate. 

 

Figure 16. Experimental results with model results for fed-batch 

In this model, the coefficient of determination was 0.9207 which is lower than previous experiments, this is 

most likely due to a deviation in pressure from the constant pressure assumed for the model. In Figure 15, 

the pressure increases slightly at the end of the 1100 mbar experiment resulting in higher concentration. In 

Figure 17, the plot was shown with the experimental concentrations on the X-axis compared to the modelled 

concentrations on the Y-axis. The plot shows that the model predicts the experimental data relatively well. 
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Figure 17. Parity plot for fed-batch experiments 

 

4.3 Results of the continuous flow experiments 

For the continuous flow experiment, octylamine was used as amine due to the fact that dodecylamine 

solidifies below 40°C. This could cause a blockage in the system. With octylamine, this risk is reduced. No 

research has been conducted on continuous flow setups with these chemicals, therefore, the entire set-up 

needed to be designed and constructed. At first, a three-stage spinning disc reactor was chosen as the 

preferred reactor. However, due to design reasons of the SDR like the rotor sealing, the reactor system was 

not compatible in these operating conditions and chemicals. Therefore, another type of continuous system 

was used. As described earlier, the new system consists of two plug flow reactors with a recycle stream from 

the end of the first PFR to the beginning of the first PFR.  

4.3.1 Gas-liquid system 

Seeing that the reactor was very sensitive for pressure fluctuations, a backpressure regulator(BPR) was 

installed to maintain a constant pressure in the system. If the vapour pressure of PO is lower than the system 

pressure, the PO will be a liquid. This vapour pressure will rise when a higher molar ratio of PO is added or 

the temperature increases. When the vapour pressure of PO exceeds the reactor pressure that is determined 

by the BPR, gas will form and it will become a gas-liquid system. 

In the first experiment, the recycle was excluded from the system to test it. For this experiment, the 200 ml 

syringe was used with the syringe pump for the injection of PO. With this large syringe, the pump cannot 

deliver a higher pressure than 8 bar to the system. The BPR was set to 5.5 bar for this experiment, meaning 

that the system pressure is lower than the vapour pressure which is 10 bar with these flow settings. For this 

experiment, the settings were: 

φ𝑃𝑂 = 0.15
𝑚𝑙

𝑚𝑖𝑛
       φ𝑂𝐴 = 0.15

𝑚𝑙

𝑚𝑖𝑛
        φ𝑅𝑒𝑐𝑦𝑙𝑒 = 0

𝑚𝑙

𝑚𝑖𝑛
        𝑇 = 150°𝐶       𝑃𝐵𝑃𝑅 = 5.5 𝑏𝑎𝑟  
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This makes the system parameters: 

𝑛𝑃𝑂: 𝑛𝑂𝐴 = 2.4: 1         τ = 56.7[𝑚𝑖𝑛]       𝑃𝑃𝑂 = 10.3 [𝑏𝑎𝑟] 

However, since the vapour pressure in the system is higher than the system pressure, vapour will form and 

the system will transform into a slug flow. Since the molar volume of PO is >100 times larger in the gas 

phase than the liquid, the concentration in the liquid was assumed to be the same. However, the formed gas 

will influence the residence time in a negative way. Therefore, the model does not match the experimental 

values. Due to the lower system pressure, it is unknown how much gas is formed. A fit was made to compare 

the amount of gas to the amount of liquid. This fit was based on a constant factor which reduces only the 

residence time. The results of this fit are shown in Figure 18 where the model predicts a lower conversion 

due to a reduction of the residence time. By compensating for the decrease in residence time, the same 

conversion is reached in the model as in the experiments.  

 

Figure 18. Experimental results PFR without recycle in gas-liquid system 

 

In the experiment, a steady state was reached at a conversion of 0.19. This conversion was already present 

after the second sample which is taken after 70 minutes. This conversion is comparable with the batch 

experiment of the PO addition to OA at 150°C where a conversion of 0.22 is reached after 82 minutes. Due 

to the gas formation, a factor of 2.4 times the volume of the liquid is used to decrease the residence time. 

This factor is used to fit the data to the model, therefore, no confirmation of the kinetics with this 

configuration could be made. 

4.3.2 Liquid system 

For subsequent experiments, a smaller syringe was used in the syringe pump to reach higher pressures up 

to 12 bar. With this higher working pressure, two more experiments were done. In these experiments, the 

pumps were set to have a lower molar ratio to ensure a lower partial pressure of PO than the system pressure. 

The following settings were used in the experiment without recycle: 

φ𝑃𝑂 = 0.1268
𝑚𝑙

𝑚𝑖𝑛
       φ𝑂𝐴 = 0.262

𝑚𝑙

𝑚𝑖𝑛
         φ𝑅𝑒𝑐𝑦𝑙𝑒 = 0

𝑚𝑙

𝑚𝑖𝑛
        𝑇 = 150°𝐶       𝑃𝐵𝑃𝑅 = 10 𝑏𝑎𝑟  

And for the experiment with recycle:  

φ𝑃𝑂 = 0.1268
𝑚𝑙

𝑚𝑖𝑛
       φ𝑂𝐴 = 0.262

𝑚𝑙

𝑚𝑖𝑛
        φ𝑅𝑒𝑐𝑦𝑙𝑒 = 0.15

𝑚𝑙

𝑚𝑖𝑛
    𝑇 = 150°𝐶       𝑃𝐵𝑃𝑅 = 10 𝑏𝑎𝑟  
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Since the flow of the inlet pumps were equal for both of the experiments, both have the same residence 

time. The system parameters for these experiments were the following: 

𝑛𝑃𝑂: 𝑛𝑂𝐴 = 1.2: 1         τ = 43.7[𝑚𝑖𝑛]       𝑃𝑃𝑂 = 6.7 [𝑏𝑎𝑟] 

In Figure 19, the results from the experiments are shown with the mole fractions of the amine over time. 

Both experiments were run beyond the steady state point. In the experiment without recycle, the results 

show clear behaviour of a plug flow reactor. In the first hour, pure primary amine comes out where two 

samples later, the product has already reached its steady state. In the experiment with recycle, it took longer 

to reach steady state due to the constant change in concentration of the recycle. Both experiments reach the 

same conversion of 1.3 in steady state. This would have been a great result if not for the addition ratio of 

PO:OA was only 1.2:1. Somehow, there is more amine converted than moles of PO added to the system.  

 

Figure 19. Experimental results for PFR system with and without recycle 

Comparing the exact mole fractions of the experiments with the model is not useful due to the higher 

conversion than expected. It is useful however, to compare the shape of the experimental results with the 

expected results from the model. By using the same parameters that were used in the experiments, the model 

that was made can be seen in Figure 20. Apart from the conversion that is higher in the experiments, the 

figures have similar shapes. When looking at the model without recycle, a PFR is expected with a clear 

breakthrough point after which, a steady state occurs. In the experiment without recycle seen in Figure 20, 

this PFR behaviour is also visible. The shape that can been seen in the model with a recycle is similar to the 
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experimental results. The matching shapes for both experiments with the model indicate that the model can 

describe the system.  

 

Figure 20. Predicted results for PFR system with and without recycle 

 

To test how a conversion of 1.3 was reached, the actual flowrates of the pumps were determined. The OA 

pump was set and the outflow was collected for multiple minutes, the product at the end matched the flow 

of the pump. The same was done for the PO pump, where the setpoint did not match with the outflow. 

The PO pump was pumping 0.138 ml/min instead of the set 0.1268 ml/min. With the actual flow, the molar 

ratio would be 1.3:1 which could lead to a maximum conversion of 1.3. However, when implementing this 

in the model, this still does not match the experimental results. 

The difference between the experiments with and without recycle can be seen in Figure 19, it takes longer 

for the set-up with recycle to reach the steady state. After the steady state is reached, the experiments have 

the same conversion. The most likely cause of the same conversion is that the PO is fully reacted in both 

experiments so that they reach the same steady state concentration. What the cause is for the total reaction 

of PO is not clear, it could be that the reaction kinetics for OA on higher temperatures are not correct and 

the reaction is faster than predicted. It could also be that the total volume of the reactor is larger, this would 

increase the residence time and thus the conversion.   
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5. Conclusion 

The results of the batch experiments clearly show that the experimental data could be fitted to a autocatalytic 

kinetic model with Arrhenius behaviour, which showed a high accuracy. For dodecylamine as well as for 

octylamine, additions of propylene oxide are fitted to the model to match the Arrhenius parameters for the 

three reaction rate constants. When the pre-exponential factors are set as constant, the experimental 

activation energy can be determined with a narrow 95% confidence interval and a high coefficient of 

determination.  

The concentration of propylene oxide in dodecylamine can be calculated using a constant factor, the partial 

pressure of propylene oxide and the vapour pressure of propylene oxide. This gives roughly the same 

outcome as when the concentration is calculated using a more complex solubility model. The solubility 

model only works with dodecylamine. To calculate the concentration of propylene oxide in octylamine, the 

constant factor had to be used.  

By continuous addition of propylene oxide to dodecylamine a fed-batch system with a constant 

concentration of propylene oxide can be achieved. With this, a high conversion can be achieved without 

large variation in concentration of propylene oxide and thus, high pressures. The kinetics that were obtained 

during the batch experiments can be fitted to these fed-batch experiments with high accuracy. This is 

another indication of the accuracy of the model. 

To test the reaction with the determined kinetics in a continuous flow system, a plug flow reactor setup 

recycle was constructed. In this reactor, high conversion could be reached with the continuous flow 

experiments. The experimental results did not match the model. The shape of the model was similar to the 

experimental results, but the steady state conversion in the experiments was not high enough. In the 

experiments, all the present propylene oxide was converted, the cause for this full conversion is not clear. 
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6. Recommendations 

Only a few experiments were carried out in the plug flow reactor. Therefore, there is not enough data to 

conclude if the kinetics are also applicable in a continuous flow system. More experiments need to be carried 

out to confirm this. For these experiments, lots of variables can be changed. To determine the fit of the 

activation energy in the Arrhenius parameters, the temperature should be varied during the experiments.  

Fully converted amine is desired, the molar ratio added to the system should be at least 2. This could give 

problems in terms of the vapour pressure. If this goes above 10 bar, the back-pressure regulator does not 

function anymore. Another option is to work in a gas-liquid system, this is however undesired since it is not 

possible to determine with certainty the gas fraction in the system.  

In the liquid PFR experiments, all the PO has reacted, therefore, the advantage of the recycle is not visible. 

To see this advantage, other experiments are required. One option for this is to increase the molar ratio, 

this would affect the pressure in the reactor to a point where there is a gas-liquid system. Another option is 

to decrease the residence time. This will decrease the reaction time so there will be some PO left at the end 

of the reactor. For this example, the conversion in the recycle experiment is expected to be much higher 

than the one without recycle. 

Another aspect that is not included in the research is the use of an industrial amine. So far only dodecylamine 

and octylamine have been investigated whereas the industry process uses a mixture of amines such as coco 

amine. For this amine, no kinetic data is known so it is hard to fit a model with the experimental data before 

the exact system is known. 

Additional research can also be done on spiking. By adding already converted amine to the feed, the 

autocatalytic effect can increase the reaction rate. This is comparable to the recycle with the exception that 

the concentration and the amount can be better controlled using spiking.  
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List of symbols 

   

𝐴𝑖 Activation energy [kJ/mole] 

𝐶𝑖 Concentration [mole/l] or [mole/m3] 

𝑘𝑖 Reaction rate constant [l/mole/min] or [l2/mole2/min] 

𝑚𝑖 Mass  [g] 

𝑀𝑊 Molar weight [g/mole] 

𝑛𝑖 Molar amount [mole] 

𝑃𝑖 Partial pressure/ vapor pressure [mbar] 

𝑟𝑖 Reaction rate [mole/l/min] or [mole/s/m3] 

𝑅2 Coefficient of determination [-] 

𝑇 Temperature [°C] or [K] 

𝑉𝑖 Volume of reactor [m3] 

𝑥𝑖 Mole fraction of component i [-] 

𝜌𝑖 Density [g/l] 

φ Flowrate [ml/min] 

𝜏 Residence time [min] 

𝛾 Activity coefficient [-] 

   
CSTR Continuous stirred-tank reactor  
DDA Dodecylamine  
GC Gas chromatography  
EO Ethylene oxide   
OA Octylamine  
PFR Plug flow reactor  
PO Propylene oxide  
PRIM Primary amine  
RPM Rotations per minute  
SEC Secondary amine (hydroxypropyl)-dodecyl or –octylamine  
TERT Tertiary amine bis(hydroxypropyl)-dodecyl or octylamine  
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