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Abstract 

This thesis develops a mathematical model for the hydrolytic copolymerization of caprolactam with 

hexamethylene diamine (HMD) and adipic acid (ADA) in a batch reactor to produce nylon 6/6,6 copolymer. 

The reaction mechanism includes hydrolysis of caprolactam and cyclic dimer, polycondensation, 

polyaddition, transamidation, and ring formation via end biting and back biting. The catalytic effect of 

carboxyl end groups on reaction rates is accounted for using kinetic and equilibrium parameters from the 

literature. This model can predict dynamic changes in concentrations of water, caprolactam monomer, 

comonomers, aminicaproic acid, end groups and degree of polymerization. This model is used to simulate 

laboratory-scale nylon 6/6,6 batch copolymerization at conditions of industrial interest.  

To account for the complex influence of water on nylon reaction equilibria, semi-empirical 

expressions are developed to describe the equilibrium behaviour for the five dominant reactions that occur 

during nylon 6, nylon 6,6 and nylon 6/6,6 polymerizations. These expressions are developed by considering 

additional side reactions involving amidine ends, cyclopentanone ends and hydrated carboxyl ends. A 

subset of these side reactions is also used to extend the rate expression for polycondensation to account for 

the influence of water on the overall polycondensation reaction. The kinetic and equilibrium parameters in 

the updated model are estimated using a large body of literature data values that cover a wide range of 

operating conditions in nylon 6 and nylon 6,6 homopolymerizations. The updated model and new parameter 

estimates result in good fit to all of the kinetic data. The objective function value for parameter estimation 

is reduced by 70% compared to its value using parameters of Arai et al. The predictions for linear monomer 

and end-group give the most improvement in fit.  

The proposed models and improved parameter values in this thesis will be helpful to guide nylon 

6/6,6 experiments and to assist with improved understanding of nylon 6, nylon 6,6 and nylon 6/6,6 

polymerization processes.  
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Chapter 1 

Introduction 

Nylon 6 and nylon 6,6 are commercially important polymers in the nylon family, comprising about 

90% of the world’s overall nylon usage.[1] They are the linear polyamides (PAs) with repeated 

amide links (─NHCO─) in the polymer chains. As engineering thermoplastics, these two 

polyamides have outstanding physical characteristics, i.e., tenacity, elasticity, toughness, high 

degree of chemical stability, processability, and resistance to heat, making them of particular 

interest for a broad range of commercial applications in industrial products, consumer applications, 

and extruded films.[2-4]  

The main commercial route to produce nylon 6 is hydrolytic polymerization of caprolactam 

monomer (M), which is ring opened by water to initiate the polymerization.[5-8]  

The industrial synthesis of nylon 6 is accomplished by heating caprolactam in the presence of water 

(up to 10 wt %) to temperatures between 250 and 280 C.[6] Nylon 6 reaction mechanism was 

mainly investigated by research groups of Hermans et al., Wiloth, Reimschuessel et al. and Tai et 

al. starting in the 1950s and initially focused on the first five reactions in Table 1.1.[9-14] Reaction 

R1 is the initiation reaction, i.e., ring-opening of caprolactam by water to form aminocaproic acid 

(LM). The reverse of R1 is the end-biting reaction to form caprolactam. Reaction R2 is the 

polycondensation reaction to produce amide links (L) and water. Reaction R3 is the addition of 

caprolactam to the amine end groups and the reverse of R3 is the backbiting reaction to regenerate 

caprolactam. Reaction R4 is the ring opening of cyclic dimer (CD) by water to form linear dimer 

                    

                     Caprolactam 

1.1 
‒‒[NH(CH2)5CONH(CH2)5CO]n‒‒ 

Nylon 6 molecule 
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(LD). Reaction R5 is the addition of CD to the amine end groups. Reaction R6 is a transamidation 

reaction, which randomizes the chain length distribution.[10,15] Note that reactions in Table 1.1 do 

not involve cyclic oligomers larger than CD due to their low concentrations.[12,16] 

Table 1.1 Reaction scheme for nylon 6 polymerization [9-15] 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 
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Nylon 6,6 is synthesized from two linear monomers, namely, adipic acid (ADA) and hexamethylene 

diamine (HMD): 

 

Commercial production of nylon 6,6 involves the preparation of nylon 6,6 salt, i.e., hexamethylene 

diamonium adipate salt. Nylon 6,6 salt is an ionic compound with the molecular weight of 262.35 

g mol-1, formed from mixture of stoichiometric quantities of HMD and ADA. It is generally made 

by dissolving HMD and ADA in an aqueous medium and then by evaporating the aqueous medium. 

In preparation of nylon 6,6 polymer, nylon 6,6 salt is first dissolved in water to form an aqueous 

salt solution that contains 50-60 wt % water and has a pH value of 7-7.5. [6] This salt solution 

undergoes polycondensation at an initial temperature near 150-160 °C, which increases to 210 to 

275 C as the polymerization proceeds and water is evaporated from the reaction mixture.[6] The 

main reaction for nylon 6,6 polymerization is quite simple, consisting of reaction (R2) in Table 1.1. 

Water removal from the nylon 6,6 solution is required to produce high-molecular-weight polymer. 

Note that water removal is more important for industrial nylon 6,6 polymerization than for 

industrial nylon 6 polymerization due to the large quantity of initial water and the substantial 

additional water generated by polycondensation. Cyclic oligomers can also form during nylon 6,6 

production when an amine end and carboxyl ends on the same linear oligomer undergo a 

condensation reaction with each other. However, the concentrations of these cyclic species in nylon 

6,6 polymers tend to be lower than the concentration of CD in nylon 6 polymerization, so they are 

often ignored in nylon 6,6 reaction scheme.[17] Extended exposure of nylon 6,6 to temperatures 

 

1.2 

adipic acid hexamethylene diamine 

H
HO

O

O

C
C

O

NH2

NH2 ‒‒[NH(CH2)6NHCO(CH2)4CO]n‒‒ 

nylon 6,6 molecule 
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higher than 265 °C results in undesirable side reactions (i.e., especially thermal degradation 

reactions involving adipic acid end groups on polymer chains).[18-22]  

Although nylon 6 and nylon 6,6 have the same ratios of nitrogen, carbon, oxygen and hydrogen 

atoms, they start from different monomers and have slightly different chemical structures due to 

the distinct orientation of amide links. Table 1.2 provides information about the main physical 

properties of nylon 6 and nylon 6,6.[5-6] Nylon 6 is somewhat softer, less stiff, and absorbs more 

moisture from the atmosphere than nylon 6,6.[23-25] More favourable hydrogen bonding in nylon 6,6 

than nylon 6 gives nylon 6,6 a stronger, denser polymer structure.[6] Therefore, nylon 6,6 melts at 

a higher temperature than nylon 6, whereas nylon 6 has a wider range of usable processing 

temperatures[24] and is less susceptible to thermal degradation when held in the molten state at high 

temperatures (in an oxygen-free environment).[26] Pronounced crystallinity and insolubility in most 

solvents, together with great strength and excellent elasticity made nylon polymers important for 

the manufacture of textile fibres, yet these same properties posed a problem for production of clear 

sheets, coatings and other products that require the use of solvents.[27] Nylon 6/6,6 copolymer 

containing nylon 6 and nylon 6,6 moieties emerged as a commercially-attractive polymer, starting 

in the 1990s, due to its improved film qualities. Reduced crystallinity, higher film clarity and lower 

oxygen and moisture permeability make nylon 6/6,6 copolymer important in the packaging film 

industry.[28-32] Unfortunately, to our knowledge, prior to the research in the current thesis, no kinetic 

models were available for nylon 6/6,6 copolymerization. The majority of previous published 

studies on modeling of nylon polymerizations focused on modeling nylon 6 and nylon 6,6 

homopolymerizations in various types of reactors, i.e. batch reactors, plug-flow reactors, 

continuous stirred tank reactors and more complicated reactor systems involving multiple reactors 

in series or multiple reaction zones.[12,33-48] Most of these models were developed based on the 

reaction mechanism in Table 1.1 (or a subset of this mechanism). A few models consider additional 

degradation reactions that occur at high temperatures during nylon 6,6 polymerization.[49-56] 
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Table 1.2 Properties of nylon 6 and nylon 6,6 [5-6] 

Property Nylon 6 Nylon 6,6 

Density(g/cm3) 1.13 1.14 

Water absorption, wt%, 24h 1.6 1.2 

Melting point (°C) 215 255 

Glass transition temperature  

(°C, dry state) 
~47 ~70 

Tensile yield, strength ( MPa) 81 83 

Elongation at breaking (%) 50-150 60-90 

Average toughness (N/tex) 0.06-0.08 0.07-0.11 

Elastic recovery(%) 99-100%, at 2-8% strain 89%, at 3% strain 

Moisture regain(%) at 21°C 

At 65% Relative Humidity 

At 95% Relative Humidity 

 

2.8-5.0 

3.5-8.5 

 

4.0-4.5 

6.1-8.0 

 

The predictive ability of a kinetic model depends on the reliability of its parameters. The most 

widely used parameter values for nylon kinetics and equilibria were estimated by Arai et al. in the 

early 1980s, using nylon 6 experimental data obtained at low water concentrations (0.8~2.1 wt %) 

and a wide range of temperatures. Unfortunately, they do not provide reliable predictions for nylon 

6,6 data obtained at high water concentrations (e.g., the data of Ogata with 6.4, 17.4, 30.0 and 40.8 

wt % water). As a result, some of the research in the current thesis was motivated by a concern that 

Arai’s parameter values would not be reliable for use in nylon 6/6,6 copolymerization models, 

where water concentrations as high as 14 wt % water are encountered (because nylon 6,6 salt 

solution is added to the reaction mixture).  
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A shortage of nylon 6/6,6 copolymerization data poses a difficulty for estimation of kinetic and 

equilibrium constants for nylon 6/6,6 copolymerization. However, there is a large body of nylon 6 

and nylon 6,6 kinetic and equilibrium data in the literature (from studies published between 1955 

and 1981). These data from eight research groups,[9-11,13-14,57-69] which cover a wide range of 

operating conditions, have not been combined to provide equilibrium and kinetic expressions that 

are valid over the entire range of conditions in the available data. If common parameter values can 

be used to describe nylon 6 and nylon 6,6 homopolymerizations, these parameter values should 

also provide improved predictions for nylon 6/6,6 copolymerization behaviour.     

 Objectives 

The primary objective of the thesis is to develop mathematical models that can provide improved 

understanding of the kinetics and reaction equilibria for nylon 6/6,6 copolymerization at both 

laboratory and industrial scales. Detailed objectives are as follows:  

i) to build a nylon 6/6,6 batch reactor model using the reactions in Table 1.1 

ii) to simulate nylon 6/6,6 copolymer production in a batch reactor using the kinetic and 

thermodynamic constants of Arai et al. so that simulations can be used to explore the 

influence of water and CD in copolymer batch reactor recipes 

iii) to develop improved model equations that account for the complex influence of water 

on reaction equilibria in nylon 6, nylon 6,6 and nylon 6/6,6 polymerizations and to 

estimate the resulting parameter values using all available literature data 

iv) to use modern statistical and computing techniques and the available nylon 6 and nylon 

6,6 batch-reactor data to estimate kinetic parameters so that reliable predictions can be 

obtained from the proposed nylon 6/6,6 model  



 

 

7 

 

v) to provide reliable estimates of kinetic and equilibrium parameters that will be helpful 

to other modelers who model complex continuous reactor systems involving nylon 6, 

nylon 6,6 and nylon 6/6,6   

 Thesis Outline 

Four chapters in this thesis are presented as manuscripts. In Chapter 2, a novel nylon 6/6,6 batch 

reactor model is developed based on the reaction mechanism in Table 1.1. The catalyzing effect of 

carboxyl groups is accounted for using the equilibrium and kinetic parameter estimates of Arai et 

al.[14] Simulation results show that a higher degree of polymerization (DP) is achieved, compared 

with nylon 6 and nylon 6,6 homopolymerizations conducted at similar operating conditions. The 

contents of Chapter 2 were published in Macromolecular Reaction Engineering. The manuscript 

in Chapter 3, also published in Macromolecular Reaction Engineering, uses the model from 

Chapter 2 to explore various nylon 6/6,6 copolymer recipes of industrial interest. The simulated 

recipes include: i) a low-water recipe where dry nylon 6,6 salt is added to the batch reactor instead 

of aqueous salt solution and ii) two recipes where a portion of the caprolactam monomer is replaced 

by recycled nylon 6 cyclic dimer. In Chapter 4, which has been submitted to Macromolecular 

Reaction Engineering, semi-empirical expressions are developed to describe the complex 

experimentally-observed equilibrium behaviour for the reactions in Table 1.1. Nine side reactions 

are proposed to account for the influence of water concentration and temperature on reaction 

equilibria. It is shown that the resulting model expressions and parameter values are able to describe 

the equilibrium data from all six research groups who performed equilibrium studies. In Chapter 5, 

an updated model is developed for the rate of polycondensation, taking into account the influence 

of water concentration on the reactivity of basic end-groups. Equilibrium expressions developed in 

Chapter 4 are used in conjunction with this updated nylon 6/6,6 copolymerization model to fit 

model parameters from eight research groups. It is shown that 32 out of 34 model parameters are 
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estimable from the available data and that the model predictions provide a good fit to the data. 

Simulations from Chapters 2 and 3 are repeated with the updated model and parameter estimates. 

It is shown that qualitative conclusions based on Arai’s parameter values were reasonable, but 

lower final DP values are predicted for all of the recipes simulated. Chapter 5 will be submitted to 

Macromolecular Reaction Engineering. Conclusions and recommendations associated with this 

thesis are provided in Chapter 6.  
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Chapter 2 

Mathematical Modeling of Nylon 6/6,6 Copolymerization:        

Beneficial Influence of Comonomers on Degree of Polymerization in 

Batch Reactor1 

 Abstract 

A model is developed for hydrolytic copolymerization of caprolactam with hexamethylene diamine 

(HMD) and adipic acid (ADA) in a batch reactor to produce nylon 6/6,6 copolymer. The reaction 

mechanism includes hydrolysis of caprolactam and cyclic dimer, polycondensation, polyaddition, 

transamidation and ring formation via end biting and back biting. The catalyzing effect of carboxyl 

groups is accounted for using kinetic parameters from the literature. Model predictions are 

compared with low-temperature literature data before simulating reactor conditions of industrial 

interest. The model predicts a higher degree of polymerization (DP) for nylon 6/6,6 copolymer 

compared to nylon 6 and 6,6 homopolymers produced using the same reactor conditions. Dynamic 

changes in concentrations of water, caprolactam, HMD, ADA, and end groups are tracked and used 

to explain the positive influence of comonomers on reaction rates and DP. Insights gained from 

this model will form a useful basis to build future models of continuous industrial reactors.   

 Introduction  

Nylon 6 (PA6) and nylon 6,6 (PA6,6) are the two most commercially popular polyamides, 

constituting about 90% of the overall polyamide production worldwide, with consumption growing 

almost 3% per year globally.[1,2] As engineering thermoplastics, their outstanding physical 

characteristics (i.e., tenacity, elasticity, toughness, high degree of chemical stability, processability, 

                                                      

1 This chapter has been published in Macromolecular Reaction Engineering, 2017, 11, 1700002. Dr. James 

Hurley, Dr. Neeraj Khare, Dr. Kim McAuley were co-authors of this journal article. 
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and resistance to heat) make them of interest for a broad range of commercial applications in 

industrial products, consumer applications, and films.[3,4,5] Most nylon production efforts have 

focused on PA homopolymers (i.e., PA6 production from caprolactam monomer and PA6,6 

production from hexamethylene diamine (HMD) and adipic acid (ADA) rather than copolymers. 

However, nylon copolymer systems containing both PA6 and PA6,6 moieties have become 

commercially important, driven by the desire for greater versatility in end-use properties. Men and 

Rieger[6] studied the crystalline transition of polyamide 6/6,6 random copolymers that were 

predominantly PA6 and found that the physical properties of the polyamide change substantially 

when HMD and ADA units are incorporated into the polymer backbone. For example, the melting 

point for a copolymer containing 20 mol% PA6,6 monomer units is reduced to ~190 °C, compared 

with 220 °C for nylon 6 homopolymer and 255 °C for nylon 6,6 homopolymer.[7-11] Marchildon[12] 

attributes this lower melting point to disruption of crystallinity, resulting in smaller crystalline 

domains. Some patents[13-20] describe technological benefits related to PA6/6,6 copolymers, such 

as high luster and film clarity and reduced oxygen and moisture vapour permeability. Ultramid® 

PA6/6,6 copolymer produced by BASF offers enhanced flowability during injection molding 

compared to nylon 6 homopolymer.[21] Until now, no mathematical models for PA6/6,6 

copolymerization have appeared in the literature.  

The most important commercial route to produce nylon 6 homopolymer is water-initiated 

polymerization of caprolactam.[22] Its reaction mechanism was first described by Hermans[23,24] and 

Wiloth[25] who considered the first three reversible reactions in Table 2.1. Reaction R1 is the ring-

opening of caprolactam by water to form aminocaproic acid (referred to as linear monomer, LM, in 

the current article). The reverse of reaction R1 is an end-biting reaction to reform caprolactam. 

Reaction R2 is the formation of an amide link and water by polycondensation. Reaction R3 is the 

ring-opening of caprolactam by an amine end. The reverse of reaction R3 is a back-biting reaction 

to produce caprolactam. Note that addition of caprolactam to a growing polymer chain occurs 
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primarily at amine ends rather than at carboxyl ends.[23-27] Reactions R1 to R3 were considered as 

the nylon 6 polymerization mechanism in modeling studies by a variety of early researchers[28-32] 

until Arai et al.[33] added reactions R4 and R5 related to formation and consumption of cyclic dimer 

(CD). Tai et al.[34] further extended the reaction mechanism to include the formation and 

consumption of cyclic trimer, tetramer, etc. The additional reactions from Tai et al. are not shown 

in Table 2.1 because these larger cyclic oligomers are produced at much lower concentrations than 

cyclic dimer and are of lower industrial importance. Wang et al.[35] considered transamidation 

reaction R6 in a more recent nylon 6 kinetic model. This reaction does not have an influence on the 

average molecular weight of the polymer, but it can have an important influence in randomizing 

the molecular weight distribution.  

Table 2.1 Reaction scheme for nylon 6 polymerization[23-25,33,35] 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 
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Hermans et al. found that the propagation, ring-opening and transamidation reactions shown in 

Table 2.1 are catalyzed by the presence of carboxyl end groups in the reaction mixture,[24] leading 

to expressions for forward rate constants of the form:  

𝑘𝑓𝑖 = 𝑘𝑖
𝑢 + 𝑘𝑖

𝑐[𝐶𝑂𝑂𝐻]    i=1, 2, … 5       (2.1) 

where 𝑘𝑖
𝑢 is an “uncatalyzed” rate constant corresponding to nylon 6 polymerization when the 

concentration of carboxyl ends is very low and 𝑘𝑖
𝑐 is a “catalyzed” rate constant used to account 

for the higher reaction rates that are observed at higher carboxyl-end concentrations. To study the 

roles played by amine and carboxyl end groups in nylon 6 polymerization, Heikens et al. [26] 

performed experiments in a caprolactam/water system with either HMD or ADA added to perturb 

the balance of ends. Data from their experiments will be used in this article to compare with 

predictions of the proposed copolymerization model. Reimschuessel[36] used undisclosed data 

collected over a wide temperature range (220 °C to 265 °C) to estimate rate constants, activation 

energies and equilibrium constants for the first three reactions in Table 2.1. Subsequently, Arai et 

al.[33] developed an improved PA6 batch reactor model containing the first five reactions in Table 

2.1 and obtained the estimated parameter values shown in Table 2.2, which will be used in the 

copolymerization simulations conducted in the current article. The activation energies 𝐸𝑖
𝑗
and pre-

exponential factors 𝐴𝑖
𝑗
 in Table 2.2 can be used to compute the uncatalyzed and catalyzed forward 

rate constants as a function of temperature:  

𝑘𝑖
𝑗
= 𝐴𝑖

𝑗
𝑒𝑥𝑝 (−

𝐸𝑖
𝑗

𝑅𝑇
)         (2.2) 

where the superscript j is either u or c. Equilibrium constants and reverse reaction rate constants 

can be determined from: 

𝐾𝑒𝑞𝑖 =
𝑘𝑓𝑖

𝑘𝑟𝑖
= 𝑒𝑥𝑝(−

∆𝐻𝑖

𝑅𝑇
+

∆𝑆𝑖

𝑅
)        (2.3) 
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Table 2.2 Kinetic constants and equilibrium constants for nylon 6 polymerization determined 

using temperatures between 230 and 280 ºC and initial water concentrations between 0.42 

and 1.18 mol kg-1[33]  

Reac. 

No. 

Ai
u 

(kg mol-1 h-1) 

Ei
u 

(cal mol-1) 

Ai
c 

(kg2 mol-2 h-1) 

Ei
c 

(cal mol-1) 

ΔSi 

(cal mol-1 K-1) 

ΔHi 

(cal mol-1) 

R1 5.9874×105 1.9880×104 4.3075×107 1.8806×104 -7.8846×100 1.9180×103 

R2 1.8942×1010 2.3271×104 1.2114×1010 2.0670×104 9.4374×10-1 -5.9458×103 

R3 2.8558×109 2.2845×104 1.6377×1010 2.0107×104 -6.9457×100 -4.0438×103 

R4 8.5778×1011 4.2000×104 2.3307×1012 3.7400×104 -1.4520×101 -9.6000×103 

R5 2.5701×108 2.1300×104 3.0110×109 2.0400×104 5.8265×10-1 -3.1691×103 

 

Over the years, many PA6 mathematical models have been developed using Arai’s kinetic 

parameters[33] to simulate homopolymerization in a variety of reactors (i.e., batch and plug-flow 

reactors, continuous stirred tank reactors and reactor systems involving multiple reactors in series 

or single reactors with multiple reaction zones).[e.g.,37-49] Note that some models have also accounted 

for the influence of mono-, bi-, or trifunctional acid comonomers used to regulate polymer 

molecular weight or to induce branching. 

Nylon 6,6 is produced industrially from the condensation polymerization of hexamethylene 

diamine (HMD) and adipic acid (ADA).[22,50] Reversible reaction R2 in Table 2.1 is the main 

reaction that occurs during nylon 6,6 production. Undesirable thermal degradation reactions 

involving adipic acid end groups occur in the high temperature conditions (i.e., > 265 ºC) 

encountered during the final stages of nylon 6,6 production.[50-56] These reactions are unimportant 

at lower temperatures and are neglected in the proposed model, which focuses on nylon 6/6,6 

copolymerization at lower temperatures near 250 °C. Another focus of nylon 6,6 model 

development is establishment of the relationship between the equilibrium constant for reaction R2 

and the water content in the reaction mixture.[57] Note that substantial quantities of water are used 
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in the initial stages of nylon 6,6 polymerization (but not during nylon 6 homopolymerization) 

because water is an effective solvent for nylon 6,6 salt (an ionic compound of HMD and ADA which 

is often the starting material for nylon 6,6 production).[22] The current article will consider 

industrially-relevant nylon 6/6,6 copolymerization with an initial water concentration that is 

intermediate between the low water concentration (typically ~2 wt %) used to produce nylon 6 and 

the higher water concentration (~50 wt %) used to produce nylon 6,6.[22,58] 

Removal of water from the reaction phase via mass transfer to the vapour phase is key for producing 

high molecular weight nylon 6 and nylon 6,6 polymers. The achievable desired molecular weight 

depends on reversible reaction R2 shifting forward in response to water removal. When nylon 6 is 

produced commercially, the initial stage of the polymerization is conducted without water removal 

to ensure that there is sufficient water for the initial ring opening of caprolactam via reaction R1. 

In subsequent stages, water is removed to promote the forward polycondensation reaction R2. 

During commercial nylon 6,6 production, large quantities of water must be removed due to the 

large amount of water used as a solvent in many processes and to the large amounts of water that 

are generated by polycondensation.[22,53] Concurrent with the vaporization of water is the loss of 

some volatile HMD monomer during nylon 6,6 polymerization, which can have a deleterious effect 

on the balance between amine ends and carboxyl ends on the growing polymer chains. This end-

group imbalance results in a lower rate of polycondensation and a corresponding limitation of the 

degree of polymerization (DP) that can be achieved.  

Mass transfer of volatile species during nylon 6 and nylon 6,6 polymerization has been considered 

in previous modeling studies.[37,38,40,46,48,53-56,59-71] A literature review by Schaffer et al.[71] found that 

typical values of kwAs range from a low value of 8 h-1 for a lab-scale reactor system with no nitrogen 

bubbling or stirring to a high value of 324 h-1 obtained in a two-phase twin-screw extruder reactor. 

Appropriate values of kwAs for use in mathematical models depend on the type and size of reactor 

and agitator, the agitation speed, reactor geometry and physical properties of the liquid phase. 
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Henry’s law, Raoult’s Law and Flory-Huggins-based correlations have been used to calculate [W]eq 

and similar equilibrium concentrations for caprolactam and HMD.[28,37,38,48,54,55,65,72,73] 

In the current article, a novel model is developed to simulate laboratory-scale nylon 6/6,6 batch 

copolymerization at conditions of industrial interest. Intended uses of this model are to guide 

experiments being conducted in the lab-scale batch reactor shown schematically in Figure 2.1 and 

to assist with improved understanding of PA6/6,6 production in continuous commercial reactors. 

Model predictions are compared with batch reactor data generated by Heikens et al. at a relatively 

low temperature of 221 ºC.[26] The model is then used to simulate batch reactor operation at 

conditions of industrial interest. Model predictions are compared with corresponding simulations 

of nylon 6 and nylon 6,6 homopolymerization, respectively, to illustrate the distinctive and 

unanticipated features of the copolymerization kinetics. The proposed dynamic model describes 

the time evolution of caprolactam, HMD, ADA, CD, water and end-group concentrations. DP is 

predicted, along with mass-transfer rates of water, HMD, and caprolactam from the liquid phase to 

the headspace. This model provides a useful means for understanding intricacies of the 

copolymerization behaviour during batch reactor operation. It will need to be modified and 

extended to simulate a train of large-scale continuous copolymerization reactors. 

N2

To condensing system

vapour

Reactants 

Charge

To chip-cutting 

machine

Cold water

 

 

Figure 2.1  Schematic of lab-scale batch reactor system 
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 Model Development 

2.3.1 Proposed Reaction Mechanism 

The reversible PA6 reactions in Table 2.1 are considered in the proposed model for nylon 6/6,6 

copolymerization. No additional reactions are required to account for the influence of HMD and 

ADA comonomers, whose end groups participate in reactions R2, R3, R5 and R6. Amine end groups 

in the reacting mixture are associated with either terminal ring-opened caprolactam units or 

terminal HMD units. Carboxyl end groups are associated with terminal ring-opened caprolactam 

units or terminal ADA units. The fractions of these different types of ends in the copolymerization 

system are important for determining the rates of consumption or generation of some of the species 

of interest during copolymerization. For example, only the amine ends arising from caprolactam 

units are able to backbite via the reverse of reaction R3 to regenerate caprolactam monomer. Also, 

only amine ends arising from two terminal caprolactam units in a row are able to backbite via the 

reverse of reaction R5 to generate cyclic dimer. Transamidation reaction R6 is important in that it 

randomizes caprolactam, HMD and ADA units within the polymer. The proposed model relies on 

the assumption that there is sufficient transamidation and hydrolysis to randomize the units that 

appear at the ends of the polymer chains (see Assumption 4 in Table 2.5).  

2.3.2 Model Equations 

The proposed model uses dynamic material balances on chemical species and functional groups to 

describe the evolution of DP and reacting species. Table 2.3 shows 14 ordinary differential 

equations (ODEs) that we have derived to describe the reacting system. These ODEs include 

probability factors that account for the different types of end groups and amide links that appear at 

and near the ends of the copolymer molecules. Expressions for these 14 probability factors are 

provided in Table 2.4; they were derived using the assumptions listed in Table 2.5. The catalytic 

effect of carboxyl end groups on the rates of the reactions in Table 2.1 is accounted for using the 
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kinetic expressions in equations (2.1) to (2.3) and the temperature-dependent rate parameters in 

Table 2.2.[33] Because we have defined the rates of reactions R4 and R5 slightly differently than 

Arai did (i.e., in terms of the two amide links in the CD rather than in terms of overall CD 

molecules) appropriate values for kf4, kf5, Keq4 and Keq5 in the proposed model are half the 

corresponding values computed from Table 2.2. Note that adding reaction R6 does not lead to any 

additional rate constants in the model because it is reasonable to assume that k6 = kf5 since reaction 

R5 is a transamidation reaction and ring strain in the cyclic dimer should be negligible (see 

Assumption 6 in Table 2.5). The set of ODEs in Table 2.3 can be solved numerically to predict the 

time evolution of concentrations of caprolactam [M], aminocaproic acid [LM], hexamethylene 

diamine [HMD], adipic acid [ADA], linear dimer [LD], cyclic dimer [CD], water [W], amide links 

[L], amine ends [A] and carboxyl ends [C]. Three additional ODEs (2.3.12-2.3.14) are used to track 

the total number of moles of water, monomer, and HMD that evaporate over time to permit 

enhanced understanding of the copolymerization process. All symbols in the model equations are 

defined in the Nomenclature.  

After solving the ODEs, the following equation is used to calculate DP from the amide link and 

end-group concentrations, knowing that each polymer chain has two end groups: 

𝐷𝑃 =
[𝐿]

([𝐶]+[𝐴]−2[𝐻𝑀𝐷]−2[𝐴𝐷𝐴]−2[𝐿𝑀])/2
+ 1       (2.4) 

Note that amine and carboxyl end groups on the monomers are subtracted in the bracketed term in 

the denominator because only chains with two or more monomer units are counted as polymer. 
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Table 2.3 Mass balance ordinary differential equations (ODEs) (with fi shown in Table 2.4) 

No. ODEs 
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Table 2.4 Factors of special types of amine ends or amide links (fi)  

Expression Description 

𝑓1 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐻𝑀𝐷]𝑝
  

[𝑀]𝑝 =
[𝑀]0𝑚0

𝑚
− [𝑀] −

𝑀𝑣

𝑚
− [𝐿𝑀] − 2[𝐶𝐷]   

[𝐻𝑀𝐷]𝑝 =
[𝐻𝑀𝐷]0𝑚0

𝑚
− [𝐻𝑀𝐷] −

𝐻𝑀𝐷𝑣

𝑚
   

fraction of amine ends on polymer and oligomer 

(including linear dimer) that come from 

caprolactam units 

𝑓2 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐴𝐷𝐴]𝑝
  

[𝐴𝐷𝐴]𝑝 =
[𝐴𝐷𝐴]0𝑚0

𝑚
− [𝐴𝐷𝐴]  

fraction of carboxyl ends on polymer and oligomer 

(including linear dimer) that arise from 

caprolactam units 

𝑓3 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])+𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
    

fraction of amide links in the reverse of reaction 

R2 that produce LM when the link is cleaved 

f4≈0 
fraction of amine ends that are on linear trimer 

during the reverse of reactions R3 and R5 to 

produce LM or LD 

𝑓5 =
𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
  

fraction of links that can be broken by reaction R6 

to generate LM 

𝑓6 =
(1−𝑓1)([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one HMD unit away from 

an amine end during the reverse of reaction R2 

f7≈0 
fraction of amine ends that are on the HMD end of 

an oligomer consisting only of an HMD unit and a 

caprolactam unit 

f8≈0 
fraction of amine ends that are on the HMD end of 

an oligomer consisting only of an HMD unit next 

to two caprolactam units 

𝑓9 =
(1−𝑓2)([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one ADA unit away from a 

carboxyl end in the polymer and oligomer, which 

can produce ADA by the reverse of reaction R3 

𝑓10 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])+𝑓2

2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−2[𝐿𝐷]

[𝐿]
  

fraction of links that can produce linear dimer 

during the  reverse of reaction R2   

f11≈0 
fraction of amine ends that are on linear tetramer 

so that they can produce LD by the reverse of 

reaction R5 

𝑓12 =
𝑓2
2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−[𝐿𝐷]

[𝐿]
  

fraction of links that are two caprolactam units 

away from a carboxyl end so that they can produce 

LD by reaction R6 

𝑓13 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one caprolactam unit 

away from an amine end that can be attacked by 

LM to produce LD via reaction R6 

𝑓14 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])−[𝐿𝐷]

[𝐴]
  

fraction of amine ends that can backbite by the 

reverse of reaction R5 to produce CD 
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Table 2.5  Assumptions for reaction kinetics and model development 

No. Assumptions 

1 The batch reactor is well mixed and heated linearly from 70 °C to 250 °C during the first hour of 

operation. After the first hour, temperature is maintained constant at 250 °C. 

2 During the first hour of operation, mass transfer of water, caprolactam and HMD to the headspace 

is negligible because the vent is closed and the volume of the headspace is small. After one hour 

of operation, concentrations of these species in the headspace are small due to nitrogen sweeping 

and are assumed to be zero when determining driving forces for mass transfer. Mass-transfer 

coefficients are assumed to be constant after one hour of operation even though the liquid 

viscosity increases over time due to changing DP. Although very small amounts of CD can 

evaporate during nylon 6 production, the volatility of CD is very low;[74] mass transfer of CD is 

neglected in the current modeling study. 

3 The concentration of amide links [L], accounted for in ODE 2.3.9, includes all amide links in the 

linear polymer and linear oligomers. Links in caprolactam and CD are not included in the 

definition of L. Cyclic oligomers larger than CD are neglected in the model due to their low 

concentrations. Cyclic oligo-amides that contain HMD and ADA units are also neglected in the 

model. 

4 There are sufficient hydrolysis (reverse reaction R2) and transamidation (reaction R6) reactions 

so that HMD, ADA and monomer units are randomized within the polymer chains and at the 

chain ends. This assumption is important when determining the fractions of certain types of 

reactions that can generate monomer, LM, LD, HMD, ADA and CD. Expressions for these 

fractions are provided in Table 2.4 and their derivations are provided in Appendix A. The validity 

of this assumption was confirmed using test calculations. For example, we computed the number 

of chain-end randomizing events that would occur in a sample of 100 amide links exposed to the 

reaction conditions in Figures 2.5 and 2.6 at t=130 minutes, for a time period of 300 minutes. 

We found that ~23 randomizing reactions (mostly transamidation) would occur during the time 

period, indicating that the randomization assumption is reasonable. 
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5 When backbiting of small linear oligomers occurs to produce M or CD (reverse reactions of R3 

and R5), the amounts of LM and LD that are produced as leftover parts of the linear chains via 

these reactions are small and can be neglected. This assumption is valid because concentrations 

of linear oligomers that can produce LM and LD in this way are low. As a result, probability 

factors f4 and f11 (see Table 2.4) are assumed to be zero. This assumption eliminates a difficult 

closure problem that would require a very large number of species to be tracked. Similarly, it is 

assumed that the amounts of HMD produced as leftover parts of linear chains via reverse 

reactions R3 and R5 are small, so f7 and f8 are set to zero. 

6 kf4 is defined as the rate constant for reaction of water with an individual amide link in the cyclic 

dimer. Similarly, kf5 is defined as the rate constant for reaction of an amine end with an individual 

amide link in a CD molecule. Because the rates of reactions R4 and R5 are defined differently 

than by Arai et al. (in terms of the two amide links in the CD rather than in terms of overall CD 

molecules), appropriate values for kf4, kf5, Keq4 and Keq5 are half the corresponding values from 

Table 2.2. We assume that ring strain in CD molecules is negligible, so that k6 = kf5. 

7 All amine ends in the system have equal reactivity, regardless of whether they appear on HMD, 

LM, LD or the end of a polymer chain. Similarly, all carboxyl ends have equal reactivity, 

regardless of where they appear. As shown in the mechanism in Table 2.1, chain-growth 

reactions R3, R5 and transamidation reaction R6 involve reactions with amine ends rather than 

carboxyl ends. 

8 Reactions in Table 2.1 are accelerated by acid end groups (i.e., carboxyl end groups on the ADA, 

LM, LD and polymer chain ends). 

9 Volume contraction due to polymerization is neglected when comparing model predictions with 

literature data from Heikens et al.[26] who expressed their species concentrations on a volumetric 

basis (i.e., in mmol mL-1 rather than mol kg-1). 

 

Equation (2.3.1) in Table 2.3 is a material balance on the total mass m of the reactor contents, which 

diminishes over time due to evaporation of water, caprolactam and HMD when the vent shown in 

Figure 2.1 is open. Equation (2.3.2) is a mass balance on caprolactam. The first four terms on the 

right-hand side of ODE (2.3.2) account for consumption of monomer by reaction R1, production 
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of caprolactam by reverse reaction R1, consumption of monomer by reaction R3 and production of 

monomer by reverse reaction R3. The factor f1 appears in the fourth term because only amine ends 

on the polymer that are associated with caprolactam units are able to backbite to regenerate 

caprolactam. The fifth term on the right-hand side of ODE (2.3.2) accounts for evaporation of 

caprolactam. The final term accounts for the increase in caprolactam concentration associated with 

the loss in mass of the reactor contents due to evaporation and removal of volatile species via the 

vent. Note that model equations (2.3.2) to (2.3.11) we solved numerically after replacing 
𝑑𝑚

𝑑𝑡
 by the 

right-hand side of equation (2.3.1). These ODEs are shown with 
𝑑𝑚

𝑑𝑡
 on the right-hand side to keep 

the equations relatively simple and compact. Equation (2.3.3) is a mass balance on aminocaproic 

acid. The fifth term on the right-hand side of ODE (2.3.3) accounts for generation of LM when an 

amide link is cleaved in the hydrolysis reaction (reverse reaction R2). Factor f3 appears because 

only amide links next to an amine end or a carboxyl end associated with caprolactam can be cleaved 

to produce LM. The eighth term (2kf5[CD][LM]) on the right-hand side of ODE (2.3.3) accounts for 

consumption of LM by reaction R5. The number 2 appears since two amide links in each cyclic 

dimer result in two chances for LM to ring open a CD molecule (Assumption 6 in Table 2.5). The 

factor f4 in the ninth term (kr5[A]f4) is the fraction of amine ends that are on linear trimer molecules. 

Note that when a linear trimer undergoes a backbiting reaction to produce CD, a left-over LM is 

produced. Compared with other positive terms in ODE (2.3.3), the rate of generation of LM by this 

ninth term is very low due to the relatively low concentration of linear trimer. Therefore we set f4 

to zero to simplify the model (Assumption 5 in Table 2.5). The tenth and eleventh terms account 

for the consumption and generation of LM by transamidation reaction R6. Factor f5 is the fraction 

of amide links that can be broken by amine ends via reaction R6 to generate LM. These links must 

be one caprolactam unit away from a carboxyl end. The current model includes 14 probability 

factors (f1 ...f14) whose derivations are provided in Appendix A. 
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Equations (2.3.12) to (2.3.14) describe the mass-transfer rates of water, caprolactam and HMD 

evaporating from the liquid phase to the headspace when the vent is open. As noted in Assumption 

2 in Table 2.5, the concentrations of these volatile species in the headspace are assumed to be 

negligible after the first hour of operation, due to nitrogen sweeping and the open vent.  As a result, 

their equilibrium concentrations ([W]eq, [M]eq and [HMD]eq) just inside the surface of the reacting 

mixture are set to zero and do not appear in the model equations. During the first hour of reactor 

operation, when the vent is closed, evaporation is negligible (Assumption 2 in Table 2.5). During 

this initial time period, all of the mass-transfer coefficients in the model are set to zero. The lumped 

mass-transfer coefficients (kwAs, kMAs and kHMDAs) required to simulate reactor behaviour after the 

first hour are assumed to be constant over time, even though they may vary with DP (Assumption 

2 in Table 2.5).  

Values for the lumped mass-transfer coefficients used in the model appear in Table 2.6. The lumped 

mass-transfer coefficient of water (kwAs = 50 h-1 shown in Table 2.6) used in this study was obtained 

from the range of values shown in Table 2 of the article by Schaffer et al.,[71] taking into account 

the type of stirring and the reactor size. To our knowledge, the only mass-transfer coefficient value 

for caprolactam during nylon 6 polymerization is provided by Reimschuessel and 

Nagasubramanian.[62] Unfortunately, their value was obtained for a closed batch reactor, which is 

expected to have much lower mass-transfer rates than the current reactor system. The typical value 

of mass-transfer coefficient for HMD during nylon 6,6 polymerization has also not been published 

in the literature. 

Table 2.6 Lumped mass-transfer coefficients for water, caprolactam and HMD   

Lumped Mass-transfer Coefficients Unit Value 

kwAs h-1 50 

kMAs h-1 0.84 

kHMDAs h-1 7.21 
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Russell et al.[75] indicated that mass-transfer rates of volatile species are approximately proportional 

to their relative volatilities. Assuming that water has a liquid-phase activity coefficient that is 

similar to that for other volatile components in the reacting mixture, the following relationship 

between relative volatilities and pure component vapour pressures applies:[75,76] 

𝑦𝑤/𝑥𝑤

𝑦𝑖/𝑥𝑖
=

𝛾𝑤𝑃𝑊
𝑠𝑎𝑡/𝑃

𝛾𝑖𝑃𝑖
𝑠𝑎𝑡/𝑃

=
𝑃𝑊
𝑠𝑎𝑡

𝑃𝑖
𝑠𝑎𝑡          (2.5)    

where yi is the equilibrium mole fraction of species i (M or HMD) in the vapour phase and xi is the 

equilibrium mole fraction of species i in the liquid phase. Note that this assumption is less restrictive 

than assuming an ideal mixture where all activity coefficients would equal one. Following Russell’s 

assumption, the ratio of lumped mass-transfer coefficients between water and other volatiles in 

nylon 6/6,6 copolymer system is:  

𝑘𝑤𝐴𝑆

𝑘𝑖𝐴𝑆
=

𝑃𝑊
𝑠𝑎𝑡

𝑃𝑖
𝑠𝑎𝑡  (i = M, HMD)        (2.6)    

The saturation vapour pressures for water, caprolactam, and HMD are:[37,75]  

𝑃𝑀
𝑠𝑎𝑡(atm) = 𝑒𝑥𝑝(13.006 −

7024

𝑇(°𝐾)
)        (2.7)    

𝑃𝑊
𝑠𝑎𝑡(atm) = 𝑒𝑥𝑝(11.6703 −

3816.44

(𝑇(°𝐾)−46.13)
)       (2.8)    

𝑃𝐻𝑀𝐷
𝑠𝑎𝑡 (atm) = 𝑒𝑥𝑝(13.6566 −

6237.44

𝑇(°𝐾)
)        (2.9)    

resulting in the mass-transfer coefficient values in Table 2.6 obtained at T=250 °C. As expected, 

the mass-transfer coefficient for HMD is higher than the mass-transfer coefficient for caprolactam 

because HMD is more volatile.   

 Comparison of Simulation Results with Literature Data 

To our knowledge, there is no published nylon 6/6,6 batch reactor kinetic data in either the 

academic or patent literature. However, there is pertinent data from two experimental data sets 

generated by Heikens et al. that are available for testing the model predictions.[26] These early 
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experiments, conducted at 221 ºC, were performed to obtain information about the specific roles of 

amine and carboxyl ends during nylon 6 production. The sealed reaction tubes contained a mixture 

of caprolactam and water to which either HMD or ADA was added to perturb the balance of end 

groups. No water or HMD was able to evaporate from the reacting system. Model predictions for 

the caprolactam-water-HMD system and the caprolactam-water-ADA system are provided in 

Figures 2.2 and 2.3, respectively, along with experimental data.[26] The solid curves are predictions 

using Arai’s kinetic parameters in Table 2.2. The dashed curves are predictions using values of rate 

constants for reactions R1 to R3 estimated in a separate kinetic study by the research group of 

Heikens et al.[24] (who ignored CD formation) along with Arai’s parameters values for reactions R4 

and R5.  

The results in Figures 2.2 and 2.3 indicate that the current model, with both sets of parameters, 

provides a good qualitative match with the trends in the data. In general, the Arai’s constants do a 

better job of predicting caprolactam consumption and concentrations of amine and carboxyl end 

groups and amide links. The Heikens parameters, however, do a better job of predicting the 

concentration of unreacted ADA (see Figure 2.3 c)). Both sets of rate constants lead to under-

prediction of the residual HMD concentration (see Figure 2.2 c)). These results suggest that the rate 

constant values for polyaddition at low carboxyl concentrations, 𝑘3
𝑢, determined by both Arai et al. 

and Heikens et al., may be too high at the low reaction temperature of 221 ºC, which is outside the 

temperature ranges used to fit the model parameters. Both sets of model parameters do a relatively 

poor job of predicting the increase in the water concentration that occurs after approximately 200 

minutes (see Figure 2.2 d) and 2.3 d)). The concentrations of amide links at long reaction times are 

also under-predicted using both sets of rate constants. These results suggest that the rate constants 

for polycondensation may be too low. In future, it will be important to perform copolymerization 

experiments over a wider range of conditions that can be used to estimate the model parameters 

and to better test the predictive ability of the proposed model.   
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Figure 2.2 Comparison of model predictions using kinetic parameters of Arai et al.[33] (  

) and Hermans et al.[24] (- - - - -) with data (■ or ●) from Heikens et al.[26] generated using a 

mixture of caprolactam, water and HMD: a) caprolactam, b) amine and carboxyl end 

groups, c) HMD, d) water, e) amide links 
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Figure 2.3 Comparison of model predictions using kinetic parameters of Arai et al. [33]  

() and Hermans et al. [24]  (- - - - -) with data (■ or ●) from Heikens et al. [26] generated 

using a mixture of caprolactam, water and ADA: a) caprolactam, b) amine and carboxyl 

end groups, c) ADA, d) water, e) amide links 
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 Simulating Reactor Operation at Industrially Relevant Conditions 

Simulations are performed for nylon 6/6,6 copolymerization and for nylon 6 and nylon 6,6 

homopolymerization, respectively, using the ODEs in Table 2.3 and the kinetic parameters of Arai 

et al.[33] Table 2.7 lists the recipes used, which would all result in production of 10 kg of polymer 

if high molecular weight is achieved and evaporation of monomers is negligible. Note, however, 

that significant amounts of caprolactam evaporate through the vent so that less than 10 kg of 

polymer is produced in all of the simulations. These recipes determine the initial conditions 

required for the ODEs in Table 2.3. Note that the initial mass for the nylon 6,6 homopolymerization 

is considerably higher than for the other polymerizations because this recipe contains 50% water 

by weight (as a solvent for HMD/ADA salt). The recipe for nylon 6/6,6 is designed to produce a 

final copolymer with 85% caprolactam units and 15% HMD-plus-ADA units. The water in this 

recipe is equal to the total mass of HMD plus ADA (i.e., the nylon 6,6 salt solution used is 50% 

water by weight, the same as in the nylon 6,6 homopolymerization recipe). The nylon 6 

homopolymerization recipe contains only 2 wt % water. This small quantity of water is used to 

induce ring opening via reaction R1. The temperature profile used in all three simulations is shown 

in Figure 2.4. During the initial one hour of operation (i.e., heat up), the mass-transfer coefficients 

in the ODEs are set to zero because the vent valve (see Figure 2.1) is closed. Thereafter, when the 

vent is open and nitrogen sweeping of the head space begins, lumped mass-transfer coefficients 

from Table 2.6 are used. Kinetic parameters required for the simulations are provided in Table 2.2. 

The simulations were performed using the Runge-Kutta “ode45” solver in MATLAB, with relative 

and absolute tolerances set at 1e-7 to ensure accurate simulation results. 
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Table 2.7 Recipes used to produce nylon 6/6,6, nylon 6 and nylon 6,6  

Species Units 
Nylon 6/6,6 

Copolymerization 

Nylon 6 

Polymerization 

Nylon 6,6 

Polymerization 

Caprolactam mol 75.118 88.374 - 

HMD mol 6.628 - 44.186 

ADA mol 6.628 - 44.186 

Water  mol 96.514 11.328 643.434 

Total Mass kg 11.978 10.204 23.184 

 

 

Figure 2.4 Dynamic temperature profile used in batch simulations 

 

Figure 2.5 compares DP values obtained from the three different simulations. The final DP of 229 

predicted for the nylon 6/6,6 copolymer is noticeably higher than for nylon 6 (DP=218) and nylon 

6,6 (DP=206) homopolymers. Figure 2.5 also shows interesting and very different dynamic 

behaviour for DP simulations during the initial 60 minutes of the batch. For the copolymer, the DP 

increases quite rapidly, starting at about t=25 minutes (when T=145 °C), compared to DP for the 

homopolymers. The DP for nylon 6,6 also begins to rise at about the same time, but the initial 

growth in DP for the nylon 6 homopolymer is delayed until about t=50 minutes (when T=220 °C). 

The DP increase for the nylon 6 homopolymer is monotonic, but there are interesting bumps in the 

DP for the nylon 6,6 homopolymer and the copolymer, with local maxima near t=50 minutes. These 
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interesting phenomena can be explained by considering the reaction scheme in Table 2.1 and the 

simulation results for the three types of polymer in Figures 2.6 to 2.8. 

                                          

Figure 2.5 Predicted DP for nylon 6/6,6 copolymer and nylon 6 and nylon 6,6 

homopolymers 

Figure 2.6a) shows that, during the heat-up period the caprolactam in the nylon 6/6,6 batch is 

consumed quickly (nearly all consumed within 50 minutes), whereas Figure 2.7a) shows that 

caprolactam in nylon 6 homopolymerization does not start to be consumed until a later time (and 

higher temperature). The higher rate of caprolactam consumption in the copolymer can be 

explained by fast ring opening of caprolactam by amine ends from HMD in the copolymer recipe 

(reaction R3), which can occur at relatively low temperature. It is clear from Figure 2.6c) that ring 

opening by water is not responsible for faster initial polymerization in the copolymerization than 

in nylon 6 homopolymerization.   

Comparison of Figures 2.6b and 2.8a shows that HMD is consumed more rapidly (nearly all 

consumed within the first 30 min.) during copolymerization than in nylon 6,6 homopolymerization. 

Notice also that, in the copolymerization, HMD is consumed more quickly than the ADA, whereas 

both are consumed at nearly the same rate during homopolymerization. The reason for faster 

consumption of HMD than ADA during copolymerization is that HMD is rapidly consumed by the 

ring-opening reaction with caprolactam (reaction R3), whereas ADA can only be consumed by 

condensation reaction R2.    
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The local maximum near t=50 minutes for the DP of copolymer corresponds to a local minimum 

in the caprolactam concentration (Figure 2.6a)). At early reaction times, up to about 40 minutes, 

the relatively fast initiation and chain-growth reaction R3 leads to formation of many growing 

oligomers, causing DP to rise. Between t=50 and t=60 minutes, the rate of caprolactam generation 

by backbiting (reverse of reaction R3 and end-biting (reverse of reaction R1)) becomes faster than 

the rate of caprolactam consumption by the corresponding forward reactions. The reason for this 

somewhat peculiar behaviour is that equilibrium constants are temperature dependent. For example, 

at t=40 minutes (T=190 °C), Keq2=1030 and Keq3=2.46, whereas at t=60 minutes (T=250 °C), 

Keq2=490.7 and Keq3=1.48, indicating that the corresponding reverse reactions become preferable at 

the higher temperature, causing caprolactam to be regenerated by reverse reactions R3 and carboxyl 

and amine ends to be regenerated by reverse reaction R2. As shown in Figure 2.8c), during nylon 

6,6 homopolymerization, there is also a local minimum in end-group concentrations due to the 

influence of temperature on Keq2. After t=60 minutes, when the vent is opened, water evaporation 

begins (see Figures 2.6c) and f) for copolymerization and Figures 2.8b) and d) for nylon 6,6 

homopolymerization), causing the net rate of polycondensation to increase.  

The main reason for the higher predicted DP for nylon 6/6,6 copolymer than for nylon 6 

homopolymer is that the batch copolymerization enjoys fast initiation due to the high initial 

concentration of amine ends from HMD. Fast monomer conversion during the initial stage of the 

copolymerization also helps to reduce evaporation of caprolactam. This result is important because 

during commercial production of nylon 6, evaporated monomer is captured for reuse or 

disposal.[e.g.,77-79] Figure 2.6h) and Figure 2.7f) show the cumulative amounts of caprolactam that 

evaporate during the copolymerization and nylon 6 homopolymerization, respectively. A total of 

8.8 moles of caprolactam evaporate during copolymerization, whereas 28.7 moles evaporate during 

homopolymerization. Interestingly, the model predicts that 12% of the initial caprolactam in the 

copolymer recipe is predicted to evaporate whereas a much higher amount (32% of the initial 
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caprolactam in the homopolymerization recipe) evaporates during nylon 6 homopolymerization. 

These predictions indicate that copolymer production may have less caprolactam loss from the 

reacting mixture.  

There are several reasons why the predicted DP is higher for the copolymer than it is for nylon 6,6 

homopolymer. First, the copolymerization proceeds via both chain growth (reaction R3) and step 

growth (reaction R2), whereas nylon 6,6 proceeds only by step growth. Second, the amine and 

carboxyl end-group concentrations are more evenly balanced over the course of the 

copolymerization (see Figures 2.6e) and 2.8c)). Because a greater proportion of the HMD is 

consumed in the early stage of the copolymerization, relatively less of the volatile HMD is 

evaporated over the course of the batch (leading to imbalanced ends) than for the nylon 6,6 

homopolymer. Comparing the final value shown in Figure 2.6g) with the initial HMD charged to 

the reactor (Table 2.7) reveals that the fraction of HMD evaporated during copolymerization is 

0.014/6.628=0.0020. This value is much smaller than the fraction of HMD evaporated during nylon 

6,6 homopolymerization, which is 0.302/44.186=0.0068 as revealed in Figure 2.8e). These 

predictions indicate that HMD vapour loss and imbalance of ends may be a less serious concern 

during copolymerization than during nylon 6,6 homopolymerization, using the operating conditions 

that were simulated. 
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Figure 2.6 Dynamic concentrations of reacting species in nylon 6/6,6 melt, and total 

amounts of species evaporated. a) caprolactam, b) HMD and ADA, c) water, d) cyclic dimer, 

e) amine and carboxyl end groups, f) evaporated water, g) evaporated HMD, h) evaporated 

monomer  
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Figure 2.7 Dynamic concentrations of reacting species in nylon 6 melt, and total amounts of 

species evaporated. a) caprolactam, b) water, c) cyclic dimer, d) amine and carboxyl end 

groups, e) evaporated water, f) evaporated monomer 
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Figure 2.8 Dynamic concentrations of reacting species in nylon 6,6 melt, and total amounts 

of species evaporated. a) HMD and ADA, b) water, c) amine and carboxyl end groups, d) 

evaporated water, e) evaporated HMD 
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nylon 6/6,6 copolymer. Dynamic mass balances are derived and solved to predict degree of 

polymerization (DP) as well as changes in concentrations of water, caprolactam, hexamethylene 

0 60 120 180 240 300
0

0.5

1

1.5

2

Time,min

[H
M

D
],

[A
D

A
],

 m
o
l/
k
g

 

 

[HMD]

[ADA]

a) 

0 60 120 180 240 300
0

10

20

30

Time,min

[W
],

  
m

o
l/
k
g

b) 

0 60 120 180 240 300
0

0.3

0.6

0.9

1.2

Time,min

[E
n
d
 g

ro
u
p
s
],

 m
o
l/
k
g

 

 

[A]

[C]

c) 

0 60 120 180 240 300
0

200

400

600

800

Time,min
W

v
, 

m
o
l d) 

0 60 120 180 240 300
0

0.1

0.2

0.3

0.4

Time,min

H
M

D
v
, 

m
o
l e) 



 

 

39 

 

diamine (HMD), adipic acid, aminocaproic acid, cyclic dimer (CD) and end groups. These mass 

balances assume randomization of monomer units along the polymer chains due to transamidation 

and hydrolysis reactions and rely on novel probability factors to keep the model equations relatively 

simple. Mass-transfer rates of water, caprolactam and HMD are also predicted by the model. The 

model was used, for the first time, to simulate low-temperature (221 ºC) data of Heikens et al., and 

gave reasonable predictions. Mismatch between the data and predicted rates of generation of water 

and amide links suggests that the kinetic parameters of Arai et al. (especially for polycondensation) 

should be re-estimated using additional data, particularly if the model is to be used at low 

temperatures. Simulations of an industrial batch reactor operating at 250 ºC reveal interesting 

features associated with nylon 6/6,6 copolymerization in comparison with nylon 6 and nylon 6,6 

homopolymerizations. When similar batch reactor conditions are used, higher DP is achieved for 

the copolymer than for the corresponding homopolymers. The simulations reveal that there are 

several causes for this higher DP prediction. Due to the presence of amine ends from the HMD, 

caprolactam is consumed much more rapidly at the start of the batch than occurs during nylon 6 

homopolymerization, leading to higher DP in a shorter time. Also, when compared with nylon 6,6 

homopolymerization, relatively less HMD escapes from the reactor via mass-transfer to the gas 

phase, because nearly all of the HMD is consumed quickly at the start of the copolymerization. The 

resulting predicted improvement in the balance between amine ends and carboxyl ends helps to 

achieve higher predicted DP compared with the nylon 6,6 homopolymerization in the batch reactor.  

 

In future, the model will be modified to simulate trains of industrial-scale continuous reactors. One 

issue that will need to be addressed is the reliability of Arai’s nylon 6 kinetic parameters, which are 

used in the current model. These parameter values[33] will not be valid in the presence of strong acid 

catalysts that are often added to commercial nylon polymerization processes.[e.g.,58,80-85] Even in 

situations when no catalyst is added to the reactor system, Arai’s parameters may not be accurate 
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over the entire range of conditions encountered during copolymerization. Arai’s kinetic 

experiments were conducted using low water concentrations[33] that are typically encountered 

during nylon 6 homopolymerization. The additional water used as a solvent and generated during 

copolymerization may influence rate constants and equilibrium constants.[71] Even though there is 

concern about the reliability of the kinetic parameter values in the current study, the model and 

simulation results provide new insights into key phenomena that are important for understanding 

and improving industrial nylon copolymerization processes. 
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Chapter 3 

Mathematical Modeling of Nylon 6/6,6 Copolymerization in Batch 

Reactor: Investigating Recipes without Water and with Cyclic Dimer2 

 

 Abstract  

A model is used to simulate batch copolymerization of caprolactam with hexamethylene diamine 

(HMD) and adipic acid (ADA) to produce nylon 6/6,6. Four different recipes are considered: a 

recipe containing caprolactam and an aqueous solution of HMD and ADA, a recipe containing 

caprolactam and dry HMD/ADA salt, and two recipes with a portion of the caprolactam replaced 

by nylon 6 cyclic dimer (CD). Consuming CD would be advantageous because CD is an 

undesirable side product from nylon 6 production. Simulation results lead to three important 

findings: i) operation using dry salt rather than aqueous salt solution leads to higher degree of 

polymerization (DP), ii) substantial quantities of CD can be consumed to produce nylon 6/6,6 

copolymer and iii) including water in the recipe is beneficial for achieving improved consumption 

of CD. The results of this study will be helpful for designing experiments aimed at improving 

industrial nylon 6/6,6 copolymerization processes. 

 Introduction 

Nylons (or polyamides, PA) are commercially important polymers due to their outstanding physical 

characteristics. They are used in packaging films, textile fibers and moulded products.[1,2] Two main 

polyamides, i.e. PA6 and PA6,6, are produced by hydrolytic ring-opening polymerization of 

caprolactam (M) and condensation polymerization of hexamethylene diamine (HMD) and adipic 

                                                      

2 This chapter has been published in Macromolecular Reaction Engineering, 2018, 12, 1700040. Dr. James 

Hurley, Dr. Neeraj Khare, Dr. Kim McAuley were co-authors of this journal article. 
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acid (ADA), respectively. Nylon 6/6,6 copolymers have been commercialized[3-6] because these 

materials have lower crystallinity and improved film clarity compared to PA6 and PA6,6 

homopolymers.  

Recently, we developed a mathematical model describing PA6/6,6 copolymerization in batch 

reactors.[7] As shown in Table 3.1, six reversible reactions are considered in this model: hydrolysis 

of caprolactam, polycondensation, polyaddition, cyclic dimer formation via end biting and 

backbiting, and transamidation. The first five reactions in this scheme were used in models by Arai 

et al.,[8] based on previous studies by Hermans and Wiloth.[9-11] The sixth reaction (transamidation) 

was used in nylon 6 homopolymerization models by Wang et al..[12] Arai et al. accounted for the 

catalytic influence of carboxyl ends on reactions R1 to R5 in Table 3.1 using rate constant 

expressions of the form:  

𝑘𝑓𝑖 = 𝑘𝑖
𝑢 + 𝑘𝑖

𝑐[𝐶𝑂𝑂𝐻]           (3.1) 

They used batch reactor data to estimate pre-exponential factors and activation energies for both 

the uncatalyzed rate constants, 𝑘𝑖
𝑢, and the catalyzed rate constants, 𝑘𝑖

𝑐.[8] In addition, Arai et al. 

estimated enthalpy and entropy changes for reactions R1 to R5 so that corresponding equilibrium 

constants can be calculated.[8] These parameter values are used to conduct the simulations in the 

current article. Note that the equilibrium constant for reaction R6 is unity by definition because the 

forward and reverse transamidation reactions involve the same functional groups. As indicated by 

assumption 6 in Table 3.2, we assume that the forward rate constant for reaction R6 is equal to kf5, 

the rate constant for transamidation reactions involving amide links on the cyclic dimer.   

Table 3.3 shows dynamic model equations, which are material balances on the mass m of the liquid 

in the reactor, the caprolactam monomer M, the linear monomer (aminocaproic acid) LM, unreacted 

HMD and ADA, the linear dimer LD, cyclic dimer CD, water W, amide links L, carboxyl ends C, 

amine ends A, and the number of moles of water, monomer and HMD (Wv, Mv and HMDv) that have 

evaporated from the liquid into the vapour.[7] The ordinary differential equations (ODEs) in Table 
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3.3 contain probability factors (fi, i=1,2…14) used to keep the model equations relatively simple to 

use and to understand. For example, f1 is the fraction of amine ends that are associated with a 

caprolactam (rather than HMD) unit. Use of this factor is required because only amine ends from 

caprolactam units are able to backbite (via reaction R3 in Table 3.1) to regenerate caprolactam. 

Similarly, f14 is the fraction of amine ends that are associated with two caprolactam units in a row. 

Only these ends can backbite (via reaction R5) to produce CD. Expressions for these probability 

factors and their derivations are provided in our previous modeling work.[7] ODEs (3.3.1), (3.3.2), 

(3.3.4), (3.3.8) and (3.3.11) also contain lumped mass-transfer coefficients for water, caprolactam 

monomer and HMD (i.e., kwAs, kMAs and kHMDAs). Values for these mass-transfer coefficients 

corresponding to a laboratory-scale batch reactor with nitrogen sweeping are provided in our 

previous paper.[7]  

To our knowledge, the model in Table 3.3 is the only nylon copolymerization model in the 

academic literature. To test the validity of its predictions, batch reactor data generated by Heikens 

et al. at a relatively low temperature of 221 ºC was used.[7,14] Heikens et al. had performed their 

experiments in sealed tubes containing mixtures of caprolactam and water to which either HMD or 

ADA was added to perturb the balance of end groups. The model predictions showed a better match 

to the data when kinetic parameters of Arai et al. were used compared to parameter values estimated 

by Hermans et al.[11,14] Relatively minor deviations between predicted and measured HMD 

concentrations at low reaction times and water concentrations at long reaction times suggest that 

Arai’s rate constants for reactions R2 and R3 may not be accurate for the low-temperature operating 

regime with unusual end-group concentrations that was used in Heikens’s experiments. In future, 

re-estimation of kinetic parameters using additional data that will be obtained over a wider range 

of temperatures and concentrations will be important to ensure accurate model predictions and 

careful model validation. 
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Table 3.1 Reaction scheme for nylon 6/6,6 copolymerization [7] 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 
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Table 3.2  Assumptions for reaction kinetics and model development[7] 

No. Assumptions 

1 The batch reactor is well mixed and heated linearly from 150 ºC to 250 ºC during the first hour 

of operation. After one hour, the reactor temperature is held at 250 ºC. The initial reactor 

contents are present in a single liquid phase at 150 ºC and no precipitation occurs during the 

operation of the batch reactor. 

2 During the first hour of operation, mass transfer of water, caprolactam and HMD to the 

headspace is negligible because the vent is closed and the volume of the headspace is small. 

After one hour of operation, concentrations of these species in the headspace are small due to 

nitrogen sweeping and are assumed to be zero when determining driving forces for mass 

transfer. Mass-transfer coefficients are assumed to be constant after one hour of operation even 

though the liquid viscosity increases over time due to changing DP. Although very small 

amounts of CD can evaporate during nylon 6 production, the volatility of CD is very low;[13] 

mass transfer of CD is neglected in the current modeling study. 

3 The concentration of amide links [L], accounted for in ODE 3.3.9, includes all amide links in 

the linear polymer and linear oligomers. Links in caprolactam and CD are not included in the 

definition of L. Cyclic oligomers larger than CD are neglected in the model due to their low 

concentrations. Cyclic oligo-amides that contain HMD and ADA units are also neglected in the 

model.  

4 There are sufficient hydrolysis (reverse reaction R2) and transamidation (reaction R6) reactions 

so that HMD, ADA and monomer units are randomized within the polymer chains and at the 

chain ends. This assumption is important when determining the fractions of certain types of 

reactions that can generate monomer, LM, LD, HMD, ADA and CD.  
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5 When backbiting of small linear oligomers occurs to produce M or CD (reverse reactions of R3 

and R5), the amounts of LM and LD that are produced as leftover parts of the linear chains via 

these reactions are small and can be neglected. This assumption is valid because concentrations 

of linear oligomers that can produce LM and LD in this way are low. As a result, the probability 

factors f4 and f11 are assumed to be zero. This assumption eliminates a difficult closure problem 

that would require a very large number of species to be tracked. Similarly, it is assumed that 

the amounts of HMD produced as leftover parts of linear chains via reverse reactions R3 and 

R5 are small, so f7 and f8 are set to zero.  

6 kf4 is defined as the rate constant for reaction of water with an individual amide link in the cyclic 

dimer. Similarly, kf5 is defined as the rate constant for reaction of an amine end with an 

individual amide link in a CD molecule. Because the rates of reactions R4 and R5 are defined 

differently than by Arai et al. (in terms of the two amide links in the CD rather than in terms of 

overall CD molecules), appropriate values for kf4, kf5, Keq4 and Keq5 are half the corresponding 

values from Arai et al..[8] We assume that ring strain in CD molecules is negligible, so that         

k6 = kf5.  

7 All amine ends in the system have equal reactivity, regardless of whether they appear on HMD, 

LM, LD or the end of a polymer chain. Similarly, all carboxyl ends have equal reactivity, 

regardless of where they appear. As shown in the mechanism in Table 3.1, chain-growth 

reactions R3, R5 and transamidation reaction R6 involve reactions with amine ends rather than 

carboxyl ends. 

8 Reactions in Table 3.1 are accelerated by acid end groups (i.e., carboxyl end groups on the 

ADA, LM, LD and polymer chain ends).  

9 

Only the chains with two or more monomer units are counted as polymer. As a result, end 

groups on HMD, ADA and aminocaproic acid are not included as ends on polymer chains and  

DP is calculated from 𝐷𝑃 =
[𝐿]

([𝐶]+[𝐴]−2[𝐻𝑀𝐷]−2[𝐴𝐷𝐴]−2[𝐿𝑀])/2
+ 1  
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Table 3.3 Mass balance ordinary differential equations (ODEs) [7] 

No. ODEs 

 

3.3.1 
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In our previous study, the model was used (with Arai’s parameter values) to predict the dynamic 

behaviour of an industrial laboratory-scale batch reactor, so that the behaviour of nylon 6/6,6 

copolymerization could be compared with nylon 6 homopolymerization and nylon 6,6 

homopolymerization, all conducted using similar reactor operating conditions. In the initial stage 

of the batch reactor operation, the reactor contents were heated linearly from 70 ºC to 250 ºC during 

a one-hour period and were held at a fixed temperature of 250 ºC thereafter. A vent on the overhead 

vapour line remained closed during the first hour of operation and was then opened to permit mass 

transfer of water (along with small amounts of caprolactam and HMD) from the liquid phase to 

encourage growth in DP via reaction R2. The resulting simulations revealed interesting synergies 

that arise during copolymerization compared to nylon 6 homopolymerization and to nylon 6,6 

homopolymerization.[7] For example, a higher DP was predicted in copolymerization simulations 

compared with the corresponding homopolymerizations because DP builds up quickly at the start 

of the batch copolymerization due to fast ring opening of caprolactam by amine ends from HMD 

(i.e., via reaction R3). Unlike nylon 6 homopolymerization where water is important for ring 

opening of caprolactam, in the copolymerization system nearly all of the initial ring opening is 

caused by amine ends (reaction R3) rather than by water (reaction R1) because of the much higher 

concentration of amine ends.[7]  

The PA6/6,6 base case recipe that was simulated (because it was of interest to our industrial 

sponsor) contains 14.5 wt % water, which is an effective solvent for an equimolar ionic mixture of 

HMD and ADA (nylon 6,6 salt). This Base Case recipe was designed to produce copolymer 

containing 85% by weight PA6 and 15% PA6,6, assuming high conversion of end groups and 

negligible evaporation of monomers. If this recipe were to be used industrially, large amounts of 

water would need to be removed from the reaction mixture compared to the small amount (only ~2 

wt %) used in recipes for PA6 homopolymer. Not only would the initial water need to be removed, 

so would additional water that is generated by condensation of end groups (reaction R2). Fast water 
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removal is required so that high DP can be achieved in a reasonable time. If the reacting mixture 

contains a high concentration of water, the rate of the reverse of reaction R2 is relatively fast, so 

that polymer chain growth via condensation slows or ceases. Evaporation of the water from the 

reacting mixture requires significant energy. As a result, it may be industrially advantageous to 

consider recipes containing less water or no initial water at all. Using less water might also reduce 

costs associated with water recycling or treatment. 

It is interesting that the nylon 6/6,6 model predicts a lower rate of CD formation during batch 

copolymerization than during nylon 6 homopolymerization under similar reactor operating 

conditions. CD is an undesirable side product produced during nylon 6 and nylon 6/6,6 

manufacturing because it leads to poor product quality.[15-18] For example, CD can cause breaks 

during fibre extrusion and may cause difficulties during dyeing due to crystallization on the fibre 

surface.[18] CD has a high melting temperature (347-348 °C) and low solubility in water (0.1 wt % 

at 17 °C).[19] It is very resistant to hydrolysis, compared to other cyclic oligomers and to nylon 6,6 

cyclic dimer (a structural isomer of CD, consisting of one HMD unit and one ADA unit).[18-20] As a 

result, nylon 6 CD tends to build up in the reacting mixture over time and has a typical equilibrium 

concentration of up to 1.13 wt % in commercial nylon 6 prior to residual monomer and oligomer 

removal via hot water extraction.[21-22] Residual caprolactam (up to 10 wt % in the homopolymer) 

is also present in commercial nylon 6 and 6/6,6 at the end of the polymerization process.[15,23-25] It 

can be recycled to produce additional nylon 6 after extraction and purification.[25-29] Unfortunately, 

the extracted CD is difficult to convert to useful small molecules or nylon polymer and is sometimes 

discarded as industrial solid waste.[16,18,26,29] Various technologies have been developed to ring open 

nylon 6 cyclic oligomers (especially CD) so that the resulting linear oligomers can be used for 

subsequent polymerization.[e.g.,24,30,31] To our knowledge, there are no patents or papers in the 

literature that study the direct use of CD as part of the feed stream to a polymerization reactor for 

nylon 6 or nylon 6/6,6 production.   
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The objective of this study is to investigate alternative nylon 6/6,6 copolymerization recipes for 

batch reactors that might have benefits for industrial copolymer production. First, we consider batch 

reactor operation with no water in the initial recipe (i.e., by dissolving the nylon 6,6 salt directly in 

caprolactam) and compare the resulting polymerization rate and DP with those obtained from 

traditional base-case simulations where the recipe contains 14 wt % water.[7] Next, we focus on 

formation and consumption of CD during nylon 6/6,6 production, demonstrating that amine ends 

from HMD are able to effectively ring-open CD. We make a modification to the model equations 

to permit simulations where CD is present initially in the batch reactor recipe. We show that CD 

can be readily consumed to produce nylon 6/6,6 due to the high initial concentration of amine ends. 

Improved batch reactor operating strategies are considered to achieve enhanced CD consumption. 

In future studies, the model will be extended to account for the influence of strong acid catalysts 

and to simulate copolymerization in a train of continuous stirred-tank reactors. 

 Model Update and Assumptions 

In our previous work, the following expressions for probability factors f1 and f2 were developed:  

𝑓1 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐻𝑀𝐷]𝑝
          (3.2) 

𝑓2 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐴𝐷𝐴]𝑝
          (3.3) 

where [M]p, [HMD]p and [ADA]p are concentrations of reacted caprolactam, HMD and ADA units, 

respectively, in the polymer and oligomers (including LD, but not CD): 

[𝑀]𝑝 =
[𝑀]0𝑚0

𝑚
− [𝑀] − [𝐿𝑀] − 2[𝐶𝐷] −

𝑀𝑣

𝑚
                (3.4) 

[𝐻𝑀𝐷]𝑝 =
[𝐻𝑀𝐷]0𝑚0

𝑚
− [𝐻𝑀𝐷] −

𝐻𝑀𝐷𝑣

𝑚
           (3.5) 

[𝐴𝐷𝐴]𝑝 =
[𝐴𝐷𝐴]0𝑚0

𝑚
− [𝐴𝐷𝐴]         (3.6) 
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Equation (3.2) is important because it tracks the proportion of amine ends that can backbite to 

generate caprolactam via reaction R3; Equation (3.3) is important because tracks the proportion of 

carboxyl ends that arise from caprolactam rather than from ADA. Note that factor f1 appears in 

ODEs (3.3.2) and (3.3.9) but f2 does not appear directly in any of the ODEs. However, it is used 

for computing factors f3, f5, f9, f10 and f12.
[7] For example, f5, the fraction of amide links that can be 

broken by reaction R6 to produce LM is: 

𝑓5 =
𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
          (3.7) 

The probability factor expressions derived in our previous modeling work can be used without 

modification, except that a change to equation (3.4) is required. This expression, which tracks the 

reacted caprolactam in the copolymer, was derived assuming that only caprolactam, HMD, ADA 

and water can be present at time zero in the batch. However, in the current article, we explore the 

use of CD as part of the batch reactor recipe. When initial CD is present, equation (3.4) must be 

modified to:  

[𝑀]𝑝 =
2[𝐶𝐷]0𝑚0

𝑚
+

[𝑀]0𝑚0

𝑚
− [𝑀] − [𝐿𝑀] − 2[𝐶𝐷] −

𝑀𝑣

𝑚
          (3.8)  

thereby influencing the values of factors f1, f2, f3, f5, f6,  f9, f10, f12, f13 and f14. Equation (3.8) arises from 

a material balance on caprolactam units (i.e., from the fact that the initial caprolactam units in the 

batch (present as monomer and CD), are equal to the caprolactam consumed in the polymer plus 

the units present in small molecules (i.e., M, LM, or CD) plus the total units that have evaporated 

since the start of the batch.   

Table 3.2 contains nine assumptions that were used to derive the ODEs in Table 3.3. The first 

assumption is slightly different than in our previous study where the temperature at the start of the 

batches was 70 ºC (slightly above the melting temperature of caprolactam). In the current 

simulation study, a higher initial temperature of 150 ºC is used for all of the simulations, as shown 

in Figure 3.1. This higher initial temperature was selected so that all of the nylon 6,6 salt and any 
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initial CD in the recipe could be assumed to dissolve in the initial caprolactam.[30,32,33] There is very 

little information in the literature about the solubility of nylon 6,6 salt in caprolactam as a function 

of composition and temperature, so it is not clear whether this assumption is valid. A slightly higher 

initial temperature might be required in practice to dissolve all of the reactants, depending on the 

exact composition of the recipe. 

 
Figure 3.1 Dynamic temperature profile used in batch reactor simulations 

 

 Simulation Results and Discussion 

Table 3.4 provides recipes that would lead to production of 10 kg of copolymer containing 85% 

PA6 units and 15% PA6,6 units if high conversion of end groups is achieved and evaporation of 

monomers is negligible. The Base Case recipe is obtained by mixing caprolactam with an aqueous 

nylon 6,6 salt solution containing 50% water by weight. This recipe was considered in our previous 

modeling study.[7] The Case 2 recipe contains the same reactants except that the water is omitted 

(i.e., dry nylon 6,6 salt is dissolved directly in caprolactam). This recipe is of interest because our 

earlier model revealed that water is not important for ring-opening of caprolactam during nylon 

6/6,6 copolymerization. The Case 3 recipe is the same as the Base Case, except that 10% of the 

caprolactam is replaced by CD. This recipe is considered so that the opportunity to consume CD 

recovered as a side product from nylon 6 homopolymerization and nylon 6/6,6 copolymerization 

can be explored. The Case 4 recipe includes the same amount of CD, but the water has been omitted 

to explore whether water is detrimental or beneficial for consuming CD and achieving high DP. Of 
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the four recipes, Case 4 gives the greatest concern when assuming that all of the species will 

dissolve in a single phase at the initial temperature of 150 ºC (see assumption 1 in Table 3.2).  

Table 3.4 Recipes used for simulations 

Species Units Base Case  Case 2 Case 3 Case 4  

Caprolactam mol 75.118 75.118 67.606 67.606 

Cyclic dimer mol - - 3.756 3.756 

HMD mol 6.628 6.628 6.628 6.628 

ADA mol 6.628 6.628 6.628 6.628 

Water  mol 96.514 - 96.514 - 

Total Mass kg 11.978 10.239 11.978 10.239 

 
  

The model equations in Table 3.3 were solved using a MATLAB ODE solver (ode45). Kinetic 

parameter values were obtained from Arai et al. and mass-transfer coefficients were set to zero 

during the initial time period before the vent was opened and to reasonable values thereafter.[7-8] 

Figure 3.1 shows the temperature profile used in simulations. During the heat-up period, the reactor 

temperature linearly increases from 150 ºC to 250 ºC (see assumption 1 in Table 3.2) with the 

overhead vent closed. Thereafter, the temperature is held constant at 250 ºC and volatile species 

are permitted to evaporate through the open vent. Sweeping of the headspace vapour with nitrogen 

is used to reduce the partial pressure of water to encourage rapid mass transfer of water.  

3.4.1 Comparing Predictions for Case 2 (no Water) with Base Case Recipe 

Figure 3.2 compares model predictions for the Case 2 recipe (solid lines) with predictions for the 

Base Case recipe (dashed lines). As shown in Figure 3.2 a), the initial water concentration in the 

Base Case simulations is ~ 8 mol kg-1. This concentration increases during the first ~40 minutes of 

the batch, indicating that more water is being generated by condensation reaction R2 than is 

consumed by ring-opening reaction R1. A similar, but slightly larger, increase in water 
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concentration occurs for Case 2 (starting from 0 mol kg-1) where the rate of the condensation 

reaction is faster because initial water is not present as a diluent. After the vent is opened at 60 

minutes, the water concentration falls rapidly in both the Base Case and Case 2 simulations. 

Because the initial concentrations of caprolactam, HMD and ADA (see Figures 3.2 b) and c)) are 

higher in Case 2, the DP (Figure 3.2 d)) increases more quickly in Case 2 than in the Base Case. 

Because the rate of ring opening of caprolactam by water (reaction R1) is much lower than the rate 

of ring opening by amine ends (reaction R3) in both Cases, the main benefit of including water in 

the recipe is as a solvent to enable relatively easy addition of the nylon 6,6 salt to the reactor, rather 

than as a ring-opening agent. If the reactor charging system can accommodate dry nylon 6,6 salt, 

there are significant benefits in the DP that can be obtained during a fixed batch time (e.g., a DP 

of 248 is achieved at the end of the batch for Case 2 compared to DP=229 for the Base Case).  
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Figure 3.2 Simulations for Base Case ( ) nylon 6/6,6 copolymerization with water and 

Case 2( )nylon 6/6,6 copolymerization using dry salt and no water, showing time 

evolution of a) water concentration, b) caprolactam concentration, c) HMD and ADA 

concentrations d) DP, e) amine end-group concentration, f) evaporated HMD, g) CD 

concentration, h) evaporated caprolactam and i) evaporated water 

 

The main benefit of operating the batch reactor without added water is in the early stage of the 

reaction where the vent is closed. After water removal commences at t=60 min., the rate of increase 

in DP is similar for the two cases. It is interesting that the increase in DP is monotonic for Case 2 

over the entire duration of the batch, but there is a local maximum in DP for the Base Case at ~40 

minutes, which corresponds to a local minimum in caprolactam concentration. The reason for this 

maximum and corresponding minimum is that temperature increases during the first 60 minutes, 

as shown in Figure 3.1. As temperature rises, equilibrium constants Keq2 and Keq3 decrease, causing 
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reverse reactions R2 and R3 to become faster than the corresponding forward reactions.[7] When T 

reaches ~216 °C, DP begins to decrease and concentrations of caprolactam and end groups begin 

to increase. When the vent opens at t=60 minutes, the water concentration decreases quickly, 

permitting condensation reaction R2 to proceed more quickly than the reverse reaction. Very little 

HMD is able to evaporate from the batch reactor after the vent opens (see Figure 3.2 f)) because 

nearly all of the HMD is consumed during the first 60 minutes (see Figure 3.2 c)). As a result, the 

concentrations of amine and carboxyl ends (not shown) are nearly equal to each other in both the 

Base Case and Case 2.      

Figure 3.2g) shows a lower CD concentration predicted for Case 2 than for the Base Case during 

the 300 minutes of reactor operation. Since amine ends are consumed more quickly during the 

initial stage of Case 2, there are fewer amine ends that can backbite to generate CD via the reverse 

of reaction R5. The lower CD concentration predicted for Case 2 may be important for commercial 

production of the copolymer because this undesirable side product affects product quality and 

typically must be removed via hot water extraction.[18]  

Another benefit of operating without initial water is that the predicted amounts of HMD and 

caprolactam that evaporate during the batch are lower (see Figures 3.2 f) and h)). There are two 

reasons for these lower HMD and caprolactam evaporation rates. First, because water is not present 

as a diluent, the initial concentrations of amine ends and caprolactam are higher in the water-free 

recipe. As a result, reaction R3 proceeds more quickly than for the water-rich Base Case, resulting 

in higher consumption rates of caprolactam and HMD early in the batch. Second, the higher initial 

concentration of carboxyl ends in the water-free recipe results in a stronger catalytic effect of 

carboxyl ends (see equation (1)) early in the batch, which further increases the rates of HMD and 

caprolactam consumption, making less HMD and caprolactam available to evaporate. Figure 3.2i) 

shows the much lower amount of overhead water that must be treated or recycled in Case 2 than in 
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the Base Case. Note that evaporating the additional water in the Base Case compared with Case 2 

requires additional energy. 

3.4.2 Simulations with Added Cyclic Dimer 

Figure 3.3 shows model predictions for Case 3 where 10 % of the caprolactam in the Base Case is 

replaced by CD (i.e., 3.756 moles of CD are used in the recipe as shown in Table 3.4). The solid 

curves show the predictions when the overhead vent is closed for 60 minutes, and the dashed curves 

show the predictions when the overhead vent is closed for 120 minutes, delaying the removal of 

water from the reactor as shown in Figure 3.3a). Figure 3.3b) shows that 74% of the initial CD in 

the batch reactor has been consumed at the end of the batch when the overhead vent is opened at 

the usual time of t=60 minutes. On the other hand, when the vent is held closed until t=120 minutes 

(dashed curve), a greater fraction of the initial CD is predicted to be consumed. Delay of vent 

opening (and thus maintaining the high water content) helps to preserve amine ends that continue 

to ring open CD via reaction R5.  

   

 

Figure 3.3 Simulations for Case 3 where the overhead vent is opened at t=60 min ( ) and 

at t=120 min ( ) , respectively, showing evolution of a) water concentration, b) CD 

concentration, c) DP, d) amine end-group concentration, e) HMD and ADA concentrations 

and f) caprolactam concentration  
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The simulation results in Figure 3.3b) may seem somewhat unexpected if they are compared with 

those in Figure 3.2g), which shows that [CD] was higher in a simulation with water in the recipe 

(dashed curve) compared to a simulation without water (solid curve in Figure 3.2g)). Why is it that 

in one situation (Figure 3.3b)) more water led to a decrease in [CD], whereas in another (Figure 

3.2g)) more water led to an increase in [CD]? The reason that the added water increased [CD] in 

Figure 3.2g) is that back-biting reaction R5 was faster than in the case without water. The higher 

water concentration led to a higher concentration of amine ends (Figure 3.2e)) that were able to 

back-bite. Nylon 6/6,6 copolymerization is complicated because amine ends are important for both 

generation and consumption of CD. Note that in Figure 3.2g), [CD] is increasing toward its 

equilibrium value and in Figure 3.3b), [CD] is decreasing slowly toward its equilibrium value.  An 

equilibrium [CD] is not reached in the simulations shown in either Figure 3.2 or Figure 3.3. 

Reactions involving CD consumption and generation are very slow (in all cases) near the end of 

the batch where amine end and water concentrations are very low. As shown in Figure 3.3b), most 

of the CD is consumed during the initial stage of the batch where amine end and water 

concentrations are high. The high initial carboxyl-end concentration during the initial stage also 

contributes to fast CD consumption because of the catalytic effect of carboxyl ends (Equation (3.1)). 

Keeping the vent closed for an even longer time (e.g., 180 minutes) results in additional CD 

consumption (not shown). 

Unfortunately, as shown in Figure 3.3c), keeping the vent closed for 120 rather than 60 minutes 

results in lower final DP. The reason is that the reaction R2 is almost in equilibrium during the 

prolonged closed-vent period. As a result, the concentrations of amine ends, water (and also DP) 

change little between 60 and 120 minutes with the vent closed (see Figures 3.3a), 3.3c) and 3.3d)). 

Note that the predictions of [HMD] (and also [ADA]) overlap for the simulations with and without 

the vent open between t=60 minutes and t=120 minutes. As a result, it is difficult to see the dashed 

curves behind the corresponding solid curves in Figure 3.3e).  
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After the vent opens, which permits the water concentration to decrease, the amine end 

concentration (Figure 3.3d)) falls rapidly as condensation reaction R2 becomes much faster than 

the corresponding reverse reaction, permitting DP to increase (Figure 3.3c)). These simulation 

results provide helpful insights into the importance of the various mechanisms for CD generation 

and consumption and show opportunities for using CD as part of the feedstock during nylon 6/6,6 

production. Future continuous stirred-tank reactor (CSTR) models will be useful for investigating 

how CD addition and reactor operating policies might be optimized during commercial copolymer 

production in a train of CSTRs.[34] 

In Figure 3.4, simulation results are shown for Case 4 where CD is added without any initial water 

in the recipe. As expected, the amount of CD consumed in Case 4 is lower than in Case 3 (see 

Figure 3.4a)). When less water is present during the initial stage (Figure 3.4b)), the net rate of the 

condensation reaction is faster, resulting in a reduced concentration of amine ends compared to 

Case 3. These amine ends are consumed quickly as the temperature increases (see Figures 3.1 and 

3.4c)). When there are fewer amine ends, the amount of CD consumed by ring-opening reaction 

R5 is lower. Comparisons of the simulations for Cases 3 and 4 suggest that maintaining a relatively 

high water concentration early in the copolymerization is beneficial for converting more CD into 

polymer. Figure 3.4d) shows that the influence of keeping the vent closed on DP is similar to that 

observed in Figure 3.3c). However, the influence on [A] is not as severe in Figure 3.4 c) as in Figure 

3.3d). As shown in Figure 3.4c), when no water was present in the recipe, [A] was able to fall more 

quickly (because reaction R2 did not reach equilibrium) in this low-water environment until 

approximately t=60 min.    
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Figure 3.4 Simulations for Case 4 where the overhead vent is opened at t=60 min ( ) and 

at t=120 min ( ), respectively, showing evolution of a) CD concentration, b) water 

concentration, c) amine end-group concentration, d) DP, e) caprolactam concentration and 

f) HMD and ADA concentrations 

 

To better understand the opportunity for CD consumption during nylon 6/6,6 production, it is 

interesting to compare the simulation results in Figure 3.3 with those in Figure 3.5, which shows 

what would happen if 3.756 mol of CD were used to replace a portion of the caprolactam in a nylon 

6 homopolymerization recipe considered in our previous modeling work (i.e., resulting in a recipe 

containing 80.862 mol caprolactam, 3.756 mol CD and 11.328 mol water).[7]  Figure 3.5a) shows 

that only a very small amount of CD would be consumed during the initial 60 minute 

homopolymerization heat-up period (due to the very low concentrations of amine and carboxyl 

ends). The model predicts (Figure 3.5a)) that [CD] would begin to rise after the vent opens. 

Comparing the results in Figures 3.3 and 3.5 confirms the much greater propensity for recycled CD 

to be consumed during nylon 6/6,6 copolymerization than during nylon 6 homopolymerization.    
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Figure 3.5 Simulations for nylon 6 homopolymerization with a portion of the caprolactam 

replaced by CD, showing evolution of a) cyclic dimer concentration and b) DP 

 

 Conclusions 

A recently developed mathematical model is used to investigate three different recipes to produce 

nylon 6/6,6 copolymer in a lab-scale batch reactor. The Base Case recipe that was considered in 

our previous study consists of caprolactam and an aqueous nylon 6,6 salt solution containing 50 

wt % water. Simulations were performed using the Base Case recipe and recipes with the water 

removed and with CD added. Compared with Base Case, higher DP is predicted when water is 

removed due to the relatively faster ring-opening of caprolactam by amine ends and faster 

condensation. As a result, using less water or no water in the feedstock for nylon 6/6,6 

copolymerization may have benefits for industrial copolymer production. Further, the simulation 

results show that substantial quantities of CD can be consumed to form copolymer if CD is added 

to the recipe. When CD is added, it is advantageous to use water in the recipe to ensure a high 

amine end concentration in the early stage of the process to encourage fast consumption of CD. 

These simulation results will inform the design of experiments aimed at improving industrial nylon 

6/6,6 copolymerization. Furthermore, they will be helpful for designing lab-scale batch reactor 

experiments to validate the model predictions. In the future, it will be important to experimentally 

investigate the solubility of nylon 6,6 salt and CD in caprolactam (and in mixtures of caprolactam 
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and water) to determine a suitable initial operating temperature for batch reactor experiments where 

all species will dissolve in a single phase. Furthermore, it will be important to test whether the 

kinetic and equilibrium parameters of Arai et al. used in the current model give reliable predictions 

for the recipes that were simulated. The Arai kinetic parameters were fitted from nylon 6 

homopolymerization experiments with relatively low water concentrations (e.g., up to 1.18           

mol kg-1).[8]  It is not at all clear that the size of the catalytic effect of carboxyl end groups would 

be same for experiments conducted using the higher initial water concentrations in the Base Case 

and Case 3 simulations. Because industrial nylon production can involve the use of strong acid 

catalysts,[e.g.,35-40] which are not considered in the current model, the model should be extended to 

account for the influence of added catalysts on reaction rates. Extension of the model to account 

for copolymerization in a train of stirred reactors will also be beneficial for assessing the potential 

opportunities for using CD or dry nylon 6,6 salt as part of the feed stream during commercial nylon 

6/6,6 production. 
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Chapter 4 

Modeling Equilibrium Behaviour of Nylon 6, Nylon 6,6                        

and Nylon 6/6,6 Copolymer3 

 

 Abstract 

Nylon 6 and nylon 6,6 reaction equilibria depend in a complex way on water concentration and 

temperature. For example, data sets from six research groups reveal that the apparent equilibrium 

constant for polycondensation increases with water at low water concentrations, reaches a 

maximum, and then decreases as the water concentration rises further. In this article, semi-

empirical expressions are proposed to describe the experimentally observed equilibrium behaviour 

for the five main reactions that occur during nylon 6 and nylon 6,6 polymerization. Nine side 

reactions involving amidine ends, cyclopentanone ends and hydrated carboxyl ends are used to 

develop expressions that account for the influence of both water and temperature on these 

equilibrium constants. Excellent fits to the data, over the entire range of the available nylon 6 and 

nylon 6,6 data, suggests that the proposed equations will be helpful for modeling reaction equilibria 

for nylon 6/6,6 copolymerization. 

 

 Introduction 

Nylon 6/6,6 copolymer is a commercial polyamide produced from the copolymerization of 

caprolactam with an aqueous solution of hexamethylene diamine (HMD) and adipic acid (ADA). 

This copolymer, also called PA6/6,6, emerged as a commercial product in the 1990s because of its 

                                                      

3 This chapter was submitted to Macromolecular Reaction Engineering. Dr. Keith Marchildon, Dr. Kim 

McAuley were co-authors of this article. 
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improved end-use properties, such as higher clarity in film extrusion and enhanced flowability in 

injection moulding[1–6]compared to nylon 6 and nylon 6,6 homopolymers. Recently, our research 

group developed a model for nylon 6/6,6 copolymerization in a batch reactor to study the influence 

of recipe changes on polymerization rate and degree of polymerization (DP).[7,8] To our knowledge, 

this is the only nylon 6/6,6 copolymerization model in the literature. Predictions from the model 

rely on the reaction scheme in Table 4.1 and corresponding kinetic rate constants and equilibrium 

constants.[7–10] Unfortunately, there are no nylon 6/6,6 copolymerization data in the literature for 

use in testing model predictions. However, in 1960 Heikens et al. produced batch reactor data using 

two recipes containing caprolactam, water and either ADA or HMD.[11] Dynamic simulation results 

from our model, using equilibrium and rate constant estimates from Arai et al.,[9] resulted in good 

qualitative predictions for concentrations of amine ends, carboxyl ends and residual caprolactam. 

Unfortunately, a reliable quantitative match to Heikens’ data was not obtained, especially for DP 

and water concentrations at long reaction times, indicating that equilibrium constant values 

(especially for reaction R2 in Table 4.1) estimated by Arai et al. may not be valid for conditions 

encountered during nylon 6/6,6 copolymerization. Note that Arai’s parameter values were obtained 

using water concentrations below 2.1 wt %, whereas higher water concentrations (e.g., up to 14 wt 

%) are used in nylon 6/6,6 copolymerization recipes.[7,9] Reliable values of equilibrium constants 

are required over the wide range of water concentrations and temperatures employed in industrial 

nylon 6/6,6 production processes.[6,12] 

Knowledge of the equilibrium behaviour of the reactions in Table 4.1 is important for optimizing 

operating conditions in batch and continuous nylon reactor systems. It has long been known that 

equilibrium behaviour during both nylon 6 and nylon 6,6 production depends in a complex way on 

the water concentration.[13–32] The objectives of the current study are to: i) review and collect the 

literature data for nylon 6 and 6,6 reaction equilibria and ii) to develop reliable equations (and 

corresponding parameter values) to model the equilibrium behaviour of the reactions in Table 4.1. 
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The resulting equilibrium equations will provide enhanced understanding of nylon 6 and nylon 6,6 

homopolymerizations and will be important for our ongoing efforts to simulate industrial nylon 

6/6,6 production.  

Table 4.1 shows six reversible reactions for copolymerization of caprolactam with HMD and 

ADA.[7,9,10,13,18] This reaction scheme applies for hydrolytic polymerization of caprolactam to 

produce nylon 6, so the first five reactions in Table 4.1 (i.e., the main reactions) have been used in 

a large number of nylon 6 modeling studies.[7-10,33–45] The sixth reaction (transamidation), which 

does not influence DP nor the concentrations of amine and carboxyl end groups, is included in the 

mechanism because reaction R6 helps to randomize the polymer chains.[7,8,10,14] Hydrolysis reaction 

R1 in Table 4.1 is an important initiation reaction during nylon 6 production. It produces amine 

ends and carboxyl ends that participate in condensation R2 and polyaddition R3 reactions that lead 

to increasing DP. The reverse of reaction R1 is an end-biting reaction that regenerates caprolactam 

from aminocaproic acid (referred to as linear monomer, LM, in our models). Caprolactam can also 

be generated by backbiting (reverse of R3) when the amine end is from a caprolactam unit on the 

polymer chain (i.e., not an ADA unit).[7] Reactions R4 and R5 are hydrolysis and polyaddition 

reactions, respectively, which consume cyclic dimer (CD). It is important to track the concentration 

of CD because it is an undesirable side-product that tends to build up over time during nylon 6 and 

nylon 6/6,6 production. It can be generated via the reverse of reaction R4 (i.e., by end-biting of 

linear dimer, LD) and the reverse of reaction R5 (i.e., by back-biting when the two units closest to 

the amine ends arise from caprolactam).[7] All six reactions shown in Table 4.1 occur during nylon 

6 and nylon 6/6,6 production, but only reactions R2 and R6 occur in nylon 6,6 production. 
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Table 4.1 Reaction scheme for nylon 6/6,6 polymerization[7,9,10,13,18] 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 

 

Equilibrium constants provide information about equilibrium concentrations for species that take 

part in reactions R1 to R5:  

𝐾1 =
[𝐿𝑀]

[𝑀][𝑊]
           (4.1) 

𝐾2 =
[𝐿][𝑊]

[𝐶][𝐴]
           (4.2) 
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𝐾3 =
[𝑃𝑛+1]

[𝑃𝑛][𝑀]
           (4.3) 

𝐾4 =
[𝐿𝐷]

2[𝐶𝐷][𝑊]
           (4.4) 

𝐾5 =
[𝑃𝑛+2]

2[𝑃𝑛][𝐶𝐷]
           (4.5) 

where M, W, L, A, C and Pn are caprolactam monomer, water, amide links, amine ends, carboxyl 

ends and polymer containing n monomer units, respectively. Note that, in situations where high DP 

is achieved, equations (4.3) and (4.5) result in K3 ≈ 1/[M] and K5 ≈ 1/(2[CD]). The equilibrium 

constant for reaction R6 is unity because the reactants and products are the same on both sides of 

the reaction expression in Table 1. In equations (4.4) and (4.5), K4 and K5 are defined using the 

convention of Heikens (rather than that of Arai et al.).[15,46] The value of 2 appears in the 

denominators because each CD molecule contains two amide links that can be ring opened and 

Heikens defined the forward reaction rate with respect to the number of links. For simplicity, 

equations (4.1) to (4.5) are written in terms of concentrations rather than activities, assuming that 

the influence of activity coefficients can be ignored. Two research groups have used more rigorous 

equilibrium expressions that include activity coefficients and have endeavoured to find ways to 

account for them (e.g. Steppan et al., Schaffer et al.).[21,29,32] For example, when activity coefficients 

are accounted for, the equilibrium constant for polycondensation becomes: 

𝐾2 =
𝛾𝐿𝛾𝑊

𝛾𝐶𝛾𝐴

[𝐿][𝑊]

[𝐶][𝐴]
=

𝛾𝐿𝛾𝑊

𝛾𝐶𝛾𝐴
𝐾2𝑎         (4.6) 

and the corresponding ratio of species concentrations is the “apparent” equilibrium constant K2a.  

Note that Steppan et al. lumped together the influence of several activity coefficient and built an 

empirical model to account for 
𝛾𝐿𝛾𝑊

𝛾𝐶𝛾𝐴
.[32] Subsequently, Schaffer et al. used vapour-liquid 

equilibrium (VLE) data for nylon 6, nylon 6,6 and nylon 6,12 to develop a Flory-Huggins-based 

expression to predict the equilibrium partitioning of water between molten polyamides and the 

vapour phase.[31] The resulting activity coefficient expression for water was used in derivation of 
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subsequent polycondensation equilibrium expressions where activity coefficients for amide links 

and amine and carboxyl end groups were treated using a simple lumped expression. As a result, 

Schaffer’s polycondensation equilibrium expression is only valid in the low-water high-

temperature operating conditions encountered in the final stages of nylon 6,6 production (i.e., 0.01-

0.12 wt % and 263-289 °C).   

Other research groups have used VLE data to obtain correlations for the activity coefficients of 

water and caprolactam in molten nylon over a range of operating conditions (i.e., using NRTL, 

Flory-Huggins, UNIFAC, PCSAFT approaches).[28,41,43,47-52] However, aside from the work of 

Steppan et al. and Schaffer et al., modelers of nylon polymerization systems have tended to ignore 

activity coefficients when developing kinetic and reaction equilibrium models.[7-10,26,30,33-45] One 

reason that detailed modeling of activity coefficients has been avoided in the open literature is to 

keep models as simple as possible, so that a large number of thermodynamic parameters is not 

required. A second reason is that there is a lack of sufficient experimental data to support estimation 

of the large number of thermodynamic parameters that would be required. Furthermore, the 

complexities associated with some of the side reactions that occur during nylon production may 

not be well enough understood to account for the full range of participating end-groups and species 

that could influence equilibrium behaviour.   

A key goal of the current study is to develop semi-empirical expressions for the equilibrium 

constants in equations (4.1) to (4.5) that are applicable over the full range of nylon 6 and nylon 6,6 

batch reactor data in the literature. Relatively simple expressions are desired that account for the 

most important side reactions and associated phenomena (e.g., changes in ionization of end groups 

due to changing water concentrations and temperature) without introducing a large number of 

model parameters (which would be required for activity coefficient expressions).  After developing 

these empirical relationships and estimating the required parameters, we provide information about 

uncertainties associated with the resulting equilibrium predictions. This information will be helpful 
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to nylon producers decide whether more detailed equilibrium models that account explicitly for 

activity coefficients and associated nonideal liquid-phase interactions will be required for their 

process models.  

The idealized equilibrium constants in equations (4.1) to (4.5) depend on temperature according to:  

𝐾𝑖 = 𝑒𝑥𝑝(−
∆𝐻𝑖

𝑅𝑇
+

∆𝑆𝑖

𝑅
)         (4.7) 

where ΔHi and ΔSi are the enthalpy and entropy changes, respectively, of the ith reaction. Table 4.2 

provides values of ΔHi and ΔSi that have been fitted from equilibrium and/or dynamic data by 

various research groups.[9,21-25,29,30,35,43,53-58] The values of Arai et al. were used in our recent nylon 

6/6,6 copolymerization model, because they were obtained using data collected over a wide range 

of temperatures (i.e., 230 to 280 °C) and are the most widely used equilibrium parameters in the 

nylon 6 modeling literature. Arai et al. fitted their parameter values using low water concentrations 

(0.8~2.1 wt%), which are typical during nylon 6 production. In future, it will be important to obtain 

improved parameter estimates that give good predictions over a wider range of conditions that are 

encountered during nylon 6/6,6 copolymerization. 

 

Several studies have shown that the apparent equilibrium constant for polycondensation reaction 

R2 depends not only on temperature but also on water concentration.[13-32] For example, Figure 4.1 

shows apparent equilibrium constant values calculated by Wiloth and by Giori and Hayes using 

nylon 6 data collected at 220 and 240 °C over a wide range of water concentrations.[18,27] At both 

temperatures, K2a increases with water content at low water concentrations, reaching a maximum 

near [W] ≈ 1 mol kg-1, and then decreases as [W] increases further. Figure 4.1 also shows that K2a 

decreases with increasing temperature. Giori and Hayes used vapour pressure data to show that the 

activity coefficient for water γw in nylon melts increases with increasing water concentration, 

helping to explain the behaviour of K2a at high water concentrations.[28] Giori and Hayes attributed 



 

 

75 

 

small values of K2a at low water concentrations to changes in activity coefficients γc and γA for 

carboxyl and amine end groups.[28]   

Table 4.2 Literature equilibrium constant for nylon 6 and 6,6 polymerization[9,21-25,29,30,35,43, 

53-58] 

Author Reac

. No. 
Nylon T (°C) [W]0 

(mol kg-1) 

ΔH 

cal.mol-1 

ΔS 

cal.mol-1.K-1 

Meggy (1953) 
R2 6 250 - -4000 -29 

R3 6 220-280 - -3560 -2.85 

Meggy (1956) R2 6 221-254 0.44~14.42 -2420 7.16 

Fukumoto (1956) R2 6 235-272 - -6841 -1.373 

Tobolsky and 

Eisenberg (1959) 

R1 
6 

221.5 

253.5 
0.09~44.40 

2240 -7.4 

R3 -4030 -6.9 

Ogata (1960)  R2 6,6 275-300 - -26.4×103 -38.07 

Ogata (1961)  R2 6,6 200-220 1.84~22.60 
2280 for [W]0=1.84 

5340 for [W]0=3.57 

6170 for [W]0=9.61 

- 

Fukumoto (1961)  R2 6 235-272 - -7517 -2.667 

Carver and 

Hollingsworth (1966) 
R3 6 220/250 0 -5300 -9.3 

Reimschuessel and 

Nagasubramanian 

(1972)  

R1 

6 220-265 0.16-0.64 

2.1142×103 -7.8700×100 

R2 -6.1404×103 9.3000×10-1 

R3 -4.0282×103 -6.9500×100 

Arai et al. (1981)  

 

R1 

6 230-280 0.42~1.18 

1.9180×103 -7.8846×100 

R2 -5.9458×103 9.4374×10-1 

R3 -4.0438×103 -6.9457×100 

R4 -9.6000×103 -1.4520×101 

R5 -3.1691×103 5.8265×10-1 

Kumar et al. (1981) R2 6,6 200-220 1.84~22.60 depends on [W]0 and T / 

Steppan et al. (1987) R2 6 and 

6,6 
200-290 0.11-44.02 depends on [W] and T / 

Wajge et al. ( 1994) R3 6 250 1.40~2.46 -3.6387×103 -6.9457 

Mallon and Ray 

(1998) 
R2 6 and 

6,6 
200-280 0.09~52.2 404.13 12.503 

Ramteke and Gupta  

( 2008) 
R3 6 250 1.40~2.46 -3.6193×103 -6.9457 
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Figure 4.1 Nylon 6 experimental values for apparent equilibrium constant K2a. Circles ○,  

are data points from Wiloth. Squares ■ are data points from Giori and Hayes[17-19,27] 

 

Recognizing the complex effect of water on nylon reaction equilibria, Steppan et al. developed an 

equilibrium model for nylon 6,6 polycondensation by fitting experimental nylon 6 and nylon 6,6 

K2a values from several research groups.[16,25,27] Steppan et al. reported that their empirical 

equilibrium expressions are valid for nylon 6,6 polycondensation equilibrium under a broad range 

of operating conditions (i.e., 0.07[W]45 mol kg-1 and 200T290 °C).[29] Before conducting the 

current study, we tested predictions from Steppan’s model using nylon 6 data that were not used 

for fitting Steppan’s model parameters (See Appendix D in reference 59). Unfortunately, 

unsatisfactory predictions are obtained, particularly for nylon 6 literature data at low temperatures 

and low water concentrations.[18,59] Another empirical model equation developed to predict the 

influence of water on nylon 6 or 6,6 polycondensation is that of Kumar et al.,[58] which provides 

predictions that are worse than those of Steppan et al., presumably because Kumar fitted his much 

simpler empirical model equation using only the low-temperature nylon 6,6 data of Ogata.  

 

Mallon and Ray used an alternative approach to develop a polycondensation equilibrium model 

that accounts for the effects of water. They assumed that water can exist in two forms in the reaction 
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mixture (i.e., as regular “free” water and as “bound” water).[30] Based on the room-temperature 

water sorption experiments of Puffr and Sebenda,[54] they assumed that bound water exists as 

bridges (B) between the carbonyl groups on amide links and carboxyl groups. As such, Mallon and 

Ray extended the reaction scheme in Table 4.1 to include additional reactions, which are assumed 

to have the equilibrium constant K’:[30] 

'

2
K

W L B  

'K
W C L B    

Mallon and Ray used dynamic data from several research groups to simultaneously estimate kinetic 

rate constants and activation energies, along with equilibrium parameters for selected reactions. 

They made several assumptions while developing their kinetic model and estimating the parameters, 

presumably to reduce the size and complexity of the parameter estimation problem. For example, 

they fixed ΔH’ corresponding to the reaction above at -18.3 kcal mol-1, based on a water sorption 

study by Fukumoto.[22] They also assumed that Arai’s estimates for ΔH3 and ΔS3 are correct (see 

Table 4.2). They ignored generation of CD via end-biting (reverse R4) and they assumed that 

ΔH5=0. Their most problematic assumption, however, was that the rates of reactions R1 to R5 are 

third order. For example, reaction R1 is assumed to be first-order with respect to carboxyl ends as 

well as to the reactants ([M] and [W]) and reaction R2 is assumed to be second order with respect 

to [C] and first order with respect to [A]. This assumption does not match the prior experimental 

findings of Hermans, Reimschussel, and Arai et al. who showed that reactions R1 to R3 follow 

mixed-order kinetics.[9,14,56] For example, these three research groups expressed the rate of the 

forward polycondensation reaction as: 

𝑟2 = 𝑘𝑓2[𝐴][𝐶]           (4.8) 

𝑘𝑓2 = 𝑘2
𝑢+𝑘2

𝑐[𝐶]         (4.9) 
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where 𝑘2
𝑢 is an “uncatalyzed” (second-order) rate constant and 𝑘2

𝑐 is a third-order rate constant that 

accounts for the catalytic effect of carboxyl ends. More recently, Zheng et al. [61] showed that 

condensation kinetics tend to be closer to second-order than third-order for nylon 6,12 

polycondensation at industrial conditions where [C] is low, confirming the importance of the 

uncatalyzed reaction pathway that was ignored by Mallon and Ray. Calculations of K2a using values 

of K2 and K’ estimated by Mallon and Ray reveal that their condensation equilibrium predictions 

tend to be worse than those of Steppan et al. (See Appendix D in reference 59) A key objective of 

the current article is to develop an expression for K2a that is valid over the full range of water 

concentrations shown in Figure 4.1.  

In comparison with the large number of experimentally obtained values for K2a in the literature, 

experimental information about K1a is limited. Figure 4.2 shows K1a data obtained at 220 °C by 

Wiloth, indicating that K1a increases approximately linearly with [W]. Experimental studies of 

Heikens showed that K1a is independent of temperature and is relatively constant at low water 

concentrations ranging from 0.6 to 16 mol kg-1.[13,15,46] Heikens also performed experiments to 

determine K4a and showed that K4a is insensitive to T and [W].[46]  

 

Figure 4.2 Nylon 6 experimental values for apparent equilibrium constant K1a in kg mol-1 at 

220 °C[17,18] 
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To our knowledge, no equilibrium data have been collected specifically for K3a or K5a. Fortunately, 

Hermans showed that equilibrium constant K3 is related to K1 and K2.[13,15] To understand this 

relationship, consider that aminocaproic acid formed via reaction R1 can subsequently undergo 

condensation with a polymer chain Pn to produce a longer chain Pn+1: 

 

so that K2 can also be written as: 

𝐾2 =
[𝑃𝑛+1][𝑊]

[𝐿𝑀][𝑃𝑛]
           (4.10) 

when activity coefficients are ignored. Multiplying this alternative expression for K2 by K1 from 

equation (4.1) gives:  

𝐾1𝐾2 =
[𝐿𝑀]

[𝑀][𝑊]

[𝑃𝑛+1][𝑊]

[𝐿𝑀][𝑃𝑛]
=

[𝑃𝑛+1]

[𝑀][𝑃𝑛]
        (4.11) 

which is K3 as shown in equation (4.3). As such, experimental and modeling works of nylon 6 

polymerization kinetics have focused on measuring and fitting values for K1 and K2 and have relied 

on the identity K3=K1K2. Using a similar argument that linear dimer produced via reaction R4 can 

undergo polycondensation, Van Velden et al. revealed that: [15] 

𝐾2 =
[𝑃𝑛+2][[𝑊]

[𝐿𝐷][𝑃𝑛]
           (4.12) 

so that:  

𝐾2𝐾4 =
[𝑃𝑛+2][[𝑊]

[𝐿𝐷][𝑃𝑛]

[𝐿𝐷]

2[𝐶𝐷][𝑊]
=

[𝑃𝑛+2]

2[𝐶𝐷][𝑃𝑛]
= 𝐾5       (4.13) 

As a result, K5 can be readily determined from K2 and K4. 

 

In summary, it is clear from the available data that apparent equilibrium constant K1a is relatively 

insensitive to temperature and increases approximately linearly with increasing water concentration. 

Also, K2a decreases with increasing temperature and is highly sensitive to water, exhibiting 

complex behaviour as the water concentration changes. Although data for K4a are sparse, it seems 
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that K4a is insensitive to both temperature and water. Fortunately, equilibrium constants K3 and K5 

can be readily obtained from K1, K2 and K4. As such, the main challenge lies in explaining and 

modeling the complex behaviour of K2a.  

 

Several additional reactions, beyond those shown in Table 4.1, are known to occur during nylon 6 

and nylon 6,6 polymerizations.[62-73] These additional reactions can influence the equilibrium 

concentrations of end groups and may be useful for obtaining an improved understanding of the 

apparent polycondensation equilibrium. For example, terminal cyclic amidine ends have been 

observed during the polymerization of caprolactam at low water concentrations and relatively high 

temperatures ( 254 °C).[62-65] Bertalan et al. showed that the concentration of these basic amidine 

end groups increases with temperature.[62] They proposed a reaction scheme wherein amidine ends 

(denoted by the symbol I in reactions R7 and R8 in Table 4.3) can undergo polycondensation 

reactions with carboxyl ends (reaction R7) and can be converted to amine ends by reaction with 

water (reaction R8).[62] Note that the reverse of polycondensation reaction R7 is a chain degradation 

reaction that forms an amidine end and a carboxyl end.   

 

Several thermal degradation reactions are known to occur during nylon 6,6 production, especially 

at high temperature.[67-73] When a nylon 6,6 amide link breaks to form an amidine end and a carboxyl 

end, the resulting amidine end is an 8-membered ring, instead of the 7-membered ring for nylon 6 

shown in R7. During nylon 6,6 production amide links can also break to form cyclopentanone ends 

(see reaction R9 in Table 4.3).[67-72] When nylon 6,6 is heated beyond 265 °C, the concentration of 

these cyclopentanone end groups (denoted by S in reactions R9 and R10) tends to increase over 

time, accompanied by an increase in [A] and a corresponding decrease in [C].[62-70] Reactions R9 

and R10 were included in nylon 6,6 modeling studies by Steppan et al., Giudici et al. and Schaffer 

et al., to account for end-group concentration changes in their data and models. [74-81] 
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In this paper, the reactions in Tables 4.1 and 4.3 are used to devise semi-empirical models for the 

complex behaviour of the apparent polycondensation equilibrium constant K2a and also the simpler 

behaviours of K1a, K3a, K4a and K5a. Equilibrium data from the literature are used to fit the 

corresponding equilibrium model parameters and to show the effectiveness of the proposed model 

expressions, which are valid for nylon 6 and nylon 6,6. We are hopeful that these expressions will 

provide reasonable predictions for reaction equilibria in nylon 6/6,6 copolymerization. 
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Table 4.3 Side reactions that may influence nylon 6 and nylon 6,6 polymerization 

equilibria[30,62-73] 

 

R7 

 

R8 

 

R9 

 

R10 

             

R11 

        

R12 

 

R13 

 

R14 

 

R15 
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 Data and Model Development for Nylon 6 and Nylon 6,6 Equilibrium 

Table 4.4 summarizes the available experimental data used to determine values of K1a, K2a and K4a, 

showing ranges of T and [W] and whether the experiments were conducted using nylon 6 or nylon 

6,6.[13,15-19,23-25,27,46,82] A detailed table in the Supporting Information provides 87 values of K1a, 158 

values of K2a and 10 values of K4a used to develop the equilibrium models in the current study. 

Note that we exclude the K2a data of Fukumoto obtained at 235, 245 and 255 °C in the current 

modeling study because these data are inconsistent with the data of both Wiloth and Giori and 

Hayes for similar temperatures. A possible reason for this inconsistency is that Fukumoto’s 

experiments allowed a relatively short time period (5 h) to reach equilibrium, whereas Wiloth and 

Giori and Hayes waited longer (between 20 and 80 h, depending on the temperature and water 

concentration). Note that in nylon 6 equilibrium experiments at 220 C using low [W], Wiloth 

waited an even longer time (200 hours) to ensure that equilibrium end-group concentrations were 

achieved. Nevertheless, Fukumoto’s K2a values obtained after only 5 h at 272 °C are used in the 

current study because these values are consistent with the other high-temperature data (i.e, of 

Wiloth and Giori and Hayes at 260 °C, of Ogata at 275 °C and 280 °C, and of Jacobs and 

Zimmerman at 280 °C). It seems that 5 h was sufficient for Fukumoto’s high-temperature 

experiments to achieve equilibrium, but was insufficient for his lower-temperature experiments, 

which had slower reaction kinetics. To our knowledge, Table 4.4 includes all of the literature data 

for nylon 6 and nylon 6,6 equilibrium studies. 

As shown in Table 4.4, temperatures used in the experiments range from 200 to 300 °C and 

equilibrium water concentrations range from 0.02 to 52.1 mol kg-1. Different research groups used 

a variety of different units for water concentrations (i.e., weight %, mol kg-1, moles of water per 

mole of nylon 6 repeat units, and moles of water per mol of nylon 6,6 repeat units) so care was 

required to obtain [W] in mol kg-1 of reacting mixture for each data set. When analyzing the data 

and developing the proposed expressions, we begin with K2a, followed by K1a and K4a because the 
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behaviour of K2a is the most complex. Also, most of the equilibrium data summarized in Table 4.4 

are concerned with K2a. 

 

Table 4.4 Summary of K1a, K2a and K4a data available in the literature[13,15-19,23-25,27,46,82] 

Authors 
Nylon 

Type 

T 

(°C) 

[W] 

(mol kg-1) 
K1a K2a K4a 

Wiloth (1955) 6,6 220 8.44~45.12  √  

Wiloth (1955) 6 220 0.06~52.1 √ √  

Wiloth (1955) 6 220 0.06~0.62 √ √  

Van Velden et al. 

(1955) 
6 221.5 

253.5 
0.31~16.08  √  

Heikens (1956) 6 221.5 

253.5 
0.71~16.08 √  √ 

Fukumoto (1961) 6 235/245/ 

255/272 
0.04~0.27  √  

Ogata (1960) 6,6 275/280/ 

290/300 
0.02~0.08  √  

Ogata (1961) 6,6 200/210/220 7.85~24.73  √  

Wiloth (1971) 6 240/260 0.08~0.17 √ √  

Giori and Hayes 

(1970) 
6 240/260 0.07~4.80  √  

Jacobs and 

Zimmerman 

(1977) 

6,6 280 0.089  √  

 

4.3.1 Modeling the Behaviour of Apparent Equilibrium Constant K2a 

Figure 4.1 shows 86 of the literature data points used for modeling the behaviour of the apparent 

polycondensation equilibrium constant, illustrating the complex dependence of K2a on [W]. Similar 

behaviour is also observed for the additional 72 data points (not shown in Figure 4.1 to prevent 

clutter). Figure 4.1 shows that K2a is relatively small at low [W], increases to a maximum value 

near [W] ≈ 1 mol kg-1 and then decreases with increasing [W]. At all water concentrations, K2a tends 

to decrease with increasing T. In the current study reactions R7 and R8 are proposed as a possible 
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cause for the small values of K2a at low [W] during nylon 6 production. When [W] is very low and 

T is high, it is known that a substantial portion of the amine ends is converted to amidine ends 

(reverse R8) and polycondensation occurs via a combination of reactions R7 and R2.[64-65]  

 

Reactions R11 and R12 in Table 4.3 are proposed as possible mechanism to account for the 

observed decrease in K2a at high [W]. At high water concentrations, water molecules hydrate a 

portion of the carboxyl ends forming hydrated ends, denoted by C*. These hydrated ends may be 

ionized or partially ionized. We propose that the hydrated ends undergo polycondensation reaction 

R12 at a slower rate than the regular polycondensation reaction R2, thereby influencing the 

observed equilibrium. Note that hydration of carboxyl ends (rather than amine ends) is used in the 

proposed mechanism because carboxyl ends have a higher propensity to interact with water.[30] 

Hydration of amine ends may also influence the rate of polycondensation, but this phenomenon is 

neglected in the current model to keep the resulting equilibrium expression relatively simple. 

Experimental K2a values are determined using titration to obtain measurements of both [A] and [C]. 

The corresponding equilibrium water and amide link concentrations are then calculated using mass 

balances.[13-19] Titration experiments to determine [A] actually measure the concentration of all 

basic end groups on the polymer chains, so that any amidine ends that might be present are counted 

as if they are amine ends.[83,84] Similarly, titrations to determine [C] actually measure the 

concentrations of all acidic end groups so that ends of type S (sometimes present in nylon 6,6) and 

C* are counted as if they were regular carboxyl ends. As such, for nylon 6, the apparent equilibrium 

constant obtained from titration measurements becomes:  

𝐾2𝑎,6 =
[𝐿][𝑊]

([𝐴]+[𝐼])([𝐶]∗+[𝐶])
         (4.14) 

which accounts for extra species compared to equation (4.2).   

Appendix B provides a detailed derivation, starting from equation (4.14), which results in: 
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𝑲𝟐𝒂,𝟔 =
𝑲𝟐[𝑾]

𝑲𝟏𝟏[𝑾]𝟐+[𝑾](𝟏+
𝑲𝟐𝑲𝟏𝟏
𝑲𝟕

)+
𝑲𝟐
𝑲𝟕

           (4.15) 

This proposed equilibrium expression is developed by assuming that the total rate of forward 

polycondensation reactions (forward reactions R2, R7 and R12)) is equal to the total rate of chain-

cleaving reactions (reverse reactions R2, R7 and R12): 

𝑘𝑓2[𝐴][𝐶] + 𝑘𝑓7[𝐼][𝐶] + 𝑘𝑓12[𝐴][𝐶
∗] = 𝑘𝑟2[𝐿][𝑊] + 𝑘𝑟7[𝐿] + 𝑘𝑟12[𝐿][𝑊]2   (4.16) 

Ignoring the influence of activity coefficients of various species, equilibrium constants for R7, R8, 

R11 and R12 are:  

𝐾7 =
[𝐿]

[𝐼][𝐶]
            (4.17) 

𝐾8 =
[𝐴]

[𝐼][𝑊]
           (4.18) 

𝐾11 =
[𝐶∗]

[𝐶][𝑊]
          (4.19) 

𝐾12 =
[𝐿][𝑊]2

[𝐴][𝐶∗]
           (4.20) 

Also, from equations (4.2), (4.17)~(4.20), it can be shown that 

𝐾2 =
𝐾7

𝐾8
           (4.21) 

and  𝐾2 = 𝐾11𝐾12          (4.22) 

The derivation in Appendix B combines the expressions in equations (4.14) and (4.16) to (4.22) to 

obtain equation (4.15). Upon examination, the structure of equation (4.15) is seen to be consistent 

with the form of the data variation in Figure 4.1. At very low water concentrations K2a,60, which 

matches the behaviour observed from the experimental data. Also, it can be shown (see Appendix 

B) that the value of the right-hand side reaches a maximum (that depends on K2, K7 and K11) and 

then decreases with increasing [W].   

Appendix B also provides the derivation of a similar expression for K2a,66 based on reactions R2, 

R9, R10, R11 and R12: 
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𝑲𝟐𝒂,𝟔𝟔 =
𝑲𝟐[𝑾]

𝑲𝟏𝟏[𝑾]𝟐+[𝑾]+
𝑲𝟐
𝑲𝟗

            (4.23) 

In this derivation, reverse reactions R9 is assumed to be the dominant chain-scission reaction that 

occurs when the water concentrations are low, and formation of amidine ends is neglected, for 

simplicity. Equations (4.15) and (4.23) are similar in structure, with K9 appearing in place of K7, 

except that the denominator of equation (4.15) contains an additional term.   

4.3.2 Fitting Model Parameters for Proposed K2a Expressions 

Equation (4.15) for K2a,6 contains three equilibrium parameters (K2, K7 and K11). Assuming that 

these parameters are temperature dependent:[29] 

𝐾𝑖 = 𝐾𝑖𝑟𝑒𝑓𝑒𝑥𝑝[−
∆𝐻𝑖

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]       (4.24) 

results in six unknown model parameters. When estimating these parameters, a reference 

temperature of 220 °C (i.e., Tref = 493.15 K) was selected because a large portion of the 158 

available data values was obtained at or near this temperature by three different research groups, as 

is shown in Appendix C.   

Parameter estimation was performed by minimizing the nonlinear least-squares objective function: 

𝐽𝐾2𝑎,6 = ∑ (𝐾2𝑎,6,𝑗 − 𝐾2𝑎,6,𝑒𝑥𝑝,𝑗)
2116

𝑗=1                           (4.25) 

where 𝐾2𝑎,6,𝑒𝑥𝑝,𝑗  is the jth experimental value for the apparent polycondensation equilibrium 

constant and 𝐾2𝑎,6,𝑗 is the corresponding model prediction.  

 

First, we attempted to fit all six parameters using only nylon 6 equilibrium data, but a wide 

confidence interval (containing zero) was obtained for ΔH11, suggesting the temperature 

dependence of K11 may not be important for nylon 6 (over the range of experimental conditions 

encountered in the data set). Table 4.5 provides the parameter values and approximate 95% 

confidence intervals. The initial guesses of K2ref and ΔH2 shown in Table 4.5 were obtained using 
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Arai’s parameter values in Table 4.2. The initial guess of K7ref was obtained from Bertalan et al., 

who determined that reaction R7 is exothermic. Because prior information about K11ref is not 

available from the literature, the initial value in Table 4.5 was determined using a preliminary 

simulation study. The resulting parameter estimates result in a good fit to the nylon 6 equilbrium 

data of Wiloth and Giori and Hayes, as shown in Figure 4.3, and to the additional nylon 6 data of 

Van Velden et al. and of Fukumoto used for parameter estimation (not shown). Error bars, at the 

95% confidence level, shown on some (but not all to prevent clutter) of the K2a,6 data in Figure 4.3 

were computed by pooling variances from nylon 6 and nylon 6,6 replicate experiments.   

Table 4.5 Parameter estimates for K2a,6 model obtained using only nylon 6 data (Tref=220 °C) 

θ Unit Initial Guesses Estimated Value 
Approximate 95% 

Confidence Interval (±) 

K2ref / 830 953 47 

ΔH2 cal mol-1 -6000 -6289 1700 

K7ref kg mol-1 10000 79892 35676 

ΔH7 cal mol-1 0 -25716 7523 

K11ref kg mol-1 0.1 0.1043 0.0144 

ΔH11 cal mol-1 0 -5536 7506 

 

 
 

Figure 4.3 Comparison of model predictions (─── at 220 C and ----- at 240 °C ) with K2a 

data for nylon 6. Circles ○,  are data points from Wiloth. Squares ■ are data points from 

Giori and Hayes.[17-19,27] Error bars are approximate 95% confidence intervals. 



 

 

89 

 

To determine whether the expression for K2a,6 in equation (4.15) can be further simplified, we used 

the parameter estimates in Table 4.5 to calculate K2K11/K7 at temperatures between 200 and 300 °C. 

Over this temperature range K2K11/K7 << 1 so that the corresponding term can be removed from the 

denominator of equation (4.15) leading to: 

𝑲𝟐𝒂 =
𝑲𝟐[𝑾]

𝑲𝟏𝟏[𝑾]𝟐+[𝑾]+
𝑲𝟐
𝑲𝒊

           (4.26) 

which has the same structure as equation (4.23), with i=7 for nylon 6 and i=9 for nylon 6,6.  

The nylon 6,6 data in Appendix C were also used to fit the six parameters (K2, ΔH2, K9ref, ΔH9, K11, 

ΔH11) in equation (4.26). Wider confidence intervals (not shown) were obtained compared to those 

in Table 4.5 due to the smaller amount of available data for K2a,66. The resulting nylon 6,6 95% 

confidence interval for K9ref is 57701  76512 kg mol-1, which is not significantly different from 

the estimate of 79892  35676 for K7ref in Table 4.5. Also, the estimate of H9 = -24895 cal mol-1 

is not significantly different from the estimate of -25716 cal mol-1 for H7. As a result, we decided 

to simultaneously fit all of the K2a data for nylon 6 and 6,6 assuming that K7 = K9. The resulting 

parameter estimates and confidence intervals are shown in Table 4.6. All of the parameter estimates 

are statistically significant, including the estimate for H11. Figures 4.4 and 4.5 compare the 

corresponding model predictions with all of the K2a data for nylon 6 and nylon 6,6, respectively. 

The overall fit is good, with nearly all of the model predictions falling inside the error bars on the 

data. Note that Figures 4.4a and 4.4b show exactly the same data, but a linear scale is used in Figure 

4.4a to highlight the trend at high [W] and a logarithmic scale is used in Figure 4.4b to highlight 

the behaviour at low [W]. Predictions for the 221.5 °C data of Van Velden et al. (shown using a 

dashed line) are very close to predictions for the 220 °C data of Wiloth (shown using a solid line), 

so both data sets are combined in Figures 4.4a and 4.4b. These data show more scatter at lower [W] 

than at high [W]. In future, when more replicate data are obtained, the uncertainty for K2a will be 

assumed non-constant. In Figures 4.4b and 4.4c, data points of Velden et al. and Giori and Hayes, 
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respectively, at low [W] are significantly below the model predictions. However, the model 

provides an excellent fit to the data of Wiloth shown on the same Figures. Discrepancies in the 

experimental data reported by different research groups may have arisen because Van Velden et al. 

and Giori and Hayes waited for a shorter time (e.g., up to 20 h) for equilibrium to be obtained 

whereas Wiloth waited much longer (40-80 hours). Perhaps Van Velden et al. and Giori and Hayes 

would have obtained higher values for K2a if they had waited longer. The fit to all of the other data 

in Figure 4.5 is excellent, confirming that a common set of model parameters can be used to reliably 

fit all of the available nylon 6 and 6,6 polycondensation equilibrium data. Uncertainties associated 

with model predictions for K2a (and other apparent equilibrium constants) at a variety of operating 

conditions have been calculated and are provided in Appendix E in reference 59.  For example, our 

estimate for the mean behaviour of K2a at T=220 C and [W]=0.08 mol kg-1 is K2a=831.7±36.9. The 

uncertainty associated with new data points collected at these conditions is higher due to the 

measurement uncertainty and is K2a=831.7±131.8 at the 95% confidence level. 

 

Table 4.6 Parameter estimates for K2a model obtained using all nylon 6 and nylon 6,6 data 

(Tref=220 °C) 

θ Unit Initial Guesses Estimated Value 
Approximate 95% 

Confidence Interval (±) 

K2ref / 830 965 45 

ΔH2 cal mol-1 -6000 -7438 1245 

K7ref=K9ref kg mol-1 10000 80104 32869 

ΔH7=ΔH9 cal mol-1 0 -25568 4844 

K11ref kg mol-1 0.1 0.1229 0.0144 

ΔH11 cal mol-1 0 -16662 5113 
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Figure 4.4 Comparison of model predictions with K2a data for nylon 6. ----- shows model 

predictions at 221.5 °C and ─── shows predictions at all other temperatures. Error bars 

are at the 95% confidence level. Data points are shown by symbols ○, ■,  and * with 

corresponding research groups indicated in the legends.[13,15,17-19,23,27] 

 

a) b) 

c) d) 

e) f) 
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Figure 4.5 Comparison of model predictions (───) with K2a data for nylon 6,6. Error bars 

are at the 95% confidence level. Data points are shown by symbols ○, ▲ and ♦ with 

corresponding research groups indicated in the legends.[16,24,25,82] 

a) b) 

c) d) 

f) 

g) 

e) 
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The proposed model in equation (4.26) arises from the plausible mechanism in Table 4.3. However, 

we cannot be sure that the proposed mechanistic behaviour is the cause for the complex behaviour 

of K2a. For example, it is not clear whether the dominant scission mechanism for nylon 6,6 at low 

water concentrations produces a cyclopentanone end as shown in reverse R9 or whether formation 

of an amidine end (with an 8-membered ring) similar to reverse R7 is dominant, because both 

mechanisms result in a similar model structure. Furthermore, the influence of hydrated carboxyl 

ends (formed via R11) is to explain the observed decrease in K2a
 at high [W]. However, a similar 

model structure would be also obtained if hydration of amine ends were proposed instead. It is 

fortunate that a common set of model parameters (shown in Table 4.6) can be used to fit all of the 

nylon 6 and 6,6 polycondensation equilibrium data. As a result, we believe equation (4.26) and the 

parameter values in Table 4.6 will also be appropriate for modeling polycondensation equilibrium 

in nylon 6/6,6 copolymers.   

4.3.3 Modeling the Behaviour of Apparent Equilibrium Constant K1a 

K1a is the apparent equilibrium constant for hydrolysis of caprolactam monomer (reaction R1). As 

shown in Figure 4.2, K1a tends to increase with increasing [W]. The derivation of equation (4.26) 

for K2a accounts for hydration of carboxyl ends (reaction R11) and the resulting influence on the 

polycondensation equilibrium (reaction R12). Here we propose that water also hydrates carboxyl 

ends on the linear monomer as shown in reaction R13 in Table 4.3, producing LM*, which has a 

reduced tendency to cyclize (via reverse R13) compared to regular LM. The equilibrium constant 

expression for R13 is: 

𝐾13 =
[𝐿𝑀∗]

[𝑀][𝑊]2
           (4.27) 

The experimental values of K1a determined by Heikens and Wiloth ignore hydrated LM molecules 

and treat them as regular LM molecules,[15,17,46] so their measured equilibrium constants correspond 

to:  
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𝐾1𝑎 =
[𝐿𝑀]+[𝐿𝑀∗]

[𝑀][𝑊]
         (4.28) 

Substituting equations (4.1) and (4.27) into (4.28) gives the following linear expression: 

𝐾1𝑎 = 𝐾1 + 𝐾13[𝑊]          (4.29) 

which agrees with the observed approximately linear trend in the K1a data (see Figure 4.2).  

 

Table 4.7 shows parameter estimates and 95% confidence intervals for the four parameters (K1ref, 

ΔH1, K13ref and ΔH13) that appear in equation (4.29) when temperature effects are considered. Note 

that 73 of the 87 data points were obtained at the reference temperature of 220 °C. As shown in 

Table 4.7, the resulting estimates of K1ref and K13ref are statistically significant, but zero is included 

in the approximate 95% confidence intervals for ΔH1 and ΔH13. This result is not surprising because 

Heikens showed experimentally that K1a is nearly independent of temperature over a relatively large 

temperature range (i.e, 221.5 °C to 253.5 °C) and the estimate for ΔH1 is small compared to other 

reaction enthalpies in Tables 4.6 and 4.7. Estimability analysis techniques[85-87] were used to assess 

whether ΔH1 and ΔH13 should be removed from the model (i.e., set to zero). An objective function 

analogous to equation (4.25) (with K2a replaced by K1a) was used to minimize the sum of squared 

deviations between experimental and predicted K1a values. Estimating all 4 parameters in Table 4.7 

results in a 14% decrease in J(4) compared to J(0)=353 when the initial guesses are used. Use of 

Wu’s mean-squared-error criterion rcc indicates that the estimates of all four parameters should be 

used to obtain the most reliable model predictions. As such, we recommend that the influence of 

temperature on reactions R1 and R13 be included in the expression in equation (4.29). Figure 4.6 

shows good fit to the data of Heikens and Wiloth. Error bars, shown on many of the K1a data points 

in Figure 4.6, were computed by pooling variances from nylon 6 replicate equilibrium experiments. 

Uncertainties associated with predictions for K1a at a variety of conditions are provided in Appendix 

E in reference 59. For example, the estimate for the mean behaviour of K1a at T=220 C and 



 

 

95 

 

[W]=0.08 mol kg-1 is K1a=0.00240±0.00014 kg mol-1. The uncertainty associated with new data 

points collected at these conditions is higher due to the measurement uncertainties and is 

K1a=0.00240±0.00089 kg mol-1 at the 95% confidence level. 

 

Table 4.7 Parameter estimates for K1a model obtained using all nylon 6 data (Tref=220 °C) 

θ Unit Initial Guesses Estimated Value 
Approximate 95% 

Confidence Interval (±) 

K1ref kg mol-1 2.510-3 2.410-3 1.410-4 

ΔH1 cal mol-1 1918 722 2424 

K13ref kg mol-1 6.2010-5 6.2710-5 6.1610-6 

ΔH13 cal mol-1 -200 -28789 82646 

 

 

  

 

 

Figure 4.6 Comparison of model predictions (───) with K1a data in kg mol-1. Error bars are 

at 95% confidence level. Data points are shown by symbols ○ and  with corresponding 

research groups indicated in the legends.[17-18,19,46]
 

b) c) 

d) e) 

a) 
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4.3.4 Modeling the Behaviour of Apparent Equilibrium Constant K3a 

K3a is the equilibrium constant for polyaddition of caprolactam monomer (reaction R3). Similar to 

reaction R3, amidine ends can open the caprolactam ring (reaction R14 in Table 4.3). Also, 

caprolactam is regenerated by backbiting involving terminal amidine ends (reverse reaction 

R14).[62,63] To our knowledge, no experimental study has been performed specifically to obtain 

measured K3a values because K1 and K2 provide information about K3 as shown in equation (4.11). 

Nevertheless, it is important to know whether K3a is influenced by changes in water concentration, 

particularly in low-water operating regions where amidine ends become important. The equilibrium 

constant expression for reaction R14 is: 

𝐾14 =
[𝑃𝐼,𝑛+1]

[𝑀][𝑃𝐼,𝑛]
           (4.30) 

where [PI,n] is the concentration of polymer chains with an amidine end and n is the number of 

monomer units in the chain. The equilibrium expression for reaction R8 can be written in the 

alternative form: 

[𝑃𝐼,𝑛] =
[𝑃𝑛]

𝐾8[𝑊]
            (4.31) 

[𝑃𝐼,𝑛+1] =
[𝑃𝑛+1]

𝐾8[𝑊]
          (4.32) 

where [Pn] is the concentration of polymer chains with n monomer units. When polymer chains 

with both types of basic end groups are considered together K3a becomes: 

𝐾3𝑎 =
[𝑃𝑛+1]+[𝑃𝐼,𝑛+1]

[𝑀]([𝑃𝑛]+[𝑃𝐼,𝑛])
          (4.33) 

Using equations (4.31) and (4.32), equation (4.33) simplifies to:  

𝐾3𝑎 =
[𝑃𝑛+1]

[𝑀][𝑃𝑛]
            (4.34) 

which is the same equilibrium expression as for K3 (see equation (4.3)). This analysis suggests that 

the value of K3a is not influenced by the concentrations of water (or amidine ends), which is 

consistent with the observations of Wiloth.[18] As a result, we recommend that, in future 
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mathematical modeling studies, K3a should be determined from K1K2 (i.e., not from K1aK2a which 

is water-dependent). 

 

Figure 4.7 Nylon 6 experimental values for apparent equilibrium constant K4a. The dashed 

line (------) is K4a=0.0218 kg mol-1. Symbols ○ and  are data points.[46] 

 

4.3.5 Modeling the Behaviour of Apparent Equilibrium Constant K4a 

K4a is the apparent equilibrium constant for hydrolysis of amide links in the cyclic dimer (reaction 

R4). To our knowledge, Heikens performed the only experimental equilibrium study for K4a in the 

literature, resulting in 10 experimental values shown in Figure 4.7 where 0.7 < [W] < 16 mol kg-1 

and T=221.5 or 253.5 °C.[46] Heikens’s experimental K4a values do not change significantly with 

either [W] or T. As a result, it is appropriate to assume that K4a = K4 =0.0218 kg mol-1. Note that 

this value is approximately 300 times smaller than corresponding K4 values (e.g., K4=6.46 at 

253.5  °C obtained using Arai’s parameters shown in Table 4.2). This large discrepancy may arise 

because Arai et al. estimated ΔH4 and ΔS4 (along with 28 other parameters) using batch reactor 

experiments with a duration of only 10 hours. As a result, the final [CD] would be far from 

equilibrium, making it difficult to obtain reliable values for ΔH4 and ΔS4. In future, it will be 

important to test whether the dynamic data of Arai et al. and other researchers can be fitted using 

the equilibrium parameters determined in the current study. 
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4.3.6 Modeling the Behaviour of Apparent Equilibrium Constant K5a 

K5a is the apparent equilibrium constant for polyaddition of cyclic dimer (reaction R5). Assuming 

that amidine ends can open the CD ring via reaction R15, and adopting an approach similar to that 

used for equation (4.34) gives:  

𝐾5𝑎 =
[𝑃𝑛+2]

2[𝐶𝐷][𝑃𝑛]
           (4.35) 

which is the same as the expression for K5 in equation (4.5).  This result suggests that K5a does not 

depend on the concentrations of either amidine ends or water. There are no direct experimental 

measurements of K5a in the literature, so we recommend that K5a be obtained from K2K4 (i.e., not 

from K2aK4a which is water-dependent). 

 

 Conclusions 

In this paper, semi-empirical expressions are developed to describe the complex equilibrium 

behaviour of the five dominant reactions that occur during nylon 6, nylon 6,6 and nylon 6/6,6 

polymerizations. These expressions arise from the main copolymerization mechanism outlined in 

Table 4.1 and additional side reactions in Table 4.3. These side reactions involve amidine ends and 

cyclopentanone ends that become important at low water concentrations as well as hydration of 

carboxyl ends, which becomes important at high water concentrations. The resulting model 

parameters are then fitted using all of the available nylon 6 and nylon 6,6 equilibrium data in the 

literature.[13,15-19,23-25,27,46,82] The resulting models provide an excellent fit to the data for the apparent 

equilibrium constant K1a for caprolactam hydrolysis, which increases with water concentration and 

with temperature. The main contribution of this study is the model in equation (4.26) for K2a, the 

apparent equilibrium constant for polycondensation, which exhibits complex behaviour.[13-32] The 

proposed model predicts the observed initial increase in K2a at low water concentrations followed 

by the observed decrease in K2a at high water concentrations. Furthermore, the model matches the 
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observed decrease in K2a with increasing temperature. An excellent fit is obtained for experimental 

data provided by all six research groups who have studied this equilibrium behaviour. We do not 

develop an independent model equation for K3a, the apparent equilibrium constant for polyaddition 

of caprolactam monomer, because K3a=K1K2.[13] Also, no new expression is proposed for K4a, the 

apparent equilibrium constant for hydrolysis of cyclic dimer because this equilibrium constant does 

not change significantly with either water concentration or temperature.[46] As a result, we 

recommend that K4a=0.0218 kg mol-1 be used when modeling nylon 6 and nylon 6/6,6 

polymerizations. We show, using the proposed extended mechanism, that K5a=K2 K4 so that no 

additional model equation is required to account for the influence of water and temperature on K5a, 

the apparent equilibrium constant for polyaddition of cyclic dimer.   

 

In summary, novel mechanistic expressions and associated parameter values are effective for 

explaining the behaviour of the complete set of nylon 6 and nylon 6,6 equilibrium data in the 

literature. The model equations provide an excellent fit to the homopolymerization data, even 

though the influence of ionization reactions and activity coefficients are ignored in the model 

development. As such, the proposed reaction mechanism provides a new and relatively simple way 

to explain and predict the behaviour of nylon melt polycondensation systems. The proposed model 

equations will be used in our ongoing research aimed at predicting the behaviour of nylon 6/6,6 

production processes.  Because the equilibrium expressions developed in the current article provide 

a good match to the full range of nylon 6 and nylon 6,6 homopolymerization data, we are hopeful 

that they will also be effective for describing copolymerization equilibrium data. Future 

experimental work aimed at investigating copolymerization reaction equilibria is required to test 

the effectiveness of the proposed equilibrium expressions. Experiments will be required at a variety 

of different temperatures, comonomer ratios and water concentrations, especially at conditions 

corresponding to the early stages of industrial nylon 6/6,6 copolymerizations where high water 
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concentrations may have an important influence the degree of ionization of end groups. When 

additional data are available to support more rigorous modeling of nylon 6/6,6 copolymerization 

(using activity coefficient correlations that account for end-group ionization and degree of 

polymerization), it will be possible to assess the effectiveness of the simplifying assumptions made 

when developing the proposed semi-empirical equilibrium expressions.   
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Chapter 5 

Improved Kinetic Rate Constants for Nylon 6, Nylon 6,6 and Nylon 

6/6,6 Copolymer 

 Abstract 

A large body of nylon 6 and nylon 6,6 kinetic and equilibrium literature data, over a wide range of 

water concentrations and temperatures (0  [W]0  40.8 wt %, 200  T 300 C), is fitted using an 

updated batch reactor model. This model is extended to account for the influence of water-related 

side reactions on nylon 6 and nylon 6,6 reaction equilibria and on the overall rate of 

polycondensation. Use of the updated model and new parameter estimates results in noticeable 

improvement in fit to all of the kinetic data. The objective function value is reduced by 70%, 

compared to its value when the parameters of Arai et al. are used. The model framework in the 

current study will be helpful for modeling complex continuous reactor systems involving nylon 6, 

nylon 6,6 and nylon 6/6,6.  

 Introduction 

Nylon 6/6,6 is a commercially important copolymer used in the packaging film industry due to its 

decreased crystallinity, higher optical clarity, luster and ease of processing,[1-4] compared to nylon 

6 and nylon 6,6 homopolymers. Nylon 6/6,6 is synthesized by copolymerization of caprolactam 

(M) with an aqueous solution of hexamethylene diamine (HMD) and adipic acid (ADA).[4] Recently, 

our research group developed a batch reactor nylon 6/6,6 copolymerization model to investigate 

the influence of different recipes on polymerization rates and copolymer properties.[5-6] For 

example, our model has been used to: i) predict the influence of changes in initial water 

concentration (between 0 and 14 wt %) on the degree of polymerization (DP) obtained from batch 



 

 

105 

 

reactor experiments and to investigate whether nylon 6 cyclic dimer (CD) can be readily used as a 

component in the reactor feed.[5-6] To our knowledge, this model, which was developed using the 

reaction scheme in Table 5.1, is the only nylon 6/6,6 copolymerization model in the literature. The 

reaction scheme in Table 5.1 has been widely used for modeling nylon 6 homopolymerization 

(often without transamidation reaction R6).[7-22] Including HMD and ADA comonomers in the 

reaction scheme is straightforward, with carboxyl ends from ADA participating in the main 

condensation reaction (R2) and amine ends from HMD participating in reactions R2, R3, R5 and 

R6.  

Simulation results from our nylon 6/6,6 copolymer modeling studies (and nearly all nylon 6 

modeling studies in the literature) rely on values of rate constants and equilibrium constants 

determined by Arai et al., who estimated their parameters using nylon 6 batch reactor data from a 

large number of experiments at relatively low water concentrations (0.8 to 2.1 wt %). Because of 

the limited range of operating conditions, several research groups[5-6,16,23,24] have expressed concerns 

about using Arai’s parameter values over the much wider range of conditions that are typically 

encountered during nylon 6,6 homopolymerization and nylon 6/6,6 copolymerization. Nylon 6/6,6 

copolymerization data are unavailable in the literature (except for two dynamic batch reactor 

experiments reported by Heikens et al. involving caprolactam, water and either ADA or HMD).[25] 

However, as summarized in Tables 5.2 and 5.3, several research groups have published a wide 

variety of kinetic and equilibrium data for nylon 6 and nylon 6,6 homopolymerizations.[7,25- 40] Until 

now, attempts at parameter estimation using data from multiple research groups has been limited, 

involving only a small portion of the available data.[16,23] A goal of the current study is to determine 

whether the mechanism in Table 5.1 and the data in Tables 5.2 and 5.3 can be combined to obtain 

kinetic parameters that apply to a wide range of nylon 6 and 6,6 operating conditions. If such 
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parameters can be obtained, they will be beneficial for obtaining more-reliable predictions of the 

industrial behaviour of nylon 6/6,6 copolymerization.  

 

Table 5.1 Reaction scheme for nylon 6/6,6 copolymerization [5-7,17,28,32] 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 
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Table 5.2 Summary of nylon 6 and nylon 6,6 kinetic data available in the literature[7,25-

27,29,32,38,40] 

Authors Nylon 

Type 
Recipe T 

(°C) 

[W]0 

(mol kg-1) 
Measured Species 

Wiloth (1955) 6 M and W 

M and LM 
220 0~0.698 [M], ([A]+[C])/2 

Hermans et al. 

(1958) 
6 M and W 

221.5 

253.5 
0.05~0.2 [M], [LM], 

([A]+[C])/2 

Heikens et al. 

(1960) 
6 HMD, M and W 

ADA, M and W 
221.5 0.59/0.62 [C], [A], [M], 

[HMD],[ADA] 

Kruissink et al. 

(1958) 
6 M and LM 254 0 [C] 

Ogata (1961) 6,6 Nylon 6,6 salt 

and W 
200~220 1.84~22.60 [C] 

Giori and Hayes 

(1970) 
6 M and W 235~265 1.11 [M], [C] 

Tai et al. (1979) 

Arai et al. (1981) 
6 M and W 230~280 0.42/0.82/1.18 [M], [LM],[CD], 

([A]+[C])/2 

 

Table 5.3 Summary of K1a, K2a and K4a data available in the literature[26-28,30-37,39] 

Authors Nylon 

Type 

T 

(°C) 

[W] 

(mol kg-1) 

K1a 

(kg mol-1) 
K2a K4a 

(kg mol-1) 

Wiloth (1955) 6,6 220 8.44~45.12  √  

Wiloth (1955) 6 220 0.06~52.1 √ √  

Wiloth (1955) 6 220 0.06~0.62 √ √  

Van Velden et al. 

(1955) 
6 221.5 

253.5 
0.31~16.08  √  

Heikens (1956) 6 221.5 

253.5 
0.71~16.08 √  √ 

Fukumoto (1961) 6 235/245/ 

255/272 
0.04~0.27  √  

Ogata (1960) 6,6 275/280/ 

290/300 
0.02~0.08  √  

Ogata (1961) 6,6 200/210/220 7.85~24.73  √  

Wiloth (1971) 6 240/260 0.08~0.17 √ √  

Giori and Hayes 

(1970) 
6 240/260 0.07~4.80  √  

Jacobs and 

Zimmerman (1977) 
6,6 280 0.089  √  
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The model used by Arai et al. for their parameter estimation study neglects reaction R6 and 

accounts for the catalytic influence of carboxyl end-groups in reactions R1 to R5 using composite 

rate constant expressions:  

𝑘𝑓𝑖 = 𝑘𝑖
𝑢 + 𝑘𝑖

𝑐[𝐶𝑂𝑂𝐻]          (5.1) 

𝑘𝑖
𝑗
= 𝐴𝑖

𝑗
𝑒𝑥𝑝(

−𝐸𝑖
𝑗

𝑅𝑇
)          (5.2) 

that were proposed by Hermans et al.[29,41] In equation (5.1), 𝑘𝑖
𝑢 is the “uncatalyzed” rate constant 

for the ith reaction (i=1, 2,… 5), which is important when the concentration of carboxyl ends is 

low, and 𝑘𝑖
𝑐 is the “catalyzed” rate constant that accounts for the catalytic influence of carboxyl 

end groups when its concentration is high. As shown in Table 5.2, Arai et al. (and Tai et al. from 

the same research group) performed a large number of batch reactor experiments and obtained 

~1016 data values to study dynamic changes in concentrations of caprolactam, end groups, 

aminocaproic acid (LM) and CD.[7,38] Note that no mass transfer occurs in nylon 6 and nylon 6,6 

experiments (due to closed ampoules) where these datasets in Table 5.2 were collected. As shown 

in Table 5.4, they used these data to estimate 20 kinetic parameters (including 10 activation 

energies) and 10 equilibrium parameters (including 5 reaction enthalpies). Parameter values 

estimated by other research groups (using smaller data sets or unpublished data) are also shown in 

Table 5.4.[7,11,16,20,23,24,27,35,36,42-46,48,50-53]Although some of the parameter values in Table 5.4 are 

similar for different research groups (e.g., the activation energy estimate of 78.7 kJ mol-1 for R1 

reported by Arai et al.[7] is similar to 78.5 kJ mol-1 reported by Reimschuessel and 

Nagasubramanian[48]), other parameter estimates differ by orders of magnitude between research 

groups.     
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Table 5.4 Literature values for kinetic and thermodynamic parameters for nylon 6 and other nylon [7,11,16,20,23,24,27,35,36,42-46,48,50-53] 

 
Nylon 

Type 
Reac. 

T 

°C 

[W]0 

mol kg-1 
Ai

o 
kg.mol-1 h-1 

Ei
o 

cal.mol-1 

Ai
c 

kg2 mol-2 h-1 

Ei
c 

cal.mol-1 

ΔHi 
cal.mol-1 

ΔSi 
cal.mol-1K-1 

Meggy (1953) 
6 R2 250 unknown - - - - -4000 -29 

6 R3 220-280 unknown - - - - -3560 -2.85 

Meggy (1956) 6 R2 221-254 0.44-14.42 - - - - -2420 7.16 

Fukumoto (1956) 6 R2 235-272 unknown - - - - -6841 -1.373 

Tobolsky and 

Eisenberg (1959) 
6 

R1 
221.5 

253.5 
0.09~44.40 

- - - - 2240 -7.4 

R3 - - - - -4030 -6.9 

Ogata (1960) 6,6 R2 275-300 unknown - - - 
- 

-26.4×103 -38.07 

Ogata (1961) 6,6 R2 200-220 1.84-22.60 depends on [W]0 2.21×104 - - 

2280 for [W]0= 1.84 

5340 for [W]0=3.57 

6170 for [W]0=9.61 

- 

Fukumoto (1961) 6 R2 235-272 unknown - - - - 
-7517 

-2.667 

Carver and 
Hollingsworth 

(1966) 

6 R3 220/250 0 - - - - 
-5300 

-9.3 

Reimschuessel and 

Nagasubramanian 

(1972) 

6 

R1 

220-265 0.16-0.64 

1.6940×106 2.1040×104 4.1060×107 1.8753×104 2.1142×103 -7.8700×100 

R2 8.6870×109 2.2550×104 2.3370×1010 2.0674×104 -6.1404×103 9.3000×10-1 

R3 2.6200×109 2.1269×104 2.3720×1010 2.0400×104 -4.0282×103 -6.9500×100 

Jones and White 

(1972) 
6,8 R2 245-290 unknown 1.122×108 1.734×104 - - - 

- 

Arai et al. (1981) 

 
6 

R1 

230-280 0.42-1.18 

5.9874×105 1.9880×104 4.3075×107 1.8806×104 1.9180×103 -7.8846×100 

R2 1.8942×1010 2.3271×104 1.2114×1010 2.0670×104 -5.9458×103 9.4374×10-1 

R3 2.8558×109 2.2845×104 1.6377×1010 2.0107×104 -4.0438×103 -6.9457×100 



 

 

110 

 

R4 8.5778×1011 4.2000×104 2.3307×1012 3.7400×104 -9.6000×103 -1.4520×101 

R5 2.5701×108 2.1300×104 3.0110×109 2.0400×104 -3.1691×103 5.8265×10-1 

Roerdink and 

Warnier (1985) 
4,6 R2 180-230 3.846 5.926×108 1.939×104 - - 

11.23 
0 

Steppan et al. (1987) 
6 and 

6,6 
R2 200-265 0.11-44.02 

depends on [W], 

[C] and T 
2.14×104 - 

- depends on [W] and 

T 

depends on 

[W] and T 

Wajge et al. ( 1994) 6 R3 250 1.40-2.46 - - - 1.8092×104 -3.6387×103 -6.9457 

Blondel et al. (1997) 11,12 R2 220-310 unknown 1.242×107 1.497×104  - - 
- 

Mallon and Ray 

(1998) 

6 and 

6,6 

Revers

e of R1 

200-280 0.09-52.2 

- - 

depends on 

dielectric constant 

of medium ε 

3.411×103 -4.448×103 
- 

R2 - - 

depends on 

dielectric constant 

of medium ε 

8.58×103 404.13 
12.503 

R3 - - 

depends on 

dielectric constant 

of medium ε 

1.754×103 
-4.044×103 

-6.9457 

R5 - - 

depends on 

dielectric constant 

of medium ε 

1.053×104 
0 

6.495 

Schaffer et al (2003) 6,12 R2 263-289 
< 0.07 - - 3.34×1011 2.265×104 -1820 

- 

Zheng et al. (2005) 6,12 R2 284 < 0.11 4.4538×105 1.097×104 - - -2.049×104 - 

Ramteke and Gupta 

( 2008) 
6 R3 250 1.4-2.46 - - - 2.0111×104 -3.6193×103 -6.9457 
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The composite rate constant expressions of Hermans et al., combined with Arai’s parameter values, 

have been widely used in nylon 6 models[9-15,17-22] because they are easy to use (i.e., knowledge 

about activity coefficients for reacting species and end groups is not required when computing 

reaction rates and equilibria) and because they provide reasonable predictions for monomer 

conversion and end-group concentrations over much of the range of nylon 6 conditions considered 

by Arai et al. and other research groups. As an example, Figure 5.1 shows the fit to Arai’s data for 

their experiment at 260 C. The predicted caprolactam concentration profile (Fig. 5.1a) is a good 

match to the data, but predictions of the end-group concentration ([�̅�] =
[𝐴]+[𝐶]

2
) and [LM] are worse. 

Also, because Arai’s experiments lasted only 10 h,[7] it is not clear whether the long-term 

(equilibrium) behaviour of [CD] will be predicted accurately. Additional plots in the Appendix G 

show that Arai’s parameters provide good predictions for [M] data obtained by other research 

groups[25,26,29,32] and worse predictions for the end-group and [LM] data. Reasonable predictions are 

also obtained for low-water, low-temperature nylon 6,6 kinetic data of Ogata (obtained at 3.5 wt % 

initial water and 210 and 220 C), but poor predictions are obtained for nylon 6,6 end-group data 

from experiments with higher water concentrations[27] (See Appendix G).   
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Figure 5.1 Concentrations of species in reacting mixture using 0.76 wt % water at 260 C. 

Measured concentrations () [7,38] Predictions (─ ─ ─) using Arai’s parameter values. a) 

caprolactam, b) end groups, c) linear monomer, d) cyclic dimer. 

 

The parameters of Arai et al. account for the influence of temperature on reaction equilibria via the 

∆H parameters in Table 5.4, but they do not account for the important and well-known influence 

of water on equilibrium constants. Research groups of Wiloth and Hermans et al. showed that the 

apparent equilibrium constant K1a=[LM]/([M][W]) for caprolactam hydrolysis increases 

approximately linearly with water concentration.[28,33,37] More importantly, six research groups have 

shown that the apparent equilibrium constant for polycondensation (i.e., K2a=[L][W]/[A][C]) is 

small at low water concentrations, increases to a maximum at intermediate [W] near 1 mol kg-1 and 

then decreases by a factor of ~4 with increasing [W].[26-36,39] Arai’s model does not account for this 

complicated behaviour, which has an important influence on the final DP of nylon 6 and 6,6 

polymers.  

a) 

c) 

b) 

d) 
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Arai’s kinetic experiments focused on the kinetic behaviour (i.e. the first 10 hours) in batch reactors, 

rather than on longer-term equilibrium behaviour. As a result, there are important discrepancies 

between equilibrium predictions from Arai’s parameters and the nylon 6 and 6,6 equilibrium data 

in the literature. For example, Heikens performed an equilibrium study aimed at determining K4a, 

to better understand the long-term accumulation of CD in nylon 6 reactors.[37] He found that K4a 

does not change noticeably with [W] or T within the range 0.7  [W]  16 mol kg-1and 221.5  T  

253.5 °C. Unfortunately, Arai’s estimates of ΔH4 and ΔS4 predict [CD] at equilibrium that is ~ 100 

times larger at 221.5 °C than the measured values of Heikens.   

To address the problem of poor equilibrium predictions, we recently developed mechanistically-

motivated equilibrium expressions that account for the influence of water and temperature on ring-

opening and polycondensation equilibria.[54] Table 5.5 provides equilibrium expressions that were 

derived by considering seven additional side reactions shown in Table 5.6. Parameter values in 

Table 5.5, fitted using 255 equilibrium data values from six research groups provide a good match 

to all of the nylon 6 and 6,6 equilibrium data in the literature with 0.02 ≤ [W] ≤ 52.10 mol kg-1 and 

200 ≤ T ≤300 C.[26-28,30-37,39] The main benefit of the expressions in Table 5.5 is that they can 

provide a good match to all of the available data while providing a plausible explanation for the 

complex behaviour of polycondensation equilibrium constant K2a. The side reactions[55-66] shown 

in Table 5.6 involve amidine ends (I), which are known to form via chain scission reactions (reverse 

of R7) and by dehydration of amine ends at low water concentrations (reaction R8). The presence 

of amidine ends (or alternatively cyclopentanone ends (S) in reactions R9 and R10) is helpful for 

explaining the very small values of K2a at low water concentrations.[30-36,39,54] Reactions R11 and 

R12 involving hydrated carboxyl ends C* can explain the observed decrease of K2a at high water 

concentrations above 1 mol kg-1. An attractive feature of the expressions in Table 5.5 is that they 

describe the equilibrium behaviour of nylon 6 and 6,6 over a wide variety of conditions, using 

measured concentrations of species and end groups, rather than their activities. Note that use of 
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equilibrium constant K11 in equation (5.5.4) in Table 5.5 is a relatively simple way to account for 

the influence of water on the ionization of end groups, which has been suggested by several research 

groups as a cause for the decrease in K2a with increasing [W].[16,23,26-28] 

 

Table 5.5 Expressions for nylon 6 and nylon 6,6 polymerization equilibria and associated 

parameter values[54] 

Equilibrium expressions Parameter Unit Values 

𝐾1𝑎 =
𝑘𝑓1

𝑘𝑟1
= 𝐾1 +𝐾13[𝑊]                                      (5.5.1) 

𝐾1 = 𝐾1𝑟𝑒𝑓𝑒𝑥𝑝 [
−𝐻1

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]           (5.5.2) 

𝐾13 = 𝐾13𝑟𝑒𝑓𝑒𝑥𝑝 [
−𝐻13

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]                       (5.5.3) 

K1ref kg mol-1 0.0024 

∆H1 cal mol-1 722 

K13ref kg mol-1 6.27 ×10-5 

∆H13 cal mol-1 -28789 

𝐾2𝑎 =
𝑘𝑓2

𝑘𝑟2
=

𝐾2[𝑊]

𝐾11[𝑊]2+[𝑊]+
𝐾2
𝐾7

               (5.5.4) 

𝐾2 = 𝐾2𝑟𝑒𝑓𝑒𝑥𝑝 [
−𝐻2

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]           (5.5.5) 

𝐾7 = 𝐾7𝑟𝑒𝑓𝑒𝑥𝑝 [
−𝐻7

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]           (5.5.6) 

𝐾11 = 𝐾11𝑟𝑒𝑓𝑒𝑥𝑝 [
−𝐻11

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]         (5.5.7) 

K2ref - 965.12 

∆H2 cal mol-1 -7438 

K7ref kg mol-1 80104 

∆H7 cal mol-1 -25568 

K11ref kg mol-1 0.1229 

∆H11 cal mol-1 -16662 

𝐾3𝑎 =
𝑘𝑓3

𝑘𝑟3
= 𝐾1𝐾2                                                   (5.5.8) - - - 

𝐾4𝑎 = 𝐾4 =
𝑘𝑓4

𝑘𝑟4
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡              (5.5.9) K4a kg mol-1 0.0218 

𝐾5𝑎 =
𝑘𝑓5

𝑘𝑟5
= 𝐾2𝐾4                    (5.5.10) - - - 
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Table 5.6 Side reactions that may influence nylon 6 and nylon 6,6 polycondensation 

equilibrium[16,54-66] 

 

R7 

 

R8 

 

R9 

 

R10 

             

R11 

        

R12 

 

R13 
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Because nylon polycondensation kinetics are so complicated and important, four research groups 

(not Arai et al.) have developed expressions for kf2 that depend on [W] rather than only [C] and 

T.[16,23,26,49] For example, instead of using the expression in equation (5.1), Steppan et al. developed 

the following empirical expression:  

𝑘𝑓2 = (𝑒𝑥𝑝{2.55 − 0.45 𝑡𝑎𝑛ℎ[25(𝑥𝑤 − 0.55)]}  

+8.58{𝑡𝑎𝑛ℎ[50(𝑥𝑤 − 0.1)] − 1}(1 − 30.05𝑥𝑐))𝑒𝑥𝑝[
−𝐸2

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]    (5.3) 

in which xw and xc are mole fractions of water and carboxyl ends.[23] The parameter values in 

equations (5.3) were fitted using a portion of nylon 6 and 6,6 kinetic data in Table 5.2. Although 

Steppan’s kinetic model provides a good match to a portion of the available nylon 6,6 literature 

data, it provides poor predictions for nylon 6 data, especially at long reaction times.[26,32,33,54] 

Mallon and Ray used a more mechanistic approach to account for the complex effect of [W] on 

nylon kinetics and equilibrium, suggesting that ionization of end-groups is related to the dielectric 

constant of the reaction mixture, which depends on [W].[16] Their resulting expression for the 

polycondensation rate constant is: 

𝑘𝑓2 = 𝑘2
𝑐[𝐶]𝑒𝑥𝑝 (

𝑐𝜀

𝜀𝑅𝑇
)          (5.4) 

where  is the water- and temperature-dependent dielectric constant of the reaction mixture and c 

is a constant. In equation (5.4), Mallon and Ray assume that 𝑘2
𝑢 = 0 so that polycondensation is 

always second-order with respect to [C]. This assumption is questionable for some industrial nylon 

6 and 6,6 polymerization reactors that are operated with low [C].[7,24,38]  For example, Zheng et al. 

showed, using nylon 6,12 experiments, that polycondensation is first-order in [C], rather than 

second-order, at the low-water and low-carboxyl conditions encountered during the final stages of 

industrial nylon 6,6 production.[24] Mallon and Ray showed that their kinetic model (and also the 

model of Steppan et al.) provide “reasonable representations” of the behaviour of Ogata’s nylon 

6,6 kinetic data obtained at 200 to 220 C with [W]0 = 1.84 to 22.6 mol kg-1.[16] 
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In summary, new industrial processes have been developed to produce nylon 6/6,6 copolymers, 

and until now, reliable models have not been available to predict copolymerization rates and 

polymer properties over a wide range of possible operating conditions. Although the amount of 

nylon 6/6,6 data in the literature is very limited, there is a large body of data for nylon 6 and nylon 

6,6 hompolymerizations that can be used to aid the development of nylon 6/6,6 models. Until now, 

these data, from multiple research groups, have not been used together for estimating reliable 

kinetic parameters. The first objective of the current study is to use the complete set of available 

batch reactor data to obtain improved estimates for kinetic parameters for the six reactions in Table 

5.1. The simple kinetic expression in equation (5.1) and recently-developed equilibrium 

expressions in Table 5.5 are used in dynamic model equations (see Tables 5.7 and 5.8) derived 

from previous nylon 6/6,6 modeling studies[5] to determine whether an accurate fit to the data can 

be obtained. A second objective is to determine whether some of the side reactions in Table 5.6 

should be used to extend the model to account for any influence of water on the polycondensation 

rate constant. Finally, key nylon 6/6,6 copolymerization simulations from our previous modeling 

studies are revisited to determine whether conclusions that were based on the kinetic parameters of 

Arai et al. are valid when improved parameter estimates are used. Note that the dynamic model 

does not predict weight average molecular weight (�̅�𝑤) for the copolymer because we assume that 

there will be sufficient hydrolysis and transamidation to randomize caprolacatam, HMD and ADA 

unit at the polymer chain ends, leading to a polydispersity of 2. 

First, nylon 6 and nylon 6,6 data (see Table 5.2) are fitted using the copolymerization model in 

Tables 5.7 and 5.8 with fixed values of the equilibrium constants obtained from a previous study 

(see Table 5.5). Advanced statistical techniques are used to rank, select and estimate the kinetic 

parameters, based on their influence on the model predictions and the uncertainties associated with 

Arai’s parameter values and the measurements.[67-70] The fit to the data is compared with the fit 
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obtained using Arai’s parameter values. Next, the size of the estimation problem is increased (from 

estimating 20 to 31 parameters) by including equilibrium data (see Table 5.3) in the parameter 

ranking, selection and estimation process so that the resulting improvement in fit can be assessed. 

We show that there is still noticeable over-prediction of end-group consumption rates for 

experiments conducted using high water concentrations. Finally, the model is extended to account 

for the influence of water on the polycondensation rate constant using side reactions in Table 5.6. 

The parameter estimation is repeated to provide final parameter estimates, which are used for 

copolymerization simulations. We anticipate that the model equations and parameter values from 

this study will be helpful to academic and industrial modelers of nylon polymerization processes.    
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Table 5.7 Mass balance ordinary differential equations (ODEs) [5-6] 

No. ODEs 

 

5.7.1 

 

5.7.2 

 

 

5.7.3 

 

 

 

5.7.4 
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Table 5.8 Factors of special types of amine ends or amide links (fi) 
[5-6] 

Expression Description 

𝑓1 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐻𝑀𝐷]𝑝
  

[𝑀]𝑝 =
[𝑀]0𝑚0

𝑚
− [𝑀] −

𝑀𝑣

𝑚
− [𝐿𝑀] − 2[𝐶𝐷]  

[𝐻𝑀𝐷]𝑝 =
[𝐻𝑀𝐷]0𝑚0

𝑚
− [𝐻𝑀𝐷] −

𝐻𝑀𝐷𝑣

𝑚
  

fraction of amine ends on polymer and oligomer 

(including linear dimer) that come from 

caprolactam units 

𝑓2 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐴𝐷𝐴]𝑝
  

[𝐴𝐷𝐴]𝑝 =
[𝐴𝐷𝐴]0𝑚0

𝑚
− [𝐴𝐷𝐴]  

fraction of carboxyl ends on polymer and oligomer 

(including linear dimer) that arise from 

caprolactam units 

𝑓3 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])+𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
    

fraction of amide links in the reverse of reaction 

R2 that produce LM when the link is cleaved 

f4≈0 
fraction of amine ends that are on linear trimer 

during the reverse of reactions R3 and R5 to 

produce LM or LD 

𝑓5 =
𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
  

fraction of links that can be broken by reaction R6 

to generate LM 

𝑓6 =
(1−𝑓1)([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one HMD unit away from 

an amine end during the reverse of reaction R2 

f7≈0 
fraction of amine ends that are on the HMD end of 

an oligomer consisting only of an HMD unit and a 

caprolactam unit 

f8≈0 
fraction of amine ends that are on the HMD end of 

an oligomer consisting only of an HMD unit next 

to two caprolactam units 

𝑓9 =
(1−𝑓2)([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one ADA unit away from a 

carboxyl end in the polymer and oligomer, which 

can produce ADA by the reverse of reaction R2 

𝑓10 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])+𝑓2

2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−2[𝐿𝐷]

[𝐿]
  

fraction of links that can produce linear dimer 

during the  reverse of reaction R2   

f11≈0 
fraction of amine ends that are on linear tetramer 

so that they can produce LD by the reverse of 

reaction R5 

𝑓12 =
𝑓2
2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−[𝐿𝐷]

[𝐿]
  

fraction of links that are two caprolactam units 

away from a carboxyl end so that they can produce 

LD by reaction R6 

𝑓13 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
  

fraction of links that are one caprolactam unit 

away from an amine end that can be attacked by 

LM to produce LD via reaction R6 

𝑓14 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])−[𝐿𝐷]

[𝐴]
  

fraction of amine ends that can backbite by the 

reverse of reaction R5 to produce CD 
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 Parameter Estimation using Existing Model Equations 

To aid parameter estimation, the Arrhenius expressions for 𝑘𝑖
𝑗
in equation (5.2) are rewritten using 

a reference temperature: 

𝑘𝑖
𝑗
= 𝑘𝑖𝑟𝑒𝑓

𝑗
𝑒𝑥𝑝 [

−𝐸𝑖
𝑗

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)] (j=u or c)      (5.5) 

Note that Tref = 220 C is used in this study because several authors conducted nylon 6 and 6,6 

experiments at this temperature.[27,29,31-34,41] In equation (5.5), j=u indicates the “uncatalyzed” rate 

constant and j=c indicates the “catalyzed” rate constant (see equation (5.2)). Initial parameter 

estimation attempts (results not shown) often converged to local minima and gave highly correlated 

estimates of 𝑘𝑖
𝑢and 𝑘𝑖

𝑐 , especially for the polycondensation reaction (i=2). To address this 

difficulty, further reparameterization was performed by considering the ratio of catalyzed and 

uncatalyzed rate constants: 

𝑅𝑘𝑖 =
𝑘𝑖
𝑐

𝑘𝑖
𝑢 = 𝑅𝑘𝑖𝑟𝑒𝑓𝑒𝑥𝑝 [

−(𝐸𝑖
𝑐−𝐸𝑖

𝑢)

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]       (5.6) 

Rather than estimating 𝑘𝑖𝑟𝑒𝑓
𝑐  parameters, the ratios 𝑅𝑘𝑖𝑟𝑒𝑓 =

𝑘𝑖𝑟𝑒𝑓
𝑐

𝑘𝑖𝑟𝑒𝑓
𝑢  are estimated along with 𝑘𝑖𝑟𝑒𝑓

𝑢 . 

This alternative parameterization helps to improve convergence of the parameter estimation. 

 

The estimation study was performed in three steps. Twenty kinetic parameters from reactions R1 

to R5 (with 11 equilibrium parameters held fixed at the values in Table 5.5) are considered using 

1580 kinetic data values (from Table 5.2) in the step one of the estimation process. Step two 

includes the equilibrium parameters (and equilibrium data) in the estimation. Step three is used to 

investigate an extended model with additional parameters. Note that no extra parameters, beyond 

those for reactions R1 to R5, are required to include transamidation reaction R6 in the model, 

because it is assumed that the ring strain in CD molecules is negligible so that k6=kf5. The following 

weighted-least-squares objective function is used for parameter estimation in all three steps:  
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𝐽 =
1

𝜎𝑀
2 ∑([𝑀]𝑚𝑒𝑎𝑠 − [𝑀])2 +

1

𝜎𝑐,6
2 ∑([𝐶]𝑚𝑒𝑎𝑠,6 − [𝐶]6)

2
+

1

𝜎𝑐,6,6
2 ∑([𝐶]𝑚𝑒𝑎𝑠,6,6 − [𝐶]6,6)

2
 

+
1

𝜎𝐸
2∑([�̅�]𝑚𝑒𝑎𝑠 − [�̅�])2 +

1

𝜎𝐴,6
2 ∑([𝐴]𝑚𝑒𝑎𝑠,6 − [𝐴]6)

2
+

1

𝜎𝐿𝑀
2 ∑([𝐿𝑀]𝑚𝑒𝑎𝑠 − [𝐿𝑀])2 

+
1

𝜎𝐶𝐷
2 ∑([𝐶𝐷]𝑚𝑒𝑎𝑠 − [𝐶𝐷])2 +

1

𝜎𝐻𝑀𝐷
2 ∑([𝐻𝑀𝐷]𝑚𝑒𝑎𝑠 − [𝐻𝑀𝐷])2 +

1

𝜎𝐴𝐷𝐴
2 ∑([𝐴𝐷𝐴]𝑚𝑒𝑎𝑠 − [𝐴𝐷𝐴])2 

+
1

𝜎𝐾1𝑎
2 ∑(𝐾1𝑎,𝑚𝑒𝑎𝑠 − 𝐾1𝑎)

2
+

1

𝜎𝐾2𝑎
2 ∑(𝐾2𝑎,𝑚𝑒𝑎𝑠 − 𝐾2𝑎)

2
+ 1

𝜎𝐾4𝑎
2 ∑(𝐾4𝑎,𝑚𝑒𝑎𝑠 − 𝐾4𝑎)

2
  (5.7) 

This objective function includes 12 different types of measurements (or equilibrium constants 

obtained from measurements). In step one of the estimation study, only the first 9 terms in J are 

included because model parameters related to K1a, K2a and K4a (see Table 5.5) are held constant. In 

equation (5.7), the subscript meas indicates measured values. Corresponding concentrations and 

equilibrium constants without meas are model predictions. Weighting factor (i.e., σx
2 with x=M, C, 

�̅�, A, LM, CD, HMD, ADA, K1a, K2a and K4a) shown in Table 5.9 are used to account for the different 

uncertainties (and units) associated with the various measurements. Measurement errors for 

different types of measurements are assumed to be independent and similar error levels for similar 

types of measurements are also assumed for all research groups. Note that equation (5.7) contains 

separate terms for carboxyl end-group measurements for nylon 6 and nylon 6,6 data to 

accommodate different levels of measurement uncertainty. Also, there is a term involving the 

average end-group concentrations [�̅�]𝑚𝑒𝑎𝑠 =
[𝐴]𝑚𝑒𝑎𝑠+[𝐶]𝑚𝑒𝑎𝑠

2
, which are reported by several research 

groups rather than measurements for individual end groups. Detailed information showing how the 

weighting factors in Table 5.9 were obtained from experimental data is provided in the Appendix 

F. The optimization was conducted using the Lsqnonlin optimizer in MATLAB with relative and 

absolute tolerance settings at 1e-6. These settings were adjusted by trial-and-error to ensure 

convergence of the objective function and parameter estimates.    
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Table 5.9 Measurement uncertainties for the proposed objective function 

Uncertainty Unit Measured response Value 

σc,6 mol kg-1 [C]meas,6 0.0350 

𝜎�̅� mol kg-1 [�̅�]𝑚𝑒𝑎𝑠 0.0245 

σC,66 mol kg-1 [C]meas,66 0.2240 

σA,6 mol kg-1 [A]meas,6 0.0350 

σM mol kg-1 [M]meas 0.2116 

σLM mol kg-1 [LM]meas 3.7246e-4 

σCD mol kg-1 [CD]meas 0.0016 

σHMD mol kg-1 [HMD]meas 0.0019 

σADA mol kg-1 [ADA]meas 0.0019 

σK1a kg mol-1 K1a,meas 2.388e-4 

σK2a - K2a,meas 56.7 

σK4a kg mol-1 K4a,meas 0.0025 

 

 

Table 5.10 shows initial guesses (and lower and upper bounds) for the 20 kinetic parameters 

considered in step one of the estimation process. The parameter initial guesses were calculated 

using the parameter values of Arai et al. in Table 5.4. In Table 5.10, the parameters are shown in 

ranked order (from most estimable to least estimable), with ratio parameters Rk3ref and Rk1ref for the 

main polyaddition and initiation reactions appearing at the top of the list. Use of Wu’s mean-

squared-error criterion rcc indicates that the top 18 parameters from the ranked list should be 

estimated to obtain reliable model predictions.[69] The two remaining parameters (𝐸4
𝑢  and 𝑘4

𝑢), 

which are related to uncatalyzed ring-opening of CD by water, are not selected for estimation 

(presumably because of their small influence on the model predictions and value of J) and are held 

fixed at Arai’s values. Figure 5.2a shows the change in J as additional parameters from the ranked 

list are estimated. For example, J(2)=7670 is the value of J when Rk3ref and Rk1ref are estimated, with 

the other parameters held at their initial values. Figure 5.2b shows that rcc has a minimum value of 
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-0.0013 when 18 parameters are estimated. As a result, estimation of the two remaining parameters 

(𝐸4
𝑢 and 𝑘4

𝑢) would be expected to lead to over-fitting rather than to an improvement in the model 

predictions.[70] 

Estimating the top 18 parameters results in J(18)=2768, which is a 69% improvement compared to 

J(0)=8940 when Arai’s parameter values are used in the model equations. As shown in Table 5.10, 

the estimates of Rk1ref, Rk2ref, Rk3ref and Rk4ref increased considerably from their initial values 

computed from Arai’s parameter estimates, suggesting that the catalytic effect of carboxyl ends is 

more pronounced than had been determined by Arai et al. using their smaller data set. Rk2ref has the 

largest increase from its initial value of 9.09 to the new estimated value of 2442.7, indicating that 

the catalytic effect of carboxyl ends is very important for polycondensation reaction R2.  

Table 5.10 Parameter initial guesses and estimated values for step one 

Rank Pars Unit Initial Guess Lower 

Bound 

Upper 

Bound 
Estimates  

1 Rk3ref kg mol-1 93.715 0 93.715103 205.763 

2 Rk1ref kg mol-1 2.152102 0 2.152105 594.080 

3 Rk5ref kg mol-1 29.340 0 29.340103 0.202 

4 Rk2ref kg mol-1 9.089 0 9.089103 2.443103 

5 𝐸3
𝑐 cal mol-1 2.107104 0 2.107105 9.448103 

6 𝐸1
𝑐 cal mol-1 1.881104 0 1.881105 2.189104 

7 𝐸5
𝑐 cal mol-1 2.040104 0 2.040105 185.536 

8 𝐸1
𝑢 cal mol-1 1.988104 0 1.988105 3.002104 

9 𝐸3
𝑢 cal mol-1 2.284104 0 2.284105 2.580104 

10 𝐸2
𝑢 cal mol-1 2.327104 0 2.327105 4.861 

11 𝑘1𝑟𝑒𝑓
𝑢  kg mol-1h-1 9.27410-4 0 9.27410-3 3.91010-4 

12 𝑘3𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.215 0 2.147 0.133 

13 𝑘2𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.922 0 9.219 0.011 

14 𝐸5
𝑢 cal mol-1 2.131104 0 2.131105 6.717103 

15 𝐸2
𝑐 cal mol-1 2.067104 0 2.067105 5.250 

16 Rk4ref kg mol-1 2.969102 0 2.969105 9.210104 
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17 𝑘5𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.094 0 0.935 0.588 

18 𝐸4
𝑐 cal mol-1 3.742104 0 3.742105 3.353104 

19 𝐸4
𝑢 cal mol-1 4.210104 0 4.210105 - 

20 𝑘4𝑟𝑒𝑓
𝑢  kg mol-1h-1 2.09310-7 0 2.09310-6 - 

 

   

Figure 5.2 Step 1: Effect of the number of parameters (k) estimated on a) the value of the 

objective function J(k), b) and on the values of rcc(k). 

 

Figure 5.3 compares model predictions obtained using the new parameter estimates and the 

parameter values of Arai et al., for a representative nylon 6 experiment (conducted by Arai et al. at 

260 C).  Figure 5.3 shows that the fit for [M] and [CD] is similar using both sets of parameters and 

that the fit to the [�̅�] and [LM] data is improved using the new parameter values. Figures 5.4a and 

5.4b show the fit to representative nylon 6 data and nylon 6,6 data obtained by other research groups 

at 220 C.[27,32] There is a noticeable improvement in the fit of the nylon 6 data in Figure 5.4a, 

compared with Arai’s predictions. There is also an improvement in the fit to the nylon 6,6 data in 

Figure 5.4b at long reaction times. However, Arai’s parameter values and the parameter estimates 

in Table 5.10 both provide poor predictions of end-group concentrations at low reaction times, 

suggesting that both sets of parameter values overpredict the polycondensation rate (for this and 

other nylon 6,6 experiments that have high initial water concentrations). A complete set of plots, 

similar to Figures 5.3 and 5.4, is provided in Appendix G for all of the kinetic data used to estimate 

the parameter values in Table 5.10.   

a) b) 
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Figure 5.3 Concentrations of species in reacting mixture using 0.76 wt % water at 260 C. 

Error bars at the 95% confidence level are shown on the data points ().[7,38] Predictions 

using the parameter estimates from Table 5.10 (∙∙∙∙∙∙∙) are compared with predictions using 

Arai’s parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and 

d) cyclic dimer.  

 

Figure 5.4 Concentrations of end groups in reacting mixture at 220 C, using a) 1.24 wt %, 

b) 30 wt % water. Error bars at the 95% confidence interval are shown for the data points 

(■) and (♦) [27,32] Predictions (─ ─ ─) using Arai’s parameter values and predictions (∙∙∙∙∙∙∙∙∙) 

using parameter estimates from Table 5.10.  

a) 

c) 

b) 

d) 

a) b) 
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Note that Appendix H also provides plots showing the model fit to the data using the parameter 

estimates (in Table 5.11) arising from step two of the estimation when 255 equilibrium data values 

are included (along with the 1580 kinetic data values) in the parameter estimation process. In step 

two, the full objective function (equation (5.7) including the final three terms) is used to select and 

estimate the model parameters, with 31 parameters (20 kinetic parameters plus 11 equilibrium 

parameters) considered in total. As shown in Table 5.11, 29 of the 31 parameters are selected for 

estimation, using Wu’s mean-squared-error criterion rcc,[69] with 𝐸4
𝑢  and 𝑘4

𝑢  left out of the 

estimation to prevent overfitting. Estimation of the top 29 parameters results in J(29)=3007, which 

is a 9% decrease compared with J(18)=2768+508 corresponding to the parameter estimates from 

step one. Note that 508 is the contribution to J(18) arising from the additional equilibrium-

parameter terms that are included in J in step two (computed using parameter values in Table 5.5). 

The main reason for this relatively small improvement in J in step two compared to step one is an 

improved fit to some of the [M] data at long reaction times, particularly for high-temperature data 

(T  250 C), as shown by the representative plot in Figure 5.5. Unfortunately, the fit to the nylon 

6,6 end-group data does not improve noticeably when the equilibrium parameters are included in 

the estimation (see Figure H10 in Appendix H). Note that the optimization was repeated several 

times, starting from different initial guesses. No further improvement was obtained.  
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Table 5.11 Parameter initial guesses and estimated values for step two 

Rank Pars Unit Initial Guess Lower 

Bound 

Upper 

Bound 
Estimates 

1 Rk3ref kg mol-1 93.715 0 93.715103 215.725 

2 Rk1ref kg mol-1 2.152102 0 2.152105 654.081 

3 K4a kg mol-1 0.022 0.01 10 0.024 

4 Rk5ref kg mol-1 29.340 0 29.340103 2.22510-4 

5 Rk2ref kg mol-1 9.089 0 9.089103 4.547103 

6 𝐸3
𝑐 cal mol-1 2.107104 0 2.107105 9.972103 

7 𝐸1
𝑐 cal mol-1 1.881104 0 1.881105 1.865104 

8 𝐸5
𝑐 cal mol-1 2.040104 0 2.040105 7.639103 

9 𝐸1
𝑢 cal mol-1 1.988104 0 1.988105 3.241104 

10 𝐸3
𝑢 cal mol-1 2.284104 0 2.284105 2.379104 

11 𝑘1𝑟𝑒𝑓
𝑢  kg mol-1h-1 9.27410-4 0 9.27410-3 3.66710-4 

12 𝐸2
𝑢 cal mol-1 2.327104 0 2.327105 39.255 

13 𝑘3𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.215 0 2.147 0.129 

14 ∆H11 cal mol-1 -16662 -105 105 -37877 

15 𝐸5
𝑢 cal mol-1 2.131104 0 2.131105 3.468103 

16 K2ref - 965 50 2000 954 

17 K11ref kg mol-1 0.123 0 1 0.123 

18 𝑘2𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.922 0 0.922 0.007 

19 K1ref kg mol-1 2.40610-3 0.001 0.005 2.50810-3 

20 𝐸2
𝑐 cal mol-1 2.067104 0 2.067105 618.069 

21 ∆H2 cal mol-1 -7438 -10000 2000 -8767 

22 𝑘5𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.094 0 0.935 0.729 

23 Rk4ref kg mol-1 2.969102 0 2.969105 1.190105 

24 ∆H7 cal mol-1 -25568 -30000 30000 -24620 

25 ∆H1 cal mol-1 722 0 5000 3605 

26 ∆H13 cal mol-1 -28789 -105 105 -78546 

27 K7ref kg mol-1 80104 0 105 88281 

28 K13ref kg mol-1 6.27110-5 10-5 10-4 6.22710-5 

29 𝐸4
𝑐 cal mol-1 3.741104 0 3.741105 3.238104 

30 𝐸4
𝑢 cal mol-1 4.210104 0 4.210105 - 

31 𝑘4𝑟𝑒𝑓
𝑢  kg mol-1h-1 2.09310-7 0 2.09310-6 - 
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Figure 5.5 Caprolactam concentration in reacting mixture using 0.76 wt % water at 280 C. 

Error bars at the 95% confidence level are shown on the data points ().[7] Predictions using 

the parameter estimates from Table 5.11 (─ - ─)  and predictions using the parameter 

estimates from Table 5.10 (∙∙∙∙∙∙∙∙∙). 

 

The continued poor fit to the end-group data, especially at high water concentrations (see Figure 

5.6), suggests that the expression of Hermans et al. in equation (5.1) is unable to account for the 

polycondensation rate behaviour of nylon 6 and 6,6 polymerizations over the full range of 

conditions encountered in the literature data. Using the parameter values in both Table 5.10 and 

Table 5.11, the model tends to over-predict the rate of polycondensation at high [W] (i.e., for 

experiments with initial water  3.5 wt %) and to under-predict the rate of polycondensation at low 

[W] (e.g., for experiments with initial water  1.18 wt %). This result is not particularly surprising 

because many authors have commented on the complex influence of water on polycondensation 

equilibrium and reaction rates.[7-8,16,23,24,26-35,53,54] In our previous reaction equilibrium modeling 

study,[54] side reactions involving amidine ends, cyclopentanone ends and hydrated carboxyl ends 

(R7 to R12 in Table 5.6) were used to develop a model for the complex behaviour of K2a, which 

changes with [W] and T. The resulting K2a expression (equation (5.5.4) in Table 5.5) describes the 

observed equilibrium behaviour for polycondensation very well. As describe below, step three of 

the estimation was conducted to determine whether including the effects of some of these side 

reactions is helpful for describing complex polycondensation rate behaviour.   
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Figure 5.6 End-group concentration in reacting mixture using 30 wt % water at 220 °C. 

Error bars at the 95% confidence interval are shown for the data points (♦)[27] Predictions 

using the parameter estimates from Table 5.11 (─ - ─)and predictions using the parameter 

estimates from Table 5.10 (∙∙∙∙∙∙∙∙∙). 

 

 Extending the Model to Account for Effect of Water on Polycondensation Rate 

As shown in Table 5.6, amidine ends can undergo polycondensation with carboxyl ends (reaction 

R7) and can also be hydrated to form regular amine ends (reaction R8).[55-58] To our knowledge, no 

literature information is available about the kinetics of reactions involving amidine ends. So, it is 

unknown if the presence of amidine ends would tend to increase or decrease the overall rate of 

polycondensation. At high [W], reactions R11 and R12, involving hydrated carboxyl ends, may 

also influence the overall rate of polycondensation.[16] Assuming that the reactivity of amidine ends 

is different by a factor 𝛽𝑟𝐼  compared with the reactivity of regular amine ends during 

polycondensation, and that the reactivity of hydrated carboxyl ends has a different reactivity than 

regular carboxyl ends by a factor 𝛽𝑟𝑐, results in an overall polycondensation rate expression:  

𝑟2 = 𝑘𝑓2([𝐴] + 𝛽𝑟𝐼[𝐼])([𝐶] + 𝛽𝑟𝑐[𝐶
∗])        (5.8) 

Assuming that the catalytic effect of hydrated carboxyl ends is also weakened by a factor 𝛽𝑐 

compared to regular carboxyl ends results in:  
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𝑘𝑓2 = 𝑘2
𝑢+𝑘2

𝑐[𝐶] + 𝛽𝑐𝑘2
𝑐[𝐶∗]         (5.9) 

where 0  βc  1. Substituting equation (5.9) into (5.8) and assuming that reactions R8 and R11 are 

sufficiently fast to be at equilibrium results in:  

𝑟2 = [𝐴][𝐶](𝑘2
𝑢+𝑘2

𝑐[𝐶] + 𝐾11𝛽𝑐𝑘2
𝑐[𝐶][𝑊]) (1 +

𝛽𝑟𝐼

𝐾8[𝑊]
) (1 + 𝐾11𝛽𝑟𝑐[𝑊])    (5.10) 

Rather than augmenting the model equations in Table 5.7 to include additional balances on amidine 

ends and hydrated carboxyl ends, it is possible to consider ODEs (5.7.10) and (5.7.11) as overall 

balances on acidic ends Ctot and basic ends Atot, respectively, where: 

[𝐶]𝑡𝑜𝑡 = [𝐶] + [𝐶∗] = [𝐶] + 𝐾11[𝑊][𝐶]       (5.11) 

[𝐴]𝑡𝑜𝑡 = [𝐴] + [𝐼] = [𝐴] +
[𝐴]

𝐾8[𝑊]
         (5.12) 

Using this simplifying approach, [C] in all equations in Table 5.7 is replaced by [C]tot and [A] is 

replaced by [A]tot. The only other change that is required is to replace kf2 with: 

𝑘𝑓2𝑡𝑜𝑡 =
[𝑘2

𝑢(1+𝐾11[𝑊])+𝑅𝑘2𝑘2
𝑢[𝐶]𝑡𝑜𝑡+𝐾11𝛽𝑐𝑅𝑘2𝑘2

𝑢[𝑊][𝐶]𝑡𝑜𝑡](1+𝐾11𝛽𝑟𝑐[𝑊])(1+𝛽𝑟𝐼
𝐾2

𝐾7[𝑊]
)

(1+𝐾11[𝑊])2(1+
𝐾2

𝐾7[𝑊]
)

   (5.13) 

A derivation of equation (5.13) is provided in Appendix I.  

The updated model, with the revised balances on [C]tot and [A]tot contains 23 kinetic parameters and 

11 equilibrium parameters, which are considered in the step three of parameter estimation process. 

The estimability of these parameters is ranked in Table 5.12, which also provides the resulting 

parameter estimates. As shown in Figure 5.7b, the minimum of Wu’s mean-squared-error criterion 

(rcc = -5.48e-4) occurs when the top 32 parameters are estimated. As a result, the bottom two 

parameters (𝐸4
𝑢 and 𝑘4

𝑢) are held constant at their initial guesses to prevent overfitting. Note that 

the parameter values shown in Table 5.12 were re-estimated five additional times, starting from 

different initial guesses (by perturbing the estimates in Table 5.12 randomly by ±50%) to determine 
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whether these estimates might correspond to a local minimum rather than the global minimum. 

Repetition of the estimation led to the same converged values (within small tolerances) as those 

shown in Table 5.12.  

Table 5.12 Parameter estimates for step three when the rate of polycondensation account 

for the effect of water 

Rank Pars Unit Initial Guess Lower 

Bound 

Upper  

Bound 
Estimates 

1 Rk3ref kg mol-1 93.715 0 93.715103 168.551 

2 Rk1ref kg mol-1 2.152102 0 2.152105 496.220 

3 K4a kg mol-1 0.022 0.01 10 0.024 

4 βra - 1 0.01 1000 2.609 

5 Rk5ref kg mol-1 29.340 0 29.340103 0.009 

6 Rk2ref kg mol-1 9.089 0 9.089103 2.776103 

7 𝐸3
𝑐 cal mol-1 2.107104 0 2.107105 1.088104 

8 𝐸1
𝑐 cal mol-1 1.881104 0 1.881105 1.989104 

9 𝐸5
𝑐 cal mol-1 2.040104 0 2.040105 1.822103 

10 𝐸1
𝑢 cal mol-1 1.988104 0 1.988105 2.940104 

11 𝐸3
𝑢 cal mol-1 2.284104 0 2.284105 2.141104 

12 𝑘1𝑟𝑒𝑓
𝑢  kg mol-1h-1 9.27410-4 0 9.27410-3 4.49010-4 

13 𝐸2
𝑢 cal mol-1 2.327104 0 2.327105 353.493 

14 𝑘3𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.215 0 2.147 0.155 

15 ∆H11 cal mol-1 -16662 -105 105 -27103 

16 𝐸5
𝑢 cal mol-1 2.131104 0 2.131105 3.573103 

17 K2ref - 965 50 2000 1003 

18 K11ref kg mol-1 0.123 0 1 0.135 

19 𝑘2𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.922 0 9.222 0.008 

20 K1ref kg mol-1 2.40610-3 0.001 0.005 2.51210-3 

21 𝐸2
𝑐 cal mol-1 2.067104 0 2.067105 3.225103 

22 ∆H2 cal mol-1 -7438 -10000 2000 -9108 

23 βrc - 0.01 0 1 0.000 

24 𝑘5𝑟𝑒𝑓
𝑢  kg mol-1h-1 0.094 0 0.935 0.762 

25 Rk4ref kg mol-1 2.969102 0 2.969105 1.242105 
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26 ∆H7 cal mol-1 -25568 -30000 30000 -20720 

27 ∆H1 cal mol-1 722 0 5000 3206 

28 βc - 0.01 0 1 0.000 

29 ∆H13 cal mol-1 -28789 -105 105 -74406 

30 K7ref kg mol-1 80104 0 105 62250 

31 K13ref kg mol-1 6.27110-5 10-5 10-4 6.11410-5 

32 𝐸4
𝑐 cal mol-1 3.742104 0 3.742105 3.186104 

33 𝐸4
𝑢 cal mol-1 4.210104 0 4.210105 - 

34 𝑘4𝑟𝑒𝑓
𝑢  kg mol-1h-1 2.09310-7 0 2.09310-6 - 

 

 

Figure 5.7 Step 3: Effect of the number of parameters (k) estimated on a) the value of the 

objective function J(k), b) and on the values of rcc(k). 

 

As shown in Figure 5.7a, including the effect of water in the polycondensation rate coefficient 

expression (see equation (5.13)) results in a converged objective function value of J(32)=2652, 

which is 12% lower than J(29)=3007 from step two of the estimation. The improvement in J mainly 

occurs because of improvement in the fit of the nylon 6,6 end-group concentration data at high 

water concentrations. For example, Figures 5.8a to 5.8e show the fit to some of the available nylon 

6,6 end-group data obtained at 220 C. The solid curves arising from step 3 provide a much better 

fit to the data than the dash-dot curves corresponding to step 2. Note that there are mismatches for 

some data points at very early time that are measured under high-initial-water-concentration 

a) b) 
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conditions (30 wt % and 40.8 wt %), as shown in Figure 5.8 d) and e). Mallon and Ray ascribed 

similar over-predictions from their model to the “slow melting and dissolution of nylon 6,6 salt at 

low temperatures”.[16] A complete set of figures, showing the final model fit to all of the nylon 6 

and nylon 6,6 kinetic and equilibrium data is provided in Appendix J.   

Appendix K also provides a complete set of figures that compare model predictions from step 3 

with predictions using parameter values from Arai et al. As shown by Figures 5.9 and 5.10, slight 

improvement in fit is obtained for the nylon 6/6,6-pertinent data of Heikens et al. The objective 

function J value for the data in Figures 5.9 and 5.10 improves 2%, compared with J using Arai’s 

parameter values. Model predictions for [HMD] and [ADA] do not fall inside the error bar. 

Unfortunately, these two pertinent datasets were not replicated experimentally. They are the only 

data, to our knowledge, involving unbalanced ends so we recommend that replicates be performed 

and that additional unbalanced experiments should be conducted at different water levels and 

temperatures. Results from these experiments will be important for updating the parameter 

estimates and testing the validity of the model equations. 
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Figure 5.8 End-group concentration in reacting mixture at 220 °C when a) 3.5 wt %, b) 6.4 

wt %, c) 17.4 wt %, d) 30 wt %, e) 40.8 wt % water are used. Predictions using the parameter 

estimates from Table 5.12 (───) and predictions using the parameter estimates from Table 

5.11 (─ - ─). Error bars at the 95% confidence interval are shown on data points (♦) [27]   

 

 

Figure 5.9 Concentrations of species in reacting mixture using 1.12 wt % water at 221.5 C. 

Predictions using the parameter estimates from Table 5.12 (───) are compared with 

predictions using Arai’s parameter values (─ ─ ─) for a) caprolactam, b) carboxyl end 

groups, c) amine end groups, d) HMD, e) water and f) amide links. Data points (▼) and ().  

Error bars at the 95% confidence interval are shown on the data points (▼) [25]. Data () are 

not real data but calculated values from mass balance.   

a) c) 

d) 

b) 

e) 

a) 

d) e) f) 

c) b) 
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Figure 5.10 Concentrations of species in reacting mixture using 1.05 wt % water at 221.5 C. 

Predictions using the parameter estimates from Table 5.12 (───) are compared with 

predictions using Arai’s parameter values (─ ─ ─) for a) caprolactam, b) carboxyl end 

groups, c) amine end groups, d) ADA, e) water and f) amide links. Data points (▼) and (). 

Error bars at the 95% confidence interval are shown on the data points (▼) [25]. Data () are 

not real data but calculated values from mass balance.   

 

It is interesting to note that the estimate for βrI = 2.6095 in Table 5.12 is larger than 1, suggesting 

that amidine ends have a faster polycondensation rate than regular amine ends. The final estimate 

for Rk2ref=2776.3 kg mol-1 shown in Table 5.12, is ~300 times the corresponding initial guess 

calculated from Arai’s parameter estimates (i.e., Rk2ref=9.0889 kg mol-1), suggesting that the 

catalytic effect of carboxyl ends is more important for polycondensation reaction R2 than was 

determined by Arai et al. Note that, the typical ratio of the rate of carboxyl-catalyzed 

polycondensation to uncatalyzed polycondensation can be determined from 𝑅𝑘2𝑟𝑒𝑓[𝐶̅], where [𝐶̅] is 

average carboxyl end concentration for a particular experimental run. For typical nylon 6 ampoule 

experiments considered in this study  (with 0.08  [W]0  1.18 mol kg-1, 220  T  280 C) the value 

of this ratio is 𝑅𝑘2𝑟𝑒𝑓[𝐶̅] ≫ 1. However, the rate of uncatalyzed polycondensation should not be 

ignored, because it may become faster than the catalyzed rate in industrial situations where water 

a) 

d) 

b) c) 

e) 
f) 
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is removed from the reaction system to obtain high DP and low final concentrations of carboxyl 

ends.   

It is somewhat surprising that the estimate for Rk5ref = 0.0090 kg mol-1 shown in Table 5.12 results 

in 𝑅𝑘5𝑟𝑒𝑓[𝐶̅] ≪ 1 for typical nylon 6 polymerization experiments, suggesting that the catalytic effect 

of carboxyl ends is small for polyaddition of CD and for transamidation. Note that Arai’s parameter 

values predict that carboxyl-catalyzed transamidation is slightly faster than uncatalyzed 

transamidation. In future, it will be helpful to conduct additional experiments involving CD so that 

more accurate estimates can be obtained for kinetic and equilibrium parameters involved in 

reactions R4 and R5. Estimates for the two factors βrc and βc in equation (5.13) are at the lower 

bound of zero, indicating that hydrated carboxyl ends have little or no catalytic effect on the rate 

of polycondensation. As a result, we recommend that equation (5.13) should be simplified to: 

𝑘𝑓2𝑡𝑜𝑡 =
[𝑘2

𝑢(1+𝐾11[𝑊])+𝑅𝑘2𝑘2
𝑢[𝐶]𝑡𝑜𝑡](1+𝛽𝑟𝐼

𝐾2
𝐾7[𝑊]

)

(1+𝐾11[𝑊])2(1+
𝐾2

𝐾7[𝑊]
)

        (5.14) 

Most of the equilibrium parameters (K1ref, K2ref, K4a, K7ref, K11ref, ∆H1, ∆H13) remain within their 95% 

confidence intervals that were obtained from our previous study,[54] with the reaction enthalpies for 

reactions R1, R2 and R11 (i.e., ∆H1, ∆H2 and ∆H11) moving slightly outside their original 95% 

confidence intervals. For example, ∆H2 = -9107.8 cal mol-1 is slightly lower than the lower bound 

for the 95% confidence interval -7437.9±1245 cal mol-1 obtained previously. Note that the overall 

fit to the experimentally-determined K1a, K2a and K4a data are still reasonable with the model 

predictions mostly falling inside of the error bars for the experimental values (see Figures J11 to 

J14 in Appendix J). We recommend that the values in Table 5.12 should be used instead of the 

values in our previous study because additional information about the equilibrium parameters was 

provided by the kinetic data, especially the data points obtained at longer reaction times from 
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kinetic experiments performed at different temperatures and water levels than were encountered in 

the equilibrium data sets.  

One important reason for conducting the current parameter estimation study was to obtain more-

reliable parameter estimates that could be used to test the conclusions from our previous 

simulations of nylon 6/6,6 copolymerizations with a variety of different recipes.[5,6]  In our earlier 

modeling studies, we relied on the parameter values of Arai et al. to show that a higher DP is 

predicted for nylon 6/6,6 copolymerization in a batch reactor with water removal, compared with 

nylon 6 and nylon 6,6 homopolymerizations using the same reactor conditions.[5] When the final 

estimates from Table 5.12 (and associated updated model equations) are used to reproduce these 

simulations, a higher DP is still achieved for nylon 6/6,6 copolymer, confirming our earlier 

qualitative conclusion. However, the final predicted DP value at t=300 min for nylon 6, nylon 6,6 

and nylon 6/6,6 polymerizations are ~13% lower than the corresponding final DP values predicted 

using Arai’s parameter values (see Appendix L). In a subsequent study, we simulated three different 

copolymerization recipes of industrial interest (i.e., a recipe using dry nylon 6,6 salt instead of 

aqueous salt solution, and recipes using CD as part of the feedstock, in combination with dry nylon 

6,6 salt or with nylon 6,6 salt solution).[6] It was found that using less water (or no water) in the 

feedstock results in substantially higher DP, but that inclusion of water in the recipe is beneficial 

for CD consumption. Simulations performed using the new parameter estimates in Table 5.12 (and 

the updated model equations) result in similar qualitative predictions, but with lower final DP for 

all of the recipes simulated (see Appendix L). For the base case recipe that uses an aqueous nylon 

6,6 salt solution, changes of uncatalyzed rate constant (𝑘𝑖
𝑢, kg mol-1 h-1) and lumped catalyzed rate 

constant (𝑘𝑖
𝑐[𝐶], kg mol-1h-1) with time are calculated using the final estimates in Table 5.12 and 

plotted in Figures 5.11 a) to e). Note that at time zero and T=150 C, initial values of 𝑘𝑖
𝑢 is very 

small for reactions R1 to R4, compared with corresponding values of 𝑘𝑖
𝑐[𝐶]. 
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One key assumption of our nylon 6/6,6 copolymerization batch reactor model is that there are 

sufficient hydrolysis (reverse reaction R2) and transamidation (reaction R6) events, during a typical 

copolymerization experiment, so that caprolactam, HMD and ADA end units on the polymer 

molecules are randomized.[5,6] To confirm the validity of this assumption with updated parameter 

estimates and model equations, the number of randomizing events resulting from hydrolysis and 

transamidation was calculated for copolymer sample containing polymer chains with 100 amide 

links, on average. For a total reaction time of 300 minutes, our calculations reveal that 19 random 

events (mainly from transamidation) would occur, on average, for each polymer chain. This result 

confirms that the end-randomization assumption is reasonable. 

a) b)  

c) d)  
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e)  

Figure 5.11 Base case copolymer recipe: changes of 𝒌𝒊
𝒖 (kg mol-1 h-1) and 𝒌𝒊

𝒄[𝑪] (kg mol-1 h-1) 

with time for a) reaction R1, b) reaction R2, c) reaction R3, d) reaction R4 and e) reaction 

R5, calculated using estimates in Table 5.12.  

 

 Conclusions 

In this study, a large body of nylon 6 and nylon 6,6 kinetic and equilibrium literature data was used, 

for the first time, to estimate nylon polymerization parameters for use in nylon 6, nylon 6,6 and 

nylon 6/6,6. These data, from 8 research groups, were obtained from closed-ampoule batch-reactor 

experiments conducted under a broad range of operating conditions (i.e., 0  [W]0  40.8 wt %, 200 

 T 300 C). The parameter estimation, which was undertaken in multiple steps relied on 

othogonalization-based estimability ranking and a mean-squared-error-based parameter subset 

selection method developed at Queen’s University (Kingston, Canada).[67-70] Parameters were 

ranked and selected based on: the influence of the parameters on the model predictions; 

uncertainties associated with initial parameter values and with different types of measurements; 

and correlated effects of parameters. After the initial steps in the parameter estimation process 

revealed that the model was not able to provide a good fit to nylon 6,6 polycondensation data at 

low reaction times, the model was extended to account for the influence of water-related side 

reactions on the overall rate of polycondensation. The updated model contains 23 kinetic 
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parameters and 11 equilibrium parameters. Wu’s mean-squared-error criterion was used to 

determine that 32 of 34 parameters should be estimated from the available data (with a rate constant 

and activation energy for uncatalyzed hydrolysis of cyclic dimer held constant because they were 

not estimable from the available data). Use of the parameter estimates and updated model equations 

resulted in a good fit to the available data. The typical deviations between the data and fitted 

predictions for caprolactam, aminocaproic acid and cyclic dimer are within 1%. Similarly, the 

typical deviation for end-group is within 2%. The typical deviations for HMD and ADA is within 

30% and 15%, respectively. The resulting weighted-least-squares objective function value, which 

is 70% lower than the corresponding value obtained using Arai’s parameter values, indicates a 

substantial improvement in model fit. The resulting model and parameter estimates will be helpful 

for modeling and understanding nylon 6/6,6 copolymerization behaviour.  
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Chapter 6 

Summary, Conclusions and Recommendations 

 Summary and Conclusions 

In this research, mathematical models were developed for hydrolytic copolymerization of 

caprolactam with hexamethylene diamine (HMD) and adipic acid (ADA) in a batch reactor. The 

initial model was used to simulate various nylon 6/6,6 copolymerization recipes of industrial 

interest and to predict the concentrations of various reacting species, as well as end-group 

concentrations and degree of polymerization (DP). To account for the complex influence of water 

and temperature on reaction equilibria and on the rate of polycondensation, the model was updated 

with new equilibrium expressions and new polycondensation rate constant expression. The kinetic 

and equilibrium parameters in the updated model were estimated using literature data values of 

nylon 6 and nylon 6,6 polymerizations that cover a wide range of operating conditions.  

In the first stage of this research (Chapter 2) the main reactions that occur during nylon 6/6,6 

copolymerization were identified and used to derive mass-balance ordinary differential equations 

(ODEs) for concentrations of water, caprolactam, hexamethylene diamine (HMD), adipic acid 

(ADA), aminocaproic acid (LM), cyclic dimer (CD) and end groups, as well as degree of 

polymerization (DP). The reaction scheme includes six reactions: ring opening of caprolactam and 

cyclic dimer, polycondensation, polyaddition, transamidation and ring formation via end-biting and 

backbiting. These ODEs assume randomization of caprolactam units, HMD units and ADA units 

on the polymer chain ends due to transamidation and hydrolysis reactions.  Novel probability 

factors were derived using this assumption to keep the model equations relatively simple. Mass-

transfer rates of water, caprolactam and HMD are also predicted by the model. Industrial recipes 
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and batch reactor operating conditions were used to simulate nylon 6, nylon 6,6 and nylon 6/6,6 

production. The catalytic effect of carboxyl ends on reaction rates was accounted using the 

composite rate constant expression (from Hermans et al.) with kinetic parameters from Arai et 

al..[1,2] The base-case copolymer recipe that was simulated in Chapter 2 consists of caprolactam and 

an aqueous nylon 6,6 salt solution containing 50 wt % water. Simulation results revealed a positive 

influence of comonomers on reaction rates and DP associated with nylon 6/6,6 copolymerization.  

In Chapter 3 of this thesis, the proposed copolymerization model was used to investigate three 

alternative nylon 6/6,6 recipes of industrial interest.  Three recipes to be simulated were: i) a recipe 

containing caprolactam and dry nylon 6,6 salt, and ii) two recipes with a portion of the caprolactam 

replaced by nylon 6 CD (one recipe containing water and one without). To our knowledge, there is 

no published nylon 6/6,6 batch reactor data in the literature. The only relevant kinetic data that can 

be used to test the copolymerization model predictions were reported by Heikens et al. who 

performed experiments at 221.5 C in sealed tubes containing a mixture of caprolactam, water and 

either HMD or ADA. Dynamic simulation results from our model, using equilibrium and rate 

constant estimates from Arai et al.,[2] resulted in good qualitative predictions for concentrations of 

amine ends, carboxyl ends and residual caprolactam. However, mismatch for the DP and water 

concentrations at longer reaction times gave rise to concerns about the reliability of the parameter 

estimates of Arai et al. when they are used over the wider range of conditions that are typically 

encountered during nylon 6,6 homopolymerization and nylon 6/6,6 copolymerization. Note that 

Arai et al. estimated kinetic and equilibrium constants using nylon 6 kinetic data obtained at water 

concentrations below 2.1 wt %, whereas higher water concentrations (e.g., up to 14 wt %) are used 

in nylon 6/6,6 polymerizations. Parameters of Arai et al. do not account for the important and well-

known influence of water concentration on equilibrium constants.  
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It has long been known that equilibrium behaviour during both nylon 6 and nylon 6,6 production 

depends in a complex way on the water concentrations.[3-6] Knowledge of the equilibrium behaviour 

of nylon 6 and nylon 6,6 provides useful information for nylon 6/6,6 reaction equilibria. In Chapter 

4, semi-empirical expressions were proposed to describe the experimentally observed equilibrium 

behaviour for the five main reactions that occur during nylon 6 and nylon 6,6 polymerization. Nine 

side reactions involving amidine ends, cyclopentanone ends and hydrated carboxyl ends were used 

to develop expressions that account for the influence of both water and temperature on these 

equilibrium constants. The resulting model parameters were then fitted using all of the available 

nylon 6 and nylon 6,6 equilibrium data in the literature. The main contribution of this chapter is the 

model equation for the apparent equilibrium constant for polycondensation, K2a, which exhibits 

complex behaviour.[3-6] The proposed model predicts the observed initial increase in K2a at low 

water concentrations followed by the observed decrease in K2a at high water concentrations. 

Furthermore, the model matches the observed decrease in K2a with increasing temperature. Good 

fit to the data, over the entire range of the available nylon 6 and nylon 6,6 dataset, suggests that the 

proposed equations will be effective for modeling reaction equilibria for nylon 6/6,6 

copolymerization. 

In Chapter 5, a large body of nylon 6 and nylon 6,6 kinetic literature data from eight research groups 

was collected and used, for the first time, to obtain improved estimates for kinetic parameters for 

the most important reactions that occur during nylon 6/6,6 copolymerization. The composite rate 

expressions for the five main reactions (that account for the catalytic effect of carboxyl ends on 

reaction rates) [1,2] and recently-developed equilibrium expressions from Chapter 4 were used in 

our previous model equations to determine whether an accurate fit to the data could be obtained. 

Because initial parameter estimations revealed that the model was not able to provide a good fit to 

nylon 6,6 polycondensation data at low reaction times, the model was extended to account for the 
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influence of water-related side reactions on the overall rate of polycondensation. Use of the new 

parameter estimates and updated model equations resulted in a good fit to all of the available data. 

Key simulations from earlier chapters were repeated with the new parameter values and updated 

model to confirm the qualitative conclusions from earlier chapters. 

The following specific conclusions can be drawn from this research: 

1) When similar batch reactor conditions are used to simulate nylon 6/6,6 copolymerization 

and nylon 6 and nylon 6,6 homopolymerization, higher DP is predicted for the copolymer 

than for the corresponding homopolymers. There are several causes for this higher DP 

prediction. Due to the presence of amine ends from the HMD, caprolactam is consumed 

much more rapidly at the start of the batch than occurs during nylon 6 homopolymerization, 

leading to higher DP in a shorter time. Also, compared with nylon 6,6 

homopolymerization, relatively less HMD escapes from the reactor via mass-transfer to the 

gas phase, because nearly all of the HMD is consumed quickly at the start of the 

copolymerization. The resulting predicted improvement in the balance between amine ends 

and carboxyl ends helps to achieve higher predicted DP compared with the nylon 6,6 

homopolymerization in the batch reactor. 

2) In Chapter 3, higher DP is predicted when simulations are performed for a copolymer 

recipe using nylon 6,6 dry salt instead of aqueous salt solution. The main reason for the 

higher DP is that water is not required for ring-opening of caprolactam because the recipe 

contains a high initial concentration of amine ends, which lead to rapid polyaddition. As a 

result, the main contribution of the initial water is to reduce the concentrations of other 

species and end-groups and to increase the rates of hydrolysis reactions, thereby reducing 

the DP. As such, using less water or no water in the feed for nylon 6/6,6 copolymerization 

may have benefits for industrial copolymer production.  
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3) In Chapter 3, simulation results show that substantial quantities of nylon 6 CD can be 

consumed to form copolymer if CD is added to the recipe. When CD is added, it is 

advantageous to use water in the recipe to ensure that a high amine end concentration 

persists during the early stage of the process to encourage fast consumption of CD. 

4) Semi-empirical equilibrium expressions (K2a and K1a) developed in Chapter 4 were derived 

by considering side reactions involving amidine ends and cyclopentanone ends that become 

important at low water concentrations. A side reaction involving hydration of carboxyl 

ends at high water concentrations is also considered. Excellent fit to the data using the 

resulting model equations (and parameter estimates) indicates that the proposed reaction 

mechanism may be a reasonable way to explain and predict the behaviour of nylon melt 

polycondensation systems, even though the detailed influence of ionization reactions and 

activity coefficients are ignored in the model development. 

5) The final improved estimates of rate constants for the main reactions show that the catalytic 

effect of carboxyl end groups is more important (i.e., for hydrolysis of caprolactam and 

CD, polycondensation, and polyaddition of caprolactam) than was indicated by the 

parameter estimates of Arai et al.. By contrast, the catalytic effects of carboxyl end groups 

for polyaddition of CD and for transamidation are lower than was indicated by Arai’s 

parameters.  Furthermore, the new parameter estimates suggest that hydrated carboxyl ends 

have little or no catalytic effect on the rate of polycondensation. The updated model 

equations and parameter values from this study will be helpful to academic and industrial 

modelers of nylon polymerization processes.      

6) Conclusions 1), 2) and 3) above were confirmed using the updated nylon 6/6,6 

copolymerization model with the final parameter estimates.  Similar simulation results are 

obtained except that the updated parameters result in a lower predicted final DP (e.g., 13% 
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lower) for all of the recipes simulated. The key modeling assumption concerning end-group 

randomization via transamidation and hydrolysis of amide links was confirmed to be 

reasonable using the updated parameter values. 

7) In Chapter 5, it was shown that 32 out of 34 model parameters (i.e., 23 kinetic parameters 

and 11 equilibrium parameters) should be estimated using the available dataset and that the 

remaining two parameters should be kept at their initial values to avoid overfitting. The 

unestimable parameters (𝐸4
𝑢 and 𝑘4

𝑢) are related to hydrolysis of CD.  Because not all of the 

parameters could be estimated, 95% confidence intervals are not reported for the model 

parameters. Fortunately, ring-opening of CD by water is not expected to be an important 

reaction during nylon 6/6,6 copolymerization because the simulation results indicate that 

the main ring-opening reaction that consumes CD is aminolysis (i.e., polyaddition). 

 

 Recommendations 

Based on the research results presented in this thesis, the following work is recommended: 

1) Confirmatory nylon 6/6,6 copolymerization experiments in batch reactors are suggested to 

test model predictions for industry-related simulations conducted in Chapters 2 and 3. Also 

three copolymerization recipes simulated in Chapter 3 involve using dry nylon 6,6 salt 

(instead of aqueous salt solution) and addition of CD as part of the feedstock. It will be 

important to experimentally investigate the solubility of nylon 6,6 salt and CD in 

caprolactam (and in mixtures of caprolactam and water) to determine a suitable initial 

operating temperature for batch reactor experiments where all species will dissolve in a 

single phase.  
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2) In Chapter 5, slight improvements were obtained in model fit to the nylon 6/6,6-relevant 

data of Heikens et al. Predictions for the concentrations of HMD and ADA did not fall 

inside their error bars. These two pertinent datasets were not replicated and the only data 

involving unbalanced ends, to our knowledge. It is recommended that more experiments 

involving unbalanced ends in recipes at different water levels and temperatures are 

conducted to test the model predictions using the final estimates from Chapter 5. Most 

importantly, more nylon 6/6,6 copolymerization experiments in batch reactors are required 

to ensure a sufficient amount of data for model validation. It is good that replicate 

experiments are conducted to get better information about the measurement uncertainties 

because measurement uncertainties for modern data may be lower than the uncertainties of 

old data due to improved experimental techniques. Because titrated amine end-group 

concentrations are typically more accurate than the titrated carboxyl end-group 

concentrations,[7] amine end groups are recommended to be measured together with 

carboxyl end groups. 

3) If the current model does not give satisfactory predictions for new data, more accurate 

model could be developed by considering ionization of end groups and activity 

coefficients.  

4) Because industrial nylon production typically involves the use of strong acid catalysts,[8,9] 

which are not considered in the model of this thesis, the proposed models  in this research 

can be extended to account for the influence of added catalysts on reaction rates.  

5) It will also be important for the model to be extended to account for nylon 6/6,6 

copolymerization in continuous reactor train.  
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Appendix A 

Derivation of Probability Factors (fi) Shown in Table 2.4 

 

1) Derivation of f1 

f1 is the fraction of amine ends on polymer and oligomer molecules (including linear dimer) that 

come from caprolactam. These amine ends can backbite to make caprolactam via reverse reaction 

R3. Consider that there are many caprolactam and HMD units that are part of the polymer chains. 

Each caprolactam unit corresponds to an amine end and some of these amine ends have been reacted 

to form amide links.  Others remain unreacted at the end of polymer (or oligomer) molecules. Each 

HMD has two amine ends. Some of these amine ends have reacted to form amide links and some 

are unreacted at the ends of polymer (or oligomer) molecules. Due to transamidation reactions, the 

unreacted amine ends on the polymer (and oligomer) molecules are distributed randomly according 

to the proportions of amine ends from the original caprolactam and HMD units consumed to make 

the polymer (Assumption 4 in Table 2.5). The fraction of amine ends on the polymer that arise from 

monomer units is therefore: 

𝑓1 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐻𝑀𝐷]𝑝
           (A.1) 

where [M]p is the number of moles of caprolactam units per unit mass in the polymer and oligomers 

(including linear dimer) and [HMD]P is the corresponding number of moles of hexamethylene 

diamine that were consumed to form polymer and oligomer molecules.   

The initial caprolactam that was fed to the batch reactor either remains dissolved in the melt, or has 

evaporated, or it has turned into aminocaproic acid, or it has been converted to cyclic dimer, or it 

is now part of the polymer. The following mass balance describes all of the possible options where 

[M]0 is the initial caprolactam concentration and m0 is the initial mass of the reactor contents:  
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[𝑀]0𝑚0 = [𝑀]𝑚 +𝑀𝑣 + [𝐿𝑀]𝑚 + 2[𝐶𝐷]𝑚 + [𝑀]𝑝𝑚      (A.2) 

∴ [𝑀]𝑝 =
[𝑀]0𝑚0

𝑚
− [𝑀] −

𝑀𝑣

𝑚
− [𝐿𝑀] − 2[𝐶𝐷]        (A.3) 

The number of HMD units per unit mass, [HMD]p, that were consumed to form polymer chains can 

be determined from a similar mass balance: 

[𝐻𝑀𝐷]0𝑚0 = [𝐻𝑀𝐷]𝑚 + 𝐻𝑀𝐷𝑣 + [𝐻𝑀𝐷]𝑝𝑚       (A.4) 

∴ [𝐻𝑀𝐷]𝑝 =
[𝐻𝑀𝐷]0𝑚0

𝑚
− [𝐻𝑀𝐷] −

𝐻𝑀𝐷𝑣

𝑚
       (A.5) 

and then used to compute f1. 

2) Derivation of f2 

f2 is the fraction of carboxyl ends on the polymer that arise from caprolactam units. Following 

similar arguments as those used in the derivation of f1: 

𝑓2 =
[𝑀]𝑝

[𝑀]𝑝+2[𝐴𝐷𝐴]𝑝
          (A.6) 

At any time, all of the initial ADA that was fed to the reactor is either unreacted ADA in the liquid 

phase or ADA units in the polymer (and oligomer) chains, so that :   

[𝐴𝐷𝐴]0𝑚0 = [𝐴𝐷𝐴]𝑚 + [𝐴𝐷𝐴]𝑝𝑚        (A.7) 

∴ [𝐴𝐷𝐴]𝑝 =
[𝐴𝐷𝐴]0𝑚0

𝑚
− [𝐴𝐷𝐴]         (A.8) 

This expression and the expression for [M]p derived above are used to compute f2. 

3) Derivation of f3 

f3 is the fraction of the links in the hydrolysis reaction (reverse reaction R2) that produce LM when 

the link is cleaved. These links can be next to an amine end associated with a caprolactam unit or 

they can be next to a carboxyl end associated with a caprolactam unit. Since f1 is the fraction of 
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amine ends on the polymer that are associated with caprolactam, the total amine ends on the 

polymer and oligomer molecules is:  

𝑓1([𝐴] − 2[𝐻𝑀𝐷] − [𝐿𝑀])         (A.9) 

Each of these amine ends has an amide link next to it that can be cleaved to produce LM. Similarly, 

the total number of links near carboxyl ends that can be cleaved to give LM is: 

𝑓2([𝐶] − 2[𝐴𝐷𝐴] − [𝐿𝑀])         (A.10) 

As a result, the fraction of the links that can be cleaved by reverse reaction R2 to produce LM is: 

𝑓3 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])+𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
       (A.11) 

4) Derivation of f4 

f4 is the fraction of amine ends that are on the linear trimer. This fraction appears in the model 

because reverse reaction R5 can produce LM when linear trimer undergoes a backbiting reaction to 

produce CD. Because the amount of LM that is produced as leftover parts of the linear chains via 

these reactions is small and can be neglected, the term involving f4 is assumed to be smaller than 

other terms on the right-hand side of ODE 2.3.3 and is set to zero, even though this isn’t strictly 

true. This assumption is listed as Assumption 5 in Table 2.5.  If this simplifying assumption is not 

made, a closure problem occurs.  

5) Derivation of f5 

f5 is the fraction of the links that can be broken by reaction R6 to generate LM. These links must be 

one caprolactam unit away from a carboxyl end associated with caprolactam. The number of 

carboxyl ends (per kg of polymer and oligomer) that are associated with caprolactam groups and 

that have an amide link next to them is f2([C]-2[ADA]-[LM]). As a result: 

𝑓5 =
𝑓2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
          (A.12) 
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6) Derivation of f6 

f6 is the fraction of links in oligomers or polymer that are one HMD unit away from an amine end 

during reverse reaction R2. The number of moles of link (per kg) associated with HMD units that 

can produce HMD is (1-f1)([A]-2[HMD]-[LM]), so the fraction f6 is: 

𝑓6 =
(1−𝑓1)([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
         (A.13) 

7) Derivation of f7 and f8 

f7 is the fraction of amine ends that are on the HMD end of an oligomer consisting only of an HMD 

unit and a caprolactam unit. If the caprolactam end of this small molecule backbites by reverse R3, 

a HMD unit would be cleaved from the molecule. In the model, f7 is set to zero because the rate of 

production of HMD via this reaction is small compared to the other terms in the balance on HMD, 

and because the concentration of the small molecules that can produce HMD in this way is not 

tracked.   

Similarly, f8 is the fraction of amine ends that are on the HMD end of an oligomer consisting only 

of an HMD unit next to two caprolactam units. If the caprolactam part of the oligomer backbites 

by reverse reaction R5, then a HMD molecule would be cleaved from the molecule. f8 is also set to 

zero because the rate of HMD production by this reaction is small relative to the other terms in the 

HMD material balance, and because the molecules that can produce HMD in this fashion are not 

tracked in the model. 

8) Derivation of f9 

f9 is the fraction of links that are one ADA unit away from an carboxyl end in the polymer or 

oligomer, which can produce ADA by the reverse reaction R2. The concentration of carboxyl ends 

of interest is (1- f2)([C]-2[ADA]-[LM]), so that:  
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𝑓9 =
(1−𝑓2)([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])

[𝐿]
         (A.14) 

9) Derivation of f10 

f10 is the fraction of links that can produce linear dimer when a hydrolysis reaction (reverse reaction 

R2) occurs. This reaction must occur two links away from the amine end of interest or two links 

away from the carboxyl end of interest. The number of polymer (or oligomer) molecules with an 

amine end next to a link is f1 ([A]-2[HMD]-[LM]). A second caprolactam unit would also be 

randomly linked to this terminal amine end (via the carboxyl end of the first caprolactam unit). The 

fraction of the amine ends for the second unit that belong to caprolactam is f1, so the number of 

amine ends on the polymer (plus oligomer) that have two caprolactam units in a row is f1
2
 ([A]-

2[HMD]-[LM]). Many of the oligomer molecules with two monomers at the end will be longer 

chains that can undergo reverse reaction R2 to produce linear dimer. However, some of the 

oligomer molecules with two monomer units at the end are already linear dimer and these need to 

be substracted to give f1
2

 ([A]-2[HMD]-[LM])-[LD]. A similar expression can be derived to 

determine the number of carboxyl ends on the polymer and linear oligomer associated with two 

monomer units, but not on linear dimer: f2
2
 ([C]-2[ADA]-[LM])-[LD].  As a result, the fraction of 

the links that can be hydrolyzed to produce linear dimer is: 

𝑓10 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])−[𝐿𝐷]+𝑓2

2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−2[𝐿𝐷]

[𝐿]
      (A.15) 

 

10) Derivation of f11 

f11 is the fraction of amine ends that are on the linear tetramer. This fraction appears in the model 

because the reverse reaction R5 can produce LD when linear tetramer undergoes a backbiting 

reaction to produce CD.  f11 is set to zero in the model because the rate of production of LD in this 

way is small relative to the other terms in the material balance on LD.  This assumption is listed as 
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Assumption 5 in Table 2.5. If the assumption were not made, it would lead to a difficult closure 

problem. 

11) Derivation of f12 

f12 is the fraction of links that are two caprolactam units away from an associated carboxyl end so 

that they can produce LD by reaction R6. Similar to the derivation of f6, the number carboxyl ends 

that have two links next to them that are associated with caprolactam is f2
2([C]-2[ADA]-[LM])-

[LD]. As a result, the fraction f12 is 

𝑓12 =
𝑓2
2([𝐶]−2[𝐴𝐷𝐴]−[𝐿𝑀])−[𝐿𝐷]

[𝐿]
         (A.16) 

12) Derivation of f13 

f13 is the fraction of links that are one caprolactam unit away from an amine end. These links can 

be attacked by LM to produce LD via reaction R6. The number of amine ends on the polymer and 

oligomer (including linear dimer) associated with one caprolactam unit next to a link is f1([A]-

2[HMD]-[LM]). Therefore the fraction of links of interest is:  

𝑓13 =
𝑓1([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])

[𝐿]
         (A.17) 

13) Derivation of f14 

f14 is the fraction of amine ends that can backbite by reverse reaction R5 to produce cyclic dimer. 

These amine ends need to be associated with two caprolactam units at the end of a polymer chain. 

The number of amine ends that have a terminal caprolactam unit and that are on polymer or 

oligomer chains is f1([A]-2[HMD]-[LM]). Each of these terminal caprolactam units is linked to 

something because it is on a polymer or oligomer molecule (including linear dimer). However, only 

a fraction of these terminal caprolactam units is linked to a second caprolactam unit. The second 

caprolactam unit would be linked via its amine end, with the carboxyl end of the first caprolactam 
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unit. Because f1 is the fraction of the amine ends in the polymer (plus oligomer) that came from 

caprolactam, the number of polymer (or oligomer) molecules with an amine end associated with 

two terminal caprolactam units is f1
2
 ([A]-2[HMD]-[LM]). Some of these molecules with two 

terminal caprolactam units will be linear dimer, which cannot backbite by reverse reaction R5 to 

make a cyclic dimer. As a result, the number of amine ends per unit mass in the polymer (and 

oligomer) that can backbite to form cyclic dimer is f1
2
 ([A]-2[HMD]-[LM])-[LD]. The fraction f14 is 

therefore: 

𝑓14 =
𝑓1
2([𝐴]−2[𝐻𝑀𝐷]−[𝐿𝑀])−[𝐿𝐷]

[𝐴]
         (A.18) 
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Appendix B 

Derivation of K2a Expressions for Nylon 6 and Nylon 6,6 

 

B.1 Derivation of K2a,6 

The apparent equilibrium constant for nylon 6 polycondensation K2a,6 obtained from titration 

measurements is given by equation (4.15) which is repeated below: 

𝐾2𝑎,6 =
[𝐿][𝑊]

([𝐴]+[𝐼])([𝐶]∗+[𝐶])
         (4.15) 

At equilibrium, the total rate of forward polycondensation reactions (forward reactions R2, R7 and 

R12)) is assumed to be equal to the total rate of chain-cleaving reactions (reverse reactions R2, R7 

and R12): 

𝑘𝑓2[𝐴][𝐶] + 𝑘𝑓7[𝐼][𝐶] + 𝑘𝑓12[𝐴][𝐶
∗] = 𝑘𝑟2[𝐿][𝑊] + 𝑘𝑟7[𝐿] + 𝑘𝑟12[𝐿][𝑊]2   (4.16) 

Ignoring the influence of activity coefficients of various species, equilibrium constants for R7, R8, 

R11 and R12 are provided by equations (4.17) to (4.22):  

𝐾7 =
[𝐿]

[𝐼][𝐶]
            (4.17) 

𝐾8 =
[𝐴]

[𝐼][𝑊]
           (4.18) 

𝐾11 =
[𝐶∗]

[𝐶][𝑊]
          (4.19) 

𝐾12 =
[𝐿][𝑊]2

[𝐴][𝐶∗]
           (4.20) 

Also, from equations (4.2), (4.17)~(4.20), it can be shown that 

𝐾2 =
𝐾7

𝐾8
           (4.21) 

and  𝐾2 = 𝐾11𝐾12          (4.22) 

Substituting [I] and [C*] obtained from equations (4.18) and (4.19) into (4.15) gives: 
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𝐾2𝑎,6 =
[𝐿][𝑊]

([𝐴]+
[𝐴]

𝐾8[𝑊]
)(𝐾11[𝑊][𝐶]+[𝐶])

=
[𝐿][𝑊]

[𝐴][𝐶](1+
1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

              (B.1) 

Substituting [I] and [C*] obtained from equations (4.18) and (4.19) into (4.16) gives: 

𝑘𝑓2[𝐴][𝐶] + 𝑘𝑓7
[𝐴]

𝐾8[𝑊]
[𝐶] + 𝑘𝑓12[𝐴]𝐾11[𝑊][𝐶] = 𝑘𝑟2[𝐿][𝑊] + 𝑘𝑟7[𝐿] + 𝑘𝑟12[𝐿][𝑊]2  

 [𝐴][𝐶] (𝑘𝑓2 +
𝑘𝑓7

𝐾8[𝑊]
+ 𝑘𝑓12𝐾11[𝑊]) = [𝐿][𝑊] (𝑘𝑟2 +

𝑘𝑟7

[𝑊]
+ 𝑘𝑟12[𝑊])  

Therefore: 

𝐾2 =
[𝐿][𝑊]

[𝐴][𝐶]
=

𝑘𝑓2+
𝑘𝑓7

𝐾8[𝑊]
+𝑘𝑓12𝐾11[𝑊]

𝑘𝑟2+
𝑘𝑟7
[𝑊]

+𝑘𝑟12[𝑊]
                   (B.2) 

Substituting equation (B.2) into equation (B.1) and dividing the numerator and denominator of 

resulting equation by kr2 gives: 

𝐾2𝑎,6 =

𝟏

𝒌𝒓𝟐
(𝑘𝑓2+

𝑘𝑓7

𝐾8[𝑊]
+𝑘𝑓12𝐾11[𝑊])

𝟏

𝒌𝒓𝟐
(𝑘𝑟2+

𝑘𝑟7
[𝑊]

+𝑘𝑟12[𝑊])(1+
1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

                 (B.3) 

Rearranging equation (B.3) gives: 

𝐾2𝑎,6 =

𝟏

𝒌𝒓𝟐
(𝑘𝑓2+

𝒌𝒓𝟕𝑘𝑓7

𝒌𝒓𝟕𝐾8[𝑊]
+
𝑘𝑓12𝒌𝒓𝟏𝟐𝐾11[𝑊]

𝒌𝒓𝟏𝟐
)

𝟏

𝒌𝒓𝟐
(𝑘𝑟2+

𝑘𝑟7
[𝑊]

+𝑘𝑟12[𝑊])(1+
1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

=
𝐾2+

𝑘𝑟7𝐾7
𝑘𝑟2𝐾8[𝑊]

+
𝐾12𝑘𝑟12𝐾11[𝑊]

𝑘𝑟2

(1+
𝑘𝑟7

𝑘𝑟2[𝑊]
+
𝑘𝑟12[𝑊]

𝑘𝑟2
)(1+

1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

 (B.4)    

Substituting equations (4.21) and (4.22) into (B.4) gives: 

𝐾2𝑎,6 =
𝐾2+

𝑘𝑟7𝐾2
𝑘𝑟2[𝑊]

+
𝐾2𝑘𝑟12[𝑊]

𝑘𝑟2

(1+
𝑘𝑟7

𝑘𝑓2[𝑊]
+
𝑘𝑟12[𝑊]

𝑘𝑟2
)(1+

1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

                 (B.5) 

Factoring K2 out of the numerator of equation (B.5) gives: 

𝐾2𝑎,6 =
𝐾2(1+

𝑘𝑟7
𝑘𝑟2[𝑊]

+
𝑘𝑟12[𝑊]

𝑘𝑟2
)

(1+
𝑘𝑟7

𝑘𝑓2[𝑊]
+
𝑘𝑟12[𝑊]

𝑘𝑟2
)(1+

1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

=
𝐾2

(1+
1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

              (B.6) 

Equation (B.6) can also be expressed as a function of parameters K2, K7, and K11 by replacing K8 

using equation (4.21): 

𝑲𝟐𝒂,𝟔 =
𝑲𝟐[𝑾]

𝑲𝟏𝟏[𝑾]𝟐+[𝑾](𝟏+
𝑲𝟐𝑲𝟏𝟏
𝑲𝟕

)+
𝑲𝟐
𝑲𝟕

       (B.7) 
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Differentiating equation (B.7) with respect to [W] gives: 

𝑑𝐾2𝑎,6

𝑑[𝑊]
=

𝐾2[𝐾11[𝑊]2+[𝑊](1+
𝐾2𝐾11
𝐾7

)+
𝐾2
𝐾7
]−𝐾2[𝑊](2𝐾11[𝑊]+1+

𝐾2𝐾11
𝐾7

)

[𝐾11[𝑊]2+[𝑊](1+
𝐾2𝐾11
𝐾7

)+
𝐾2
𝐾7
]
2   

=
−𝐾2𝐾11[𝑊]2+

𝐾2
2

𝐾7

[𝐾11[𝑊]2+[𝑊](1+
𝐾2𝐾11
𝐾7

)+
𝐾2
𝐾7
]
2          (B.8) 

𝑑𝐾2𝑎,6

𝑑[𝑊]
= 0 when the numerator of equation (A8) −𝐾2𝐾11[𝑊]2 +

𝐾2
2

𝐾7
= 0 

At the maximum value of K2a,6,  

∴ [𝑾] = √
𝑲𝟐

𝑲𝟕𝑲𝟏𝟏
           (B.9) 

Equation (B.9) reveals that the position of K2a,6 maximum depends on the equilibrium constants 

for the reactions R2, R7 and R11. 

 

B.2 Derivation of K2a,66 

The apparent equilibrium constant for nylon 6 polycondensation K2a,6 obtained from titration 

measurements is:  

𝐾2𝑎,66 =
[𝐿][𝑊]

[𝐴]([𝐶]∗+[𝐶]+[𝑆])
         (B.10) 

Ignoring the influence of activity coefficients of various species, equilibrium constants for R9 and 

R10 are written as: 

𝐾9 =
[𝐿]

[𝑆][𝐴]
            (B.11) 

𝐾10 =
[𝐶]

[𝑆][𝑊]
           (B.12) 

Note that from equations (B.11) and (B.12), it can be shown that 

𝐾2 =
𝐾9

𝐾10
           (B.13) 

Substituting [C*] and [S] into equation (B.10) gives: 
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𝐾2𝑎,66 =
[𝐿][𝑊]

[𝐴](𝐾11[𝑊][𝐶]+[𝐶]+
[𝐶]

𝐾10[𝑊]
)
=

[𝐿][𝑊]

[𝐴][𝐶](1+𝐾11[𝑊]+
1

𝐾10[𝑊]
)
     (B.14) 

 

At equilibrium, the total rate of forward polycondensation reactions (forward reactions R2, R9 and 

R12)) is assumed to be equal to the total rate of chain cleaving reactions (reverse reactions R2, R9 

and R12) so that 

𝑘𝑓2[𝐴][𝐶] + 𝑘𝑓9[𝑆][𝐴] + 𝑘𝑓12[𝐴][𝐶
∗] = 𝑘𝑟2[𝐿][𝑊] + 𝑘𝑟9[𝐿] + 𝑘𝑟12[𝐿][𝑊]2   

𝑘𝑓2[𝐴][𝐶] +
𝑘𝑓9[𝐶]

𝐾10[𝑊]
[𝐴] + 𝑘𝑓12[𝐴]𝐾11[𝑊][𝐶] = 𝑘𝑟2[𝐿][𝑊] + 𝑘𝑟9[𝐿] + 𝑘𝑟12[𝐿][𝑊]2   

[𝐴][𝐶] (𝑘𝑓2 +
𝑘𝑓9

𝐾10[𝑊]
+ 𝑘𝑓12𝐾11[𝑊]) = [𝐿][𝑊] (𝑘𝑟2 +

𝑘𝑟9

[𝑊]
+ 𝑘𝑟12[𝑊])  

Therefore: 

𝐾2 =
[𝐿][𝑊]

[𝐴][𝐶]
=

𝑘𝑓2+
𝑘𝑓9

𝐾10[𝑊]
+𝑘𝑓12𝐾11[𝑊]

𝑘𝑟2+
𝑘𝑟9
[𝑊]

+𝑘𝑟12[𝑊]
          (B.15) 

Substituting equation (B.15) into (B.14) gives: 

𝐾2𝑎,66 =
𝑘𝑓2+

𝑘𝑓9

𝐾10[𝑊]
+𝑘𝑓12𝐾11[𝑊]

(𝑘𝑟2+
𝑘𝑟9
[𝑊]

+𝑘𝑟12[𝑊])(1+𝐾11[𝑊]+
1

𝐾10[𝑊]
)
        (B.16) 

Dividing the numerator and denominator of equation (B.16) by kr2 gives: 

𝐾2𝑎,66 =

𝟏

𝒌𝒓𝟐
(𝑘𝑓2+

𝑘𝑓9

𝐾10[𝑊]
+𝑘𝑓12𝐾11[𝑊])

𝟏

𝒌𝒓𝟐
(𝑘𝑟2+

𝑘𝑟9
[𝑊]

+𝑘𝑟12[𝑊])(1+𝐾11[𝑊]+
1

𝐾10[𝑊]
)
       (B.17) 

Rearranging equation (B.17) gives: 

𝐾2𝑎,66 =

𝟏

𝒌𝒓𝟐
(𝑘𝑓2+

𝑘𝑟9𝑘𝑓9

𝑘𝑟9𝐾10[𝑊]
+
𝑘𝑟12𝑘𝑓12𝐾11[𝑊]

𝑘𝑟12
)

𝟏

𝒌𝒓𝟐
(𝑘𝑟2+

𝑘𝑟9
[𝑊]

+𝑘𝑟12[𝑊])(1+𝐾11[𝑊]+
1

𝐾10[𝑊]
)
 =

𝐾2+
𝑘𝑟9𝐾9

𝑘𝑟2𝐾10[𝑊]
+
𝐾12𝑘𝑟12𝐾11[𝑊]

𝑘𝑟2

(1+
𝑘𝑟9

𝑘𝑟2[𝑊]
+
𝑘𝑟12[𝑊]

𝑘𝑟2
)(1+𝐾11[𝑊]+

1

𝐾10[𝑊]
)
  (B.18) 

Factoring K2 out of the numerator of equation (B.18) gives: 

𝐾2𝑎,66 =
𝐾2(1+

𝑘𝑟9
𝑘𝑟2[𝑊]

+
𝑘𝑟12[𝑊]

𝑘𝑟2
)

(1+
𝑘𝑟9

𝑘𝑟2[𝑊]
+
𝑘𝑟12[𝑊]

𝑘𝑟2
)(1+𝐾11[𝑊]+

1

𝐾10[𝑊]
)
=

𝐾2

1+𝐾11[𝑊]+
1

𝐾10[𝑊]

     (B.19) 
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Equation (B.19) can also be expressed by replacing K10 using equation (B.13). It is a function of 

parameters K2, K9, and K11: 

𝑲𝟐𝒂,𝟔𝟔 =
𝑲𝟐[𝑾]

𝑲𝟏𝟏[𝑾]𝟐+[𝑾]+
𝑲𝟐
𝑲𝟗

            (B.20)  
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Appendix C 

Literature Data for Nylon 6 and Nylon 6,6 Equilibria 

 

Table C.1 shows all of the reported literature values of K1a, K2a and K4a and the corresponding 

temperatures, initial water concentrations [W]0 and measured end-group concentrations. All of the 

studies were conducted using batch reactors. Equilbrium values of [W] and [L] shown in the 6th 

and 7th columns, respectively, are calculated from the measured end-group concentrations, using 

mass balances that ignore any water in the reactor headspace. Most of the studies included in Table 

C.1 assumed balanced amine and carboxyl ends. The study of Reimschussel et al. [50] who did 

perform equilibrium experiments with unbalanced ends is not included in Table C.1 because 

Reimschussel does not report sufficient information so that equilibrium constants can not be 

calculated from his data.   

Equilibrium caprolactam monomer concentrations shown in the 9th column are calculated values 

based on conversion data reported by the various authors.  Monomer conversions were determined 

experimentally by extracting and separating the residual monomer from the equilibrium 

polymer.[13,17,27] Values of K2a marked with an asterisk (i.e., values obtained by Fukumoto at 235, 

245 and 255 °C) are not used in the current modeling study because they are inconsistent with the 

data of Wiloth and Giori and Hayes at 240 °C. K4a values in final column of Table C.1 are reported 

using the convention of Heikens, where K4a = [LD]/2[CD][W] and the 2 appears because each 

cyclic dimer molecule has two amide links that can be attacked to induce ring opening.  

  



 

 

166 

 

Table C.1. Nylon 6 and Nylon 6,6 Equilibrium Data Available in the Literature and Corresponding Calculated Concentrations and Equilibrium 

Constants[13,15-19,23-25,27,46,82] 

Authors 

 

 

Nylon T 

(°C) 

[W]0 

(mol/mol 

caprolact

am) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a 

K1a 103 

(kg mol-1) 

K4a102
 

(kg mol-1) 

Wiloth 

(1955) 

6 
220 0.010 0.088 0.063 8.133 0.025 

0.512 
816 2.39 - 

 

 

 

0.010 0.088 0.064 8.238 0.024 0.399 879 2.84 - 

0.010 0.088 0.063 8.230 0.025 0.406 831 2.96 - 

0.010 0.088 0.063 8.174 0.025 0.464 797 2.69 - 

0.010 0.088 0.062 8.162 0.027 0.476 712 2.94 - 

0.010 0.088 0.064 8.176 0.024 0.459 900 2.41 - 

0.010 0.088 0.061 8.104 0.027 0.536 697 2.67 - 

0.010 0.088 0.063 8.143 0.025 0.494 801 2.52 - 

0.020 0.176 0.140 8.123 0.036 0.487 872 2.34 - 

0.020 0.176 0.141 8.153 0.035 0.461 949 2.28 - 

0.020 0.176 0.143 8.233 0.033 0.382 1097 2.37 - 

0.020 0.176 0.143 8.095 0.033 0.527 1072 1.76 - 

0.040 0.352 0.301 8.143 0.050 0.433 984 2.33 - 

0.040 0.352 0.297 8.122 0.054 0.450 824 2.66 - 

0.080 0.699 0.622 8.044 0.076 0.445 869 2.56 - 

0.10 0.871 0.784 8.107 0.086 0.536 857 2.15 - 

0.10 0.871 0.784 7.868 0.086 0.488 833 2.43 - 

0.10 0.871 0.782 7.973 0.087 0.497 815 2.44 - 

0.10 0.871 0.783 7.906 0.087 0.549 821 2.2 - 

0.10 0.871 0.780 7.963 0.089 0.488 777 2.61 - 
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0.10 0.871 0.787 7.898 0.083 0.558 899 1.97 - 

0.50 4.098 3.892 7.164 0.201 0.598 692 2.35 - 

0.50 4.098 3.893 7.144 0.200 0.618 694 2.27 - 

0.50 4.098 3.894 7.141 0.198 0.621 706 2.22 - 

0.50 4.098 3.896 7.156 0.197 0.615 718 2.21 - 

0.60 4.847 4.626 7.038 0.214 0.582 712 2.34 - 

0.60 4.847 4.628 7.044 0.212 0.580 725 2.31 - 

0.80 6.279 6.013 6.736 0.258 0.591 609 2.68 - 

0.80 6.279 6.014 6.739 0.257 0.581 612 2.71 - 

1.0 7.634 7.328 6.406 0.295 0.642 538 2.77 - 

1.0 7.634 7.333 6.518 0.290 0.531 569 3.17 - 

1.0 7.634 7.336 6.472 0.288 0.580 573 2.88 - 

1.0 7.634 7.340 6.401 0.283 0.666 586 2.46 - 

2.0 13.423 12.996 5.244 0.409 0.721 407 3.17 - 

2.0 13.423 12.989 5.336 0.417 0.609 399 3.82 - 

2.0 13.423 12.994 5.278 0.412 0.679 404 3.38 - 

2.0 13.423 12.994 5.356 0.412 0.600 411 3.77 - 

2.0 13.423 12.989 5.258 0.417 0.697 393 3.39 - 

2.0 13.423 12.997 5.265 0.409 0.687 410 3.29 - 

2.0 13.423 12.997 5.344 0.408 0.607 417 3.67 - 

2.0 13.423 13.002 5.202 0.404 0.758 415 2.95 - 

4.0 21.622 21.072 3.791 0.524 0.677 291 4.46 - 

4.0 21.622 21.084 3.739 0.512 0.742 301 3.93 - 

4.0 21.622 21.089 3.726 0.507 0.760 306 3.78 - 

4.0 21.622 21.088 3.718 0.507 0.769 305 3.75 - 

5.0 24.631 23.994 3.218 0.608 0.678 209 5.94 - 

5.0 24.631 24.023 3.272 0.578 0.646 235 5.6 - 
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7.0 29.289 28.672 2.471 0.584 0.735 208 5.29 - 

8.0 31.128 30.565 2.204 0.529 0.803 241 4.17 - 

8.0 31.128 30.570 2.218 0.524 0.796 247 4.12 - 

10.0 34.130 33.563 1.789 0.530 0.819 214 4.4 - 

10.0 34.130 33.560 1.785 0.533 0.821 211 4.44 - 

11.0 35.370 34.791 1.714 0.541 0.716 204 5.2 - 

11.0 35.370 34.796 1.660 0.536 0.785 201 4.8 - 

12.0 36.474 35.901 1.461 0.534 0.846 184 4.71 - 

12.0 36.474 35.895 1.462 0.540 0.834 180 4.86 - 

15.0 39.164 38.616 1.220 0.507 0.737 183 5.25 - 

15.0 39.164 38.622 1.192 0.502 0.769 183 5 - 

15.0 39.164 38.600 1.158 0.524 0.785 163 5.38 - 

20.0 42.283 41.811 0.776 0.429 0.818 176 4.46 - 

20.0 42.283 41.811 0.774 0.429 0.819 176 4.46 - 

20.0 42.283 41.796 0.717 0.444 0.864 152 4.7 - 

25.0 44.405 43.990 0.571 0.371 0.771 183 4.3 - 

25.0 44.405 43.960 0.587 0.400 0.720 161 5.12 - 

25.0 44.405 43.966 0.546 0.395 0.772 154 4.88 - 

25.0 44.405 43.971 0.550 0.390 0.772 159 4.77 - 

30.0 45.942 45.533 0.401 0.364 0.718 138 5.29 - 

30.0 45.942 45.532 0.400 0.365 0.716 137 5.33 - 

100.0 52.274 52.112 0.023 0.114 0.379 91 4.81 - 

Authors Nylon 
T 

(°C) 

[W]0 

(mol/mol 

caprolact

am) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a 

K1a 103 

(kg mol-1) 
- 

Wiloth 

(1955) 

6 
220 0.01 0.088 0.063 8.154 0.025 0.485 842 

2.44 
- 

   0.02 0.176 0.139 8.129 0.037 0.485 836 2.44 - 
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0.04 0.352 0.298 8.087 0.054 0.483 839 2.43 - 

0.08 0.699 0.621 8.010 0.077 0.480 838 2.43 - 

Authors Nylon 
T 

(°C) 

[W]0 

(mol/mol 

caprolact

am) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a 

K1a 103 

(kg mol-1) 

K4a102
 

(kg mol-1) 

Van Velden 

et al. (1955)  

and Heikens 

(1956) 

6 221.5 0.04 0.371 0.312 8.207 0.060 0.571 720 - - 

 

0.09 0.813 0.715 8.148 0.097 0.560 618 2.47 0.0197 

0.45 3.722 3.514 7.605 0.208 0.640 618 2.54 0.0181 

0.88 6.837 6.548 7.005 0.289 0.744 548 2.56 0.0226 

1.57 11.121 10.731 6.118 0.391 0.951 430 3.22 0.0221 

2.04 13.611 13.174 5.626 0.437 1.046 388 3.28 0.0238 

253.5 0.09 0.810 0.704 8.003 0.105 0.706 507 2.64 0.0199 

 

0.49 4.017 3.769 7.342 0.248 0.856 451 2.73 0.0272 

0.58 4.693 4.424 7.172 0.268 0.919 441 2.77 0.0219 

0.84 6.574 6.255 6.781 0.319 1.011 416 - - 

1.28 9.391 9.011 6.237 0.380 1.107 390 - - 

1.77 12.206 11.781 5.610 0.424 1.286 367 2.73 0.0219 

1.99 13.344 12.907 5.348 0.437 1.367 362 - - 

2.67 16.562 16.084 4.641 0.477 1.562 328 2.60 0.0204 

Authors Nylon 
T 

(°C) 

[W] 

(mol/mol 

structural 

unit) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a   

Fukumoto 

(1961) 
6 235 0.0311 - 0.273 8.791 0.073 - 440* - - 

 

 

 
0.0267 - 0.235 8.797 0.068 - 436* - - 

0.0226 - 0.199 8.803 0.062 - 446* - - 

245 0.0135 - 0.119 8.816 0.051 - 388* - - 

255 0.0158 - 0.139 8.812 0.061 - 356* - - 

 0.0146 - 0.129 8.814 0.056 - 372* - - 
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0.0133 - 0.117 8.816 0.051 - 349* - - 

272 

0.00947 - 0.084 8.820 0.052 - 278 - - 

0.00658 - 0.058 8.824 0.048 - 260 - - 

0.00496 - 0.044 8.826 0.043 - 241 - - 

Author Nylon 
T 

(°C) 

[W]0 

(g/100g 

caprolact

am) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[C] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a - - 

Giori and 

Hayes (1970) 

6 
240 0.20 0.111 0.070 8.178 0.041 0.698 340 - - 

 

 

 

0.30 0.166 0.118 7.994 0.048 0.698 410 - - 

0.40 0.221 0.170 8.093 0.051 0.769 530 - - 

0.50 0.276 0.220 7.968 0.056 0.725 560 - - 

1.0 0.550 0.477 7.931 0.073 0.804 710 - - 

1.5 0.821 0.737 7.850 0.084 0.848 820 - - 

2.0 1.089 0.992 7.775 0.097 0.857 820 - - 

4.0 2.137 1.992 7.495 0.145 0.893 710 - - 

6.0 3.145 2.954 7.164 0.191 1.016 580 - - 

8.0 4.115 3.885 6.944 0.230 1.131 510 - - 

10.0 5.051 4.798 6.804 0.253 1.149 510 - - 

260 0.20 0.111 0.069 7.938 0.042 0.831 310 - - 

 

0.30 0.166 0.116 7.963 0.05 0.866 370 - - 

0.40 0.221 0.167 8.016 0.054 0.866 460 - - 

0.50 0.276 0.217 7.846 0.059 0.875 490 - - 

1.0 0.550 0.471 7.817 0.079 0.901 590 - - 

1.5 0.821 0.726 7.707 0.095 0.937 620 - - 

2.0 1.089 0.979 7.537 0.11 1.025 610 - - 

4.0 2.137 1.970 7.362 0.167 1.078 520 - - 

6.0 3.145 2.925 6.951 0.22 1.184 420 - - 
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8.0 4.115 3.862 6.795 0.253 1.317 410 - - 

10.0 5.051 4.773 6.639 0.278 1.334 410 - - 

Authors Nylon 
T 

(°C) 

[W]0 

(wt%) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a 

K1a 103 

(kg mol-1) 
 

Wiloth(1971) 6 

240 
0.20 0.111 0.077 8.000 0.033 0.808 557 2.21 - 

0.40 0.221 0.173 7.979 0.048 0.823 590 2.05 - 

260 
0.20 0.111 0.077 7.901 0.038 0.812 398 3.08 - 

0.40 0.221 0.168 7.855 0.053 0.941 480 2.21 - 

Authors Nylon 
T 

(°C) 

[W]0 

(mol/mol 

fundame

ntal unit) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a - - 

Wiloth 

(1955) 
6,6 220 1 0.00 8.44 8.454 0.395 - 458 - - 

 

 

 

2 7.62 14.61 6.992 0.641 - 248 - - 

3 13.41 19.35 5.944 0.768 - 195 - - 

5 21.60 26.16 4.565 0.841 - 169 - - 

7 27.13 30.79 3.663 0.862 - 152 - - 

10.55 33.50 36.15 2.650 0.860 - 129.5 - - 

12 35.35 37.72 2.367 0.848 - 124 - - 

15 38.34 40.24 1.899 0.840 - 108 - - 

20 41.74 43.12 1.375 0.823 - 87.5 - - 

25 44.02 45.12 1.092 0.743 - 89.3 - - 

Authors Nylon 
T 

(°C) 

[W] 

(wt%) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[C] 

 (mol kg-1) 

[A] 

 (mol kg-1) 
K2a - - 

Ogata (1960) 6,6 275 0.120 - 0.067 - 0.0244 0.0704 200 - - 

 

 

 
0.091 - 0.051 - 0.0215 0.0636 177 - - 

0.073 - 0.041 - 0.0193 0.0649 148 - - 

280 0.146 - 0.081 - 0.0249 0.077 161 - - 

 0.130 - 0.072 - 0.0216 0.0771 144 - - 
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0.097 - 0.054 - 0.0198 0.0805 148 - - 

0.088 - 0.049 - 0.0173 0.0777 133 - - 

0.063 - 0.035 - 0.0155 0.0785 121 - - 

290 0.127 - 0.070 - 0.0182 0.1064 123 - - 

 

0.100 - 0.056 - 0.0141 0.1152 110 - - 

0.079 - 0.044 - 0.011 0.1252 100 - - 

0.049 - 0.027 - 0.0103 0.1205 90 - - 

300 0.111 - 0.062 - 0.0162 0.1715 62 - - 

 

0.085 - 0.047 - 0.0083 0.1942 59 - - 

0.072 - 0.040 - 0.0077 0.1895 62 - - 

0.042 - 0.023 - 0.0081 0.168 62 - - 

Author Nylon 
T 

(°C) 

[W]0 

(mol/mol 

nylon 

salt) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[C] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a - - 

Ogata (1961) 

6,6 200 0.5 1.84 7.85 6.21 0.343 - 415 - - 

 

 

1 3.57 9.18 5.99 0.376 - 391 - - 

3.05 9.61 13.90 5.17 0.556 - 231 - - 

6.23 16.63 20.73 4.11 0.677 - 171 - - 

10 22.60 24.67 3.52 0.721 - 167 - - 

210 0.5 1.84 7.87 6.22 0.324 - 466 - - 

 

1 3.57 9.19 6.00 0.366 - 409 - - 

3.05 9.61 13.96 5.18 0.532 - 256 - - 

6.23 16.63 19.70 4.27 0.652 - 198 - - 

10 22.60 24.69 3.57 0.674 - 194 - - 

220 0.5 1.84 7.86 6.21 0.341 - 419 - - 

 
1 3.57 9.20 6.01 0.359 - 429 - - 

3.05 9.61 14.01 5.22 0.491 - 303 - - 
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6.23 16.63 19.73 4.31 0.615 - 225 - - 

10 22.60 24.73 3.64 0.599 - 251 - - 

Author Type 
T 

(°C) 

[W] 

(wt%) 

[W]0 

(mol kg-1) 

[W]  

(mol kg-1) 

[L] 

(mol kg-1) 

[Ends] 

 (mol kg-1) 

[M] 

 (mol kg-1) 
K2a - - 

Jacobs and 

Zimmerman 

(1977) 

6,6 280 0.16 - 0.089 8.8 [A][C]=0.003 - 250 - - 
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Appendix D 

Predictions of Literature K2a Expressions   

 

D.1 Predictions of K2a using the Correlation Developed by Steppan et al.  

The polycondensation equilibrium model developed by Steppan et al. uses: [29] 

2

2 2

1 1
exp ( )a ref

ref

H
K K

R T T

 
   

  

 (Tref=473.15K)   (D.1) 

where 

1/2

2 exp 1 0.47exp( / 0.2) (8.45 4.2 )ref w wK x x        (D.2)  

 2 7650tanh 6.5( 0.52) 6500exp( / 0.065) 800w wH x x        (D.3) 

and xw is the mole fraction of water with respect to monomer units, including monomer units in the 

polymer, with each caprolactam, ADA or HMD moiety counting as one unit. The model parameters 

were estimated by fitting a portion of the nylon 6 and nylon 6,6 equilibrium data considered in this 

thesis.[16,27,25,82] The model fit/predictions for nylon 6 and nylon 6,6 are shown in Figures D.1 and 

D.2, respectively. Note that Steppan et al. used the data in Figure D.1 c) and e) and Figure D.2 a), 

b) and c) to fit their correlation (except for Wiloth’s data in Figured D.1 c and e).  Data shown in 

Figure D.1 a), b), d) and f) and Figure D.2 d), e) and f) were not considered by Steppan et al.  It is 

not surprising that Steppan’s model does a good job of matching the data used to fit the correlation, 

but a much poorer job at predicting the other data points in Figures D.1 and D.2.  The main problem 

with using Steppan’s correlation for predicting the equilibrium polycondensation behaviour of 

nylon 6, nylon 6,6 and nylon 6/6,6 copolymers is that it tends to underpredict K2a (by a factor of ~2 

at low water concentrations and relatively low temperatures (see Figure D.1 a)).  The correlation 

also predicts peculiar non-monotonic behaviour of K2a at higher temperatures and higher water 

concentrations, which does not match the behaviour of the data (see Figure D.1 d)).  Steppan’s 
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correlation also overpredicts K2a at higher temperatures and low water concentrations (see Figure 

D.2 d), e) and f)).  

 

 

Figure D.1. Comparison of model fit/predictions (───) with nylon 6 K2a data. Data points are 

shown by symbols ○, ■,  and * with corresponding research groups indicated in the legends.[13,15,17-

19,23,27] 

  

a) 

c) 

b) 

d) 

e) f) 
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Figure D.2. Comparison of model fit/predictions (───) with nylon 6,6 K2a data. Data points are 

shown by symbols ○, ▲ and ♦ with corresponding research groups indicated in the 

legends.[16,24,25,82] 

 

 

a) 

c) d) 

e) f) 

g) 

b) 
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D.2 Calculated Values of K2a using Expressions Developed by Mallon and Ray 

Mallon and Ray assumed that two states of water are involved in polycondensation, i.e., free water 

and bound water.[30] Free water can react with carbonyl groups (O) to form a bridge complex (B): 

'

2
K

O W B   

The equilibrium constant for this reaction is: 

'

2

[ ]

[ ] [ ]

B
K

O W
                                                                                                                  (D.4)  

Let carboxyl ends associated with water bridges be denoted by Cb and amide links associated with 

water bridges be denoted by Lb, resulting in: 

[B]=[Lb]+[Cb]           (D.5) 

[O]=[L]+[C]           (D.6) 

Equations (D.4) and (D.6) give: 

 ' 2[ ] ([ ) [ ]) [ ]B K L C W           (D.7) 

Assuming that the ratio of [Cb] to [C] is equal to the ratio of [Lb] to [L] results in: [30] 

[ ] [ ]

[ ] [ ]

b bL C

L C
           (D.8) 

∴ 
[ ][ ]

[ ]
[ ]

b

b

L C
L

C
           (D.9) 

Substituting equations (D.7) and (D.9) into (D.5) gives: 

' 2 [ ][ ]
([ ) [ ]) [ ] [ ]

[ ]

b

b

L C
K L C W C

C
           (D.10) 

which is re-arranged to get 

' 2
'([ ] [ ]) [ ]

[ ] ([ ] [ ])[ ][ ]
[ ]

( 1)
[ ]

b

K L C W
C K L C W C

L

C


  



       (D.11) 

Assuming that the portion of water bridge complex arising from amide links is small 

([L]+[Lb]≈[L]) results in: 
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2

[ ]
[ ][ ](1 )

[ ]([ ] [ ]) [ ]

[ ][ ] [ ] [ ]
[ ][ ](1 )

[ ]

a

bb

B
L W

L W B W
K

CA C C
A C

C




 




                  (D.12) 

Substituting equations (D.7) and (D.11) and 
2

[ ][ ]

[ ][ ]

L W
K

A C
  into (D.12) gives: 

' 2

2

2 '

(1 ([ ] [ ])

1 ([ ] [ ])[ ]
a

K K L C
K

K L C W

   


 
                (D.13) 

where K’ is a function of temperature: 

𝐾′ = 𝐴′𝑒𝑥𝑝(−
∆𝐻′

𝑅𝑇
)                                                                                                     (D.14) 

Mallon and Ray estimated equilibrium parameters (∆H2 = 404.13 cal mol-1, ∆S2 = 12.503                    

cal mol-1K-1, ∆H’= -18300 cal mol-1 and A’=1.78e-10 L2mol-2) and kinetic parameters using the 

kinetic data from five research groups.[30] Calculated values from equation (D.13) are compared 

with all of the available nylon 6 and nylon 6,6 equilibrium data in Figures D.3 and D.4. Note that 

Figures D.3a and D.3b show that calculated values of K2a from equation D.13 increase in an 

undesirable fashion when [W] increases more than 30 mol kg-1. This increase occurs because the 

high concentration of water drives the reverse of polycondensation to generate linear monomers 

(which generate caprolactam monomer) from the polymer. As a result, the concentration of residual 

monomer increases while the concentrations of amide links and carboxyl ends decrease. [18]
 

Calculated values of K2a arising from Mallon and Ray’s equations and parameter values do not 

provide as good a match to the available data as the correlation of Steppan et al. 
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Figure D.3. Comparison of model predictions (───) with nylon 6 K2a data. Data points are shown 

by symbols ○, ■,  and * with corresponding research groups indicated in the legends.[13,15,17-19,23,27] 

a) b) 

c) 
d) 

e) f) 
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Figure D.4. Comparison of model predictions (───) with nylon 6,6 K2a data. Data points are 

shown by symbols ○, ▲ and ♦ with corresponding research groups indicated in the 

legends.[16,24,25,82] 

 

  

a) b) 

c) d) 

e) f) 

g) 
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Appendix E 

Confidence Intervals for Predictions of K1a, K2a and K4a at New 

Operating Conditions 

 

In Chapter 4, the following apparent equilibrium constant expressions for hydrolysis of caprolactam 

and polycondensation were proposed: 

𝐾2𝑎 =
𝐾2[𝑊]

𝐾11[𝑊]2+[𝑊]+
𝐾2
𝐾𝑖

           (4.26) 

𝐾1𝑎 = 𝐾1 + 𝐾13[𝑊]          (4.29) 

 

Users of these expressions may be interested in uncertainties associated with their predictions. 

These uncertainties depend on the temperature and water concentrations associated with the 

predictions. Also, the uncertainty associated with a model prediction depends on whether the model 

is user is interested in i) predicting the mean behaviour for the new operating condition of interest 

(i.e., what results would be obtained on average if a number of experimental values were obtained 

at the new conditions) or ii) predicting how close the model prediction would be to a typical new 

data point. The uncertainty associated with the second option is higher because it is influenced by 

the uncertainty in the parameter values in the model and the measurement uncertainty for the new 

data point. Approximate 95% confidence intervals for the expected mean response can be 

calculated using: 

ˆ, 0.025
ˆ([ ], , )

i a
i a v K

K W T t                                                                                                   (E.1) 

where the standard prediction error for the mean response ˆ
ˆ

i aK
 is given by: 

, ,

ˆ
ˆ ( )

i a

T

i a j i a j

K

K K
Cov

    
    

    
 

 
       (E.2) 
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Note that Cov(θ) is the estimated variance-covariance matrix for the parameter estimates obtained 

from: 

 

1

2

T

i a i aK K
Cov



     
     

      
 

 
                                                                                       (E.3) 

Approximate 95% confidence intervals for possible values that would be obtained in a single new 

experiment are: 

ˆ, 0.025 ,
ˆ([ ], , )

i a
i a v K data

K W T t                                                                                                        (E.4) 

where ˆ ,
ˆ

i aK data
 is larger than ˆ

ˆ
i aK

 due to variance σε
2 associated with the new measurement: 

, ,2

ˆ
ˆ ( )

i a

T

i a j i a j

K

K K
Cov

    
     

    
  

 
         (E.5) 

As shown in Tables E.1 and E.2, equations (E.1) and (E.4) have been used to obtain approximate 

95% confidence intervals for K1a and K2a for several different sets of operating conditions. Because 

K4a is assumed to be constant over the range of temperatures and water concentrations of interest 

(K4a=0.0218 kg mol-1), the approximate 95% confidence interval for the expected mean response 

of K4a is 0.0218±0.0057 kg mol-1 and the corresponding confidence interval for predicting new 

measured values is 0.0218±0.0079 kg mol-1. 
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Table E.1. Uncertainties of predictions for K1a under three different operating conditions 

T 

(°C) 

[W] 

(mol kg-1) 

K1a 

estimates 

(kg mol-1) 

95% confidence interval 

for expected mean 

response 

(kg mol-1) 

95% prediction interval for 

future observation 

(kg mol-1) 

220 0.08 2.4050e-3 ±1.3510e-4 ±8.9857e-4 

240 0.08 2.4716e-3 ±2.4778e-4 ±9.2225e-4 

260 0.17 2.5377e-3 ±4.4980e-4 ±9.9573e-4 

 

 Table E.2. Uncertainties of predictions for K2a under four different operating conditions 

T 

(°C) 

[W] 

(mol kg-1) 

K2a 

estimates 

95% confidence interval 

for expected mean 

response 

95% prediction interval for 

future observation 

200 20 220.1 ±33.16 ±130.81 

220 0.08 831.7 ±36.88 ±131.80 

240 1 659.8 ±25.66 ±129.11 

275 0.04 153.9 ±27.05 ±129.40 
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Appendix F 

Measurement Uncertainties in Table 5.9 

 

This section describes how the scaling factor values σx (provided in Table 5.9) were obtained where 

x=M, C, �̅�, A, LM, CD, HMD, ADA, K1a, K2a and K4a. These scaling factors appear in equation 

(5.7), the objective function used for parameter estimation. Wherever replicate data were available, 

σx
2 was set at a pooled variance estimate sx

2 obtained from replicate runs. For some types of 

measurements, no replicate data are available, so we relied on engineering judgment and comments 

made by authors of experimental studies to select values of σx
2. 

F.1 Measurement Uncertainties for M, LM, CD, HMD and ADA 

Unfortunately, no nylon 6 replicate runs appear in any of the kinetic data summarized in Table 5.2.  

Also, no information was provided by any of the nylon 6 research groups regarding the typical 

experimental error associated with measured [M]. As such, we assumed that σM is 5% of the mean 

of all measured values of [M] obtained in the nylon 6 experiments summarized in Table 5.2, 

resulting in σM=0.2116 mol kg-1.  

The research groups of Hermans et al. and Tai et al. measured [LM], but only Hermans et al. 

provided an indication about experimental errors associated with measuring [LM].[28,29,38] They 

indicated that their LM measurements are typically within ±10% of the measured values.[28,29] As a 

result, σLM was selected to be 10% of the mean of the measured [LM] values from the research 

groups of Hermans et al. and Tai et al., resulting in σLM=3.72510-4 mol kg-1. This value is much 

smaller than σM because the concentrations of aminocaproic acid are typically much lower than the 

concentrations of caprolactam in the reaction mixture. 

Heikens et al. performed two batch reactor experiments involving caprolactam, water and either 

HMD or ADA.[25] They indicated that the experimental error associated with measured [HMD] and 

[ADA] is “estimated to be about 10% or less”.[25] As a result, it is assumed that σHMD and σADA are 
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equal and they are 10% of the mean of the measured [HMD] and [ADA] values, resulting in 

σHMD=σADA=0.0019 mol kg-1. 

As shown in Table 5.2, only Arai et al. [7] provided measured values of [CD] but, unfortunately, 

they did not provide any information about typical experimental error. As a result, we assume that 

σCD is 10% of the mean of measured [CD] values, which results in σCD=0.0016 mol kg-1. 

 

F.2 Uncertainty of End-Group Measurements 

Unfortunately, information about typical experimental errors associated with measured end-group 

concentrations was not provided by any research group. However, uncertainties for the measured 

end-group concentrations can be estimated from the error variances associated with experimentally 

determined values of K2a in nylon 6 and nylon 6,6 equilibrium studies. In nylon 6 and nylon 6,6 

equilibrium studies, different research groups titrated the final reaction mixture to obtain end-group 

concentrations, and then calculated equilibrium concentrations of amide links ([L]) and water ([W]) 

from measured end-group concentrations via mass balances.[26-28,30-34] Values of the apparent 

equilibrium constant K2a were then obtained from the measured and calculated concentrations:  

𝐾2𝑎 =
[𝐿][𝑊]

[𝐴][𝐶]
           (F.1) 

As such, the error from measured end-group concentrations influenced the calculated values [L] 

and [W] and the resulting values of K2a.  

Consider a nylon 6 equilibrium experiment where the measured end-group concentration [C] with 

the typical error σc is used to calculate [W], [L] and K2a, assuming that the end groups are balanced 

so that [C]=[A]. Because nylon 6 experiments were conducted starting with a mixture of 

caprolactam and water in sealed tubes,[26,27,30-37] the final water concentration in the batch at 

equilibrium is: 

[𝑊] = [𝑊]0 − [𝐶]          (F.2) 
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because all of the initial water was either consumed (to produce carboxyl ends via ring opening) or 

remains unreacted at the end of the experiment. Ignoring the very small amount of amide links in 

cyclic oligomers, which have low final concentration, the equilibrium concentration of amide links 

is: 

[𝐿] = [𝑀]0 − [𝑀] − [𝐶]         (F.3) 

because all of the initial monomer is either consumed to form links or end groups, or remains 

unreacted at the end of the experiment.  

Substituting equations (F.2) and (F.3) into (F.1) and assuming that [A]=[C] gives:  

𝐾2𝑎,6 =
([𝑀]0−[𝑀]−[𝐶])([𝑊]0−[𝐶])

[𝐶]2
         (F.4) 

Rearranging equation (F.4) results in a quadratic function of [C]: 

(𝐾2𝑎,6 − 1)[𝐶]2 + ([𝑀]0 − [𝑀] + [𝑊]0)[𝐶] − ([𝑀]0 − [𝑀])[𝑊]0 = 0    (F.5) 

Solving equation (F.5) gives: 

[𝐶] =
−([𝑀]0−[𝑀]+[𝑊]0)+√([𝑀]0−[𝑀]+[𝑊]0)

2+4(𝐾2𝑎,6−1)([𝑀]0−[𝑀])[𝑊]0

2(𝐾2𝑎,6−1)
     (F.6) 

Equations (F.4) and (F.6) show how K2a,6 and [C] are related. Experimental errors in measurements 

of [C] result in uncertainty in calculated values of K2a,6. It is reasonable to assume that the 

measurement error in [C] determined by titration is the dominant source of uncertainty in K2a,6. 

Other sources of uncertainty are the measured value of [M] and any small uncertainties in the initial 

water and monomer concentrations in the reaction mixture. For example, if a measured value of 

[C] is: 

[𝐶]𝑚𝑒𝑎𝑠 = [𝐶]𝑡𝑟𝑢𝑒 + 𝑒          (F.7) 

Then the calculated K2a will be: 

𝐾2𝑎,6 =
([𝑀]0−[𝑀]−[𝐶]𝑡𝑟𝑢𝑒−𝑒)([𝑊]0−[𝐶]𝑡𝑟𝑢𝑒−𝑒)

([𝐶]𝑡𝑟𝑢𝑒+𝑒)
2        (F.8) 
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so that a positive value of e leads to a decrease in the experimentally determined value of 𝐾2𝑎,6.  

Similarly a negative value of e leads to an increase in 𝐾2𝑎,6. 

 

Three research groups performed nylon 6 equilibrium experiments over a range of water 

concentrations and temperatures, resulting in multiple replicate runs at 26 different 

conditions.[26,28,30,32-34,37] A pooled variance estimate, with degrees of freedom = 58 was calculated 

using the reported K2a,6 values, resulting in sK2a,6 = 57.9.  This large value of the degrees of freedom 

results from the large number of replicate runs reported at a variety of conditions by Wiloth.[32-34] 

For example, he reports 9 runs at 220 C with an initial water concentration of 0.088 mol kg-1. Two 

research groups conducted nylon 6,6 equilibrium experiments at high water contents and low 

temperatures and produced replicate runs at 3 different conditions.[27,31] A pooled variance estimate, 

with degrees of freedom = 3 was calculated using the reported K2a,66 values, resulting in sK2a,66=26.6. 

Assuming that the resulting K2a,6 and K2a,66 values obtained from individual equilibrium 

experiments can be treated as independent random samples from two normal populations, we used 

a two-sided hypothesis test to determine whether it is reasonable to assume that the true variances 

for the K2a,6 and K2a,66 populations are equal. 

(1) Null hypothesis: 𝜎𝐾2𝑎,6
2 = 𝜎𝐾2𝑎,66

2  

Alternative hypothesis: 𝜎𝐾2𝑎,6
2 ≠ 𝜎𝐾2𝑎,66

2  

(2) Level of significance: a = 0.05 

(3) Test statistic: 𝐹 =
𝑆𝐾2𝑎,6
2

𝑆𝐾2𝑎,66
2  

Reject the null hypothesis if F > 𝐹𝛼(𝑣6, 𝑣66) = 𝐹0.025(58, 3) = 13.99 

(4) Calculation:  𝐹 =
57.92

26.62
= 4.75 

Since F = 4.75 does not exceed 13.99, the null hypothesis cannot be rejected. Even though the 

calculated sample standard deviation sK2a,66 is less than sK2a,6, the test shows that there is no 
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significant difference in the variances of K2a,6 and K2a,66 populations. Therefore, it is reasonable to 

assume the same uncertainty in experimental K2a values for both nylon 6 and nylon 6,6.  A pooled 

variance estimate was calculated using the nylon 6 and nylon 6,6 replicate runs together (with 

multiple replicates at some conditions), [26-28,30-34,37] resulting in sk2a = 56.7 with 61 degrees of 

freedom.   

In the current study, we use sk2a = 56.7 to find approximate error variances in measured [C] for 

nylon 6 and nylon 6,6 experiments. Equation (F.8) shows that if the measurement error e in [C] is 

positive, the calculated experimental value of K2a is lower than the true value. If the error e is 

negative, a high value of K2a is obtained. Typically, true K2a values will fall between K2a − sK2a and 

K2a + sK2a, respectively. Substituting the upper and lower typical values into equation (F.6) results 

in a high value of [C]H=[C]meas+sc and a low value of [C]L=[C]true-sc, respectively, where e= sc is set 

at the typical size of the measurement error in [C]. Therefore, the typical error in the measurement 

of [C] for the ith equilibrium experiment can be approximated using: 

 𝑠𝑐𝑖 =
([𝐶]𝐻𝑖−[𝐶]𝐿𝑖)

2
           (F.9) 

Using equations (F.6) and (F.9), 113 values of 𝑠𝑐𝑖  were obtained from nylon 6 equilibrium 

experiments at 26 different reaction conditions. Then, the pooled variance for measured carboxyl 

ends from the nylon 6 experiments was calculated using: 

𝑠𝑐
2 =

∑ 𝑠𝑐𝑖
2113

𝑖=1

113
            (F.10) 

which results in an error estimate of 𝑠𝑐,6
2= 0.0012 mol2 kg-2.  

A separate uncertainty estimate of 𝑠𝑐,66
2 = 0.05 mol2 kg-2 was obtained for use in the nylon 6,6 

kinetic studies using a similar analysis. This larger uncertainty arises from the fact that the carboxyl 

end concentrations used in the 6,6 equilibrium experiments were much higher, on average, than [C] 

in the nylon 6 equilibrium experiments, due to the larger water concentrations used in the nylon 6,6 

experiments.   
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The variances for measured [C] in nylon 6 and 6,6 experiments determined above are appropriate 

for use in the objection function in equation (5.7) when experimentalists reported results from 

individual measurements of [C]. However, some research groups reported averages from several 

measurements (see column 6 in Table 5.2), which would typically have lower uncertainty. For 

example, in the nylon 6 kinetic experiments, three research groups titrated the amine end groups 

and carboxyl end groups in their experiments and reported the average number of end groups, 

assuming the end groups were balanced.[7,29,33,38] Assuming that the errors in the [C] measurements 

and [A] measurements are independent and that the [A] measurements have the same variance as 

the [C] measurements (σA
2 = σC

2), then the average of two samples has variance σC
2/2,[ref.1] which 

is lower than the variance for the raw [A] and [C] measurements used to obtain the average. As 

such, 𝑠𝑐,6
2/2  = 0.0006 mol2 kg-2 was assumed for error variance of the measured values of         

[�̅�] =
[𝐴]+[𝐶]

2
 reported by Hermans et al, Tai et al. and Wiloth,[7,29,33,38] which results in a scaling 

factor of σE=0.025 mol kg-1 in equation (5.7). By contrast, Heikens et al., Kruissink et al. and Giori 

and Hayes reported individual measurement for [A] or [C] (not averages) in their datasets [25,26,40] 

so that 𝑠𝑐,6
2 = 0.0012 mol2 kg-2 was assumed for the error variance of their end-group values, 

resulting in a scaling factor of σC=σA=0.035 mol kg-1 for the corresponding terms in the objective 

function. In nylon 6,6 experiments, Ogata reported measured end-group concentrations without 

taking averages.[27] As such, 𝑠𝑐,66
2 = 0.05 mol2 kg-2 was assumed for the error variance of the end-

group concentrations reported by Ogata, which results in a scaling factor of σC=0.224 mol kg-1 for 

the corresponding terms in equation (5.7). 

 

F.3 Measurement Uncertainties for K1a, K2a and K4a 

A pooled variance estimate, with 52 degrees of freedom was calculated using the reported replicate 

K1a values,[30,32-34,37] resulting in sK1a = 2.388010-4 kg mol-1
. As such, σK1a = 2.388010-4 kg mol-1  

is used in equation (5.7). Similarly, a pooled variance estimate, with 61 degrees of freedom was 
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calculated using the reported K2a,6 values,[26,27,30-34] resulting in sK2a,6 = 56.7, so that σK2a = 56.7. 

Also, a variance estimate was calculated using the reported K4a values from Heikens,[37] (which we 

assumed to be independent of temperature and water concentration[54] ) giving sK4a= 0.0025              

kg mol-1
. As such, σK4a = 0.0025 kg mol-1 was used in equation (5.7). 

Reference 

[Ref.1] R. A. Johnson, I. Miller, J. E. Freund. Probability and Statistics for Engineers; D. Lynch, 

Chief Ed., Pearson Education, New York, 2011, pp 175-201. 
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Appendix G 

Model Fit to the Kinetic Data using Parameter Estimates in Table 5.10 

 

The following figures compare the model fit using the new parameter estimates from Table 5.10 

with predictions using Arai’s parameter values from Table 5.4. In these figures, the dotted lines 

(∙∙∙∙∙∙∙∙∙∙) are used to indicate the predictions using the estimates from Table 5.10 and dashed lines 

(─ ─ ─) are used to indicate predictions using Arai’s parameter values. Kinetic data points from 

different research groups are shown in these figures with different symbols. Error bars (±2σ) are 

shown for the measurements.  
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a.1)    a.2)    a.3) 

 
a.4)    a.5)    a.6) 

 
b.1)    b.2)    b.3) 

 
b.4)    b.5)    b.6) 
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c.1)    c.2)    c.3) 

 
c.4)    c.5)    c.6) 

 
d.1)    d.2)    d.3) 

 
d.4)    d.5)    d.6) 

 

Figure G.1. Concentrations of species in reacting mixture using 0.76 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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a.1)    a.2)    a.3) 

 
a.4)    a.5)    a.6) 

 
b.1)    b.2)    b.3) 

 
b.4)    b.5)    b.6) 
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c.1)    c.2)    c.3) 

   
c.4)    c.5)    c.6) 

 

d.1)    d.2)    d.3) 

 

d.4)    d.5)    d.6) 

 

Figure G.2. Concentrations of species in reacting mixture using 1.48 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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a.1)    a.2)    a.3) 

 
a.4)    a.5)    a.6) 

 
b.1)    b.2)    b.3) 

 
b.4)    b.5)    b.6) 
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c.1)    c.2)    c.3) 

 
c.4)    c.5)    c.6) 

 
d.1)    d.2)    d.3) 

 
d.4)    d.5)    d.6) 

 

 

Figure G.3. Concentrations of species in reacting mixture using 2.10 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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a.1) a.2)  

  

 

b.1) b.2)  

   

c.1) c.2) c.3) 

   

d.1) d.2) d.3) 

Figure G.4. Concentrations of species in reacting mixture at different temperatures when a) 0.79 

wt %, b) 0.79 wt %, c) 1.06 wt %, d) 1.57 wt % water are used. Predictions using parameter 

estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using Arai’s parameter values (─ 

─ ─) for caprolactam, end groups and linear monomer. Error bars at the 95% confidence interval 

are shown on data points (▲) [29] 
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a.1) a.2)  

b.1) b.2)  

c.1) c.2)  

d.1) d.2)  

e.1) e.2)  

 

Figure G.5. Concentrations of species in reacting mixture at 220 °C when a) 0.16 wt %, b) 0.32 wt 

%, c) 0.63 wt %, d) 1.26 wt % water and e) 1.01 wt% aminocaproic acid are used. Predictions using 

parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using Arai’s parameter 

values (─ ─ ─) for caprolactam and end groups. Error bars at the 95% confidence interval are 

shown on data points (■) [33]    
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a.1)    a.2) 

 
b.1)    b.2) 

 
c.1)    c.2) 

 
d.1)    d.2) 

 

Figure G.6. Concentrations of species in reacting mixture using 2 wt % water at a) 235 C, b) 245 

C, c) 255 C, d) 265 C. Predictions using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are 

compared with predictions using Arai’s parameter values (─ ─ ─) for caprolactam and carboxyl 

end groups. Error bars at the 95% confidence interval are shown on data points (□) [26]   
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a)                                                b) 

 
c)                                                  d) 

Figure G.7. Concentrations of species in reacting mixture using 1.12 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using 

Arai’s parameter values (─ ─ ─) for a) caprolactam, b) carboxyl end groups, c) amine end groups, 

and d) HMD. Error bars at the 95% confidence interval are shown on data points (▼) [25] 

 

 

a)                                                      b) 

 

c)                                                      d) 

 

Figure G.8. Concentrations of species in reacting mixture using 1.05 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.10 (∙∙∙∙∙∙∙∙) are compared with predictions using 

Arai’s parameter values (─ ─ ─) for a) caprolactam, b) carboxyl end groups, c) amine end groups, 

and d) ADA. Error bars at the 95% confidence interval are shown on data points (▼) [25] 
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a)                                                  b)                                      c) 

Figure G.9. Carboxyl end-group concentration in reacting mixture at 254 C when a) 1.10 wt %, 

b) 2.17 wt %, c) 4.80 wt % aminocaproic acid are used. Predictions parameter estimates from Table 

5.10 (∙∙∙∙∙∙∙) and predictions using Arai’s parameter values (─ ─ ─). Error bars at the 95% confidence 

interval are shown on data points (*) [40] 

 

 

   
a.1)           a.2)             a.3) 

    
b.1)           b.2)             b.3) 

   
c.1)           c.2)             c.3) 
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d.1)               d.2)            d.3) 

   
e.1)            e.2)           e.3) 

 

Figure G.10. Concentration of end-groups in reacting mixture at different temperatures when a) 

3.5 wt%, b) 6.4 wt %, c) 17.4 wt %, d) 30 wt %, e) 40.8 wt % water are used. Predictions using 

parameter estimates from Table 5.10 (∙∙∙∙∙∙∙) and predictions using Arai’s parameter values (─ ─ ─). 

Error bars at the 95% confidence interval are shown on data points (♦) [27]   



 

 

 

204 

Appendix H 

Model Fit to the Kinetic Data using Parameter Estimates in Table 5.11 

 

The following figures compare the model fit using the 29 parameter estimates from Table 5.11 

(step two) with predictions using 18 parameter estimates from Table 5.10 (step one). In these 

figures, the dash-dot lines (─•─•─) are used to indicate the predictions using the estimates from 

Table 5.11 and the dotted lines (∙∙∙∙∙∙∙∙∙∙) are used to indicate predictions using parameter values 

from Table 5.10. 

 

Note that the figures showing model fit to equilibrium data using parameter values from Table 5.11 

are placed in Appendix J.  
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  \ 

c.1)           c.2)            c.3) 

   
c.4)           c.5)            c.6) 

   
d.1)           d.2)            d.3) 

   
d.4)           d.5)            d.6) 

 

 

Figure H.1. Concentrations of species in reacting mixture using 0.76 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.11 (─•─•─) are compared with predictions using parameter 

estimates from Table 5.10 (••••••) for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer.  
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c.1)           c.2)            c.3) 

   
c.4)           c.5)            c.6) 

   
d.1)           d.2)            d.3) 

   
d.4)           d.5)            d.6) 

 

Figure H.2. Concentrations of species in reacting mixture using 1.48 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.11 (─•─•─) are compared with predictions using parameter 

estimates from Table 5.10 (••••••) for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer. 
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c.1)           c.2)            c.3) 

   
c.4)           c.5)            c.6) 

   
d.1)           d.2)            d.3) 

   
d.4)           d.5)            d.6) 

 

Figure H.3. Concentrations of species in reacting mixture using 2.10 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.11 (─•─•─) are compared with predictions using parameter 

estimates from Table 5.10 (••••••) for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer. 
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a.1)     a.2) 

  
b.1)     b.2) 

      
c.1)     c.2)     c.3) 

   
d.1)     d.2)     d.3) 

 

Figure H.4. Concentrations of species in reacting mixture at different temperatures when a) 0.79 

wt %, b) 0.79 wt %, c) 1.06 wt %, d) 1.57 wt % water are used. Predictions using parameter 

estimates from Table 5.11 (─•─•─) are compared with predictions using parameter estimates from 

Table 5.10 (••••••) for caprolactam, end groups and linear monomer. Error bars at the 95% 

confidence interval are shown on data points (▲) [29] 
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a.1) a.2)  

b.1) b.2)  

c.1) c.2)  

d.1) d.2)  

e.1) e.2)  

 

Figure H.5. Concentrations of species in reacting mixture at 220 °C when a) 0.16 wt %, b) 0.32 wt 

%, c) 0.63 wt %, d) 1.26 wt % water and e) 1.01 wt % aminocaproic acid are used. Predictions 

using parameter estimates from Table 5.11 (─•─•─) are compared with predictions using parameter 

estimates from Table 5.10 (••••••) for caprolactam and end groups. Error bars at the 95% confidence 

interval are shown on data points (■) [33]     
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a.1)    a.2) 

 
b.1)    b.2) 

 
c.1)    c.2) 

 
d.1)    d.2) 

 

Figure H.6. Concentrations of species in reacting mixture using 2 wt % water at a) 235 C, b) 245 

C, c) 255 C, d) 265 C. Predictions using parameter estimates from Table 5.11 (─•─•─) are 

compared with predictions using parameter estimates from Table 5.10 (••••••) for caprolactam and 

carboxyl end groups. Error bars at the 95% confidence interval are shown on data points (□) [26]   
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a)                                                b) 

 
c)                                                  d) 

Figure H.7. Concentrations of species in reacting mixture using 1.12 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.11 (─•─•─) are compared with predictions 

using parameter estimates from Table 5.10 (••••••) for a) caprolactam, b) carboxyl end groups, c) 

amine end groups, and d) HMD. Error bars at the 95% confidence interval are shown on data points 

(▼) [25] 

 
a)                                                      b) 

 
c)                                                      d) 

 

Figure H.8. Concentrations of species in reacting mixture using 1.05 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.11 (─•─•─) are compared with predictions 

using parameter estimates from Table 5.10 (••••••) for a) caprolactam, b) carboxyl end groups, c) 

amine end groups, and d) ADA. Error bars at the 95% confidence interval are shown on data points 

(▼) [25] 
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a)                                                  b)                                      c) 

Figure H.9. Carboxyl end-group concentration in reacting mixture at 254 C when a) 1.10 wt %, 

b) 2.17 wt %, c) 4.80 wt % aminocaproic acid are used. Predictions using parameter estimates 

from Table 5.11 (−•−•−) and predictions using parameter estimates from Table 5.10 (••••••). Error 

bars at the 95% confidence interval are shown on data points (*) [40] 
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d.1)        d.2)     d.3) 

   
e.1)         e.2)     e.3) 

 

Figure H.10. Concentration of end-groups in reacting mixture at different temperatures when a) 

3.5 wt%, b) 6.4 wt %, c) 17.4 wt %, d) 30 wt %, e) 40.8 wt % water are used. Predictions using 

parameter estimates from Table 5.11 (─•─•─) and predictions using parameter estimates from 

Table 5.10 (••••••). Error bars at the 95% confidence interval are shown on data points (♦) [27]   
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Appendix I 

Derivation of the Extended Polycondensation Rate Constant    

(Equation (5.13)) 

Assuming that the catalytic effect of carboxyl ends is weakened by a factor βc for hydrated carboxyl 

ends and that reactions R8 and R11 are sufficiently fast to be at equilibrium results in the 

polycondensation rate (equation (5.10)) which is repeated below:  

𝑟2 = [𝐴][𝐶](𝑘2
𝑢+𝑘2

𝑐[𝐶] + 𝐾11𝛽𝑐𝑘2
𝑐[𝐶][𝑊]) (1 +

𝛽𝑟𝐼

𝐾8[𝑊]
) (1 + 𝐾11𝛽𝑟𝑐[𝑊])    (5.10) 

It is known that r2 would be reduced when [W] increases in the reacting mixture. Assuming that r2 

is reduced by a factor of f results in: 

𝑟2 = 𝑓𝑘𝑓2[𝐴]𝑡𝑜𝑡[𝐶]𝑡𝑜𝑡          (I.1) 

where 

𝑘𝑓2𝑡𝑜𝑡 = 𝑓𝑘𝑓2 = 𝑓(𝑘2
𝑢+𝑘2

𝑐[𝐶]𝑡𝑜𝑡)        (I.2) 

and [C]tot and [A]tot in equations (5.11) and (5.12) were repeated below: 

[𝐶]𝑡𝑜𝑡 = [𝐶] + [𝐶∗] = [𝐶] + 𝐾11[𝑊][𝐶]       (5.11) 

[𝐴]𝑡𝑜𝑡 = [𝐴] + [𝐼] = [𝐴] +
[𝐴]

𝐾8[𝑊]
         (5.12) 

Substituting equations (5.11) and (5.12) into equation (I.1) gives: 

𝑟2 = 𝑓[𝐴][𝐶][𝑘2
𝑢+𝑘2

𝑐[𝐶]𝑡𝑜𝑡] (1 +
1

𝐾8[𝑊]
) (1 + 𝐾11[𝑊])      (I.3) 

Setting equations (I.3) and (5.10) equal to each other gives: 

𝑓 =
(𝑘2

𝑢+𝑘2
𝑐[𝐶]+𝐾11𝛽𝑐𝑘2

𝑐[𝐶][𝑊])(1+
𝛽𝑟𝐼

𝐾8[𝑊]
)(1+𝐾11𝛽𝑟𝑐[𝑊])

(𝑘2
𝑢+𝑘2

𝑐[𝐶]𝑡𝑜𝑡)(1+
1

𝐾8[𝑊]
)(1+𝐾11[𝑊])

      (I.4) 

Substituting [𝐶] =
[𝐶]𝑡𝑜𝑡

1+𝐾11[𝑊]
 into equation (I.4) gives:  

𝑓 =
[𝑘2

𝑢(1+𝐾11[𝑊])+𝑘2
𝑐[𝐶]𝑡𝑜𝑡+𝐾11𝛽𝑐𝑘2

𝑐[𝑊][𝐶]𝑡𝑜𝑡](1+𝐾11𝛽𝑟𝑐[𝑊])(1+
𝛽𝑟𝐼

𝐾8[𝑊]
)

(𝑘2
𝑢+𝑘2

𝑐[𝐶]𝑡𝑜𝑡)(1+𝐾11[𝑊])2(1+
1

𝐾8[𝑊]
)

     (I.5) 
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Ignoring the influence of activity coefficients of various species, equilibrium constant for reaction 

R8 is correlated with equilibrium constants for R2 and R7 by: 

𝐾7

𝐾2
=

[𝐿]/([𝐼][𝐶])

([𝐿][𝑊])/([𝐴][𝐶])
=

[𝐴]

[𝐼][𝑊]
= 𝐾8         (I.6) 

Substituting equation (I.6) into (I.5) gives: 

𝑓 =
[𝑘2

𝑢(1+𝐾11[𝑊])+𝑘2
𝑐[𝐶]𝑡𝑜𝑡+𝐾11𝛽𝑐𝑘2

𝑐[𝑊][𝐶]𝑡𝑜𝑡](1+𝐾11𝛽𝑟𝑐[𝑊])(1+
𝛽𝑟𝐼𝐾2
𝐾7[𝑊]

)

(𝑘2
𝑢+𝑘2

𝑐[𝐶]𝑡𝑜𝑡)(1+𝐾11[𝑊])2(1+
𝐾2

𝐾7[𝑊]
)

     (I.7) 

Simplifying kf2tot in equation (I.2) with (I.7) gives: 

𝑘𝑓2𝑡𝑜𝑡 =
[𝑘2

𝑢(1+𝐾11[𝑊])+𝑅𝑘2𝑘2
𝑢[𝐶]𝑡𝑜𝑡+𝐾11𝛽𝑐𝑅𝑘2𝑘2

𝑢[𝑊][𝐶]𝑡𝑜𝑡](1+𝐾11𝛽𝑟𝑐[𝑊])(1+𝛽𝑟𝐼
𝐾2

𝐾7[𝑊]
)

(1+𝐾11[𝑊])2(1+
𝐾2

𝐾7[𝑊]
)

   (5.13) 
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Appendix J 

Model Fit to the Kinetic and Equilibrium Data using Parameter 

Estimates in Table 5.12 

 

The following figures show the model fit (───) using 32 parameter estimates from Table 5.12 

(step three) after polycondensation rate constant is extended to account for the effect of water. They 

are compared with the model fit (─•─•─) using 29 parameter estimates from Table 5.11 (step two) 

when the polycondensation rate constant does not include the effect of water.  
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c.1)           c.2)            c.3) 

   
c.4)           c.5)            c.6) 

   
d.1)           d.2)            d.3) 

   
d.4)           d.5)            d.6) 

 

Figure J.1. Concentrations of species in reacting mixture using 0.76 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using parameter 

estimates from Table 5.11 (─•─•─)for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer. 
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c.1)           c.2)            c.3) 

   

c.4)           c.5)            c.6) 

   

d.1)           d.2)            d.3) 

   

d.4)           d.5)            d.6) 

 

Figure J.2. Concentrations of species in reacting mixture using 1.48 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using parameter 

estimates from Table 5.11 (─•─•─)for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer.  
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c.1)           c.2)            c.3) 

   

c.4)           c.5)            c.6) 

   

d.1)           d.2)            d.3) 

   

d.4)           d.5)            d.6) 

 

Figure J.3. Concentrations of species in reacting mixture using 2.10 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using parameter 

estimates from Table 5.11 (─•─•─)for a) caprolactam, b) end groups, c) linear monomer and d) 

cyclic dimer.  
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a.1)     a.2) 

 

b.1)     b.2) 

   

c.1)     c.2)     c.3) 

   

d.1)     d.2)     d.3) 

 

Figure J.4. Concentrations of species in reacting mixture at different temperatures when a) 0.79 wt 

%, b) 0.79 wt %, c) 1.06 wt %, d) 1.57 wt % water are used. Predictions using parameter estimates 

from Table 5.12 (───) are compared with predictions using parameter estimates from Table 

5.11(─•─•─) for caprolactam, end groups and linear monomer. Error bars at the 95% confidence 

interval are shown on data points (▲) [29] 



 

 

 

227 

a.1) a.2)  

b.1)  b.2)  

c.1)  c.2)  

d.1)  d.2)  

e.1)  e.2)  

Figure J.5. Concentrations of species in reacting mixture at 220 °C when a) 0.16 wt %, b) 0.32 wt 

%, c) 0.63 wt %, d) 1.26 wt % water and e) 1.01 wt % aminocaproic acid are used. Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using parameter 

estimates from Table 5.11 (─•─•─) for caprolactam and end groups. Error bars at the 95% 

confidence interval are shown on data points (■) [33]    
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a.1)    a.2) 

 

b.1)    b.2) 

 

c.1)    c.2) 

 

d.1)    d.2) 

 

Figure J.6. Concentrations of species in reacting mixture using 2 wt % water at a) 235 C, b) 245 

C, c) 255 C, d) 265 C. Predictions using parameter estimates from Table 5.12 (───) are 

compared with predictions using parameter estimates from Table 5.11 (─•─•─) for caprolactam 

and carboxyl end groups. Error bars at 95% confidence interval are shown on data points (□) [26]   
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a)                                                b) 

 
c)                                                  d) 

 

Figure J.7. Concentrations of species in reacting mixture using 1.12 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.12 (───) are compared with predictions using 

parameter estimates from Table 5.11 (─•─•─) for a) caprolactam, b) carboxyl end groups, c) amine 

end groups and d) HMD. Error bars at 95% confidence interval are shown on data points (▼) [25] 

 
a)                                                      b) 

 
c)                                                      d) 

Figure J.8. Concentrations of species in reacting mixture using 1.05 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.12 (───) are compared with predictions using 

parameter estimates from Table 5.11 (─•─•─) for a) caprolactam, b) carboxyl end groups, c) amine 

end groups and d) ADA. Error bars at 95% confidence interval are shown on data points (▼) [25] 
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a)                                                  b)                                      c) 

 

Figure J.9. Carboxyl end-group concentration in reacting mixture at 254 C when a) 1.10 wt %, 

b) 2.17 wt %, c) 4.80 wt % aminocaproic acid are used. Predictions using parameter estimates 

from Table 5.12 (───) and predictions using parameter estimates from Table 5.11 (─•─•─). 

Error bars at the 95% confidence interval are shown on data points (*) [40] 
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d.1)        d.2)     d.3) 

   
e.1)         e.2)     e.3) 

 

Figure J.10. Concentration of end-groups in reacting mixture at different temperatures when a) 3.5 

wt%, b) 6.4 wt %, c) 17.4 wt %, d) 30 wt %, e) 40.8 wt % water are used. Predictions using 

parameter estimates from Table 5.12 (───) and predictions using parameter estimates from Table 

5.11 (─•─•─). Error bars at the 95% confidence interval are shown on data points (♦) [27]   

 

 

   
 

Figure J.11. Comparison of model predictions with K2a data for nylon 6.  (───) shows predictions 

using equilibrium parameter estimates from Table 5.12 and (─•─•─) shows model predictions 

using equilibrium parameter values from Table 5.11. Error bars at the 95% confidence level are 

shown on data points ○, ■,  and * [26,30,32-35] 
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Figure J.12. Comparison of model predictions with K2a data for nylon 6,6. (───) shows 

predictions using equilibrium parameter estimates from Table 5.12 and (─•─•─) shows model 

predictions using equilibrium parameter values from Table 5.11. Error bars at the 95% confidence 

level are shown on data points ○, ▲ and ♦ [27,31,36,39] 
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Figure J.13. Comparison of model predictions with K1a data in kg mol-1. (───) shows predictions 

using equilibrium parameter estimates from Table 5.12 and (─•─•─) shows model predictions 

using equilibrium parameter values from Table 5.11. Error bars at 95% confidence level are shown 

on data points ○ and  [33,34,37] 

 

Figure J.14. Nylon 6 experimental values for apparent equilibrium constant K4a in kg mol-1.[37] The 

solid line (───)  K4a=0.0243 kg mol-1 from Table 5.12 is overlapped with the dash-dotted line 

(─•─•─) K4a=0.0243 kg mol-1 from Table 5.11. Error bars at 95% confidence level are shown on 

data points ○ and  [37] 
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Appendix K 

Model Fit to the Kinetic Data using Parameter Estimates in Table 5.12 

and using Arai’s Parameter Values 

The following figures show the model fit (───) using 32 parameter estimates from Table 5.12 

(step three). They are compared with model predictions (─ ─ ─) using parameter values from Arai 

et al. from Table 5.4. 
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Figure K.1. Concentrations of species in reacting mixture using 0.76 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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Figure K.2. Concentrations of species in reacting mixture using 1.48 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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Figure K.3. Concentrations of species in reacting mixture using 2.10 wt % water at different 

temperatures. Error bars at the 95% confidence level are shown on data points () [7,38] Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for a) caprolactam, b) end groups, c) linear monomer and d) cyclic dimer. 
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d.1)     d.2)     d.3) 

 

Figure K.4. Concentrations of species in reacting mixture at different temperatures when a) 0.79 

wt %, b) 0.79 wt %, c) 1.06 wt %, d) 1.57 wt % water are used. Predictions using parameter 

estimates from Table 5.12 (───) are compared with predictions using Arai’s parameter values  

(─ ─ ─) for caprolactam, end groups and linear monomer. Error bars at the 95% confidence interval 

are shown on data points (▲) [29] 
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c.1) c.2)  

d.1) d.2)  

e.1) e.2)  

 
Figure K.5. Concentrations of species in reacting mixture at 220 °C when a) 0.16 wt %, b) 0.32 wt 

%, c) 0.63 wt %, d) 1.26 wt % water and e) 1.01 wt % aminocaproic acid are used. Predictions 

using parameter estimates from Table 5.12 (───) are compared with predictions using Arai’s 

parameter values (─ ─ ─) for caprolactam and end groups. Error bars at the 95% confidence interval 

are shown on data points (■) [33]    
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a.1)    a.2) 

 

b.1)    b.2) 

 

c.1)    c.2) 

 

d.1)    d.2) 

 

Figure K.6. Concentrations of species in reacting mixture using 2 wt % water at a) 235 C, b) 245 

C, c) 255 C, d) 265 C. Predictions using parameter estimates from Table 5.12 (───) are 

compared with predictions using Arai’s parameter values (─ ─ ─) for caprolactam and carboxyl 

end groups. Error bars at the 95% confidence interval are shown on data points (□) [26]   
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a)                                                b) 

 
c)                                                  d) 

Figure K.7. Concentrations of species in reacting mixture using 1.12 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.12 (───) are compared with Arai’s parameter 

values (─ ─ ─) are compared for a) caprolactam, b) carboxyl end groups, c) amine end groups and 

d) HMD. Error bars at the 95% confidence interval are shown on data points (▼) [25] 

 

 
a)                                                      b) 

 
c)                                                      d) 

 

Figure K.8. Concentrations of species in reacting mixture using 1.05 wt % water at 221.5 C. 

Predictions using parameter estimates from Table 5.12 (───) are compared with predictions using 

Arai’s parameter values (─ ─ ─) for a) caprolactam, b) carboxyl end groups, c) amine end groups 

and d) ADA. Error bars at the 95% confidence interval are shown on data points (▼) [25] 
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a)                                                  b)                                      c) 

Figure K.9. Carboxyl end-group concentration in reacting mixture at 254 C when a) 1.10 wt %, 

b) 2.17 wt %, c) 4.80 wt % aminocaproic acid are used. Predictions using parameter estimates from 

Table 5.12 (───) and predictions using Arai’s parameter values (─ ─ ─). Error bars at the 95% 

confidence interval are shown on data points (*) [40] 

 

 

   
a.1)        a.2)                  a.3) 

   
b.1)        b.2)     b.3) 

   
c.1)        c.2)     c.3) 
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d.1)        d.2)     d.3) 

   
e.1)         e.2)     e.3) 

 

Figure K.10. Concentration of end-groups in reacting mixture at different temperatures when a) 3.5 

wt%, b) 6.4 wt %, c) 17.4 wt %, d) 30 wt %, e) 40.8 wt % water are used. Predictions using 

parameter estimates from Table 5.12 (───) and predictions using Arai’s parameter values (─ ─ 

─). Error bars at the 95% confidence interval are shown on data points (♦) [27]   
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Appendix L 

Re-Simulations using New Estimates in Table 5.12 

The following figures show predicted DP over the duration of the batch for various recipes, when 

the model equations are solved using the parameter values in Table 5.12 and mass-transfer 

coefficients provided in Table 2.6.  Figure L.1 compares DP values obtained for nylon 6, nylon 6,6 

and nylon 6/6,6 copolymer. Recipes and operating conditions used for simulations are provided in 

Table 2.7 and Figure 2.4, respectively. Figures L.2 and L.3 show predicted DP for four different 

recipes. Recipes and operating conditions used for simulations are provided in Table 3.4 and Figure 

3.1, respectively. 

 
Figure L.1. Predicted DP for nylon 6/6,6 copolymer and nylon 6 and nylon 6,6 homopolymers 

 

 

Figure L.2. Predicted DP for Base Case (-----) nylon 6/6,6 copolymerization with water and Case 

2 (───) nylon 6/6,6 copolymerization using dry salt and no water.  

 

────  Nylon 6/6,6 
─ ─ ─   Nylon 6 

∙∙∙∙∙∙∙∙∙∙   Nylon 6,6 
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Figure L.3. Predicted DP for two copolymer recipes with 10% caprolactam replaced with CD,  a) 

Case 3 and b) Case 4 where the overhead vent is opened at t=60 min (───) and t=120 min (------

), respectively.  

a) b) 
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Appendix M 

Nylon 6 and Nylon 6,6 Kinetic Data in the Literature 

The following tables show all of the reported nylon 6 and nylon 6,6 kinetic data in the literature 

from six research groups. Summary of these data is provided in Table 5.2. All of the kinetic data 

were obtained from experiments conducted in sealed tubes. They are used for parameter estimation 

in Chapter 5. 

 

Table M.1. Nylon 6 Kinetic Data from Hermans et al.[29] 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mol kg-1) 

T=221.5 C, [W]0=0.871 mol kg-1, [M]0=8.71 mol kg-1 

0.5 8.65 0.005 - 

1 8.6 0.005 0.0029 

1.5 8.5 0.022 0.0039 

2 8.3 0.04 0.0044 

2.5 7.95 0.065 0.0045 

3 7.4 0.091 0.0045 

3.5 6.35 0.117 0.0042 

4 4.9 0.142 0.0038 

4.5 3.75 0.146 0.0032 

6 1.75 0.124 0.0016 

7 1.31 0.114 0.0011 

10 0.75 0.096 0.0008 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mol kg-1) 

T=221.5 C, [W]0=0.59 mol kg-1, [M]0=8.75 mol kg-1 

1.5 8.65 0.0115 0.0018 

2 8.55 0.019 0.002 

2.5 8.4 0.029 0.0021 

3 8.2 0.042 0.0022 

3.5 7.9 0.06 0.0022 

4 7.4 0.081 0.0022 

4.5 6.7 0.1 0.0021 
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5.5 4.85 0.119 0.0019 

7 2.7 0.108 0.0014 

7.5 2.3 0.1 0.0013 

8 1.95 0.094 0.0012 

9 1.55 0.087 0.0011 

10 1.25 0.083 0.001 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mol kg-1) 

T=221.5 C, [W]0=0.44 mol kg-1, [M]0=8.78 mol kg-1 

2 8.55 0.01 - 

3 8.2 0.024 - 

4 7.7 0.049 - 

5 7 0.072 - 

6 6.1 0.088 - 

7 5.15 0.1 - 

8 4.1 0.101 - 

9 3 0.094 - 

10 2.05 0.087 - 

12 0.95 0.077 - 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mol kg-1) 

T=253.5 C, [W]0=0.44 mol kg-1, [M]0=8.78 mol kg-1 

0.5 8.65 0.01 - 

0.75 8.6 0.019 - 

1 8.42 0.032 - 

1.25 8.1 0.051 - 

1.5 7.65 0.073 - 

1.75 7 0.095 - 

2 6 0.11 - 

2.25 4.8 0.113 - 

3 2.05 0.105 - 

3.5 1.85 0.095 - 

4 1.4 0.086 - 

5 1.05 0.077 - 
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Table M.2. Nylon 6 kinetic data from Wiloth [32] 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

T=220 C, [W]0=0.09 mol kg-1, [M]0=8.82 mol kg-1 

7.5 8.747 0.013 

10 8.694 0.015 

12.5 8.626 0.018 

15 8.526 0.020 

17.5 8.327 0.025 

20 8.059 0.028 

22.5 7.667 0.033 

25 7.165 0.037 

30 6.106 0.043 

35 5.188 0.044 

40 4.456 0.043 

45 3.759 0.041 

50 3.203 0.039 

60 2.303 0.036 

70 1.632 0.032 

80 1.218 0.030 

90 0.971 0.029 

100 0.829 0.028 

120 0.653 0.026 

140 0.556 0.025 

160 0.512 0.025 

180 0.485 0.025 

200 0.485 0.025 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

T=220 C, [W]0=0.18 mol kg-1, [M]0=8.81 mol kg-1 

5 8.736 0.019 

7.5 8.638 0.024 

10 8.423 0.031 

12.5 7.867 0.042 

15 6.739 0.055 
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17.5 5.418 0.063 

20 4.158 0.064 

25 2.713 0.059 

30 1.903 0.051 

35 1.418 0.047 

40 1.110 0.043 

50 0.749 0.040 

60 0.599 0.038 

70 0.537 0.037 

80 0.511 0.037 

90 0.485 0.037 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

T=220 C, [W]0=0.35 mol kg-1, [M]0=8.78 mol kg-1 

5 8.611 0.036 

7.5 8.104 0.053 

10 5.365 0.090 

12.5 2.784 0.082 

15 1.879 0.070 

17.5 1.449 0.065 

20 1.142 0.062 

25 0.799 0.058 

30 0.641 0.056 

35 0.571 0.055 

40 0.527 0.054 

45 0.492 0.054 

50 0.483 0.054 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

T=220 C, [W]0=0.70 mol kg-1, [M]0=8.73 mol kg-1 

3 8.581 0.046 

4 8.369 0.059 

5 7.601 0.088 

6 4.660 0.129 

7.5 1.867 0.104 

10 1.117 0.087 
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12.5 0.785 0.082 

15 0.628 0.079 

17.5 0.567 0.079 

20 0.524 0.078 

25 0.489 0.077 

30 0.480 0.077 

 

t (h) 
[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

T=220 C, [M]0=8.75 mol kg-1, [LM]0=0.09 mol kg-1 

5 6.963 0.056 

7.5 6.044 0.055 

10 5.231 0.054 

12.5 4.595 0.052 

15 4.065 0.049 

17.5 3.543 0.047 

20 3.225 0.044 

25 2.633 0.041 

30 2.191 0.038 

35 1.873 0.036 

40 1.626 0.034 

45 1.432 0.033 

50 1.281 0.031 

60 1.043 0.030 

70 0.875 0.028 

80 0.760 0.027 

90 0.680 0.027 

100 0.627 0.026 

120 0.566 0.026 

140 0.530 0.025 

160 0.513 0.025 

180 0.486 0.025 

200 0.486 0.025 
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Table M.3. Nylon 6 kinetic data from Heikens et al. [25] 

T 

(h) 

[M] 

(mol kg-1) 

[A] 

(mol kg-1) 

[C] 

(mol kg-1) 

[HMD] 

(mol kg-1) 

T=221.5 C, [W]0=0.62 mol kg-1, [M]0=8.70 mol kg-1, [HMD]0=0.0367 mol kg-1 

0.25 - - - 0.029 

0.5 - - - 0.018 

0.75 - - - 0.011 

0.9 - - - 0.007 

1 8.547 0.081 0.006 0.004 

2 8.247 0.095 0.020 - 

2.5 8.070 0.108 0.030 - 

3 7.781 0.120 0.044 - 

3.5 7.337 0.137 0.057 - 

4 6.460 0.154 0.077 - 

5 4.718 0.172 0.093 - 

6 3.452 0.173 0.093 - 

7 2.420 0.165 0.084 - 

8 1.654 0.157 0.074 - 

9 1.277 0.149 0.068 - 

10 1.088 0.143 0.062 - 

11 0.955 0.142 0.060 - 

 

t 

(h) 

[M] 

(mol kg-1) 

[A] 

(mol kg-1) 

[C] 

(mol kg-1) 

[ADA] 

(mol kg-1) 

T=221.5 C, [W]0=0.59 mol kg-1, [M]0=8.69 mol kg-1,[ADA]0=0.042 mol kg-1 

0.25 - - - 0.036 

0.5 8.281 0.044 0.124 0.033 

0.75 8.070 0.063 0.144 0.029 

1 7.615 0.083 0.162 0.026 

1.5 6.460 0.111 0.189 0.019 

2 5.372 0.113 0.191 0.012 

2.5 4.285 0.109 0.185 0.007 

3 3.374 0.102 0.180 0.002 

3.5 2.786 0.095 0.172 - 

4 2.364 0.088 0.165 - 

4.5 2.176 0.080 0.160 - 
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5 1.965 0.073 0.155 - 

5.5 1.765 0.070 0.152 - 

6 1.598 0.068 0.150 - 

8 1.110 0.065 0.148 - 

 

 

Table M.4. Nylon 6 kinetic data from Krussink et al. [40] 

t (h) 
[C] 

(mol kg-1) 
t (h) 

[C] 

(mol kg-1) 

T=254C, [M]0=8.41 mol kg-1, 

[LM]0=0.42 mol kg-1 

T=254C, [M]0=8.64 mol kg-1, 

[LM]0=0.19mol kg-1 

0.17 0.191 0.25 0.099 

0.33 0.156 0.5 0.096 

0.5 0.124 1.17 0.087 

1 0.102 4 0.063 

2 0.098 - - 

4 0.084 - - 

8 0.081 - - 

16 0.087 - - 

 

t (h) 
[C] 

(mol kg-1) 

T=254C, [W]0=0 mol kg-1, [M]0=8.74 

mol kg-1, [LM]0=0.10mol kg-1 

0.5 0.06 

1 0.059 

2 0.057 

3 0.06 

4 0.055 

6 0.048 

8 0.045 
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Table M.5. Nylon 6 kinetic data from Giori and Hayes [26] 

t (min) 
[M] 

(mol kg-1) 

[C] 

(mol kg-1) 

T=235 C, [W]0=1.11 mol kg-1, [M]0=8.66 mol kg-1 

10 8.661 0.003 

20 8.572 0.008 

30 8.484 0.016 

40 8.395 0.027 

50 8.307 0.041 

 

t (min) 
[M] 

(mol kg-1) 

[C] 

(mol kg-1) 

T=245 C, [W]0=1.11 mol kg-1, [M]0=8.66 mol kg-1 

10 8.661 0.003 

20 8.572 0.011 

30 8.395 0.023 

40 8.307 0.042 

50 8.307 0.069 

 

t (min) 
[M] 

(mol kg-1) 

[C] 

(mol kg-1) 

T=255 C, [W]0=1.11 mol kg-1, [M]0=8.66 mol kg-1 

10 8.661 0.004 

20 8.572 0.020 

30 8.219 0.044 

40 7.689 0.085 

50 7.070 0.147 

t (min) 
[M] 

(mol kg-1) 

[C] 

(mol kg-1) 

T=265 C, [W]0=1.11 mol kg-1, [M]0=8.66 mol kg-1 

10 8.661 0.014 

15 8.484 0.024 

20 8.307 0.042 

25 7.954 0.065 

30 7.512 0.103 
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Table M.6. Nylon 6 kinetic data from Tai et al. and Arai et al. [7,38] 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=231C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

1.0  0.007 2.434 - 

1.5 8.330 0.012 2.638 - 

2.0 8.284 0.019 3.682 - 

2.5 8.170 0.031  - 

3.0 7.815 0.047 3.725 - 

3.5 7.459 0.066 3.257 - 

4.0 6.716 0.090 2.618 - 

4.5 5.506 0.103 2.553 1.752 

5.0 4.849 0.108 2.239 2.997 

5.5 3.856 0.109 1.926 3.984 

6.0 3.086 0.106 1.822 4.662 

6.5 2.558 0.101  6.114 

7.0 2.151  1.730 6.790 

8.0 1.603 0.086 1.179 8.352 

9.0 1.289 0.080 1.106  

10.0 1.095 0.077 1.091 10.129 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=241C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

0.50 - - 2.346 - 

1.00 8.487 0.013  - 

1.08 - - 3.275 - 

1.50 8.218 0.022 - - 

2.00 8.026 0.045 - - 

2.25 7.766 0.059 - - 

2.50 7.593 0.068 3.024 - 

2.74 6.867 - 3.078 - 

3.00 6.229 - 2.997 - 

3.18 - - - 2.048 

3.24 5.581 0.106 2.821 - 

3.48 4.718 0.111 2.339 3.705 
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4.00 3.457 0.112 2.101 5.209 

4.25 - - 2.059 - 

4.44 - - - 7.126 

4.50 2.696 0.104  - 

5.00 2.047 0.096 1.550 7.493 

5.42 - - - 9.565 

5.50 1.692 0.091 1.466 - 

5.98 1.448 0.085  10.036 

6.98 1.160 0.078 1.309 11.752 

8.00 0.948 0.076 - 12.796 

8.98 0.806 0.075 - 13.943 

9.97 - 0.074 - 12.144 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=250C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

0.50 - 0.006 2.347 - 

1.00 8.306 0.022 3.775 - 

1.25 - 0.035 4.039 - 

1.50 7.769 0.055 3.766 - 

1.75 7.484 0.067 3.514 0.948 

2.00 6.931 0.088 3.357 1.622 

2.25 5.801 0.107 3.162 2.813 

2.50 4.843 - 2.737 3.126 

2.75 4.169 0.113 2.408 4.163 

3.00 3.349 0.111 2.232 6.697 

3.23 2.702 0.106 1.922 8.302 

3.50 2.295 0.100 1.841 8.253 

4.00 1.672 - 1.432 10.377 

4.48 1.188 0.084 - 11.209 

5.00 1.022 0.081 1.187 11.576 

6.00 0.862 0.077 - 13.344 

7.00 0.772 0.074 - 15.111 

8.00 0.776 0.074 - 16.775 

9.00 - 0.074 - 17.561 

9.96 -  - 19.224 
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T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=260C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

0.50 - 0.010 - - 

0.75 8.393 0.024 3.779 - 

1.00 8.090 0.042 3.928 - 

1.25 - 0.068 3.655 - 

1.50 6.675 0.095 3.537 2.444 

1.75 5.467 0.120 3.016 4.049 

2.00 4.405 0.123 2.534 6.222 

2.25 3.292 0.118 - 7.878 

2.50 2.446 0.113 1.818 9.845 

3.00 1.625 - 1.753 12.227 

3.50 1.269 0.090 0.999 13.783 

4.00 1.043 0.085 - 15.287 

5.00 0.866 - 0.804 17.365 

6.00 0.793 0.079 - 19.028 

7.00 - - - 20.796 

8.00 - 0.078 - 22.615 

9.00 - 0.078 0.628 24.227 

9.98 - - 0.574 24.702 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=270C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

0.27 8.611 0.009 - - 

0.50 8.343 0.026 - - 

0.77 7.954 0.049 4.045 - 

0.88 7.643 0.076 - 0.784 

1.00 7.047 0.097 3.583 1.922 

1.10 6.211 0.118 3.295 3.371 

1.24 5.348 0.126 - 5.284 

1.50 3.494 0.125 - 6.372 

1.75 2.492 0.116 2.021 - 

2.00 1.948 0.111 1.750 9.271 

2.25 1.499 0.102 1.669 - 

2.45 - - - 14.857 
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2.50 1.239 0.097 1.512 - 

2.98 0.944 - 1.351 16.982 

3.98 0.793 - 1.432 19.938 

5.00 0.772 0.083 - 20.930 

6.00 - 0.083 - 25.385 

7.00 - 0.083 - 26.377 

8.00 - 0.084 - 29.127 

9.00 - 0.083 - 32.393 

9.99 - 0.083 - 32.506 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=280C, [W]0=0.42 mol kg-1, [M]0=8.77 mol kg-1 

0.25 - 0.014 4.054 - 

0.30 - - 4.282 - 

0.38 8.231 0.030 - - 

0.50 8.041 0.053 4.241 1.659 

0.62 7.584 0.074 - 2.177 

0.75 - 0.099 - 2.592 

0.88 5.626 0.123 3.298 - 

1.00 4.547 0.130 2.665 6.780 

1.25 2.762 0.123 2.393 - 

1.50 1.873 0.109 1.872 11.643 

1.75 1.406 0.101 1.562 15.367 

2.00 1.172 0.095 1.137 16.300 

3.00 0.797 0.089 0.873 22.563 

4.00 0.793 - 0.838 27.276 

5.00 0.729 0.087 - 30.129 

6.00 - - 0.884 31.948 

7.00 - 0.088 0.907 38.057 

8.00 - - 0.758 38.377 

9.00 - 0.088 - 38.801 

9.99 - 0.088 - 39.328 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=230C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 
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0.52 - 0.005 2.865 - 

1.00 8.474 0.016 - - 

1.50 8.234 0.036 5.651 - 

1.74 8.015 0.052 6.143 - 

2.00 7.711 0.071 5.743 - 

2.18 - - - 0.812 

2.24 7.369 0.092 6.026 - 

2.40 - - - 1.383 

2.50 6.612 0.096 5.302 - 

2.73 5.561 0.138 4.749 2.162 

3.00 4.823 0.146 4.652 2.941 

3.22 3.905 0.148 4.384 3.877 

3.46 3.251 0.141 3.584 5.282 

3.98 2.048 0.132 3.580 5.955 

4.48 1.458 0.121 2.398 6.836 

4.99 1.379 0.111 - 8.551 

5.48 1.130 0.104 2.390 - 

6.00 0.994 - 2.349 10.313 

7.00 0.759 0.095 - 11.554 

8.00 - 0.092 - 12.482 

9.00 - 0.091 - 13.097 

9.97 - 0.090 - 13.921 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=240C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 

0.53 - 0.010 4.785 - 

0.75 8.590 0.020 5.714 - 

1.00 8.389 0.039 - - 

1.24 8.170 0.062 6.318 - 

1.48 7.564 0.093  - 

1.65 - - - 0.400 

1.73 6.570 0.129 5.497 - 

1.97 5.104 0.155 4.887 3.629 

2.15 - - - 2.324 

2.22 4.111 0.158 4.277  
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2.42 - - - 5.241 

2.46 2.598 0.148 3.325 - 

2.73 2.303 0.143 3.323 6.229 

3.00 1.867 0.140 3.170 7.737 

3.48 1.381 0.117 2.482 8.932 

3.98 1.028 0.109 - 10.543 

4.49 0.920 0.105 1.847 11.267 

4.98 0.784 - - 12.096 

5.97 0.767 0.099 - 13.859 

7.00 0.759 0.098 - 14.161 

8.00 0.733 - - 14.620 

9.00 - 0.097 - 17.164 

9.98 - 0.098 - 18.561 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=249C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 

0.23 8.886 - 3.685 - 

0.51 8.705 0.019  - 

0.73 8.486 0.042 6.987 - 

0.99 7.709 0.082 6.605 - 

1.20 - - - 1.708 

1.25 6.593 0.129 -  

1.42 - - - 3.948 

1.50 4.589 0.162 -  

1.66 - - - 5.457 

1.74 3.227 0.157 4.452 - 

1.98 2.157 0.143 3.728 7.696 

2.23 1.683 0.131 2.985 9.258 

2.49 1.360 0.122 2.584 9.933 

3.00 0.988 0.113 1.953 11.856 

3.49 0.862 0.108 1.855 13.468 

3.99 0.744 0.105 1.794 13.462 

4.50 - 0.105 - 15.751 

4.99 - 0.104 - 17.675 

5.98 0.720 0.103 - 18.655 
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6.99 - 0.104 - 19.740 

7.97 - 0.103 - 20.511 

9.00 - 0.103 1.566 22.586 

10.00 - 0.103 1.520 24.296 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=259C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 

0.25 8.716 0.010 5.813 - 

0.50 - 0.046 7.141 - 

0.65 8.099 0.078 7.140 2.600 

0.74 7.466 0.110 6.588 - 

0.80 - - - 3.120 

0.85 6.397 0.148 6.283 - 

0.98 5.150 0.162 5.579 3.588 

1.23 2.994 0.163 4.228 6.453 

1.50 1.934 0.141 3.238 9.943 

1.73 1.470 - 2.609 12.130 

1.99 1.147 0.121 2.284 13.222 

2.23 0.975 0.116 1.978 14.159 

2.49 0.888 0.114 - 14.364 

2.99 0.752 0.112 1.592 16.184 

3.98 0.725 0.110 - 19.041 

5.00 - 0.110 - 22.002 

6.00 - 0.112 - 24.807 

7.00 - 0.110 - 27.247 

8.00 - 0.111 - 27.654 

9.00 - 0.111 - 29.312 

9.96 - 0.110 - 31.022 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=269C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 

0.25 - 0.020 6.896 - 

0.38 8.545 0.044 - 0.778 

0.50 7.883 0.088 7.787 1.872 

0.60 6.739 0.139 - 5.260 
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0.75 4.934 0.167 6.170 7.552 

0.85 3.507 0.171 5.295 9.949 

1.00 2.392 0.152 4.268 11.459 

1.25 1.483 0.134 3.012 - 

1.35 - - - 12.603 

1.50 1.132 - 2.440 - 

1.89 - - - 15.882 

1.98 0.882 0.116 1.771 - 

3.00 0.752 0.114 1.725 22.753 

3.95 - - - 25.767 

4.00 - 0.114 1.737 - 

5.00 - - - 30.866 

6.00 - 0.115 - 32.993 

7.00 - 0.113 - 35.172 

8.00 - 0.114 - 34.640 

9.00 - 0.115 - 39.426 

10.00 - - - 38.739 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=280C, [W]0=0.82 mol kg-1, [M]0=8.71 mol kg-1 

0.12 8.641 0.015 6.840 - 

0.25 8.234 0.048 8.720 1.561 

0.36 7.383 0.113 8.187 7.451 

0.50 4.879 0.177 6.400 9.849 

0.60 3.226 0.176 4.765 11.151 

0.72 2.063 0.158 3.491 - 

0.88 - - - 15.736 

0.98 1.183 0.138 2.634 - 

1.40 - - - 20.788 

1.50 0.839 0.126 2.212 - 

1.98 0.759 0.125 2.094 24.067 

2.99 0.724 0.123 2.238 30.626 

3.99 - 0.123 2.060 33.640 

4.99 - 0.124 2.242 38.843 

5.99 - 0.123 - 39.249 
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7.00 - 0.122 2.398 39.552 

8.00 - 0.124 2.257 41.053 

9.00 - 0.123 2.440 43.024 

10.00 - 0.125 2.261 42.075 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=231C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.50 - 0.008 5.195 - 

1.00 8.369 0.034 7.071 - 

1.25 8.115 0.064 7.784 - 

1.50 7.588 0.104 7.709 - 

1.74 6.712  7.372 - 

1.92 - - - 2.103 

2.00 5.563 0.182 6.791 - 

2.15 - - - 3.356 

2.25 4.113 0.196 5.910 - 

2.43 - - - 4.557 

2.50 3.171 0.191 5.030 - 

2.64 - - - 6.746 

2.75 2.323 0.180 4.393 - 

3.00 1.900 0.168 3.737 6.906 

3.49 1.392 0.146 2.857 8.473 

4.00 1.063 0.131 2.389 9.155 

5.00 - 0.125 1.828 9.843 

6.00 8.369 0.120 - 10.843 

7.00 8.115 0.120 1.663 12.052 

8.00 7.588 0.119 1.290 13.416 

9.00 6.712 0.119 1.517 15.406 

10.00 - 0.119 1.406 16.302 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=241C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.25 - - 4.313 - 

0.33 8.604 - - - 

0.50 - 0.021 6.601 - 
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0.75 8.114 0.052 8.364 - 

1.15 - - - 1.366 

1.00 7.540 0.104 8.364 - 

1.25 6.306 0.165  - 

1.40 - - - 3.035 

1.50 4.366 0.200 6.528 - 

1.65 - - - 5.017 

1.79 2.651 0.189 4.860 - 

2.00 1.964 0.173 4.297 7.155 

2.50 1.267 0.147 - 9.661 

2.95 - - - 10.343 

3.09 0.901 0.135 2.200 - 

4.00 - 0.128 2.033 10.978 

5.00 8.604 0.125 1.959 13.645 

6.00 - 0.127 2.111 14.646 

7.00 8.114 0.125 2.001 16.426 

8.00 - 0.126 1.984 17.947 

9.00 7.540 0.126 1.948 19.572 

10.00 6.306 0.126 2.119 20.781 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=250C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.2 - - 5.588 - 

0.49 - 0.043 7.857 - 

0.62 8.058 0.082 - - 

0.75 7.493 0.108 - - 

0.80 - - - 1.727 

0.87 6.466 0.158   

0.95 - - - 3.499 

1.00 5.147 0.196 7.371  

1.25 2.952 0.201 4.465 6.211 

1.50 1.765 0.165 3.640 8.973 

2.00 1.087 0.146 - 12.103 

2.50 0.824 0.141 2.105 12.994 

3.00 0.825 0.139 2.012 13.885 

4.00 - 0.138 - 17.385 
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5.00 - 0.136 - 19.635 

6.00 - 0.138 - 21.677 

7.00 - 0.137 - 24.916 

8.00 - 0.138 - 26.489 

9.00 - 0.138 - 27.541 

10.00 - 0.138 -  

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=260C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.23 8.641 0.014 10.782 - 

0.35 - 0.053 11.663 1.254 

0.50 7.926 0.105 10.801 2.453 

0.60 6.654 0.171 9.414 5.006 

0.70 - - - 6.257 

0.75 4.996 0.207 - - 

1.00 2.160 0.192 5.589 7.145 

1.20 - - - 10.950 

1.24 1.378 0.159 3.846 - 

1.45 0.973  - 12.827 

2.00 0.786 0.143 - 14.031 

3.00 0.665 0.143 - 18.885 

4.09 - - - 23.949 

4.30 0.668 0.142 - - 

5.00 - 0.144 2.597 25.573 

6.00 - 0.144 2.505 28.708 

7.00 - 0.144 2.638 30.021 

8.00 - 0.142 2.528 31.490 

9.00 - 0.143 2.623 32.802 

10.00 - 0.143  33.333 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=269C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.22 - 0.044 12.544 0.731 

0.32 8.396 0.086 13.613 - 

0.43 7.417 0.147 12.338 5.890 
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0.49 6.032 0.196 9.676 - 

0.58 4.420 0.210 8.364 - 

0.66 2.781 0.205 7.032 10.580 

0.75 1.999 0.193 6.376 - 

1.00 1.227 - 4.539 12.822 

1.50 0.794 0.149 3.453 16.890 

2.00 0.739 - 3.154 21.374 

2.50 - 0.147 - - 

3.00 0.712 0.149 2.987 25.604 

4.00 0.677 0.149 2.839 29.416 

5.00 - 0.148 3.197 33.541 

6.00 - 0.149 2.993 34.541 

7.00 - 0.148 2.957 35.698 

8.00 - 0.149 2.959 37.843 

9.00 - 0.148 3.017 37.541 

10.00 - 0.149 - 38.229 

 

T 

(h) 

[M] 

(mol kg-1) 

[�̅�] 

(mol kg-1) 

[LM] 

(mmol kg-1) 

[CD] 

(mmol kg-1) 

T=281C, [W]0=1.18 mol kg-1, [M]0=8.65 mol kg-1 

0.06 - 0.009 9.263 - 

0.10 8.650 - - - 

0.15 - 0.051 13.969 3.022 

0.20 - - - 6.513 

0.23 8.151 0.110 14.100 - 

0.25 - - - 7.815 

0.32 6.370 0.206 9.769 10.003 

0.42 3.770 0.222 - 12.400 

0.49 2.460 0.207 6.863 - 

0.70 - - - 14.955 

0.75 1.151 0.163 4.014 - 

1.00 0.878 0.158 - 18.187 

2.00 - 0.152 2.854 27.937 

3.00 - 0.156 - 33.051 

4.00 0.837 0.153 - 36.291 

5.00  0.156 2.616 37.656 

6.00 0.841 0.155 2.505 40.323 
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7.00 0.833 0.155 2.638 39.187 

8.00 - 0.154 2.528 42.114 

9.00 - 0.157 2.623 40.146 

10.00 - 0.155 - 40.364 

 

 

Table M.7. Nylon 6,6 kinetic data from Ogata [27] 

t  

(h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=200C, [W]0=1.84 mol kg-1 T=210C, [W]0=1.84 mol kg-1 

0.5 1.263 0.5 0.809 

1 0.738 1 0.451 

1.5 0.527 1.5 0.388 

2 0.449 2 0.379 

3 0.398 3 0.328 

5 0.352 5 0.323 

9 0.340 9 0.314 

11 0.325 11 0.291 

 

T 

 (h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=220C, [W]0=1.84 mol kg-1 T=200C, [W]0=3.57 mol kg-1 

0.5 0.480 0.5 1.410 

1 0.349 1 0.861 

1.5 0.346 1.5 0.603 

3 0.361 2.5 0.428 

5 0.333 3 0.422 

9 0.331 5 0.393 

11 0.331 9 0.363 

 11 0.361 

 

T 

 (h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=210C, [W]0=3.57 mol kg-1 T=220C, [W]0=3.57 mol kg-1 

0.5 0.785 0.5 0.597 

1 0.555 1 0.409 

1.5 0.444 1.5 0.406 

2 0.371 2 0.377 
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3 0.358 3 0.361 

5 0.353 5 0.347 

9 0.358 9 0.353 

11 0.358 11 0.341 

 

t  

(h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=200C, [W]0=9.61 mol kg-1 T=210C, [W]0=9.61 mol kg-1 

0.5 2.125 0.5 1.806 

1 1.369 1 0.906 

1.5 1.068 1.5 0.744 

2 0.856 2 0.713 

3 0.737 3 0.592 

5 0.508 5 0.506 

9 0.478 9 0.506 

11 0.580 11 0.506 

 

t  

(h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=220C, [W]0=9.61 mol kg-1 T=200C, [W]0=16.63 mol kg-1 

0.5 0.958 0.5 2.610 

1 0.647 1 1.735 

1.5 0.583 1.5 1.478 

2 0.518 2 1.160 

3 0.487 3 0.950 

5 0.469 5 0.721 

9 0.469 9 0.657 

11 0.469 11 0.648 

 

t  

(h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=210C, [W]0=16.63 mol kg-1 T=220C, [W]0=16.63 mol kg-1 

0.5 1.993 0.5 1.754 

1 1.481 1 0.930 

1.5 1.082 1.5 0.779 

2 0.972 2 0.709 

3 0.763 3 0.669 

5 0.652 5 0.582 
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9 0.652 9 0.572 

11 0.652 11 0.580 

t  

(h) 

[C] 

(mol kg-1) 

t  

(h) 

[C] 

(mol kg-1) 

T=200C, [W]0=22.60 mol kg-1 T=210C, [W]0=22.60 mol kg-1 

0.5 2.459 0.5 1.764 

1 1.691 1 1.524 

1.5 1.561 1.5 1.253 

2 1.277 2 1.089 

3 1.091 3 0.973 

5 0.716 5 0.833 

9 0.676 9 0.704 

11 0.649 11 0.620 

   

t  

(h) 

[C] 

(mol kg-1) 

  

T=220C, [W]0=22.60 mol kg-1   

0.5 1.554   

1 0.958   

1.5 0.820   

2 0.741   

3 0.675   

5 0.597   

9 0.547   

11 0.556   

 

 

 


