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ABSTRACT: The biomass-derived polyesters poly(1,3-propylene

2,5-furandicarboxylate) (PPF), poly(1,3-propylene succinate)

(PPS) and poly(1,3-propylene 2,5-furandicarboxylate-co-1,3-pro-

pylene succinate) (PPFPS) have been synthesized via a two-

step process involving polycondensation and azeotropic distil-

lation. The kinetic parameters were obtained by fitting the

experimental data from a batch polymerization reactor to three

different kinetic models for polyesterification reactions. The

activation energies of the all monomer systems were obtained

by Arrhenius plots. Given the increasing availability of biomass-

derived monomers their use in renewable polyesters as substi-

tutes for fossil fuel derived chemicals becomes a distinct possi-

bility. The kinetic modeling of the uncatalyzed polyesterification

reactions will enable further integrative process simulation of

the studied bioderived polymers and provide a reference for

future practical study or industrial applications of catalyzed poly-

esterification reactions and other bioderived monomer systems.

VC 2016 The Authors. Journal of Polymer Science Part A: Poly-

mer Chemistry Published by Wiley Periodicals, Inc. J. Polym.

Sci., Part A: Polym. Chem. 2016, 54, 2876–2887

KEYWORDS: 2,5-furandicarboxylic acid; biomass-derived poly-
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INTRODUCTION The twentieth century industry was defined

by widespread production of fuels, polymers, pharmaceuti-

cals, solvents, fertilizers, and other commodities from tradi-

tional fossil reservoirs.1 One of the greatest challenges of the

twenty-first century is the development of bio-based proc-

esses and materials synthesized from renewable and sustain-

able resources. This is because of the rapid oil feedstock

depletion and the negative environmental consequences of

its use.2 The polymer industry is likely to require moving

toward more sustainable processes to lower its dependence

on petrochemical sources and, will benefit from complement-

ing or improving existing materials thanks to a range of new

bio-derived monomers. The wide variety of polyester appli-

cations, from packaging and textiles to healthcare appliances

and automotive, represent an exciting area for renewable

bio-derived feedstock to be considered.3 Polyesters are

mainly produced by the equilibrium condensation reaction

between a dicarboxylic acid and a diol; or alternatively, using

the methyl ester of the acid instead, releasing methanol as a

by-product. In particular, poly(ethylene terephthalate) (PET),

is synthesized in a two-step process, involving first the for-

mation of a precursor from dimethyl terephthalate and

ethylene glycol at high temperature followed by the polymer-

ization of the precursor.4 Commonly used monomers for pol-

yesters include terephthalic acid, isophthalic acid, maleic

anhydride, adipic acid, ethylene glycol, 1,4-butanediol, and

neopentyl glycol, among others. The emerging bioeconomy

and the development of improved routes to bioderived

chemicals from biomass, is offering the opportunity to

source several biobased diols and diacids as replacements to

the oil-derived ones, which are potential candidates for poly-

ester synthesis leading to the formation of new polymeric

materials. In particular, our group is focusing on the study of

carbohydrate-derived diols along with diacids such as suc-

cinic acid (SA) and 2,5-furandicarboxylic acid (FDCA).

1,3-Propanediol (PDO) is obtained in a two-step process:

yeast fermentation to glycerol followed by the bacterial

Additional Supporting Information may be found in the online version of this article.
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transformation to PDO.5 An improved one-step biological

production of PDO from a fermentable carbon source by a

single microorganism has been patented by Dupont and Tate

& Lyle BioProducts resulting in the commercial petroleum–

free biobased glycol SusterraTM.6 In the case of diacids, SA

has been widely reported for the synthesis of polyesters and

can be bioderived via fermentation under mild conditions,7

replacing the conventional synthesis via catalytic hydrogena-

tion of maleic acid. The bio-derived diacid monomer with

the most potential in the polymer market is FDCA, which is

a high value derivative from hydroxymethyl furfural, itself an

important chemical platform obtained from the dehydration

of C5 and C6 sugars.8 FDCA can be produced by the selective

oxidation of hydroxymethyl furfural (HMF) with a wide vari-

ety of heterogeneous catalysts.9–14 The production of FDCA

from the oxidation of HMF with a metal permanganate in an

alkaline media has also been patented by Canon.15 FDCA is

envisioned as a replacement for terephthalic acid in the syn-

thesis of PET and PBT (poly(butylene terephthalate)),16 and

has already been patented for the production of poly(ethylene

2,5-furandicarboxylate) (PEF) and poly(butylene 2,5-

furandicarboxylate) (PBF).17 Starting with the early work of

Moore,18 FDCA has been the subject of extensive research over

the last years with a drive to develop it as a green chemical

building block for polyesters.19–24 However, despite the current

growth of the research and applications of biomass derived

polyesters, both kinetic data and process modeling for the

polymerization of biosourced monomers are scarce. The foun-

dations of general step-growth polymerization kinetics were

firstly established by Flory25 and then extended by Szabo-

Rethy26 by considering the effect of the water released during

the polyesterification reaction. Several authors have proposed

kinetic and reactor models for well-established systems such

as PET,27–30 maleic anhydride and 1,2-propanediol31–33 or

using phthalic anhydride instead of the diacid.34,35 In the

1980s, a comprehensive review of general polyesterification

models and kinetic data was compiled by Fradet and Mar�echal

including kinetic expressions for both non-catalyzed and cata-

lyzed polyesterifications.36 It includes a great compendium of

solvents, monomers and reaction conditions, as well as the

main techniques utilized in polyesterification kinetic studies.

More recently, the integration of modeling step-growth poly-

merization and product design toward an optimized polymer

manufacturing process was reviewed by Seavey and Liu.37 For

bio-based monomers there are a number of studies covering

succinic acid with ethylene glycol, butanediol or hexanediol

and studies of FDCA with ethylene glycol and butanediol.

Bikiaris et al. performed the mathematical modeling of the

esterification of succinic acid polyesters.38 In another study,

they reported reference activation energies for poly(1,3-propyl-

ene succinate) with values of 52 kJ mol21 for the esterification

step and 68.3 kJ mol21 for the transesterification with k2 val-

ues of 26–47 3 1024 (kg/meq) h21 at 210–230 8C.39 Compa-

ratively the activation energy for poly(butylene succinate) was

reported by Park et al. as 149 kJ mol21 with Kapp 0.33–1.90 3

1022 (L2/mol2) min21 at 170–190 8C.40 Catalyzed reactions

have also been studied primarily with titanium (IV) tetrabut-

oxide as catalyst. Garin et al. looked at the kinetics of poly(-

butylene succinate) synthesis with and without catalyst.41

Hu reported the polycondensation kinetics of aliphatic-

aromatic copolyesters comprising succinic acid, terephthalic

acid, and 1,4-butanediol catalyzed by titanium butoxide.42

The pseudo first-order reaction polymerization of ethylene

glycol and 1,4-butanediol with FDCA was reported by J. Ma

et al.23 The activation energy for PEF is reported as 184.3

kJ mol21for the esterification step and 163.4 kJ mol21 for

the polycondensation step.43 In this work, we report the syn-

thesis of the following biomass derived polyesters: PPF

(poly(1,3-propylene 2,5-furandicarboxylate)), PPS (poly(1,3-

propylene succinate)) and PPFPS poly(1,3-propylene 2,5-

furandicarboxylate-co-1,3-propylene succinate)) and their

kinetic parameters obtained by fitting the experimental data

from a batch polymerization reactor to three different kinetic

mechanisms for polyesterification reactions. The effect of

temperature and molar ratio of reactants is also examined

and discussed. This modeling will enable further develop-

ment of polyesterification process simulation.

EXPERIMENTAL

Materials

2,5-Furandicarboxylic acid (FDCA, >98%) was purchased

from Manchester Organics Ltd. Succinic acid (SA, >99%), was

purchased from Sigma Aldrich. Renewably sourced 1,3-pro-

panediol SusterraTM was kindly provided by DuPont Tate &

Lyle BioProducts. All other chemicals were of analytical grade.

Synthesis of Biomass-Derived Polyesters

Polymerization reactions were performed in a five-neck

round-bottom flask (250 mL) or a single wall glass reactor

(500 mL) with a five-neck lid. The reactor was fitted with an

overhead stirrer, thermocouple, sampling port, a Raschig-ring

packed column and a distillation condenser (Fig. 2). Nitrogen

was bubbled continuously through a gas inlet to ensure the

removal of water and an inert system. The reactor was

heated with a heating mantle from ElectrothermalTM

(CMU0500/CE, 280 W) and the temperature was monitored

through a digital temperature controller (MC810B) coupled

to the mantle, Supporting Information Figure S1.

The synthesis was performed following a two-stage process:

esterification and polycondensation. First, the required

amounts of monomers were charged into the reactor: FDCA

(�30–160 g), SA (�30–100 g) and PDO (�80–160 g) prior

to heating and stirring. In the case of the copolyesters, FDCA

and the diol were mixed first and heated to 150 8C, followed

by the addition of succinic acid.

The reactor was then heated up to 210–230 8C according to

each particular reaction and continuously stirred at

350 rpm. The temperature at the condenser head remained

in the range of 95–100 8C while the reaction water was

monitored and driven off via the condenser. The esterifica-

tion reaction was completed after all the water had been

removed and the head temperature was back to ambient

temperature. The polycondensation reaction was continued

by azeotropic distillation adding 3 wt% xylene as azeotropic
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agent under atmospheric pressure for several hours to

increase the molecular weight and remove residual diol.

Upon addition of xylene a drop of temperature of up to 15

8C occurred and the mixture returned to the desired process

temperature within a few minutes. The polymerization was

monitored regularly by acid value determination as

described below. When an acid value below 10 mg KOH/g

polyester was reached, the reaction was cooled down. PPS,

PPFPS 15/85 and 30/70 polymers were obtained as yellow

to dark yellow liquids and PPFPS 50/50 to 85/15 and PPF

as light brown powders prior to purification, Supporting

Information Figure S2. Purification method is available in

Supporting Information.

A number of polymerizations were run in duplicates to

check the reproducibility of acid value data and variation of

kinetic parameters. Table of acid values and calculated

kinetic parameters for some of these duplicate runs can be

found in Supporting Information Tables S6 and S7.

Polyester Characterization

Acid Value Determination

The concentration of dicarboxylic acid (acid value, AV) was

determined by titration. A known amount of sample was dis-

solved in 50 mL of a 50:50 (v/v) solution of methanol and

xylene and titrated with potassium hydroxide (KOH) 0.1 M

using phenolphthalein as indicator (eq 1).

AV5
Titre volume mLð Þ3 56:13 0:1

Sample weight gð Þ
(1)

where 56.1 is the molecular weight of KOH (g/mol) and 0.1

is the molar concentration of KOH.

Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (1H NMR) measure-

ments were performed on a Brucker NMR spectrometer

(400 MHz). Deuterated chloroform (CDCl3) was used as sol-

vent for all samples.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) was carried out on an

Agilent 1260 Infinity with two Agilent ResiPore Organic 250

3 4.6 mm columns, a guard column and a refractive index

detector. The eluent was tetrahydrofuran (THF) at a flow

rate of 0.3 mL min21. Molecular weights were calculated

using a conventional calibration with Polystyrene standards.

Modeling and Parameter Optimization

The adjustable parameters of the model were estimated by

fitting the experimental acid conversion time data over the

entire conversion range under different reaction conditions.

The solutions for each model are based on sets of ordinary

differential equations (ODE) defined by the reaction rate

laws, following a Runge-Kutta method. The commercial soft-

ware MatlabTM was used for all simulations and parameter

optimization. The objective function is expressed as in eq 2:

Min
yp

Z5
X

Np

i51

Ci2CiðpÞ
� �

2

(2)

Where Z is the sum over all Np data points of the squared

difference between the model predictions Ci(p) and the mea-

surement Ci, and yp is the set of kinetic parameters to be

estimated, which refers to the kinetic rate constants and acti-

vation energies from the ODE system, which will be shown

in the next section.

Polyesterification Kinetic Simulation

Three different reaction models reported in the literature for

polyesterification were tested to simulate the biobased poly-

esters synthesized while enabling the calculation of reaction

parameters, such as kinetic coefficients and activation

energies.

Model 1: Flory-Derived Model

In this model, the overall kinetic rate of the uncatalysed pol-

ycondensation reaction can be estimated through the calcula-

tion of the concentration of the carboxylic groups present.

The model assumes that the overall rate coefficient k is inde-

pendent of the molecular size.44 Thus, the reaction rate is

defined as the decay of COOH groups concentration (C) with

respect to time:

r52
d C½ �

dt
(3)

In his studies, Flory determined that self-catalyzed polyester-

ification rate is second order for diacid and first-order for

diol.25 It is also considered that any water produced is

immediately removed and that reverse reaction of hydrolysis

is negligible. The reaction rate equation is therefore defined

by:

2
d C½ �

dt
5k C½ �2 OH½ � (4)

Where [OH] refers to the hydroxyl group concentration.

Assuming stoichiometric amounts of diol and diacid as well

as equal rate of consumption of hydroxyl and carboxylic acid

groups, the rate expression becomes:

2
d C½ �

dt
5k C½ �3 (5)

Integration of the differential equation leads to eq 6:

1

C½ �2
5

1

C½ �20
12kt (6)

The previous expression refers particularly to a third order

reaction. Studies following Flory have demonstrated that the

order of self-catalysed or uncatalysed polyesterification var-

ied during the polymerization with changed in the reaction

medium. Thus, we chose a general equation for a two mono-

mer system, considering equal reactivity of the reactants and

the nth reaction order, defined as follows:

ARTICLE WWW.POLYMERCHEMISTRY.ORG
JOURNAL OF

POLYMER SCIENCE

2878 JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2016, 54, 2876–2887



n21ð Þknt5
1

Cn21
2

1

Cn21
0

(7)

where C0 is the concentration of carboxylic groups at time

t5 0, C is the concentration of carboxylic group at time t

and k is the kinetic coefficient of the nth order reaction.

Instead of the concentration, Flory25 introduced the degree

of polycondensation (P), which is defined as eq 8:

P5
C02C

C0

(8)

Substituting this expression into eq 7 leads to:

n21ð Þknt5
1

ððC0 12Pð ÞÞn21
2

1

Cn21
0

(9)

Model 2: Non-Stoichiometric Balance of Reactants

In this model, deviation from stoichiometry of diol:diacid

ratio and changes in the mass of polymerization mixture

because of the loss of water are incorporated in the reaction

rate equation. Model 2 follows the rate equation reported by

Fradet and Mar�echal36 for self-catalyzed, non-equimolar pol-

yesterifications and is defined by eq 10:

dC

dt
52kCm C1b0

120:018C

120:018C0

� �� �n

(10)

Where k is the reaction rate coefficient, m is the reaction

order with respect to the acid, n is the reaction order with

respect to the diol, and b0 is the algebraic excess of the

hydroxyl group concentration at the beginning of the reac-

tion. The factor of 0.018 accounts for the water released, as

previously described in the Szabo-Rethy correction.26 Full

description of the development of the rate equation is avail-

able in Supporting Information, eqs S1–S9.

Model 3: Chen and Wu Model

In this Model Chen and Wu45 assumed that changes in the

dielectric constant of the polymerization medium during poly-

merization influenced the probability of ion-pair formation,

first step of the self-catalysed polyesterification mechanism,

Supporting Information Figure S4. The assumption is that the

probability of ion-pair formation goes up with decreasing

dielectric constant of the medium. They also assumed that all

water is not removed from the polyesterification medium and

that the hydrolysis of the ester should be taken into account.

The ordinary differential equation below (eq 11) was

reported by Nalampang,35 and improves upon the original

model published by Chen and Wu41 for the modeling of the

uncatalyzed reaction between maleic anhydride, phthalic

anhydride, and 2-methyl-1,3-propanediol:

dp

dt
5kKe0e

apCOOH2
O 12pð Þ2 r2pð Þ2kh H2O½ �p (11)

Where k is the polyesterification rate constant

(kg mol21 min21), kh is the rate constant for hydrolysis of

ester bonds (kg mol21 min21), Ke0 is the equilibrium ioniza-

tion constant at zero fractional conversion (p) (kg mol21),

and the term exp(ap) accounts for the increase in Ke0 with

the decrease of the electric constant with increasing p. The

term r refers to the mol ratio of diol to diacid at the begin-

ning of reaction, defined as [OH]o/[COOH]o. Nalampang et al.

chose to use a value for a of 0.61 for self-catalyzed polycon-

densations based on Chen and Wu’s work with fitted param-

eter a ranging from 0.23 to 0.61 depending on reaction

conditions. In the present work, this term will be fitted along

with the rate and equilibrium ionization coefficients.

RESULTS AND DISCUSSION

In the following sections we report a range of bioderived

polyesters synthesized at different temperatures and mono-

mer ratios, and their kinetic modeling calculated following

the three polyesterification models—Models 1, 2 and 3 as

described in the previous section.

Experimental Development

The reaction conditions for the synthesis of the biopolyesters

(PPF, PPS, and PPFPS) are summarized in Table 1 and their

structures in Figure 1. Successful polymerization and copoly-

merization of FDCA was obtained following some method

development. The process temperatures were chosen accord-

ing to our experience and published results on the process-

ing of FDCA polymerization; knowing that above 230 8C

gelation is promoted and Acid Value measurements are diffi-

cult and below 210 8C full dissolution of FDCA i.e. the clear

point, could not be reached.

Optimal diol:diacid ratio was determined through an itera-

tive process. Polymerizations were carried out at 220 8C

starting at a diol:diacid molar ratio of 5:1, going down to

3:1, 2:1, 1.8:1 and finally 1.6:1. At this ratio the clear point

could be reached in approximately 3 hours and the reaction

mixture was processable. This ratio is in agreement with the

results reported by Jiang et al.21 In polymerization attempts

with a diol:diacid molar ratio of 1.3:1, FDCA did not dissolve

and the reaction mixture was a white paste that would burn

under heating rather than polymerize.

TABLE 1 Reaction Conditions for Biomass Derived Polyester

Synthesis

Polyester

Temp.

(8C)

Molar Ratio

Diol:Diacid

FDCA

(% mol)

SA

(% mol)

PPS 210–230 1.1 0 100

PPFPS 15/85 210–230 1.5 15 85

PPFPS 30/70 210–230 1.5 30 70

PPFPS 50/50 210–230 1.5 50 50

PPFPS 70/30 210–230 1.5 70 30

PPFPS 85/15 210–230 1.5 85 15

PPF 210–230 1.6 100 0
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We also found that proper dispersing of the FDCA powder is

crucial to avoid the formation of hot spots. When all

reagents were added together, areas of high FDCA concentra-

tion would form in the early stages of the polymerization at

the bottom of the reactor where mixing was insufficient. We

found that a preliminary step of mechanical mixing of the

diol and 2,5-furandicarboxylic acid followed by heating

before the addition of succinic acid overcame the diffusion

limitation provoked by the poor solubility of FDCA. We

believe that this experimental procedure was determinant in

obtaining robust and reproducible polymerization data.

During these preliminary studies it was found that special

considerations did not need to be applied for the succinic

acid-rich systems. Tests showed that polymerization mixtures

were still processable with a diol to succinic acid ratio as

low as 1.1. Figure 3 shows PPS polymerizations carried out

with 1.1:1 and 2:1 diol:diacid molar ratios at 220 8C. The

polymerization with 2:1 ratio was as expected to be faster, in

agreement with Park et al. observations.45 Final acid conver-

sions reached were 96% and 97%. The ratio of 1.1:1 was

preferred as it promotes higher molecular weights. For the

polymerizations containing both FDCA and SA, optimal dio-

l:diacid ratio was chosen as 1.5:1 which allowed processabil-

ity of all systems.

It is worth mentioning that the reaction needs to be carefully

controlled and cannot be left for reaction times higher than

8 hours as some hot spots can appear and gelling can occur.

Acid value determination becomes impossible to perform as

samples are insoluble in the titration solvent.

Influence of Temperature and Composition on Rate

and Final Conversion

We first studied the synthesis of polyesters containing one of

the two diacids. In the case of PPF, both higher final conversion

and higher initial rates were achieved as the process tempera-

ture was increased, Figure 4. At 230 8C, the conversion reached

approximately 80% after the first hour of reaction, while it

took about 3 hours to achieve the same conversion at lower

temperatures. After 330 minutes of reaction, the conversion

reached 96% at 230 8C and 94% at 210 8C.

Interestingly, the PPS polyesters exhibited an almost oppo-

site response to temperature compared to their furan coun-

terparts, as displayed in Figure 4. The highest conversions,

98 and 97%, were achieved at 210 8C and 220 8C, with no

significant difference in the kinetic plots between the two

process temperatures. At 230 8C the rate of reaction was sig-

nificantly lower and the final conversion reached was only

94%. We believe that these drops in rate and conversion

observed at 230 8C could be attributed to the proximity of

the boiling point of succinic acid at 235 8C creating a compe-

tition between reaction and evaporation/refluxing. Indeed,

FIGURE 2 Diagram of semi batch reactor used for polymeriza-

tion reactions.

FIGURE 3 Conversion of COOH groups versus time for PPS

diol:diacid 1.1:1 and 2:1 at 220 8C and fitted parameters for

model 2. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

FIGURE 1 Chemical structures of the biomass derived polyest-

ers synthesized.
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some crystallization of succinic acid was observed on the

glass walls of the reactor supporting this hypothesis.

When comparing the polymerizations of both diacids, we

found that the polymerization of FDCA at 230 8C had a simi-

lar rate and final conversion to succinic acid polymerized at

210 or 220 8C. This demonstrates that FDCA requires more

energy than succinic acid to achieve similar results which

will be further discussed in the activation energy section.

While increasing temperature is beneficial for the polymer-

izations containing FDCA it can promote side reactions lead-

ing to colouring and appears detrimental to succinic acid

polymerization.

Polymerizations with compositions containing both bioder-

ived monomers, succinic acid and FDCA, were also studied.

The formation of polyesters was confirmed by 1H NMR and

GPC measurements. Figure 5 shows the 1H NMR spectra at

different time points for PPFPS 50/50 at 220 8C. At the clear

point (t5 0 h) and in the beginning of the polymerization,

when all monomers have been solubilized, peaks for the

unreacted 1,3-propanediol are distinguishable at chemical

shifts of 3.8 (CH2-OH) and 1.8 ppm (CH2-CH2OH). As the

synthesis progresses, unreacted 1,3-propanediol peaks

decrease and formation of single or dual-side reacted diols is

observed. The peak for the methylene protons on the central

carbon shifts depending on the number and type of ester

groups resulting in five visible peaks. The signals corre-

sponding to the protons adjacent to the succinic acid ester

and FDCA ester group (4.2 and 4.4 ppm, respectively)

become more intense by the end of the polyesterification, at

6 and 7 hours. The signals of the succinic acid and FDCA

protons correspond to the shifts at 2.6 and 7.2, respectively.

Figure 6 shows the GPC chromatograph for the syntheses at

220 8C. The multiple narrow peaks at high retention times are

indicative of the mainly oligomeric nature of polymer. The

molecular weight of the polyesters is low and depends on the

FDCA/SA composition with higher molecular weights as SA

content increases, except for PPFPS 50/50. The chromatograms

for PPS and PPFPS 50/50 present broader curves with lower

retention times corresponding to higher molecular weights.

Final molecular weights determined by GPC and theoretical

values calculated from conversion are provided in Support-

ing Information for PPS and all PPFPS copolymers, Support-

ing Information Table S8. Unfortunately PPF was not soluble

in THF and no molecular weight values are available. The

measured molecular weights were in good agreement with

predicted values for SA rich polymers, for PPFPS 30/70 at

220 8C 840 Da by GPC versus 740 Da in theory. We found

the molecular weights for FDCA rich polymers were higher

than expected, PPFPS 70/30 at 220 8C 1400 Da by GPC ver-

sus 840 Da in theory. As the excess diol is limiting the

molecular weight of the polymers higher molecular weight

values than expected would indicate that the polymerization

proceeded further in the polycondensation and excess diol

was removed.

FIGURE 5 1H NMR spectra of PPFPS 50/50 polymerization at

varying reaction times. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4 Conversion of COOH groups during the polymeriza-

tion of PPF and PPS at different temperatures fitted to Model 2.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 6 Gel permeation chromatography of polymers pre-

pared at 220 8C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figures 7 and 8 show the influence of temperature on con-

version plots for all PPFPS compositions. It was found that

for all copolyesters increasing process temperature resulted

in both an increase in the rate of polymerization and in the

final conversion, Figures 7 and 8. The extent to which the

change in temperature affected rate and final conversion was

not consistent through all compositions. For PPFPS 15/85

rates and final conversions at 220 and 230 8C are close,

Figure 7(A), while for PPFPS 70/30 the polymerizations at

210 and 220 8C have similar rates and the greatest change

occurs between 220 and 230 8C, Figure 8(A).

At 210 8C the final conversions of all the different acid ratios

polyesters are above 95% after 350 minutes, however, it is

expected that higher conversions could be achieved if the

reactions were allowed to proceed for longer times as the

trends suggest in Figure 9(A). At the process temperature of

210 8C, the final conversion was generally lower for poly-

mers containing the highest ratios of FDCA.

At 220 8C, Figure 9(B), conversion rates followed a trend

with the composition of the PPFPS systems with FDCA rich

systems having the lowest initial rate and succinic acid rich

one having the highest. The difference in final conversion is

less significant at 220 8C than at 210 8C and at 230 8C, all

copolyesters reached a conversion of around 99% before

350 min of reaction time, Figure 9(B,C).

At 230 8C, PPFPS 15/85 showed the slowest initial reaction

rate of the copolyesters, Figure 9(C). This is in agreement

with our prior observations in the synthesis of PPS, whereby

temperatures higher than 220 8C reduced the reaction rate.

The same effect seems apparent for the copolyester contain-

ing the highest relative ratio of succinic acid.

FIGURE 7 Conversion of COOH groups versus time at different

temperatures fitted to Model 2 for PPFPS (A) 15/85, (B) 30/70,

and (C) 50/50. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIGURE 8 Conversion of COOH groups versus time at different

temperatures fitted to Model 3 for PPFPS (A) 70/30 and (B) 85/15.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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All monomer compositions could be successfully polymerized

via the two-step polyesterification process at temperatures of

210 to 230 8C with final conversions for PPFPS polymers

between 95% and 99%.

Polyesterification Reaction Modeling

Three models were tested to fit the acid value data for the

polymerizations of 1,3-propanediol with FDCA, succinic acid,

and mixtures of both diacids. These models were chosen as

they represent a progression in the number of parameters

taken into account in the rate equations. Each model’s appli-

cation is limited because of assumptions made when defining

variables and key parameters. The main assumption made in

Model 1, stoichiometric amounts of diol to diacid, differ from

our own experimental conditions of 1.6:1 for PPF, 1.5:1 for

PPFPS and 1.1:1 for PPS. In Model 2, all water is considered

to be removed from the polymerization medium which is not

guaranteed in our system. Finally Model 3 takes into account

variations in the properties of the reaction medium and

potential ester hydrolysis due to leftover water.

All acid values, C and p values used in this study are avail-

able in Supporting Information Tables S1–S5 to allow for

direct comparison of our results with other monomer sys-

tems or when new models are developed. The best results of

the kinetic parameter optimization with the proposed mod-

els are summarized in Tables 2 and 3. The Z factor accounts

for the numerical value of the least squares minimization

objective function. A comparison of Z values allows for the

determination of best fit parameters as a lower Z value sug-

gests that the objective function has been better minimized.

As depicted in Table 1, various molar ratios of bio-derived

acids were used for the copolyesters synthesized. The experi-

mental data is satisfactorily fitted throughout all the reaction

time for all the molar ratios, up to high conversions. In gen-

eral, the simulation results suggest that the temperature

range between 210-230 8C is adequate for the polycondensa-

tion process.

Fitting issues were observed around p5 0.8 in a number of

polymerizations. This was particularly visible at 210 8C,

Figure 9(A), and is thought to be due to the experimental

set-up change from stage 1 to stage 2 which resulted in a

drop in the temperature of the system. Recovery to the

desired process temperature was much quicker at 220 8C

and 230 8C resulting in less obvious deviations of conversion

data points, Figure 9(B,C).

Although the deviation appears more pronounced at 210 8C,

Z values are not systematically higher at this temperature

and the fitting of the models is still considered satisfactory.

We found that Model 1 and Model 2 provided very similar

fits to the data with slightly lower Z values overall for Model

2, Table 2. Model 3 represented an improved fit in particular

at higher conversions for FDCA-rich systems, Figure 10.

Generally the reaction order in acid was found to be

between 1 and 2 which corresponds to other reported stud-

ies.34,36,46–48 Several studies suggested that the reaction

order for the diacid changes during polymerization and that

the overall order of reaction can be fractional as it is a com-

posite of multiple processes.48,49 The apparent orders of

reaction estimated with Models 1 and 2 were determined by

the best fit between the given rate equation and the experi-

mental data and differ from the theoretical or true values.

Experimental reaction order and stoichiometry do not repre-

sent the same concept. Molecularity refers to the reaction

FIGURE 9 Conversion of COOH groups versus time for all mono-

mer compositions fitted to Model 2 at (A) 210 8C, (B) 220 8C, and

(C) 230 8C. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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mechanism whereas reaction order pertains to an experi-

mental specific rate equation. The reaction order only coin-

cides with the molecularity for elementary reactions that

occur in the standard form, aA1 bB ! cC1 dD. Reaction

orders of 1–3 are only found for elementary reactions. With

models 1 and 2, the fractional orders are an indication of a

series of molecules interacting with active species in the

reaction media giving place to the formation of a system

with multiple reactions: esterification, polycondensation and

ester interchange reactions with the polymer but also with

end and bound segments.50,51 Approaches such as the transi-

tion state theory allow the theoretical determination of true

kinetic parameters of a series of elementary steps in particu-

lar reaction schemes through the formation of activated com-

plexes. However, the use of this computational chemistry

tool is beyond the scope of this study.

Parameter a takes into account the variation of the dielectric

constant of the reaction medium during polymerization. In

general, in polyesterification reactions the dielectric constant

of the reaction mixture decreases as conversion increases.

Chen and Wu reported values of a of 0.61, 0.40 and 0.23 for

the uncatalyzed adipic acid-ethylene glycol system at 180,

160 and 140 8C, respectively.45 Accordingly, parameter a was

also found to increase with increasing temperature but the

range of values observed was much greater in our case. As

the monomers, which provide the dielectric constant of the

medium, are consumed faster at higher temperatures, it is

expected a should follow a similar trend. Interestingly the

highest value for a for PPS was achieved at 210 8C (1.7),

whereas for PPF a higher value for a (2.4) was estimated for

the process at 230 8C.

Estimation of Activation Energy

The activation energy (Ea) was estimated for the polyesters

synthesized at the different process temperatures. The values

of the kinetic rate coefficients were plotted against 1/T

(Absolute temperature, K) to prepare an Arrhenius plot of ln

k vs 1/T. The activation energy was computed from the val-

ues of a gradient obtained by least square method and an

intercept. The Arrhenius equation explains the reaction rate

coefficient as a function of temperature, and it is defined as

in eq 12:52

k Tð Þ5Ae2Ea=RT (12)

Where A is the frequency factor, Ea is the activation energy

(J/mol), R is the universal gas constant (8.314 J/mol K) and

T is the absolute temperature (K). The Arrhenius plot of the

polyesterification rate constants of the different systems ana-

lyzed is displayed in Figure 11. Table 4 presents the

TABLE 2 Optimization of Kinetic Parameters with Proposed Models 1 and 2

Model 1 Model 2

Polyester T (8C)

k 3 102,

(kg/mol)n21min21 n Z 3 103
k 3 102,

(kg/mol)n21 min21 m n Z 3 103

PPS 1.1 210 2.6 2.0 43.0 2.1 1.2 2.0 12.0

220 1.8 1.8 9.7 1.8 1.0 2.0 5.9

230 1.8 1.5 2.2 2.0 0.86 2.0 1.8

PPFPS 15/85 210 3.0 1.4 0.5 2.5 1.1 2.0 0.3

220 4.0 1.4 1.6 4.0 1.16 2.0 1.3

230 4.8 1.4 0.6 4.5 1.2 2.0 0.8

PPFPS 30/70 210 3.0 1.2 20.0 2.5 0.93 2.0 1.4

220 4.0 1.6 0.3 3.5 1.3 2.0 2.0

230 7.9 1.7 1.7 7.5 1.5 2.0 1.5

PPFPS 50/50 210 4.0 1.9 1.8 2.4 1.7 2.0 1.5

220 4.1 1.5 2.4 3.4 1.2 2.0 1.7

230 7.2 1.5 2.5 3.0 1.2 2.0 1.8

PPFPS 70/30 210 4.4 1.8 4.1 3.6 1.5 2.0 3.3

220 4.9 1.7 0.4 4.1 1.47 2.0 0.2

230 7.3 1.0 0.3 6.6 1.4 2.0 2.7

PPFPS 85/15 210 3.0 1.7 3.7 2.4 1.3 2.0 2.7

220 4.3 1.7 0.6 3.6 1.4 2.0 0.3

230 6.1 1.6 1.9 5.3 1.28 2.0 1.8

PPF 210 3.1 1.6 0.8 2.5 1.3 2.0 0.6

220 3.4 1.5 0.3 3.0 1.3 2.0 0.3

230 10.0 1.9 0.6 8.0 1.7 2.0 0.7
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comparison between the activation energies obtained for the

various copolymer compositions.

In the case of PPF, the estimated Ea is 183.4 kJ/mol which is

in good agreement with the estimated value previously

reported, 184.3 kJ/mol, for the esterification of PEF synthe-

sis.43 The activation energy for PPS was estimated to be 44.7

kJ/mol. Bikiaris39 reported the activation energies of transes-

terification and esterification for PPS to be 68.3 and 52.0 kJ/

mol, respectively, with a diol:diacid molar ratio of 1.2 and

tetrabutoxytitanium as catalyst. Our value is again close to

that of the esterification step but the difference in Ea is

somewhat surprising considering that in our studies we did

not utilise a catalyst.

There are several parameters which could explain or contrib-

ute to the high Activation Energy observed for PPF compared

to PPS. It should be noted that if the rate limiting step of the

polyesterification was only dependent on the amount of pro-

tons in solution then FDCA should have a faster polymeriza-

tion than SA as pKa1 for FDCA is 2.6 while pKa1 for SA are

4.21. Under acidic conditions, nucleophilic acyl substitution

takes place through the protonation of the carbonyl group,

activating it for the substitution.53 In the case of FDCA, we

propose two processes which could lower the reactivity of

the carbonyl carbon. First electron donation of the oxygen of

the furan ring to the carbonyl carbon makes it less d1 which

could lead to reduced reactivity.54 Second the positive charge

of the protonated carbonyl group is delocalized through mes-

omeric structures which makes the carbonyl carbon less d1.

We propose a mechanism in Supporting Information Figure

S5 showing how the formation of these mesomeric

TABLE 3 Optimization of Kinetic Parameters with Model 3

Model 3

Polymer T (8C) kKe0 3 102 kh[H2O] 3�104 a

PPS 1.1 210 0.5 1.2 1.70

220 4.8 11.4 0.60

230 5.9 11.0 0.23

PPFPS 15/85 210 5.8 7.0 0.42

220 10.6 5.9 0.75

230 14.6 2.0 1.43

PPFPS 30/70 210 3.3 7.4 1.25

220 6.4 63.0 0.72

230 9.6 33.0 0.35

PPFPS 50/50 210 3.8 1.8 0.95

220 3.7 8.7 1.70

230 4.0 5.4 1.30

PPFPS 70/30 210 4.1 4.0 0.69

220 3.8 2.5 1.40

230 8.7 2.7 2.80

PPFPS 85/15 210 4.1 6.5 0.12

220 4.2 3.7 1.10

230 4.6 0.3 2.60

PPF 210 4.0 4.0 1.20

220 6.4 2.2 2.00

230 3.9 2.2 2.40

FIGURE 10 Conversion of COOH groups versus time for PPFPS

70/30 at 220 8C fitted with all three models. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]

FIGURE 11 Arrhenius Plot for biomass derived polyesters.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

TABLE 4 Estimated Activation Energies by Arrhenius Plots

Polyester

Activation Energy

(Ea, kJ mol21) R2

PPS 44.7 0.91

PPFPS 15/85 59.6 0.95

PPFPS 30/70 172.2 0.99

PPFPS 50/50 102.0 0.96

PPFPS 70/30 63.9 0.92

PPFPS 85/15 80.0 1.00

PPF 183.4 0.99
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structures would compete with the nucleophilic attack from

the alcohol on the carbonyl carbon slowing down what is

already the rate limiting step in the process. For succinic

acid, there are no mechanisms by which the carbonyl carbon

is made less reactive by reduction of the d1.

It should be noted that other factors may contribute to the

high activation energy for PPF. FDCA has a high dielectric

constant which can limit its solubility in the reaction

medium.55 As FDCA is only just solubilized in the reaction

medium under polymerization conditions, polymerization

mixtures containing FDCA have higher viscosities than those

with succinic acid only. Reduced diffusion of end groups

could lead to a reduction in rate. Finally, although a small

contributing factor, reverse polyesterification is greater for

stronger acids which would make the ester products from

FDCA more prone to hydrolysis than those of succinic acid.56

Our calculations indicate that the activation energies of the

FDCA polyesters are larger than their succinic acid counter-

parts for all the ratios explored.

CONCLUSIONS

Biomass-derived polyesters based on 1,3-propanediol, 2,5-

furandicarboxylic acid and succinic acid were successfully

synthesized at a range of temperatures and with a range of

compositions. To the best of our knowledge, this is the first

time that these kinetic models and the data obtained have

been presented for FDCA biobased polyesters. Moreover, sig-

nificant experimental and process findings were accom-

plished. It was found that a preliminary step of mechanical

mixing of the diol and 2,5-furandicarboxylic acid followed by

heating before the addition of succinic acid overcame the dif-

fusion limitation provoked by the poor solubility of FDCA.

GPC and 1H NMR confirmed the formation of polyesters. As

expected, the polymerization rate of FDCA polyesters and

copolyesters increased with temperature for most composi-

tions. However, we found the rate of polymerization of suc-

cinic acid decreased at 230 8C, which we attributed to

competition of monomer evaporation and polymerization. All

monomer compositions could be successfully polymerized

via the two-step polyesterification process at temperatures

210 to 230 8C with final conversions for PPFPS polymers

between 95% and 99%. All polymerizations were modeled

using three models with increasing complexity. Model 3 was

found to provide better fit for polymerizations with high

FDCA contents. Calculated kinetic parameters were in agree-

ment with reported values. Models 1-3 serve as a general

screening and will be used as initial estimates for further

process simulation work. This work represents a novel and

valuable industrial reference for a variety of biomass based

polyesterifications, providing practical and useful data in the

area of polymerization processing. The study of the influence

of molar ratio on the final polymer properties is currently

under way.
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