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ABSTRACT: Curing kinetics and pot life are two vital characteristics for the application of poly(furfuryl alcohol) (PFA) resin because

of the complexities both in the resin composition and curing mechanisms involved. However, few reports have provided a complete

picture of PFA curing behavior. In this research, the effect of the addition of catalysts on the pot life and curing behavior of a PFA

resin were evaluated. A homologous series of dicarboxylic acids [i.e., oxalic acid (OX), succinic acid (SU), and adipic acid (SA)] were

used as the catalysts. Rheometric and nonisothermal differential scanning calorimetry (DSC) measurements and headspace gas chro-

matography/mass spectrometry analysis were carried out at 0, 6, and 24 h after the addition of the catalyst. The relaxation exponent

(n), gel stiffness (S), and gel strength (AF) of the prepared compositions were calculated with the Winter and Chambon and Gabriele

rheological models. Furthermore, the curing kinetics were evaluated by the fitting of nonisothermal, multiple-heating-rate models.

The DSC measurements showed a higher curing degree for samples containing OX catalyst compared to their counterparts containing

either SU or AD. The rheometric findings supported an increased stiffness, gel strength, and curing development of the resin in the

presence of OX compared to samples containing SU or AD. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44009.
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INTRODUCTION

Many research trials on polymer science and technology have

been based on petroleum-derived monomers and polymers.

Nevertheless, the continuous use of fossil raw materials in the

years ahead will result in a drastic depletion of these reserves.1

Furan (C4H4O) is the simplest oxygen-containing aromatic

hydrocarbon, and its derivatives, including furfural and furfuryl

alcohol (FA), are derived from the acid-catalyzed hydrolysis of

pentosan-rich biomass (e.g., bagasse, oat hulls, corn husks, rice,

and wheat straw) through dehydration and the cyclization of

the ensuing pentoses.2,3 Furfural, which is an aldehyde furan

derivative,3,4 is reduced to FA on a large scale.5,6 Hence, these

monomers which can be constantly regenerated by photosynthe-

sis are abundantly available for the production of furan mono-

mers resins. The fabrication of chemicals from such renewable

resources is now important to a sustainable economy. Moreover,

these materials can provide original polymer structures not

readily available from petroleum-based chemistry.4,5,7

Materials derived from FA have been used in a wide range

of industrial applications, most especially in the making of

foundry cores and molds, the formulation of anticorrosion

materials and intumescent coatings, the fabrication of graphitic

compositions after pyrolysis, and use as adhesives, and coat-

ings.8,9 This has turned FA and its related products into some

of the most important furanic materials available on the market.

Poly(furfuryl alcohol) (PFA) resins have found widespread com-

mercial applications where a high heat stability; acid, alkali, and

solvent resistance; and a low flammability (with low smoke

release) are needed at an affordable cost.7,9 Furthermore, PFA

resin is preferred over some other resins (e.g., phenol/formalde-

hyde resin) because of the toxicity of formaldehyde.10 Therefore,

studies of their pot life, curing kinetics, and kinetic parameters

are topics of great interest, and the optimization of the

manufacturing processes is of great importance.11 In some spe-

cific applications, a long pot life is needed to mix PFA resin

and acid catalysts to satisfy convenient handling and process-

ability parameters.12

The curing of PFA resins and their blends and composites has

been studied previously in the presence of several Brønsted acid

catalysts, including organic acids, such as p-toluene sulfonic

acid,2,13 oxalic acid (OX),14 maleic anhydride3,5,15; mineral acids,

such as phosphoric acid15 and sulfuric acid;16 and Lewis acids,

such as ferric chloride hexahydrate,15 TiCl4, SnCl4,7 and

ZnCl2;17 and iodine.14 The curing mechanism of FA in the pres-

ence of acid catalysts involves two steps:
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1. The condensation reaction of a methylol group with the C5

position of another furan ring, which causes dehydration.

2. The crosslinking of the linear oligomers, which leads to

black-colored networks.7,18,19

It has been demonstrated7,19 that the hydrogen atoms posi-

tioned on the methylene bridge between two furan rings play an

important role in the color formation and are responsible for

the crosslinking reaction with hydroxyl end groups of another

chain. The other suggested mechanism for PFA crosslinking is

the Diels–Alder cycloaddition between the furan rings (diene)

in oligomeric molecules and the conjugated dihydrofuranic

sequences (dienophile).7,18

Two major factors affecting the curing rate of PFA resins are the

type and concentration of acid catalyst used. The application of

a weak acid catalyst, such as acetic acid, leads to the incomplete

curing of the resin even at temperatures higher than 100 8C.

However, PFA usually reacts at a very high rate in the presence

of strong mineral or organic acids; this leads to instantaneous

curing reactions. In the presence of mild acids, such as maleic

anhydride or OX, resins are cured at lower rates.

The curing kinetics of PFA resin have been previously studied

in the presence of maleic anhydride5 or strong acid catalysts,

such as p-toluene sulfonic acid.2 So, in this study, the curing

kinetics and pot life of PFA resins catalyzed in the presence of a

homologous series of weak dicarboxylic acids differing in their

catalytic power were investigated. This study provided us with a

chance to modulate the extent and rate of resin curing reactions

intended for special applications where there is a need to pre-

vent premature curing during the fabrication process. The cur-

ing kinetics were determined with differential scanning

calorimetry (DSC) and frequency-sweep rheometry at 0, 6, and

24 h after the addition of the dicarboxylic acid catalysts, that is,

OX, succinic acid (SU), and adipic acid (AD). The results were

thereafter confirmed by the gas chromatography/mass spectrom-

etry (GC/MS) data of gaseous molecules evolving from the

PFA/OX mixture during curing.

EXPERIMENTAL

Materials

FA [molecular weight (MW) 5 98.10 g/mol, boiling point 5

170 8C], maleic anhydride (MW 5 98.06 g/mol, melting point

5 51–56 8C), OX (MW 5 90.03 g/mol, purity > 99%), SU

(MW 5 118.09 g/mol, purity > 99%), and AD (MW 5

146.1412 g/mol, purity >99%) were purchased from Merck

Chemical Co. (Darmstadt, Germany). The chemical structures

of the acid catalysts are illustrated in Figure 1. All other solvents

and reagents were analytical grade and were used as received.

Deionized water was prepared in house by reverse osmosis with

an AquaMAX Ultra water-purification system (Younglin, Ultra

370 Series, South Korea).

PFA Synthesis

The acid-catalyzed synthesis of the PFA resin was carried out in a

three-necked, round-bottomed reaction flask equipped with a

water-cooled reflux condenser, a thermometer, and a stirrer on

the basis of the procedure originally described by Schmitt9 and

Wewerka et al.20 To this end, maleic anhydride was totally dis-

solved in a definite volume of deionized water and mixed with

the FA aqueous solution at a FA/water/maleic anhydride weight

ratio of 112:40:0.2 under vigorous stirring. Thereafter, the flask

was heated to the FA–water azeotrope temperature (92 8C) in an

oil bath and held at the same temperature for 30 min. Thereafter,

the reaction mixture was cooled down to 50 8C by immersion of

the flask in an ice–water bath. The pH of the mixture was adjust-

ed to 7 through the addition of a few droplets of NaOH solution

(1.25 N). A saturated NaCl solution was used to break down the

resulting emulsion after neutralization. The aqueous phase was

separated, decanted, and disposed. Finally, the residual water was

removed from the polymer-rich phase via vacuum rotoevapora-

tion at 90 8C and 212.8 mbar. Table I summarizes some of the

important characteristics of the synthesized resins.

Characterization

The curing behavior of the PFA resin was studied with DSC on a

Mettler-Toledo DSC 1 instrument. Temperature and enthalpy cali-

brations were carried out with mercury, indium, tin, lead, and

zinc standards. A definite sample weight was placed into the

sealed aluminum pans. DSC measurements were performed under

a nitrogen atmosphere from 25 to 350 8C at heating rates of 5,

6.5, 8.5, and 10 8C/min. Isothermal DSC measurements were con-

ducted at a constant temperature of 100 8C for PFA resins con-

taining 1, 2, and 3 wt % OX to determine the optimal

concentration of the curing catalyst. These formulations were cod-

ed as PFA/1OX, PFA/2OX, and PFA/3OX, respectively. The curing

parameters of PFA/3OX were evaluated 0, 6, and 24 h after the

Figure 1. Chemical structures of (a) OX (pKa1 5 1.25, pKa2 5 4.14), (b) SU (pKa1 5 4.2, pKa2 5 5.6), and (c) AD (pKa1 5 4.43, pKa2 5 5.41).

Table I. Characteristic Properties of the Synthesized PFA Resin

h (Pa s) PDI Mw (g/mol) Mn (g/mol)

150 1.8 1064.6 579.57

Mw, weight-average molecular weight; Mn, number-average molecular
weight; PDI, polydispersity index.
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addition of OX to PFA with three model-free isoconversional

methods, that is, the Ozawa–Flynn–Wall (OFW), Kissinger–Aka-

hira–Sunose (KAS), and Vyazovkin (VA) methods. These models

have been previously validated in many cases to study the kinetics

of the curing reactions of different thermosetting resins.21–23

Oscillatory rheological measurements were carried out in

frequency-sweep mode with parallel-plate geometries (25-mm

diameter and 0.05-mm gap) with an MCR300 rheometer

(Anton Paar, Graz, Austria) operating under ambient conditions

for PFA resin samples containing 3 wt % acid catalyst 0, 6, and

24 h after the addition of the catalyst. The investigated formula-

tions are presented in Table II. The range of frequencies was set

from 0.01 to 1000 Hz at an oscillation amplitude of 1% strain.

The linear viscoelastic range of the material was previously

determined with the corresponding strain sweep tests.

The viscosity of the PFA/1OX, PFA/2OX, and PFA/3OX speci-

mens over time was measured with a Brookfield viscometer

(Selecta, VISCO STAR-R, Barcelona, Spain) at 25 8C.

Headspace gas chromatography separations were conducted

with a CP-3800 Varian GC/MS instrument (Agilent Technolo-

gies, Santa Clara, CA) equipped with a wall-coated open tubular

fused-silica capillary column (Varian, VF, 5-ms stationary phase,

30-m column length, 0.25-mm i.d., 0.39-mm o.d., 0.25-mm film

thickness) at a 1 mL/min helium flow rate. The samples were

heated to 180 8C; thereafter; the headspace gas phase was intro-

duced into the column at a 1:20 split ratio. The initial tempera-

ture of the column was set at 50 8C; the temperature was held

for 2 min, then increased at a rate of l0 8C/min to 250 8C, and

held for 10 min. Analyte species were detected with a Saturn

2200 Varian mass spectrometer (10–650 m/z).

Theoretical Calculations

DSC Models. The real rates of the reactions, for example, that

of the curing of thermoset resins, could not be directly inferred

from the thermal analysis data, but a lot of information on the

curing mechanism could be obtained by studying of the depen-

dence of the effective activation energy (Ea) on the degree of

conversion, or the degree of curing (a). Different models could

be fitted to the DSC data to determine the corresponding

dependency of Ea versus a. This demonstrated that the Ea ver-

sus a chart reflects the curing reaction kinetics.24 The noniso-

thermal kinetics of a model process; composed of consecutive

reactions, are discussed in this section.

The interpretation and inference of the chemical kinetics on the

basis of methods with a single heating rate have been shown to

have many shortcomings;25,26 therefore, isoconversional meth-

ods based on multiple heating rates (i.e., model-free kinetics

methods), for example, OFW,27,28 KAS,29,30 and VA methods,31

have been used more recently. In these methods, the curing rate

at a given a depends only on the temperature.32 The equations

governing the OFW and KAS methods are given in eq. (1) and

eq. (2), respectively:

log b5log
AEa

R

� �
2log½gðaÞ�22:31520:4567

Ea

RTa

(1)

ln
b

T 2
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5ln

AR

EagðaÞ

� �
2

Ea

RTa

(2)

gðaÞ5

ða
a0

1

f ðaÞ dx (3)

where Ta is the temperature for a certain a, b is the heating

rate, a0 is the initial degree of curing, and g(a) is a function of

a. The plotting logb versus 1/T at any a leads to 2(0.4567Ea/

R) for the slope of the line based on the OFW method. In the

KAS method, Ea of the reaction can be obtained from the slope

of the plot of b/Ta
2 versus 1/Ta.

VA31 developed an advanced model that performs integrations

over small conversion intervals (Da � 0.01). Then, for a set of

n experiments performed at different heating rates [Ti(t)], Ea is

determined at any particular a as the value that minimizes the

function given by eq. (5), that is, U(Ea). Systematic errors asso-

ciated with major integrations are minimized in this method31:

½Ea;TðtaÞ�5

ðta
ta2Da

exp
2Ea

RTðtÞ

� �
(4)

UðEaÞ5
Xn

i51

Xn

j=21

J ½Ea;TiðtaÞ�
J ½Ea;TjðtaÞ�

(5)

Rheology Models. The simple power law model can be used to

describe the rheological behavior of gels through the determina-

tion of the critical gel parameters, where the dynamic moduli

are related as follows:33,34

G0ðxÞ5 Spxn

2CðnÞsin pn
2

� � (6)

G00ðxÞ5 Spxn

2CðnÞcos pn
2

� � (7)

where S is the gel strength or stiffness parameter, which depends

on the crosslinking density and chain flexibility of the parent

chains; C(n) is the gamma function; and n is the relaxation

exponent. When n is 1, the material is purely viscous, and when

n is 0, the material is purely elastic. Chambon and Winter34

assumed that the case when n is 0.5 could be considered an ide-

al gel.

Weak gels behave like three-dimensional networks with limited

flowability and a finite relaxation time.35 Gabriele et al.36

Table II. Formulations and Sample Coding for the Rheological and DSC

Measurements

Acid
catalyst

Time after mixing (h)

0 6 24

OX PFA/OX0 PFA/OX6 PFA/OX24

SU PFA/SU0 PFA/SU6 PFA/SU24

AD PFA/AD0 PFA/AD6 PFA/AD24

PFA stands for the PFA resin. The digit number shows the time interval
(hours) after the catalyst addition.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. , DOI: 10.1002/APP.4400944009 (3 of 11)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


proposed a model describing weak gels, suggesting that the gel

structure corresponds to a cooperative arrangement of flow

units forming interacting strands. In this model, during dynam-

ic oscillatory experiments, the coordination parameter (z) is the

number of rheological units interacting with each other in a

three-dimensional structure, whereas gel strands may be consid-

ered a combination of flow units. The complex modulus (G*) is

described by the following equation:

G�ðxÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G0ðxÞ21G00ðxÞ2

q
5AFx1=z (8)

where AF is the gel strength or the strength of the interactions

between the flow units. This equation provides useful informa-

tion about the rheological structure of a three-dimensional net-

work where flow units are linked by more or less strong

interactions. When the loss modulus (G00) is small [G00�

Storage modulus (G0)], G* � G0, the model can be expressed as

follows:

G 0ðxÞ5 AFx1=z (9)

RESULTS AND DISCUSSION

DSC Measurements

To optimize the OX catalyst concentration for the curing of the

PFA resin, isothermal DSC measurements were carried out at

100 8C on PFA/1OX, PFA/2OX, and PFA/3OX samples (Figure

2). The results demonstrate a higher enthalpy for the curing

reaction in PFA/3OX (130.78 J/g) than in PFA/2OX (59.05 J/g)

or PFA/1OX (17.05 J/g) OX. Hence, PFA/3OX samples were

used for the nonisothermal DSC studies.

The characterization of the curing process for the PFA resin

was carried out with nonisothermal DSC analyses at 0, 6, and

24 h after the addition of a corresponding acid catalysts to the

resin; their related DSC thermograms are illustrated in Figures

3–5. Tables III and IV present the heat released during the

nonisothermal curing of PFA. The DSC results for the PFA/SU

and PFA/AD mixtures showed slight peaks at different heating

rates and time intervals (Figures 3 and 4). The range of curing

temperatures is presented in Table III. According to the results

(Table III), less heat was released from the PFA/SU and PFA/

AD mixtures because SU (pKa1 5 4.2, pKa2 5 5.6) and AD

(pKa 1 5 4.43, pKa 2 5 5.41) were weak acids compared to

OX. Nevertheless, as the SU dissociation was greater than that

of AD, the heat released from the PFA/SU mixtures was greater

than that released from the PFA/AD mixture at any time point

during the reaction. Moreover, the heat released from these

samples increased with passing time from 0 to 24 h. Because

of their lower dissociation constants and acidity, we supposed

Figure 2. DSC thermograms of the heat release during the isothermal cur-

ing of PFA/1OX, PFA/2OX, and PFA/3OX at 100 8C.

Figure 3. DSC thermograms of PFA resins containing 3 wt % AD (PFA/

AD0, PFA/AD6, and PFA/AD24) at different heating rates: (a) 5 and (b)

10 8C/min. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. DSC thermograms of PFA resins containing 3 wt % SU (PFA/

SU0, PFA/SU6, and PFA/SU24) at different heating rates: (a) 5 and (b) 10

8C/min. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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that the ionization, catalytic activity, and miscibility of SU and

AD was inherently limited in the resin matrix. Nevertheless,

these characteristics were improved with passing time from the

starting point of mixing. The rheology results confirmed these

postulates because the viscosity of the systems is reduced as a

function of the reaction time. This phenomenon was attribut-

ed to the plasticizing effects exerted by SU and AD curing

agents.

Nonisothermal DSC results for PFA/OX mixtures showed two

peaks at time 0, and the intensity of the peaks increased as a

function of time (Figure 5). The peak temperatures are shown

in Table IV. Milkovic et al.37 also observed two peaks for the

curing of FA catalyzed with p-toluene sulfonic acid. These two

stages were attributed to the extension of the polymerization

reaction and were followed by a distinct step of crosslinking.

The condensation and crosslinking reactions of FA and FA with

tris(Z-hydroxyethyl)isocyanurate were previously described by

Xue-Si et al.38 They observed four exothermic peaks in DSC

thermograms during the thermal condensation of FA and FA

with tris(Z-hydroxyethyl)isocyanurate in the presence of sulfuric

acid. They suggested that these peaks, including I, II (50–80

8C), III (110–130 8C), and IV (150–190 8C), were related to the

linear polycondensation of FA via head-to-tail condensation,

head-to-head etherification, a crosslinking dehydration reaction

between the methylene group and terminal hydroxyl group of

FA polymeric chains, and a further crosslinking reaction at a

higher temperature, respectively. In this study, FA was already

polymerized to PFA; thus, there was more possibility for cross-

linking in comparison to in the partial polymerization of the

resin during DSC experiments. Moreover, the acid catalyst used

for PFA curing, that is, OX (pKa 1 5 1.25, pKa 2 5 4.14), is a

weak acid compared to p-toluene sulfonic acid and so on. So,

the curing reaction of the resin in the presence of OX shifted to

higher temperatures, about 100–200 8C, where low-molecular-

weight components may have evaporated. Thus, with increasing

temperature in the mixture, two processes occurred, that is, res-

in curing, which was an exothermic reaction, and the evapora-

tion of low-molecular-weight components and water (as a

condensation reaction byproduct), which was an endothermic

reaction. The existence of the two exothermic and endothermic

reactions proved the appearance of more than one peak in the

DSC thermograms.

The heat flow data were processed to obtain the fractional con-

version (a) and the rate of reaction (da/dt) under the

Figure 5. DSC thermograms of PFA containing 3 wt % OX (PFA/OX0,

PFA/OX6, and PFA/OX24) at different heating rates: (a) 5, (b) 6.5, (c)

8.5, and (d) 10 8C/min. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table III. Heat of Polymerization (J/g) and Curing Temperatures of PFA Resins Containing 3 wt % SU and AD at Different Heating Rates and Times

Tonset 2 Tendset (8C) Heating rate

10 8C/min 5 8C/min 10 8C/min 5 8C/min Formulation

160.34–253.9 191.08–254.19 4.09 8.085 PFA/SU0

147.87–263.4 195.11–254.37 5.4 18.48 PFA/SU6

144.24–262.17 185.51–254.84 5.84 24.774 PFA/SU24

133.13–163.53 151.85–209.97 0.96 3.69 PFA/AD0

127.69–162.64 161.23–181.42 1.44 9.52 PFA/AD6

— 156.58–168.66 0.594 PFA/AD24
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assumption that the heat flow was proportional to the reaction

rate. For an exothermic reaction, eq. (10) was applied:

dH

dt
� 2

da

dt
(10)

The partial conversion was calculated by the residual curing

enthalpy obtained from dynamic DSC scans according to Hardis

et al.39 with the application of eq. (11):

a5
DHT 2DHR

DHT

5
DH

DHT

(11)

where DHR is the residual reaction heat of a sample partially

cured for a specific time at 25 8C as measured by a dynamic

DSC scan and DHT is the total heat of the reaction evolving in

a dynamic DSC scan directly after the mixing of the compo-

nents (t 5 0). The partial conversion results for PFA containing

OX are presented in Table IV. Because of the higher amount of

heat released for PFA/OX24 compared with PFA/OX0, the par-

tial a for PFA/OX24 could not be calculated.

The results of the curing degree for PFA/OX6 (partial conver-

sion) with the application of eq. (11) are also presented in Table

IV. We expected that there would be an increase in a with

increasing reaction time; thus, the calculated curing enthalpy

from the DSC measurements had to be reduced. The curing

enthalpy decreased from 0 to 6 h and then increased to 24 h.

We assumed that the enthalpy would decrease after 6 h because

of the partial curing of the resin, but the increase between 6

and 24 h due to the corresponding increase in the viscosity of

the mixture was supported by our laboratory observations. In

other words, gelation occurred during this period of time, and

consequently, the mobility of high-molecular-weight chains

became limited. In this situation, the motions of the low-

molecular-weight chains were not affected. Thus, with increas-

ing time from 6 to 24 h, the amount of low-molecular-weight

chains decreased, and with increasing temperature in the DSC

measurements performed at 24 h, the amount of endothermic

evaporation decreased. So, the total heat released from this sam-

ple was increased.

According to the results, no considerable curing occurred at

ambient conditions when weak dicarboxylic acids such as OX

(in contrast to their strong counterparts, e.g., p-toluene sulfonic

acid) were used as curing agents; this provided more time for

the operator to fabricate bulky parts, for example, by making

thermosetting composite materials by hand layup.

The DSC data were used to evaluate the dependence between

the apparent Ea and a (Ea–a), as illustrated in Figures 6 and 7.

On the basis of this dependence, we concluded that the acid-

catalyzed curing of PFA followed a multistep kinetics pattern

expressed by variations observed in the Eas at different degrees

of curing. The results obtained from eqs. (1) and (2) were simi-

lar to those illustrated in Figure 6.

For the PFA/OX0 compositions, at the beginning of the reac-

tion, where a < 0.05, a slight increase in the Ea values from 67

to 119 kJ/mol was observed; this was attributed to the forma-

tion of the active species in the early stage of the condensation

reaction and the accumulation of reaction intermediates. WithT
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further development of the curing process, the intermediates

were consumed, and the accumulation of these intermediates

stopped.24 Guigo et al.5 also reported the same behavior in the

study of FA monomer curing, whereas Dom�ınguez et al.2

reported it for PFA curing catalyzed with p-toluene sulfonic

acid. Because PFA/OX6 and PFA/OX24 had adequate time for

the formation of the carbenium active center, their initial Ea

was low in comparison to that of the PFA/OX0 samples. After

this stage, until a was 0.65, the Ea values were about 30 kJ/mol

and quasi-constant; this suggested the domination of a single

reaction in this range of as.24,40

For 0.65 < a < 0.76, Ea increased to 80 kJ/mol; this represented

a change in the reaction mechanism. The observed increase in

Ea could have been due to the contribution of further crosslink-

ing reactions.

For the PFA/OX6 composition, a constant Ea in the range of 18

kJ/mol was obtained (Figure 6) until a was 0.64; this indicated

that the process could be approximated as a single reaction.2,24

We assumed that the predominant reaction in this stage was a

polycondensation reaction between PFA chains. As shown in

Figure 6, for all formulations, Ea started to decrease at the final

stage (a > 0.8 for PFA/OX0 and OX24, a > 0.96 for PFA/

OX6). In the late curing stage and in the glassy state, chains

with higher molecular weights became frozen in their positions;

this resulted in a cessation of the reaction, and the mobility of

the polymer chains was severely limited. Thus, the rate of the

curing reaction was controlled by the diffusion of unreacted,

residual functional groups and small chains and molecules pre-

sent in the system. The diffusion control process resulted in a

decrease in Ea.2,41 In other words, vitrification caused a

dramatic reduction in the molecular mobility, and this led to a

reduction in Ea at high degrees of curing.5

For PFA/OX24 at a < 0.2, Ea was higher than what was calcu-

lated for PFA/OX6 because of the higher viscosity of the resin

and limitations occurring in the mobility of the polymer chains

compared to the PFA/OX6 samples. For PFA/OX24, an increase

in Ea due to the crosslinking reaction started at a > 0.49; this

occurred earlier than the increases for PFA/OX0 and PFA/OX6

and indicated the progression of the curing reaction for the

PFA/OX24 samples at ambient temperature for a duration of 24

h. Moreover, because of the reduction of low-molecular-weight

components in the same formulation, a dramatic reduction in

Ea was not observed in the diffusion-controlled stage (a > 0.9).

However, the PFA/OX0 and PFA/OX6 compositions exhibited a

sharp reduction in Ea at a > 0.9. and the VA model for PFA/

OX6 (Figure 7) was in line with the OFW and KAS models, but

the model could not anticipate the PFA/OX0 and PFA/OX24

behavior. In this method, for PFA/OX0 and PFA/OX24, the

amount of Ea in some curing degrees gave a negative value,

which was not true as Ea.

Rotational Viscometry

The viscosity of PFA/3OX increased after about 330–340 min;

this time period was considered the gelation time (tgel; Figure

8). These results confirmed our suggestion about the DSC data

after 6 and 24 h. As expected, the gelation time for the two oth-

er systems (PFA/1OX and PFA/2OX) increased to about 440

and 1100 min, respectively, because of the reduction in the OX

concentration (COX). These results are presented in Table V and

fit the exponential decay first-order model in the following

equation:

tgel ¼ 792 3 expð2COX=0:56Þ 1 308 ðR2 ¼ 1Þ (12)

GC/MS Analysis

GC/MS analysis was also performed to confirm DSC findings.

The dimer/monomer and trimer/monomer ratios were calculat-

ed from GC/MS spectra of PFA/OX0, PFA/OX6, and PFA/OX24,

as shown in Table VI. The level of dimer/monomer values

increased significantly with increasing time from 0 to 6 h. The

amount of dimer increased with increasing extent of the reac-

tion of monomers to their higher counterparts, including

dimers. Thus, the amount of monomer was significantly

reduced after 6 h, and the dimer/monomer ratio for the PFA/

Figure 6. (a) OFW and (b) KAS Eas as a function of a for PFA/0OX,

PFA/OX6, and PFA/OX24.

Figure 7. VA Ea as a function of a for PFA/OX6. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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OX24 samples was reduced to 5.963, whereas change in the tri-

mer/monomer was not comparable. These results confirm that

with increasing time after the addition of a catalyst up to 24 h,

the viscosity of the resin increased because of the progression of

the curing system.

Frequency-Sweep Analysis

The rheological measurements were carried out to investigate

viscosity changes during the curing reactions of the resin. As

shown in Figures 9–11, the modulus and viscosity of the resin

significantly increased when the acid catalyst was added at a

time of 0 h. Nevertheless, these increases could not be attributed

to the curing of the resin in the presence of acids because AD

and SU were weak acids and could not induce curing at room

temperature. Thus, we assumed that the behavior was due to

the nondissolved and nonionized acids acting as filler particles

at this time. For these samples, G0 exhibited a plateau and

frequency-independent behavior; this indicated that the elastic

behavior of the suspensions was strengthened. Nobile and Rai-

mondo42 also observed this behavior for epoxy–amine resin/car-

bon nanofiber dispersions and attributed it to the

interconnected structures of the fillers.

At the beginning of the test run (t 5 0 h), the modulus and

viscosity values were almost similar for three systems, and with

a further increase in the time (t 5 6 h), the values for the PFA/

SU and PFA/AD systems decreased slightly compared with that

of the PFA/OX sample. A slight decrease in the modulus and

viscosity values was attributed to the dissolving and/or partial

ionization of the catalysts and the reduction of filler effects. The

rheological findings for the PFA/SU24 and PFA/AD24 samples

demonstrated significant decreases in the modulus and viscosity

values due to the increase in the miscibility of these acids with

the resin acting as a plasticizer, as previously mentioned. The

amount of this reduction was similar at 6 h because of the simi-

lar and lower acidity of the two acids. However, after 24 h, the

higher acidity constant for SU affected G0 and the viscosity

values for PFA/SU24 (573 Pa, 29,100 Pa s); this was higher than

that of PFA/AD24 (0.0467 Pa, 15 Pa s). According to the find-

ings shown in Figures 9 and 10, the effect of AD on the viscosi-

ty reduction was greater than the presence of SU; this indicated

a higher miscibility of AD with the resin in comparison to that

of the SU/resin compositions. This was due to the longer length

of the methyl backbone chain and the greater hydrophobicity of

AD compared to that of SU. This induced a greater interaction

Table V. Gel Time (Pot Life) for PFA/1OX, PFA/2OX, and PFA/3OX at

Ambient Temperature

Formulation PFA/3OX PFA/2OX PFA/1OX

Gel time (min) 330 440 1100

Figure 8. Relationship between viscosity and time for resins containing

PFA/1OX, PFA/2OX, and PFA/3OX at the ambient temperature.

Table VI. Evaporated Phase Component Obtained from GC/MS Results

Formulation Monomer

Component ratio

Dimer/
monomer

Dimer
(ether)/
monomer

Trimer/
monomer

PFA/OX0 1 4.358 2.562 1.784

PFA/OX6 1 27.3934 4.008 2.766

PFA/OX24 1 3.605 2.358 2.164

Figure 9. Frequency dependence of the (a) G0, (b) G00, and (c) complex

viscosity for PFA/AD0, PFA/AD6, and PFA/AD24.
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of AD with the hydrophobic PFA resin. Thus, the friction

between the resin chains and viscosity was reduced.

A neat PFA resin is not a completely Newtonian fluid, and its

viscosity is dependent on the frequency. Ibnyaich43 also

observed this behavior for FA resin. Shear thinning behavior, a

decrease in the viscosity with an increase in the shear rate/fre-

quency, was observed in all of the formulations except PFA/

AD24. In PFA/AD24, h* decreased sharply with a corresponding

increase in the frequency and reached a value equal to that of

the pure resin. This indicated Newtonian behavior for the com-

pound at a higher frequency and a fluid rather than filler domi-

nating fluid dynamics. The acidity of SU and AD is low, so the

curing resulting from them was not sensible compared to their

plasticizing effect.

Moreover, as illustrated in Figure 11, the values of the modulus

and viscosity for PFA/OX did not change (23,500 Pa, 1.30 3

106 Pa s). This behavior was expected because the acidity con-

stant of OX was higher than the values for SU and AD. On the

other hand, because of the higher polarity and hydrophilicity of

OX, its interaction and miscibility with the PFA resin were

lower than those for SU and AD with the resin. Thus, OX could

not act and could not be considered a plasticizer. As shown in

Figure 11, there was an apparent plateau of G0 versus the fre-

quency at the three time points studied here. This indicated a

pseudo-solidlike behavior of the formulation. PFA/AD0, PFA/

SU0, PFA/AD6, and PFA/SU6 in a relatively low-frequency

region (<200 s21) also exhibited the same behavior.

The crossing point of the G0 and G00 curves is a criteria for indi-

cating a change from viscous liquid to elastic solid behavior.44

For the neat PFA and PFA/AD24 samples in the low-frequency

region, G0 was lower than G00, whereas the increase in G0 with

increasing frequency was faster than that of G00; this led to the

crossing of G0 and G00 at a certain frequency (600 s21), after

which G0 became higher than G00. This indicated that the for-

mulations behaved as viscous liquids. In other formulations, G0

was higher than G00; this indicated that the materials were

elastic.

The results obtained by the fitting of the experimental results to

the Winter and Chambon and Gabriele models are presented in

Figure 10. Frequency dependence of the (a) G0, (b) G00, and (c) complex

viscosity for PFA/SU0, PFA/SU6, and PFA/SU24.

Figure 11. Frequency dependence of the (a) G0, (b) G00, and (c) complex

viscosity for PFA/OX0, PFA/OX6, and PFA/OX24.
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Tables VII and VIII, respectively. Both models were best fitted

for the formulations after 24 h. This suggested that the acid cat-

alysts at 0 and 6 h behaved like fillers, but after 24 h, gels were

formed.

A comparison between the numerical values reported in Tables

VII and VIII indicates a correlation between both parameters of

the two models. The exponent in the Winter and Chambon

model was the inverse of the coordination parameter in the

Gabriele et al. model, whereas the gel stiffness was similar to

the gel strength. Both series reflected analogous tendencies and

showed that the stiffness and solidlike behavior of the formula-

tion were enhanced with the acid strength.

The relaxation exponent for PFA/OX24 (n 5 0.63) was lower

than those of PFA/SU24 (n 5 1) and PFA/AD24 (n 5 1); this

indicated solidlike behavior of PFA/OX24 and liquidlike behav-

ior for the two later formulations. In addition, the relaxation

exponent increased with time for the PFA/AD24 formulation;

this reflected the plasticizing effect of AD on PFA with time

progression and an increase in the liquidlike behavior of the

formulation from 0 to 24 h.

The fitted equations (exponential decay, first order) for gel

strength and gel stiffness as a function of the number of methy-

lene groups of the acid catalysts could be expressed as follows:

S ¼ 1371:34 3 expð22C=0:317Þ 1 6:46 ðR2 ¼ 1Þ (13)

AF ¼ 1938:62 3 expð22C=0:318Þ 1 5:38 ðR2 ¼ 1Þ (14)

CONCLUSIONS

In this study, the pot life of an FA resin was determined in the

presence of three different homologous dicarboxylic acids, con-

sisting of OX, SU, and AD. The DSC results show that the

extent of curing in the presence of OX was higher than the

same specimens containing either SU or AD. DSC and

rheometry measurements also showed that no significant curing

reactions occurred in the presence of SU and AD. These acids

acted as plasticizers and reduced the modulus and viscosity val-

ues with increasing time from 0 to 24 h. GC/MS analysis of the

gas phase evolved from the heated resin containing OX at three

time points revealed that the low-molecular-weight components

were reduced at 24 h upon curing. Furthermore, the Ea profile

during curing was calculated with the model-free kinetics meth-

ods of KAS, OFW, and VA. The first two methods showed simi-

lar Ea profiles.

The rheological properties of the resin were modeled with the

Gabriele et al. and Winter models. The obtained models’

parameters were dependent on the type of acids and the time

after mixing. Both series reflected analogous tendencies and

showed that the stiffness and solidlike behavior of the formula-

tions was enhanced with acid strength.
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