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Abstract

The curing kinetics of lignin—phenol-formaldehyde (LPF) and phenol-formaldehyde (PF) resol resins was studied by non-isothermal
differential scanning calorimetry (DSC) at different heating rates. The data were fitted by means of the Borchardt—Daniels, Ozawa and
Kissinger methods, which allow determining the kinetic parameters of both resins. The kinetic study has been realized to evaluate the effect of
methylolated ammonium lignin sulfonate in the curing process of the lignin—phenolic resins. The results showed a slightly higher activation
energy for LPF resin. Itis attributed to the presence of modified lignosulfonate in this case. The obtained data, similar in both resins, indicate
that the phenol can be replaced partially by a modified lignosulfonate in the phenolic resins.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction availability and price are better. Among the usual lignosul-
fonates, ammonium species has been reported to be the most
Phenolic resins are thermosetting polymers which are very adequate to formulate PF resii8s4]. The mean reasons are
important and widely used in many applications. One of following: the phenolic resins with incorporation of ammo-
the possible applications of phenol-formaldehyde (PF) resol nium lignosulfonates have better properties than the use of
resins is in the board productida,2]. These resins have calcium or sodium lignosulfonatgS]. Besides, ammonium
good properties, but they present a noticeable price. So thatignosulfonate is soluble in organic solvents, whereas the
way to reduce these prices is a partial replacement of phenolcalcium, magnesium and sodium salts are only soluble in
by fillers or extenders. A good candidate as phenol substitutewater. However, there are some authors that employ the cal-
is the lignin. This by-product of pulp industry is a renewable cium lignosulfonates owing to they are, in general, cheaper
polymer and has a polyphenolic structure very similar to that than the other$4,5].
of phenolic resin. Lignin has a low reactivity with respect to phenol because
In this field, the partial replacement of phenol by non- it has less reactive sites for reacting with the formaldehyde
modified lignin has been studied with different species of [6-8]. So that, it is needed to modify its structure to obtain
lignins: kraft, organosolv and lignosulfonates. Although the a polymer with more reactive functional groups. The lignin
lignosulfonates have low reactivity by their higher molecu- can be modified by different methods, such as: methylo-
lar weight in relation to Kraft and Organosolv lignins, their lation, phenolation, demethylatig®,10]. In this research,
lignosulfonate was modified by methylolation because of
the reaction is carried out in the same alkaline medium that
the formulation of resol resins. The works realized with
fax: +34-91-394-42-43. R . - :
E-mail addressfrsomo@quim.ucm.es (F. Rdduez). modified Ilgn_lns for the formulatlo_n of lignin—resol resins
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than that of resins synthetized with non-modified lignin in six equal shares at intervals of 15min. The reaction
[11,12]. In any case, the formulation of phenolic resins time was fixed in 5h. Finally, the resin was distilled in
is well known [12-16]. However, the curing kinetics of order to adjust both its water content and its viscosity. The
phenol-formaldehyde resins has been less studied. It isformaldehyde/phenol-modified lignosulfonate (F/PL) and
known that the properties of the cured resin depends on itssodium hydroxide/phenol-modified lignosulfonate (S/PL)
composition but, in addition, they are markedly dependent molar ratios were 2.6 and 0.6, respectively. The content of
on the extent of cure. It is important to study the cure pro- modified ammonium lignosulfonate was fixed in 35% (w/w).
cess of phenolic resins in order to obtain a better knowledge
of polymer for its final application. 2.2. DSC measurements
Differential scanning calorimetry (DSC) has been used
to analyze the cure process of these thermosetting poly- The calorimetric measurements of both resins (PF and
mers. This technique is a good tool to follow the poly- LPF) were performed on a Mettler Toledo DSC 821
mers curing kinetics because it not only isolates the calorimeter using pressure medium pans (ME-26929). The
temperature-dependent behavior for a given chemical pro-pans, with a volume of 12@l, can withstand vapor pres-
cess, besides it allows to determine the heat associated tgures up to 10 MPa. Since the difficulty to weight in all
the cure process as a function of temperafuig. cases the same amount of sample, the different thermo-
The methods used to study the cure kinetics can be clas-grams were normalized, by the calorimeter, at 1g. Later,
sified into mechanistic or phenomenological. Mechanistic the baseline “spline” was subtracted from the original ther-
models are made from the balance of chemical species in-mogram. Thus, it is possible to calculate the total and
volved in the chemical reaction. In most cases, it is difficult partial heats, the cure degree and the reaction rate of both
to derive a mechanistic model because the resin cure reactesins curing processes. The Borchardt—Daniels’ method
tion is very complex. Thus, phenomenological or empirical was applied with nine heating rates (2, 4, 6, 8, 10, 12,
models are preferred to study the cure kinefi]. 14, 16, and 20C min—1) in a scanning temperature range
The main empirical models to obtain kinetic information from 30 to 250°C. These runs were also employed for the
from DSC dynamic runs can be divided in three groups. The multi-heating rate methods of Ozawa and Kissinger.
first is highly attractive because with a single scan it gives
enough information to determine all kinetic parameters. The 2.3. Kinetic methods
second technique is based on the variation of the exotherm
peak temperature with heating rate, and the third method In general, the kinetic models of thermoset polymer are
requires, as the second one, at least three heating rates, angased on a single step kinefig). (1)that relates the curing
analyzes the influence of the temperature to reach a constangvolution (do/dt) at constant temperature with some function
conversion on the heating rate. of the reactants concentratidife), through a rate constant
The aim of the present work is to determine by DSC k. The rate equation can be expressed as follows:
the cure thermochemical parameters of lignin—phenol— o
formaldehyde (LPF) and commercial phenol—formaldehyde r = — = k(T) f(a) 1)
resins. The results of LPF resin curing process were com- 4
pared with those obtained with a commercial PF resin wherer is the reaction ratd,the time,« the degree of con-
(reference sample). This comparison is interesting to eval- version,k(T) the rate constant that depends on temperature
uate the possibility of the phenol partial replacement in according to Arrhenius law, anffe) is a function, which
the phenolic resins by a methylolated softwood ammonium depends on kinetic model applied.
lignosulfonate. The heat flow data calculated using the area under the
exotherm peak were utilized to obtain the degree of conver-
sion («) and the reaction rate (do/dt). The degree of conver-

2. Experimental sion can be written by the following expression:
AH,

2.1. Materials o= M (2)
AHp

Phenolic commercial resol resin tested was supplied from where (AH); is the heat released up to a titnand AHo is
Bakelite Ibérica (Spain). This product is obtained by the the total reaction heat associated with the cure process.
polymerization between phenol and formaldehyde in an  The kinetics of the curing process is proportional to the
alkaline medium. LPF resin was synthesized in laboratory measured heat flow and it can be described as:
with a methylolated softwood ammonium lignosulfonate. dH/dr

The methylolation conditions were reported in a previ- @ AHo

3
ous work[23]. First, methylolated lignosulfonate, phenol
and sodium hydroxide were dissolved in 60 ml of water where dH/dtis the peak height under the curve at tempera-
and heated to 8@C. Then, the formaldehyde was added tureT.
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The kinetic parameters of thermosetting polymers cure  70x10°
were calculated by Borchardt and Daniels metfid]. This 1 PFresin T hexo
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dynamic experiment by DSC. However, the results obtained 00.]
for the cure thermoset usually overestimate the value of the 7
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Other non-isothermal methods, more accurate to deter- Temperature (K)
mine the curing kinetic parameters, are carried out at dif-  1.0x10*
ferent heating rates. These methods start with the integral ;o5 LPFresin Tor rexo
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1.0x10 '
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Egs. (5) and (6jmay be combined and rearranged as:

E koE
logf=—2.315— 0.4567<R—Tp) + log (7>

—log F(a) (7)

whereF(«) is a constant function, described as:
ap

Fla) = —d
@=] @™

(8)
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Fig. 1. DSC thermograms of PF and LPF resol resins.

resins can be observed two peaks. The first appears at lower
temperature (d1) and itis the result of the free formaldehyde

in the resin, which can lead to a different product. The second
peak (T2) is due to condensation reactions among the phenol

Ozawa’s method is based on a linear relationship between, g the formaldehyde, and the methylolated lignosulfonate
the logarithm of the resin heating rate and the inverse of thej, the LPF casé4]. The peak temperatures of LPF resin are

peak temperature (Eq. (7)21]. Therefore, the curing acti-

vation energy can be determined from the resultant slope.

Kissinger suggests a similar method, which relates the log-
arithm of (8/ Tg) with the inverse of the peak temperature
[22], through the following expression:

()0 ()

The graphic representation Bfy. (9)allows to determine
both the activation energy and the pre-exponential factor of
curing kinetics.

E

RT, 9)

3. Results and discussion

The thermograms of the PF and LPF resins at different
heating rates are shownfig. 1. In the thermograms of both

lesser than that of PF resin (Table 1) and they might be a
consequence of peak broaden[Ag but this fact not imply

that the cure process of LPF resin can be faster than that of
the commercial PF resin.

In order to obtain the kinetic parameters, the data plotted
in the Fig. 1 have been treated by the methods described
above. Although the Borchardt—-Daniels’ method is based
on the performance of a single scan by DSC, in the present
work nine scans were performed at different heating rates.
Non-linear regression was used to fit experimental data to
the expression of the proposed modi2dl]. So that, it is
necessary to determine reaction rate, total heat, partial heats
and resin cure degree. In ti@ble 1are shown the data
of the reaction heats for the PF and LPF resins according
to vary the heating rate employed. The reaction exothermic
of the LPF systems seems to decrease with heating rate,
while that of the PF systems remains constant. This fact
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Table 1
Peaks temperatures and reaction heats of curing process of both resins at different heating rates
B (Kmin—1) LPF resin PF resin
Tp1 (K) Tp2 (K) AHg (3gY) AHg? (Imol?) Tp1 (K) Tp2 (K) AHp Jgt) AHg? (Jmol?)
2 395 - 108.4 3252 392.7 422.6 118.0 3540
4 401 419.6 113.6 3408 408 431 116.9 3507
6 411 427.2 83.6 2508 415.7 438.7 122.9 3687
8 413.4 430.2 84.4 2532 415.8 439.8 131.7 3951
10 417.3 433.6 81.1 2433 422 443 100.0 3000
12 420.6 439.5 63.4 1902 425.4 449.4 98.0 2940
14 422 440.6 64.7 1941 426.6 452.3 121.9 3657
16 427.8 442.2 76.7 2301 430.2 454.2 102.2 3066
20 431.3 445.3 52.0 1560 436 457 123.2 3696

@ Heat of polymerization per mole of formaldehyde group.

should be explained by the presence of lignosulphonate inrates was applied. This previous fit allowed calculating the
the LPF that makes it less homogeneous and reactive tharinitial values of Inky, E/R andn, which were employed to
commercial resin. Before non-linear fit, a multiple regression start the successive iterations associated to the non-linear
in each one of the obtained thermograms at different heatingfit.

Table 2
Kinetic parameters of PF and LPF resol resins cure determined by Borchardt—Daniels’ model application
B (Kmin—1) Parametefs LPF resin PF resin
Value £ standard error R? Value £ standard error R2
2 Inko 415+ 1.16 0.844 10.74t 1.64 0.919
E/R 6 000.21+ 420.67 8 681.01+ 614.55
n 0.32+ 0.04 1.17+ 0.05
4 Inko 16.08 + 1.27 0.938 17.6% 1.37 0.945
E/R 10 828.04+ 480.61 11 395.10+ 523.69
n 1.16 + 0.04 1.16 + 0.04
6 Inko 32.67+ 4.25 0.756 14.05t 1.02 0.933
E/R 17 444.02+ 1654.53 10 139.48+ 389.13
n 1.36+ 0.14 1.02+ 0.04
8 Inko 20.64+ 2.31 0.864 18.96t 1.87 0.853
E/R 12 614.31+ 901.21 12 014.44+ 713.81
n 0.98+ 0.06 1.04 + 0.08
10 Inko 19.53+ 1.59 0.926 16.07% 1.12 0.952
E/R 12 181.25+ 630.78 11 022.37+ 443.94
n 0.99+ 0.04 0.96 + 0.03
12 Inko 24.32+ 1.59 0.930 17.06t 1.01 0.952
E/R 14 045.77+ 627.20 11 344.52+ 400.44
n 1.02 £+ 0.05 0.98+ 0.03
14 Inko 25.15+ 3.34 0.828 17.66t 1.26 0.925
E/R 14 707.05+ 1355.78 11 454.45+ 499.29
n 0.96 + 0.07 1.02+ 0.04
16 Inko 34.83+ 4.83 0.728 25.34t 2.19 0.873
E/R 18 580.58+ 1938.06 14 932.94+ 889.72
n 1.23+ 0.19 1.17+ 0.07
20 Inko 4531+ 5.22 0.778 21.4% 1.78 0.867
E/R 23 087.78+ 2119.54 13 324.44+ 723.46
n 149+ 0.22 1.09+ 0.07
Average value Inko 24744+ 2.74 0.853 17.66t 1.47 0.913
E/R 14 343.00+ 1084.02 11 589.86+ 577.56
n 1.10+ 0.01 1.07 + 0.05

akyin s E/Rin K.
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The kinetic parameters (EK&p and n) calculated for the  probably interferes with the later stages of its cure. The
curing reactions of LPF and commercial PF resins from opposite caseg = 20 Kmin~2, is explained by the fast
Borchardt—Daniels’ method can be seenTeble 2. Data heating rate, which produces a resin partial ci2®,26].
from Table 2 show that the results with heating rates of This fact is evident because there is a diminution of the
2 and 20Kmim! are deviated with respect to the re- curing exotherm heat. So that, these runs were omitted
maining values. The behavior #& = 2Kmin~! is pro- to calculate average values of kinetic parameters of both
duced by the thermal decomposition of LPF resin, which resins.
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Fig. 2. Comparison among the experimental and the simulation data for LPF and PF resol resins.
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In the Fig. 2, where curing rate versus inverse tem- It is found that the activation energy determined by the
perature is represented, is compared the curing experi-Borchardt—Daniels’ method is higher than those calculated
mental data with the simulated values obtained from the by Ozawa and Kissinger's models. This overestimation of
Borchardt—Daniels’ model application. As can be seen, the activation energy is according to literatyfer] and it is due
predicted values are in good agreement with those obtainedto the simplicity of Borchardt—Daniels’ method, based on a
by DSC. The activation energy (E) of PF and LPF resins is single scan by DSC but it has as advantages its straightfor-
96.3 and 119.2kJ molf, respectively (Table 2). The data ward and rapid application to obtain a wide kinetic infor-
of the commercial resin have a better fit than that of the mation.
lignin—phenol-formaldehyde resin. Both resins have similar
reaction orders, which are in agreement with the values
reported by other authof27-29]. 4. Conclusions

While the Borchardt—Daniels’ method employs a sin-

gle run, Ozawa and Kissinger's model are not longer so.  The presence of methylolated ammonium lignosulfonates
These methods utilize simultaneously several heating ratesin the resol formulation gives rise to a diminution of its peak

[21,30]. The data of the heating rate)(And the peak  temperature, which does not obey to faster cure of these
temperature (J1) used in the linear fit of these models resins with respect to that of commercial PF resins. The peak
for lignin—phenolic resol and commercial phenolic resins temperature shiftin the LPF resin responds to its bigger wide
are shown in theTable 1. The activation energies ob- peak in relation to it observed in the PF resin thermograms.
tained in the Ozawa’'s method for both resins, LPF and = The kinetic parameters of LPF and PF resins have been
PF, are 77.7 and 77.1kJmd| respectively. These results determined and the lignosulfonate effect on the curing

are according to the literature on other polymers such process was analyzed by DSC technique. Although the
as epoxi, epoxi-amine and unsaturated polyester resinsgorchardt—Daniels’ method is the most rapid of the three

[31,32]. o o ~ methods studied because with a single run is feasible to
In the case of Kissinger's method, the activation energies calculate the kinetic parameters, the activation energy is
of LPF and PF resins are 74.8 and 74.2kJmpkespec-  gverestimated with respect to the energy (E) values estab-

tiVEly. The R? calculated is the same in both cases: 0.992. lished by Ozawa and Kissinger’s models, which are more
These results are also according to the literature concern-gccurate.
ing to the epoxi resing32]. Ozawa and Kissinger’s methods The use of Bochardt—Daniels’ method is justified when

give a similar activation energy for formulated and com- the reaction order and the pre-exponential factor (Ozawa
mercial resins. The deviation of activation energies betweenmethod does not allow obtainink) are required. The

both methods is lower than 4%. The error associated with Bochardt—Daniels’ method can be also justified when it is

these models depends on the selected baseline to calculatecessary to determine rapidly an approximated value of
the peak temperature. activation energy of resins curing process.

Atfirst the higher activation energy of the lignin—phenolic  |n any case, the obtained values for the activation energy
resol in the Borchardt-Daniels’ method could be explained and the reaction order of the curing process are similar in
by the lower reactivity of the methylolated lignosulfonate poth resins. It indicates the viability of the partial replace-
incorporated in its formulation compared with that of phe- ment of phenol by methylolated softwood ammonium lig-

nol. It is undeniable that the phenol structure presents morengsulfonate in the formulation of the resol phenolic resins.
reactive sites than the aromatic rings of modified lignosul-

fonate. Hence, the content of methylol groups cross-linked
should be larger in the phenolic resins. However, the reSUItSAcknowIedgements
obtained in the others methods are as similar that do not al-

low affirming this difference possible between the reactivity The authors are grateful to the “Ministerio de Ciencia y

of both resins. _ _ Tecnologda” for financial support (project PPQ2001-1999).
The three methods studied have the same disadvantage:

they give a single value of the activation energy for the
overall process, when in a complex system, as the phenolic
resins, this parameter changes with the curing time. As aReferences
result, the activation energy variations associated with their
complex kinetics could not be revealed by these methods. [1] T. Sellers Jr., Lignin-Adhesive Research for Wood Composites, For-
However, the Ozawa and Kissinger's methods are suitable  est and Wildlife Research Center, 1995.
to apply them in the thermosetting resins because of these [2] g- Qardzijzll?, '—-BA- F“atz%o:)n: A. Knop (Ed.), Phenolic Resins,
H H' H H ringer Verlag, oerlin, .
moqels are not affected §|gn|f|can'FIy by .the bage |InF.,‘.ShIft. 3] GF.)G. illan, J.Ag. Dalan, N.C. Foster, Am. Chem. Soc. (1989) Chapter
Besides, these methods include simplicity, applicability to 5

many types of reactions and relative insensitivity to solvent 4] p. weiling, Development de noeveaux adhesifs bases sur des derives
effects and secondary reactidi3s]. de la lignine, UMI Dissertation Services, 1994.



M.V. Alonso et al./ Thermochimica Acta 419 (2004) 161-167

[5] L.R. Calvé, J.A. Shields, L. Blanchette, J.M.J. Fréchet, Forest Prod.

J. 38 (5) (1988) 15.
[6] T.U.E. Enkvist, US Patent 3,864,291 (1975).
[7] P. Benar, A.R. Gongalves, D. Mandelli, U. Schuchardt, Biores. Tech-
nol. 68 (1999) 11.
[8] S.H. Lee, M. Yoshioka, N. Shiraishi, J. Appl. Polym. Sci. 77 (2000)
2901.
[9] A. Hayashi, Y. Namura, T. Uekita, Mokuzai Gakkaishi 13 (5) (1967)
194.
[10] A.L. Wooten, T. Sellers Jr., P.Md. Tahir, Forest Prod. J. 38 (6)
(1988) 45.

[11] G. Vazquez, J. Gonzdlez, S. Freire, G. Antorrena, Biores. Technol.

60 (1997) 191.

[12] B. Danielson, R. Simonson, J. Adhes. Sci. Technol. 12 (9) (1998)
923.

[13] A.J. Dolenko, M.R. Clarke, Forest Prod. J. 28 (8) (1978) 41.

[14] H.H. Nimz, in: A. Pizzi (Ed.), Wood Adhesives: Chemistry and
Technology, Marcel Dekker, New York, USA, 1983, p. 247.

[15] P.M. Cook, T. Sellers Jr., In: Lignin: properties and materials, Am.
Chem. Soc. Symp. 397 (1989) 324.

[16] J. Singh, J.S. Chawla, Res. Ind. 36 (3) (1991) 184.

167

[17] B.D. Park, B. Riedl, E.W. Hsu, J. Shields, Polymer 40 (1999) 1689.

[18] M.-K. Um, Comp. Sci. Technol. 62 (2002) 29.

[19] H.J. Borchardt, F. Daniels, J. Am. Chem. Soc. 79 (1956) 41.

[20] C.D. Doyle, Anal. Chem. 33 (1961) 77.

[21] T. Ozawa, Bull. Chem. Soc. Jpn. 38 (1) (1965) 1881.

[22] H.E. Kissinger, Anal. Chem. 29 (1957) 1702.

[23] M.V. Alonso, J.J. Rodguez, M. Oliet, F. Rodguez, J. Gaii@a, M.A.
Gilarranz, J. Appl. Polym. Sci. 82 (11) (2001) 2661.

[24] F.W. Marquadt, J. Soc. Ind. Appl. Math 2 (1963) 431.

[25] R.B. Prime, Polym. Eng. Sci. 13 (5) (1973) 365.

[26] S. Sourour, M.R. Kamal, Thermochim. Acta 14 (1-2,2) (1976) 41.

[27] A. Sebenik, I. VizoviSek, S. Lapanje, Eur. Polym. J. 10 (1974) 273.

[28] M. Kranjnc, J. Golob, J. Podrzaj, F. Barboric, Acta Chem. Scand.
47 (2000) 99.

[29] D. Rosu, F. Mustata, C.N. Cascaval, Thermochim. Acta 370 (2001)
105.

[30] T. Ozawa, J. Therm. Anal. 2 (3) (1970) 301.

[31] J.M. Kenny, G. Pisaniello, F. Farina, S. Puzziello, Thermochim. Acta
269-270 (1995) 201.

[32] F.Y.C. Boey, W. Qiang, Polymer 41 (6) (2000) 2081.

[33] A.A. Duswalt, Thermochim. Acta 8 (1-2) (1974) 57.



	Determination of curing kinetic parameters of lignin-phenol-formaldehyde resol resins by several dynamic differential scanning calorimetry methods
	Introduction
	Experimental
	Materials
	DSC measurements
	Kinetic methods

	Results and discussion
	Conclusions
	Acknowledgements
	References


