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Abstract — In this study, the effect of formaldehyde to phenol (F/P) molar ratios, catalyst wt%, and reaction temper-
ature on the chemical structure was studied utilizing a two-level full factorial experimental design. The effect of three
variables on the chemical structure was analyzed by using three-way ANOVA of SPSS. Concentration of methyrol-sub-
stituted phenols after 300 min addition reaction increased with higher the F/P mole ratio, lower the reaction temperature
and lower the catalyst wt%. Resol catalysed by barium hydroxide showed higher addition of formaldehyde onto ortho
positions of phenolic rings. A simplified elementary reaction model for resole type phenolic resin formation which do
not consider the dissociation of phenolic compounds and the fraction of formaldehyde in the form of methylene glycol
was proposed and compared with Zavitsas’ type models. Elementary reaction model showed error of 2.79% compared to
the error of 3.27% in Zavitsas’ type models. It was thought that the elementary reaction model could be used to predict
the behavior of addition reaction in resol formation.

Key words: Resol Resin, Addition Reaction, Experimental Design, ANOVA, Reaction Model
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ollx= 2-HMP(2-methylolphenol), 4-HMP(4-methylolphenol), 2,6-DHMP
(2,6-dimethylolphenol), 2,4-DHMP(2,4-dimethyolphenol), THMP(2,4,6-
trimethylolphenol)7} S1t}. o]§1 A ES #249317] 913 HPLCE
AREBEIL QIAINE 2,4-DMPe} TMPZL 8abA] elHA] eh=the
o] QlTh7]. 2 ATl GCE o83l 16672] s &
25l o 2tk A A EH (two-level experimental designye =3
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Fig. 1. Mechanism of resol resin in addition reaction.
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Fig. 4. Total ion current chromatogram of hemiformal-containing resol:
1=phenol; 2=2-methylol phenol; 3=4-methylol phenol; 4=2-
hydroxybenzyl hemiformal; 5=4-hydroxybenzyl hemiformal;
6=2,6-dimethylolphenol; 7=2,4-dimethylphenol; 8=2-methylol-
hydroxybenzyl hemiformal; 9=2,4-dihydroxydiphenyl meth-
ane; 10=2,4,6-trimethylolphenol; 11=4,4-dihydroxy diphenyl
methane; 12=2,6-dimethylolhydroxybenzyl hemiformal; 13=3-
methylol-2,4-dihydroxydiphenyl methane; 14=3-methylol-2,4-
dihydroxydiphenyl methane & 3-methlol -4,4'-dihydroxy
diphenylmethane; 15=3,5-dimethylol -2,4'-dihydroxydiphenyl
methane 16=3,3',5-tri-methylol- 2,4'-dihydroxydiphenyl meth-
ane.
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Fig. 5. Classifications of the methyrol-substituted phenols.
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Table 1. The result of the GC analysis after the reaction of 10 min in the addition reaction

Unit: % of full mixture

Monomer (%)

PF resin Conversion of Phenol . . Methylol groups
(%) Mono Di Tri
Ortho Para Ortho/para
1 38 3.49 2.61 0.85 1.65 0.97 1.70
2 10 5.92 3.54 0.85 3.28 1.34 2.44
3 68 3.92 3.07 0.84 1.71 1.13 1.51
4 66 4.89 3.29 0.89 2.12 1.59 1.33
5 29 3.78 2.70 0.86 1.87 1.02 1.83
6 15 5.10 3.01 0.84 2.87 1.21 2.38
7 52 4.86 2.34 0.83 2.73 1.20 227
8 54 6.22 3.88 0.89 3.30 1.44 2.30
9 44 424 2.87 0.86 2.45 0.88 2.78
10 45 428 2.85 0.84 2.50 0.90 2.80
Dimer (%)
PF resin . . Methylene bridges
Mono Di Tri
Ortho-para Para-para O-P/P-P
1 1.70 0.91 0.86 3.90 0.43 9.14
2 1.88 0.84 0.83 4.03 0.44 9.11
3 1.77 0.84 0.83 3.88 0.44 8.90
4 1.89 0.94 0.93 420 0.47 8.92
5 1.69 1.11 0.83 4.04 0.42 9.65
6 1.79 0.85 0.83 3.93 0.43 9.18
7 1.72 0.83 0.83 3.81 0.42 9.03
8 2.07 0.95 0.83 431 0.48 9.02
9 1.79 0.91 0.83 391 0.45 9.01
10 1.80 0.92 0.84 4.02 0.43 8.77

Table 2. The result of the GC analysis after the reaction of 300 min in the addition reaction

Unit: % of full mixture

Monomer (%)
PF resin  Conversion of phenol . . Methylol groups
Mono Di Tri
Ortho Para Ortho/para
1 0.47 8.48 438 1.08 423 2.48 1.71
2 0.63 6.71 433 1.07 3.59 1.60 2.25
3 0.63 6.12 3.72 1.38 2.73 2.15 1.27
4 0.65 6.81 3.97 1.11 3.29 2.32 1.42
5 0.40 8.34 4.59 1.06 4.08 1.90 2.15
6 0.70 7.92 4.78 1.06 4.16 1.80 2.32
7 0.58 7.71 5.71 2.07 3.52 2.11 1.66
8 0.60 6.26 443 1.27 2.38 1.88 1.26
9 0.60 7.89 4.50 1.53 3.40 2.30 1.47
10 0.60 8.01 4.55 1.55 3.50 2.20 1.59
Dimer (%)
PF resin . X Methylene bridges
Mono Di Tri
Ortho-Para Para-Para O-P/P-P
1 2.29 1.04 0.85 4.54 0.61 7.49
2 2.25 1.32 1.05 4.98 0.61 8.13
3 1.76 0.94 0.85 3.95 0.45 8.69
4 2.47 2.18 1.24 6.12 0.77 7.95
5 2.87 1.23 0.97 5.34 0.69 7.76
6 271 1.31 1.07 541 0.64 8.51
7 2.66 1.51 1.24 543 0.81 6.71
8 2.51 1.69 1.49 5.82 0.72 8.13
9 2.46 1.47 1.27 5.42 0.74 8.13
10 2.49 1.50 1.29 541 0.71 7.33
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Table 3. F-test results and P level values after the reaction of 10min in the addition reaction

Conversion of Monomer
\
Item phenol Mono DI Tri Methylol groups
Ortho Para Ortho/para
F/P molar ratio 1223.5 473.1 4.0 .1 404.0 16.0 2025.0
F-test results Catalyst 23741.7 400.0 930.3 1.6 3.6 420.3 5523
Temperature 1928.7 5776.0 3906.3 5.1 1303.2 9923 8123
F/P molar ratio 018 .029 295 .844 0.032 156 .014
P level values  Catalyst .004 .032 .021 430 0.308 .031 .027
Temperature .014 .008 .010 .266 0.018 .020 022
Dimer
Item X X Methylene bridges
Mono Di Tri
Ortho-para Para-para O-P/P-P
F/P molar ratio 23 110.3 423 .1 .6 2.8
F-test results Catalyst 380.3 56.3 12.3 1.9 5.1 6.4
Temperature 1406.3 30.3 123 14.6 7.6 1.0
F/P molar ratio .037 .060 .097 778 .590 341
P level values  Catalyst .033 .084 177 403 266 240
Temperature .017 114 177 163 222 493

Table 4. F-test results and P level values after the reaction of 300 min in the addition reaction

c . ¢ Monomer
onversion o
Item phenol Mono Di Tri Methylol groups
Ortho Para Ortho/Para
F/P molar ratio 1944.0 773 967.2 420.3 23 338.6 9.5
F-testresults ~ Catalyst 14443.7 3594 6.3 1521.0 428.5 16.0 138.1
Temperature 53529.1 151.1 79.2 729.0 325 2.0 3.7
F/P molar ratio 014 .072 .020 .031 374 .035 200
P level values Catalyst .005 .034 242 .016 .031 156 .054
Temperature .003 .052 .071 .024 111 395 306
Dimer
Ttem . . Methylene bridges
Mono Di Tri
Ortho-para Para-para O-P/P-P
F/P molar ratio 1089.0 18.8 380.3 14520.3 441.0 5
F-testresults  Catalyst 144.0 560.1 484.0 2756.3 100.0 1
Temperature 36.0 880.1 5523 23562.3 81.0 1.7
F/P molar ratio .019 144 .033 .005 .030 .603
P level values  Catalyst .053 .027 .029 .012 .063 .840
Temperature .105 .021 027 .004 .070 419
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Table 5. Comparison of reaction rates of elementary reaction models with other models

Reaction Zavitsas model (Run-L) Elementary reaction model Higuchi model (Ida Poljans 40 °C) Elementary reaction model
K, 14.63x10* 8.31x10° 12.5x10° 4.25x107
k, 7.81x10 4.42x10° 11.2x10° 2.08x107
ks 13.5x10 7.06x10° 11.2x10° 1.44x107
k, 10.21x10* 6.65x10° 6.6x10°¢ 0.46x107
ks 13.45x104 9.08x10° 5.5x10°¢ 3.77x107
kg 21.34x10* 19.4x10° 43.9x10° 2.36x107
k, 8.43x10™ 13.39x10°¢ 11.8x10° 3.58x107

*Rate constant in L/mols
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Table 6. Comparison of relative errors for kinetic models

R SRR

309

Phenols Zavitsas model (S.Atthajariyakul) Elementary reaction model Higuchi model Elementary reaction model
2-HMP 2.96% 5.03% 3.23% 0.63%
4-HMP 1.86% 3.04% 3.47% 0.47%
2,4-DHMP 7.01% 6.53% 5.35% 3.02%
2,6-DHMP 1.67% 3.55% 1.02% 0.13%
THMP 2.19% 5.44% 3.87% 0.01%
Average error 3.14% 4.72% 3.39% 0.85%
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