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ABSTRACT: The formaldehyde/phenol (F/P) ratios of
resol resins were successfully predicted by the recording of
infrared (IR) spectra of both calibration and analyzed resins
and by a multivariate analysis technique. In the creation of
applicable models, the best correlating IR spectral areas
were found between 1800 and 700 cm�1. The positive effects
of the increasing replicates and the omission of first-deriv-
ative preprocessing on model quality were proven by sys-
tematic testing. The characteristic statistical parameters were

acceptable when the resin was similar to the calibration
resins. Although the calibration samples had narrow F/P
molar ratios (2.00–2.40), or a particular urea content or al-
kalinity, the best calibration model could also successfully
predict the F/P molar ratios of resins with greater F/P
ratios, higher urea contents, and lower alkalinity. © 2003
Wiley Periodicals, Inc. J Appl Polym Sci 89: 3582–3586, 2003
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INTRODUCTION

Infrared (IR) spectroscopy is a useful method for analyz-
ing phenol–formaldehyde resol resins. Spectra can be
recorded economically and rapidly, and so an IR analy-
sis is worth studying along with statistical methods. The
multivariate analysis of near-infrared spectral data has
successfully been used, for example, to determine nitro-
gen, starch, and carbohydrate contents of pine needles1

and mixed oxygenate concentrations in gasoline.2 Mul-
tivariate analysis has also been used in Fourier transform
infrared (FTIR) spectroscopy of coals,3,4 wood lignins,5

crude oil resin fractions,6 and major components of
lignocellulose.7 Also, our previous comprehensive study
consisted of the IR analysis and chemometric quantita-
tive analysis of phenol–formaldehyde resins.8

The aim of this study was to develop a multivariate
method of determining formaldehyde/phenol (F/P)
molar ratios of phenol–formaldehyde resins rapidly
and accurately by IR spectroscopy during resin con-
densation or immediately after condensation. The
method could be used to control the F/P molar ratio of
a resin product as part of quality control.

EXPERIMENTAL

Resin synthesis

To create a model and to test its prediction ability, 13
phenol–formaldehyde resol resins (Table I) were pre-

pared by Dynoresin Oy (Bakelite Oy, Puhos, Finland)
and stored frozen at �18°C until the IR analysis. Res-
ins 1–7, with F/P molar ratios between 2.00 and 2.40,
were used as a calibration set. These F/P ratios were
calculated from the amounts of the starting reagents
formaldehyde and phenol. At the end of the conden-
sation reaction, 2.2 wt % extra urea was added to
resins 1–7 to control the viscosity. Various resins (8–
13) with special characteristics were used for predic-
tion.

IR equipment

IR spectra of the resins were measured with a
PerkinElmer System 2000 FTIR spectrometer
equipped with a Golden Gate Single Reflection Dia-
mond ATR P/N 10500 series sample device. This ac-
cessory could be used to record IR spectra for solids,
liquids, and films. The Golden Gate accessory used a 2
mm � 2 mm diamond, which was brazed into a
tungsten carbide disc.9 A sample, one drop of a well-
mixed liquid resin without any extra solvent or ma-
trix, was placed on the surface of the diamond.

The resolution of the IR spectra of both the calibration
and prediction resins was 2.00 cm�1. The number of
scans was 16; apodization was set to strong, and the
optical path difference velocity was set to 0.5 cm/s. All
spectra were recorded at room temperature within 30 s
so that the effect of evaporation would be avoided.

After the IR recording of each resin, the surface of the
diamond was carefully cleaned with methanol; this en-
sured the repeatability and reliability of the results with-
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out outliers. Such spectra should be high-quality and as
identical as possible from the same sample.

IR software

The software consisted of IR Data Manager Release 2
and a chemometric program called Quant� from
PerkinElmer. The IR data manager was used to acquire,
modify, and print spectra. The Quant� program, a
chemometric quantitative analysis software package
specially suited to a multicomponent spectroscopic anal-
ysis, changed the IR spectrum into data points and cal-
culated with statistical methods the correlations between
the IR spectrum and the original data set (i.e., the F/P
molar ratios calculated from the amounts of the starting
reagents formaldehyde and phenol). The calibration
spectra were treated as a matrix and subjected to prin-
cipal component analysis. Correlations were established
by multiple linear regression. The Quant� program cre-
ated a model that could be used for prediction.8,10 IR
spectra were processed in the absorbance mode in the
Quant� program.

RESULTS AND DISCUSSION

Models

The first three models, 1–3, were built to determine the
proper number of replicates needed to achieve the
optimum model (Table II). Each of the seven standard
resins, 1–7, were recorded with IR once (model 1),
twice (model 2), or three times (model 3). The stan-
dard error of estimate (SEE) gave an indication of the
quality of fit of the regression, and the standard error
of prediction (SEP) was the magnitude of the error
expected when independent samples were predicted
with the model.10 These standard errors decreased
with increasing replicates. An F value, being a mea-
sure of the signal to noise, and a variance, the propor-
tion of variability, should be as high as possible for a
good model.10 In this model optimization, all these
values were the highest in the case of three replicates.
Therefore, an increasing number of replicates was
found to improve the precision of the model. Because
small differences were found between the spectra of
consecutive runs of even the same resin sample, and
because the IR analysis was fast and quite economic,

TABLE I
Condensation Conditions and Properties of the Resins for Calibration and Prediction

Resin Special characteristic

F/P molar
ratio in

Synthesis
Viscosity
(mPas) Catalyst

Alkalinity
(wt %)

Urea
(wt %)

Solid
content
(wt %)

Free
formalin
(wt %)

For calibration
1 2.00 476 NaOH 6.40 2.2 46.8 0.01
2 2.10 530 NaOH 6.80 2.2 47.3 0.01
3 2.15 535 NaOH 6.20 2.2 47.0 0.02
4 2.20 462 NaOH 6.40 2.2 48.1 0.05
5 2.25 530 NaOH 6.40 2.2 49.1 0.11
6 2.30 486 NaOH 6.40 2.2 48.1 0.18
7 2.40 620 NaOH 6.45 2.2 49.8 0.47

For prediction
8 Similar to the calibration resin 2 2.10 500 NaOH 6.45 2.2 48.9 0.01
9 High urea content 2.10 308 NaOH 6.15 8.3 50.0 0.02

10 Low alkalinity 2.10 432 NaOH 5.50 2.2 47.4 0.05
11 Low solid content 2.10 428 NaOH 5.62 2.2 42.6 0.02
12 High F/P 3.33 32 NaOH 0.0 52.9 4.84
13 High F/P and the TEA catalyst 3.40 23 TEA 4.0 48.6 2.73

TABLE II
Effect of the Number of Replicates on Models for the Determination of F/P Molar Ratios

Model
Spectral area

(cm�1)
Number of
replicates SEE SEP F value

Variance
(%)

Number
of PCs

1 4000–600 1 0.044 0.053 50** 90.84 2
2 4000–600 2 0.037 0.044 141*** 92.13 1
3 4000–600 3 0.018 0.027 247*** 98.41 4

PC, principal component.
** p � 1%.
*** p � 0.1%.
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the best accuracy was worth achieving with at least
three replicates.

The IR signals could be assigned with the previous
results8 and literature.11–14 To obtain the most suitable
spectral area, we tested models 3–25 (Table III). The
favorable effect of the omitted OH IR area of 4000–
2900 cm�1 was found at lower SEE and SEP values
and at higher F and variance values. The unfavorable
effect of the area (4000–2900 cm�1) may be due to the
signals of water [�(OH) � 3500 cm�1], formic acid
[�(OH) � 3300–2500 cm�1], and urea [�(NH) � 3500–
3300 cm�1], which overlapped the �(OH) signals of the
methylol and phenolic groups of the resins.

Furthermore, the effect of the spectral regions
within 2400–600 cm�1 was tested by the selection of
the particular data ranges in the interval of 40–320

cm�1 (models 5–17, Table III). The best results—the
minimum SEE value of 0.005, the minimum SEP value
of 0.007, the highest F value of 1798, and the highest
variance of 99.87%—were reached when the spectral
area was 1800–700 cm�1. The data ranges correlating
best with the property of interest (the F/P molar ratio)
could be observed as positive bands in the property
correlation plot. The strongest correlations were found
at 1500 [�(CAC) of phenol], 1475 [aliphatic d(CH2) of
methylol], 1445 [�(CAC) of phenol], 1250 [�ip(COO) of
phenol], and 1015 cm�1 [�(COO) of methylol]. There-
fore, these specific areas were selected as the basis of
data ranges of models 18–25 (Table III). The best sta-
tistical results (low errors of 0.002–0.006, high F values
of 2335–6401, and high variances of 99.90–99.98%)
were found with models 20, 23, and 25.

TABLE IV
Effect of First Derivative on Models for the Determination of F/P Molar Ratios

Model
Spectral area

(cm�1)
First derivative

smoothing points SEE SEP F value
Variance

(%)
Number

PCs

15 1800–700 —a 0.005 0.007 1798*** 99.87 6
26 1800–700 5 0.016 0.025 618*** 98.56 2
27 1800–600 19 0.018 0.022 996*** 98.13 1
28 1800–600 49 0.008 0.010 1525*** 99.63 3

a First derivative preprocessing was not used.
*** p � 0.1%.

TABLE III
Effect of Spectral Area on Models for the Determination of F/P Molar Ratios

Model Spectral area (cm�1) SEE SEP F value
Variance

(%)
Number of

PCs

Effect of the OH area
3 4000–600 0.018 0.027 247*** 98.41 4
4 2900–600 0.012 0.012 516*** 99.23 4

Effect of other than the OH area
5 2400–600 0.009 0.014 951*** 99.58 4
6 2200–600 0.009 0.014 871*** 99.54 4
7 1880–600 0.010 0.014 845*** 99.53 4
8 1700–600 0.008 0.014 1100*** 99.64 4
9 1580–600 0.012 0.013 577*** 99.31 4

10 1540–600 0.012 0.013 746*** 99.47 4
11 1500–600 0.009 0.013 1025*** 99.61 4
12 1400–600 0.024 0.026 265*** 96.72 2
13 1300–600 0.027 0.026 214*** 95.97 2
14 1800–600 0.009 0.014 942*** 99.58 4
15 1800–700 0.005 0.007 1798*** 99.87 6
16 1800–800 0.010 0.014 753*** 99.47 4
17 1800–900 0.008 0.007 1391*** 99.71 4

Effect of the area with strongest correlation
18 1800–1295, 1283–700 0.006 0.008 1962*** 99.85 5
19 1529–1195, 1052–850 0.006 0.008 1557*** 99.85 6
20 1529–1195, 1052–985 0.005 0.006 2335*** 99.90 6
21 1529–1400, 1052–985 0.008 0.009 1552*** 99.64 3
22 1529–1400 0.006 0.009 1414*** 99.84 6
23 1457–1195, 1052–985 0.002 0.003 6401*** 99.98 9
24 1580–1195 0.006 0.010 1455*** 99.87 7
25 1580–1460, 1360–1195, 1052–985 0.004 0.005 3230*** 99.93 6

*** p � 0.1%.
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A first derivative is often used for preprocessing
data to remove the undesired structure and to reduce
the effects of noise.15 In this study, the effect of using
the first derivative on model validity was tested for
models 26–28 as well as model 15, in which the first
derivative was not used at all (Table IV). According to
Wold and Sjöström,15 preprocessing with the first de-
rivative could remove some data relevant to the mod-
eling and prediction. Also, in our study, using the
derivative seemed to have a negative influence. How-
ever, more valid models were also obtained with first-
derivative preprocessing when a smoothing degree of
a curve was increased with more smoothing points.

Four models—15�, 20�, 23�, and 28� (Table V)—were
recreated by the recording of new calibration spectra
and recalibration. Model 20� was the best one, with

minimum errors of 0.003–0.005, a very valid F value of
4266, and an extremely high variance of 99.96%.

Prediction of the F/P molar ratios of the resins

We used the best models to study their ability to
predict first the F/P molar ratio of resin 8, which was
similar to calibration resin 2 and second the F/P val-
ues of resins 9–13 with at least one special character-
istic. The F/P molar ratios of these six phenol–form-
aldehyde resol resins (8–13) were predicted by opti-
mized models 15�, 20�, 23�, and 28� (Table VI).

The root-mean-square (RMS) error gives an overall
indication of the quality of reproduction of an ob-
served spectrum. An RMS error of a good estimate is
lower than 0.081;10 on this basis, all four tested models

TABLE V
New Calibration of the Models for the Determination of F/P Molar Ratios

Model Spectral area (cm�1) SEE SEP F value
Variance

(%)
Number

PCs

15� 1800–700 0.006 0.007 1621*** 99.83 5
20� 1529–1195, 1052–985 0.003 0.005 4266*** 99.96 7
23� 1457–1195, 1052–985 0.008 0.009 896*** 99.69 5
28�a 1800–600 0.009 0.011 1435*** 99.63 3

a First derivative preprocessing was used.
*** p � 0.1%.

TABLE VI
Prediction of F/P Molar Ratiosa

Resin Model

Statistical parameters F/P molar ratio

RMS error Peak to peak M distance F value In synthesis Predicted R error M distance

8 15� 0.002 0.018 0.9 10** 2.10 2.05 0.01 0.8
20� 0.001 0.008 15.6 72*** 2.08 0.01 5.7
23� 0.002 0.013 4.5 119*** 2.00 0.01 2.2
28� 0.001 0.007 0.5 15** 2.04 0.01 0.7

9 15� 0.012 0.061 57.6 700*** 2.10 2.02 0.03 48.1
20� 0.003 0.015 25.5 391*** 2.08 0.01 23.5
23� 0.003 0.014 19.4 199*** 2.10 0.02 10.9
28� 0.002 0.011 2.5 106*** 1.97 0.01 1.8

10 15� 0.002 0.017 4.6 17** 2.10 2.07 0.01 3.9
20� 0.001 0.005 17.9 46*** 2.09 0.01 6.7
23� 0.002 0.012 7.7 84*** 2.02 0.02 7.7
28� 0.001 0.006 1.3 20*** 2.07 0.01 0.6

11 15� 0.004 0.033 3.0 82*** 2.10 2.00 0.01 2.6
20� 0.002 0.012 53.9 227*** 2.03 0.01 5.7
23� 0.004 0.028 8.0 419*** 1.98 0.01 3.4
28� 0.001 0.011 0.7 43*** 2.02 0.01 0.6

12 15� 0.023 0.131 285.7 2467*** 3.33 3.16 0.07 238.0
20� 0.014 0.066 400.7 8880*** 3.30 0.05 270.0
23� 0.012 0.063 351.7 3477*** 2.88 0.12 333.3
28� 0.006 0.036 29.9 1327*** 2.47 0.02 17.0

13 15� 0.013 0.105 178.3 811*** 3.40 2.81 0.06 148.7
20� 0.008 0.044 204.3 2707*** 2.87 0.03 130.3
23� 0.009 0.043 157.7 1870*** 2.72 0.08 163.3
28� 0.004 0.026 27.3 675*** 2.52 0.02 12.6

a The averages of the prediction results for three measurements of every resin.
** p � 1%.
*** p � 0.1%.

FORMALDEHYDE-TO-PHENOL MOLAR RATIOS 3585



were very valid for every resin. The peak-to-peak
error, giving an indication of localized deviations,
should be no more than about five times the RMS
error.10 For resin 9, this condition was realized with all
the models.

When a sample is highly compatible with the cali-
bration set, the Mahalanobis (M) distance ratio is be-
low 1.0.10 The lowest total M distances and the lowest
M distances for the calculated F/P molar ratios were
naturally found in the case of resin 2, which was
similar to resin 8 included in the calibration set. The
other M distance values were higher than the normal
values, revealing that the modified resins (high urea
contents or F/P ratios, low alkalinity or solid contents,
and different catalysts) were different from the ones in
the range of the calibration set.10 The F value (the F
ratio or residual ratio being defined as the ratio of the
variance of the errors between the original and calcu-
lated spectra) should be even below 3.0 when features
of unknown samples are particularly successfully
modeled in calibration.10 The lowest F values were
found in the prediction of resin 8. The F value de-
pended on the selected spectral area and increased
when narrow data ranges were used. Although the M
distance and the F value should be small, higher val-
ues seemed to have no significant effect on the final
predicted F/P molar ratios of the studied resins.

The best model, 20�, gave a predicted F/P molar
ratio of 2.09 for resin 10 with low alkalinity with one
replicate and naturally gave an equally good ratio
with three replicates. The prediction could be re-
garded as successful (F/P in synthesis � 2.10) when
the confidence interval, the R error, of 0.01 was taken
into account. Also, for resin 12 with a high F/P ratio,
the R error of 0.05 obtained with model 20� was high
enough to increase the predicted F/P molar ratio of
3.30 to the level of the F/P molar ratio in synthesis
(3.33). This is worth noticing because the F/P ratios
were totally different from those of the calibration
resins, and usually in a multivariate analysis, an
evenly distributed calibration set is a basic require-
ment for a good model. Furthermore, a high urea
content did not disturb the prediction of the F/P mo-
lar ratio. Model 20� gave the same valid predictions of
2.08 � 0.01 for resins 8 and 9, both having an F/P
value of 2.10 in synthesis. When resin 11 had a low
solid content or when the catalyst was triethylamine
(TEA; resin 13) instead of NaOH, which was used in

the calibration resins, the results were not acceptable
even with the best model, 20�.

Model 23� was accurate in the prediction of the F/P
value of resin 9, which had a much higher urea con-
tent (8.3 wt %) than that (2.2 wt %) of the calibration
resins. When preprocessing with the first derivative
was included in the prediction model 28�, the results
deviated more from the F/P values used for resin
synthesis than with the other models.

CONCLUSIONS

The F/P molar ratios of phenol–formaldehyde resol
resins can be determined with IR spectroscopy and
multivariate analysis. The spectra for model construc-
tion and for prediction have to be recorded under
identical conditions and with several replicates. The
best correlating IR spectral areas and the effect of
preprocessing (e.g., the use of the first derivative) can
be determined with comprehensive testing. The best
models are successful in the quantitative prediction of
F/P molar ratios, even after the resins to be predicted
are moderately modified. Naturally, a wider and more
representative calibration set covering all major vari-
ations would be worth studying.
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