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ABSTRACT: This work compares different calibration
models for the estimation of monomer concentrations by
Raman spectroscopy during semicontinuous emulsion copo-
lymerization reactions. The limitations of these models are
discussed in terms of a complex reaction, namely the copo-
lymerization of vinyl acetate and butyl acrylate, whose
monomers present overlapping Raman spectra, especially
the C�C stretching band. Additionally, the copolymeriza-
tion was monitored in a spectroscopic setup arranged for
fast spectral acquisition, which resulted in a low signal-to-
noise ratio. These realistic conditions for in-line monitoring
of emulsion copolymerization, i.e., considerable noise level
in the spectra and medium heterogeneity, are discussed in
the context of different approaches for adjusting the calibra-

tion model and the ensuing model limitations. It was veri-
fied that combining data obtained during reactions with
synthetic samples is interesting from the statistical point of
view, since in this way it is possible to produce data sets
with a wide range of variation, allowing the accurate esti-
mation of statistical parameters. These parameters are of
major importance for process variables and product prop-
erty estimations, especially if they are to be used for process
control and decision making purposes. © 2004 Wiley Periodi-
cals, Inc. J Appl Polym Sci 93: 1136–1150, 2004
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INTRODUCTION

Emulsion polymerization consists of the conversion,
by free-radical polymerization, of monomer(s) in an
aqueous dispersion into a stable dispersion of poly-
mer particles. At the beginning of the reaction, a
very small amount of the monomer can be found in
solution; some is dissolved in the micelles, but most
is present in the form of monomer droplets. As the
reaction proceeds, polymer particles are nucleated
and the reaction occurs mainly in the polymer
phase. At the end of the reaction, the residual mono-
mer is found in the polymer particles.1 Emulsion
polymerization is widely used in industry to pro-
duce latices for a variety of applications (such as
latex paints, adhesives, coatings, binders in paper
and textile products, and synthetic rubber). As has
been pointed out in the literature, the control of
emulsion polymerization reactors is a particularly
difficult task, especially given the lack of robust
on-line and in-line measurements for the important

product properties and key process variables.2

Among these properties, the on-line quantification
of the residual monomer concentration during the
polymerization process is still a challenge. In the
last decade, Raman spectroscopy has emerged as an
important tool for the estimation of monomer con-
centration during polymerization. In applications to
emulsion polymerization, Raman spectroscopy has
the additional advantage of the weak Raman scat-
tering of the water and the much stronger bands due
to the vinyl groups present in most of the monomers
used in emulsion polymerization.3,4 In emulsion po-
lymerization, the variability of the process due to
temperature changes, the heterogeneous medium,
different particle sizes, etc., are additional impor-
tant problems that must be overcome. In particular,
in emulsion polymerization, medium heterogeneity
(i.e., monomer droplets, micelles and polymer par-
ticles) changes significantly during the process.

Raman spectroscopy has been widely used on a
laboratory scale for polymer analysis. Recently, the
advent of fiber optics technology has enhanced the
applicability of Raman spectroscopy to process mon-
itoring, making it possible to take a monitoring beam,
i.e., the laser, to the process and bring the system
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response, i.e., the scattered light, back to the instru-
ment.5–12 This combination of technologies, Raman
spectroscopy plus optical fibers, permits in-situ and
in-line measurements and thus process monitoring in
real time. In this case, several problems associated
with sampling in an industrial reactor can be avoided.
On the other hand, however, the “sample” cannot be
“prepared” or conditioned for the analysis (e.g., fil-
tered, cooled). In addition to the variability normally
found in industrial processes, changes in medium het-
erogeneity occur during industrial emulsion polymer-
ization processes. As all of these factors may affect the
Raman measurements, process monitoring using this
spectroscopic technique presents a series of chal-
lenges. Thus, in addition to hardware developments,
process monitoring by spectroscopic techniques re-
quires the elaboration of reliable calibration models
for correlation of the sensor measurements, i.e., the
spectra, with the desired properties, even in the pres-
ence of process variability.

The calibration model used to estimate monomer con-
centrations by Raman spectroscopy during emulsion po-
lymerization must be based on spectra that represent the
actual behavior of the system during the polymerization
process. These spectra can be obtained in basically two
ways: by collecting the spectra of samples taken during
the reaction process and subsequently quantifying the
monomer concentration by a reference method (e.g., gas
chromatography), or, alternatively, by mimicking the
behavior of the process with appropriate synthetic sam-
ples. The first approach, which uses samples from actual
reactions, usually produces good results but may not be
the best choice for incorporating process variability,
since each new reaction may be slightly different and the
model would not be able to predict these changes. The
second approach is thus interesting since it is possible to
produce synthetic samples that mimic different reaction
behaviors and generate more robust calibration models
without performing reactions. Although the second way
may be more interesting, it may be difficult, sometimes
impossible, to mimic all the stages of the reaction.

The development of an adequate calibration model
is crucial for Raman reaction monitoring. Thus, the
present work focuses on a description of a calibration
model for emulsion polymerization monitoring based
on Raman spectra collected from synthetic samples.
The limitations of this model are discussed in terms of
a complex reaction in which the two comonomers
exhibit overlapping Raman spectra and spectral acqui-
sition is limited to a small number of scans (with a
concomitantly lower signal-to-noise ratio).

Emulsion polymerization

In an emulsion polymerization, an aqueous dispersion
of monomer(s) is converted by free-radical polymer-
ization into a stable dispersion of polymer particles. A

typical emulsion recipe consists of the dispersing me-
dium (e.g., water), monomer(s), a water-soluble initi-
ator, and an emulsifier. Emulsion polymerization is a
typical multiphase system in which four phases may
be present: monomer droplets, micelles, polymer par-
ticles, and the aqueous phase.

The emulsion polymerization mechanism can be
divided into three stages. In the first stage, most of the
monomer is dispersed in monomer droplets or mi-
celles and there are few polymer particles. In the sec-
ond stage, micelles have been depleted and part of
monomer is found in the swollen polymer particles
and part is found in the monomer droplets. Finally, in
the last stage, no more monomer droplets are present
and the residual monomer swells the polymer parti-
cles.1

FT-Raman spectroscopy

Raman spectroscopy is a light scattering based tech-
nique. The light (radiation) scattering can be elastic,
without changes in the energy of the scattered light, or
inelastic with loss or gain of energy. The elastic scat-
tering is known as Rayleigh scattering and the inelas-
tic is known as Raman scattering. The classical theory
of light scattering from molecules describes the mol-
ecule–radiation interaction by means of the oscillating
dipole moment induced in the molecule by the pres-
ence of an incident radiation field. The Raman mea-
surements discussed here are obtained by means of
Fourier-transform Raman spectroscopy (FT-Ra-
man).3,4

For isotropic samples, such as a liquid, the Raman
intensity can be written in terms of the mean polariz-
ability and the anisotropy. In general terms, the inten-
sities of Raman bands can be expressed by an equation
analogous to the Beer–Lambert law, as given by eq.
(1).3

I� � cI0VK� (1)

where I� is the Raman intensity of band �, I0 is the
intensity of the exciting radiation, V is the volume of
sample illuminated by the source and viewed by the
spectrometer, c is the sample concentration, and K� is
a constant characteristic for each band.

Linear regression models

Raman scattering intensity versus monomer
concentration

Equation (1) shows that the intensity of Raman scat-
tering at frequency �1 is linear with the concentration
of the active compound; for example, for sample i of
compound A at concentration cA,i, as shown by eq. (2):
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I�1,A,i � cA,i��1,A (2)

where ��1, A � I0VK�1, A, corresponding to eq. (1).
The simplest way to perform quantification with

Raman spectroscopy is to build a linear model (or a
calibration curve) from a known data set. A linear
model corresponding to eq. (2) is given by eq. (3).

I�1,A,i���1,A��1 � cA,i (3)

In this way, the calibration data set (the data set with
known concentrations) is used to calculate ���1, A��1

and, for unknown samples, the Raman intensity at the
frequency �1 is measured and used to quantify the
concentration of the compound A in the unknown
sample according to eq. (3).

The Raman scattering intensity for a sample with
more than one active compound contributing to the
signal at frequency �1, for example, compounds A, B,
and C, is given by eq. (4) or, in matrix form, by eq. (5).

I�1,i � cA,i��1,A � cB,i��1,B � cC,i��1,C (4)

I�1,i � � cA,i cB,i cC,i �� ��1,A

��1,B

��1,C

� (5)

While for the single compound case, the linear model
is obtained by taking the inverse of ���1, A�, in the
three-compound case, it is necessary to use intensities
at more than one frequency, as shown in eq. (6).

� I�1,i I�2,i I�3,i � � � cA,i cB,i cC,i �

� � ��1,A ��2,A ��3,A

��1,B ��2,B ��3,B

��1,C ��2,C ��3,C

� (6)

The matrix on the right hand side of eq. (6) can be
inverted, which results in:

� I�1,i I�2,i I�3,i �� ��1,A ��2,A ��3,A

��1,B ��2,B ��3,B

��1,C ��2,C ��3,C

��1

� � cA,i cB,i cC,i � (7)

Linear models

In general, eq. (7) can be written in terms of a linear
model, as given in eq. (8).

Y � XB (8)

where:

Y � �
cA,1 cB,1 cC,1

cA,2 cB,2 cC,2
···

···
···

cA,n cB,n cC,n

� (9)

X � �
I�1,1 I�2,1 I�3,1

I�1,2 I�2,2 I�3,2
···

···
···

I�1,n I�3,n I�3,n

� (10)

B � � ��1,A ��2,A ��3,A

��1,B ��2,B ��3,B

��1,C ��2,C ��3,C

��1

(11)

For the calibration data set (a data set with known
concentrations) the model described by eq. (8) has, as
the unknown, the matrix B, whose estimation is dis-
cussed in the following.

The simplest way of estimating B is via eq. (12):

B � �XTX��1XTY (12)

Equation (12) is the least-squares solution of eq. (8),
i.e., the solution for a minimization problem where the
function f(B) � � Y � XB�2 must be minimized (� x �2

the is sum of the squares of the x elements).
Equation (12) is valid if X is a full rank matrix,13

otherwise the inverse (XTX)�1 does not exist. This
condition is not always attained and an alternative
way of calculating B must be used.

Projection based linear models

When the inverse (XTX)�1 does not exist, i.e., when the
matrix X is not full rank, an alternative for estimating
B is the projection of X in an orthogonal basis set, for
example, as given in eq. (13).

T � XP (13)

where

PTP � I , (14)

and the number of columns of T and P is set equal to
the rank of matrix X, T is called the matrix of scores
and P are the loadings,13 and the decomposition X
� TPT corresponds to the so-called principal compo-
nent analysis (PCA).

Once X has been projected, B is estimated as shown
by eq. (15).

B � �TTT��1TTY (15)
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The estimate of the concentration of a new sample
(new spectrum) is obtained as given in eq. (16).

Ŷnew � XnewPB (16)

where Xnew and Ŷnew are the new spectra and the
corresponding estimated concentration matrix.

This method is called principal component regres-
sion (PCR).13,14 Besides PCR being an elegant alge-
braic approach, in some cases the estimation of T by
using information from Y produces a better approxi-
mation. One method widely used to estimate T em-
ploying information from Y is partial least squares
(PLS),14 described here in terms one of its variations,
the SIMPLS, developed by de Jong.15 The SIMPLS
estimation of B is given by eq. (17).

BSIMPLS � RQT (17)

where

Q � �Y � 1ny� T�T�X � 1nx�T�R (18)

x� and y� are column vectors with average values of the
columns X and Y, respectively, and 1n denotes a col-
umn vector (n � 1).

The estimation of R is not discussed here, but it is
important to emphasize that it depends on X and Y.
For a new sample (new spectrum) the estimation of
the concentration is given by eq. (19).

ynew
T � y� T � �xnew

T � x�T�BSIMPLS (19)

In more general terms, eq. (6) can be written as in eq.
(20), which represents a linear model for spectra col-
lected at n wavelengths.

� I�1,i I�2,i I�3,i . . . I�n,i � � � cA,i cB,i cC,i �

� � ��1,A ��2,A ��3,A . . . ��n,A

��1,B ��2,B ��3,B . . . ��n,B

��1,C ��2,C ��3,C . . . ��n,C
� (20)

If the spectra at unit concentration are known for all
compounds, e.g., for A, B, and C, the concentration of
the compounds in an unknown sample can be ob-
tained directly as shown in eqs. (21–25).

XGen � YS (21)

XGen,i � � I�1,i I�2,i I�3,i . . . I�n,i � , (22)

S � � ��1,A ��2,A ��3,A . . . ��n,A

��1,B ��2,B ��3,B . . . ��n,B

��1,C ��2,C ��3,C . . . ��n,C
�

XGenST � YSST (23)

XGenST�SST��1 � Y�SST��SST��1 (24)

XGenST�SST��1 � Y (25)

where XGen,i corresponds to row i of matrix XGen.
Equation (25) represents an alternative way of per-

forming quantification, which is referred to by some
authors as classical least squares.6

Raman spectra of the monomers

The monomers used in the copolymerization moni-
tored by the models discussed in this work are vinyl
acetate and butyl acrylate. Figure 1 shows the Raman
spectra of the pure monomers.

FT-Raman is an attractive method for monitoring
the polymerization of these monomers because the
bands due to C�C stretching, which disappear during
the polymerization reaction, are a strong scattering
group.16,17 Nevertheless, since the spectral bands for
vinyl acetate and butyl acrylate almost overlap, it is
necessary to use multivariate models for monomer
quantification.

EXPERIMENTAL

The spectra used to develop a model for the polymer-
ization process monitoring must mimic the three
stages or intervals described above. The acquisition
time must be small to make possible realistic in-line
monitoring and to minimize the variation in Raman
intensity as the compounds’ concentrations change
during the reaction.

Spectra

Raman spectra were collected with a FRA 106/S FT-
Raman accessory attached to an IFS 28/N spectrome-
ter from Bruker equipped with a quartz beamsplitter;
the laser wavelength was 1,064 nm; the acquisition
mode was set to double sided (forward-backward)
and the correlation mode was set to Full I Gram Length,
where all points of the new interferogram are com-
pared. In case of deviations, the area that diverges is
replaced by the corresponding part of the average
spectrum. Scans are discarded only if they contain
more than 10 defective areas or if the number of
defective points exceeds one-eighth of the total num-
ber of interferogram points. A phase resolution equal
to 32 was used, a phase correction mode equal to
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power spectrum, the apodization function was the
Norton-Beer, and the error filling factor was set equal
to 4. Each spectrum is an average of 8 scans with a
resolution of 8 cm�1 and laser power equal to 450 mW.
Samples were analyzed in 8-mm-diameter glass tubes.

All calculations were performed in the R-language
(http://www.r-project.org) with our own SIMPLS
routine.

Synthetic samples

In this work, several synthetic samples were obtained
by dispersing a known weight of monomer into a
monomer-free polymer emulsion, previously poly-
merized from the same monomer. These samples were
then used to build the calibration model.

Development of the calibration model

The calibration models were built from spectra col-
lected from the synthetic samples and the PLS was
applied as the calibration model. Normalized spectra
were evaluated in building the models. The normal-
ization treatment corresponds to dividing each ele-
ment of the spectrum by the element corresponding to
wavenumber 427 cm�1.

The set of synthetic samples was prepared by add-
ing monomers and water to a polymer emulsion (la-
tex). Three kinds of latices were used and designed as:

L1(a), L2(d), and L3(b), with solids contents (vinyl
acetate/butyl acrylate copolymer) of 46.78, 11.29, and
20.66%, respectively. The bottles containing the syn-
thetic samples were closed tightly to avoid any mono-
mer losses and agitated periodically during 2 hours
before spectra acquisition to allow the monomer to
swell polymer particles. The samples are described in
Table I.

Reaction samples were analyzed as soon as col-
lected from the reactor by Raman spectroscopy and by
the reference method (gas chromatography).

RESULTS AND DISCUSSION

The first step of monitoring a polymerization reaction
is the development of a calibration model. As men-
tioned before, PLS models were built using spectra
collected from the samples obtained by dispersing a
known concentration of monomers, i.e., vinyl acetate
and butyl acrylate, in polymer emulsions. In this case,
three different latices, with different polymer particle
sizes and solids contents, were used for the sample
preparation. Two types of PLS model were developed,
one to estimate the total monomer content and the
other specific for each of the two monomers. The
results for the model building with normalized spec-
tra collected from the samples described in Table I are
shown in Figure 2, for six-latent-variable PLS models.

Figure 1 Raman spectra of vinyl acetate and butyl acrylate. The bands due to C�C stretching (1,637 and 1,649 cm�1) and
C�O stretching (1,726 and 1,760 cm�1) are shown at the bottom.
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The results shown in Figure 2 do not exhibit a good
fit, one possible explanation being the medium heter-
ogeneity, as illustrated in Figure 3.

Figure 3 suggests that the amount of monomer ir-
radiated by the laser depends on the number and size
of the polymer particles. Thus, the spectra is not di-
rectly proportional to the amount of monomer added
to the polymer emulsion, but rather depends on the
dispersion of monomers in the polymer particles and
the number of polymer particles, as well as the pres-
ence of monomer droplets inside the volume irradi-
ated by the laser beam. The data described in Table I
are thus difficult to calibrate since three different lati-
ces were used.

To quantify the amount of monomer in the emul-
sion correctly, the spectra of pure monomers, latices,
and water were collected. Equation (25) was applied
using the spectra of monomers, water, and latices, i.e.,
these spectra were used as rows of the matrix S in eq.
(25). The concentration obtained with this equation,
i.e., Y, was used in the PLS model fitting. The results
for the six-latent-variable PLS model is shown in Fig-
ure 4.

The results in Figure 4 indicate a good fit, suggest-
ing that this model can be used for the quantification
of the monomers throughout a polymerization reac-
tion. The copolymerization is described in the Appen-
dix and named NR1.

TABLE I
Synthetic Samples

VA(g) BA(g) Latex(g) Water(g)

1# 0.0108 0.1002 8.0116 2.0018 L1 (a)
Dp: 148.7 nm
VA/BA: 80/
20

2# 0.0626 1.1012 8.0180 2.0010
3# 0.3009 0.0395 8.0104 2.0033
4 1.2001 0.0612 8.0008 2.0154
5# 0.0106 0.0912 8.0186 2.0055
6 0.0204 0.2023 8.0033 2.0309 L2(d)

Dp: 144.4 nm
VA/BA: 85/
15

7#a 0.0747 1.7106 8.0040 2.0113
8# 0.4020 0.0825 8.0098 2.0491
9a 1.6012 0.0511 8.0115 2.0022

10# 0.0925 0.0138 8.0383 2.0373
11 0.0142 0.3049 8.0218 2.0290 L3(b)

Dp: 217.1 nm
VA/BA: 80/
20

12 0.698 1.5007 8.0342 2.0096
13# 0.1027 0.0730 8.0392 2.0981
14 2.0064 0.0535 7.9996 2.0561
15 0.0527 0.0532 8.0172 2.0008
16# 0.1015 0.3061 8.0008 2.0000

L1(a)17# 0.8022 0.5019 8.0068 2.0119
18# 1.0025 1.0045 8.0140 2.0175
19 2.2086 2.8042 8.0002 2.0059
20# 0.4007 0.3059 8.0006 2.0080

L2(d)21# 0.51 0.5306 8.0371 2.0163
22a 1.8018 1.3422 8.0217 2.0036
23a 2.671 2.2778 8.0072 2.0849
24# 0.2046 0.2026 8.0031 2.0318

L3(b)25 0.1052 0.7046 8.0103 2.0794
26a 1.3125 1.3307 8.0019 2.0049
27a 2.7005 2.1033 8.0082 2.0030
28 0 0 8.0036 2.0082 L1 (a)
29 0 0 8.0753 2.0490 L2(d)
30 0 0 8.0356 2.0249 L3(b)
31# 0.0396 0.5036 4.0049 6.0156

L1(a)32#a 0.0818 2.4008 4.0152 6.0190
33# 0.8018 0.0707 4.0070 6.0024
34 2.2025 0.0905 4.0007 6.0186
35a 0.0498 0.8082 4.0207 6.0398

L2(d)36#a 0.09 2.2187 4.0624 6.0412
37a 1.0204 0.0427 4.0843 6.0771
38#a 2.6017 0.0114 4.3547 6.0407
39 0.04 0.6060 4.0071 6.0263

L3(b)40#a 0.0946 2.8152 4.0094 6.0658
41 0.416 0.0231 4.0646 6.0972
42#a 2.4062 0.0954 4.0687 6.0344

a Samples that might have monomers droplets; Dp, Average polymer particle diameter; VA/BA, polymer composition, VA
vinyl acetate and BA butyl acrylate;# sample used for the hybrid model (see Results).
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The data obtained during the reaction were used to
test four models, two models built using the original
concentration (i.e., the known amount of monomers
added to the polymer emulsions), the model built
using the concentration found by eq. (25), and, finally,
a model based on spectra obtained during the reaction
for samples with monomer concentrations quantified

by gas chromatography. The results for the four mod-
els for the quantification of vinyl acetate and butyl
acrylate during the reaction are illustrated in Figure 5.

Figure 5 shows that the model developed with the
concentrations found by eq. (25) does perform better
than the models built with the monomer concentra-
tions added to the emulsion. The results shown in
Figure 5 suggest that the models developed using the
original monomer concentrations overestimate the
predictions. This overestimation might be expected,
since the model is built to quantify a monomer con-
centration that was not really measured. This overes-
timation can also be noted in Figure 6, where the
concentration found by eq. (25) is plotted versus the
original concentration added to the emulsion, which is
in general larger than the concentration found by eq.
(25). As shown in Figure 6, there are some samples
that are quite different from the others. These samples
might have monomer droplets in the emulsion, as
indicated in Table I.

Figure 7 illustrates the overestimation by two mod-
els, i.e., univariate linear models, fitted for the same
set of independent variables, x, but for two different

Figure 2 Predicted (Ŷ) versus actual (Y) concentration of monomers, in (a) and (b) for vinyl acetate using the model fit for
both monomers and the model fit only for prediction of vinyl acetate, respectively; (c) and (d) are equivalent to (a) and (b),
but for predictions of butyl acrylate. Squares, open circles, and filled circles correspond to the type of the latex used in the
sample preparation, i.e., L1(a), L2(d), and L3(b), respectively.

Figure 3 Illustration of the volume illuminated by the laser
in (a) a heterogeneous medium and (b) a homogeneous
medium.

1142 REIS ET AL.



sets of dependent variables, y, for Range 1 and Range
2. In this case, if a model is fitted with Range 1 for the
dependent variable and then used for predictions of
samples that lie at Line 2, it results in overestimated
predictions. In other words, if the monomer concen-
tration inside the volume irradiated by the laser is not
the same as that calculated for the amount of mono-
mer added to the polymer emulsion, there are two
concentration ranges: one that was measured by the
laser and other calculated from the amount of mono-
mer added to the polymer emulsion. If the last con-
centration range is used in the model fitting, then
overestimated predictions result.

The model based on monomer concentrations found
by eq. (25) produced good predictions for vinyl ace-
tate, as shown in Figure 5. On the other hand, the
predictions for butyl acrylate are not good. To under-
stand why the same model is able to predict the data
for vinyl acetate, but not for the butyl acrylate concen-

tration, a hybrid model was built. For this model,
spectra collected from some of the samples described
in Table I (denoted with #) and from samples of the
reaction were employed. The results for this hybrid
model (a 10-latent-variable PLS model) are very good
for the vinyl acetate quantification and a better ap-
proximation for butyl acrylate than the other models,
as shown in Figure 8.

The hybrid model predictions for the butyl acrylate
concentration are closer to the reference method, but
still exhibit large variation in the predictions. An ex-
planation for this may be the low concentration of
butyl acrylate compared to the level of noise present in
the spectra. Although the noise level is an important
factor in model efficiency, the results for the model fit
with only the reaction data, which have the same noise
level as the other data, are quite good. Thus, PCA13

was applied to two matrices: one for all the spectra of
the samples described in Table I plus the spectra from

Figure 4 Predicted (Ŷ) versus actual (Y) concentration of monomers for (a) vinyl acetate using the model fit with monomer
concentrations given by eq. (25); (b) is equivalent to (a), but for predictions of butyl acrylate. Squares, open circles, and filled
circles correspond to the type of latex used in the sample preparation, i.e., L1(a), L2(d), and L3(b), respectively.
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the reaction and another with the spectra used in the
hybrid model (all the spectra from the reaction were
used). It was verified that components 5 and 6 (with
minor importance in the description of the data) are
those responsible for the difference between the spec-
tra of samples from the reaction and the synthetic
samples.

The PCA of the data used for the hybrid model
shows that the principal components 2 and 4 were
among the most important for the separation of the
samples from the beginning of the reaction, also de-
scribed in Figure 9.

The loadings for the principal components 2 and 4,
Figure 10, identify the more important spectral re-
gions for the separation shown in Figure 9. These
spectral regions are indicated in the polymer spectra
shown in Figure 11.

Figure 10 suggests that the positive values of the
second principal component for the samples corre-
sponding to 0–30 min of reaction described in Figure
9 are due to the increase of intensity in the spectral
region denoted with squares, filled circles, and stars
and a decrease in intensity in the region denoted with
open circles. The spectral region denoted with squares
presents strong scattering from vinyl acetate and the
polymer. The spectral region for the full circles has
strong Raman scattering from vinyl acetate and a me-
dium Raman scattering signal from butyl acrylate.
Finally, the spectral region indicated by stars corre-
sponds to C�C stretching. The increase in the scatter-
ing intensity in these three regions and the decrease in
the intensity in the region related to the polymer (open
circles) suggest that the second principal component is
sensitive to the ratio of monomers/polymer, in other

Figure 5 (a) Predicted (Ŷ) vinyl acetate concentration during polymerization NR1, duplicate analysis of each sample. Model
1 corresponds to the model fit for both monomers with the original monomer concentration; Model 2 is similar to Model 1
but fit only for prediction of the corresponding monomer; Model 3 corresponds to the model for both monomers fit with the
concentration given by eq. (25); Model 4 is the model fit only with data from the reaction. (b) Predicted (Ŷ) butyl acrylate
during polymerization NR1, duplicate analysis of each sample. GC corresponds to the monomer concentration found by gas
chromatography.
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words, it is favored by a high concentration of mono-
mers and a low concentration of polymer. The fourth-
principal component is dominated by the spectral re-
gions denoted with filled circles and squares. Since the
spectral region corresponding to the filled circles pre-
sents Raman scattering for both monomers and that
corresponding to squares only for vinyl acetate, the
samples of the reaction from 0 to 30 min would appear
to have more vinyl acetate than butyl acrylate. In

short, this PCA analysis indicates that the samples
from 0 to 30 min of reaction represent a situation in
which there is a higher concentration of monomers,
especially vinyl acetate, than polymer. This situation is
more difficult to be simulated by synthetic samples
since, in general, there is a phase separation between
monomers and the polymer particles at high mono-
mer concentrations. This conclusion is also confirmed
by the GC data, but PCA is important because it shows
that there are no synthetic samples that mimic this
reaction stage. PCA provides information about the
spectral space and aids in verifying whether the dif-
ferences between spectra collected from synthetic
samples and during the reactions are due to changes
in the spectra of the compounds or due to variations in
the concentration of these compounds.

One question that still remains to be answered is:
Why are the predictions in polymerization monitoring
with the model based on synthetic samples worse for
butyl acrylate? As discussed, there is a stage during
the reaction that is not possible to mimic by synthetic
samples, which means that the predictions by the

Figure 6 Predicted (ŶCR) monomer concentrations by eq. (25) versus original monomer concentration; in (a), (c), and (e) for
vinyl acetate in synthetic samples prepared with the latices L1(a), L2(d), and L3(b), respectively; in (b), (d), and (f) for butyl
acrylate for samples prepared with the latices L1(a), L2(d), and L3(b), respectively. The numbers of some of the samples
correspond to those in Table I.

Figure 7 Illustration of the overestimation due to a model
fit with a range of concentration wider than the real one.
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model based on these samples are extrapolations. Fig-
ure 12 illustrates two extrapolation cases, where the
open circles correspond to predictions by the model fit
with filled circles. The dashed line represents what
would be the real model (“ideal model”), while the solid
line represents the model based on the data measured in
a limited range (calibration region) used for the predic-
tions outside the calibration range. Case (a) is related to
the predictions for butyl acrylate and case (b) is related to
those for vinyl acetate. Because butyl acrylate is more
reactive than vinyl acetate, its concentration is smaller
during the reaction and the situation illustrated in Figure
12 could prevail, consequently resulting in poorer pre-
dictions for butyl acrylate.

The mathematical treatment of the problem illus-
trated in Figure 12 is not easily done within the frame-
work of a PLS model, both because it is a multivariate
model and because the information of “Y” is present
in the model fitting. On the other hand, this does give
some insight into the origin of bad predictions by the

model and can be used as a guide for the development
of new models.

Based on the results discussed up to now, a new
polymerization reaction, named NR2, was performed,
the description of the which is given in the Appendix.
The latex resulting from this new reaction, with 25%
solids content, was used to create new synthetic sam-
ples, which are described in Table II. A new model
was then fit using the data from the reaction, with
monomer concentrations quantified by GC and corre-
sponding spectra collected from synthetic samples.
Each spectrum is an average of 32 scans with resolu-
tion of 8 cm �1 and laser power equal to 450 mW, the
number of scans being increased to increase the signal-
to-noise ratio; 8-mm-diameter glass tubes were used
for the synthetic samples. Two new models were de-
veloped: one specific for vinyl acetate and the other for
butyl acrylate. The results for these two models are
presented in Figure 13, where it can be seen that the
models present good predictions. The model for vinyl

Figure 8 Predicted (Ŷ) versus actual monomer concentration in (a) and (c) for the hybrid model fit. In (b) and (d), predicted
(Ŷ) monomer concentration during the polymerization NR1 for vinyl acetate and butyl acrylate, respectively, with duplicate
analysis of each sample. Squares correspond to the GC quantification and crosses to the PLS model predictions.

1146 REIS ET AL.



acetate used six latent variables and that for butyl
acrylate used eight latent variables.

The two new models were tested against the data
from polymerization NR1 (the average spectrum for
each duplicate was used) and the results are shown

in Figure 14. These predictions are quite similar to
those obtained by the hybrid model, which used
spectra from synthetic samples and from the reac-
tion NR1, showing that mixing data collected from
the reaction and from synthetic samples in the fit of

Figure 9 Normalized scores for principal component analysis applied to the spectra of some synthetic samples (denoted by
# in Table I) and samples collected during the polymerization NR1. The numbers denote the time in minutes for the reaction.
Stars correspond to samples from the reaction and the others to synthetic samples.

Figure 10 Normalized loadings for principal component analysis applied to the spectra of some synthetic samples (denoted
by # in Table I) and samples collected during the polymerization NR1.

CALIBRATION MODELS FOR ESTIMATION OF MONOMER CONCENTRATION 1147



the calibration model is a good alternative for over-
coming the extrapolation problems.

CONCLUSION

As discussed in the Introduction, process variability
affects the calibration model predictions and is a
problem to be overcome in emulsion polymerization
monitoring. Thus, the calibration model used to
quantify the monomer concentration by Raman
spectroscopy during emulsion copolymerization
must be built with spectra that represent the actual
behavior occuring during the polymerization pro-
cess. These spectra can be obtained in two ways: (1)
by collecting spectra from samples taken during the
reaction process and subsequently quantifying the

monomer concentration by a reference method such
as GC or (2) by mimicking the behavior of the
process with synthetic samples. This work tested
these two possibilities for model fitting by using
spectra from synthetic samples and those collected
during a reaction. The comonomers studied, vinyl
acetate and butyl acrylate, have overlapping spec-
tra, especially in the region due to C�C stretching.
Additionally, the copolymerization was monitored
in a spectroscopic setup arranged for fast spectral
acquisition, which resulted in a decrease of the sig-
nal-to-noise ratio. Under these realistic conditions,
different approaches to the calibration model fitting
as well as limitations of the models were examined.
The results shown here can be useful for planning
reactions, as well as synthetic samples for fitting

Figure 11 Monomer and polymer spectra; the stars, squares, open circles, and filled circles correspond to the loadings
described in the legend to Figure 10.

Figure 12 Illustration of extrapolation cases. The dashed line represents the real line, “ideal model,” and the solid line
represents the model used for the prediction of the open circles.
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calibration models for polymerization monitoring.
In particular, they point to possible difficulties with
extrapolation beyond the monomer concentration
range used in the calibration step.

TABLE II
New Synthetic Samples

Samples VA(g) BA(g)
Latex(g)

NR2 Water(g)

1a,b 0 0 10.002 0
2a,b 0 0 0.117 5.075
3a,b 0 0 0.295 5.014
4a,b 0 0 0.555 4.995
5a,b 0 0 1.013 5.072
6a,b 0 0 3.000 5.039
7a,b 0 0 5.000 5.038
8a,b 0 0 9.009 5.112
9b 1.080 0.064 4.055 5.011

10b 1.005 0.035 6.029 5.045
11b 1.012 0.028 8.142 5.068
12a,b 1.018 0.016 9.996 5.007
13a 0.066 1.005 1.001 5.038
14a 0.347 2.517 1.022 5.061
15a 0.501 2.004 3.016 5.013
16a 2.003 0.510 7.010 5.028
17a 0.507 2.107 8.007 5.016
18a,b 0.057 0 10.027 5.032
19a,b 0.158 0 5.022 5.059
20a,b 0.549 0 10.014 0
21a 1.526 0 10.037 0

a Samples used on the model for vinyl acetate.
b Samples used on the model for butyl acrylate.

Figure 13 Predicted (Ŷ) versus actual monomer concentration in (a) and (c) for the new model fit. In (b) and (d), predicted
(Ŷ) monomer concentration during polymerization NR2 for vinyl acetate and butyl acrylate, respectively, with duplicate
analysis of each sample. Stars correspond to the GC quantification and squares to the PLS model predictions.

Figure 14 Predicted (Ŷ) monomer concentration during
polymerization NR1 for (a) vinyl acetate and (b) butyl acry-
late. Stars correspond to the GC quantification and squares
to the PLS model predictions.
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The best results were obtained employing the model
based entirely on spectra collected from samples taken
from the same reaction. This model has little practical
importance in polymerization monitoring, but shows
that, even under a spectroscopic setup arranged for a
fast spectral acquisition, with reduced signal-to-noise
ratio, it is possible to perform good monomer quanti-
fication.

The last model was fitted with spectra collected
from synthetic samples and from samples collected
during a reaction (referred to as NR2). This model was
used to estimate monomer concentrations of reaction
NR1, resulting in satisfactory predictions. These re-
sults are interesting because the concentration of butyl
acrylate is very small during the reaction, less than
0.5% w/w, and because the spectra used in the model
fitting were collected with a larger number of scans
than those collected during reaction NR1. These con-
ditions mimic a realistic performance of a calibration
model for process monitoring, where the data used for
the model fitting are independent of the process to be
monitored and are collected by a spectroscopic setup
with a lower noise level than may be present during
the process.
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APPENDIX

Polymer emulsion reactions

The semicontinuous polymerization NR1 was per-
formed by charging the reactor with an initial mass
composed of water (420 g), emulsifier [sodium lauryl
sulfate (SLS), 2.00g] and pH buffer (calcium carbonate,
0.50 g), which was kept in a nitrogen atmosphere for
1 h. Addition of monomer and initiator (sodium per-
sulfate) to the reactor by feed stream 1, composed of
55.00 g of vinyl acetate plus 55.00 g of butyl acrylate,
and feed stream 2, with 30.00 g of water plus 1.00 g of
sodium persulfate, was then begun. Feed stream 1 was
added at 1.3454 mL/min and feed stream 2 at 0.3375
mL/min. After 90 min, the charge of both feed streams
had been completely added to the reactor. The average
temperature during the 210 min of reaction was 59.9°C
(standard deviation equal to 0.75°C)

The semicontinuous polymerization NR2 was also
performed by charging the reactor with a initial mass
composed of water (420 g), emulsifier (SLS, 2.00 g),
and pH buffer (calcium carbonate, 0.50 g), which was
kept in a nitrogen atmosphere for 1 h. Monomer and
initiator (sodium persulfate) were then added to the
reactor by feed stream 1, composed of 16.50 g of vinyl
acetate plus 93.50 g of butyl acrylate, and feed stream
2 with 30.00 g of water plus 1.00 g of sodium persul-
fate. Feed stream 1 was added at 1.3454 mL/min and
feed stream 2 at 0.3375 mL/min. After 90 min, the
charge of both feed streams had been added to the
reactor. The average temperature during the 210 min
of reaction was 59.3°C (standard deviation equal to
0.96°C).
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