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Abstract - In this work, the ability of on-line NIR spectroscopy for the prediction of the evolution of 
monomer concentration, conversion and average particle diameter in acrylamide inverse miniemulsion 
polymerization was evaluated. The spectral ranges were chosen as those representing the decrease in 
concentration of monomer. An increase in the baseline shift indicated that the NIR spectra were affected by 
particle size. Multivariate partial least squares calibration models were developed to relate NIR spectra 
collected by the immersion probe with off-line conversion and polymer particle size data. The results showed 
good agreement between off-line data and values predicted by the NIR calibration models and these latter 
were also able to detect different types of operational disturbances. These results indicate that it is possible to 
monitor variables of interest during acrylamide inverse miniemulsion polymerizations. 
Keywords: Inverse miniemulsion polymerization; Acrylamide; Monitoring; Spectroscopy; NIR. 

 
 
 

INTRODUCTION 
 

Hydrophilic polymers have numerous applications, 
as flocculants, adhesives and viscosity control agent 
for petroleum, chemicals for the paper industry and 
mining processes, that represent a market that amounts 
to about a billion dollars each year (Ullmann's, 2000 
and Qi et al., 2009). Polyacrylamide is one of those 
hydrophilic polymers and considerable research has 
been done to improve its viscosity building capacity 
by increasing its molecular weight (Hunkeler, 1990) 
and modifying the polymer chain with a few hydro-
phobic moieties to create intermolecular hydropho-
bic association (Feng et al., 2005). 

Acrylamide polymerization is characterized by a 
high ratio between propagation and termination rate 

coefficients, resulting in polymers with high mo-
lecular weights, high viscosity, and high heat release 
rate, leading to poor mixing and heat transfer when 
operated on an industrial scale (Lovell et al., 1997). 
The compartmentalization of the radicals in submi-
cron-sized particles provides several advantages for 
emulsion and miniemulsion polymerization tech-
niques compared to bulk, solution and suspension po-
lymerizations, such as higher reaction rate and higher 
molecular weights. In addition, the resulting product 
is a dispersion of submicrometric polymer particles 
and there are fewer problems due to heat transfer or 
mixing during the polymerization since the viscosity 
of the continuous phase is low. Specifically in minie-
mulsion polymerizations, due to the droplet nuclea-
tion mechanism, polymerization kinetics do not de-
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pend on monomer transport through the continuous 
phase because an initiator soluble in the dispersed 
phase (droplets/particles) can be used (Capek, 2010). 
However, the intended mechanism in the miniemul-
sion polymerization is the nucleation mechanism of 
the droplets, but in some cases homogeneous and 
micellar nucleation can happen (Ouyang et al., 
2011a). Nevertheless, while the number of works 
involving direct miniemulsion polymerization (oil in 
water) has increased dramatically since the pioneer-
ing work of Ugelstad et al. (1973) in which it was 
shown that submicrometric monomer droplets could 
be efficiently nucleated and thus serve as the main 
polymerization locus, few studies are reported in the 
literature related to inverse miniemulsion polymeri-
zation (water in oil) (Capek, 2010). The dispersed 
phase (submicrometric droplets) of inverse miniemul-
sion polymerization is composed of a polar monomer, 
water and a costabilizer (lipophobe) to minimize 
diffusional degradation, also known as Ostwald rip-
ening. The continuous phase, in which the droplets 
are dispersed, also contains a nonionic surfactant to 
retard coalescence (Landfester, 2000). Since mono-
mer droplets/particles are the main polymerization 
locus and due to their high superficial area, the ini-
tiator may either be soluble in the dispersed phase 
(Capek, 2003; Qi et al., 2007; Kobitskaya et al., 
2010) or in the continuous phase (Qi et al., 2007; 
Kobitskaya et al., 2010; Romio et al., 2013) or in both 
phases, as in the case of the redox initiation system 
used by Blagodatskikh et al. (2006).  

Monitoring polymer properties during the reac-
tion is important to eliminate or reduce variations in 
product quality or other failure during the process. 
For over 30 years the development of optical fibers 
has benefited from major advances which put near in-
frared spectroscopic techniques in an outstanding po-
sition to monitor processes (Wolfbeis and Weidgnas, 
2006). Furthermore, this technique has the advan-
tages of ease of handling, and rapid measurements, 
the ability to monitor simultaneously different poly-
mer properties (Reis et al., 2003, 2004a, b, c; Chicoma 
et al., 2010), as well as the possibility of using a 
multiplexer system. Concerning this, monitoring by 
spectroscopic techniques is driven by the need to 
improve existing technology to reduce costs and in-
crease process safety, maintain or improve product 
quality, and reduce the amount of residual volatile 
organic compounds, since conventional analytical 
methods are time-consuming and are not readily 
adapted for real time measurements (Bauer et al., 
2000). The NIR comprises the spectral region from 
12,500 cm-1 to 4000 cm-1 and mainly contains vibra-
tional overtones and combination bands (Patnaik et 

al., 2004). The elaboration of multivariate calibration 
models is required to relate NIR spectra with proper-
ties of interest (Santos et al., 2005; Reis et al., 2005, 
2007, Silva et al., 2011), such as monomer concen-
tration, conversion, and droplet/particle diameters 
throughout the reactions. 

In the present work the feasibility of using NIR 
spectroscopy for online monitoring of changes in 
monomer concentration, conversion and average par-
ticle diameter of inverse acrylamide miniemulsion 
polymerizations conducted at different temperatures 
and with different types of surfactants and initiators 
(oil- or water soluble) was verified. Polymerization 
reactions carried out in the batch mode were used for 
the development and validation of NIR calibration 
models. Experimental techniques such as gravimetry 
and photon correlation spectroscopy were respec-
tively used to determine off-line residual acrylamide 
concentrations and intensity average particle size 
diameters. Spectra were collected using a NIR im-
mersion probe in the transflectance mode. 
 
 

EXPERIMENTAL 
 

The continuous lipophilic phase of the inverse 
miniemulsion was prepared by dissolving the sur-
factant, polyglycerol polyricinoleate (PGPR) or SPAN 
60, in cyclohexane. In sequence, the monomer, acryla-
mide (AAm), and the costablizers, sodium chloride 
(NaCl) and polyvinylpyrrolidone (PVP), were dis-
solved in water to prepare the aqueous phase. Two 
types of initiators were used, the water-soluble potas-
sium persulfate (KPS) or the oil soluble 2,2’-azo-bis-
isobutironitrile (AIBN). The former was dissolved in 
the aqueous solution, while the latter was dissolved 
in a small amount cyclohexane and added to the reac-
tion medium after the miniemulsification. Both phases 
were mixed and magnetically stirred for 30 min, 
forming a coarse emulsion. When the aqueous phase 
initiator was used, this step was performed at 10 °C 
to prevent the onset of the reaction during minie-
mulsification. A Ultra Turrax Digital T25 homoge-
nizer (5 min at 20000 rpm in an ice-water bath) was 
used to prepare the miniemulsion. The inverse minie-
mulsion was then transferred to a 250 mL jacketed 
reactor with a magnetic stirring bar and stirred under 
a nitrogen stream to avoid inhibition of the polymeri-
zation process by the presence of oxygen. All poly-
merizations were carried out between 55 °C and 60 °C 
(see Table 2). Figure 1 represents the experimental 
unit. The reactor is equipped with a magnetic stirrer, 
reflux condenser, sampling valve, nitrogen injection 
system, NIR immersion probe, and thermometer. 
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Figure 1: Scheme of the experimental setup: a - 
Thermostatic bath; b - Magnetic stirrer; c - Condenser; 
d - NIR probe; e - Nitrogen Stream; f - Thermometer. 
 

Table 1 shows the recipe of the acrylamide in-
verse miniemulsion polymerizations. The differences 
among the reactions, initiator type and concentration, 
surfactant type and reaction temperature are shown 
in Table 2. 
 
Table 1: Recipe used in the acrylamide inverse 
miniemulsion polymerizations. 
 

Phase Reagents  
(g) 

Mass  
(g) 

Water 15.0 
Acrylamide 11.2 

NaCla 2.920 Dispersed  
PVP 
KPS 

0.94 
variable 

Cyclohexane 101.2 
Continuous  PGPR or SPAN 60 

AIBN 
6.02 

variable 
 
Table 2: Characteristics of inverse acrylamide 
miniemulsion polymerizations. 
 

Initiator Surfactant 
Run KPS  

(%)a 
AIBN 
(%)a 

PGPR Span 60 T  
(°C) 

M 1 2 --- X --- 63 
M 2  2 --- X --- 60 
M 3 1 --- X --- 65 
M 4  2 --- X --- 65 
M 5  2 --- X --- 55 
M 6b  2 --- X --- 55 
M 7c 1 --- --- X 60 
M 8d 1 --- --- X 60 
M 9  --- 3 X --- 60 

a wt% related to the mass of monomer 
b increase of reaction temperature to 65 °C after 180 min of reaction 
c without PVP 
d addition of 50 wt% of the reaction medium after 70 min of reaction 

Latex characterization: samples were collected 
during the polymerization process to determine 
conversion and average particle diameter. 

Conversion was determined by gravimetry based 
on the following procedure: samples were collected 
from the reactor and precipitated in an excess of 
chilled acetone containing 0.1 wt% of hydroquinone, 
and then separated by centrifugation. This procedure 
was repeated twice without hydroquinone to remove 
the non-polymeric solids. The precipitate was dried 
at 60 °C to remove residual acetone, cyclohexane and 
water. The conversion was calculated as the ratio be-
tween the mass of dry polymer and the amount of 
monomer that the sample taken from the reactor 
should contain if no reaction occurred. When PGPR, 
a surfactant with double bonds, was used, the proce-
dure described by Hunkeler (1990) was followed to 
calculate conversion. 

The intensity average particle diameter was 
measured by dynamic light scattering technique 
(DLS, Beckmann Coulter N4 Plus) diluting the sam-
ples in cyclohexane. 
 
Online Monitoring 
 

NIR spectra were collected online with an IFS 
28/N Bruker spectrometer, equipped with a quartz 
beam splitter, using a probe (Hellma 661.622 NIR, 
with a transflection system and overall light path 
equal to 2 mm) immersed into the reaction medium. 
Spectral acquisition and processing were developed 
using the OPUS software package. Gravimetric 
(conversion and monomer concentration) and DLS 
(intensity average particle diameter) data were used 
as reference data in the multivariate partial least 
squares (PLS) calibration models.  
 
 

RESULTS AND DISCUSSION 
 
NIR Model of Acrylamide Concentration  
 

To improve the quality of the calibration models, 
spectral pre-treatment techniques were applied. The 
second derivative with 25 points (smoothing) using 
the Savitzky–Golay method was chosen as the spec-
tral pre-treatment technique due to its good results 
for this type of heterogeneous system (Vieira et al., 
2002; Chicoma, 2009). The Savitzky–Golay method 
is based on the polynomial fitting of spectra using 
partial least square regression, allowing data differ-
entiation and smoothing. The calibration set of reac-
tions, composed of polymerizations M 1, M 2 and M 3 
in Table 2, was chosen to cover a wide range of 
conversion values. 
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Three different spectral regions were evaluated 
for the prediction of residual monomer concentration 
(Figure 2). Two of these regions correspond to those 
attributed to the decrease of the residual acrylamide 
concentration (4250 cm-1- 4500 cm-1 and 5855 cm-1 - 
6250 cm-1) and the last involved the entire spectral 
region (4250 cm-1 - 12500 cm-1). The best internal 
cross-validation results in terms of coefficient of 
determination (R2 = 0.994) and root mean square 
error of cross validation (RMSECV) were obtained 
for the first overtone region (5855 - 6250 cm-1) with 
seven principal components. Furthermore, it is im-
portant to note that a larger number of principal 
components may lead to an overfitting, incorporating 
noise into the calibration information. 
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Figure 2: NIR spectra of the main components of 
acrylamide inverse miniemulsion polymerizations. 
 
Estimation of Acrylamide Concentration and Con-
version in Inverse Miniemulsion Polymerizations  
 

Figure 3 compares NIR and gravimetric results 
for the residual acrylamide concentration and con-
version for inverse miniemulsion polymerizations 
that were not used in the calibration model. All reac-
tions conducted with the aqueous phase initiator KPS, 
added to the dispersed phase prior to the miniemul-
sification procedure, show an initial conversion 
around 17%, followed by an induction period during 
the first minutes of reaction due to the presence of 
traces of oxygen (polymerization inhibitor). The in-
duction period occurred for all reactions (with KPS 
and AIBN) since oxygen enters the reaction medium 
during the emulsification and homogenization (with 
Ultra Turrax) steps. The eventual presence of other 
impurities may also contribute to this induction pe-
riod (Capek, 2010; Qi 2007, Ouyang et al., 2011b). 
Though, initial induction periods are usually not 
desired, their presence does not hamper the purpose 

of this work, which is to evaluate the ability of NIR 
spectroscopy to keep track of inverse acrylamide 
miniemulsion polymerizations despite the presence 
of disturbances. On the contrary, the ability to predict 
correctly the end of the induction period is a desired 
feature of process monitoring. After this initial 
induction period, reaction rate was very high due to 
the high propagation coefficient value of acrylamide, 
kp = 4.3 x104 L.mol-1s-1 at 60 °C (Qi, 2009) until a 
limiting conversion between 70 and 80%, depending 
on the formulation, was reached. 

It can be observed in Figure 3 that the NIR model 
was able to describe correctly the trends of these reac-
tions, including the initial induction period followed 
by a high reaction rate and the limiting conversion. 
However, some slight deviations can be observed, as 
in Reaction M 6 (Figure 3 (e) and (f)). In this experi-
ment a disturbance, a temperature increase in the last 
hour of reaction, was applied to the system and the 
model was able to detect this operational distur-
bance. The trend of reaction M 7, carried out with 
the surfactant Span 60 and without PVP, and of 
reaction M 9, with the oil-soluble initiator AIBN, 
was described correctly by the calibration model 
based on reactions with KPS as initiator and PGPR 
as surfactant, but the NIR model results were noisier 
than in the other reactions. The higher noise in the 
NIR predictions of reactions M 7 and M 9 can be 
attributed to the interference of the different initiator 
and surfactant, respectively, used in these reactions. 
Finally, Figures 3 (i) and (j) show the results of 
reaction M 8 during which, after 70 min of reaction, 
50 wt% of the total mass of the reaction medium was 
fed. Again, in this case the model was able to detect 
correctly the disturbance. 
 
NIR Model for the Average Particle Diameter  
 

The reaction set for the calibration model of the 
average particle diameter was selected to cover a 
wide range of diameters (165 nm to 250 nm), and 
thus included reactions carried out with both types of 
surfactants, PGPR (M 1 and M 4) and Span 60 (M 7 
and M 8). In addition, the spectral region between 
9500 cm-1 and 12500 cm-1 was used for the average 
particle diameter model, because in this region the 
absorbance of the monomer is minimal and the effect 
of light scattering by the polymer particles is much 
more intense compared to other spectral regions 
where absorbance is predominant (Chicoma et al., 
2011). The first derivative with 17 point smoothing 
with normalization vector was used as the spectral 
pre-processing method. Based on cross-validation as 
internal validation, a PLS model with three principal 
components with R2 = 0.76 and RMSECV = 14.4 nm 
was chosen. 
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Figure 3: External validation of the NIR calibration model for the concentration of acrylamide (a), (c), 
(e), (g), (i), (k) and conversion (b), (d), (f), (h), (j), (l) during acrylamide inverse miniemulsion 
polymerizations. 

 
 
Estimation of Particle Diameter in Inverse 
Acrylamide Miniemulsion Polymerizations  
 

The external validation of the NIR model developed 
for the average particle diameter in acrylamide inverse 
miniemulsion polymerization is shown in Figure 4. 
The NIR model estimations agreed satisfactorily with 
Dp data determined offline by DLS, predicting cor-
rectly the timing of the abrupt particle size decrease 
observed for these reactions at around 30 min. The 
timing of this particle size decrease also agrees with 
the sharp increase in reaction rate (Fig. 2), indicating 
that possibly another particle nucleation mechanism 
besides the desired droplet nucleation is also active 
at this point.  

Ouyang et al. (2011a) observed a large polydis-
persity of particles of poly(sodium acrylate) with 
acrylamide and poly(acrylamide) extended with 
acrylic acid. These authors indicated that the polydis-
persity was due to the phenomenon of Oswald ripen-
ing in which the smaller droplets with higher solu-
bility diffuse to the larger monomer droplets. How-

ever, the surfactant barrier difficults the diffusion to 
the larger particles, but it does not disappear. Another 
important factor is the low solubility of acrylamide in 
cyclohexane. The same authors indicated that 
oligoradicais of acrylamide in the continuous phase 
can be quickly captured by micelles containing mono-
mer, forming new particles by micellar nucleation. 

While the NIR model was able to detect correctly 
the timing of this particle size decrease, it underesti-
mated its magnitude as observed in the small devia-
tions between NIR and DLS Dp values after 30 min 
of reaction. During the course of reactions M 2 and 
M 3, for which the particle size increased from 180 nm 
to 200 nm after 50 min of reaction, indicating particle 
coalescence, several smaller discontinuities may be 
observed in the Dp values predicted by the NIR 
model, in addition to the initial abrupt decrease also 
observed in the DLS data. As reported by Reis et al. 
(2004) for the styrene/butyl acrylate emulsion co-
polymerization reactions, particle coalescence might 
be the reason for the deviations in the particle size 
monitoring. When polymer particle aggregates are
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Figure 4: External validation of the NIR calibration model for the average particle 
diameter during acrylamide polymerizations of an inverse miniemulsion. 

 
 
formed during emulsion/miniemulsion polymeriza-
tions, these might get stuck in the optical path of the 
NIR immersion probe, leading to deviations in the 
estimations of Dp until these aggregates are released 
and NIR estimations return to the correct values. This 
interference of the formation of aggregates in the NIR 
spectra, and thus in the estimation of Dp, may be used 
advantageously for the early detection of the forma-
tion of these aggregates during the process. 
 
 

CONCLUSIONS 
 

The use of NIR spectroscopy for monitoring 
acrylamide inverse miniemulsion polymerization was 
discussed in this work. Results showed the feasibility 
of on-line monitoring of conversion and average 
particle size in these inverse miniemulsion polymeri-
zation reactions using NIR spectroscopy. Using a 25-
point second derivative with smoothing for spectral 
pretreatment, it was possible to develop a partial 
least squares calibration model for acrylamide con-
centration with a high determination coefficient. 

External validation of acrylamide concentration and 
conversion predictions based on on-line NIR spectra 
showed a good agreement with off-line gravimetric 
data, keeping track of reaction trends such as the 
initial induction period, followed by a very sharp 
increase of reaction rate. Furthermore, NIR spectros-
copy was able to detect disturbances such as addi-
tional reactant feeding and reaction temperature in-
crease, allowing the possibility of acting on the sys-
tem. The sensitivity of NIR spectroscopy toward the 
evolution of the average polymer particle diameter 
under different operational conditions of inverse 
miniemulsion polymerization reactions was evalu-
ated with the online NIR probe. The changes of the 
particle diameter were detected successfully, also the 
estimation of complex phenomena like particle nu-
cleation and coalescence. 
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