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Dosage of monomers in a polymerization reaction
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Abstract

A model is proposed to estimate the dosage rate of monomers in a polymerization reaction. The model consists of a bimodal
Gamma probability distribution function for describing the conversion velocity of monomers in a flask polymerization reaction
(laboratory scale). The function of conversion percentage of monomers (the integral of the conversion velocity of monomers)
is correlated with the experimental data. From this function, the conversion percentage of monomers is developed for a
polymerization reaction, where monomers are added with a suitable dosage rate. The dosage rate of monomers is determined
from a minimization procedure applied to the mean square deviation between the conversion percentage of the fast and slow
monomers. In this way, the dosage rate of monomers is estimated to define the polymerization experiment on micro-plant scale.
From these experiments, the resulting polymeric product (with 1 L or 5 L scale) is homogeneous and without residual monomers.
Keywords: Terpolymers, synthesis, Gamma distribution, dosage rate, micro plant.

Resumen

Se propone un modelo para estimar la tasa de dosificacion de monémeros en una reaccién de polimerizacion. El modelo se
construye con una funcién de distribucién de probabilidad Gamma bimodal para describir la velocidad de conversién de los
mondmeros en una reacciéon de polimerizacién en un recipiente (escala de laboratorio). La funcién de porcentaje de conversién
de los mondmeros (la integral de la velocidad de conversion de los mondémeros) se correlaciona con los datos experimentales.
A partir de esta funcidn, se desarrolla el porcentaje de conversién de los monémeros para una reaccion de polimerizacién en
la que se afiaden mondmeros con una tasa de dosificacién adecuada. La tasa de dosificacién de los mondmeros se determina a
partir de un procedimiento de minimizacién aplicado a la desviacién cuadritica media entre el porcentaje de conversién de los
monoémeros rdpidos y lentos. De esta manera, se estima la tasa de dosificacién de los mondmeros para definir el experimento de
polimerizacién a escala de micro planta. A partir de esos experimentos, el producto polimérico resultante (con una escalade 1 L
0 5 L) es homogéneo y sin monémeros residuales.
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1 Introduction

Researchers study polymeric reactions due to the
wide diversity of high-value synthetic products for
cosmetics, biomaterials, pharmaceuticals, coatings,
wastewater treatment, and oil recovery, among many
other industrial areas (Bailey, 2000), (Jaeger, 2010),
(Williams, 2007), (Gromov, 1994), (Palomeque,
2022), (Cortés, 2011), (Martinez, 2007). There
are two main branches in the classification of
polymerization reactions, namely, condensation and
addition reactions. In the first one, the polymer
molecule and secondary products are formed
simultaneously; in the second one, the monomer
molecule becomes a polymer segment, however, in
this case, an initiator is required in the addition
polymerization reaction (Carraher, 2013). This work
is focused on the addition polymerization reaction
in aqueous solution. In this technique, the monomer
and initiator are dissolved in water and the polymer
is formed in solution. At the end of the reaction,
the polymer can be recovered by precipitation or
lyophilization. Polymers such as polyacrylic acid are
commonly made by solution polymerization (Mark,
1999), (Ohara, 2011).

Controlled polymerization reactions result in
polymers with desired molecular weight, molecular
weight distribution and structural and physical
properties. To achieve this objective, it is essential
that factors such as (1) monomer conversion rates
and reaction rates, (2) relationship of the reaction
parameters with the molecular weight and distribution,
and (3) reaction mechanism of the initiation,
propagation, and termination steps be analyzed
(Buback, 1990), (Ye, 2002), (Ray, 1999). All these
issues are tackled by using the concepts of propagation
(kp) and termination (k;) rate coefficients, which are
functions of the temperature, pressure, chain length,
monomer concentration, ionization degree, and ionic
strength, i.e. of the enormous complexity of radical
polymerizations in aqueous solution (Hutchinson,
1998), (Barner, 2017), (Buback, 2023). However,
most works are devoted to the study of polymeric
systems with one or two monomers, since terpolymer
systems have a high degree of complexity (Meyer,
2003), (Santanakrishnan, 2010), (Preusser, 2016),
(Bazaldua, 2023). As for the propagation and
termination rate coefficients, they are determined from
polymerization reactions on laboratory scale, but if
scaling up to micro-plant level is considered, then,
the chemical process has major viscosity changes and
mass and heat transfer phenomena. Therefore, the
polymerization reaction on micro-plant scale must be
treated in a different way from that on lab scale.
In particular, the propagation and termination rates
must change, and these changes are not obvious

(Meyer, 2003). Furthermore, the competition between
different monomers in a polymerization reaction
mixture on micro-plant scale is present. In this case,
the differences regarding the conversion velocity of
monomers constitute the main problem, and monomer
dosage could be a solution, notwithstanding, the final
product is affected by the monomer dosage rate and
addition order of reactants, and these issues are not
well understood (Vasile, 2015), (Lépez, 2020). In the
present work, a polymerization reaction using three
monomers is analyzed on the lab and micro-plant
scales. The reaction of monomers is analyzed by
measuring the conversion of monomers and their time
derivative. At this point, the conversion velocity of
monomers is modeled by using the probability Gamma
distribution function. Thus, the model is designed
to describe the conversion at lab level, but in the
next step, the model is extended to the micro-plant
scale by using the monomer dosage rate procedure.
The conversion of monomers (with dosage) is then
modeled by using a convolution as a superposition
of the conversion of monomers on lab scale, but at
different initial times and weighted by the velocity of
monomers added to the system.

2 Monomer conversion

2.1 Lab scale

The polymerization solution of the monomers
acrylamide (AM), vinyl pyrrolidone (VP), and vinyl
butyl imidazolium (VBIM) at 35:35:30 mol% was
prepared in a three-neck flask using deaerated
water under vacuum; nitrogen was introduced and
maintained during the reaction. The temperature was
set at 50 °C and V50 was used as initiator. Samples
were taken at different times, and a small amount
of a hydroquinone solution was added to stop the
reaction. Finally, 'H-NMR analysis (Bruker 600
MHz spectrometer with Avance III as interface) was
performed to determine the monomer conversion.

2.2 Mathematical adjustment

The conversion data derived from the polymerization
experiment for each monomer in the mixture are
described by

t
Pa(t) :f(; Vo(T) dT (N

where @« € {AM, VP, VBIM} is the monomer
label. The function p, is the monomer-a conversion
percentage at time ¢, meanwhile, v, is the conversion
velocity of monomers and is modeled with the N-
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modal probability density function, namely.

N
Vo) =100% X Y wai pailt) 2)
i=1

where w,; is the fraction of the probability density
function p,; in a multimodal distribution and is
normalized as wy| + We2 + -+ wey = 1. In a
polymerization reaction, the conversion velocity of
monomers exhibits one or more dynamic regimes,
thus this behavior is described by a multimodal
distribution. However, in this work, a bimodal
distribution is only considered, i.e., N = 2. Regarding
the probability density function (pg; in min™'), it is
rewritten as

Pai(®) = Adai p(Aai (t = 147)) 3

where A,; is a positive parameter that expands or
contracts the domain of function p, meanwhile ¢,; is
a non-negative-time-displacement parameter, and the
probability density function is taken from the Gamma
distribution function, namely

0, 1<0;
P = { e T(2) 0<t, “)

where I is the Gamma function (Abramowitz, 1972)

I(z) = f ” e dt. (5)
0

The argument z, in the Gamma function is another
parameter, but its value is fixed to z = 5/2 to have a
smooth and continuous transition at the initial time,
i.e., p(0) = 0 and p(0) = O (where p is the time
derivative of p). In this case, the Gamma function has
the value I'(z) = 34/7/4, and the conversion function
is

Da(?) = 100% x

N
Zwm- (erf(\/@)— @(;—1 u _+2)e“‘”) 6)
pr ai

T

where u,; is the function

N 0 t < tais
ari(F) = { dai (1=tai)  fai <1, ™

and erf in Equation (6) is the error function, namely

erf(x)= % j(;x e dr (8)

Moreover, in Equation (3), the probability density
function p,; is characterized by the mean m,;, and
deviation o ,; values

Myi = tai + \/E Tqi, and Tqi = \/Z//l(u (9)

The first expression in Equation (9) is a restriction
between the mean and deviation, because the time 7,;
has no negative value, and therefore, m,; and o; are
not wholly independent.

In summary, the monomer-a conversion function
Po has the domain 0 < ¢, is a continuous function,
has no negative values p,(f) > 0, is a monotonically
non-decreasing function p,(f) > 0, and has the limit
po(t) — 100% at the end of the polymerization
experiment, i.e., at t — co. The adjustment parameters
are in the set A, = {Wql, Mal> Ma2, Tal> a2},
and are determined by minimizing the mean square
deviation between the experimental data and results
from the conversion function.

2.3  Results

The experimental data of the conversion percentage
of monomers corresponds to a ternary mixture, which
is formed by the AM, VP, and VBIM monomers
with the following initial molar distribution: 35:35:30.
The mean square deviation between the conversion
function and experimental data is

LS ()Y
€X]
&2 == 2 (pe)=p5") (10)
i=1
where p((;xP ) is the monomer-@ conversion data

derived from the polymerization experiment at time ¢,
meanwhile p, (¢;) is Equation (6) evaluated at time ¢;.
With this target function, Equation (10), the set A, is
derived from a minimization procedure, and the values
of the resulting parameters are displayed in Table 1.

Table 1. Parameters of Equation (1) computed to fit the experimental data. The last column corresponds to the
resulting values of the mean square deviation, Equation (10).

a Wal M,y [min] 041 [min]  myp [min] o2 [min] Ea
AM 04544 17.5482 11.0984 198.885 59.6463  0.0157
VP 0.4331 23.0033 14.5486 232.390 94.3888 0.0162

VBIM  0.2909 42.5098 25.3175 306.502 150.521 0.0083
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Fig. 1. AM monomer molar conversion as a function
of time in the ternary chemical reaction (solid curve
and red circles). The dashed curve corresponds to the
conversion velocity and its scale is on the left.

The results obtained with Equation (1) are shown
in Figure 1 with the black solid line for the AM
case. The corresponding conversion experimental data
are the red-filled circle symbols. In this case, the
AM monomers have a violent chemical reaction,
and therefore, the maximum conversion velocity is
practically reached at the beginning of the chemical
reaction. However, after this first stage, perhaps
the charge of the polymers, and/or the polymer
steric effect work(s) against the aggregation of new
monomers into the polymer chains, and therefore,
the conversion of monomers starts to decrease. At
this stage, the conversion velocity reaches its first
minimum (see the dashed curve in Figure 1). At
the third stage, the repulsion to the AM monomer
decreases, and its aggregation to the polymer
structures increases again. As a result, the conversion
velocity achieves a second maximum. After this stage,
the monomer number begins now to decrease, and the
conversion velocity starts to decrease to zero. Finally,
AM monomers are fully added to the polymers.

In Figure 2, experimental data of the VP monomer
are shown with blue-filled triangle symbols, the
results obtained with Equation (1) are shown with
the black solid curve, and the conversion velocity
results computed with Equation (1) are displayed
with the dashed curve. The chemical reaction of
the VP monomer is like in the AM monomer
case, but the VP monomer conversion is less than
that of AM monomers (see Figures 1 and 2).
In other words, VP monomers take a little more
time to complete 100% of polymerization than AM
monomers. Since the chemical structure of each
monomer is decisive in the reactivity, most reported
studies indicate that AM has high reactivity (Bazaldua,
2023), and the reaction conditions (temperature,
solvent, temperature, initiator, etc.) play an important
role in this capacity.

100 2.0
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Fig. 2. VP monomer molar conversion as a function of
time in the ternary chemical reaction (solid curve and
blue triangles). The dashed curve corresponds to the
conversion velocity and its scale is on the left.
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Fig. 3. VBIM monomer molar conversion as a function
of time in the ternary chemical reaction (solid curve
and green squares). The dashed curve corresponds to
the conversion velocity and its scale is on the left.

In Figure 3, the VBIM monomer experimental
data are shown with green-filled square symbols, the
results derived from Equation (1) are shown with the
solid curve, and the conversion velocity results derived
from Equation (2) are shown with the dashed curve.
The VBIM monomer conversion results agree with the
experimental data, but the behavior pattern is not like
in the previous cases. In this one, the VBIM monomer
is characterized by a slow chemical reaction, and in
fact, the conversion velocity reached its maximum
at 30 min. After that, the monomer conversion is
quite like in the other cases, but the conversion
value is always below the others, and therefore, these
monomers are the last to complete the polymerization
reaction. In this case, it must be considered that VBIM
is a cationic monomer that has a charge distribution
on the chemical structure, affecting the electrostatic,
attractive and repulsion forces between the ionic
comonomers (Bazaldua, 2023).

In summary, the conversion velocity, in Equation
(2), is modeled with the bimodal probability density
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from the Gamma distribution. At least from this
flask polymerization experiment on laboratory scale,
it was concluded that Equations (1) and (2) described
the conversion data. In the next section, the
conversion functions will be used to define the next
polymerization experiment with dosage on micro-
plant scale, i.e., with 1 L to 5 L size.

3 Monomer molar conversion
(with dosage)

3.1 Dosage of chemical reactants

The simplest chemical dosage is obtained by using a
ramp function, namely

0 t<0
fult) = TL 0<t<T, (11)
1 T,<t

where T, is the time for adding all the monomers-a to
the mixture in the flask. In the same way, f,(?) is the
fraction of the monomers (added to the system) at time
t, and no more monomers are added beyond time 7.
In this work, the monomer molar conversion (with
dosage) is approached with the next convolution

!
Palr) = fo Jo (D) pa(w(t-1)) dt 12)

where f, is the addition velocity. The monomer-
a conversion percentage P, is considered a
superposition of the partial monomer-a conversion
percentage p,, but at different initial times. However,
the p, argument is scaled by the parameter w whose
value is defined from the condition P, (0.7 Texp) >
98%, where Texp, is the experiment duration. In
this way, w depends implicitly on the mixture size.
Equation (12) connects the lab and micro-plant scales,
however, the interactions between fresh monomers,
product (polymers), and initiator molecules are not
included.

In general, the $#, behavior is like p,, i.e. Py
has the domain 0 < ¢; is a continuous function; has

no negative values P,(f) > 0; is a monotonically
non-decreasing function P,(?) > 0; and has the limit
P, (1) = 100% at t — oo. However, it has an additional
property, namely

Tlaifof%(t) = po(wr) 13)

The equation for #, is derived from Equations (6),
(11), and (12). The result is

0 t<0;
Po(t) = {Pa(wz) 0<t< Ty
Po(wt) =Py (w(t = Ty)) Ty <t
(14)

where the function P, is

+1/@(ium+5)e_"m’). (15)
m\3

Now, by considering the next function

TCX
8 = <Z/; Tl fo p(PQ(T)—Pﬁ(T))sz> (16)

exp

where (...) is the mean value of all integrals of
distinct pairs (@, B). In this way, the function ¢
is the mean quadratic deviation between pairs of
functions P, and Pg. If § is at an extreme point
(minimum), then all conversion functions are similar.
In other words, P, “follows” to Pg. In this case,
perhaps, the final product (the polymers) could have
a homogeneous monomer distribution in the polymer
structure, and the total number of residual monomers
(without chemical reaction) could be a minimum
at the end of the experiment. The dosage time is
calculated from equations: aa_Ti = 0. Table 2 shows
some results corresponding to values of the experiment
duration. The model suggests the following dosage
times, namely, Tam ~ 240 min and Typ =~ 200 min
for the experiment duration Texp ~ 350 min, as an
example.

Table 2. Results obtained with the model. The parameter w, dosage time T, and deviation ¢ are functions of the
experiment duration: Texp.

Texp [min] w Tam [min]  Typ [min] Typmm [min] o
250 5.9261 169.27 146.19 121.04 1.7284
300 4.8526 201.81 174.17 143.25 1.7151
350 4.2420 237.02 204.98 169.75 1.7297
400 3.7270 271.32 234.66 194.61 1.7324
450 3.3274 305.74 264.45 219.66 1.7351
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3.2 Micro-plant scale

Reactions at micro-plant level were performed in 1 L
and 5 L glass reactors from Chemglass at 50°C.
Reactions were carried out in a reactor equipped
with mechanical stirring and double stirrer: the upper
impeller is a PTFE four-blade stirrer with a 60°
angle, and the lower impeller is a high-viscosity
PTFE stirrer with four blades. The benchtop reactor
system comprises a jacketed borosilicate glass vessel
(type 1, class A, meeting ASTM E438 specification)
and oil circulation system. The molar rates of
the monomers were 35:35:30 for AM:VP:VBIM,
respectively. Initially, the slowest-to-react monomer
VBIM was introduced into the reactor; then, the other
two monomers were introduced adjusting the adding
times according to the theoretical results. The steps of
the two processes were the following:

1. 50% of the total reaction volume was introduced
into the reactor containing the monomer VBIM
with constant stirring at 70 rpm.

2. Vacuum was made in the reactor for 1 h to
eliminate all the oxygen contained in the water
solution; then, nitrogen was introduced and
maintained during the reaction.

3. Monomers AM and VP were dissolved
separately in the laboratory and deareated for
1 h at 20% of the total reaction volume. Initiator
V50 was dissolved and deareated for 1 h in the
remaining 10% of the volume.

4. The reactor temperature was set at 50 °C.

5. By means of peristaltic pumps, monomers AM
and VP were pumped at different flow rates
to dosage them at 240 min and 200 min,
respectively, while V50 was introduced for
200 min.

3.3 Results

Figure 4 shows the 'H-NMR spectra corresponding to
the 1 — L reaction. At zero time there are no signals
of the monomers AM and VP, which were added to
the reactor at different speeds. As the reaction time
progressed, the signals of these monomers increased
up to a time of 75 min, and then, began to decrease.
At 200 min, the signals of monomers AM and VP
are almost imperceptible, which indicates that they
reacted as they were added until being completely
consumed. After 240 min of reaction, only very weak
signals of the monomer VBIM remained.

Figure 5 shows the monomer conversion of the
reacting mixture, where it is appreciated that the
three monomers reacted at practically the same rates,
meanwhile the solid curves are the prediction of the
model; all the curves are similar between them and

s W\ !

58 67
1 (oom)

Figure 4. 'H-NMR spectra of the 1-L reaction.
A multiplet in the interval ranging from 7.08 to
7.18 ppm, marked with the letter “C”, corresponds
to a proton of the vinyl group of the VBIM
monomer; the quadruplet at 6.92 ppm, marked
with the letter “B”, belongs to one of the VP
vinyl protons; and finally, a multiplet in the 6.20-
6.29 ppm region, marked with the letter “A”,

corresponds to two vinyl protons of the monomer AM.
120 4
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Figure 5. Monomer conversion as a function of time
in the 1 L reactor. Dots represent the experimental
monomer conversion, meanwhile the solid curves
correspond to P, predicted by the model with the
dosage times Tam ~ 240 min, Typ =~ 200 min, for the
experiment duration Texp, =~ 350 min (see Table 2). The
experiment temperature was 50°C.

qualitatively describe the experimental data. As for the
temperature, it rose as the reaction progressed, having
a maximum delta of 4°C, but the cooling water was
maintained at no more than 51°C.

For the reaction at 5 L, the reaction conditions
were the same as for the case of the reaction at
1 L. The "H-NMR analysis is presented in Figure
6. The developed reaction is like the one at 1 L
volume and could be considered completed after
240 min. In this reaction, the temperature of the
internal reaction mixture and torque of the stirring
propellant were measured. The increase in torque
gives an idea of the increased viscosity of the
solution. Figure 7 shows these measurements as the
reaction progressed. A moderate increase in torque
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Figure 6. "H-NMR spectra of the reaction at 5 L.
A multiplet in the interval ranging from 7.08 to
7.18 ppm, marked with the letter “C”, corresponds to a
proton of the vinyl group of the VBIM monomer; the
quadruplet at 6.92 ppm, marked with the letter “B”,
belongs to one of the VP vinyl protons; and finally,
a multiplet in the 6.20-6.29 ppm region, marked with
the letter “A”, corresponds to two vinyl protons of the
monomer AM.
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Figure 7. Temperature and torque as functions of time,
5 L reaction.

was observed from the first reaction minutes, while
a continuous increase in temperature took place to
reach an increment of 4°C from the initial temperature.
A sudden increase in torque between 150 min and
200 min occurred, which coincided with the maximum
reached temperature. Finally, the torque tended to
stabilize while temperature dropped with the reactor
cooling jacket.

The results show the monomer conversion
at different rates and any of them reached
complete conversion in 240 min of reaction, while
terpolymerizations on micro-plant scale with adjusted
dosage were carried out at similar rates of the
three monomers, all reaching 100% conversion close
to 240 min of reaction time. The improvement
in compositions from batch reactor to microscale
reactions is evident from Table 3. In the first case,
AM was the fastest to react, and this fact prevented it

Table 3. Composition of the final terpolymers
obtained by 'H-NMR.

AM VP VBIM

[mol%] [mol%] [mol%)]

Batch reaction 16.7 34.8 48.5
1 L reaction 38.8 34.8 26.4
5 L reaction 39.0 34.0 27.0

from integrating into the terpolymeric network. When
the conversion of AM followed that of VP and VBIM,
its integration improved remarkably.

Finally, this methodology was used to describe the
experimental data for the lab and micro-plant scales,
where both were connected using Equation (12) and
a uniform monomer dosage, however, if calorimetry
data were considered, this methodology could be
updated and extended to the industrial scale.

Conclusion

Two micro-plant reactions revealed that three
monomers (AM, VP and VBIM) were consumed
similarly. Since they have different reaction rates,
derived from observations of conversion plots, they
become minimal by using dosages at different speeds.
The slowest monomer (VBIM) was first put into the
reactor to be completely available to react during all
the reaction time; then, the fastest monomer (AM) was
added at lower speed than that of monomer VP so that
it could be better distributed in the terpolymer chains
and react in a more similar way than the other two
monomers.

Based on laboratory polymerization reactions, the
dosage rate of monomers was estimated so that
their integration into the polymer chains was carried
out more homogeneously. Theoretical calculations
were performed using Equation (1), reproducing the
experimental data with very good fitting. The obtained
dosage rates were used to define the experiment
on micro-plant scale. From this experiment, the
consumption of the reagents occurred at similar rates.
The increase in the torque of the stirring arrow and
temperature coincided with the accelerated conversion
of the monomers between 150 min and 200 min of
reaction.

In this model, the fundamental idea is that the
fastest reactive monomers “follow” the slowest ones
in the system. Under this assumption, the dosage
rate of monomers in a polymerization reaction was
established.
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