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Abstract High molecular weight polyacrylamide (PAM)
nanoparticle dispersions are products with wide application
possibilities, the most important of which is in petroleum in-
dustry such as drilling fluid and flooding agent in enhanced oil
recovery. For that aim, it is necessary to achieve complete
control of the final dispersion and polymer properties during
the synthesis step. In this work, PAMs were synthesized by
inverse emulsion polymerization of aqueous acrylamide solu-
tion in cyclohexane in the presence of emulsifier mixture of
Span 20 and Span 80. We present a comprehensive study of
the effects of variation of all important reaction conditions
(agitation rate, reaction time and temperature, initiator type
and concentration, emulsifier HLB ratio and its concentration,
and water to oil ratio) on final monomer conversion, reaction
kinetics, polymer intrinsic viscosity and molecular weight,
particle size and distribution, and colloidal stability. Finally,
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the relationships between the reaction conditions and the poly-
mer properties were developed, which allowed determination
of the ranges of variation of reaction conditions for optimal
PAM properties for the oil industry applications: high molec-
ular weight and intrinsic viscosity, nanosized polymer parti-
cles with narrow particle size distribution, and improved col-
loidal stability of the final dispersions.

Keywords Polyacrylamide nanoparticles - Inverse
emulsion polymerization - Molecular weight - Particle size -
Second virial coefficient - Reaction kinetics

Introduction

Water-soluble polymers, such as polyacrylamide (PAM) and
its derivatives, are the most important synthetic water-soluble
polymers because of their numerous applications.
Acrylamide-based polymers are widely used as commercial
products, particularly in coagulants and flocculants during
wastewater treatment applications [1], drag reduction agents
[2], polymeric additive in drilling fluids [3], displacing fluids
in the enhanced oil recovery (EOR) [4], additives in paper
making [5], and drug-delivery agents [6-9].

Water in oil (W/O) or inverse emulsion polymerization is
an ideal and the most investigated method for preparation of
water-soluble polymer nanoparticles with high molecular
weight and low viscosity [10-22]. It has been demonstrated
that the initiator type and amount, and emulsifier type and
amount are important parameters that affect the kinetics of
inverse emulsion polymerization [10—14]. Large range of dif-
ferent solvents have been used as continuous phase, reaction
loci, and the reservoir of monomer in the inverse emulsion
polymerization of acrylamide (AM), such as toluene
[15—18], heptane [16], isooctane [13], or xylene [19]. The
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results indicated that the molecular weight, particle size, and
its distribution of the final product depend on the type of
continuous phase, which seems to influence kinetics of the
process importantly. Only few studies have been performed
to determine the effect of process parameters, such as
hydrophilic-lipophilic balance of the emulsifier used (HLB)
[19, 20], emulsifier type and concentration [19, 21], initiator
type and concentration [19, 21, 22], reaction temperature [19],
and rate of agitation [19] on the kinetics inverse emulsion
polymerization and the final PAM properties.

It was showed that more stable inverse emulsions were
obtained using the HLB value of emulsifier system at or
higher than 5.6, wherein the conversion rate, molecular
weight, and particle size were independent on HLB value
variations [19, 22]. On the other hand, at constant HLB value,
the particle size, its distribution, and polymerization rate were
decreased as the emulsifier concentration increased [21, 22],
whereas molecular weight of the final polymer increased by
increasing emulsifier concentration up to certain critical con-
centration. Although polymerization rate was affected by
emulsifier concentration, final conversions were similar for
reactions performed at various emulsifier concentrations
[19]. Increasing the rate of agitation during polymerization
process induced drop of the average size of polymer particles
and their distributions, resulting from a balance between coa-
lescence and dispersion of the emulsion droplets [19, 20, 22].
Concerning the initiator type, 2,2'-azobis(isobutyronitrile)
(AIBN) oil-soluble and water-soluble potassium persulfate
(KPS) initiators have been compared for inverse emulsion
polymerization of AM, and very similar kinetic behavior
was observed [21], discussed in terms of similar hydrophobic-
ity, diffusivity through the polymerization system, and
partitioning between the phases of the formed radicals. In
the case of water-soluble initiator (KPS), it was noticed that
by augmentation of its content, final conversion and particle
size and distribution decreased while the initial polymeriza-
tion rate increased [19, 20].

It is clear that the reaction conditions influence significant-
ly the final PAM properties and the properties of its nanopar-
ticles dispersions. Even though, up to our best knowledge,
there are no systematic studies for establishment of thorough
relationships between all the important reaction conditions
and the final application properties of the PAMs. This is espe-
cially true for the PAM dispersions colloidal stability that can
be significantly influenced by tiny changes in the formulation.
In the present study, via design of experiments, we have per-
formed thorough investigation of the effect of the most impor-
tant reaction conditions, including agitation rate, reaction tem-
perature, initiator type, and concentration, HLB value of the
emulsifier system and its concentration, polymerization time,
and water to oil phase (W/O) ratio in the inverse emulsion
polymerization of AM on the reaction kinetics of PAM, im-
portant PAM properties, and properties of the nanoparticle
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dispersions (viscosity-average molecular weight, intrinsic vis-
cosity, particle size and its distribution, second virial coeffi-
cient as stability index). Besides others, the variation in dis-
persion colloidal stability has been investigated in correlation
with the other important properties, toward their optimization
for application in petroleum industry as drilling fluids and oil
recovery enhancers of the final properties (high molecular
weight PAM nanoparticles with high intrinsic viscosity, nar-
row particle size distributions, and very good particle interac-
tion strength and colloidal stability).

Materials and methods
Materials

Acrylamide (AM, >99 %), ammonium persulfate (APS,
>99.9 %), 2,2'-Azobis(isobutyronitrile) (AIBN, >98.9 %),
and cyclohexane (=99.9 %) were used as received from
ChemLab company. The sorbitan monooleate emulsifiers in-
cluding Span 80 (Merck, HLB value = 4.3), Span 20 (Merck,
HLB value = 8.6), and a mixture of them were used without
further purification. Doubly distilled water used for the prep-
aration of emulsion was deprived of oxygen by heating to
boiling point and cooling under a stream of nitrogen.

Recipe and polymerization procedure

The inverse emulsion polymerization of AM was carried out
in a 250-mL five-neck flask equipped with a mechanical stir-
rer, thermometer, submicron dropping injector for initiator
ingredient, and nitrogen gas inlet and outlet. First, cyclohex-
ane as an organic solvent and emulsifier (Span 20, Span 80,
and a mixture of them) were mixed by the homogenizer
(Ultrra Turrax, IKA works, USA) into a beaker (~20,
000 rpm, 10 min). After complete dissolution of the dispersion
stabilizer in the solvent for 10 min, AM monomer dissolved in
deionized water was slowly dripped into the beaker by sub-
micron dropping injector within 15 min to form inverse water
in oil (W/O) emulsion under severe mixing (~24,000 rpm,
15 min). The obtained milky emulsion was then transferred
to the flask, placed in the water bath at the constant tempera-
ture of 30 °C. Then, temperature and stirrer speed were set as
shown later. Initiator solution (APS or AIBN) was then
charged into the reaction mixture. The polymerization process
was performed for different initiator concentration and type,
agitation rate, emulsifier concentration and type, reaction time
and temperature, and W/O ratio.

In this study, the effect of seven variables as input factors
such as agitation rate, reaction time and temperature, initiator
concentration and type, emulsifier concentration, W/O ratio,
and hydrophilic-lipophilic balance value of the emulsifier sys-
tem on six responses including viscosity-average molecular
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weight (M,,), particle size (d) and its distribution (PSD), in-
trinsic viscosity ([n]), second virial coefficient (A,), and
monomer conversion (X) of PAM nanoparticles were investi-
gated. To study the effect of initiator type on the reaction
kinetics, two different initiators with the same molar concen-
trations were used in the inverse emulsion polymerization of
AM. AIBN was used as hydrophobic initiator, whereas APS
as a hydrophilic initiator. To show the quantitative effects, a
set of experiments was designed, as shown in Table 1, where
AM denotes acrylamide, CH is cyclohexane, Cf is emulsifier
concentration, Cj is initiator concentration, W/O ratio is ratio
of water phase to oil phase, HLB is hydrophilic-lipophilic
balance, ¢, is polymerization time, 7 is reaction temperature,
and N is agitation rate.

It is worthwhile noting that run 1, 3, 5, 6, 8, 12, and 15
(Table 1) were repeated to check the reproducibility of the
results. The repeated experiments showed that the experimen-
tal errors were in the range of £0.2 % for monomer conver-
sion, =1 % for intrinsic viscosity and molecular weight,
+1.5 % for particle size and distribution, and £3 % for second
virial coefficient.

Characterizations
Monomer conversion measurement

To measure conversion of AM as a function of time, 10 g of
dispersion (m;) was withdrawn from the reaction vessel at
various time intervals. Hydroquinone aqueous solution
(0.5 wt%) was added to each sample in order to stop the
polymerization progress. Samples were precipitated with ex-
cess amount of acetone (1:6) and the obtained precipitates
were dried by freeze dryer (Model: FD-10; Pishtaz Engineer-
ing Co.) at =50 °C for 48 h to reach constant weights (m,).
Finally, conversion of PAM nanoparticles was calculated by
Eq. 1.

my—Hydroquinone weight

X% = Initial Monomer Weight

x 100% (1)

m; X . B p . .
All ingredients weight in recipe

Emulsion particle size and distribution

Z-average diameter of PAM nanoparticles and particle size
distribution were measured by Malvern Zetasizer Nano Series
dynamic light scattering using a laser as light source with
wavelength of 640 nm under scattering angle of 90° at ambi-
ent temperature (25 °C) immediately after injecting the emul-
sions into 10 wt% solution of Span 80 in cyclohexane under
vigorous mixing (~10,000 rpm). In particle size measure-
ments by field emission scanning electron microscopy (FE-

SEM, Model TESCAN MIRA3LMU, Cambridge Instrument
Co.), one drop of final emulsion without any treatment was
placed on the sample holder and then spin coated (5000 rpm,
40 s) for removing the water. It should be noted that the Z-
average (cumulants mean) used in dynamic light scattering
measurements is an intensity-based calculated value of parti-
cles size and the best value to report for particles size in re-
spect to even small changes in the sample, e.g., the presence of
a small proportion of aggregates.

Determination of intrinsic viscosity and molecular weight

Molecular weights of the final polymers were determined by
Ubbelohde capillary viscometry method using the Mark-
Houwink equation (Eq. 2) for PAM dissolved in water at
25 °C[23].

mL
[T]] intrinsic ? =

A portion of each final emulsion was precipitated by an
excess amount of acetone (1:6) and washed several times by
acetone. Precipitates were then dried at 60 °C for 48 h. Two
hundred milligrams of the purified polymer powder was dis-
solved in 100 mL deionized water under stirring. The obtained
solution (0.2 g of polymer in 100 mL of solution) was diluted
to prepare concentrations of 0.16, 0.12, 0.08, and 0.04 g of
polymer in 100 mL deionized water. Viscosity of each solu-
tion was measured three times by a capillary viscometer (con-
stant factor = 0.01024 mm?/s). The intrinsic viscosity, [], was
determined from intercept value of a linear regression of rela-
tionship between the specific viscosity and polymer concen-
tration. In addition, molecular weights of the final polymers
were determined by DLS method (Debye plot) using the fol-
lowing section for polyacrylamide aqueous solutions.

631 x 10°M8 (ﬁ) 2)

Determination of second virial coefficient

Debye plot, which is a linear fit of KC/Rg vs. concentration
(Eq. 3), where the intercept is equal to the inverse of the
molecular weight and the slope is twice the second virial co-
efficient.
KC 1
Re M. + 24,C (3)
In above equation, K is an optical constant, C is the particle
concentration, Ry is the Rayleigh ratio of scattered to incident
light intensity, M is the weight average molecular weight, 4, is
the second virial coefficient, and 1/P g, embodies the angular
dependence of the sample scattering intensity.
Data collection and calculations for PAM nanoparticle so-
lutions (0.002, 0.004, 0.006 g/mL) were managed using the
molecular weight function in the DTS software for the
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Table 1  Design of experiments to synthesize PAM nanoparticles

Run Initiator AM, wbt% Water, wbt% CH, wbt% Cg, wbt% C, mM W/O ratio HLB t, min T,°C N, rpm
1 APS 39 5.1 89.8 1.2 7.27E-04 0.1 6.5 120 60 500
2 APS 57 11.3 81.9 1.1 7.51E-04 0.2 6.5 120 60 500
3 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 120 60 500
4 APS 15.2 34.8 493 0.7 8.88E-04 0.5 6.5 120 60 500
3 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 20 60 500
3” APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 200 60 500
5 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 120 40 500
6 APS 7.0 16.0 76.0 1.0 7.69E-04 03 6.5 120 50 500
7 AIBN 7.0 16.0 76.0 1.0 7.69E-04 03 6.5 200 60 500
8 APS 7.0 16.0 76.0 1.0 3.85E-03 03 6.5 120 60 500
9 APS 7.0 16.0 76.0 1.0 1.15E-02 0.3 6.5 120 60 500
10 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 120 60 200
11 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 6.5 120 60 800
12 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 43 120 60 500
13 APS 7.0 16.0 76.0 1.0 7.69E-04 0.3 8.6 120 60 500
14 APS 7.0 16.0 76.9 0.1 7.61E-04 0.3 6.5 120 60 500
15 APS 7.0 16.0 76.5 0.5 7.65E-04 0.3 6.5 120 60 500
16 APS 7.0 16.0 73.5 35 7.92E-04 0.3 6.5 120 60 500

wht weight based on total weight of all ingredients (AM, Water, CH, Cg)

The initiator concentration is millimolar based on water plus cyclohexane volumes

Zetasizer Nano system, which compiles the static intensity
measurements, generates a standard Debye, and then calcu-
lates the molecular weight and second virial coefficient. The
second virial coefficient represents particle interaction
strength and has been correlated with sample solubility [24].
The negative value measured in a sample shown in Debye plot
indicates that the polymer has a preference toward aggregation
as opposed to solvation.

Results and discussion

When the AM inverse emulsions were prepared by mild
mixing of the phases using only mechanical stirrer with max
agitation rate of 2000 rpm, emulsion color changed from yel-
low to brown, although the water/AM solution was injected to
the colorless organic solution. The color change reveals an
unstable emulsion, which was separated into two phases after
ceasing of mixing (Fig. 1a). However, when a high-speed
homogenizer (max agitation rate of 24,000 rpm) and a me-
chanical stirrer were subsequently applied to generate a vig-
orous stirring, milky colored emulsions were obtained with
abruptly increased stability (Fig. 1b). In this way, prepared
emulsions were stable for several days at a room temperature,
which demonstrates that the treatment of water/AM/cyclohex-
ane/emulsifier mixtures using homogenizer produced stable
monomer inverse emulsions.

@ Springer

In the following, we present investigation of the effect of
various parameters, some of them studied for the first time in
inverse emulsion polymerization of AM, on six responses:
particle size (d, nm), particle size distribution (PSD), molecu-
lar weights measured by DLS (MRS ) and capillary viscosity
(MY, intrinsic viscosity ([n]), second virial coefficient (4,),
and monomer conversion X (percent) (see Tables 2, 3, 4, 5,
and 6) as important properties that define the properties of the
PAM polymers and their dispersions.

Fig. 1 The prepared monomer emulsions by a mechanical mixer
(2000 rpm), and b homogenizer (24,000 rpm) and mechanical mixer
(2,000 rpm)
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Table 2  Effect of reaction time and temperature on the inverse emulsion polymerization of AM (other parameters constant, see Table 1)

Run ¢ (min) 7(°C)  Dynamic light scattering technique Capillary viscometer technique MDIT (9%) X (%)
W 0

d (nm PSD A, (mL mol/g? mL/

3 20 60 60 63-160  0.87 +0.204E-4 343.0 0.84 3.45 67.5

3 120 65 55-179  6.53 +0.670E-4 1674.30 6.02 7.81 98.2

3” 200 63 27-159 650 +0.650E-4 1676.0 6.03 7.23 98.9

6 120 50 60 45-190  5.10 +0.684E-4 1469.50 5.11 1.00 82.7

5 120 40 60 50-215  4.00 +0.675E-4 1205.50 3.99 0.25 58.2

It is worth noting that although the polymerization was
performed in inverse emulsion, hence it shares some impor-
tant features of inverse miniemuslion polymerization, such as
increased colloidal stability, droplet nucleation, and applica-
tion of homogenizer for emulsion preparation [25]. Addition-
ally, it has been reported that AM monomer plays a role of co-
emulsifier located at the W/O interface, contributing in the
increased colloidal stability [26].

Effect of reaction time and temperature

To determine the time required for achieving full AM conver-
sion, in run 3 (Table 2), a portion of emulsion was withdrawn
from the reaction vessel at various time intervals: 20 min (run
3”), 120 min (run 3), and 200 min (run 3”) and the six re-
sponses were measured. According to the results presented in
Table 2, these responses reached a constant value after
120 min, revealing the time needed for almost complete
monomer conversion. Thus, polymerization time of 120 min
was used in the next runs.

Inverse emulsion polymerization of AM was performed at
different reaction temperatures, i.e., 40 (run 5), 50 (run 6), and
60 °C (run 3) presented in Table 2. Effect of reaction temper-
ature on reaction kinetics is presented in Fig, 2. It is clear that
polymerization rate increased by raising the reaction temper-
ature, leading to a severe increase in conversion throughout
whole reaction time and finally almost full conversion was
achieved in 120 min only in the reaction performed at
60 °C. Likely, the observed effect is a result of an increase

in the initiator decomposition rate at higher temperature
resulting in faster nucleation.

The average particle diameters and their distributions, as it
is shown in Table 2, have not changed significantly, speaking
about predominant droplet nucleation, feature characteristic of
miniemulsions. It is well known that the radicals desorption
rate increases by faster radicals’ diffusion at increased temper-
ature (diffusion of monomeric radicals to the particle surface is
the rate-limiting step for the radical exit [21]). The higher
radical desorption rate of the initiator-derived radicals from
the droplet phase (as water-soluble APS initiator was used)
will lead to increased molecular weight and intrinsic viscosity
of final polymers, owing to the decreased average number of
radicals per particle (the estimated value for the investigated
system at 60 °C according to [21] is much bellow 0.5). As a
result, under the investigated conditions, the ratio of propaga-
tion to termination constant at increased temperature will in-
creased and as well the length of the polymer chains and their
intrinsic viscosities (Table 2). Stability of the latex dispersions
was not influenced by the reaction temperature, as there is no
significant difference between the A, coefficients (Table 2).

Effect of water oil ratio

Water to oil ratio (W/O) in inverse emulsion polymerization is
an important parameter that can influence the kinetics and
subsequently the polymer properties. Despite it, W/O ratio
has not been investigated, yet in the present system. In order
to determine this effect, the reactions were carried out at W/O

Table 3  Effect of W/O ratio on the inverse emulsion polymerization of AM

Run W/O ratio Dynamic light scattering technique Capillary viscometer technique MDIT (04) X (%)
W (V)
d(m)  PSD A, (mL mol/g’ mL/
(nm) MPLS (MDa) 2 ( g)  [n](mL/g) MY (MDa)

1 0.1 - - - - - - -

2 0.2 67 45-164 4.55 +0.151E-5 1439.00 4.68 2.86 98.0
3 0.3 65 55-179 6.53 +0.670E-4 1674.30 6.02 7.81 98.2
4 0.5 117 60-195 4.90 +0.128E-6 1519.03 4.60 6.12 96.9

Based on Table 1 with different (AM + water/organic solvent + emulsifier) weight ratios
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Table 4  Effect of initiator type and concentration on the properties of the polymer and the nanoparticles dispersions (other reaction conditions

presented in Table 1)

Run Initiator type C;(mM) Dynamic light scattering technique Capillary viscometer technique MDIT (54) X (%)
W o
d(mm) PSD A, (mL mol/g? mL/
(nm) MPLS (MDa) 2 ( g)  [n] (mL/g) MY (MDa)
7 AIBN 7.69E-04 78 55-167  5.60 +0.700E-4 1556.4 5.50 1.78 99.0
3 APS 7.69E-04 63 27-159  6.50 +0.650E-4 1676.0 6.03 7.23 98.9
8 APS 3.85E-03 75 59-165  4.80 +0.590E-4 1390.00 4.77 0.62 95.6
9 APS 1.15E-02 73 64-178  2.59 +0.630E-4 838.00 2.53 231 99.0

ratios of 0.1, 0.2, 0.3, and 0.5, keeping the amount of mono-
mer constant, and the six responses were determined and the
results are presented in Table 3. It should be noted that the
highly unstable inverse emulsion system was obtained at W/O
ratio = 0.1 (run 1).

The results presented in Table 3 show that final conversion
is not significantly affected by the W/O ratio, as also it is
shown in Fig. 3, where the conversion vs. reaction time at
different W/O ratios are presented. The polymerization rate
is lower for increased W/O ratio, likely due to the fact that at
increased W/O ratio the amount of water phase in the inverse
emulsion increased at constant emulsifier and monomer con-
centration, resulting in actual decrease of their concentration
in water droplets. On the other hand, this will influence the
particle size and distribution of final polymer nanoparticles, as
at higher W/O ratio owing to the lower surfactant concentra-
tion the formed droplets/particles are prone to coagulation
because there is no sufficient amount of surfactant to stabilize
them.

Decreased colloidal stability at higher W/O ratios is proved
by the value of second virial coefficients (4,, Table 3,
calculated from the Debye plot presented in Fig. S1
Supporting information), which dropped significantly for the
W/0=0.5, indicating increasing droplet-droplet interactions
and less stable system.

Particle size distributions, presented in Fig. 4 at different
W/O ratios, clearly show this tendency as the contribution of
the fraction of small particles decreased with increasing W/O
ratio. In the intersections of Fig. 4, available SEM images are
presented for illustration of the particle size and distribution.

The intrinsic viscosity and molecular weights increased for the
W/O ratio augmentation of 0.2 to 0.3 and then dropped by
further increase of W/O ratio to 0.5, which indicates that W/O
ratio have significant effect on polymer properties. When W/
O ratio is low in the recipe (0.2 and 0.3), the particle size and
distributions are relatively similar, and the difference in the
molecular weights may be owed to lower monomer concen-
tration in droplets/particles at higher W/O. Further increase in
W/O ratio to 0.5 obviously destabilizes the system, which
importantly increased the average particle diameter and the
average number of radicals per particle, resulting in drop of
polymer molecular weights. On the other hand, probability of
polymerization in water phase (competition between emulsion
and solution polymerizations) increases by the W/O ratio, due
to promoted interphase mass transfer. The obtained results
show that the considered polymer properties are optimal at
W/0=0.3, which was used in the next experiments.

Effect of initiator type and concentration

To study the effect of initiator type on reaction kinetics and
polymer characteristics, two different initiator types with the
same molar concentrations were used: oil-soluble AIBN and
water-soluble APS.

The kinetics of inverse emulsion polymerization of AM for
the different initiators used is shown in Fig. 5. It is clear that
the reaction rate is higher for the system initiated with APS
than for the one initiated with AIBN. However, for both of
them, almost full conversions were reached in 120 min. The
shape of the kinetic curves indicates that for the system

Table 5  Effect of agitation rate on the inverse emulsion polymerization of AM initiated with APS=7.69E-04 mM, Cg=1 wbt% at 60 °C

Run N (rpm) Dynamic light scattering technique Capillary viscometer technique MPT (%) X (%)
W 0
d (nm PSD A, (mL mol/ mL/
10 200 138 85-255 6.99 —0.100E-6 1837.01 6.76 3.29 97.4
3 500 65 55-179 6.53 +0.670E-4 1674.30 6.02 7.81 98.2
11 800 73 63-158 5.88 +0.825E-4 1645.03 5.89 0.17 98.0
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Table 6  Effect of HLB of the emulsifier and its concentration value on the inverse emulsion polymerization of AM

Run Cg (Wbt%) HLB Dynamic light scattering technique Capillary viscometer technique (%) X (%)
d (nm PSD A, (mL mol/g? mL/,

3 1 6.5 65 55-179 6.53 +0.670E-4 1674.30 6.02 7.81 98.2

12 1 43 60 35-150 6.37 +0.100E-5 1650.30 5.90 7.37 97.3

13 1 8.6 80 60-285 6.25 +0.232E-6 1651.00 592 5.28 98.4

14 0.1 6.5 - - - - - - - -

15 0.5 6.5 109 89-252 7.14 +0.333E-6 1900.20 7.05 1.26 99.9

16 35 6.5 40 20-130 3.50 +0.164E-4 1128.00 3.67 4.86 87.5

initiated with APS, there are two distinguish regions with
different reaction rate, the first one characteristic with higher
reaction rate (0—20 min) and the second one with lower reac-
tion rates (20-120 min). On the other hand, the monomer
conversion in the reaction initiated by AIBN show kinetic
curve that monotony increased during the whole reaction pe-
riod. High polymerization rate at lower reaction times in the
presence of water-soluble APS initiator can be attributed to the
higher concentration of radicals created from APS in the aque-
ous phase where the monomer is placed [21], which results in
fast consumption of APS at the beginning and significant drop
in the reaction rate at higher reaction times. Capek [21] sug-
gested that the solubility of radicals and the partitioning of
radicals between the oil and water phases is a dominant pa-
rameter of the polymerization process. In inverse polymeriza-
tion of AM initiated with AIBN and APS, they demonstrated
that the polymerization process is independent on initiator
type, which according to the authors was because of formation
of radicals with the similar hydrophobicity, partitioning be-
tween W/O phases and similar diffusivity via the reaction
system. However, our results show important difference,
starting from the kinetic behavior, up to the polymer properties

Conversion (%)

0 10 20 30 40 50 60 70 80
Reaction Time (min)

90 100 110 120

Fig. 2 Variation of monomer conversion with reaction time for different
reaction temperatures in the inverse emulsion polymerization of AM
(runs 3, 5, and 6)

presented in Table 4. The difference in the behavior probably
comes because of difference of the W/O ratio, which was 0.2
in this work and 0.35 in [21]. The different W/O ratio in this
system likely alters solubility of radicals and their partitioning
between the phases, which finally influences the kinetic be-
havior and the polymer properties (as shown previously in
Table 3).

The effect of initiator type on the properties of the polymer
and the nanoparticles dispersions is shown in Table 4 (runs 7
and 3) and in Fig. (S2 Support information). Almost full con-
version was achieved in both cases, meaning that the final
conversion was not influenced by the initiator type. However,
the initiator type has an important effect on d, PSD, [11], and
M,,. Average particle diameter is larger for AIBN, and the PSD
presented in Fig. 6 shows that in the case of APS, there is
higher contribution of fraction with lower particle diameters
(Fig. 6b). SEM images (presented in the intersection of Fig. 6)
confirm this clearly. The lower particle diameter for APS at
similar conversions denotes higher number of particles, likely
due to faster nucleation. APS and AIBN have similar decom-
position rate [21]; however, the lower average particle diam-
eter for APS allows faster radicals desorption from the
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Fig. 3 Variation of monomer conversion in the inverse emulsion
polymerization of AM with reaction time for different W/O ratios (run
3,15, and 16)
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Fig. 4 Particle size distribution of PAM nanoparticles for different W/O ratios (measured by DLS technique; a W/O=0.2, b W/0=0.3, and ¢ W/O=0.5).

In the intersection: available SEM images

particles, whereas in the case of AIBN, the radicals derived
from initiator in the continuous phase should grow to certain
dimension to become more hydrophilic and enter in larger
particles. As the radical entry rate increases with increasing
particle size [21], this will promote the termination in parti-
cles. The faster radical exit from smaller particles in the case of
APS resulted in the higher molecular weights, as it is the case
(Table 4).

The intrinsic viscosities, determined from Fig. (S3
Supporting information), where the reduced viscosity vs.
polymer concentration is presented, as an intersection values
at zero concentration, are presented in Table 4 ([n] (mL/g)).
These values were used to calculate molecular weight of the
PAM by Eq. 3 (Table 4, MX,IS ) that are in accordance to MgLS.
APS-initiated polymerization resulted in higher molecular
weight and higher intrinsic viscosity polymers than those ini-
tiated with AIBN, likely due to the decreased average number
of radicals per particle in the case of APS.

Initiator type has insignificant effect on the A4,, which
means that under investigated conditions the initiator type
does not influence the dispersions colloidal stability.

100 S ——
—A—APS

AIBN
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40

Conversion (%)
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0 20 40 60 80 100 120 140 160 180 200

Reaction Time (min)

Fig. 5 Variation of monomer conversion in the inverse emulsion
polymerization of AM with reaction time for different initiator types
(runs 3 and 7)
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As the results presented for APS were better with respect to
molecular weight and intrinsic viscosity, the effect of initiator
concentration was investigated by varying the APS concentra-
tions of 7.69E-04 mM (run 3), 3.85E-03 mM (run 8), and
1.15E-02 mM (run 9). In Table 4, the polymer and dispersion
properties are presented and show that particle size is not
significantly affected by the initiator concentration, while the
intrinsic viscosity (Fig. S4 Supporting information) and mo-
lecular weight of final polymer decrease by increasing the
initiator concentration due to higher number of initiator-
derived radicals within similar size droplet/particles and sim-
ilar number of particles.

Effect of agitation rate

Role of agitation rate in dispersing of an aqueous monomer
solution in the continuous oil phase is unavoidable because
the inverse emulsion is not thermodynamically stable system.
This section shows the effect of stirring condition on the six
responses of the final polymer at three different rates of agita-
tion: 200, 500, and 800 rpm, while the other reaction param-
eters were maintained constant. The results are summarized in
Table 5. According to overall view in Table 5, the agitation
rate did not affect the final monomer conversion, whereas
other factors including d, PSD, [n], My, and A, are affected,
significantly.

The increasing rate of agitation induces drop of average
particle diameter, which is clear from Table 5 and Fig. 7 where
the PSD and the SEM images of nanoparticles synthesized
with different agitation rates are presented. By comparison
of Fig. 7a with b and c, it is clear that the fractions of smaller
particle sizes (<100 nm) contribute dominantly in the runs
obtained at 500 and 800 rpm, whereas at 200 rpm, fractions
with 200 nm size appears. SEM image of the sample obtained
at 200 rpm (Fig. 7a) shows some agglomerated particles, thus,
indicating lack of stability in this sample. It is worth noting
that particle agglomerates likely were formed during reaction,
as spin coating was used for sample preparation for SEM
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Fig. 6 Particle size distributions and SEM images (in the intersection) of PAM nanoparticles for different initiator types: a AIBN and b APS

imaging and possibilities that aggregation of particles will
occur during sample preparation are minimized. The increased
rate of agitation contributes toward significant drop in particle
average diameter thereby increase significantly the interfacial
area and the number of particles. Thus, one would expect
higher molecular weight polymer chains to be formed at
higher agitation rate, which is an opposite of what really oc-
curred. The maximum molecular weight of 6.99 MDa (mea-
sured by DLS technique) was obtained for an impeller speed
0f 200 rpm, which descended under higher agitation rate. This
effect of agitation rate has been explained in literature, as more
oxygen is introduced into reaction loci at higher agitation
rates, polymerization rate decreased because of its inhibition
effect, and the oxygen contribute in early termination of grow-
ing polymer chains, resulting in molecular weight decreased
[27, 28].

Debye plot of PAM nanoparticles obtained under different
agitation rates, measured by DLS technique (Fig. S5
Supporting information), shows that second virial coefficient
as stability parameter of nanoparticles increased by increasing
the stirrer rate. As the other parameters during the reactions

were constant, one can suppose that the difference in the
values of second virial coefficients comes only from the dif-
ferent size distributions in the dispersions. The highest posi-
tive value measured for agitation rate of 800 rpm indicates that
the polymer has a preference toward the solvent, whereas the
negative value measured for the final polymer particles ob-
tained at 200 rpm represents that particles prefer contact be-
tween them resulting in self-sample instability.

Therefore, 500 rpm is found to be the most appropriate
agitation rate that brings sufficient colloidal stability to the
AM inverse emulsions and the PAM latexes afterward
(Fig. S5 Supporting information).

Effect of HLB value and concentration of emulsifier
system

As all emulsifiers are amphiphilic molecules and their perfor-
mance greatly depends on the balance between the hydrophil-
ic and lipophilic parts. Here, the mix of two different surfac-
tants (Span 20 and Span 80) was used, as mentioned, and by
changing their ratio, the HLB values were altered. It is well

(©)

(a) (b)
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Fig. 7 Particle size distribution of PAM nanoparticles (measured by DLS) and available SEM images (in the intersection) for different agitation rates: a

N=200, b N=500, and ¢ N=800 rpm
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Fig. 8 Particle size distribution of PAM nanopatrticles for different HLB values (measured by DLS; a HLB=4.3, b HLB=6.5, and ¢ HLB=8.6)

known that the arrangement of HLB values in the range of 4—6
using two non-ionic emulsifiers, one with high HLB value and
another with low HLB value, results in improved colloidal
stability of an inverse emulsion system [20, 29]. In the present
study, the stable inverse emulsions of aqueous AM solution in
cyclohexane was prepared at various HLB 0f4.3, 6.5, and 8.6,
set at a desirable value (HLB,) by changing the weight frac-
tion (x) of Span 20 and Span 80 via Eq. 4.

(HLBd_HLB Span80 )
(HLB Span20 —HLB Span80 )

(4)

Xspan20

HLB value is low when hydrophobic groups are predomi-
nant, which is suitable for producing water in oil emulsions. The
dependence of the six responses for inverse emulsion polymer-
ization of AM on HLB value is listed in Table 6. It is clear that
the monomer conversion as well as the intrinsic viscosity and
molecular weight of final polymers are not strongly affected by
the HLB value of emulsifier system in the region of 6.5-8.6.
However, second virial coefficient, final particle size, and distri-
bution are affected by the HLB value in this region.

100 -
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90 CE=1 wht% )/./ \

80 | —A—CE=3.5wbt%

70
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Fig. 9 Variation of monomer conversion in the inverse emulsion
polymerization of AM with reaction time for different emulsifier
concentrations (runs 3, 15, and 16)
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Figure 8 shows PSD of prepared polymer particles at
HLB 4.3, 6.5, and 8.6. Regarding these results, average
particle size increases by increasing HLB value or by in-
creasing the emulsifier hydrophilicity in the region of 6.5—
8.6. It becomes obvious that at higher HLB, the system is
less colloidally stable, which is confirmed by the lower
second virial coefficient in run 13 (HLB=8.6), calculated
from the data presented in the Fig. S6 Supporting informa-
tion. Apparently, by increased hydrophilicity of the surfac-
tant in the investigated range, the interaction of the nano-
particles with the continuous phase in the inverse
miniemulsion decrease and the interparticle interactions
are promoted, which resulted in more important contribu-
tion of the fractions with higher particle sizes (Fig. 8c). On
the other hand, although the particle sizes in runs 3 and 12
are similar, their PSDs are significantly different (see
Fig. 8a, b), which give rise to slightly different molecular
weights of the polymer chains. It seems that HLB of 6.5
presents an optimal balance of hydrophilic and hydropho-
bic groups in the emulsifier mixture, as the contribution of
the higher particle size fractions is the lowest. As a result,
the recipe with HLB value of 6.5 made by mixture of Span
20 (51 wt%) and Span 80 (49 wt%) was selected to be used
in the next reactions, because it allows achieving (i) col-
loidally stable inverse emulsions and (ii) minimum particle
size and maximum molecular weight.

Inverse emulsion polymerization of AM was performed at
various concentrations of emulsifier under the constant HLB
value of 6.5. The kinetic curves are presented in Fig. 9 and the
polymer properties in Table 6. It should be noted that the highly
unstable inverse emulsion system was obtained at Cg=0.1 wbt%
(run 14). Figure 9 shows important difference only in the initial
reaction period, where the polymerization rate increased with
emulsifier concentration. Due to this, for the highest emulsifier
content, the full conversion was not achieved, a phenomenon
well explained in the literature [21], occurring because of the
decreased monomer concentration in the aqueous droplets dilut-
ed with surfactants and additionally increased radical desorption
rate for smaller particles. As in the present runs, the reaction time
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Fig. 10 Particle size distributions and available SEM images (in the intersection) of polyacrylamide nanoparticles for different emulsifier

concentrations: a Cg=0.5, b Cg=1.0, and ¢ Cg=3.5 wbt%

was 120 min; obviously, it was not sufficient to achieve higher
conversion in this case.

The data presented in Table 6, comparing run 3 (Cg=
0.5 wbt%), run 15 (Cg=1 wbt%), and run 16 (Cg=
3.5 wbt%), show that emulsifier concentration influences all
the investigated polymer and dispersion properties.

PSDs given in Fig. 10 show that particle sizes are reduced
by increasing the emulsifier concentration in the investigated
range (0.5-3.5 wbt%), whereas second virial coefficients (cal-
culated from the Debye plots presented in Fig. S7 Supporting
information) for final polymer nanoparticles initially increases
two orders of magnitude by increasing emulsifier concentra-
tion. The initial augmentation is likely due to the better cov-
erage of the nanoparticle surface with the emulsifier mole-
cules. Thus, in SEM images of the nanoparticles obtained with
0.5 wbt% (Fig. 10a in the intersection) and 1.0 wbt% (Fig. 10b
in the intersection), it can be noted that the lower emulsifier
content allows lower nanoparticles coverage, and resulted in
some coagulated droplets (decreased second virial coefficient,
Table 6), whereas at higher emulsifier contents, the coagula-
tion is dropped significantly. Further augmentation of emulsi-
fier concentration changed the second virial coefficient slight-
ly (fourfold), showing preserved dispersion stability and

decreased particle size and as it is shown in Fig. 10c, the
fractions of higher sizes are almost disappeared for
3.5 wbt% emulsifier.

In addition, intrinsic viscosity, and molecular weight of
final polymer decreased by increasing the emulsifier concen-
tration (Table 6, Fig. S8 Support information). One could ex-
pect the opposite effect because the increased emulsifier con-
tent leads to formation of higher number of particles with
lower size, thus the average number of radicals per particles
decreased. Thus, at such conditions, the terminations would
be lower and molecular weights and viscosity higher. Howev-
er, at high emulsifier concentration, the emulsifier molecules
likely act as a chain transfer agent [19] that leads to reduced
conversion and lower molecular weights.

Operational conditions-properties relationships

To identify the ranges of operational conditions toward opti-
mal properties of PAM for application of the PAM nanoparti-
cles as drilling fluids and enhanced oil recovery agent in the
petroleum industry, for which application it is necessary low
particle diameter with narrow size distribution, high molecular
weight PAM with high intrinsic viscosity, and very good

Table 7 The ranges of all investigated parameters necessary to produced low particle diameter with narrow size distribution, high molecular weight

PAM with high intrinsic viscosity, and very good colloidal stability

Parameter N (rpm) HLB C; (mM) Cg (Wbt%) W/O t; (min) T: (°C)
id 500-800 43-6.5 7.69E-04 35 0.2-0.3 20-120 40-60
| PSD 800 43-6.5 3.85E-03 35 0.2-0.3 20 60
T A, 500-800 6.5 7.69E-04 35 0.3 120-200 40-60
T M, 200 4.3-8.6 7.69E-04 0.5 0.3 120-200 60
il 200 4.3-8.6 7.69E-04 0.5 0.3 120-200 60
X 500-800 4.3-8.6 7.69E-04 0.5 0.2-0.3 120-200 60
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colloidal stability, in the following we tried to summarize the
determined effects and establish the operational conditions-
properties relationships. The analyses are performed using
only the data with APS water-soluble initiator, as it show in
general better desired polymer properties. In summary, the
optimal ranges of all investigated parameters are shown in
Table 7.

The measurements of PAM nanoparticles average particle
diameter indicated that it is affected by agitation rate, HLB
value, emulsifier concentration, and W/O ratio. The average
particle diameter decreases by increasing emulsifier concen-
tration in the investigated range and by increasing the agitation
rate up to 500 rpm after which it remained almost constant.
This trend is adverse for increasing of W/O ratio and HLB
value. So, in general, PAM particles with average particle
sizes generally smaller than 100 nm in diameter are obtained
if Cg>1 wt%, N>500 rpm, HLB value = 6.5, and W/O ratio
<0.3. These ranges are appropriate for narrow particle distri-
butions as well, because particle size distribution decreases by
increasing agitation rate, emulsifier concentration, and reac-
tion temperature, whereas it increases by increasing W/O ratio
and for HLB values higher than 6.5.

The second virial coefficient, as an indication of colloidal
stability of the final dispersions, is affected by agitation rate,
HLB value, emulsifier concentration, and W/O ratio. Particle
stability increases by increasing the agitation rate and emulsi-
fier concentration in the investigated rang, whereas it de-
creases by increasing HLB value and W/O ratio. Thus, stable
colloidal PAM particles are obtained at HLB=4.3, W/O ratio
=0.3, Cg>1 wt%, and N>800 rpm.

Molecular weight of PAM nanoparticles and their intrinsic
viscosities are affected by all investigated factors in which
reaction temperature have a positive effect and other parame-
ters adversely influences them. It should be noted that most of
the molecular weight values measured with DLS are consis-
tent with the values reported by capillary viscosity technique.
The results show that the measured molecular weights by both
techniques differ by less than 10 %. The most appropriate
limitations for producing high molecular weight polymers
are HLB<6.5, Cg<1 wt%, C;<0.1 wt%, 7,=60 °C, W/O ratio
= 0.3, N<500 rpm, and #,=120 min.

The results presented in Table 7 show that sometime com-
promise should be established, as for example it is the case for
emulsifier concentration, the effect of which adversely influ-
ences the molecular weight and particle sizes and
distributions.

Conclusion
In this study, a set of reaction conditions have been varied in

order to study their effect on the reaction kinetics and mono-
mer conversion, and as well on final polymer and dispersion
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properties: colloidal stability (throughout value of second
virial coefficient), average particle diameter and particle size
distribution of final dispersions, and intrinsic viscosity and
molecular weight of the final polymer, determining the rela-
tionships between the reaction conditions and the polymer
properties. The results showed that the parameters which in-
fluence the particle size importantly (such as agitation rate,
HLB value, emulsifier concentration, and W/O ratio) signifi-
cantly affected the reaction kinetics, the distribution of radi-
cals between the phases, and finally the dispersion colloidal
stability.

From the determined effects of all the investigated param-
eters on the final properties, the optimal ranges of the param-
eters variations were identified toward synthesis of PAM
nanoparticles with relatively small average particle diameter
(<100 nm) and narrow distributions, very high molecular
weights (>4 x10° g/mol) and high intrinsic polymer viscosity
(>1200 ml/g). The optimal ranges of the parameters variations
to produce the stable colloidal PAM nanoparticles with low
particle diameter with narrow size distribution, high molecular
weight PAM with high intrinsic viscosity are obtained at N=
500-800 rpm, HLB=6.5, C;=7.69E-04 mM, C=0.5-3.5
wbt%, W/O ratio = 0.3, £,=120-200 min, and 7,=60 °C. How-
ever, for some of the investigated variables, the optimal range
remains wide; as it is the case of emulsifier concentration,
since it influence adversely the particles size and the molecu-
lar weight. In such a case, compromise is needed to be
achieved, in accordance to respective application of the pro-
duced PAM.
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