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Abstract

pH-thermo-responsive polymeric nanoparticles (P-Nps) functionalized with carboxylic
(-COOH) and amide (-NH;) groups were synthesized by emulsion polymerization to
obtain two series with varying functional group ratios and morphologies: core—shell
and core—concentration gradient. P-Np dispersions were characterized by dynamic light
scattering (DLS), electrophoresis (zeta potential, (), scanning electron microscopy (SEM),
and rheology (viscosity, 1) in a temperature range of 25 °C to 60 °C. In general, the results
show that P-Nps exhibit average particle diameters ranging from 250 < Dz/nm < 1200, and
exhibit high colloidal stability (—46 < {/mV < —22) as temperature rises. SEM analysis
revealed irregular and different structures as the proportion of functional groups varied,
while rheological measurements demonstrated non-Newtonian behavior as the average
shear rate increased (0.01 < /s~ < 100). Their size, stability, and rheological properties
depend on the temperature and location of the functional groups. These properties suggest
potential applications such as in stimulating fluids in the oil industry.

Keywords: emulsion polymerization; nanomaterials; smart nanoparticles; oil industry

1. Introduction

Emulsion polymerization is a free radical technique that enables the formation of
polymer particles in an aqueous dispersion with different chemical compositions; molecular
weight distributions, sizes, and morphologies, such as homogeneous, Janus, and core-shell;
and structures with a concentration gradient [1]. This process allows the functionalization
of particles by incorporating functional groups into their chemical structure [2,3].

Chemical stimuli (pH) alter the interaction of polymers with the solvent or other
polymers through the ionization of functional groups, while physical stimuli (temperature)
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affect the mobility of the polymer chains [4,5]. Specifically, the incorporation of carboxylic
groups ((COOH) from methyl methacrylate (MMA) or acrylic acid (AA) into the polymeric
matrix provides pH sensitivity [5-7]. This behavior arises due to their ionizable nature,
allowing them to accept or donate protons in response to pH variations [5,8]. As a result, the
polymer undergoes a reversible compact coil-to-globule transition driven by electrostatic
repulsions [5,8].

Additionally, the incorporation of amide (-CONH,;) or amine (NH;) groups into the
polymeric network induces conformational changes in response to external temperature
variations [5-7]. The temperature at which the polymer undergoes a thermo-reversible
phase transition from the swollen to the shrunken state is known as the volume phase tran-
sition temperature (VPTT) [9]. In addition, polymers exhibit a critical solution temperature
(CST), which governs their miscibility in a specific solvent [5,8]. Polymer materials with a
lower critical solution temperature (LCST) undergo a phase transition from a homogenous
solution to a two-phase system as the temperature increases [5,8]. This transition involves a
shift from a water-soluble to a water-insoluble state [5,8]. Polymeric systems with an upper
critical solution temperature (UCST) suffer a phase separation upon cooling. Below the
UCST, the polymer becomes less soluble, while its solubility increases as the temperature
rises [5,8]. These phenomena result from the balance between hydrophobic and hydrophilic
interactions within the polymer network [5,8].

Currently, multi-stimuli-responsive particles are being extensively investigated due to
their ability to undergo physicochemical changes in response to multiple external stimuli [8].
Dual-stimulus-responsive polymeric particles that exhibit pH and temperature sensitivity
are often synthesized by functionalizing the polymer backbone with acid (-COOH) and
base (-CONH,;) responsive groups [10].

Recent studies have reported the use of novel, dual-stimulus-responsive polymer nano-
materials in the oil industry, particularly for acid-stimulation treatment, a well-stimulation
technique used to enhance the flow of oil or gas into the wellbore without exceeding the
fracture pressure of the reservoir rock [11,12]. These functionalized polymeric materials
are commonly employed as stimulation fluids to mitigate corrosion, dissolve mineral de-
posits, and increase the permeability of oil reservoirs [13,14]. This study builds on previous
studies [15,16] which evaluated the volumetric thermodynamic properties of latex systems
with a total solids content of 3 wt.% and varying proportions of functional groups, as well
as their responsiveness to external stimuli. The main objective was to design particles with
potential applications in acid stimulation processes, focusing on their response to external
stimuli and their affinity for metal ions in carbonate reservoirs [15,16].

In this work, functionalized polymeric nanoparticles (P-NPs) with a total solids con-
tent of 10 wt.% were synthesized via emulsion polymerization to obtain two series with
different morphologies: core-shell and a core with a concentration gradient. The polymeric
systems exhibited a significant response to external temperature changes, characterized by
a reduction in particle size, colloidal stability, and viscosity as temperature increased. These
behaviors are attributed to the interactions between polymer chains and solvent molecules,
which are strongly influenced by the localization and concentration of functional groups
within the polymer network. The results suggest that these polymer systems have potential
applications in the oil industry, owing to the tunability of their properties in response to
environmental variations.

2. Materials and Methods

Acrylic acid (AA) (Sigma-Aldrich, Burlington, MA, USA); acrylamide (AMm) (Sigma-
Aldrich, Shanghai, China); and methyl methacrylate (MMA) (Poliformas Plasticas, Mexico
City, Mexico) were used as monomers. Sodium persulfate (Sigma-Aldrich, Burlington, MA,
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USA) was used as the initiator (I), and the octylphenol ethoxylate from Solvay (New York
City, NY, USA) served as the surfactant (S). Distilled water (DW) (Mizu Técnica, Naucalpan
de Judrez, México) was used as the solvent. Reagents were used without prior purification.
The distilled water was purified using a Barnstead Micropure water purification system
(Thermo Fisher Scientific Inc., Niederelbert, Germany).

2.1. Synthesis of Materials

e  Smart polymer nanoparticles were synthesized via emulsion polymerization to obtain
two different morphologies, as shown in Figure 1: (a) Series 1—core—shell; (b) Series
2—core—concentration gradient. The polymerization conditions are detailed in previ-
ous works [15,16]. The polymeric materials were formulated to achieve a total solids
content of 10 wt.%, with 40 wt.% of functional groups. The functional groups ratios
were varied as follows: 70:30 wt.%, 80:20 wt.%, and 90:10 wt.% (AA/AMm).

Mechanical stirrer

T,

(i

L O Core-Shell

Reactor

Pp 1 Ms Core-Concentration
gradient

Figure 1. Polymerization process of Series 1 (a) and Series 2 (b), where Pp—peristaltic pump;
Tj—Tank 1; Tp—Tank 2; Ms—mechanical stirrer; B—carboxylic groups; B—amide groups;
—mixture of carboxylic amide groups.

e Nanoparticles in Series 1 (Figure 1a) were obtained by a two-stage semi-continuous
process [15]. In the first stage, Tank 1 (T1), containing a pre-emulsion solution of
water, initiator, surfactant, MMA, and AA, was added to the reactor to form a core
of carboxylic groups. In the second stage, the pre-emulsion from Tank 2 (Ty), which
contained Amm, was added to form a shell with amide groups [15]. Nanoparticles of
Series 2 (Figure 1b) were synthesized using a power feed process described by Basset
et al. [15,17-19]. This sequential addition arrangement resulted in a concentration
gradient of carboxylic and amide groups, using the same chemical compositions from
Tank 1 and Tank 2 as in Series 1 [15,17,18].

2.2. Characterization of Nanomaterials

e  The nanoparticles were characterized using several analytical techniques as part of on-
going research into their behavior, structural modifications, intra- and intermolecular
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interactions with the surrounding environment under specific pH- and temperature-
sensitive conditions [16].

2.2.1. Gravimetry

o  The total solid content (Ts) was estimated from the slope at the trough in a plot of poly-
mer mass (mp) as a function of latex mass (mp ), using the gravimetry technique [18].
T defines the final solids content of the polymer in the dispersions. The detailed
methodology is provided in a previous work [18].

2.2.2. Dynamic Light Scattering (DLS) and Electrophoresis (Zeta Potential, )

e  To determine particle size distribution and the -potential at 25 °C, 30 °C, 40 °C, 50 °C,
and 60 °C, DLS and electrophoresis techniques were employed. The experiments
were conducted using a Zetasizer Nano ZSP (Malvern Instruments, Malvern, UK).
The polymer nanoparticles in the dispersion were diluted to 10 ppm with deionized
water, and then placed in a capillary cell (DTS1070). Measurements were performed
in quadruplicate. From the particle size distribution data, the average diameter
in number (D,), weight (Dy), and hydrodynamic (D,) were calculated using the
equations described by Peter A. et al. [20]. These analyses were performed to evaluate
the effect of temperature on the average particle diameter and colloidal stability.

2.2.3. Scanning Electron Microscopy (SEM)

e  Scanning electron microscopy (SEM) was employed to analyze the influence of the
distribution of functional groups on the morphology and surface structure of polymeric
nanoparticles. The analyses were performed using a Field Emission Scanning Electron
Microscope (JEOL JM-7800F, Tokyo, Japan). The latex dispersions were diluted 1:100
with deionized water (DW) and deposited onto the sample holder. Then, a gold
coating was applied to the sample for 2 s. Each analysis was performed under the
following conditions: secondary electron imaging at 5.0 kV, a working distance of
10 mm, and magnifications ranging from 1000 to 50,000x.

2.2.4. Rheological Properties: Viscosity (1)

o To assess the rheological properties of polymeric nanoparticles over a temperature
range of 30-60 °C, the viscosity (1) of polymer dispersions without dilution was mea-
sured using a Modular Compact Rheometer MCR 502 (Anton Paar, Graz, Austria).
Measurements were conducted in rotational mode with a concentric cylinder mea-
suring system (CC27), and the shear rate (y) was varied from 0.01 to 1000 s~ All
experiments were performed in triplicate.

3. Results and Discussion

3.1. Characterization of Nanomaterials
3.1.1. Total Solids Content (Ts) of Polymers Nanoparticles

The total solids content of the six materials was determined using the gravimetric
method. The results indicate that all materials have a total solid content of approximately
9.50 & 0.32 wt.%, confirming the accuracy of the synthesis method.

3.1.2. Average Particle Diameter (Dz) and Zeta Potential (()

Figure 2 shows Dz as a function of temperature. In general, a decrease in the Dz of
materials is observed. Series 1 (Figure 2a) shows that the Dz of material 70:30 wt.% is
254 nm and 354 nm at 25 °C and 40 °C, respectively. The Dz decreases up to 278 nm at 60 °C.
For the material 80:20 wt.%, the largest particle (1219 nm) is observed at 30 °C. However,
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the Dz is close to 618 nm at 60 °C. Finally, for the material 90:10 wt.%, no significant changes
are observed in the Dz, but there is a low concentration of amide groups. This behavior is
related to the amide groups located in the shell of the particles, which exhibit an LCST close
to 37 °C [15,21]. This means that when the system temperature is above the LCST, a phase-
volume transition is observed due to the formation of hydrophobic interactions [15,22,23].
Furthermore, hydrogen bonds and van der Waals interactions between polymer chains
disrupt their interactions with water molecules, leading to a reduction in Dz [22,23].
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Figure 2. Average particle diameter (Dz, nm) as a function of temperature at different proportions
of AA/AMmM—70:30 wt.% (M), 80:20 wt.% (e), and 90:10 wt.% (A)—for Series 1 (a) and Series 2 (b),
respectively.

In Series 2 (Figure 2b), as the concentration of AA increases, the 0Dz rises due to the
formation of a surface concentration gradient (AA:AMm wt.%). However, as the tempera-
ture increases, Dz decreases across all AA concentrations. This behavior is characteristic of
polymer materials with a lower critical solution temperature (LCST), where Dz diminishes
as hydrophobicity increases. This enhanced hydrophobicity strengthens the interactions
between functional groups and polymer chains through van der Waals forces, leading to
particle aggregation [24].

Figure 3 shows the C values as a function of temperature for both series. Negative
values of C are attributed to the negative charges caused by the dissociation and ionization
of carboxylic groups (-COOH) into anions (-COO™), and neutral charges of amide groups
(-CONH),;) present in the polymer chains of particles [25]. According to the literature,
colloidal systems are stable when the zeta potential values are > £30 mV [15,25,26]. For
Series 1 (Figure 3a), the zeta potential values range from —46 to —26 mV, while for Series
2 (Figure 3b), ¢ values range from —40 to —22 mV. Particle stability decreases above
40 °C, when the temperature of the system exceeds the LCST of ~37 °C. This phenomenon
is attributed to the disruption of hydrogen bonds and van der Waals forces between
polymer chains, which reduces the availability of functional groups for interaction with the
environment, leading to particle contraction and a loss of colloidal stability [15,24].
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Figure 3. Zeta potential ((, mV) as a function of temperature at different proportions of
AA/AMmM—70:30 wt.% (M), 80:20 wt.% (e), and 90:10 wt.% (A)—for Series 1 (a) and Series 2 (b),
respectively.

3.1.3. Scanning Electron Microscopy of Polymers Nanoparticles

The superficial morphology of the nanoparticles was observed using scanning electron
microscopy (SEM). In Series 1, the 70:30 wt.% material (Figure 4a) exhibits an irregular
and anisotropic structure with a striated surface. The 80:20 wt.% material (Figure 4b)
shows a pseudo-spherical structure, while the 90:10 wt.% material (Figure 4c) presents
larger structures with a “popcorn” morphology and a rough surface [27]. In Series 2,
the 70:30 wt.% (Figure 4d) and 80:20 wt.% (Figure 4e) materials exhibit a “popcorn” mor-
phology with a hole-like structure whereas the 90:10 wt.% material (Figure 4f) displays
a cauliflower morphology [28]. Both series show an increase in particle size at higher
AA concentrations, which is attributed to the formation of larger particles at elevated AA
concentrations [28]. Additionally, the particle morphology is influenced by the synthesis
method and the localization of functional groups [27].

Figure 4. Micrographs of nanoparticles at 10,000x magnification at different proportions of
AA/AMmM—70:30 wt.% (a,d), 80:20 wt.% (b,e), and 90:10 wt.% (c,f)—for Series 1 and Series 2,
respectively.
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3.1.4. Rheology Properties of Polymers Nanoparticles

Oscillatory rheology was used to evaluate the viscous properties of latex [29].

Viscosity of Polymers Nanoparticles

All dispersions exhibited a decrease in viscosity as temperature increased, a trend
observed across all polymers, particularly those with lower acrylic acid (AA) concentra-
tions. Figure 5a,b shows the viscosity as a function of shear rate at 30 °C, 40 °C, 50 °C,
and 60 °C for the 70:30 wt.% materials from Series 1 and Series 2, respectively. As the
temperature approaches the LCST of ~37 °C, the particles contract, resulting in a reduction
in particle size, flow resistance, and viscosity [21,30,31]. Polymeric dispersions display
two distinct behaviors during the stress sweep; (i) at 0.01 </ s71 <10, the dispersions
undergo thinning due to particle alignment in the flow and the breakup of polymer chain
interactions (van der Waals and hydrogen bonds) [31], and (ii) between 10 and 100 s~ !,
they exhibit a Newtonian behavior, with viscosity linearly dependent on shear-induced
chain alignment [29,30,32].
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Figure 5. Viscosity (1) as a function of shear rate () of latex 70:30 wt.%—-AA /AMm wt.% at different
temperatures—30 °C (H), 40 °C (e), 50 °C (A), and 60 °C (V)—for Series 1 (a) and Series 2 (b).

4. Conclusions

Polymeric materials exhibit typical characteristics of smart materials, such as pH and
thermo-responsiveness, along with high stability. As temperature increases, a decrease
in particle size (Dz) and viscosity is observed, particularly for materials near their LCST,
which is attributed to enhanced hydrophobic interactions and particle contraction. Zeta
potential analysis shows stable colloidal systems, although particle stability decreases
above the LCST due to disruptions in polymer chain interactions. SEM analysis reveals
distinct morphologies, including “popcorn” and “cauliflower” structures, influenced by the
concentration of AA and the functional group distribution. Overall, these characteristics
make the materials suitable for use in the oil industry (acidification processes), where
controlled particle behavior and colloidal stability are crucial.
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