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Rheological response of a modified polyacrylamide-silica
nanoparticles hybrid at high salinity and temperature

Hybrid of hydrophobically modified polyacrylamide-silica
nanoparticles emerged as a promising strategy for achieving
enhanced stability and high viscosity. We experimentally
explain the role of nanoparticles in bridging between
polymer chains leading to an increase in the hydrodynamic
radius and consequently the viscosity of the hybrid.
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Water-soluble polyacrylamides have often been used to modify flow response in various water-based

technologies and industrial processes, water treatment,
and chemical enhanced oil recovery. Polymers are susceptible to degradation at combined high salinity
and elevated temperature conditions which limits their overall performance. Hybrid mixtures of
hydrophobically modified polyacrylamide (HMPAM) with hydrophobically modified silica nanoparticles

(NPs) emerged as a promising strategy for achieving enhanced stability and high viscosity in brines

including paints, paper manufacturing,

having a high total dissolved solids (TDS) content and high hardness at elevated temperatures (>20 wt%
TDS, including >1.5 wt% divalent cations at T > 70 °C). The rheological response of the hybrids at
various concentrations of HMPAM and NPs was examined to investigate the synergic effects.
Hybridization of HMPAM with NPs led to a higher viscosity at high salinity and elevated temperature. The
viscosity improvement was more pronounced when the concentration of HMPAM was in the semi-dilute
regime and concentration of NPs was higher than a critical threshold where the viscosity increased
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roughly by a factor of 1.5. Here we present the mechanisms of improved viscosity behaviour. The
rheological data suggest the role of NPs in the bridging between HMPAM molecules, which in turn
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Introduction

The stability of colloidal systems at high electrolyte concen-
tration is critical for optimum performance of various indus-
trial products and processes, including water-based coatings
or paints,'” environmental applications*® and chemical
enhanced oil recovery (cEOR).”” In paints, for instance, once
the salt concentration in the rust layer at the steel-paint inter-
face exceeds a threshold, premature deterioration of the paint
coating is observed."®

“ Department of Geosciences and Engineering, Delft University of Technology, Delft,
The Netherlands. E-mail: Mohsen.mirzaieyegane@gmail.com
b Department of Chemical Engineering, Delft University of Technology, Delft,
The Netherlands
 The Netherlands Organisation for Applied Scientific Research (TNO),
High Tech Campus 25, 5656AE Eindhoven, The Netherlands
4 Kuwait Oil Company, Ahmadi, Kuwait
i Electronic supplementary information (ESI) available: Calculation of the
volume fraction of the ligand, pictures of samples to observe the stability of
nanoparticles and hybrids over time, details of TEM performed on nanoparticles,
tables which include the fitting parameters for Carreau-Yasuda model (eqn (4)),
molecular weight estimation of HMPAM and PAM, estimation of overlap concen-
tration, radius of gyration and persistence length for HMPAM and 'H NMR
spectrum for t-butyl acrylamide. See DOI: 10.1039/d0sm01254h
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increases the hydrodynamic radius and consequently the viscosity of the hybrids.

As a basic cEOR method, polymer injection increases oil
recovery over water flooding by viscosifying the aqueous drive
water."" Partially hydrolysed polyacrylamide (HPAM) is the most
commonly utilised polymer for cEOR."*** HPAM is characterized
by the presence of negatively charged carboxylic groups along
the polymer backbone.'” Electrostatic repulsion among the
carboxylic groups results in the expansion of the coiled HPAM
chains, thus increasing the solution viscosity, compared to non-
ionic polyacrylamide (PAM)."*> At high ionic strength, however,
electrostatic repulsions between the negatively charged groups
are almost completely screened by mono- and divalent cations.
Therefore, the excluded volume and consequently the molecular
size of the polymer chains are reduced.'® For this reason, HPAM
viscosity decreases as salinity increases. At sufficiently high
concentrations of divalent cations, complexation of the metal
ion by the carboxylate groups occurs leading to polymer
precipitation.'”'® These effects are exacerbated as temperature
increases due to further hydrolysis of acrylamide monomers in
the polymer backbone."®

Several approaches for synthesising water-soluble polymers
with improved rheological properties at high salinities up to
20 wt% total dissolved solids (TDS) and temperatures up to
120 °C have been reported.?*”>* Many focus on the substitution

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0001-7060-4094
http://orcid.org/0000-0003-3516-3689
http://orcid.org/0000-0002-2262-5795
http://crossmark.crossref.org/dialog/?doi=10.1039/d0sm01254h&domain=pdf&date_stamp=2020-10-08
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm01254h
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM016044

Open Access Article. Published on 30 September 2020. Downloaded on 7/15/2025 11:48:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of the acrylamide monomer by at least another monomer type
which can enhance the stability of the polymer at such harsh
conditions.?*>*** For instance, the incorporation of 2-acryl-
amido-2-methylpropane sulfonic acid (AMPS)***® and N-vinyl-
2-pyrrolidone (N-VP)***° co-monomers increases tolerance to
high salinity particularly to the presence of divalent cations and
against thermal hydrolysis respectively. Even though modified
polyacrylamides have shown promising results at high tem-
peratures and salinities, they are more expensive than HPAM
and need to be overdosed to reach target viscosities since their
molecular weight is low.>” Therefore, the use of such polymers
is economically unattractive.

An alternative approach to overcome the above issues con-
sists in combining the polymer with nanoparticles (NPs) to
form a hybrid system which is stable at elevated temperature
and high salinity. The premise of the new method is that the
rheological properties of polymer solution at such harsh
conditions can be improved by fine-tuning the polymer-NPs
interactions. Several studies demonstrated that hybrid networks
can be obtained by the introduction of silica nanoparticles
in aqueous media into the macromolecular architecture of
associative polymers based on reversible associations.** > More-
over, if the associative polymers also show lower critical solution
temperature (LCST) properties, temperature and salting-out
may be used to modify the viscoelastic properties of the hybrid
network.”® Kamibayashi et al®* have shown that associative
polymers containing a minor proportion of hydrophobic groups
can act as flocculants in aqueous suspension of silica NPs. The
flocculation was induced by polymer bridging between silica NPs
and led to a significant increase in the viscosity of the suspen-
sion. Bhardwaj et al.** reported improved thermo-resistance and
high thermal stability behaviour for nano-size PAM/silica compo-
sites. Maghzi et al.®® reported that the viscosity of a PAM/silica
hybrid was higher than that of a polyacrylamide solution in the
range of tested salinities from 1.4 wt% to 8.4 wt% TDS. Hu et al.*®
observed that the addition of silica NPs considerably increases
the HPAM viscosity at salinities up to 8 wt% NaCl and tempera-
tures up to 80 °C. Cao et al.*” indicated that the salt-tolerance and
heat-resistance properties of a solution containing copolymer
of acrylamide and AMPS were improved by the addition of
amino-functionalised silica NPs in brines containing up to
8 wt% NaCl and 0.12 wt% CaCl, at 70 °C. The strong interaction
between silica NPs and polymer is chiefly ascribed to hydrogen
bonds between the functional groups on polymer molecules
including hydroxyl, amide and carboxylate groups and the silanol
groups on the surface of NPs,343¢738

The above solutions suffer from several limitations:
(a) polymer-NPs hybrids were not investigated for salinities
higher than 8.4 wt% which are typical in various industrial
processes (b) insufficient information was provided on colloidal
stability at high salinity conditions and (c) the role of the
polymer concentration, from dilute to semi-dilute regimes,
on the rheological response of hybrids was not discussed.
To address the limitations of current approaches, we propose
a polymer-NPs hybrid system based on the hydrophobic-
hydrophobic interaction. This specific interaction enables the
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development of a system, which is stable and retains suffi-
ciently high viscosity at extreme salinities and elevated tem-
peratures (>20 wt% TDS, including > 1.5 wt% divalent cations,
and T > 70 °C).

In our experiments hydrophobically modified silica NPs were
added to a solution of hydrophobically modified polyacrylamide
(HMPAM) to facilitate the bridging between polymer chains.
Silica NPs were modified by gamma-glycidoxypropyltrimethoxy-
silane (GPTMS), a low molecular weight organic ligand to
provide steric stabilization and ensure the colloidal stability at
high salinity.>®> By modification, the surface becomes more
hydrophobic than the original bare silica but still has sufficient
polarity to allow a good dispersion in water. To describe the
colloidal stability of NPs in this work, an extended DLVO
(xDLVO)**™** theory has been used in different ionic strengths
and with or without surface modification of NPs. In order
to study the improvement of flow responses of the hybrids,
viscosity measurements were performed at various concentra-
tions of HMPAM and NPs.

The results showed that the addition of NPs increases
the viscosity of HMPAM solutions. The increase was more
pronounced once the concentration of HMPAM was in the
semi-dilute regime and the concentration of NPs was larger
than a critical threshold. The results suggest that in the semi-
dilute regime, where polymer chains are in closer proximity to
each other, NPs-induced bridging between HMPAM chains can
occur which in turn enlarge the hydrodynamic radius of the
hybrids and consequently increase their viscosity.

Experimental

Materials

GPTMS-modified silica NPs which are available under the
commercial name Levasil CC301 were supplied by Akzo Nobel
in suspension (p = 1.2 g cm?) containing 28.1 wt% silica with
an average particle diameter of 7 nm as reported by the
manufacturer. Bare silica NPs were supplied by Sigma-Aldrich
in powder form with a particle diameter of 10-20 nm obtained
from BET. Acrylamide and ¢-butyl acrylamide monomers were
purchased from Sigma-Aldrich. HMPAM (98 mol% acrylamide
and 2 mol% t-butyl acrylamide) and PAM (100 mol% acryl-
amide) were synthesised using free radical polymerization.”*
Their average molecular weights were estimated using the
methodology used by Wu et al.** which is based on viscosity
measurements and found to be approximately 2.1 x 10° and
2.7 x 10° g mol™' for HMPAM and PAM respectively (see the
ESIT). Sodium chloride (NaCl) and calcium chloride dihydrate
(CaCl,-2H,0) used for brine preparation were purchased from
Sigma-Aldrich as well. All materials were used as received
without further purification.

Preparation of modified silica NPs, polymers and hybrids

GPTMS-modified silica NPs. Detail of typical modification
conditions and characteristics of GPTMS-modified silica NPs
are described elsewhere.***"* Here, we highlight only the
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important aspects. GPTMS is a silane epoxy functional group
(RSi(OMe);) which is not stable in aqueous solutions. It under-
goes a hydrolysis reaction according to the following chemical
reaction:

RSi(OMe); + 3H,0 — RSi(OH); + 3MeOH 1)

Pre-hydrolysed silane is continuously added to the colloidal
silica at 60 °C, at a rate of nearly 1.4 molecules GPTMS per nm>
silica surface per hour while being agitated. The pre-hydrolysed
silane reacts with silanol groups on the surface of silica NPs,
according to the following condensation reaction:

Y-R-Si(OH); + (HO)x-silica particle —» Y-R(OH);_x-silica
particle + xH,O (2)

An aqueous silica sol contains 4.6 silanol groups per nm” silica
surface.?® Since each silane reacts with three silanol groups and
there exists 1.4 molecules GPTMS per nm?, only 0.4 silanol
groups per nm” remains on the surface, which shifts the surface
from hydrophilic to hydrophobic.*® During silylation, GPTMS
covalently binds to the surface of silica and the epoxy ring opens
and converts to a diol as indicated in Scheme 1a. The silylation
of silica surface also substantially decreases the total of charged
surface groups and specific surface area. The schematic of a
GPTMS-modified silica nanoparticle is shown in Scheme 1b.
Polymers. Polymerization reactions of acrylamide monomers
to synthesize PAM and acrylamide and #butyl acrylamide mono-
mers to synthesize HMPAM were performed in a double-walled
glass sealed reactor with magnetic stirring coupled through the
lid towards an internal propeller stirrer. The reactor was filled
with a pre-set amount of monomers and de-ionised (DI) water.
Thereafter, a water-cooled condenser was placed on the lid and
the temperature was raised to 40 °C using an external thermostat
connected to the lid. Subsequently, an inlet tube was lowered
into the liquid phase, purging the water-monomer phase with
nitrogen under stirring to remove any oxygen present. After
30 minutes of purging, the nitrogen tube was lifted into the
headspace. Shortly after, 10 mL of DI water containing 0.05 mole
potassium persulfate as the initiator was introduced through a

GPTMS
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S SIWO o --—> \O/Sl'\/\/ \/ﬁ/\ou (a)
(o] OH
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Covalent
bonds

Scheme 1 (a) Ring-opening of GPTMS during silylation reaction. (b) The
schematic of attachment of GPTMS to a silica nanoparticle surface by
covalent bonds.
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septum to commence the polymerization. Viscosity was built up
within 5-10 minutes; however, polymerization was allowed to run for
two hours to complete the process. The original concentration of the
solution of monomers was 5 wt%. The feed molar ratio of acrylamide
to t-butyl acrylamide monomers in HMPAM was 98 to 2.

Hybrid samples. Hybrid samples were prepared by adding
the required amounts of HMPAM and modified NPs in brine
with a salinity of 20 wt% TDS including 1.5 wt% Ca®', hereafter
referred to as Brine2015. Polymer solutions and NPs disper-
sions were diluted from their original concentration to the
desired concentration in Brine2015 as the dispersant medium
and stirred overnight and for 2 hours respectively until they
became completely homogenous and transparent. In order to
achieve a hybrid at desired concentration of polymer (Cp)
and NPs (Cyp), the required mass of NPs dispersion with a
concentration of 2C,,, was added to the equal mass of polymer
solution with a concentration of 2C;,. The hybrid sample was then
homogenized by stirring for nearly 2 hours. In order to ensure the
homogeneity and stability of the hybrid sample, it was stored for
one week, in the absence of degrading factors such as light and
heat, before viscosity measurements were made.

Characterization of NPs and HMPAM

Zeta potential. The zeta potential of the NPs in DI water was
identified by means of a Malvern Zetasizer Nano ZS at room
temperature. The NPs concentration was adjusted to provide a
count rate of ca. 500 keps on this instrument. Samples were run
in triplicate in the auto mode and the average was recorded.
There was a 30-60 seconds pause between each run, so the
sample is able to relax. For GPTMS-modified silica NPs the zeta
potential was measured to be —29 + 5 mV.

Transmission electron microscopy (TEM). TEM imaging on
the NPs was performed using a JEOL JEM 1400 TEM with a
120 kV beam. For preparing the samples, a 10 uL droplet of the
NPs dispersion was brought into contact with the carbon grid. The
sample droplet was slid off the grid after approximately 5 seconds
of contact. The grid was then dried in ambient conditions for
5 minutes before inserting it into the TEM machine.

Determination of ligand grafting density. The number of
moles of bound ligands per unit surface area (i.e. the grafting
density o) was experimentally derived from total organic
carbon (TOC) analysis.*” TOC analysis was performed using
a DC-190 Dohrmann high temperature TOC Apparatus. A 100 pL
sample was placed in the combustion tube. Catalytic oxidation of
the sample in a furnace produced a gaseous mixture of CO, and
H,0. The CO, and steam were moved into the internal circulation
reactor using a carbon-free carrier. Then, it passed through a
condenser, a liquid gas separator and the moisture trap. The
permeation dryer removed the H,O. After that, the dried CO,
passed through the non-dispersive infrared detector (NDIR) in
order to measure the total carbon content. The grafting density
from the TOC analysis was determined using eqn (3):*”

(€] 4
NPIS” ®)
MW|4TER02

nRJ
g =
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where [NP] represents the concentration of NPs, [C] is the
organic carbon concentration obtained from TOC analysis,
p. and R, are the density and radius of a nanoparticle respectively
and MW, is the molecular weight of GPTMS.

NMR elucidations. The prepared stock polymer solutions
were freeze-dried by Christ Alpha 1-4 LD plus apparatus. The
solutions were frozen quickly with liquid nitrogen in a glass
flask, which was then attached to the freeze-dryer and left there
overnight without further cooling. Thereafter, the obtained
polymer powders were dissolved in D,0O. Before the test, air
bubbles were removed by centrifuging the sample at 10 000
revolutions per minute (rpm) for 20 minutes. All spectra were
recorded on a wide-bore 500 MHz Bruker NMR. '"H NMR
spectra were acquired at 500 MHz to determine the hydro-
phobic content of HMPAM. As a reference, a similar analysis
was performed on PAM.

Rheological measurements. The viscosity of the polymer
solutions, NPs dispersions and hybrid samples were measured
by an Anton Paar rheometer (MCR-302) in Couette geometry.
To investigate any shape memory effects, all measurements
were done four times by repeating the sequence (a) from low to
high shear rates and (b) then from high to low shear rates.
It turned out that the four different series of viscosity data per
sample were identical within the experimental error (<5%).
Hence, the average values of the viscosity of the four series were
considered.

In order to study the shear-thinning behaviour of the poly-
mer solutions, the Carreau-Yasuda model*® as shown in eqn (4)
was used:

n—1

=1 = (Mo = o) [+ (74)] @ 4)

where 7 is the polymer viscosity, ., denotes the viscosity of
second Newtonian plateau which is assumed to be equal to the
viscosity of the solvent, 1, is the zero shear rate viscosity of the
polymer, 7 is the shear rate and 1 is a time constant known as
relaxation time which is an inverse of a critical shear rate at
which the transition from Newtonian to shear-thinning regimes
occurs. The parameter 7 is the power-law slope obtained from
the shear thinning part and the parameter a controls the width
of transition from Newtonian to shear thinning. For oscillatory
tests, the amplitude sweep was attempted at a constant fre-
quency to realize the linear viscoelastic regime after which the
frequency dependence of the hybrids was analysed within this
viscoelastic regime.

Colloidal stability of dispersed NPs

Inter-particle interactions. Dispersed NPs are subject to
Brownian motion which induces frequent inter-particle collisions.
The balance between inter-particle interactions determines
whether the dispersion of NPs is stable. Inter-particle interactions
between coated NPs have been successfully described by the
xDLVO theory.*"*® According to this theory, the total interaction
between two functionalized spherical NPs (V) with radius R,
at separation distance % is specified by the sum of van der Waals
(Veaw), €lectrostatic (Vee), and steric (Vi) potentials:

This journal is © The Royal Society of Chemistry 2020
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Vt(x) = Vvdw[x) + Vele[x) + Vstr(x) (5)

where x is the normalised separation distance equal to 4/R.
The van der Waals potential is:*°

Viaw(x) _ ((\/A—P_m)2>
ksT 6kg T

(6)

2 . 2 n x(x+4)
x(x+4) (x+2)? (x+2)?
where A, and A,, are Hamaker constants for particle and
medium respectively,” kg is the Boltzmann constant and T is
the absolute temperature. The electrostatic potential is given
by:SZ

Vele(x) 2mepenyy’ R

—KkRx
T~ kr ) @

where ¢, is the vacuum permittivity, ¢, is the medium relative
permittivity, i, is the surface potential and x " is Debye length.
The latter is calculated as follows:

0.5
-1 SosrkBT
= (=== 8
" <2NA621) (8)
where e is the electronic charge, N, is the Avogadro number,

and I is the medium ionic strength.’® Surface potential is
approximated by knowing the zeta potential ({) using eqn (9):

bo=¢(14 e ()

The steric potential (V) for the grafted ligand is calculated
by summing the osmotic (Vosm) and elastic potentials (V,).>®
These are short-range repulsive interactions that tend to
kinetically stabilize the NPs dispersion. The osmotic potential
can be expressed as:>*

Vosm(X) 4nRLNx (1 X
= (1=
kB T 141 (/)1 2 “ ( 29()

Vosm(x) 4nRL*Na (1 \[x 1 x
Wl o ila ﬂ*z*m@) T
(10)

where L is the particle coating thickness, o is equal to L/R, v
is the solvent molar volume, ¢, is the ligand volume fraction
(see the ESIT) and y is the Flory-Huggins interaction parameter
which is a function of solvent quality.® When the particle
separation distance is shorter than the thickness of particle
coating (i.e. x < o) entropic effects arise from the compression
of the ligand resulting in elastic repulsion between particles
given by:>®

o< x <2

3
= (w52
(11)
3% .
~ 6ln|—=2 +3(1f&)
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where p; is the bulk density of the pure ligand. Dispersions of
NPs stay kinetically stable if the potential barrier (Vax) is larger
than ~16/kgT.>%"”

Results and discussion
Stability of hydrophobically modified silica NPs

Dispersions of GPTMS modified silica NPs in Brine2015 were
found to be stable for over three months (Fig. S1, ESIt). In order
to characterize the morphology of GPTMS-modified NPs
(i.e. shape and size), TEM was performed for modified NPs
dispersed either in DI water or in Brine2015. In order to study
the impact of GPTMS modification on the prevention of aggre-
gation of silica NPs, TEM was also performed on bare silica NPs
with an approximately identical particle diameter (10-20 nm as
reported by the supplier). Fig. 1 shows the TEM images of dilute
dispersions of hydrophobically modified and bare silica NPs in
DI water and in Brine2015. Stable dispersions were obtained for
both types of NPs in DI water. However, the dispersion of
modified NPs was completely transparent while the dispersion
of bare NPs showed some turbidity (Fig. S2, ESIT). Fig. 1a shows
that for the bare silica NPs in DI water, NPs formed aggregates
even though the dispersion showed no phase separation.
In contrast, for the GPTMS-modified NPs dispersed in DI water
the TEM image (Fig. 1b) shows the presence of individual NPs
and small clusters of NPs with a narrow cluster size distribution
(see Fig. S5, ESIt) suggesting a slight tendency of NPs to form
large aggregates.

When bare NPs were dispersed in Brine2015 most of them
adhered to one another and large aggregates were formed
(see Fig. 1c). This is in agreement with the flocculation of

.' 80 nm
_7}7_ :
Fig.1 TEM images of dried samples (a) bare NPs in DI water (b) GPTMS-
modified NPs in DI water (c) bare NPs in 20 wt% TDS brine (Brine2015) and
(d) GPTMS-modified NPs in Brine2015.
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small silica NPs into particulate networks, resulting in sedi-
mentation as also reported by others.>®*° Fig. 1d shows that for
GPTMS-modified silica NPs in Brine2015, even though a few
slightly larger agglomerates were formed, a majority of the NPs
remained separated from each other. This shows that grafting
low molecular weight ligands to the surface of NPs can prevent
their aggregation in media with high ionic strength.*”°® The
sample pictures of a suspension of bare and modified silica
NPs in DI water and Brine2015 at a concentration of 0.05 wt%
are shown in Fig. S2 (ESIY).

To determine the relative contributions of the surface forces
to NPs interactions, the van der Waals, electrostatic and steric
potentials were estimated using the xXDLVO theory (see Inter-
particle interaction section). This provides a semi-quantitative
description of stability of NPs and the calculations highlight
the importance of the grafted ligand for NPs stabilization at
high salinity. For this purpose, three scenarios were consi-
dered: (a) bare silica NPs dispersed in a medium with low ionic
strength (I = 10 mM, equivalent to 0.06 wt% NacCl), (b) bare
silica NPs in a high ionic strength medium (I = 3834 mM
representing the ionic strength of Brine2015) and (c¢) GPTMS
modified NPs in a medium with similar high ionic strength.
Table 1 summarises the parameters which were used for the
calculations. All three scenarios were considered at room
temperature. The ligand grafting density from TOC analysis
according to eqn (3) was calculated to be 2.6 + 0.1 umol m™>.
The thickness of the particle coating (L) was regarded as the
length of a GPTMS molecule which is 0.95 nm.%° Even though it
is reported in the literature that GPTMS is relatively well
solvated in high salinities water,***° the Flory-Huggins inter-
action parameter was taken as 0.49 to give a conservatively low
estimate of Vygm.

The calculated interaction potentials are shown in Fig. 2.
As Fig. 2a suggests, for bare silica NPs dispersed in a low ionic
strength medium, V.. decreased exponentially with increasing 4,
approaching zero at large A. V4w, which indicates an inverse
power law with %, did not decay to zero. V,q, is dominant over
Vele in very short particle separation distances, which results in
a deep minimum in the V, profile. However, for larger & values
(ie. h > 0.1 nm), the electrostatic double layer repulsion
becomes dominant and a potential barrier of larger than
55/kgT is obtained (Vpmax > 55/kgT). This implies that the
colloidal stability is ensured. When bare silica NPs were dis-
persed in Brine2015 (Fig. 2b), Viqw did not change, as it is

Table 1 Functionalised NP parameters at 298.15 K used in xDLVO theory
calculations

Parameter NPs functionality
Hamaker constant for water (J) 3.7 x 1072
Hamaker constant for silica (J) 6.3 x 107 2°
Particle diameter (nm) 7

Bulk density of ligand (g cm?) 1

Ligand molecular weight (g mol ) 236

Ligand grafting density (umol m™?) 2.6

Ligand length (nm) 0.95

{ potential (mV) —29
Flory-Huggins interaction parameter 0.49

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Inter-particle interaction potential (V) as a function of particle
separation distance (h) calculated by xDLVO theory for (a) un-modified
NPs in a medium with low ionic strength (/ = 10 mM) (b) un-modified NPs
in a medium with high ionic strength (/ = 3834 mM) and (c) GPTMS-
modified NPs in same high ionic strength medium.

independent of aqueous phase salinity. However, as can be
inferred from eqn (8), the Debye length diminishes with
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increasing ionic strength, resulting in significant reduction in
Vele- This is also evident in V, and the potential barrier becomes
smaller than 16/kgT (Vinax < 16/kgT) implying that the colloidal
stability is not achieved. The fact that the potential barrier
did not completely disappear was due to the high { potential
and small size of the NPs. The latter makes the van der Waals
attracting potential smaller.

When two GPTMS-modified silica NPs approach each
other to a separation distance # smaller than 2L (h < 2L)
the ligand molecules interact with each other, which leads to
an increase in the local segment density of ligand molecules
in the interaction zone. This results in strongly repulsive
interaction due mainly to two effects: (a) to rise in osmotic
potential in the interaction zone according to eqn (10) and (b)
decrease in configurational entropy of the ligand molecules in
the overlap region due to decrease in volume available for
ligand molecules, as is shown in eqn (11). Fig. 2c indicates
that the contribution of V¢, and Ve, significantly increases
the potential barrier to more than 50/kgT (Vinax > 50/ksT)
which ensures the colloidal stability of GPTMS-modified silica
NPs at such high salinity. Note that these calculations are
based on some inherent assumptions in XDLVO theory®' and
were used to semi-quantitatively show the effect of NPs surface
modification by GPTMS on the colloidal stability of the
system.

Hydrophobic content of HMPAM

The result of "H NMR spectra is shown in Fig. 3. For PAM, as
can be seen in Fig. 3a, peaks a and b correspond to aliphatic
CH, and aliphatic CH respectively in polyacrylamide. Moreover,
some other peaks appear in the range of 5.65-6.25 ppm. These
peaks are attributed to vinylic CH and CH, in acrylamide
monomer which means some of the monomers were not
polymerized.®> The yield of polymerization was estimated to
be 92.5 £ 0.5%. For HMPAM, as can be seen in Fig. 3b,
compared with PAM two additional peaks were detected. Peak
¢ corresponds to the proton in the methyl group (-(CH;);) of
HMPAM. Another peak (c’) was observed next to peak c. This
small peak is attributed to the methyl groups in ¢butyl acryl-
amide monomer which were not polymerized (see the "H NMR
spectrum of ¢-butyl acrylamide in Fig. S8, ESI{). Also here, the
peaks in the range of 5.65-6.25 ppm correspond to vinylic CH
and CH, in acrylamide and ¢butyl acrylamide monomers which
were not polymerized. As compared to PAM, the integrating
areas of these peaks appear to be larger. This indicates that the
yield of the polymerization is smaller and it was estimated to be
81.0 £ 0.5%.

The hydrophobic content of HMPAM was estimated according
to the following equation:

S 9z (12)
S+ S, 3y+3z
where S,, S, and S, are the integrating areas of peaks a, b and c
respectively, and y and z are the non-hydrophobic and hydro-
phobic content of HMPAM respectively (y + z = 100). This leads to
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Fig. 3 H NMR spectra of (a) PAM and (b) HMPAM. Peaks a and b
correspond to aliphatic CH, and aliphatic CH respectively in PAM and
HMPAM. Peak c corresponds to the proton in the t-butyl group of t-butyl
acrylamide in HMPAM. Peak ¢’ corresponds to t-butyl group in t-butyl
acrylamide monomers which were not polymerized. For HMPAM the sum
of integrating areas of peaks a and b is 100 and the integrating area of peak
cis 5.6.

a hydrophobic content of 1.80 £ 0.05 mol% which is slightly
smaller than the hydrophobic content in the original feed.

Rheology of HMPAM solutions

Fig. 4 shows the viscosities of HMPAM solution in DI water and
in Brine2015 at 25 °C and in Brine2015 at 70 °C as a function of
shear rate at different concentrations. The Carreau-Yasuda
model (eqn (4)) was used to fit the experimental rheology data.
The list of fitting parameters is tabulated in Tables S1-S3
(ESIT). From Fig. 4a it can be observed that HMPAM solutions
in DI water showed a Newtonian behaviour at low to inter-
mediate shear rates which was followed by a shear thinning
behaviour at higher shear rates. The extension of the New-
tonian and shear-thinning regimes depends on the concen-
tration of HMPAM. The shear-thinning effect was more
pronounced for high concentrations of HMPAM solution. This
is explained by the deformation of polymer chains in the shear
direction, which allows for easier flow of the molecules, resulting
in the reduction of the viscosity with an increase in shear rates.®®
However, it was found that at concentrations lower than 0.1 wt%,
HMPAM solution only exhibits a Newtonian behaviour over the
range of tested shear rates. This suggests that, in this case, the
structural characteristics of the polymer chains no longer affect
the viscosity. The shear rate dependency of HMPAM solution
increased with an increase in polymer concentration. This is
ascribed to an increase of associations among polymer chains
leading to the higher viscosity and extending the shear thinning
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Fig. 4 Steady state shear viscosity of HMPAM at different concentrations
in (a) DI water at 25 °C (b) Brine2015 at 25 °C and (c) Brine2015 at 70 °C.
The solid line is acquired by fitting the experimental data into Carreau—
Yasuda model. The fitting parameters are presented in Tables S1-S3 (ESI¥).

region.®* Such shear rate dependency was more pronounced at
concentrations larger than the overlap concentration (Cp*),
which was calculated to be approximately 0.49 £ 0.01 wt% for
HMPAM in DI water (see Fig. S7a, ESIt). From Table S1 (ESIY) it
can be seen that relaxation time increases as concentration rises.
This means that at higher concentrations, when HMPAM mole-
cule is deformed by shear forces, it requires a longer time to relax
to its original conformation.

HMPAM showed an excellent solubility in Brine2015 over
the range of tested concentrations, up to 0.5 wt%, which led to
complete transparent solutions. Since HMPAM is a non-ionic
polymer, it did not strongly respond to the presence of cations
in the solvent. Fig. 4b shows that, irrespective of concentration,
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the viscosity of HMPAM solutions increased in Brine2015
throughout all the tested shear rates as compared to HMPAM
solutions in DI water. As HMPAM showed an excellent solubi-
lity both in DI water and Brine2015, this is mainly attributed to
an increase in solvent viscosity which was measured to be 0.9 +
0.1 and 1.4 £ 0.1 mPa s for DI water and Brine2015 respectively.
This implies that the increase in viscosity is approximately
55% which is close to the observed increase in the viscosity
for HMPAM at various concentrations. The overlap concen-
tration of HMPAM dissolved in Brine2015 was found to be
approximately 0.30 + 0.01 wt% (see Fig. S7b, ESIt). This infers
that an association among HMPAM chains occurs at lower
concentrations in Brine2015 than in DI water. As can be seen
in Fig. 4b and Table S2 (ESIf), it was also found that at a
given concentration, the shear-thinning behaviour was more
pronounced and the relaxation time was longer in Brine2015
when compared with HMPAM in DI water. Fig. 4c shows that
increasing the temperature from 25 °C to 70 °C reduced the
viscosities of HMPAM solution in Brine2015 and made the
shear dependency of concentration less pronounced. Such a
reduction in the viscosity was by a factor of 2.3 for HMPAM
solutions with concentrations of 0.05 and 0.1 wt%, which is
comparable with the reduction in viscosity of Brine2015.
At higher concentrations, this factor increased up to 3.3 for
0.5 wt% HMPAM.

Rheology of HMPAM-NPs hybrids at high salinity and
temperature

The rheological response of the hybrids of HMPAM and
GPTMS-modified NPs at high salinity and elevated temperature
was investigated at various HMPAM and NPs concentrations.
All the samples were prepared in Brine2015 and the viscosity
measurements were performed at 70 °C. The concentration of
HMPAM was selected as 0.05, 0.1 and 0.2 wt% in the dilute
regime, 0.3 wt% in the boundary of transition from dilute to
semi-dilute and 0.5 and 0.6 wt% in the semi-dilute regime. The
concentration of NPs also varied from 0.5 to 4 wt%. Fig. 8 shows
the results of such viscosity measurements. All the reported
viscosities are at shear rate of reported viscosities are at shear
rate of 7.5 s~ which is within the typical range of practical
shear rate values in various industrial processes.®® The inserted
values on the horizontal axis of the plot in Fig. 5 correspond to
the viscosities of HMPAM solutions without NPs. The viscosity
of Brine2015 at 70 °C (corresponding to the origin of the graph)
was 0.6 £ 0.1 mPa s. Once up to 0.3 wt% of HMPAM was added
to Brine2015, the viscosity increased to 4.2 + 0.1 mPa s.
An additional increase of the concentration to 0.5 and 0.6
wt% significantly increased the viscosity to 11.2 + 0.1 and
19.5 £+ 0.1 mPa s respectively as the association among chains
was achieved. The values along the vertical axis of the plot in
Fig. 5 represent the viscosity of NPs dispersion in the absence
of HMPAM. The increase in NPs concentration from 0.5 to
4 wt% increased the viscosity from 0.6 + 0.1 to 1.0 £
0.1 mPa s. The viscosity of HMPAM-NPs hybrids is discussed
at different polymer concentration regimes. In the dilute

regime (C, = 0.05, 0.1 and 0.2 wt%), the addition of NPs to
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Nanoparticle concentration, Cy;, (Wt%)

Polymer concentration, C, (wt%)

Fig. 5 Viscosities of HMPAM—NPs hybrids at shear rate of 7.5 st at
different concentrations. The materials were dispersed in Brine2015 and
the measurements were done at 70 °C. The magnitude of viscosity in
terms of mPa s is shown next to or inside the circle. The viscosities scale
with radius of the circles.

HMPAM solution did not have a substantial impact on the
viscosity of the hybrids. For instance, the addition of 4 wt% NPs
to 0.2 wt% HMPAM only increased the viscosity another
1.0 &+ 0.1 mPa s. Once the HMPAM concentration was close
to the overlap concentration (C, = 0.3 wt%), as the NPs
concentration increased, a more substantial increase in viscosity
was perceived (incremental viscosity of 1.8 &+ 0.1 mPa s with the
addition of 4 wt% NPs). Furthermore, in the semi-dilute regime
(Cp = 0.5 and 0.6 wt%) the most significant synergic effect
was witnessed. Addition of 4 wt% NPs to 0.5 and 0.6 wt%
HMPAM solution increased the viscosity another 6.4 + 0.1 and
9.4 + 0.1 mPa s respectively. In this polymer concentration
regime, there appears to be a critical NPs concentration (Cyp )
present, above which the increase in the viscosity of the hybrid is
more pronounced.

In order to provide a better assessment of the effect of Cy,p
on the viscosity of the HMPAM-NPs hybrid when HMPAM is in
the semi-dilute concentration regime, Fig. 6 was plotted. The
viscosity measurement was also attempted for the hybrid of
0.5 wt% HMPAM and 3.5 wt% NPs (this was not represented in
Fig. 5 for better readability of the graph). As can be seen in

32
28
—_ 0.6 wt% HMPAM + NPs
[ C .
© np,c [l 0.5 wt% HMPAM + NPs
a
£ 20
= ® NPs
€ 16 r Crp,c
F
w12
]
2 8
>
4 -
60— o e e e e @A |
0 1 2 3 4 5 6

Nanoparticles concentration, C,,;(wt%)

Fig. 6 Viscosities of 0.5 and 0.6 wt% HMPAM in combination with NPs at
different concentrations ranging from 0 to 4 wt% at shear rate of 7.5 s™%.
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Fig. 6, regardless of concentration, the viscosity of the disper-
sion of NPs remained low, suggesting that the viscosity
enhancement of HMPAM-NPs hybrid cannot be considered
as a superposition of viscosity of HMPAM solution and NPs
dispersion. On the other hand, the increase in NPs concen-
tration increased the viscosity of the hybrids containing 0.5 and
0.6 wt% HMPAM in two different regimes: for the hybrids
containing 0.5 wt% HMPAM, with the addition of up to 3
wt% NPs, the viscosity of hybrid grew linearly with a relatively
small growth rate; however, from 3 wt% to 4 wt% a second
more significant linear increase in viscosity was observed. This
suggests that in order to have a considerable increase in the
viscosity of the hybrid, the NPs concentration should be above a
certain critical threshold (Cyp) to bridge between HMPAM
chains using hydrophobic-hydrophobic interactions. Cy, . for
the hybrids containing 0.5 wt% HMPAM was 3.0 £ 0.1 wt%. For
the hybrid containing 0.6 wt% HMPAM, however, it was found
that Cyp . is lower (1.5 & 0.1 wt%). This can be explained by the
fact that with an increase in the HMPAM concentration in
the semi-dilute regime, the polymer chains come in closer
proximity to each other and a smaller amount of NPs is needed
to enable the bridging between HMPAM molecules.

To investigate the influence of hydrophobic-hydrophobic
interactions on the NPs-induced bridging between HMPAM
molecules, the shear rate dependency of two combinations
were studied (a) the hybrid of 0.5 wt% HMPAM and 4 wt%
NPs and (b) the hybrid of 0.5 wt% PAM and 4 wt% NPs.
As mentioned earlier, unlike HMPAM, PAM does not contain
the hydrophobic group of ¢butyl acrylamide and it was selected
to examine whether there is a similar synergic effect between
PAM and NPs or not. As can be seen in Fig. 7, the viscosity of
the hybrid of HMPAM and NPs is considerably higher than the
viscosity of HMPAM, whereas a synergic effect was not observed
for the hybrid of PAM and NPs and the viscosity of this hybrid
was only slightly higher than the viscosity of PAM. This finding

@ HMPAM+NPs
OHMPAM

A PAM+NPs
APAM

Viscosity, n (mPas)

w=1 =1 n=0.84
y égéeeggAAAniOBA
.wA AARA 28@@0 |, n=0.94
n'=1 %—v n=0.85
6
1 10 100 1000

Shear rate, y (s)

Fig. 7 Viscosities of polymer—NPs in Brine2015 at 70 °C as a function of
shear rate. Open and filled circles represent viscosity of 0.5 wt% HMPAM
and hybrid of 0.5 wt% HMPAM and 4 wt% NPs respectively. Open and filled
triangles represent viscosity of 0.5 wt% PAM and hybrid of 0.5 wt% PAM
and 4 wt% NPs respectively. n and n’ represents the power-law slope at
low and high shear rates respectively.
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suggests that NPs can facilitate the bridging between HMPAM
molecules only using hydrophobic-hydrophobic interactions, with
the end result of creating larger molecules, whereas such an effect
was not observed for the hybrid of NPs and PAM. Therefore, it can
be inferred that as expected there is no effective interaction
between PAM and hydrophobically modified silica NPs.

Moreover, to investigate the rheological properties of the
hybrids, where shear-thinning occurs, the shear rate depen-
dency of the hybrids was studied. As can be seen in Fig. 7, the
hybrid of HMPAM and NPs showed a shear-thinning behaviour
both in low shear rates (<10 s~ ') and high shear rates (>100 s ).
The power-law slope of the second shear-thinning is close to the
power-law slope of the shear-thinning observed for HMPAM at
high shear rates, whereas at low shear rates we did not detect a
shear-thinning for HMPAM. We hypothesize the presence of two
shear-thinning regimes for HMPAM-NPs hybrid as follows.
HMPAM chains are bridged by NPs through two types of inter-
actions between HMPAM chains and NPs; weak interactions and
strong interactions. When the hybrid is exposed to a shear-flow
field, first at low shear rates, the weak interactions are continu-
ously broken which results in the first shear-thinning regime.
In intermediate shear rates, only strong interactions play a role
in NPs-induced bridging between HMPAM chains which are not
yet broken. As a result, a Newtonian regime is observed for the
HMPAM-NPs hybrid at intermediate shear rates. At high shear
rates, however, strong interactions are also broken which leads
to the second shear-thinning regime. It should be noted that the
hybrid of PAM-NPs did not show a shear-thinning behaviour at
low shear rates which is again an indication of lack of effective
interactions between PAM and NPs.

The shear-thinning behaviour was also investigated in
different HMPAM concentration regimes. The selected hybrids
contained constant NPs concentration of 4 wt% and the
concentration of HMPAM varied from 0.2 to 0.6 wt% (i.e. from
dilute to the semi-dilute regime). As can be seen in Fig. 8, at low
shear rates, for the hybrids with HMPAM in the dilute regime,
there was no shear-thinning regime, whereas for the hybrids
with HMPAM in the semi-dilute regime we observed a shear-
thinning behaviour and the power-law slope was around 0.9
(0.9 and 0.89 for 0.5 and 0.6 wt% HMPAM respectively). At high
shear rates, for the hybrids with HMPAM in the dilute regime,
the power-law slope was close to unity (1 and 0.96 for 0.2 and
0.3 wt% respectively), whereas when HMPAM was in the semi-
dilute regime, the power-law slope was around 0.8 (0.84 and 0.81
for 0.5 and 0.6 wt% respectively). This increase in the power-law
slope of the hybrids from dilute to semi-dilute regime is attrib-
uted to bridging between different HMPAM chains by NPs in the
semi-dilute regime. In a shear-flow field, these bridges are broken
and a more shear-thinning behaviour is expected. Formation of
such bridges in the dilute regime is not expected as the HMPAM
chains are not in close proximity of each other.

Dynamic rheological behaviour of the hybrids at different NPs
concentration

In order to shed light on the viscoelastic response of HMPAM-
NPs hybrids, the dynamic viscoelasticity was examined. For this

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Shear rate dependency of HMPAM—NPs hybrids in Brine2015 at
70 °C. The concentration of NP was kept constant at 4 wt% and the
concentration of HMPAM varied from 0.2 to 0.6 wt%. Power-law slope
decreased with increasing HMPAM concentration. n and n’ represents the
power-law slope at low and high shear rates respectively.

1000

purpose two oscillatory tests were performed: (i) the amplitude
sweep test to measure the storage modulus (G’) and loss
modulus (G") as a function of strain (¢) and (ii) the frequency
sweep test to assess the frequency dependence of the storage
and loss moduli. The hybrids for which this analysis was
performed contained constant NPs concentration of 4 wt%
and the concentration of HMPAM varied from 0.2 to 0.6 wt%
(i.e. from dilute to semi-dilute regime). This was to investigate
the viscoelastic response of the hybrids in the different
HMPAM concentration regimes.

As can be seen in Fig. 9a and b, for the amplitude sweep test
performed on the hybrids, the loss modulus is larger than
the storage modulus over the range of strains up to 1000%
regardless of HMPAM concentration, implying that even for
HMPAM in the semi-dilute regime the rheological response of
the hybrids is controlled by the viscous component. The loss
modulus was almost constant for the hybrids with 0.2 and
0.3 wt% HMPAM (i.e. when the polymer is in the dilute regime)
but it slightly decreased for hybrids containing 0.5 and 0.6 wt%
HMPAM (i.e. when the polymer is in the semi-dilute regime) at
high strains. The storage modulus of these hybrids, however,
showed a sharper decrease at high strains (note that accurate
values of storage modulus were not measured for the hybrid
with 0.2 wt% HMPAM at low and high strains due to the
limitations of the rheometer). The stronger decrease of the
storage modulus for these hybrids as compared to hybrids with
HMPAM in the dilute regime is an indication of more effective
interaction between HMPAM and NPs.

Fig. 9c shows that for all the tested frequencies, from 1 to
100 rad s~ ', all the hybrids exhibited predominantly viscous
behaviour over elastic behaviour irrespective of HMPAM
concentration. It can be seen that with the increase in HMPAM
concentration, G’ and G” became stronger. The slope of G’ over
the slope of G” in a log-log plot was calculated for these four
hybrids. It was found that for the hybrids containing 0.2 and
0.3 wt% HMPAM (i.e. dilute regime) the slope ratio was
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Fig. 9 Amplitude and frequency sweep tests. (a) Loss modulus G” as a
function of strain & at constant angular frequency w = 20 rad s%
(b) Storage modulus G’ as a function of ¢ at constant w = 20 rad s *.
(c) G" and G” as a function of w at constant ¢ within the linear viscoelastic
regime (¢ was selected in the range of 50-75% depending on the test).
Filled and open symbols represent G’ and G” respectively. The concen-
tration of NPs was kept constant at 4 wt%. The concentration of HMPAM
varied: diamonds, squares, triangles and circles represents HMPAM
concentration of 0.2, 0.3, 0.5 and 0.6 wt% respectively.

2.0 + 0.1 and 1.9 4+ 0.1 Pa s rad " respectively indicating the
hybrids behave like a liquid. Nonetheless, for the hybrids
containing 0.5 and 0.6 wt% HMPAM (i.e. semi-dilute regime) the
slope ratio was 1.7 + 0.1 and 1.6 + 0.1 Pa s rad " respectively. This
decrease in slope ratio with increasing HMPAM concentration
indicates that in the semi-dilute regime some degree of bridging
between HMPAM chains induced by NPs occurs.
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Fig. 10 Comparison of the viscosity and storage and loss moduli of the
hybrids at constant NPs concentration of 4 wt% and varying HMPAM

concentration from 0.2 to 0.6 wt%. G’ and G” were obtained from

amplitude sweep test and constant angular frequency of 20 rad s~

In Fig. 10 the viscosity and storage and loss moduli of the
hybrids are plotted within the linear viscoelastic regime. This
regime was obtained from the amplitude sweep test at a
constant angular frequency of 20 rad s™' in different HMPAM
concentration regimes from dilute to semi-dilute. As can be
observed for all three parameters the slope of the data points
obtained in the semi-dilute regime became larger than their
slope in the dilute regime. It can be concluded that the addition
of 4 wt% NPs to HMPAM has a stronger viscoelastic effect when
HMPAM is in the semi-dilute concentration regime.

To illustrate various interactions in HMPAM-NPs hybrids,
the molecular scenario as indicated in Fig. 11 was drawn. The
distribution of hydrophobic groups on HMPAM is random and
HMPAM chains have a radius of gyration of approximately
80 + 5 nm (see eqn (S4) in the ESIt), while the size of silica
NPs is approximately 7 nm. The contour length of HMPAM was
estimated to be 9.9 = 1.9 pm which is much larger than the
estimated persistence length of 2.2 + 0.6 nm (see eqn (S5) in
the ESIt). Therefore, our long-chain polymer behaves like a
random coil. As indicated in Fig. 11a, for HMPAM chains in the
semi-dilute regime in absence of NPs, two types of interactions
are possible: (a) intra-chain hydrophobic association within an
HMPAM chain (orange circles) and (b) inter-chain hydrophobic
association between HMPAM chains (red circles). Fig. 11b
represents the interaction of hydrophobic groups on HMPAM
and hydrophobically modified silica NPs and how silica NPs can
play as bridging sites between the HMPAM chains. As discussed
before, based on the viscosity results, bridging between HMPAM
chains occurs only when the concentration of NPs is above C .
At concentrations lower than Cyp ., hydrophobic groups present
in the HMPAM are anchored onto hydrophobically modified NPs
and there are no free NPs in the dispersant. Nonetheless, beyond
the Cyp ., free NPs come to be available and a further increase in
Chp will result in bridging between different HMPAM chains by
NPs (black circle). The existence of the Cy,, . is in agreement with
observations of Hu et al*® and Zhu et al*® who argued that
interaction between polymer and silica NPs occurs by hydrogen
bonding. It should be noted that the reason why the synergic
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o Acrylamide unit o T-butyl acrylamide unit

# Hydrophobically modified silica nanoparticle

c,> Cp*

Cnp > cnp,c

Fig. 11 Schematic of various interactions in HMPAM-NPs hybrids.
(a) Intra-chain (orange circles) and inter-chain (red circles) hydrophobic
associations in HMPAM chains in the semi-dilute regime in absence of NPs.
(b) Bridging of HMPAM chains by NPs (black circle) in the semi-dilute
regime when the concentration of NPs is larger than C, .

effect between HMPAM and NPs is more significant when
Cp, > Cp*, is because the inter-chain association between some
HMPAM chains has occurred previously and the chains are in
closer proximity to each other. Consequently, the probability of
bridging between HMPAM chains by NPs becomes higher
compared to the dilute regime where HMPAM chains are
distant from each other. As a result of bridging between
HMPAM chains, the movement of HMPAM chains is limited
and the hydrodynamic radius of the hybrid increases which
eventually results in an increase in the viscosity.

It should be noted that regardless of the concentration of
HMPAM and NPs, all the developed hybrids were transparent
and no phase separation was observed (see Fig. S3, ESIT).
This demonstrates an important aspect of HMPAM-NPs hybrid
as an alternative for conventional cEOR polymers at harsh

This journal is © The Royal Society of Chemistry 2020
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conditions as the enhanced stability is achieved. As long-term
thermal stability is another imperative aspect of water-soluble
polymers for cEOR, further complementary experiments such
as the study of the colloidal stability and change in the hybrids
viscosity over time are recommended to investigate the effec-
tiveness of the hybrids at high temperature in a long-term.

Conclusions

We investigated an innovative hybrid system using a combi-
nation of a hydrophobically modified polyacrylamide (HMPAM)
and hydrophobically modified silica nanoparticles (NPs). This
system exhibited enhanced stability in high total dissolved
solids (TDS) content and high hardness brines and improved
the rheological properties of HMPAM at elevated temperatures.
The silica NPs that had been modified by grafting an organic
ligand (gamma-glycidoxypropyltrimethoxysilane) onto their
surface showed good colloidal stability against aggregation at
high salinity, due to the increased potential barrier as com-
pared to bare silica NPs. Viscosity measurements at different
HMPAM and NPs concentrations showed that the improved
rheological behaviour was more pronounced when the concen-
tration of HMPAM was more than the overlap concentration
(Cp* ~ 0.3 wt%). This occurred because in the semi-dilute
regime HMPAM chains are in closer proximity and they can be
bridged by NPs which in turn increases the hydrodynamic
radius of the hybrid. Results also showed that for a given
concentration of HMPAM in the semi-dilute regime, there
was a critical concentration of NPs above which the bridging
between HMPAM chains by NPs occurred and increased
the viscosity more substantially. Dynamic rheological tests
indicated that the hybrids were viscous dominated and storage
and loss moduli had a stronger increase with HMPAM concen-
tration in the semi-dilute regime compared to the dilute regime
due to NPs-induced bridging between HMPAM chains. The
results of this study provide insights into the interaction of
polymer molecules and NPs in hybrid systems with the end
result of enhancing the stability and improving the rheological
properties, thus opening a pathway for developing other
polymer-based systems for use in harsh conditions.
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