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ABSTRACT: Linked polymer solution (LPS) is a nanoparticle polymer and designed by crosslinking a high molecular weight partially
hydrolyzed polyacrylamide (HPAM) with aluminum (III). It has been applied in the oil industry to enhance oil recovery by improv-
ing sweep efficiency and by microscopic diversion in porous media. To achieve good propagation properties, aggregates formed by
intermolecular crosslinking and gel formation should be avoided. To our knowledge, there is no established method to distinguish
between intra- and intermolecular crosslinking for high molecular weight (>10 X 10° Da), low concentration (<1000 ppm), polydis-
perse solutions of partially hydrolyzed polyacrylamides in high salinity solvents (5 wt % NaCl). The high salinity solvent is relevant
to represent for formation water in many oil reservoirs. The main objective of the present study is to establish an experimental
method for determining phase transition of LPS from monomeric coiled state to aggregated state in a high salinity solvent. No single
experimental methods are conclusive and we have therefore applied a combinatorics approach including two-dimensional NMR,
dynamic rheology, and UV spectroscopy. The different techniques show similar trends, which allow overall interpretations of phase
transitions to be made. The experimental results indicated that the LPS solution at high salinity solvent underwent a phase transition
by chain re-expansion, called reentrant transition. The transition point was observed at addition of 100 ppm of AI’". Higher concen-
I’* suppressed the rate of reentrant transition, most likely because of intramolecular crosslinking of HPAM chains by
AP™. Intermolecular crosslinking reaction was not observed at these conditions. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133,
43825.
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detailed knowledge is needed with regard to conformational
state and phase transitions of these nanoparticles. In this paper
we limit the term “phase transition” to describe molecular chain
expansion and contraction of the polymer. LPS experiences con-
formational changes depending on polymer concentration,

INTRODUCTION

Interest in nanoparticle applications has been stimulated in the
oil and gas industry in recent years. One of the applications is
to use nanoparticles as flooding agents to enhance oil recovery.

Linked polymer solution (LPS) is one of the nanoparticles
(hydrodynamic radius ~150 nm) that have been used as flood-
ing agent to enhance oil recovery.' It is formulated by low con-
centration of partially hydrolyzed polyacrylamide (HPAM) and
aluminum citrate (AICit). Injection of LPS into the porous
media may improve oil recovery by increase the solution viscos-
ity (improve sweep efficiency) and by temporary blocking of
narrow pores (microscopic diversion). LPS has been imple-
mented successfully in onshore fields in China.*” Laboratory
core floods experiments have shown increased oil recovery of
20-60%." However, to improve application of LPS at various
reservoir temperatures and formation water salinities, more

crosslinker concentration, salinity, pH, and temperature.

Partially hydrolyzed polyacrylamide (HPAM) is polyelectrolyte
macromolecule with flexible chain and good solubility in water.
In deionized water, HPAM exhibit random and expanded con-
formational state because of electrostatic repulsion between
charged monomer units. However, in the presence of counter-
ions the charge density of HPAM can be reduced as result of
ion—ion and ion—dipole interactions. This interplay modifies the
electrostatic interactions and restricts the randomness and flexi-
bility of polymer chains. The degree of chain flexibility depends
not only on electrostatic interactions, but also the counterion

Additional Supporting Information may be found in the online version of this article.
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distribution. Aluminum (III) is a multivalent counterion and
affects the average chain conformation and molecular mobility
of HPAM via counterion condensation and ionic bonding.

Polyelectrolytes undergo coil-to-globule transition depending on
the ionic strength of solution. In very low salinity solvents, the
Debye screening length is greater than the chain size and
thereby there is a weak electrostatic interaction between polymer
and counterions. However, the polymer chains have tendency to
swell because of osmotic pressures inside the polymer is higher
than bulk solution, osmotic swelling.® Steady increase in salinity
tends to compact the polymer chain due to screening of repul-
sion forces and develops a globule state, resulting in a coil-
to-globule transition. In saline solution, if the distance between
charged monomer units is larger than the Debye screening
length, the strength of repulsion force between monomer units
decreases exponentially. However, if this distance is smaller than
Debye screening length, there is still interaction through the
unscreened Coulomb potential that result in local chain stretch-
ing and stiffening.” Multivalent counterions compact polymer
chains more than monovalent counterions due to screening of
the electrostatic repulsion through counterion condensation and
ionic bonding.

In very high salinity solvents, the polymer backbone chain under-
goes another phase transition from globule to extended state,
called reentrant swelling or redissolution. This essential behavior
of polyelectrolyte has drawn substantial attention in theoretical
and experimental studies that is found in, e.g., DNA®*'’, DNA—
liposome interactions,'! proteins,'*'* dilute linear polyelectro-
Iytes,"*™"? and polyelectrolyte gels.*** The reentrant transition
occurs due to charge inversion of polyelectrolytes, and is verified
by electrophoretic mobility measurements.® A number of mecha-
nisms have been proposed to explain the charge inversion induced
by mono- and multivalent counterions. Among these, a concen-
trated saline solution induced overcharging of the original charge
of polyelectrolyte that leads to charge inversion of the polyelectro-
lyte.'"*'7?! Counterion association is another hypothesis in which
counterions associate with their co-ions at high salinity as result
of entropic and steric effects and leads to the polyelectrolyte
re-gaining charge.'>** On the contrary, Hsiao studied polyelectro-
lytes with tetravalent counterions by theoretical and electrophore-
sis experiments. The results showed that the polyelectrolyte
experiences chain re-expansion, but not necessarily by charge
inversion. However, charge inversion can occur only when the size
of multivalent counterions are small.

Many of the reentrant swelling studies are theoretical and simula-
tion, probably because experimental methods have limitations for
dilute polyelectrolyte solutions and highly saline solvents.>> Only
few experimental works have been reported on the reentrant tran-
sition of polyelectrolytes, e.g., sodium poly(styrenesulfonate)
studied by theoretical and light scattering measurement,** particle
tracking microrheology,”” fluorescence correlation spectroscopy”
and quartz crystal microbalance with dissipation®® in the presence
of multivalent counterions. This polymer was studied by small-
angle neutron scattering at high ionic strength and the result
showed that the chain appears to be thicker, presumably due
to reentrant swelling.”” Experimental studies conducted on
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poly(2-vinylpyridine) and poly(N-methyl-2-vinylpyridinium
iodide)*® in the presence of mono- and multivalent counterions
demonstrated chain collapse and reentrant transition. Theoretical
studies predicted that the degree of chain re-expansion by multi-
valent ions was stronger than monovalent ions.'” However, the
reverse phenomenon is reported by experimental methods as mul-
tivalent counterions limited the re-expansion due to bridging
effects. One exception was reported by Hou and co-workers™ in
which the experimental result followed a similar trend as the theo-
retical predication.'”

Low molecular weight polycationic and polyanionic synthetic
polymer with 100% hydrolysis were used in many of the reentrant
transition studies. In this study, we have used a high molecular
weight and partially hydrolyzed polyacrylamide. Characterization
of high molecular weight polymer with wide distribution is very
challenging work. In fact, a methodology was suggested for char-
acterization of phase transitions of LPS as a function of AI(III)
concentration in low salinity solvents in our previous work.*” In
the present work, we extended the scope of LPS phase transition
study and attempt to validate the methodology for high saline
conditions. A combination of NMR (2D NOESY and DOSY),
dynamic rheology and UV-visible spectroscopy were used to
investigate the phase transition of LPS as a function of AI’*
high salinity solvent.

ina

EXPERIMENTAL

Materials and Sample Preparation

A concentrated brine (NaCl) solution was prepared by dissolving
p.a. grade salts (Fluka, Riedel-de Haén) in deionized water and
filtered through 0.45 um filters (Millipore). Stock solution was
diluted to the desired concentration, 5 wt % (0.850 M) NaCl.

Aluminum Citrate. A stock solution of 3000 ppm (weight Al/total
weight) of aluminum citrate was prepared in 5 wt % NaCl and
adjusted to neutral pH to avoid precipitation. The solution was pre-
pared from an aluminum citrate solution (Dr. Paul Lohmann AG)
which contained 8.8 wt % Al. Aluminum concentration was meas-
ured by ICP-OES (Perkin-Elmer).

Polymer and LPS. Partial hydrolyzed polyacrylamide (HPAM)
polymer, Flopaam 36308, (SNF Floerger) with an average molecu-
lar weight of 20 MDa and 25-30% degree of hydrolysis was used.
A stock solution of 5000 ppm (w/w) was prepared by dispersing
dry polymer granulate in 5 wt % NaCl solvent, as described by
API RP 63.° The stock polymer solution was diluted to the
desired concentrations of HPAM by adding 5 wt % NaCl and stir-
ring the solution for a minimum of 24 h using a magnetic stirrer
at low speed. LPS were prepared by adding a desired amount of
aluminum citrate from stock solution into HPAM solutions. The
pH was subsequently adjusted to 7 * 0.1 by addition of NH,OH
and HCI. The choice of pH was based on an optimal condition
found from our previous study of pH influence on LPS proper-
ties.”" LPS solutions were kept under slow stirring on a magnetic
stirrer for three days before use to ensure that the reaction
between polymer and AlCit to reach equilibrium. All samples in
this study are prepared at ambient temperature.

To distinguish between HPAM and LPS formulations the following
nomenclature was introduced ‘Polymer concentration_crosslinker
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concentration_solvent concentration), for instance 600_20_5 is used
for a solution which consists of 600 ppm HPAM and 20 ppm Al in
5 wt % NaCl solvent.

Methodology

PH Meter. All the pH of sample was measured by ISFET pH meter
(Model 24309). The pH meter has a water proof nonglass probe
(Model 24307), which measure with resolution of 0.01 and accu-
racy of =0.01.The probe was calibrated with three buffer solutions
(i.e., pH of 4.01, 7.00, and 10.01) before measurement was carried
out.

Rheology. Rheological measurements were performed on an
Anton Paar Physica MCR 300 stress-controlled rheometer. Meas-
urements were performed at 22°C using double gap geometry
(DG 26.7). Samples were allowed to temperature equilibrate for a
minimum of 5 min before starting the measurements. Amplitude
sweep was performed using a frequency of 10 Hz. Strain values
between 0.01 and 3000% were applied. The linear viscoelastic
region (LVR) was determined and a suitable strain value was
used for the frequency sweep measurements. Frequencies from
0.1 Hz to 10 were applied for frequency sweep measurements.

UV-Visible Spectroscopy. The samples were filled in 1 cm path-
length quartz cuvette and an absorbance spectra were recorded on
a Perkin-Elmer Lambda 25 spectrometer, between 200-700nm. A
blank sample was used for background correction with 100%
transmittance.

NMR Spectroscopy. Liquid state '"H NMR measurements were
performed on a Bruker AVANCE DRX 600 NMR spectrometer.
A 5 mm triple resonance (‘H, "°C, and "*N) inverse cryogenic
probe-head with z-gradient coils and cold 'H and ">C preampli-
fication was used for the DRX 600. The samples were prepared
with 10% D,O (99.9%, Aldrich) in 5 mm 528-PP-7 NMR tubes
(Sigma Aldrich). Shimming and tuning of the samples were per-
formed automatically. Bruker standard pulse sequences were
used throughout this study. Typical acquisition parameters used
for one dimensional '"H NMR measurements were 90° pulse
(18.8-20 ps), 32 number of scans, 4 dummy scans, 12 kHz
spectral width and 16K number of data points. The intense
water signal was suppressed using excitation sculpting.

Phase sensitive 'H-'"H NOESY spectra were recorded using a
pulse sequence with gradient selection. The basic phenomenon
responsible for NOE appearance is the crossrelaxation, which is
caused by the intramolecular dipolar interaction between two
nuclei. The efficiency of this crossrelaxation depends on the
internuclear distance and on the rotational correlation time of
the molecular motion. Several NOESY spectra were recorded
with different mixing times (t,); 80, 100, 150, 200, 300, and
400 ms. However, the spectrum with 200 ms mixing time was
analyzed in detail since this lead to the maximum value of the
NOE cross peaks. The parameters used to obtain the NOESY
spectra were; 90° pulse length (18.8-20 ps), 16 number of scans,
16 number of dummy scans, 2048 data points in the direct
dimension and 256 data points in the indirect dimension,
9 kHz spectral width and 200 ms mixing time.

For the DOSY experiment, the water in the sample was replaced
by D,O after freeze-drying and 600 pL of the sample was placed
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in an NMR tube. We used bipolar longitudinal eddy current
delay (BPLED) pulse sequence, which is a modified version of
the longitudinal eddy current delay (LED) sequence.’” The
main advantages applying BPLED over LED, is that the effective
gradient output is doubled and that eddy currents are reduced
to a minimum. Hence, the BPLED pulse sequence is important
to measure relatively low diffusion coefficients where large gra-
dients are required. For each experiment, the gradient pulse
length was kept constant to 2 ms, while the gradient strength
varied from 1 to 52 G/cm in 32 linear steps, 32,768 data points,
and 4 numbers of dummy scans. The diffusion time was 100
ms in all experiments and other spectral parameters exported
from 1D 'H experiment.

TSP [sodium 3-(trimethylsilyl) tetradeuteriopropionate] was
used as chemical shift reference. All experiments were carried
out at 25°C, and the spectra were processed using Bruker
TopSpin 3.2.

RESULTS AND DISCUSSION

The experiments were conducted to understand the phase tran-
sition of LPS as a function of AI’* concentration at high brine
salinity (5 wt % NaCl). The influence of salinity can be eval-
uated by comparing with our previous results of LPS prepared
in 0.5 wt % NaCl** The presence of monovalent counterions
influences the HPAM conformation as the counterions condense
on the polymer chain and screen the electrostatic interactions
between charged monomer units. Since the acrylate side chains
are negatively charged at neutral pH, low concentration of
counterions will reduce repulsion between charged monomer
units. At intermediate counterions concentration, charges will
be balanced, which promote intra- and intermolecular interac-
tions of polymer solution. However, at high counterion concen-
tration, the polymers re-gain their negative charges as result of
overcharging and develop repulsion within or between polymer
chains that leads to chain re-expansion. Addition of trivalent
counterion (AI’") into this solution leads to more complex
interaction as it introduce metal-ligand interplay in addition to
counterion condensation. The high coordination number of
AP* may promote intra- and interstrand crosslinking. This
study will attempt to characterize the phase transition of LPS as
a function of AI’* concentration under high salinity solvent by
applying dynamic rheology and different spectroscopy methods.

Conformational transitions may be observed by NMR parame-
ters such as chemical shift, transferred nuclear overhauser effect
(NOE), relaxation, and diffusion. Phase sensitive NOE (2D
'H-'"H NOESY) and diffusion (2D 'H DOSY) spectra were
recorded to gain information on conformational change of LPS
as a function of AI’*. First, 1D '"H NMR was carried out for
each sample to optimize parameters for 2D 'H-'H NMR
experiments. Figure 1 shows the chemical structure of HPAM
and the assignment of 1D 'H spectrum of LPS (600_20_5)
shown in Figure 2.

Two-Dimensional (1IH-1H) NOESY NMR

We have performed 2D 'H-'H NOESY NMR experiments of
LPS as a function of AI’* concentration to investigate the phase
transition. The dipolar couplings between the polymer backbone
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Figure 1. Chemical structure of HPAM, where the charged groups are dis-
tributed randomly. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

protons (CH and CH,) and amide protons (NH, and NHy)
were used as indicator for conformational transition. Dipolar
coupling between polymer backbone protons (CH and CH,) are
not possible to use because of difficult to integrate the water
crosspeak signals. As expected, the dipolar coupling between the
two amide protons (NH, X NH,,) had insignificant change as
APP* concentration increased. This coupling was, therefore, used
as a reference for internuclear distance calculations by applying
isolated spin—pair approximation.

The spectra of HPAM (600_0_5) and LPS (600_20_5) are
shown in Figure 3. The box section shows the dipolar couplings
between the polymer backbone protons (CH and CH,) and
amide protons (NH, and NH,;). These two spectra superim-
posed and displayed at bottom of the figure. The spectra
showed no NOE cross peak signals between the methylene back-
bone proton (CH,) and amide protons (NH, and NH,). This
indicates that the distances between these protons are larger
than about 5 A both in HPAM and LPS. The cross peak signals
between the CH polymer backbone proton and the amide pro-
tons (NH, and NH,) in HPAM (600_0_5) are stronger than
LPS (600_20_5). Hence, the polymer backbone (CH) and amide
protons (NH, and NH,,) cross peak signal may be used as an
indicator for conformational change of LPS as a function of
A" concentration. Dipolar coupling can develop through
chemical exchange in addition to crossrelaxation. However, the
work by Rajamohanan and co-workers™ showed that the cross
relaxation dominate over chemical exchange at ambient temper-
ature for amide protons, justifying the use of amide protons for
NOE distance measurements.

The isolated spin—pair approximation was employed to trans-
form NOE cross peak signal volume into distances (eq. 1). The
NOE cross peak signal volume of amide protons was used as
reference peak; because of change of the peak volume as a func-
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where V,.rand Vj; are the crosspeak volumes integrated from the
NOESY spectrum and d,.¢ is the internal calibration distance, NH,
X NHy, dees ~ 1.63 A (calculated based on bond angle). The
NOESY crosspeak volumes are transformed in to distances, and
plotted as a function of AI’* concentration, demonstrated in
Figure 4. Two integrations were performed on the same spectrum
and the average value is used in the plot.

In our previous study, HPAM and LPS were prepared in a low
salinity (i.e., 0.5 wt % NaCl),” the distance dcponpa varied
between 3.0 and 4.1 A, whereas der b varied between 2.4 and
2.6 A. However, at higher salinity (5 wt % NaCl), these distances
are longer than 5 A for all concentrations of AI** (see Figure S1 in
Supporting Information) and thereby, no cross peak signals. This
result indicates a conformational change of the flexible polymer
molecule from compact state to an extended state. The salinity
increase appears to induce chain re-expansion that interpreted as
reentrant conformational transition. This is further suggested by
the changes observed in dcy npap- At lower salinity (0.5 wt %
NaCl), addition of 20 and 40 ppm AI’* induced reduction in
dcyNmam by 0.3 A, suggesting a more compact conformation.
However, at high salinity (5 wt % NaCl), the opposite trend was
observed in which the distances increased by 0.15 A, see Figure 4.
Furthermore, LPS formulation with 100 ppm of AI’* showed
maximum spatial proximity in which the chain re-expansion
reached optimal condition. These results are in agreement with
chain re-expansion.

However, after addition of 120 ppm AI’* into HPAM solution,

the spatial proximity of amide proton-backbone proton is
reduced and thereby, the extent of chain re-expansion suppressed.
Below 100 ppm of AI*" the chain re-expansion could explain the
observed increase in amide proton-backbone proton distance.
The distance indifference to aluminum concentration above 100
ppm might be due crosslinking of HPAM by AP’* dominating
over chain re-expansion. A simple calculation consider that con-
stant degree of hydrolysis (28%) of 600 ppm HPAM corresponds
to 2.3 mM carboxylate and 100 ppm AI’* corresponds to a con-
centration of 3.7 mM. The carboxylate:AI’™ ratio is 1:1.6, while
the charge ratio is 1:4.8. It is, therefore, not straight forward why
100 ppm AI’* appears as a transition concentration. A detailed
analysis required equilibrium constants for the various aluminum
species in solution, which are very difficult to obtain due to

tion of AI’* concentration is insignificant. the highly complex chemistry of aluminum citrate complexes
AICit and Cit
H;0 and D,O CH,
H, Hy CH
TPS
T~ T v . T — T e T T T . — T
8 5 a 2 o [ppm]

Figure 2. Assignment of '"H NMR spectrum of LPS (600_20_5). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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* CH,
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NH, i : NH,
Figure 3. 2D '"H-'"H NOESY spectra of (a) HPAM (600_0_5) and (b) LPS (600_20_5). [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

(see e.g., Kedir et al.’' and Happel and Seubert™ and references  we restrained the discussion to point out that aluminum is in sur-
therein). It is beyond the scope of this work to evaluate the inter-  plus amount at 100 ppm, and is also present as aluminum citrate
action of different aluminum-citrate species with polymer. Hence,  species in solution. The observations from NOESY indicate that

2,20

—=—CH x NHa
—=—CH x NHb
2,15
2,10
£ 205
o
o
c
k-]
a
51
2,00
1,95
1,90 .
20 0 20 40 60 80 100 120 140 160 180 200 220

Concentration of Al** [ ppm ]

Figure 4. The distance (spatial proximity) between the backbone proton (CH) and amide protons (NH, and NH,,) as a function of APP* concentration
for 600 ppm HPAM in 5% NaCl. Points are average over two integrations; error bars show the spread between the two integrations. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Diffusion coefficient distribution of LPS (600_100_0.5) from 2D 'H DOSY spectrum, the left y axis shows the distribution curve for the diffu-
sion of polymer backbone protons CH (downfield) and CH, (upfield). The top x axis shows the 1D 'H spectrum. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

100 ppm may be a concentration in which there is a change from
primarily intermolecular to intramolecular crosslinking. Roiter
et al?® and Trotsenko et al.”® reported that chain re-expansion is
limited for multivalent counterions compared to monovalent
counterions due to bridging of the polymer chains by multivalent
counterion. Hence, the presence of multivalent counterion (AP
in HPAM (600_0_5) solution may result not only in chain re-
expansion but also bridging or crosslinking of the HPAM coils.

Two-Dimensional '"H DOSY NMR

We have performed diffusion ordered spectroscopy (DOSY)
experiments to aid determination of conformational transitions
of LPS as a function of AI’* concentration. Molecules in solu-
tion travel through random translational diffusion as a result of
their thermal energy. For an ideal liquid, the diffusion coeffi-
cient can be determined by the Stokes—Einstein equation as it
relate to the effective size and viscosity of the molecular species.
However, the diffusion coefficient of non-Newtonian liquids
might be influenced by size, molecular weight, shape, viscosity,
binding phenomena, and molecular interactions. In addition,
determination of diffusion coefficients of polydisperse polymer
solutions is complex than monodisperse polymer
solutions because of different modes of diffusion can occur.”
However, the DOSY experiment is sensitive to agglomeration as
significant size increase for this high molecular weight polymer.

more

The diffusion coefficients of D,O, TPS, citrates, and backbone
protons (CH and CH,) were measured. However, the diffusion
coefficient of backbone protons was used to examine the con-
formational change of LPS because of others diffusion coeffi-
cients exhibited insignificant change. In addition, diffusion
coefficient of backbone protons can directly reveal the changes
with regard to hydrodynamic radius and agglomeration in LPS.
Figure 5 show the result of DOSY spectrum of LPS
(600_100_5) sample.

The signal decay in a diffusion NMR experiment depends on the
mean displacement of the molecules during a certain time, known
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as the diffusion time. A polymer with high molecular weight may
restrict the diffusion motion and deviate slightly from the linear
relationship between the mean displacement and the diffusion
time. However, relative differences in the measured diffusion coef-
ficient can still be used to determine the phase transitions of LPS.
Two parallels were measured for some of the samples and average
diffusion coefficients used in Figure 6.

The diffusion coefficient of HPAM solution prepared in 5 wt %
NaCl diffuse faster than HPAM solution made in 0.5 wt %
NaCl (log D= —12.0 m?/s).”’ This indicates that the effective
hydrodynamic radius of 600 ppm HPAM is larger in 0.5 wt %
NaCl, despite the re-expansion occurring at 5 wt % NaCl. Addi-
tion of 20 to 100 ppm AI’" result in a steady increase in the
diffusion coefficient, see Figure 6. However, the diffusion coeffi-
cients decrease for higher concentrations of AI’", indicating a
change at 100 ppm AI’". The property change at 100 ppm was
also observed in the NOESY result. However, the increase in
diffusion coefficient cannot be easily explained by increase in
re-expansion for AI’" concentrations. Agglomeration appears
not to be occurring as the change in diffusion coefficient would
be expected to be larger due to the large increase in molecular
weight. Thus, the diffusion pattern seems more complex than
what can be interpreted by applying Stokes—Einstein equation.

Oscillatory Rheology

LPS is a polymer nanoparticle that has viscoelastic properties, and
conformational changes influence the viscoelasticity. The confor-
mational change of LPS as a function of AI’* concentration is also
investigated by oscillatory rheology. Amplitude sweep measure-
ments were performed for each sample to determine the strain
value within the linear viscoelastic region (LVE), and followed by
frequency sweep measurements at the selected strain values. Two
replicates were performed for each sample; the results are averaged
and plotted as shown in Figures 7 and 8.

Loss factor represent the ratio of loss modulus to the storage
modulus (tan 8 = G'/G), a dimensionless unit. Figure 9 shows
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Figure 6. Diffusion coefficient of polymer backbone protons (CH and CH,) as a function of AI’* concentration. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

the loss factor and complex viscosity at constant angular fre-
quency (1 rad/s) for sample as a function of AI’* concentration
to assist the interpretation.

As seen in Figures (7 and 8), and 9, LPS formulations with
A" concentrations from 20 to 80 ppm shows increase in com-
plex viscosity and in elasticity compared to HPAM (ie,
600_0_5). This change can be explained by Al’ * induced chain
re-expansion in HPAM. Loss factor independence against angu-
lar frequency is an indication for strong polymer internal struc-
ture. In Figure 7, LPS with 20 ppm of Al (III) shows that the
loss factor is frequency dependent at low frequency, suggests
that the internal structure is weaker compared to HPAM. The
formulation of LPS with 40 and 80 ppm AI’* shows the loss
factor is independent of angular frequency in the same region
suggest that increase of AI’* concentration restrengthen the
polymer internal structure.

100

Loss Factor (G"/G')
=

01

0.5

0,05

5
Angular Frequency, w (rad/s)

Addition of 100 ppm of A" appeared to be a changing the trend
as it observed in NOESY experiments. In this LPS (600_100_5), the
loss factor is frequency independent at high frequencies and the
complex viscosity show much less shear thinning than HPAM or
other LPS formulations (Figure 7). These observations suggest
more physical interactions between polymer coils because of chain
re-expansion in which the expansion reached maximum. At 120
and 160 ppm of A’" concentration, LPS regain elasticity, but
shows decrease in complex viscosity, seen in Figures 7-9. This may
be explained by intramolecular crosslinking of HPAM by AI’*,
which strengthen polymer internal structure and reduce effective
hydrodynamic radius. Addition of 200 ppm AP’* into HPAM leads
to increase the loss factor due to loss of elasticity and lowers the
complex viscosity. This might be due to the balance competition
between the chain re-expansion and intramolecular crosslinking of
HPAM by AI’* that weaken the polymer internal structure.

—#—B00_0_5

—=—600_20_5

—=—600_40_5
-f —=—600_80_5
T —=—B00_100_5
. ¥

—#—600_120_5
#—600_160_5

#—600_200_5

50

Figure 7. Loss factor (G'/G) as a function of angular frequency for HPAM and LPS. Error bars are not shown for some points to improve figure read-
ability. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43825 (7 of 11)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43825



http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer
10,0007 ——600.0.5
—=—600_20 5
—=—600_40_5
1,000 - —=—600_80_5
0
E —=—600_100_5
:‘;_: —=—600_120_5
go,mu | = 600_160_5
§ #—600_200_5
S
2
a
E
[=]
Q0,010
0,001 T
0,05 05 5 50

Angular Frequency, w (rad/s)

Figure 8. Complex viscosity as a function of angular frequency for HPAM and LPS. Error bars are not shown for some points to improve figure read-

ability. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In summary, addition of AI’* to HPAM at 5 wt % NaCl indu-
ces chain expansion at concentrations up to 100 ppm AI’*. The
chain re-expansion is shown by increase in complex viscosity
and elasticity. Above 100 ppm AI’* reduction in complex vis-
cosity without a large increase in elasticity indicate intramolecu-
lar crosslinking of HPAM by AI’* while the reentrant transition
occurs. These observations are in good agreement with the pat-
tern observed from NOESY experiments.

UV-Visible Spectroscopy

The reentrant phase transition was investigated using
UV-visible spectroscopy. The result of HPAM and LPS UV
absorbance measurements show insignificant differences, and
we were unable to attribute the conformational changes
regarding with chain re-expansion. However, the concept of

reentrant phase transition is investigated with high concen-
tration polymer solutions at low and high brine salinity.
Thus, 5000 ppm polymer solutions were prepared in 0.5 and
5% NaCl.

Figure 10 shows the average value of the absorbance measured
in the range of UV-visible spectra showed at bottom left. The
result shows that the absorbance is decreased as brine salinity
increases from 0.5 to 5 wt % in 5000 ppm polymer solution.
This may indicate that the polymer solution in 0.5 wt % NaCl
exists in coiled state and absorbs more UV light. However, the
increase in brine salinity changes the polymer conformation and
decrease the UV absorbance as result of reentrant transition.
Similar results were observed for reentrant transition of protein
study by Zhang and co-workers.*®

]
Complex Viscosity (mPa.s)

10 —=— Loss Factor at 1 rad/s 100
—s— Complex Viscosity at 1 radis

o
]
-
o
=
a1
w
[}
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i
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120 140 160 180 200 220

Concentration of AP+ (ppm)

Figure 9. Loss factor and complex viscosity of LPS as a function of AI>* concentration at 1 rad/s. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 10. UV-visible absorbance of 5000 ppm HPAM polymer in 0.5 and 5 wt % NaCl measured between 200 and 700 nm. Insert figure show UV
spectrum from 200 to 225 nm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In summary, the combined methods were used to investigate
reentrant phase transitions of LPS as a function of AI’" under
high salinity solvent. Two-dimensional NOESY NMR was used to
acquire structural changes and indirectly measures the effective
hydrodynamic radii. Dynamic rheology, diffusion NMR and UV-
visible spectroscopy were also used to measure viscoelasticity,
apparent diffusion coefficient and optical properties, respectively.

The result of 2D NOESY experiment exhibited that the dipolar
coupling between backbone protons (CH,) and amide protons
(NH, and NH,;,) was much weaker than in low salinity solvent.

This indicates that the spatial proximity between these protons
was larger under high salinity and therefore, HPAM present in
the state of chain re-expansion or reentrant transition. UV—visi-
ble spectra also confirmed the reentrant transition of HPAM at
high salinity solvent (5 wt % NaCl) by decreasing the absorb-
ance compared to low salinity solvent (0.5 wt % NaCl). Addi-
tion of A’" from 20 to 100 ppm into HPAM led to further
increase of their spatial proximity indicates that AI’" induced
reentrant transition. This trend was confirmed by oscillatory
rheology, which showed an increase of elasticity and complex
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® &5 s e ® S a-° g — b
- e e I S ©
o :; ee Addition of 4.5% wt. NaCl o =] Addition of 100ppm AP* A{}l<= =
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g ] o Chain re-repansion e ! : - —] Chain re-repansion ONO %Nﬁ e °0
e 5.0 e 0@ - A \'; @ Tal & AR
® e ( o e AN
e )
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Figure 11. A schematic illustration of phase transition of LPS as a function of AI’* concentration at high salinity solvent. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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viscosity for the same concentrations of AI’", both indicating
chain re-expansion. Finer analysis showed subtle differences
within the same range. The LPS with 20 ppm of AI**
relatively weaker internal structure compared to LPS with 40
and 80 ppm as seen by the frequency dependent loss factor at
low frequencies. LPS with 40 ppm of AI’* exhibited the highest
complex viscosity and elasticity possibly due to the expanded
chains has strong internal structure.

showed a

All methods show that there is a change in behavior for LPS
with 100 ppm of AI’*. NOESY spectra indicate that the reen-
trant transition reach maximum at this concentration and oscil-
latory rheology shows a significant loss of elasticity, but
complex viscosity is relatively high. Both loss factor and com-
plex viscosity curves are significantly different for LPS with 100
ppm AP’" than for higher or lower concentrations. In addition,
the diffusion constant changes at this concentration, diffusion
being fastest for 100 ppm AI’* LPS. Further increasing the con-
centration to 120 and 160 ppm of A’* leads to a decrease in
complex viscosity and increase in elasticity. This suggests that
APP* is crosslinking the acrylate side chains that compact and
regain the strength of internal structure. The diffusion coeffi-
cient is slightly reduced and may not occur intermolecular
binding that gives a weak gel network. In addition, at high
salinity, intermolecular crosslinking of HPAM by AI’* might be
energetically unfavorable at this polymer concentration. It is,
therefore, most likely that the increased concentration led to
intramolecular crosslinking of HPAM by AI’*. This is in agree-
ment with NOESY experimental observation in which the spatial
proximity between amide-backbone protons is reduced. Figure
11 is a sketch of phase transition of LPS at high salinity solvent,
which illustrates the overall experimental observation.

CONCLUSIONS

Linked polymer solution (LPS) was prepared from high molecu-
lar weight (>10 X 10° Da), low concentration (<1000 ppm),
polydisperse solutions of HPAM, using AI’* as a crosslinker in
a high salinity solvent. Characterization of phase transitions of
LPS is highly complex and challenging, primarily due to distri-
butions of multiple species present in solution. These are still
limitations in which LPS have shown oil mobilization potential.
A single characterization method is insufficient and thus, we
have applied a combinatorial method that made it possible to
rationalize the dominating species and reentrant transition of
HPAM as a function AI’* at high salinity solvent. By applying
this method, we observed that at 5 wt % NaCl solvent, HPAM
was in re-expanded state. Addition of aluminum counterion
induced further chain re-expansion up to a threshold concentra-
tion, observed to be 100 ppm of AI’*. However, further addi-
tion of AI’* (i.e, >100 ppm) led to suppressed the rate of
chain re-expansion, possible because of intramolecular cross-
linking of HPAM by AI’* dominating over chain re-expansion.
In this re-entrant transition process, intermolecular crosslinking
reaction was not observed. Chain re-expansion of polyelectro-
lytes is often concluded based on viscosity increase as a function
of salinity. However, the combination of NMR and rheology
data showed that the polymer underwent chain re-expansion
while the relative viscosities of LPS decreased. This may be
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explained by weak strength of the polymer internal structure.
Therefore, it is important to closely investigate the strength of
polymer internal structure and apply several experimental meth-
ods when evaluating chain re-expansion.
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