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ABSTRACT: Chemically cross-linked nanoparticles from
dilute aqueous alkali solutions of hydroxyethylcellulose
(HEC) in the presence of a cross-linker agent (divinyl sul-
fone, DVS) were prepared from a reaction mixture, which
was exposed to different stirring speeds during the cross-
linking process. At various stages during the cross-linking
procedure, the reaction was terminated and the species
were characterized by means of turbidimetry, asymmetric
flow field-flow fractionation (AFFFF), dynamic light scatter-
ing (DLS), and rheo-small-angle light scattering (rheo-SALS)
methods. During the cross-linking of a dilute polymer solu-
tion, the competition between intrapolymer and interpoly-
mer is a prominent feature. The DLS results show that at
early times in the cross-linking process, intrachain cross-
linking with contraction of the complexes is promoted by
high stirring speeds; at later times the growth of aggregates
is inhibited by high stirring speeds. The results from the

rheo-SALS measurements disclosed that at early times dur-
ing the cross-linker reaction, the complexes are fragile
against shear forces if the reaction mixture had been sub-
jected to low stirring speeds. At a later state of cross-link-
ing, more cross-links lead to better stability of the species,
even for solutions that have been exposed to low stirring
speeds during the cross-linking process. This study shows
that the sizes of the particles can be tuned by exposing the
solutions to different stirring speeds during the cross-linker
reaction and to terminate the reaction at desired reaction
times. The strategy discussed in this work for the prepara-
tion of particles of various sizes is of special interest in con-
nection with enhanced oil recovery applications. VVC 2009
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INTRODUCTION

It has been known for some time that some poly-
mers provide good handling characteristics and sol-
ubility to enhance injection properties through
reservoir permeability. Polymers are frequently used
in enhanced oil recovery (EOR) applications.1–4 They
act as rheology modifiers to alter the viscosity of the
continuous phase, improve the mobility ratio and
sweep efficiency, and increase recovery and oil pro-
duction rates. The polymer system must withstand
the serve conditions in the oil reservoir. In addition,
the polymer is supposed to provide complete solu-
bility, exhibit high viscosity at low solution concen-
tration, low interfacial tension with regard to the oil
phase, and good mobility control.5 The polymer also
should be inexpensive.

Polymer systems of various natures are suggested
for polymer flooding, such as polyacrylamides,1,3

xanthanes,6,7 as well as more complex polymers,
mixtures of polymers,2,6 and polymer–surfactant
mixtures.4,8 Despite these promising polymer sys-
tems for EOR, there is still along way to go to find
an optimal system for the high salinities and temper-
atures in the reservoirs off-shore Norway, especially
because these polymers, in addition to being able to
show good stability at these harsh conditions, also
need to be classified as environmentally friendly. A
problem with most of polymers in this category is
that they exhibit severe degradation over time under
these conditions, and this leads to a strong reduction
of the viscosity enhancement.
To overcome the weakness of solutions of conven-

tional polymers, preparation of chemically cross-
linked nanoparticles has recently attracted interest.9–11

The idea is that particles of various sizes should
enter the pores in the oil reservoir and thereby
improve the displacement of the oil. Water flooding
is one of the most successful and extensively used
secondary recovery methods. In this process, water
is injected under pressure into the reservoir via
injection wells and drives the oil through the rock
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into nearby producing wells. In this case, it can be
important to enhance reservoir control, that is, to
mobilize oil that may be present in less permeable
areas. To accomplish this, cross-linked particles that
can act as blocking agents can be injected, and as a
result obstruction occurs in the high permeability
channels, leading to a situation where the lower per-
meability paths appear more favorable to a subse-
quent flood.

Even when chemical cross-linking of polymers
takes place in very dilute solutions, there are two
possible types of cross-linking processes,12–16 that is,
inter- and intrapolymer cross-linking. The former
involves a cross-linked polymer via the coupling of
two or more polymer chains, and this allows for the
formation of interchain complexes, whereas the lat-
ter does not alter the molecular weight of the cross-
linked polymer but affects quantities related to the
polymer chain dimension, because the cross-linking
occurs within the same polymer chain. In this case,
the size of the individual polymer coil is expected to
shrink. Both cross-linking mechanisms are expected
to yield particles, but the particle size and size distri-
bution of the particles will be different. In a recent
study15 on the chemical cross-linking of hydroxye-
thylcellulose (HEC) in dilute aqueous solutions with
divinyl sulfone (DVS) as the cross-linker agent at ba-
sic conditions (pH � 12), it was shown that inter-
chain cross-linking is the predominant mechanism at
quiescent conditions. Dynamic light scattering (DLS)
experiments revealed a rapid growth of the clusters
in the course of time, and no sign of compression of
the molecules could be observed. However, when a
dilute reaction mixture was subjected to a shear
flow, intrapolymer cross-linking with contraction of
the coils was observed, and at moderate shear rates
interpolymer cross-linking and the formation of
aggregates followed at longer times during the
cross-linking process. The growth of the multichain
aggregates is reduced with increasing shear rates,
and at very high shear rates no interchain cross-link-
ing was detected.

In the present work, alkali aqueous mixtures of
0.1 wt % HEC with DVS are exposed to different
shear stresses during the cross-linking reaction by
introducing a mechanical stirrer into the reaction
mixture and applying different rotational speeds.
The contraction and growth of clusters in the reac-
tion mixture under the influence of different shear
flows are characterized with the aid of turbidimetry,
DLS, and rheo-small-angle light scattering (rheo-
SALS) at various stages in the course of the cross-
linking process by quenching the mixture to a lower
pH value (pH � 2) by adding a few drops of con-
centrated HCl. In this way, the reaction is termi-
nated immediately. In the experimental series, small
amounts of the reaction mixture were continuously

taken out and rapidly quenched, and measurements
were carried out on samples taken out at different
times during the cross-linker reaction.
In this work, we demonstrate that cross-linked

particles of various sizes can be prepared by con-
ducting chemical cross-linking of a dilute polymer
solution at various stirring speeds. The results show
that the size of the cross-linked particles can be
tuned by quenching the reaction mixtures at differ-
ent times and applying various stirring speeds dur-
ing the cross-linking process. The stability of these
species at diverse cross-linker times and stirring
speeds is also investigated. These findings can be
utilized in the preparation of cross-linked particles
of desired sizes.

EXPERIMENTAL

Materials and solution preparation

In this work, we used a hydroxyethylcellulose
(HEC) sample with the trade name Natrosol 250 GR
(lot. no. A-0382) that was provided by Hercules,
Aqualon Division (Wilmington, DE). The degree of
substitution of hydroxyethyl groups per repeating
anhydroglucose unit of the polymer is 2.5 (given by
the manufacturer). The weight-average molecular
weight (Mw ¼ 400,000) and the overlap concentration
(c* ¼ 0.25 wt %) of this HEC sample in aqueous so-
lution have both been reported previously.15 To
remove salt and other low-molecular-weight impur-
ities, dilute HEC solutions were dialyzed against
Millipore water for 7 days and recovered by freeze
drying. Regenerated cellulose with a molecular
weight cutoff of � 8,000 (Spectrum Medical Indus-
tries, Rancho Dominguez, CA) was employed as dia-
lyzing membrane. The cross-linking agent DVS was
purchased from Merck (Darmstadt, Germany) and
used without further purification. Millipore water
was utilized for the preparation of all solutions.
All solutions were prepared by weighing the com-

ponents and Millipore water was always used. After
freeze-drying, HEC was redissolved in 0.05M NaOH
(pH � 12; alkaline conditions are necessary for the
cross-linker reaction to proceed) solution with a
fixed polymer concentration of 0.1 wt % (this con-
centration is far below the overlap concentration),
and the solution was homogenized by stirring at
room temperature for 1 day. All experiments were
carried out at 25�C or room temperature.

Asymmetric flow field-flow fractionation

The asymmetric flow field-flow fractionation
(AFFFF) experiments were carried out on an AF2000
FOCUS system (Postnova Analytics, Landsberg, Ger-
many) equipped with an RI-detector (PN3140,
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Postnova) and a small-angle (seven detectors in the
range 35�–145�) light scattering detector (PN3070,
k ¼ 635 nm, Postnova). Measurements were per-
formed on HEC samples (0.1 wt % samples,
quenched from the reaction mixtures at various
stages in the course of the cross-linking process) by
using a 250-lm spacer, a regenerated cellulose mem-
brane with a molecular weight cutoff of 10,000 (Z-
MEM-AQU-427N, Postnova), and an injection vol-
ume of 20 lL. The measurements were conducted
utilizing a constant detector flow rate of 0.2–0.8 mL/
min and a slot-pump flow rate of 0.8–0.2 mL/min
(the sum of the slot-pump flow rate and the detector
flow rate was always 1.0 mL/min). The focusing
time was 15 min at a cross-flow of 2 mL/min. There-
after, the cross-flow was reduced linearly to 0.3 mL/
min during a 3-min period. The cross-flow was then
reduced exponentially (exponent of 0.3) to zero dur-
ing a period of time of 7 min. Processing of the
measured data was accomplished by the Postnova
software (AF2000 Control, version 1.1.0.11). Informa-
tion about the molecular weight of the samples at
different stages was obtained using this software
with a Zimm fit.

Rheological experiments

To apply various shear forces on the reaction mix-
tures, a mechanical stirrer device of the type IKA
EUROSTAR power control-visc was purchased from
IKAVR -Werke Gmbh & Co. KG, Germany. A principal
sketch of the experimental set-up with the mechani-

cal stirrer is displayed in Figure 1. The beaker was
filled with 100 mL 0.1 wt % HEC aqueous alkaline
solution and the sample was exposed to a preset
rotational speed in the range 0–400 rpm, and 15 lL/
g of DVS was added to the solution to start the
cross-linker reaction. For the sample with 0 rpm, a
fast homogenization of the solution was performed
(5 min at 50 rpm) before the stirrer was turned off.
The cross-linker reaction in solutions of the polymer
occurs between the cross-linker molecules and
hydroxyl groups on the polymer chains.
At different times during the reaction at a pre-

scribed rotational speed, 4 mL was withdrawn from
the reaction mixture with a pipette, and this test
sample was quenched rapidly by adding a few
drops of concentrated HCl to the sample to lower
the pH to acid conditions (pH � 2) and thereby the
cross-linker reaction was terminated. The same pro-
cedure to prepare the test solutions was repeated at
all stirring speeds to ensure good reproducibility of
the measurements.

Turbidimetry

Transmittances of quenched 0.1 wt % alkali solutions
of HEC, exposed to different stirring speeds, at vari-
ous stages during the cross-linker reaction were
measured with the aid of a temperature-controlled
Helios Gamma (Thermo Spectronic, Cambridge, UK)
spectrophotometer at a wavelength of 500 nm. The
apparatus is equipped with a temperature unit (Pelt-
ier plate) that gives a good temperature control over
an extended time. The turbidities s of the solutions
were determined from the relation: s ¼ (�1/L)ln(It/
I0), where L is the light path length in the cell (1
cm), It is the transmitted light intensity, and I0 is the
incident light intensity. The cloud point (CP) of a
sample was determined as the temperature at which
the first deviation from the baseline occurred.

Dynamic light scattering

The DLS experiments were conducted by means of
an ALV/CGS-8F multi-detector compact goniometer
system, with 8 off fiber-optical detection units, from
ALV-GmbH, Langen, Germany. The beam from a
Uniphase cylindrical 22 mW He-Ne-laser, operating
at a wavelength of 632.8 nm with vertically polar-
ized light, was focused on the sample cell (10-mm
NMR tubes) through a temperature-controlled cylin-
drical quartz container (with 2 plane-parallel win-
dows), vat (the temperature constancy being
controlled to within �0.01�C with a heating/cooling
circulator), which is filled with a refractive index
matching liquid (cis-decalin). The polymer solutions
were filtered through 5-lm filter (Millipore) directly
into precleaned NMR tubes.

Figure 1 Sketch of the geometry of the mechanical
stirrer.
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In the DLS measurements, the intensity correlation
function was measured at eight scattering angles
simultaneously in the range 22�–141� with 4
ALV5000/E multiple-s digital correlators. In the
dilute concentration regime probed in this study, the
scattered field obeys Gaussian statistics and the
measured correlation function g2(q,t), where q ¼
(4pn/k)sin(y/2), with k, y, and n being the wave-
length of the incident light in a vacuum, the scatter-
ing angle, and the refractive index of the medium,
respectively, can be related to the theoretically ame-
nable first-order electric field correlation function
g1(q,t) by the Siegert relationship17 g2(q,t) ¼ 1 þ
B|g1(q,t)|2, where B is usually treated as an empiri-
cal factor.

The correlation functions can be described by the
sum of a single exponential and a stretched expo-
nential15

g1ðtÞ ¼ Af exp �t=sf
� �þ As exp � t=sseð Þb

j k
; (1)

with Af þ As ¼ 1. The parameters Af and As are the
amplitudes for the fast and the slow relaxation
times, respectively. The variables sf and sse are the
relaxation times characterizing the fast and the slow
relaxation processes, respectively. This type of bi-
modal relaxation process has been reported15,18,19

from DLS studies on aggregating polymer systems
of various natures. In the analysis of the correlation
functions by means of eq. (1), a nonlinear fitting
algorithm was employed to obtain best-fit values of
the parameters Af, sf, sse, and b appearing on the
right-hand side of eq. (1).

The fast mode is diffusive (q2-dependent) for all
the samples, and it yields the mutual diffusion coef-
ficient D(s�1

f ¼ Dq2) of molecularly dispersed species
and small aggregates. The slow mode [the second
term on the right-hand side of eq. (1)] characterizes
the dynamics of large aggregates and this mode is
also always found to be diffusive.

The parameter sse in eq. (1) is some effective relax-
ation time, and b (0 < b � 1) is a measure of the
width of the distribution of relaxation times. The
mean relaxation time for the slow mode is given by

ss ¼ sse
b
C

1

b

8>>:
9>>;; (2)

where C is the gamma function. The values of b are
in the interval 0.6 < b < 0.95 in this study. The gen-
eral trend is that the value of b becomes larger at a
later stage of the cross-linking process. This indicates
a narrower size distribution of species at a later
stage of the cross-linking process.

Since both the relaxation modes are found to be
diffusive, this enables us to calculate the apparent
hydrodynamic radii (Rh,f, and Rh,s) from the fast and

slow relaxation times, respectively, via the Stokes-
Einstein relationship D ¼ kBT/6pgRh, where kB is
the Boltzmann constant, T is the absolute tempera-
ture, g is the solvent viscosity, and D is the diffusion
coefficient of the species in the solution.

Rheo-small-angle light scattering measurements

Combined rheological and small angle light scatter-
ing (rheo-SALS) experiments during shear flow were
performed simultaneously using the Paar-Physica
MCR 300 rheometer, equipped with a specially
designed parallel plate-plate configuration (the di-
ameter of the plate is 43 mm) in glass.20 The instru-
mentation for the rheo-SALS experiments was
purchased from Physica-Anton Paar (Graz, Austria).
In all measurements, a 10-mW diode laser operating
at a wavelength of 658 nm was used as the light
source; a polarizer was placed in front of the laser
and an analyzer below the sample, making both
polarized (polarizer and analyzer parallel) and depo-
larized (polarizer and analyzer perpendicular)
experiments possible. All experiments in this study
were conducted using polarized light scattering. Uti-
lizing a prism, the laser beam was deflected and
passed through the sample placed between the
transparent parallel plates. The distance between the
plates was small (0.5 mm), so that the effect of mul-
tiple scattering was less pronounced when the sam-
ple became turbid at long cross-linker times. The
light propagated along the velocity gradient direc-
tion, thus probing the structure in the plane of flow
and vorticity. The forward scattered light at small
angles was collected on a flat translucent screen
below the sample (distance between sample and
screen was 12.3 cm).
The 2D scattering patterns formed on the screen

were captured using a CCD camera (driver LuCam
V. 3.8), whose plane is parallel to that of the screen.
A Lumenera (VGA) CCD camera (Lumenera Corpo-
ration, Ottawa, Canada) with a Pentax lens was uti-
lized, and the scattered images were stored on a
computer using the StreamPix (NorPix, Montreal,
Quebec, Canada) application software (version
3.18.5), which enables a real-time digitalization of
the images. The images were acquired via the CCD
camera with an exposure time of 200 ms. Subse-
quently, the pictures were analyzed using the SALS-
software program (version 1.1) developed by the
Laboratory of Applied Rheology and Polymer Proc-
essing, Department of Chemical Engineering, Katho-
lieke Universiteit Leuven, Leuven, Belgium. The
scattering functions were recorded continuously dur-
ing the run. The approximate accessible scattering
wave vector (q) range is between q ¼ 4 � 10�4 nm�1

and q ¼ 2 � 10�3 nm�1.
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RESULTS AND DISCUSSION

Turbidity

In the course of the cross-linker process, the growth
of large interpolymer aggregates increases the tur-
bidity of the solution. In this way, the turbidity can
be used as an indicator of the level of interchain
cross-linking. Figure 2 shows that in the course of
the cross-linker reaction of a 0.1 wt % HEC solutions
in the presence of 15 lL/g of the cross-linker DVS,
the samples become turbid. The results indicate that
the formation of large aggregates is postponed to
later times when the sample is exposed to higher
stirring speed during the cross-linker reaction. The
inset demonstrates that the cloud point time
increases as the shear flow increases. This finding
suggests that interchain association is delayed
because shear forces make it more difficult for the
chains to form interpolymer contacts. However,
when most of the intramolecular cross-linking sites
have been consumed, the frequent collision of the
molecules leads to the formation of large aggregates.
Actually, at long reaction times, the impact of rota-
tional speed on the turbidity is modest.

Dynamic light scattering and AFFFF

Normalized correlation function data at a scattering
angle of 124� for aqueous 0.1 wt % HEC solutions at
various stages in the course of the cross-linker reac-
tion performed at two different stirring speeds, to-
gether with one solution without DVS (0 min), are
depicted in the form of semilogarithmic plots in Fig-
ure 3. The general behavior is that the relaxation
function is shifted toward longer times as the cross-

linking process proceeds, and this trend is less pro-
nounced with increasing stirring speed. The slower
decay of the correlation function at long times
reflects the growth of large clusters.
In connection with EOR applications, it is impor-

tant that the particles are stable over an extended
temperature domain. By plotting the correlation
function data against the quantity tT/g0 (where T is
the absolute temperature and g0 is the solvent vis-
cosity), trivial changes of the solvent viscosity with
the temperature have been taken into account. Since
the correlation data at all temperatures virtually con-
dense onto each other, the effect of temperature on
the diffusion behavior of the particles can be
neglected [see Fig. 3(c)].
To scrutinize the goodness of the fitting procedure

and to endorse the functional form of the fitting
algorithm [eq. (1)] that was employed to portray the
correlation functions, residual plots from the fittings

Figure 3 (a, b) Plot of the first-order electric field correla-
tion function versus time (every second data point is
shown) at a scattering angle of 124� for 0.1 wt % HEC
solutions without and with cross-linker at various stages
during the cross-linking reaction and for samples at two
different rotational speeds (0 and 250 rpm). (c) Plot of
g(1)(t) versus the quantity tT/g0 for cross-linked particles
in 0.1 wt % HEC at the temperatures indicated.

Figure 2 Turbidity at different stages during the cross-
linking of 0.1 wt % solutions of HEC in the presence of
15 lL/g DVS at the stirring speeds indicated. The inset
plot shows the values of the cloud point determined from
the incipient rise of the turbidity curve.
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of a typical correlation function by using a single
stretched exponential or eq. (1) are displayed in Fig-
ure 4. By fitting the correlation function by means of
a single stretched exponential [the last term of eq.
(1)], it is evident that the corresponding values of
the residuals are large and the residual curve exhib-
its a systematic trend. This is a signature of that this
is a poor fit of the data. The random distribution
and small values of the residuals by fitting the corre-
lation function data with the aid of eq. (1) indicate
good agreement between the fitting expression and
the data. This suggests a bimodal form of the corre-
lation function as specified by eq. (1), where the fast
mode portrays the diffusion behavior of the molecu-
larly dispersed entities or small clusters, whereas the
slow mode depicts motions of the large aggregates.
Although the population of the huge complexes
dominates at the later stage of the cross-linker reac-
tion, we were able in all instances to separate the
contribution from the smaller species.

The analysis of the correlation functions unveil that
both relaxation modes are diffusive, and by using the
Stokes-Einstein relationship, the apparent hydrody-
namic radii of the fast (Rh,f) and the slow (Rh,s) modes
can be calculated. The results are depicted in Figure
5. It is obvious that at early times during the cross-
linking process, the fast mode yields low values of
Rh,f but at later stages of the cross-linker reaction,
higher values of Rh,f are observed. At later times in
the course of the cross-linker reaction, the number of
molecularly dispersed units gradually become smaller
and the population of minute clusters affect the fast
relaxation time. The growth of these clusters is
delayed to longer reaction times when the quenched
solutions are exposed to increasing stirring speeds.

The apparent hydrodynamic radius Rh,s, calculated
from the slow relaxation time, represents the popu-
lation of larger aggregates in the solution [Fig. 5(b)].

It is interesting to note that at early times in the
course of the cross-linking process, the clusters con-
tract, and this phenomenon becomes significantly
stronger for the sample that has been subjected to
the highest stirring speed. This clearly shows that
initially the larger complexes depicted by the slow
relaxation mode are exposed to intrapolymer cross-
linking, and this feature is strengthened under the
influence of shear forces because this perturbation
reduces the tendency to form interchain aggregates.
This behavior is consistent with the shear viscosity
results reported15 for this system previously. At later
times in the course of the cross-linker reaction, larger
aggregates are formed, probably because most of
the sites for intramolecular cross-linking have been
consumed and the repeated collisions between the
species have provoked interchain cross-linking.
However, high shear stresses repress the tendency
of forming massive aggregates even at long reaction
times. These findings plainly reveal that a dilute
polymer solution with a cross-linker agent is less
disposed to build up interpolymer cross-links under
the influence of vigorous stirring.

Figure 5 Effects of stirring speed on the apparent hydro-
dynamic radii, determined from the fast mode (Rh,f) and
the slow mode (Rh,s), for 0.1 wt % solutions of HEC at
various stages during the cross-linking process.

Figure 4 Plot of the residuals by fitting a typical correla-
tion function with the aid of one stretched exponential or
eq. (1). See text for details.
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Figure 6 shows the effects of reaction time and stir-
ring rate on the weight-average molecular weight and
the polydispersity index (Mw/Mn) for 0.1 wt % HEC
solutions. This information is usually difficult to
obtain, but with the aid of AFFFF it is possible to
gain insight into these features. It is evident from Fig-
ure 6(a) that the molecular weight increases in the
course of the cross-linker reaction. This feature sug-
gests that giant interpolymer complexes are formed
as the reaction proceeds, but as discussed above, the
growth of these clusters is repressed under the influ-
ence of a high stirring speed. This finding is compati-
ble with the results from DLS. The coexistence
between the formation of intrachain and interchain
cross-links during the cross-linker reaction is expected
to yield species of various sizes. This is supported by
the results in Figure 6(b), but higher stirring speeds
seem to produce species with much less polydisper-
sity. This can probably be ascribed to disintegration
of very large aggregates at high shear flows, and this
yields a more narrow distribution of sizes. These
results indicate that a high stirring speed yields both
smaller aggregates and less polydispersity.

Rheo-SALS

This type of technique can provide us with informa-
tion about structural changes of cross-linked com-
plexes on a global dimensional scale under the
influence of shear flow. By this experimental method,
it is possible to monitor shear-induced aggregation or
disintegration of species in situ. Figure 7 illustrates

Figure 6 Time evolution of the molecular weight and the
polydispersity index determined from AFFFF for 0.1 wt %
HEC solutions at various stages during the cross-linker
reaction and under the influence of different stirring rates.

Figure 7 2D SALS patterns at various shear rates of 0.1 wt % HEC solutions at different stages during the cross-linker
reaction of mixtures exposed to two different stirring speeds. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the 2D patterns of the scattered intensity at different
shear rates and cross-linking stages for 0.1 wt % HEC
solutions that have been exposed to various stirring
speeds during the cross-linking process. For the solu-
tion in the quiescent state that has been quenched af-
ter 50 min, the species are broken up under the
influence of shear rate, whereas more shear-rate-sta-
ble clusters are evolved after 50 min when the reac-
tion mixture was subjected to a high stirring speed.
At this stage of the cross-linker reaction, the high col-
lision frequency of the polymer entities seems to
build up multichain aggregates that are more stable
against mechanical stresses. After a sufficiently long
cross-linker reaction period, the scattered intensity is
strong and huge aggregates are formed, both for the
solution in the quiescent state and for the solution
exposed to a high stirring rate. These association com-
plexes are practically not affected by either shear
stresses or stirring speeds. In the considered wave
vector range, most of the SALS patterns are virtually
isotropic, which suggests that on this dimensional
scale, no major structural alterations occur.

To elucidate the impact of shear flow on the for-
mation of structures at various stages in the course
of the cross-linking process, shear rate dependences
of the scattered intensity (at a fixed q value of 0.27
lm�1) for 0.1 wt % solutions of HEC in the presence
15 lL/g DVS that have been exposed to a constant
stirring speed of 250 rpm are depicted in Figure
8(a). For the HEC solution (0.05M NaOH) without
DVS, the scattered intensity is practically unaffected
by the shear flow, which indicates that no significant
structural changes of the molecules occur. The mod-
erate upturn of the scattered intensity at high shear
rate is ascribed to incipient turbulence. For solutions
at early states of the cross-linker reaction, the scat-
tered intensity drops at higher shear rates. As the
cross-linking process advances, the intensity at low
shear rates increases and the intensity falls off at
higher shear rates. This scenario suggests that aggre-
gates are broken up at higher shear stresses, whereas
stronger association complexes are formed as the
cross-linker reaction proceeds. Actually, when mas-
sive aggregates have been formed, the intensity is
virtually unaltered, with increasing shear flow over
the considered shear rate interval. This finding sup-
ports the conjecture that more sturdy complexes are
formed at a later state during the cross-linking
process.

A comparison of the effect of stirring speed on the
scattered intensity during the cross-linker reaction
for 0.1 wt % HEC solutions at two different times of
quenching is depicted in Figure 8(b,c). At the earlier
state of quenching, the species from the reaction
mixture that has been subjected to a lower stirring
speed are disintegrated at a high shear rate, whereas
virtually no alteration of the scattered intensity with

increasing shear rate occurs for the sample exposed
to a higher stirring speed. This finding supports the
idea that the more intense collision of species at a
higher stirring speed leads to compacter objects that
are less disposed to breakup under the influence of
shear stresses. At a later state of the cross-linking
process [Fig. 8(c)], the scattered intensity is inde-
pendent of shear rate at both stirring speeds. This
observation indicates that as the cross-linker reaction
proceeds, more stable aggregates are formed that
can withstand the applied shear forces.

CONCLUSIONS

In the present work, dilute HEC solutions have been
chemically cross-linked at alkaline conditions under
the influence of different stirring speeds; at various
stages during the cross-linking process, the reaction
was terminated by quenching the mixture to an acid
pH. The results demonstrate that cross-linked

Figure 8 (a) Shear rate dependences of the scattered in-
tensity (at a fixed q value of 0.27 lm�1) at different stages
during the cross-linker reaction (15 lL/g DVS) for 0.1 wt
% solutions of HEC that have been subjected to a stirring
speed of 250 rpm in the course of the cross-linking pro-
cess. (b,c) Effects of shear rate and stirring speed on the
scattered intensity at two different stages in the course of
the cross-linking process.
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particles are produced with a broad size distribu-
tion. In the course of cross-linking of polymer chains
in the dilute concentration regime, competition
between intrachain and interchain cross-linking is an
omnipresent phenomenon. It has been shown that
when dilute HEC solutions are exposed to high stir-
ring speeds during the cross-linking process, the
growth of large aggregates is suppressed. The
results from AFFFF sustain this finding, and it is
also found that the molecular weight polydispersity
of the species is less at high stirring speeds.

It is observed from the DLS measurements that
high stirring speeds at early states of the cross-linker
reaction promote intrapolymer cross-linking, with
contraction of polymer species, and reduction of the
growth of aggregates at long reaction times. The
sizes of the particles are virtually not affected by
temperature in the interval 25–60�C.

The results from the rheo-SALS experiments dis-
closed that at early times during the cross-linker
reaction, the complexes are fragile against shear
forces if the reaction mixture had been subjected to
low stirring speeds. However, high stirring speed of
the reaction mixture in the course of the cross-link-
ing process generates stronger aggregates because of
a more efficient packing of the chains in the com-
plexes. At a later state of cross-linking, more cross-
links lead to better stability of the species even for
solutions that have been exposed to low stirring
speeds during the cross-linking process. This work
has demonstrated that particles of various sizes can
be prepared by exposing the solutions to different
stirring speeds during the cross-linker reaction and
to terminate the reaction at desired reaction times.
This opens the possibility for preparation of particles

that can be used for enhanced oil recovery
applications.
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