This article was downloaded by:

On: 21 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymer Analysis and Characterization
Publication details, including instructions for authors and subscription information:

http://www.informaworld.com/smpp/title~content=t713646643

INTERMATIOMNAL

JOURNAL OF 'H NMR Characterization of HPAm/Cr(III) Acetate Polymer Gel
POLYMER ANALYSIS

anp craracTerzanion | Components
Silvia Magnolia Vargas-Vasquez?; Laura Beatriz Romero-Zerén?; Bryce MacMillan®

* Department of Chemical Engineering, University of New Brunswick, Fredericton, New Brunswick,
Canada ® Department of Physics, University of New Brunswick, Fredericton, New Brunswick, Canada

Online publication date: 10 June 2010

To cite this Article Vargas-Vasquez, Silvia Magnolia , Romero-Zerén, Laura Beatriz and MacMillan, Bryce(2007) "H NMR
Characterization of HPAm/Cr(III) Acetate Polymer Gel Components', International Journal of Polymer Analysis and
Characterization, 12: 2, 115 — 129

To link to this Article: DOI: 10.1080/10236660601154210
URL: http://dx.doi.org/10.1080/10236660601154210

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi ||l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be Iliable for any | oss,
actions, clainms, proceedings, demand or costs or danmages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713646643
http://dx.doi.org/10.1080/10236660601154210
http://www.informaworld.com/terms-and-conditions-of-access.pdf

15:58 21 January 2011

Downl oaded At:

Taylor & Francis

Taylor & Francis Group

International Journal of Polymer Anal. Charact., 12: 115-129, 2007
Copyright © Taylor & Francis Group, LLC e
ISSN: 1023-666X print

DOI: 10.1080/10236660601154210

"H NMR Characterization of HPAm/Cr(III)
Acetate Polymer Gel Components

Silvia Magnolia Vargas-Vasquez and Laura Beatriz Romero-Zeron
Department of Chemical Engineering, University of New Brunswick,
Fredericton, New Brunswick, Canada

Bryce MacMillan

Department of Physics, University of New Brunswick, Fredericton,
New Brunswick, Canada

Abstract: Low-field 'H nuclear magnetic resonance (NMR) was used to charac-
terize the components of polymer gels formulated with partly hydrolyzed poly-
acrylamide (HPAm) and Cr(III) acetate. Changes in the NMR relaxation times
were used to characterize samples of polymer, cross-linker, polymer solutions,
and cross-linker solutions in bulk and in porous media. The results obtained indi-
cated that changes of HPAm concentration do not have a significant effect on the
relaxation times, while changes in Cr(III) acetate concentration do. Therefore, the
concentration of cross-linker is the most critical variable in the process of charac-
terizing HPAm/Cr(III) acetate polymer gels using low-field '"H NMR.
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INTRODUCTION

Polymer flooding is a chemical enhanced oil recovery (EOR) process that
consists of using water-soluble polymers of high molecular weight as water
flooding additives in order to control displacing fluid mobility in reser-
voirs, to improve sweep efficiencies, and to increase oil production. Poly-
mer flooding is intended to improve water flood mobility control primarily
by increasing the viscosity of the displacing fluid (not by reducing per-
meability). In most situations, polymer flooding is implemented as a ter-
tiary process near the end of a water flood. Polymer gel treatment is also
a chemical EOR process in which water-soluble high-molecular-weight
polymers are dissolved in water or brine and subsequently chemically
cross-linked so as to impart elastic and solid-like properties to the aqueous
gels via the resultant chemically cross-linked three-dimensional polymer
network. These gels are cost-effective materials for use as plugging (per-
meability-reducing) agents in conformance-improvement treatments.
These gels do not increase the viscosity of the flood water. Conformance
improvement includes sweep improvement and water shutoff.!'! A polymer
gel frequently used in the oil and gas industry is formulated with hydro-
lyzed polyacrylamide (HPAm) and Cr(III) acetate.!!

The production of conventional light oil in Canada is in continuous
decline. According to the National Energy Board, current production
levels (115300m® per day)P®! are expected to decrease by 50% by
2015, while demand is expected to increase by 230%.™ For this reason,
the implementation of new technology and methodologies for EOR is
important to the Canadian oil industry. It has been proposed that an
aggressive approach to research and technological modernization
should be maintained in order to supply the demand for conventional
oil. This is possible only with significant advances in EOR techniques."!
Polymer gel treatment is an important chemical method within EOR
processes and plays a significant role in the mitigation of conventional
oil production decline. The oil industry does not have a standardized
procedure that can be implemented in the field to accurately determine
the gelation time and gel strength of the polymer gel. These are critical
factors for the proper design of polymer gel treatments. The EOR
laboratory at the University of New Brunswick aims to develop and
validate a '"H nuclear magnetic resonance (NMR) methodology that
allows for the practical and accurate characterization of HPAm/Cr(I1I)
acetate polymer gels in the oil field. This new methodology is based on
relating the gelation time and rheological storage modulus to the trans-
verse relaxation time (7) changes of HPAm/Cr(IIl) acetate polymer
gels. NMR is noninvasive; hence, this technique will not disrupt the
polymer gel network. The development of an NMR-based methodology
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to characterize HPAm/Cr(Ill) acetate polymer gels requires separate
study of the four components present in a polymer gel forming solution:
polymer (HPAm), cross-linker (Cr(III) acetate), Na,SO; (used as an
oxygen scavenger to prevent polymer degradation), and distilled water
(DIW). Separate characterization of these components allows for their
'"H NMR bulk relaxation times (7>) to be determined in pure form
as well as in solution and provides information about the effect that
each component has on 75.

In the presence of porous media, 'H NMR 7, measurements have
been shown to be strongly dependent on the surface area, pore size dis-
tribution, type of porous medium, and details of the 7, experiments,
particularly the echo time.”! Thus, studies of the polymer solutions in
the presence of porous media are also required to observe the effect that
the type of porous medium has on the 7, values of the HPAm solu-
tions. This information is also needed to select the porous media and
parameters to conduct future experiments. The same approach is used
to characterize the cross-linking solutions. In this case, the paramag-
netic properties of Cr(III) add to the complexity of the correlation
between the NMR relaxation times and the type of porous medium.
As a result of these factors, there are five objectives in this study: (1)
to select proper parameters to characterize¢ HPAm/Cr(III) acetate poly-
mer gels with '"H NMR; (2) to find the 'H 7, NMR relaxation time of
as-received HPAm, as-received Cr(III) acetate (50% active in water),
distilled water (DIW), and a solution of 0.01 wt% Na,SO3 in DIW
(which is the solvent of the polymer gel forming solution); (3) to mea-
sure the '"H 75 NMR relaxation time of the polymer solvent in bulk and
in the presence of unconsolidated porous media; (4) to determine the 'H
T, NMR relaxation times of the polymer solutions with HPAm concen-
trations ranging from 0.25 to 2wt% in bulk and porous media; and (5)
to obtain the relaxation times of the cross-linker solutions with Cr(III)
acetate concentrations ranging from 0.0083 to 0.3wt% in bulk and
porous media. The four hypotheses of this study are that (1) the
addition of 0.01 wt% of Na,SO; to DIW does not significantly affect
the '"THNMR bulk relaxation time (7%) values of DIW; (2) solutions
of HPAm at different concentrations ranging from 0.25 to 2wt% do
produce similar 7, values; (3) the presence of Berea sandstone and
Stoney Creek sandstone greatly reduces the 7, values of the HPAm
solutions compared to those 7, values obtained from measurements
performed using glass beads as porous media; and (4) in the presence
of porous media, the paramagnetic properties of Cr(III) acetate at
concentrations greater than or equal to 0.3 wt% dominate pore surface
induced relaxation as this relates to the relaxation time responses of
Cr(III) acetate solutions.
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LITERATURE REVIEW
"H Nuclear Magnetic Resonance

"H nuclear magnetic resonance is based on the interaction between the
magnetic moments of hydrogen nuclei in a static magnetic field and a
radio frequency magnetic field. The spin-spin relaxation is described by
the time constant 7> and is referred to as transverse relaxation.>! T,
is related to the mobility of the hydrogen species within the test medium.
H species that have restricted motion, such as those that are bound to a
surface or inside the smaller void spaces, generally have shorter 7, values.
Conversely, more mobile or free hydrogen species, such as those in larger
void spaces, have longer 7, values. Furthermore, there is a rapid
exchange between bound and free hydrogen protons.'®!"! Thus, in the
presence of porous media, the observable 7, of the hydrogen species
can be described as a combination of the T, values of the bound and free
solution as 1/T-ohserved = ((1 = Pp)/Tr-free) + Pp/T2p, Where Pj, = pro-
proton fraction of bound hydrogen species, 75, = T> of the bound hydro-
gen species, and 75 4., = T5 of the free hydrogen species.[m’lz] HPAm/
Cr(IIT) acetate polymer gels have very high water concentrations (up to
99.7 wt%), which make them suitable for "H NMR studies. The measure-
ment of 7, yields information about the reaction between HPAm and
Cr(IIT) acetate and allows characterization of the components of this
polymer gel in their pure form as well as in solution.

HPAm/Cr(III) Acetate Polymer Gels

The successful placement of an HPAm/Cr(III) acetate polymer gel in a
specific location within the reservoir depends on the ability to predict
and to modify the gelation time and the final strength of the gel. For
the oil field operators, these two parameters are the most important
because they provide information concerning the time during which the
HPAm/Cr(IIT) acetate gelant solution is pumpable and the maximum
differential pressure that this polymer gel can sustain.!*'3 The gelation
time and gel strength are obtained from rheological monitoring!'*!*2! or
bottle testing.!'>?*?3 Although rheology provides consistent polymer gel
descriptions, it is not practical because it is time consuming, expensive,
and invasive (it ultimately disrupts the polymer gel network). Bottle test-
ing, on the other hand, is practical and not time and equipment intensive,
but it can lead to inconsistent gel description because of its qualitative
nature. Thus, there is not a practical, accurate methodology available
in the oil field for determining the gelation time and gel strength of
HPAm/Cr(IIT) acetate polymer gels. Moreover, the gelation process of
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HPAm/Cr(I1l) is affected by temperature, salinity, and polymer as well
as cross-linker concentrations and quality. As a result, the operational
constraints are delicate. Therefore, the information obtained from this
study helps to understand how low-field NMR can be applied to monitor
the gelation reaction of HPAm/Cr(III) acetate, how transverse relaxation
time (7,) relates to polymer and cross-linker concentrations, and the
effect of the presence of porous media on the relaxation time.

EXPERIMENTAL SECTION
Materials
Polymer Gel Solvent

A solution of DIW and 0.01 wt% of Na,SO; (pH = 7.4) was used to pre-
pare the polymer and cross-linker solutions. The density of the polymer
gel solvent is 0.9924 g/cc at 40°C and 0.9881 g/cc at 50°C. Na,SO; was
used to prevent polymer degradation.

Polymer

Alcoflood 935, which is a partially hydrolyzed polyacrylamide (HPAm),
is the polymer used in this study. This anionic acrylamide copolymer has
been supplied by Ciba Specialty Canada Inc., which classifies Alcoflood
935 as a conformance control polymer. Alcoflood 935 has a degree of
hydrolysis of about 10% and manufacturer-reported molecular mass of
8 x 10°-10 x 10° g/mol. Four polymer solutions were prepared dissolving
0.25, 0.5, 0.75, and 2wt% of HPAm in the polymer gel solvent. Table I
presents the density and viscosity of the polymer solutions at 40°C and
50°C respectively. A density meter, Anton Paar model DMA 35N, was

Table I. Density and viscosity of the polymer solutions

40°C 50°C
Polymer Viscosity, cP Viscosity, cP
concentration, Density, ——— Density —M————
wt% pH g/cc 6rpm  60rpm g/cc 6rpm 60 rpm
0.25 6.1 0.9935 119 79 0.9890 108 67
0.50 59 09943 288 174 0.9896 254 165
0.75 5.8 0.9955 825 383 0.9909 723 350

2.00 5.6 1.0004 10467 3488 0.9968 8667 3048
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used to obtain the density, and a Brookfield Syncro-electric viscometer
was employed to measure the viscosity of the polymer solutions.

Cross-Linker

Cr(IIT) acetate solution 50% active in water (pH = 2.6) supplied by
McGean-Rohco, Inc. is the cross-linker used in this study. Five cross-
linker solutions were prepared using 0.0083, 0.05, 0.1, 0.2, and 0.3 wt%
of Cr(IIl) acetate in the polymer gel solvent. The pH of the solutions
ranged from 6.5 to 3.5 and the densities ranged from 0.9924 to
0.9941 g/cc at 40°C and 0.9881 to 0.9895 g/cc at 50°C correspondingly.

Porous Media

The polymer solutions were tested using three types of porous media:
glass beads, Berea sandstone purchased from Temco Inc. (Tulsa, Okla.),
and Stoney Creek sandstone provided by the Department of Natural
Resources (Fredericton, Canada). The unconsolidated porous media
have an average particle size diameter of 0.4 mm (35 mesh). X-ray diffrac-
tion (XRD) tests were conducted on samples of Berea sandstone and
Stoney Creek sandstone for mineral identification. The step size and step
time used for the XRD test were 0.020 deg/step and 0.50s respectively.
Thin section analyses were also performed to estimate the composition
of the sandstones (Table IT). Although Berea sandstone and Stoney Creek
sandstone have an NMR signal, it is not detectable with the CPMG
parameters used to test the solutions in the presence of porous media.
The glass beads, on the other hand, do not have an NMR signal.

Table II. Composition of Berea sandstone and Stoney Creek sandstone

Estimated amount, %

Minerals Berea Stoney Creek
Quartz (Si0») 70 55
Rock fragments 17 39

Feldspar: Albite (NaSi3AlOg) and microcline (KAI1SizOg) 8
Feldspar: Albite (NaSi3AlOg) —
Muscovite (K - Na)(Al- Mg - Fe),(SizAlO;¢)(OH>) 1
Clinochlore (MgFe)s(SiAl)4019(OH)g 1
Chlorite (Mg - Fe)s(Al- Si)sO19(OH)g —
Carbonate (CaCOs5)

= o

W
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Experimental Procedures

T, measurements were carried out using a Bruker Minispec spectrometer
model mq10 NMR Analyzer, which employs a 10 MHz benchtop perma-
nent magnet. A water bath with a temperature controller set at 40°C or
50°C, as needed, was connected to the Minispec to maintain the NMR
probe at a constant temperature. In order to measure bulk 7>, 1 mL of
fresh sample was placed in NMR vials, and nitrogen was circulated inside
the vials to displace the excess of oxygen and avoid oxidation. The sam-
ples used to perform 7, measurements of each solution in the presence of
porous media were prepared placing 0.8 g of the porous media inside the
NMR vials and adding 0.2 g of the solution. A vacuum line was connec-
ted to the NMR vials to de-gas the porous media samples and allow
homogeneous distribution of the solution within the porous media.
Teflon plugs were placed at the surface of every sample inside the
NMR vials, and Teflon tape was applied around the vials’ caps to avoid
evaporation. CPMG (Carr, Purcell, Meiboom, and Gill) pulse sequences
were employed to measure 75. The CPMG sequence consists of applying
a 90° radio frequency pulse and a series of 180° radio frequency pulses
that have twice the duration of the 90° pulse in order to acquire the spin
echoes. The peak signal intensity of each sequential echo decreases fol-
lowing an exponential function governed by 75.*¥ Each sample was
tested five times, and the data obtained were fitted to mono-exponential,
bi-exponential, or tri-exponential decay, as appropriate, using SigmaPlot
8.02A (from SYSTA Software Inc., Point Richmond, Calif.). For
instance, the equation that characterizes the signal decay of Cr(I1I)
acetate is S = S,e"/T>, where S = signal intensity (%), ¢ = measuring
time (ms), S, =signal at 1 =0, and 7> = Tocraun acetate- Likewise, the
bi-exponential decay of HPAm (Alcoflood 935) can be expressed by
the equation S = S,e~"/T 4 Sye~/T» where S = signal intensity (%),
t = measuring time (ms), S, = fractional size at the HPAm signal
(Stpam)» Tra = Tr.gpam(ms), S, = fractional size of the signal from
the impurities (Simpuriry)a and T2b = T2—unknown component (T2—impurl‘iy)'
Additionally, a distributed exponential (DXP) routine based on the
Butler-Reeds-Dawson algorithm®! was used to generate a spectrum of
the 7, values present in the sample.

RESULTS AND DISCUSSION
HPAm (Alcoflood 935)

The CPMG 'H T, NMR decay curves obtained from testing a bulk sample
of HPAm are bi-exponential. The analysis of the 75 data indicates that 97%
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of the NMR signal provided by Alcoflood 935 corresponds to the HPAm
material itself (fast relaxing components). The remaining 3% of the NMR
signal corresponds to an unidentified component (referred to here as
impurity). In commercial production, the maximum conversion rates of
HPAm range from 96 to 97%.% Thus, results provided by the 'HNMR test
are within the range. The values of Syp4,, and Ts_yp 4, are 46.8 and 0.13 ms
at40°C and 41.14 and 0.15 ms at 50°C. Correspondingly, the values of Sy,puriry
and T%._ypuriry are 1.66 and 3.83ms at 40°C and 1.48 and 4.43 ms at 50°C.

Cr(IIT) Acetate

The T, measurements performed on a sample of Cr(III) acetate at 40°C
and 50°C yield single exponential decay curves with an average T, of
0.185ms at 40°C and 0.189ms at 50°C. The values of S, are 92.42 and
87.58 at 40°C and 50°C respectively.

Polymer Gel Solvent (0.01 wt% Na,SO3 in DIW)

The bulk 7> measurements, conducted under the same conditions, yield very
similar 75 values for the samples of DIW alone (3147.0 ms) and the polymer
gel solvent (3215.7ms). Thus, Na,SOj; (at the concentration studied) does
not have a significant effect on the 75 relaxation time of DIW, and the first
hypothesis of our study is valid. It should be noted that the 7, measurement
performed on a solid sample of Na,SO; did not give any signal.

Polymer Solutions

Oil field application of polymer flooding and gelling agents is limited to
low-concentration solutions because polymers are expensive and concen-
trated polymer solutions possess high viscosities that cannot be easily
pumped. Yet a concentration of 2wt% was used here as the upper limit
of polymer concentration in order to obtain the maximum variation of
T>. Concentrations equal to or greater than 2wt% of Alcoflood 935
are not used in the field; therefore, solutions with concentrations above
this level were not tested. All the CPMG 'H NMR T, decay curves of
the polymer solutions are mono-exponential. After performing the fitting
routine, it was found that as the concentration of polymer increases, the
T> values of the polymer solutions slightly decrease from 3560 ms
(0.25wt% polymer) to 3226ms (2wt% polymer) at 40°C, and from
3744 ms (0.25 wt% polymer) to 3243 ms (2 wt% polymer) at 50°C. Hence,
the changes in polymer concentration have a minor effect on 75. These
results support hypothesis number 2 of this study.



15:58 21 January 2011

Downl oaded At:

'"H NMR Characterization of HPAm/Cr(IIT) 123

The T, components of measurements performed on fluids in porous
media are governed by the fluid distribution within the porous media.
T> from bound fluid to the pore walls will be short, and that from the more
free fluid in the bulk of the pore space will be long.*”! This is the case with
the polymer solutions in the presence of glass beads. The T, measurements
yield bi-exponential decay curves, and the values of T%_go, and 75, are
quite close in all cases at 40° and 50°C. T»_,,, varies from 191 to 296 ms
and 7.4y, ranges from 711 to 887 ms. The 7> distribution of the polymer
solutions at 50°C in the presence of porous media is shown in Figure 1. The
DXP fitting provides two distinct peaks: the first peak, which represents
the polymer solution that is located in the smallest pore spaces, and the
second peak, which corresponds to the free polymer solution located inside
the bulk of the biggest pore spaces. Similar trends were obtained from the
T, measurements conducted using unconsolidated Berea sandstone. How-
ever, the presence and/or interaction among paramagnetic ions such as
Mn," and Fe;" and ferroan phases (Fe-rich minerals such as clinochlore
and chlorita; refer to Table II) significantly reduced the 7, values of the
polymer solution (Figure 2) compared to those obtained when glass beads
were used. Furthermore, Figure 2 shows one peak spectrum, which
indicates that the 7, distribution is convoluted. The exponential fitting
using a bi-exponential decay model provides two T values. In sandstones,

1.0
09 | -0 wt% HPAm
08 1 8025 wt% HPAm
D 07
< 6 ——0.50 wt% HPAm
R
£ 05 0.75 wi% HPAm
=
2D 04
g . -2 wt% HPAm
03
02
0.1
00 JVIVEVLVVLVE OV Y
0.1 1 10 100 1000 10000
T,, ms

Figure 1. T, distribution of polymer solutions in the presence of glass beads at
50°C; CPMG parameters: echo time = 0.5ms, recycle delay = 9s, number of
echoes = 8192, number of scans = 258.
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10 -0 wt% HPAm in BS
0.9 -

-8-0.25 wt% HPAm in BS
0.8

—+—-0.50 wt% HPAm in BS
0.75 wt% HPAm in BS
—2 wt% HPAm in BS

* 0 wt% HPAm in SCS

Weighting, A.U

+ 0.25 wt% HPAm in SCS

0.3
02 - = 0.5 wt% HPAm in SCS
0.1
0.0 &Egim'mm AR eers
0.1 1 10 100 1000 10000

T,, ms

Figure 2. 7, distribution of polymer solutions in the presence of Berea sandstone
(BS) and Stoney Creek sandstone (SCS) at 40°C; CPMG parameters: echo time
= 0.5ms, recycle delay = 2.5s, number of echoes = 550, number of scans = 516.

the bound fluid is characterized by relaxation times lower than 33 ms.*®

The T4, values obtained using Berea sandstone are lower than 33 ms,
suggesting that this 7, component is related to the polymer solution bound
to the Berea sandstone, while 7%_;,,, corresponds to the free fluid.

A tri-exponential model was used to fit the 7, decay curves obtained
from the measurements performed on the polymer solution in the pres-
ence of unconsolidated Stoney Creek sandstone. Thus, the 7, constants
are represented by 75, (which ranges from 1.16 to 1.56 ms), T,_, (which
ranges from 8.04 to 14.58 ms), and 75.;3 (which varies from 128.1 to
320.2ms). T,.; and T,_, correspond to the polymer solution distributed
in the smaller pores or closer to the pore walls, and 7.3 represents the
solution in the bulk of the pores. In this case, only the polymer solutions
with concentrations of 0.25 and 0.5wt% HPAm were tested because at
greater concentrations, the polymer solutions tend to form clusters with
the Stoney Creek sandstone grains, and therefore they are not well dis-
tributed in the porous media. Additionally, compared to Berea sand-
stone, more paramagnetic ions and ferroan phases exist in the minerals
composing the Stoney Creek sandstone (Table II), causing a more
complex distribution of 7,, as shown in Figure 2, which depicts the
convoluted one-peak spectrum. The behavior of the polymer solution
in the porous media suggests that the concentration of Alcoflood 935
does not have a major effect on 75. A comparison of the results obtained
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from the measurements conducted using glass beads, Berea sandstone,
and Stoney Creek sandstone indicates that 7, relaxation times of the
polymer solutions in the presence of the sandstones are drastically
reduced by the combined effect of the paramagnetic ions, ferroan phases,
and surface area. These factors also cause the 7, distribution of the poly-
mer solution in sandstones to be more complex than that in glass beads.
These observations support the third hypothesis of this study.

Cross-Linker Solutions

The rate of 'H nuclear magnetic T’ relaxation of the cross-linker solutions
decreases as the concentration of Cr(IlI) acetate increases because of the
paramagnetic properties of Cr(IIT). Thus, there is an inverse relationship
between the concentration of Cr(III) acetate and 75. This effect is known
as NMR paramagnetic relaxation enhancement, and it consists of interac-
tion between the magnetic moments of an electron and a nucleus.” Figure
3 shows the T distribution of the cross-linker solutions in comparison to
that of the polymer gel solvent (without cross-linker). It also illustrates
that the changes in cross-linker concentration have a major effect on 7
and that as the concentration of Cr(III) acetate increases the peaks
become narrower. The decay curves of the cross-linker solutions in bulk

1.0
0.9 —— 0 wt% Cr(III) acetate
0.8 7 | -8-0.0083 wt% Cr(IIl) acetate

—+—0.05 wt% Cr(IIl) acetate
0.1 wt% Cr(III) acetate

04 - 0.2 wt% Cr(III) acetate

Weighting, A.U
(=1

— 0.3 wt% Cr(III) acetate

0.2
0.1
00 SRS SRS
0.1 1 10 100 1000 10000 100000
T,, ms

Figure 3. Bulk 7 distribution of fresh cross-linker solutions at 40°C; CPMG
parameters: echo time = 1.1 ms, recycle delay = 155, number of echoes = 16384
(Owt% Cr(III) acetate) and 1024 (0.3 wt% Cr(I1I) acetate), number of scans = 64.
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are mono-exponential in all cases. The changes in 7> values were corre-
lated with changes in the cross-linker concentration. The resulting correla-
tions are linear, and temperature does not have a significant effect on 75.
The 7, measurements performed in the presence of glass beads yielded
bi-exponential decay curves for the cross-linker solutions with a concen-
tration of Cr(III) acetate lower than or equal to 0.2 wt%. The changes in
cross-linker concentration also have a significant effect on the 7> of the
cross-linker solution. T»_g,,, ranges from 198.9 to 98.5ms at 40°C and
202.8 to 123.5ms at 50°C, and 7%, ranges from 670 to 250 ms at 40°C
and 680.9 to 411.8 ms at 50°C. The first peak shown in Figure 4 represents
the cross-linker solution (with 0 to 0.2wt% of Cr(Ill) acetate) that is
located in the smallest pore spaces. The second peak corresponds to the
free cross-linker solution located inside the biggest pore spaces. At a
cross-linker concentration of 0.3 wt%, the decay curve is single exponen-
tial, which indicates that the effect of the paramagnetic properties of
Cr(III) acetate becomes dominant over the effect of surface relaxation
on T» (at40°C, T»is 158.0 ms, and at 50°C T is 208.2 ms). This effect is also
shown in Figure 4, where at a concentration of 0.3 wt% the T distribution
of the Cr(III) acetate solutions is represented by only one narrow peak.
These results support hypothesis number four of our study.
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0.9 == 0 wt% Cr(III) acetate

0.8 7 | -2-0.0083 wt % Cr(IIl) acetate

= 0.7
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2 04 | 502 Wt% Cr(Ill) acetate
0.3 1 | —0.3 wt% Cr(IIl) acetate
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0.1 1 10 100 1000 10000
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Figure 4. T, distribution of fresh cross-linker solutions in glass beads at 40°C;
CPMG parameters: echo time =0.5ms, recycle delay =9s, number of
echoes = 8192 (0 wt% Cr(III) acetate) and 2048 (0.3 wt% Cr(III) acetate), num-
ber of scans = 258.
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CONCLUSIONS

Low-field NMR has successfully been employed to characterize bulk sam-
ples of the components of HPAm/Cr(III) acetate polymer gels in as-
received form as well as in solution. Appropriate experimental parameters
were found and selected for use during future experiments to monitor the
cross-linking reaction between HPAm and Cr(III) acetate. These para-
meters are strongly dependent on the concentration of cross-linker. There-
fore, the concentration of Cr(III) acetate is the most critical variable in the
process of characterizing HPAm/Cr(IIl) acetate polymer gels using 'H
NMR. This study also indicated that low-field NMR provides useful infor-
mation about the distribution of HPAm solutions and Cr(I1I) acetate solu-
tions when placed within porous media such as glass beads, unconsolidated
Berea sandstone, and unconsolidated Stoney Creek sandstone.

It was demonstrated that the oxygen scavenger (Na,SO3), at a concen-
tration of 0.01 wt%, does not have a significant effect on the "H 75 relaxation
time of DIW. Likewise, at Alcoflood 935 concentrations lower than or equal
to 2wt%, the polymer solutions exhibit similar 75 in the presence of glass
beads. Although the bulk 7, values of polymer solutions were also similar,
they tend to slightly decrease as the polymer concentration increased.

Despite the paramagnetic properties of Cr(IIl) acetate, the NMR
spectrometer of this study was capable of detecting changes in bulk 7,
values of cross-linker solutions when the concentration of Cr(III) acetate
was lower than or equal to 0.3wt%. However, in the presence of glass
beads and at a concentration of 0.3 wt%, the effect of the Cr(IIl) para-
magnetism dominated the effect of pore wall surface relaxation.

The presence of paramagnetic ions and ferroan phases in Berea sand-
stone and Stoney Creek sandstone greatly reduced the 75 values of the
polymer solutions. Therefore, further work is required because of the
complex composition of these sandstones. In particular, it is important
to isolate each sandstone component to determine the effect that each
mineral has on the 7, values.
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