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Abstract

Supramolecular polymer networks are built up by combining multiple noncovalent 
interactions among macromolecules, resulting in the formation of materials with versa-
tile functionality. This chapter describes an exploratory research focused on the formula-
tion of a supramolecular polymer network based on reversible interactions among the 
main- and side chains of a mixture of xanthan gum, partly hydrolyzed polyacrylamide 
(HPAM), and a hydrophobically modified polyacrylamide (HMPAM) in brine solutions 
relevant for applications in enhanced oil recovery (EOR). The formation and charac-
terization of the supramolecular network system was carried out through oscillatory 
rheology.

Keywords: supramolecular polymers, self-assembling, self-association, polymer 
flooding, heavy oil recovery, salt tolerance, mechanical stability, thermal stability

1. Introduction

Self-organization of molecular structures refers to the spontaneous assembly of individual 

building blocks into ordered and thermodynamically stable nanostructures by noncovalent 

interactions, resulting in the formation of dynamic and responsive materials. The noncova-

lent (reversible) interactions include electrostatic attractions, metal/ligand complexes, π/π-
stacking, ionic interactions, hydrogen bonding, or hydrophobic effects without the application 
of external energy. Therefore, self-assembly is a low-cost and high-yield process [1–6] that can 

be activated by external stimuli, which involves changes in temperature, pH, ionic strength, 

radiation, the addition of other molecules, or their combination [2, 7–9].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Supramolecular polymer networks can be formed by polymer blends (PBs) in which the 

reversible and highly directional noncovalent interactions are randomly distributed across 

the polymer chains [6]. The resulting supramolecular structure displays polymeric properties 

in dilute and concentrated solutions that follow well-established theories of polymer physics 

[9]. These networks exhibit enhanced material properties compared to the individual poly-

mers [1], and the reversibility of noncovalent interactions provides self-healing properties to 

these materials [6, 10].

This study focuses on the formulation and characterization of a supramolecular polymer 

network based on reversible interactions among the main- and side chains of a mixture of 

xanthan gum, HPAM, and HMPAM or associating polymer (AP) in brine. Xanthan gum and 

HPAM are the most commonly used polymers in the field for enhanced oil recovery (EOR) 
[11]. Figure 1 displays the chemical structures of these polymers.

Xanthan gum is a high-molecular weight (≈2–3 × 106 g/mol) anionic polysaccharide derived 
from the fermentation of the bacterium Xanthomonas campestris. Its chemical structure contains 

a cellulose backbone consisting of five monosaccharides to form a pentasaccharide repeating 
unit. The cellulosic backbone is substituted at C-3 on alternate β-1,4-D-glucopyranosyl residues 
with charged trisaccharide side chains of β-D-rhamnopyranosyl β-1,4-D-glucuronopyranosyl, 
and α-1,2-D-mannopyranosyl. The two charged functional groups, COO−, are found in the 

α-Manp and β-GlcAp residues (Figure 1(a)) [8, 11–25].

Xanthan gum is a stereoregular polymer and displays order–disorder transition in solution 

that depends on polymer concentration, ionic strength, and temperature [11–14, 17, 19, 24, 26]. 

A high polymer concentration and an increased ionic strength support ordered structures, 

while elevated temperatures favor disorder structures [11]; therefore, xanthan gum is a ther-

mally responsive biopolymer [27]. At low temperatures, the native state of xanthan gum shows 

an ordered and rigid conformation as a single helical or a double-strand helix stabilized by 

inter- and intramolecular hydrogen bonds. The ordered conformation of the xanthan molecule 

is semi-flexible with a hydrodynamic length ranging from 600 to 2000 nm and a hydrodynamic 
diameter of 2 nm [20]. At elevated temperatures (≥60°C) [12, 16, 24] and low ionic strength, the 

native state, which displays an order state, transitions to a more flexible disordered-denatured 
state [13]. Optical rotation measurements have demonstrated that xanthan gum dissolved 

in distilled water at 25°C displayed the nonordered conformation [24]. However, a decrease 

in temperature (<40°C) [16, 24, 28] and the simultaneous increase in the ionic strength cause 

Figure 1. Generic chemical structures of (a) xanthan gum, (b) HPAM, and (c) associating polymers (Figure 1(a) was 

adapted from reference [12] and Figure 1(b) and (c) were adapted from reference [13]).
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conformation reversal to a reordered-renatured state [11–19, 21–23, 27, 29, 30]. In saline solu-

tions, monovalent or divalent cations (e.g., Na+ and Ca2+) condense on the ionized carboxyl 

moieties on the xanthan trisaccharide side chains, reducing repulsive forces between polymer 

chains. The side chains collapse down to the backbone causing conformation transition to a 

rigid rod-like shape of reduced hydrodynamic size stabilized by hydrogen bonding [23]. This 

conformation increases the intra- and intermolecular attraction and the xanthan chains tend to 
adopt a more rigid ordered conformation [13, 14]. The stability of xanthan gum is attributed 
to its ordered conformation which is stabilized by salts. Thus, the optimum functionality of 

xanthan gum requires the addition of salt [17].

Xanthan gum is prone to self-association at low concentrations and has been used as a build-

ing block to generate self-assembled structures [24, 25]. The onset of macromolecular self-

organization has been reported at concentrations ≥0.1 wt% [8]. Parallel packing or side-by-side 

associations stabilized by hydrogen bonds facilitate the formation of three-dimensional net-

works [8, 19, 26]. Previous research has also demonstrated the self-organization of xanthan 

gum through polyelectrolyte complexation with other polysaccharides, such as chitosan-

xanthan, β-lactoglobulin-xanthan, α-galactosidase-modified guar gum-xanthan, and sodium 
caseinate-xanthan, among many others [8, 26, 31]. Another example of self-aggregation 

through hydrophobic interactions is the intermolecular binding of xanthan gum-carob gum. 

These self-organizations take place in both the ordered and disordered conformations of the 

xanthan macromolecule depending on the ionic strength [8, 20, 32, 33].

Advantages of xanthan gum include non-toxicity, high water solubility, salinity tolerance, stabil-

ity over a broad range of pH values, thermal stability against hydrolysis provided by its ordered 

conformation, high shear stability, high viscosities but a significant shear-thinning behavior 
on shearing at a low concentration, slight variations in viscosity with changes in temperature, 

availability, the ease of processing, and low manufacturing costs [11, 17, 18, 22, 26, 34, 35]. The 

main downside of xanthan gum is high sensitivity to microbial attack. Salt-tolerant aerobic and 
anaerobic microorganisms can degrade the xanthan gum chains leading to loss in solution vis-

cosity. In practical applications, biocides are added to the xanthan gum solution to suppress the 

growth of degrading microorganisms [11, 17, 36].

Partially hydrolyzed polyacrylamides, HPAMs (Figure 1(b)), with degree of hydrolysis rang-

ing from 25 to 35%, are the most used polymers for enhanced oil recovery (EOR) [35, 37]. 

HPAM is highly sensitive to mono- and divalent cation environments because of the shielding 

effect of the negative charges on the polymer backbone. Thus, the static repulsion between the 
HPAM lateral groups fades and the polymer structure collapses, which drastically reduces 

the viscosity of the polymer solution [35]. Divalent cations (e.g., Ca2+) can also induce the 

self-aggregation of HPAM through polyion-cation complexation and depending on the con-

centration of Ca2+ inter- and intrachain complexation takes place [36]. The molecular confor-

mation and viscosity of HPAM solutions are also affected by the degree of hydrolysis, pH, 
temperature, molecular weight, pressure, and solvent quality [35, 36]. HPAM is susceptible to 

mechanical degradation under high shear due to chain scission reducing the polymer chain 

size and molecular weight, which in turns reduces the viscosity of the polymer solution. 

Advantages of HPAM are low manufacturing costs and resistance to bacterial attack [36].
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Hydrophobically modified polyacrylamides (HMPAMs) are water-soluble polymers containing 
both hydrophobic groups (e.g., methyl or ethyl acrylates, alkyl vinyl ethers, styrene comono-

mers, or alkyl acrylamides) and weakly charged pendant groups (e.g., carboxylic acid pendant 

groups) directly attached to the polymer backbone (Figure 1(c)). The hydrophobic groups can 

be distributed in a block-like fashion, randomly, or discretely distributed along the backbone. In 

aqueous solutions, these hydrophobic groups aggregate through intra- and intermolecular asso-

ciations that increase the hydrodynamic volume of the polymer, which increases the viscosity of 

the polymer solution [36, 38]. The alkyl chain length and charge density determine the hydro-

phobicity of these polymers [39]. The presence of counter-ions in the aqueous media reduces the 

repulsion between charged groups within the polymer chain, which favors inter- and intrachain 

hydrophobic interactions [39, 40]. Benefits of HMPAM include salt tolerance and the enhance-

ment in solution viscosity in the presence of low-molecular-weight electrolytes because of the 

shielding of intramolecular Coulombic attractions rather than the intermolecular hydrophobic 
interactions [36]. The inter- and intramolecular hydrophobic interactions are dynamic and 

reversible. Therefore, under high shear rate, these associations are interrupted and the viscosity 

of the solution decreases, but as soon as the high mechanical shear is removed, the hydrophobic 

groups re-associate and the viscosity of the solution returns to its original value [36].

The goal of this exploratory research was to formulate a supramolecular polymer network 

with enhanced properties (i.e., viscoelasticity, mechanical stability, salt tolerance, and thermal 

stability), taking advantage of the synergistic combination of the beneficial properties of the 
individual polymers in the blend. The formation and characterization of the supramolecular 

polymer network was demonstrated through frequency (time) and temperature-dependent 

oscillatory rheology [4, 5]; the use of other analytical techniques for structural characteriza-

tion of the supramolecular system is beyond the scope of this work.

In this chapter, the formulation and characterization of the supramolecular self-assembled 

polymer network (SAP) is first described, and then the effect of ionic strength on the visco-

elastic behavior of the SAP is discussed. The next section describes the structural strength of 

the SAP through dynamic mechanical analysis (DMA), followed by the evaluation of the SAP 
thermal stability by dynamic mechanical thermo-analysis (DMTA). In the following section, 
the long-term thermal stability of the SAP prepared in brines having different ionic strengths 
is discussed. Finally, the performance of the SAP in displacing heavy oil employing conven-

tional sad-pack displacement tests at simulated oil reservoir conditions is presented.

2. Formulation of the self-assembled polymer network (SAP)

Several types of polymers commercially available were evaluated for the formulation of the 

SAP network with enhanced viscoelastic flow behavior. Xanthan gum (B), commercial food 
grade (Groupe Maison Cannelle Inc. (Richmond, QC, Canada)), a partly hydrolyzed poly-

acrylamide, HPAM, with a degree of hydrolysis ranging from 5 to 10 mol% and a molecular 
weight of approximately 5 × 106 daltons [41] (GelTech, Midland, TX, USA), and AP of low 
anionicity, low-molecular weight (8–12 million Dalton), and a high hydrophobic content 
[42–44] (SNF Floerger, Riceboro, GA, USA). Baseline polymers and polymer blends were ini-
tially prepared in brine solution of 2.1 wt% concentration (see Table 1). Polymer solutions 

Polymer Rheology98



were mixed using a magnetic stirrer under strong mixing conditions to prevent the formation 

of lumps (e.g., fish eyes) at room temperature. The viscoelastic behavior, DMA, and DTMA 
of the baseline polymers and SAP were characterized through oscillatory rheology at 25°C 
using a Bohlin Geminin HR Nano Rheometer manufactured by Malvern (Worcestershire, UK) 
equipped with a parallel-plate measuring geometry (gap: 1000 μm) and a solvent trap to pre-

vent drying effects during measurements. The amplitude sweep was performed in the strain 
range from 1 to 1000% at a fixed frequency of 1 rad/s, while the frequency sweep was run from 
0.01 to 100 rad/s at fixed strain within the linear viscoelastic (LVE) range as determined from 
the preceding amplitude sweep.

Figure 2 displays the frequency sweeps as the curve functions of the loss factor (tanδ), storage 

modulus (G’), loss modulus (G“), and complex viscosity (|η*|) for the baseline polymers B, 

HPAM, and AP at concentrations of 0.2, 0.2, and 0.1 wt%, respectively, prepared in 2.1 wt% brine.

The frequency sweeps (Figure 2) demonstrate that all polymers follow the characteristic 

shear-thinning flow behavior of polymers, thus viscosity decreases with increasing shear 
rate. At the same salinity (2.1 wt% brine), temperature, and angular frequency range, poly-

mer B at 0.2 wt% solution concentration shows a significantly higher viscoelasticity than the 
HPAM at 0.2 wt% solution and the AP at 0.1 wt% solution. The behavior of polymer B (i.e., 
xanthan gum) results from its molecular-ordered aggregation behavior in saline solutions.

Regarding the loss factor (tanδ), which is useful to describe the viscoelastic behavior of 

materials in the low shear range (ω ≤ 1 s−1) [12, 45]; Figure 2 shows that polymer B behaves 

different from the HPAM and AP polymer solutions. Polymer B exhibits a flow transition 
from a viscoelastic liquid behavior (tanδ > 1) to a viscoelastic weak-gel behavior (tanδ < 1) as 

angular frequency increases. At low angular frequencies (i.e., ω ≤ 1 rad/s), the polysaccharide 
molecules are entangled with neighboring macromolecules forming aggregates stabilized 

Salts Brine compositions (wt%)

2.1 4.2 8.4

NaCl 1.72 3.45 6.9

MgCl
2

0.04 0.09 0.18

CaCl
2

0.33 0.65 1.30

Na
2
SO4 0.01 0.02 0.04

Table 1. Brine compositions (wt%).

Figure 2. Frequency sweeps as curve functions of tanδ, G’, G’, and |η*|for baseline polymers prepared in 2.1 wt% brine.
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by hydrogen bonds and intermolecular associations through acetate residues [15] that resist 

flow and therefore viscous behavior dominates [13, 14, 17, 19, 45]. As the angular frequency 

increases,  progressive disentanglement of the macromolecules takes place aligning the mol-

ecules in the direction of shear and shear gradient, which offer less resistance to flow, and the 
viscoelastic flow behavior of polymer B solution transitions to an elastic-dominated state [11, 12, 

17, 20, 45, 46]. This flow behavior at rest and/or low shear is different from the typical flow 
behavior of common polymer solutions [15–17, 19, 29].

The polymer blends (PBs) and respective concentrations evaluated were as follows:

   PB#1  ̲    : B [0.2 wt%]  ↔ HPAM  [0.2 wt%] ―  PB#2 :  ̲    B  [0.2 wt%]  ↔ AP  [0.1 wt%]   

  PB#3 :   ̲   HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] ―  PB#4 :   ̲   B [0.2 wt%]  ↔ HPAM [0.2 wt%]  ↔ AP  [0.1 wt%] . 

All polymer blend solutions were homogeneous as such phase separation was not observed. 

The dynamic rheological properties of PB #1, #2, and #4 (Figure 3) suggest polymer interac-

tions with an enhanced viscoelasticity relative to the baseline polymers, except for PB # 3 
(HPAM [0.2 wt%]↔AP [0.1 wt%]) that resulted in far inferior viscoelasticity (data not shown) 
and was rejected. Besides, it seems that polymer B directs the interactions among the main- 

and side chains of the blended polymers because PB # 1, # 2, and # 4 assume the rheological 
behavior of the baseline polymer B (see Figures 2 and 3).

Polymer blend # 4 -B [0.2 wt%]↔HPAM [0.2 wt%]↔AP [0.1 wt%] showed the highest elastic-

ity and viscosity gain (Figure 3). At the angular frequency (ω) of 7.055 rad/s, the percentage 
increase in ΔG’ was 43%, ΔG” was 41%, and Δ|η*| was 42% relative to polymer B baseline. 
ΔG,’ ΔG”, and Δ|η*|increase by more than an order of magnitude relative to the baseline 

of the HPAM and AP polymers at the same ω = 7.055 rad/s. Furthermore, the low loss fac-

tor, tanδ < 1, with G’ > G” in the entire range of angular frequency; corresponds to a flow 

behavior that is characteristic of stable dispersions in the form of network-like structures 

built up through inter- and intramolecular interactions [3, 9, 45, 47–51]. Furthermore, the stor-

age modulus, G’, kept increasing at high angular frequencies, which “[verifies] the dynamic 
nature of the bonds within the network” [5]. This rheological behavior demonstrates that 

interchain self-association among the blended polymers forms a stronger polymer network of 

a larger hydrodynamic volume showing an enhanced solution viscosity. Figure 3 also shows 

that PB # 1 displays the second larger gain in G’, G”, and |η*|relative to their individual 

polymer constituents.

Figure 3. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for the polymer blends prepared in 2.1 wt% brine.
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Supramolecular systems can be formed via electrostatic interactions due to the high solubility 

of charged groups in water. Previous research has demonstrated that xanthan gum and HPAM 

form physical networks through ionic cross-linking using divalent cations (e.g., Ca2+) [2, 26]. 

More examples of network systems built up through electrostatic interactions are reported 

in Ref. [6]. Specifically, Ca2+ is an efficient binder for carboxylic acids that induce aggregation 
in aqueous polymer solutions through the formation of polyion/cation complexes. In these 
systems, “the focal point is the carboxylate moiety [that is an] excellent ligand” [52].

In this work, the anionic polymers were mixed in brine containing 3300 ppm of CaCl
2
 (see 

Table 1, brine 2.1 wt%). In this system, self-assembling is dominated by rapid cooperative 
electrostatic interactions in which the divalent cations, Ca2+, bridge the negative charges (i.e., 

carboxylic groups) in the polymer macromolecules causing complexation of a mixture of 

anionic polymers. In this case, the divalent cations act as the physical crosslink among the 

anionic polymer chains [6, 8]. The interpolymer associations driven by electrostatic interac-

tions decrease the intra- and interpolymer electrostatic repulsion promoting the intra- and 

intermolecular hydrophobic interactions (i.e., van der Waals interactions) among the hydro-

phobic segments of the macromolecules forming a stronger network structure [36]. Therefore, 

the screening of the charged groups by divalent cations reduces the steric hindrance among 

polymer chains and aids the interpolymer association via hydrogen bonding and hydropho-

bic interactions [53]. Hydrogen bonding among side chains (e.g., carboxylic acids and amide 

groups) of polymers B, HPAM, and AP takes place, as previously demonstrated between 

HPAM and xanthan gum side groups [35, 51]. In solution, supramolecular networks are com-

monly controlled by strong intra- and intermolecular hydrogen bonds. “The double hydro-

gen bonding of two or more amides can work in a cooperative manner to drive the formation 

of many ordered supramolecular architectures” [54].

Figure 4 displays the frequency sweep rheometry data that shows the effect of varying the 
concentration of polymer B in PB # 1 and # 4 from 0.1 to 0.3 wt%, while maintaining the 
concentrations of HPAM and AP fixed at 0.2 and 0.1 wt%, respectively.

Increasing the concentration of polymer B significantly increases the elasticity and viscosity 
of both blends. However, the largest gain in viscoelasticity is shown by PB # 4. The rheologi-
cal data suggest that increasing the concentration of polymer B encourages more intra- and 

interpolymer chain associations through cation bridging, hydrophobic interactions, and 

hydrogen bonding, which enhances the structural strength and viscosity of the SAP without 

compromising its solubility in brine solution [36]. Furthermore, PB # 4 exhibits the lowest 

Figure 4. Frequency sweeps as curve functions of tanδ, G’, G”, and |η*|for PB # 1 and PB # 4 in 2.1 wt% brine using 
different concentrations of polymer B in the blends.
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crossover point (G’ = G” and tanδ < 1 at ω = 0.1 rad/s), which indicates the formation of a more 
stable supramolecular system [4]. For this reason, PB # 4 was selected as the optimum SAP 
formulation. Hereafter, PB # 4 is designated as SAP, while PB # 1 is designated as the baseline 
system for comparison purposes.

On the basis of the results obtained from oscillatory rheology in this exploratory research, 

a hypothetical structure of the optimum supramolecular polymer network is proposed in 

Figure 5, which shows the plausible reversible interactions taking place during self-aggrega-

tion of the SAP network.

Forthcoming research will characterize the structure of the optimum SAP system in depth, 

employing several analytical techniques (i.e., 1H Nuclear Magnetic Resonance (1H-NMR), 

Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectrometry (FTIR), and 

Size Exclusion Chromatography, among others) to test the proposed hypothetical SAP structure 

shown in Figure 5. In the succeeding section, a qualitative characterization of the polymers 

and SAP morphologies was conducted through optical microscopy. However, a more compre-

hensive characterization of these systems is required. This information will be provided in the 

upcoming work, which is beyond the scope of this chapter.

The morphology of the baseline polymers samples and the optimum SAP was observed 

using a polarized light optical microscope (Olympus model GX41), equipped with an M 
Plan N 10×/0.25 ∞/-FN22n objective (Olympus), digital camera, and image analysis software 
(Lumenera model Infinity 2-2C). Figure 6(a) and (b) display the micrographs of the baseline 

polymers and SAP dissolved in distilled water and in brine (8.4 wt%), respectively. In these 
micrographs, Figures 1–4 correspond to polymers AP, B, HPAM, and SAP respectively.

Figure 5. Proposed hypothetical structure of the SAP network.
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In the photomicrographs presented in Figure 6(a) is possible to qualitatively observe the 

morphology of the different polymer systems despite light interference [55]. The micrograph 

of the AP polymer in distilled water (Figure 6(a1)) reveals well-separated ramifications of 
aggregated macromolecules or clusters as previously reported for hydrophobically modi-

fied polyacrylamides [6, 40], while polymer B (Figure 6(a2)), HPAM (Figure 6(a3)), and the 

SAP (Figure 6(a4)) display extended macromolecular configurations. The polymer blend in 
Figure 6(a4) exhibits a more dense, well-aligned, and extended configuration of polymer 
structures. This macromolecular configuration results from the reciprocal charge repulsion 
among the anionic polymers stretching out the chains, which occupy a larger hydrodynamic 

volume because, minimum interchain interactions take place in distilled water [13, 26].

Figure 6(b1)–(b4) demonstrate that in brine solution, the screening of the negative charges 

in the polymer chains causes the increase of intra- and interchain interactions among the 

anionic polymers. For instance, dense intra- and interchain hydrophobic interactions are vis-

ible for the associating polymer, AP, in Figure 6(b1), in the form of a dense network that was 

not observed in distilled water (Figure 6(a1)). Micrographs in Figure 6(b2) and (b3) display 

branch-like fractal structures for polymer B and HPAM, which agree with previous research 

[56]. The screening of the negative charges in the polymer side chains causes the coiling/fold-

ing of the polymer chains that decreases the hydrodynamic volume of the macromolecules 

and the viscosity of the polymer solutions [13, 26]. By contrast, Figure 6(b4) exposes a network 

of fully entangled macromolecules. This high-density thread-like net reveals a homogeneous 

web of intra- and interchain interactions among the anionic polymers.

3. Effect of ionic strength on the viscoelasticity of the SAP system

Three brine concentrations 2.1, 4.2, and 8.4 wt% (see Table 1) were employed to establish 

the effect of ionic strength on the viscoelasticity of the SAP system. Figure 7 presents the 

frequency sweep of the SAP and baseline solutions in different brine concentrations in terms 
of the curve functions of tanδ, G’, G”, and |η*|.

Figure 6. Polarized light micrographs of samples of baseline polymers and SAP system. (a) in distilled water and (b) in 

brine (8.4 wt%). Micrographs (1)–(4) correspond to polymers AP, B, HPAM, and the SAP system, respectively.
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Figure 7 demonstrates the significant effect of ionic strength on the SAP system. At the highest 
ionic strength (i.e., brine 8.4 wt%), the SAP system displays the highest elasticity and viscos-

ity. The curves in Figure 7 show G’ values that are markedly larger than G” at all frequen-

cies. A tanδ < 1 in the entire range of angular frequency is consistent with a gel (physical 

network)-like behavior [45]. Figure 7 also reveals a negligible effect of ionic strength on the 
viscoelasticity of the baseline or PB # 1, which consists of a mixture of 0.2 wt% polymer B and 

at 0.2 wt% of HPAM.

These rheological data indicate that the higher the ionic strength the higher the suppression of the 

electrostatic repulsion among polymer chains through cation bridging (i.e., Ca2+), which results 

in more and stronger intra- and specially interpolymer complexations and associations that rein-

force the polymer network and enhances the viscosity of the solution [36]. Previous research has 

also demonstrated that the addition of inorganic salts to interpolymer mixtures (e.g., anionic and 

nonionic polymers) in aqueous solutions deteriorates the thermodynamic quality of the solvent 

(e.g., water) with respect to the polymers, which promotes the strengthening of the interchain 

complexation through hydrophobic interactions and hydrogen bonding [57].

The main difference between the SAP system and the baseline shown in Figure 7 is that the 

SAP system contains 0.1 wt% of AP polymer (i.e., hydrophobically modified polymer); there-

fore, the addition of inorganic salts shelters the charged groups in the associating polymer 

side chains and uncovers the hydrophobic moieties, making these associating groups more 

accessible for intra- and interpolymer hydrophobic interactions [31, 36]. These observations 

agree with previous work [51].

These experimental findings indicate that the viscoelastic functionality of the SAP formula-

tion is improved as the ionic strength in the aqueous solution increases. This performance 

makes the SAP system suitable for EOR applications involving brines containing high salinity 

and hardness concentrations.

4. Dynamic mechanical analysis (DMA)

The structural strength of a material is usually determined through the reestablishment of 

the storage modulus, G’, of the disrupted network after the shear deformation driven by high 

shear rates has been lifted [5, 45]. In this study, the structural strength of the SAP system 

was established through thixotropic behavior analysis by applying an oscillatory rheologi-

cal test consisting of three steps, each one at constant dynamic mechanical conditions, as 

recommended in Ref. [45]. The first or reference step is carried out at low-shear conditions 

Figure 7. Curves of tanδ, G’, G”, and |η*| versus ω and brine concentration.
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(strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) within the LVE range. The G’-value at the end of the 

first step is taken as the reference value of G’-at-rest to be compared to the G’-value occurring 

at the end of the third step [45]. The second or high shear step is conducted at high shear condi-

tions (strain = 1000%, ω = 6.283 rad/s, time ≈ 480 s) outside the LVE range with the purpose of 
breaking the internal structure of the sample. The third or regeneration step is performed at the 

same shear conditions (strain = 20%, ω = 6.283 rad/s, time ≈ 960 s) of the first step within the 
LVE range to facilitate the regeneration of the sample’s structure. The percentage of structural 
regeneration is calculated by taking the G’-value at the end of the third step in relation to the 

reference value of G’-at-rest of the first step [45].

Figure 8 displays the curves of G’ and G” as a function of time [s], brine concentration (2.1 and 

8.4 wt%), and polymer systems for the reference step (step 1) and for the regeneration step (step 3).

Figure 8 shows that at low salinity (i.e., brine 2.1 wt%), the baseline displays a complete structural 
regeneration (i.e., thixotropic behavior), while the SAP system exhibits a 5% increase in the struc-

tural strength relative to the reference value of G’ obtained from step 1. The G’-values (empty 

square symbols) gathered during the regeneration step are consistently higher than the G’-values 

(solid square symbols) obtained during the reference step. Furthermore, Figure 8 indicates that 

the structural regeneration of both systems takes place immediately after the high shear step 

ends. The corresponding G”-curves for both systems show a similar behavior. The mechanical 

response for both systems is dominated by G’ (tanδ < 1) during the entire testing period, thus 

displaying a network-like character. The upsurge in the structural strength exhibited by the SAP 

network is due to the increase in the number and strength of noncovalent interchain associations 

that reconnect the polymer chains in the network very quickly, causing the rapid regain and 

enhancement of the mechanical structural strength and solution viscosity [3, 5, 36, 45].

At high brine concentration (i.e., 8.4 wt%), the baseline does not show complete structural 
regeneration (Figure 8). The G’-values obtained in step 3 are below the G’-values obtained in 

step 1 during the entire testing period. The decrease in the structural strength might be related 

to the weakening of the interchain noncovalent interactions for this system. On the contrary, 

the SAP system demonstrates full recovery after extension under load. The G’-values in step 3 
show an immediate 100% structural strength regeneration. Again, for the SAP system, G’ > G” 

showing network-like properties during the total testing period.

These results verify the reversibility of the interpolymer interactions of the SAP system 

involving the instant recovery of the noncovalent associations following shear thinning [58]. 

This demonstrates the self-healing advantage of supramolecular polymer networks due to the 

reversibility of the physical associations and high-chain mobility in water [3, 6, 58].

Figure 8. Thixotropic analysis: G’ and G” as a function of time.
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5. Dynamic mechanical thermo-analysis (DMTA)

Dynamic mechanical thermo-analysis was conducted by performing upwards temperature 
ramps from 282.5 (9°C) to 353.5 K (80°C) at a linear heating rate of 9 K/min and downwards 
temperature ramps from 353.5 (80°C) to 282.5 K (9°C) at a linear cooling rate of 7 K/min at 
a constant frequency (1 Hz) and % strain (20%) within the LVE range. Figure 9 displays the 

oscillatory upward and downward temperature sweeps showing the G’- and G”-curves of the 

baseline and SAP network at low- and high salinity.

The upward heating curves (Figure 9) show that for both systems (i.e., baseline and SAP 

network), the G’- and G”-values decrease as the temperature increases with the G’-values 

showing steeper curves. Similarly, the downward cooling curves show the reverse process; 

however, the G’- and G”-curves show hysteresis upon cooling. As temperature increases dur-

ing the heating process, the motion and friction between the polymer chains increase, produc-

ing frictional heat. A fraction of this frictional heat may heat up the sample and another part 

may be lost to the surrounding environment; therefore, these materials exhibit irreversible 

deformation behavior [45] due to heat transfer. Figure 9 also shows that hysteresis is less 

pronounced for both systems at higher salinities, which suggests the formation of supramo-

lecular networks that are more rigid, stronger, and more stable at elevated temperatures.

Figure 10 shows that the baseline system reaches the gel transition temperature (T
gel

) at approxi-

mately 334 K (60.5°C) for both brine salinities: 2.1 and 8.4 wt%. As temperature increases, the 
interchain interactions undergo faster rates of dissociation-association up to the vicinity of the 

gel transition temperature at which the rate of dissociation is much higher than the rate of 

association. At T
gel,

 disruption of the network takes place and the system transitions from a gel-

like flow behavior to a fluid-like flow behavior [9, 58]. Likewise, during the cooling process as 
temperature decreases, the rate of interchain dissociation-association decreases and chain inter-

actions get progressively stronger and the material becomes more elastic until G’ = G” at the 

crossover point, the flow gel-like behavior is regained and G’ > G” at lower temperatures [45].

The SAP system displays a different behavior as shown in Figure 10. In both brine salinities 

(2.1 and 8.4 wt%), the heating curves do not reach the gel transition temperatures. At low 
salinity, the cooling curve just reaches the crossover point (G’ = G” and tanδ = 1) at the highest 

testing temperature and then rapidly transitions to a viscoelastic gel behavior upon cooling. 

The SAP cooling curve at a high salinity never reaches the transition temperature (G’ = G”). 

These observations suggest that the SAP network exhibits more rigid and stronger polymer 

Figure 9. Temperature-dependent functions of G’ and G” of baseline and SAP network.
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chain interactions, which are capable of maintaining the stability of the supramolecular poly-

mer network and the behavior of a viscoelastic gel (G’ > G”) in the range of temperature 

evaluated. Therefore, the interchain associations are stable and network disruption was not 

observed in the temperature range from 282.5 (9°C) to 353.5 K (80°C) [45, 58].

6. Extended thermal stability

The extended thermal stability evaluation was performed at 90°C for a period of 8 weeks. 
Figure 11 displays the G’- and G”-curves versus angular frequency and time of the baseline 

and SAP system at low- and high-salinity brines.

The G’- and G”-curves (Figure 11) indicate that after the second week (Week # 2) of testing, 
the elasticity and viscosity of the baseline and the SAP network are significantly affected. At 
low-salinity brine (2.1 wt%), the baseline displays a more stable performance than the SAP 
network during the testing period; however, this behavior is reversed at high-salinity brine 

concentration (8.4 wt%), in which the SAP system is noticeably more stable, particularly at 
week # 8, than the baseline system. Furthermore, the direct observation of the samples reveals 

the onset of fine solid precipitation from week # 2 for both systems and brine concentrations. 
Some of the samples became turbid with testing time.

The thermal deterioration of the viscoelasticity of both systems as a function of time could 

be attributed in part to the autohydrolysis of the amide moieties (i.e., acrylamide groups) 
and hydrophobic functional groups forming additional acrylate moieties at elevated tempera-

tures (i.e., >85°C). These acrylate structures rapidly associate with divalent cations (i.e., Ca2+) 

causing the precipitation of polymer from the bulk of the solution, which becomes turbid. 

More detailed information on autohydrolysis of polymers at elevated temperature and ionic 

strength is provided elsewhere [43, 59]. Thermal degradation of the polymer samples can also 

be attributed to the induced breaking of the acrylic backbone trigger via free-radical reactions, 
which reduces the molecular weight of the polymer chains [59].

Figure 10. Temperature-dependent function of tanδ of the baseline and SAP system.
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Although this extended thermal stability evaluation demonstrates the significant effect of tem-

perature and time on the viscoelastic flow behavior of both systems, these results further con-

firm that the functionality of the SAP system is increased at higher ionic strengths due to the 
formation of stronger intra- and interpolymer associations that enhances its stability at 90°C.

7. Heavy oil recovery

The performance of the baseline and the SAP system as mobility control agents in displacing 

and mobilizing heavy oil was carried out through conventional sand-pack displacement tests. 

The heavy oil that was provided by Husky Energy Inc. (Calgary, AB, Canada) had an initial 

viscosity of 68,728 cP at 25°C that was adjusted to 3000 cP at 25°C by dilution with natural 
condensate (density: 0.9 g/ml) provided by Corridor Resources Inc. (McCully field, Sussex, 
NB, Canada). A Temco DCHH-series core holder (Temco Inc., Tulsa, OK, USA) was employed 
to perform the displacement tests. The core holder’s rubber sleeve was packed with sand 

(QUIKRETE® Premium Play Sand®, No. 1113, 100% quartz) of effective size: D10 = 180 μm and 
a uniformity coefficient: D60/D10 = 2.44 determined by sieve analysis (ASTM C136/C136M-14) 
[60] employing woven wire brass sieves (Endecotts Limited, London, UK). The packed sleeve 
was sealed using the floating distribution plug and inserted into the core holder body. An over-

burden pressure of 500 psi was applied by filling the annulus between the outer diameter of the 
sleeve and the inner diameter of the core holder body with distilled water. CFR-series transfer 

vessels (Temco Inc., Tulsa, OK, USA) were used to store heavy oil, brine, and polymer that were 
pumped to the sand pack by a Teledyne ISCO Syringe pump, model 100DX (Teledyne Isco Inc., 
Lincoln, NE, USA). Pressure gauges (Omega, Laval, QC, Canada) with an accuracy of 0.5% (FS) 
were installed in different sections of the sand-pack displacement setup (Figure 12).

Four displacement tests were carried out at 25°C. Two displacement tests evaluated the per-

formance of the baseline system and the other two tests the performance of the SAP network. 

The unconsolidated porous media were characterized by determining the pore volume (PV), 
porosity (ϕ), and permeability (k) following standard procedures described in Ref. [61]; at 

this stage, the sand packs were 100% saturated with brine (8.4 wt%). Table 2 summarizes the 

properties of each of the sand packs employed during the flooding tests.

The fluid injection sequence was carried out in four steps as follows. The first step was the 
injection of heavy oil into the brine-saturated porous media until no more brine was produced 

from the sand pack that corresponded to approximately two pore volumes (2PV), followed by 

Figure 11. G’- and G”-curves as a function of angular frequency and time.
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the second step of brine (8.4 wt%) injection to displace heavy oil (i.e., water flooding) until the 
production of oil stopped, which corresponded on average to the injection of 6 PVs of brine. The 
third step consisted of the injection of 1 PV of baseline and/or the SAP system as EOR mobility 
control agents to further displace and recover oil. The fourth and final step was the post-poly-

mer brine (8.4 wt%) injection as a chaser to displace the baseline polymer and/or the SAP system 
through the sand pack. On average, 6PV of post-polymer brine was injected. The average injec-

tion flow rate was 0.76 ml/min that corresponds to a linear velocity of 0.77 ft./day. During each 
injection step, the volume of fluid injected, the volume of fluid produced, injection time, and 
pressures at the inlet, at the sand-pack pressure ports, and outlet of the sand-pack holder were 

recorded. Material balance of each injection step was carried out to determine the sand-pack 

fluid saturation and oil recovery. More details on the experimental procedure employed during 
these routine sand-pack displacement tests are provided in Ref. [62].

The performance of the baseline and the SAP network as mobility control agents in porous 

media was analyzed by plotting the effective viscosity or resistance factor (RF) [63–68] of 

the polymer system during flow through porous media as a function of the volume of fluid 
injected expressed as a fraction of pore volume (PV), which was normalized for porosity and 
permeability to compare the displacement tests on the same reference. The capillary bundle 

parameter model was applied for data normalization [66, 69–71].

Figure 12. Experimental setup sand-pack displacement test.

Flooding test # Pore volume, PV (cm3) Porosity, φ (%) Permeability, k (mD)

Baseline # 1 208 29 10,049

Baseline # 2 206 29 8667

SAP # 1 204 29 8109

SAP # 2 187 26 4700

Table 2. Sand-pack properties.
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Polymer retention in porous media after the post-polymer brine injection was determined 

by the residual resistance factor, RRF [59, 62–65, 67, 68, 70–74]. RF and RRF are significant 
parameters because they provide reliable information on the propagation and effectiveness of 
polymeric systems as mobility control agents through porous media. Figure 13 displays the 

average RF and RRF as a function of the volume of fluid injected normalized for porosity and 
permeability of the baseline and the SAP system sand-pack displacement tests.

The RF curves reveal that the SAP system offers a higher end value of effective viscosity, RF 
(61%), during flow in porous media relative to the baseline. The SAP RF curve also shows a 
tendency to level off as a function of the volume of fluid injected, which indicates an appropri-
ate propagation of the SAP network through the unconsolidated porous media. Therefore, 

the SAP network displays a better performance as mobility control agent compared with the 
baseline system.

The RRF curves indicate a larger retention of the SAP system along the sand pack with an 

end RRF value that stabilizes at around 2.8, while the end RRF value induced by the baseline 

levels off at approximately 1.3. Therefore, the permeability of the unconsolidated sand packs 
was further reduced by the SAP system, which aids the displacement and mobilization of 

heavy oil by further reducing the relative permeability to water [70, 75].

Figure 14 shows cumulative oil recovery as the percentage of the original oil in place (OOIP) 

recovered, the ratio of the remaining oil saturation to the initial oil saturation (S
or

/S
oi
), and the 

water to oil ratio (WOR) as a function of the volume of fluid injected for the water-flooding 
stage, polymer-flooding stage, and post-polymer water-flooding stage. Water flooding as a 
secondary oil recovery process on average recovers between 20 and 30% of the original oil in 
place [76, 77], which agree with our results.

Polymer-flooding and the post-polymer water-flooding steps rendered an overall percent-
age of cumulative oil recovery of 41% for the baseline system and 51% for the SAP network. 
Therefore, the SAP system rendered a 10% higher incremental oil recovery relative to the 
baseline. In field applications of polymer flooding, an incremental oil recovery of 5% is con-

sidered successful [44].

Figure 13. RF and RRF versus volume of fluid injected.
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The superior performance of the SAP network in displacing heavy oil is attributed to an 
enhanced effective viscosity during flow in porous media, which generates a more stable dis-

placement front that increases the volumetric sweep efficiency accelerating the production of 
oil. Besides, both systems—the baseline and the SAP network—show to be very efficient in 
controlling WOR during the polymer-flooding stage. However, as soon as the post-polymer 
water flooding is initiated, the water to oil ratio, WOR, increases very rapidly, due to the uncon-

trollable channeling of brine toward the production end caused by viscous fingering [63].

8. Conclusions

A stable supramolecular system was formulated based on the self-assembling of xanthan gum, 

HPAM, and HMPAM driven by electrostatic interactions through divalent cation (i.e., Ca2+) 

bridges, which reduce the steric hindrance among anionic polymer chains promoting strong 

and stable intra- and interpolymer associations via hydrophobic interactions and hydrogen 

bonding. The viscoelastic functionality of the SAP system is enhanced in high ionic strength 

aqueous solutions. This performance makes the SAP system suitable for EOR applications 

involving brines containing high salinity and hardness concentrations.

The SAP system shows a high structural strength, mechanical stability, and self-healing capa-

bilities. The supramolecular polymer network exhibits instant recovery of the interpolymer 

noncovalent interactions and even the increase in structural strength following the lifting of 

high-shear conditions (i.e., severe shear thinning).

In the temperature range from 282.5 (9°C) to 353.5 K (80°C), the SAP network exhibits thermal 
stability. In this temperature range, the strong and stable intra- and interchain interactions 

maintain the integrity of the supramolecular polymer and its flow viscoelastic behavior. 
Likewise, the SAP system demonstrated an enhanced thermal stability after 8 weeks at 90°C 
in high-salinity brine (8.4 wt%) compared with the thermal performance of the baseline. This 
further confirms that the functionality of the SAP system is upgraded at higher ionic strengths 
due to the formation of stronger intra- and interpolymer associations.

The SAP system rendered a 10% higher incremental oil recovery relative to the baseline 
system. The superior performance of the SAP network in displacing heavy oil is attributed 
to better mobility control properties, to the generation of a stable displacement front, the 

Figure 14. Cumulative oil recovery, S
or

/S
oi
, and WOR versus volume of fluid injected.
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efficient and rapid control of the WOR, and an improved volumetric sweep efficiency that 
accelerates the production of oil. Overall, the SAP system is a straightforward formulation 

that offers several advantages relevant to EOR such as enhanced viscoelastic flow behavior, 
increased functionality in high ionic strength environments, stability to mechanical shear, and 

an improved thermal stability.
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