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Abstract

Research advancement in polymer flooding for Enédn®il Recovery (EOR) has been
growing over the last decade. This growth can bd tb increased funding towards the
development of superior polymers such as hydromadilgi associating polymers when oil
prices were high and increasing concern tleasy oil” has been exploited with the focus
now on“difficult to extract” oil. The use of hydrophobically associating polysnfor EOR
was discussed along with its limitations. In thistext, the improved rheological properties
of associating polymers cannot only be linked te tholecular structures arising from
different synthesis methods. Equally, external mpextgrs similar to conditions of oil
reservoirs affect the rheological properties ofsth@olymers. As such, this review placed
critical emphasis on the molecular architecturthefpolymer and the synthesis route and this
was linked to the observed rheological propertlesaddition, the influence of some key
oilfield parameters such as temperature, salirpty, and reservoir heterogeneity on the
rheological behaviour of hydrophobically associgtipolymers were reviewed. In this
respect, the various findings garnered in undedstgnthe correlation between polymer
rheological properties and oilfield parameters wergically reviewed. For associating
polymers, an understanding of the molecular archite (and hence the synthesis method) is
crucial for its successful design. However, thisstrioe theoretically linked to the preferred

EOR application requirements (based on oilfielchpaaters).

Keywords. Enhanced Oil Recovery; Polymer Flooding; AssactgtPolymers; Associative

Polymers; Hydrophobic Interactions; Oilfield Polyrse



1. Introduction

Global energy demand in the2dentury is heavily reliant on crude oil despite trecline in
discovery of oil reservoirs (Sabhapondit et al.020 Research into the use of alternative
sources of energy in place of that generated framdec oil is proven but yet to be fully
developed to meet the world’s burgeoning energylsiedence, the present energy demand
is met by a mix of traditional energy sources (fromde oil) and alternative energy sources
(such as wind or solar) (Wever et al., 201Basy to Extract Oilwhich mainly represents
oil recovered by conventional primary and secondagans is generally running out. It is
estimated that 7.0 x {bbarrels of Difficult to Extract Oil' will remain in matured fields
after conventional methods have been utilized (Wetveal., 2011; Wever et al., 2013; Li et
al., 2017). This amount of oil remaining represeims focus of various tertiary recovery
schemes for which Enhanced Oil Recovery (EOR) doms$ the umbrella (Silva et al.,
2018; Sharafi et al., 2018). With over a trillioarkels of oil estimated to remain globally,
multinational oil companies have increased theseaech and development investment over
the last decade. When oil prices were high, the E€#Rarches conducted by oil companies
were armed with huge budgets. This resulted in ifsigmt advances through the
developments of new chemicals in the form of hybHadpcally associating polymers,
surfactants, and gels (Taylor and Nasr El-Din, 1998/itt and Pope, 2008; Wever et al.,
2013; Al-Sabagh et al., 2016; Raffa et al., 201®&)ina remains the largest employer of
polymer flooding for EOR (Zhong et al., 2017). Thieengli and Daging fields in China were
effectively produced using polymer flooding (Baiadt, 2018). It was estimated in 2015 that
the cumulative oil reserve produced using polynh@oding in China was one billion tons
(1 x 10° tons) which is about 13 % of the Original Oil in Pla@OIP) (Liao et al., 2017; Bai
et al., 2018). Furthermore, polymer-flooding tedogy was applied in heavy oil recovery in

the Pelican Lake field in Alberta, Canada withagcosity in the range of 1000 — 2500 cp.



This represents a major breakthrough in heavy aidgction where thermal recovery
mechanisms have failed (Delamaide et al., 2013;etLial., 2018). Recently, Chevron
commenced polymer flooding at the Captain Fieltha North Sea. The offshore location of
the field required that the polymer was procurediqgaid emulsion (Beckham, 2018). The
key objective of using polymers is to increase wmrosity of the agueous phase after
secondary recovery scheme in matured oil reser¢abglin et al., 2012; Kamal et al., 2015;
Silva et al., 2018). This is achieved through inyeie microscopic sweep and displacement
efficiency (Sun et al., 2015; Akbulut and TemiZ&017; El-Hoshoudy et al., 2017; Li et al.,
2018). Polymers are classified as viscoelasticatune with shear thinning and thickening
behaviour in porous media (Yin et al., 2006; Zhaaal., 2008; Gong and Zhang, 2009;
Skauge, et al., 2018). A water-soluble polymer #hocharacteristically withstand the
inherent conditions associated with an oil reservdhis is particularly important as oil
reservoirs are mostly under high salinity, tempeetand divalent ion concentration
(Oruwori and Ikiensikimama, 2010; Wever et al., 20ai et al., 2013; Choi et al., 2014; Al-
Sabagh et al., 2016; Raffa et al., 2016; Das eR@l7; Sarsenbekuly et al., 2017; Bai et al.,
2018; Silva et al., 2018). Furthermore, the se&wcmew oil reserves has pushed the bounds
of the industry into deep offshore locations whare under extreme reservoir conditions.
Moreover, polymers employed should also be ableitbstand lengthy injection time and
shear. Beyond the identified oilfield parameterstmre application of polymer flooding
requires it to satisfy the requirements of offshplatforms (Zhou et al., 2008; Gao, 2011,
Kang et al., 2016). The lifespan of offshore platie is limited and this requires oilfield
operators to identify an effective and efficient E@cheme to extract oil (Zhou et al., 2008).
Therefore, application of polymer flooding is ofteonducted early in the development of an

oil reservoir (Wei et al., 2007; Zhou et al., 200&lamaide et al., 2013).



The field of polymer flooding still remains thougptovoking due to the broad variety of
polymers which have been developed and studiedaateanic and industrial level for over
two decades (Wever et al., 2011). Undeniably, hyldobically associating polymers remains
a fundamental paradigmatic polymer product developeer this period of time. Scientific
studies which have linked hydrophobically assos@gpolymers to chemical flooding have
focused on its sustained thickening ability undenditions including temperature, salinity
and ion concentration. This was explained by thermolecular association between the
polymer chains at a concentration above the critiggregation concentration (CAC) (Figure
1). The CAC of hydrophobically associating polymeen be described as the threshold
concentration that characterizes the behavior of tolymers. Below the CAC,
intramolecular interaction within the polymer chaimminates the rheology (Taylor and Nasr
El-Din, 1998; Yabin et al., 2001; Feng et al., 200& et al., 2010; Afolabi, 2015). This
theoretical understanding has paved the way fopttential application of hydrophobically
associating polymers for EOR operations. Howeves, common understanding has been a
subject of intellectual probing and discussion he tast decade. This is evident from the
numerous scientific publications on the subjecasgociating polymers over this period. The
last dedicated review article on hydrophobicallysagsating polymers for enhanced oil
recovery by Taylor and Nasr EI-Din (1998) has bessde obsolete by new discoveries
emanating especially from field trials. In 2005 dhyphobically associating polymers were
successfully tested for an EOR scheme in Bohai Bédyna. The incremental oil recovery
was recorded to be 25,00 mith water cut decreasing from 95 to 54 % (Wealet 2007;
Kamal et al.,, 2015). More recently, production fraime Perm field in Russia was
implemented using hydrophobically associating polylamide in 2013 (Patokina, 2015). In
2018, a binary system consisting of an associglgmer and surfactant was evaluated for a

flooding pilot scheme in Guan-109 faulted blockedervoir in Dagang, China (Guo et al.,



2018). The valuable findings from these field sialan form the basis of future research
targeted toward the full implementation of hydropically associating polymers. For
example, recent studies on the adsorption phenomessociated with hydrophobically
modified polymers have been attributed to sdmeor polymeric species’(Dupuis et al.,
2011; Seright et al., 2011). As such, new knowledgequired on the origin of these species
and how they can be effectively filtered from thdkopolymer. Consequently, this review

focuses on the following:

a) Developmental strides gained through the synthedisnew polymers such as
hydrophobically associating polymers and comparisbrits solution properties with
conventional polymers;

b) Explanation of the correlation between the solupooperties and the polymer molecular
structure;

c) The impact of oilfield parameters such as salitiéynperature, ion concentration, shear
and reservoir heterogeneity on thickening properisd hydrophobically associating

polymers.

2. Hydrophobically Associating Polymers

Conventional polymers such as polyacrylamide (PAMYrolyzed polyacrylamide (HPAM)
and Xanthan Gum employed for EOR operations haweimber of challenges associated
with them. PAM/HPAM polymers are susceptible toslo$ viscosity under extreme reservoir
conditions. On the other hand, while Xanthan Guny mvdghstand high salinity conditions,
its biodegradability has hampered its sustainedfarseOR operations. These strengths and
weaknesses are reflected in their field applicatias shown in Table 1. From Table 1,
Xanthan Gum and hydroxyethyl cellulose (HEC) shavod)field applicability under high
salinity conditions compared to HPAM/PAM. Above, dlie need to mitigate the challenges

associated with the use of PAM/HPAM and biodegréggiolymers for EOR purpose has
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necessitated increased research into chemicaladieeg of polyacrylamide (Taylor and Nasr
El-Din, 1998; Guo et al., 2012; Ye et al., 2013,e6h2016; Dai et al., 2017). An important
derivative is a hydrophobically associating polyéemide (HAPAM). The underlying goal
for these derivatives was to improve the thickergagability of polyacrylamides under harsh
reservoir conditions such as high temperature Isigimity (HTHS) (Wever et al., 2013;
Chen, 2016; Dai et al., 2017). The improved thickgrcapability of associative polymers
ensures that it has a higher mobility reduction garad to HPAM polymers. This high
mobility reduction by associative polymers transtato higher incremental oil recovery
compared to HPAM polymers. Recently, it has beeswshthat for viscoelastic polymers,
there is a transition from steady laminar flow tsteongly fluctuating flow consistent with
elastic turbulence (Clarke et al., 2015; Cui et 2016). The onset of this elastic turbulence
(or flow fluctuations) has been identified as theschmanism behind the additional
mobilization of trapped oil (capillary desaturatitmough destabilization of trapped oil). At
flow rate greater than the onset for shear thigkgnextensional viscosity cannot be taken as
the reason for additional oil recovery when theily number (Ca) is less than the
threshold Ca < 1). Thus, the degree of trapped oil mobilizatiom i&inction of the extent of
elastic turbulence generated. Therefore, the inenéah recovery of associating polymers
could be due to the additional effect of intermalac association (hydrophobic interaction)
on elastic turbulence for flow in porous media. dtory studies on HAPAM as shown in
Table 2 are numerous however, comparison with Tahkledicate limited field application.
More importantly, this comparison indicate thathwthe level of scientific research on
HAPAM, it would eventually replace HPAM for polymdiooding operations. These
associative polymers are synthesized or produceld thie incorporation of hydrophobic
comonomers along the polymer backbone. Accordingiygse hydrophobic monomers

contribute to the overall molecular weight of th@ymers. In addition, HAPAM polymers



are characterized by a CAC (see Figure 1). Theraduhrheological properties of HAPAM
is obvious above the CAC, which can be traced &ifitermolecular association between
polymer chains (Zhu et al., 2014; Cui et al., 20¥ever et al., 2011). However, these
interactions between polymer chains above the Ca\@ependent on the distribution of the
hydrophobic comonomers along the polymer chain.s&hdistributions can be random or
block-like and it is determined by the conditiorfstloe synthesis procedure (Wever et al.,
2011). As mentioned earlier, the method of synttiegi HAPAM polymers significantly
influences the hydrophobe distribution on the paynchain. The chemical synthesis of
polyacrylamide is via a free radical polymerizati(@iz et al., 2001; Qavi et al. 2014;
Rintoul, 2017; Yamamoto et al., 2017; Shatat anézNi2018). Notwithstanding, the
insoluble nature of the hydrophobic comonomer ledstd the chemical modification of the
synthesis route for HAPAM polymers (Zhang et ab1?2). Hence, the different methods
available for synthesizing HAPAM polymers includenimogeneous, heterogeneous and
micellar copolymerization (Taylor and Nasr EI-Di998; Wever et al., 2011). Each method
ensures the solubility of the hydrophobe with eithesurfactant or co-solvent as in the case
of micellar and homogenous copolymerization respelst However, the heterogeneous
copolymerization method does not use any additiveemsuring the dispersion of the
hydrophobic comonomer. The most widely used polyraéon technique for HAPAM is the
micellar copolymerization method in comparison witie other techniques (Candau et al.,
1994; Candau and Selb, 1999; Taylor and Nasr EJ-D#98; Wever et al., 2011; Chen,
2016). Significantly, the key advantage of this moet is that the produced polymer ends up
with a Dblock-like distribution of the hydrophobicomonomer on the polymer chain.
However, this is particularly dependent on the maddio of the surfactant employed to the
hydrophobic comonomer (Candau et al., 1994; Tagtad Nasr El-Din, 1998; Candau and

Selb, 1999; Wever et al.,, 2011; Kamal et al., 20¥)molar ratio involving a single



hydrophobic unit contained in a single micelle wbuhcrease the randomness of the
distribution of hydrophobe on the polymer chain. t@a other hand, where the number of
hydrophobe units contained in a particular micabBe greater than one, a block-like
distribution of the hydrophobe would be obtainedltedatively, while micellar
copolymerization uses a surfactant in solubilizihg hydrophobe, another modification to
the process involves the use of a polymerizablastant (Wever et al., 2011). The use of a
polymerizable surfactant ensures that the puriogprocess of the final polymer product for
removal of surfactants may not be required. Needetts, the challenge with this approach
lies in the identification of the desired polymaitite surfactant (Wever et al., 2011). Other
parameters which affect the synthesis of HAPAM pwys via micellar copolymerization
include type of initiator, temperature, type anchteot of surfactant and the molar ratio of
monomers (Candau et al., 1994; Taylor and Nasrif&]-I¥98; Wever et al., 2011; Kamal et
al., 2015). Another synthesis approach to HAPAMypwrs involves the technique of
template copolymerization (Yan and Row, 2006; Hadal.,, 2014; Feng et al2017;
Szymaski et al., 2018). A template predefines the mdeecconfiguration of the associating
polymer, which ensures that the block-like disttiba of the hydrophobe constituents is well
ordered. The consequence of this is that the bbadckydrophobe content on the polymer
chain can be extensive. The thickening capabilftyvater-soluble polymers relates to its
hydrodynamic volume in aqueous solution (Deen 2@tin, 2016; Feng et al., 2017). For
PAM/HPAM polymers, this is dependent on electrostaepulsion between charged
carboxylate groups along the chain (Abidin et2012; Choi et al., 2015; Gong et al., 2017).
In the case of HAPAM, this can be achieved usingtteion monomers, which have
negative and positive charges. The thickening tghgi controlled by external parameters on
the polymers such as ionic strength and pH (Nesramd Djamel, 2017). However, polymers

for EOR applications would require that the thiakgnability of the polymers is independent



of/or can tolerate these conditions. Therefore,ifgHAPAM polymers with charge
distribution along the polymer chain would ensuomtml over the rheology in agueous
solution (Wever et al., 2011). In addition, theazsative behavior of HAPAM polymers can
be increased by the amount of hydrophobe (hydraphgpbpresent in the polymer chain.
Whereas, when the hydrophobe length on the polym&in becomes too long, the solubility
of the polymer is affected and this may result alymer dissolution challenges for field
application. Consequently, there is a need for atimum hydrophobe content when
synthesizing HAPAM polymers. The determination &iist optimum concentration of
hydrophobic comonomer required has not been a cgubljeextensive research. However, the
synthesis of associating polymers for EOR applicatvould require the knowledge of the
predefined conditions of oil reservoirs. This igpontant as an excess amount of hydrophobe
content may have far-reaching implications when sb&ibility of HAPAM polymers is
considered. In like manner, the thickening propsrof HAPAM polymers can be influenced
by the introduction of water-soluble chemical spage the molecular configuration (Li-Bin
et al.,, 2010; Wever et al.,, 2011). The chemicalcema are there to link the hydrophilic
backbone of the polymer to the hydrophobic groupBib et al. (2010) investigated the
effect of ethylene oxide spacer length on the smwiutproperties of watesoluble
hydrophobically associating poly (acrylic acid-c6fEG Macromonomer) containing
fluorocarbon. From the rheological study carried;, ailne authors discovered that the
hydrophobic association increased with ethylen@®@sipacer length. This, in turn, influences
the thickening performance of the polymer with mikar result on the effect of spacer length
reported by Noda et al. (2001). Characterizatiothef hydrophobic interactions have been
investigated extensively using pyrene, which is @bp employed for fluorescence
spectroscopy (Prazeres et al., 2001; Tang et@3;2Pandey et al. 2003; Bains et al., 2011;

Mei et al., 2016). The low solubility of pyrene water and its unique emission spectrum
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makes it the preferred choice in the study of hgtabic interactions in molecules (Siu and
Duhamel, 2008; Jordan and Gibb, 2015). The flu@ese spectroscopy studies on
hydrophobically associating polymers using pyreageehshown that there are three distinct
flow regimes characterizing such polymers (Gong Zhdng, 2009; Duhamel, 2012). At
polymer concentration below the CAC, the assoaainteractions are more intramolecular
in nature. It has been discovered that the onshydfophobic association between polymer
chains occurs at concentration values closer toQR€ (Taylor and Nasr EIl-Din, 1998).
Using fluorescence spectroscopy, this is manifested shift in the emission spectrum
associated with the solubilization of pyrene by ropdhobic clusters. Between this onset
concentration value and the CAC, there exists sdomm of hydrophobic interactive
influence but its dominant effect is minimal. Altgh CAC is regarded as the start of
associative characteristics in hydrophobically esgmg polymers, the proper
characterization of the onset concentration valuentroned earlier may change this
knowledge. Furthermore, the minimal hydrophobistdus may not solubilize pyrene enough
for a unique emission spectrum to be detected. dhset concentration value differs from
the CAC based on the extent of hydrophobic assoniaind may be classified as a transition
period. At polymer concentrations above the CA@reahtends to be an extensive network of
intermolecular association between polymer chaimgch leads to an increase in the polymer
viscosity. This is captured in fluorescence specipy by a characteristic emission
spectrum, which is not the case at the onset coratem value. Table 3 presents some of the
comonomers usually employed in modifying the rhgglof both acrylamide-based polymers
and other types of polymers made from the differaohomeric units. Additionally, these
comonomers ensure that the modified polymer istasi to conditions, which may initiate
chemical and mechanical degradation. Moreover etiemmonomers ensure that the modified

polymer maintains a substantial part of its hydrayic volume, hence its viscosity, under
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the conditions obtainable in an oil reservoir (Kéned al., 2015; Das et al.,, 2017,
Sarsenbekuly et al., 2017; Bai et al., 2018; S#taal., 2018).Characterization of the
molecular architecture of HAPAM polymers have bemnducted using infrared (IR)
spectroscopy and nuclear magnetic resonance (NM&tm (Lai et al., 2013). This allow
determination of the chemical bonding arising fritv@ presence of certain functional groups.
The use of FTIR alone cannot give a complete desen of the molecular structure of a
polymer, hence it is used along with NMR for a ctetg characterization of the molecular
configuration. This was the case when Quan et28l19) characterized a hydrophobically
associating polymers which was abbreviated as HPAAKE polymer was synthesized from
acrylamide (AM), allyl polyethylene-1000 (APEG), tadecyl dimethyl allyl ammonium
chloride (DMDAAC-18) and sodium styrene sulfona®Sg) using FTIR andH-NMR
spectroscopy. Figure 2 shows the FTIR spectrumhef dynthesized polymer with the
absorption bands at 1715 ¢nand 3448 cm corresponding to C=0O and N-H stretching
vibrations of the amide groups. The peaks at 778 ant 1414 cr corresponds to benzene
ring and S=0O which confirms the presence of SS$thEumore, the peak at 1128 cm-1
shows C-O-C stretching vibrations which confirme #xistence of APEG in the associative
polymer HPAAT. The peaks at 2920 ¢mand 2855 cil indicates the existence of
hydrocarbon groups —GHand —CH- in the polymer. The result of the characterizastudy
using FTIR was consistent with molecular desigacttre of the polymer as shown in Figure
3. Equally important is théH-NMR analysis of the HPAAT polymer carried out tye
authors. The analysis indicate a shift of the hgdrospectrum of the associative polymer in
the following manner: 1.09(m, —-CH3), 1.25-1.36+¢;H2)15-), 1.62 (r, |, g, -CHCH-C-
O-NH,, -CH—-CH-CH—, -CH—CH-C), 1.71 (q, -N-CHCH,-), 2.14 (n, b, -CH-CHO-

, —CH—CH~N), 2.26 (s, -CH-C—O-NH2), 3.22 (z, X, -n—SHCH~N-), 3.30 (j, -N-CH),

3.63 (k, -CH-O—, —CH-CH,~0O-), 7.21 (t, —Nk), 7.67 (h, -CH—CH-C). Similarly, EI-
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Hoshoudy et al. (2015) used FTIR¥C-NMR, 'H-NMR, scanning electron microscope
(SEM), thermogravimetric analysis (TGA) and highsalition transmission electron
microscope (HRTEM) to characterize a HAPAM polyméhcrylamide-4-Dodecyl-
benzenesulfonate-1-vinylimidazol-3-ium-Divinyl soiffe). Using a similar approach to Quan
et al. (2019), the authors used the FTIR ##dNMR spectra to propose a chemical structure
for the associative polymer. Similarly, the SEM geaof the studied HAPAM polymer
indicated a 3-dimensional structure arising frotnarand intermolecular association between
polymer chains. The authors concluded that the pwsas structure of the polymer surface
from the SEM analysis can be attributed to theteflysity of the polymer due to the polar
amide group which ensures a secondary attractioe farises from hydrogen bonding. This
was also the case for studies carried out on tgtiess polyacrylamide based hydrophobically
associating polymers (El-Hoshoudy et al., 2017)wkler, Sheng (2011) reported that the 3-
dimensional structural network formed by hydropleably associative polymers occurs due
to a combination of strong electrostatic force, hogeén bonding and van der Waals forces.
Other forms of associating polymers based on ethtey urethane (EUR),
hydroxyethylcellulose (HEC) derivatives and alkaWellable emulsion (ASE) have been
described in literature (Tam et al. 1998; Xu etl@96; Kastner et al. 1996; Ihara et al. 2004;
Kawakami et al. 2006; Zhao and Chen, 2007; Kjomkse al. 2008; Wever et al. 2011).
Some of these polymers were produced because afaefmand for eco-friendly materials.
Associating polymers based on EUR are classifieteixhelic associative polymers with
enhanced rheological features even at low condemirand molecular weight. Moreover,
these unique characteristics have made hydropHbbmadified EUR polymers the focus of
research for various commercial applications (Westerl. 2011; Wang et al. 2016). The
synthesis of hydrophobically modified EUR polymeesults in a hydrophilic polyethylene

glycol (PEG) main chain with hydrophobic groupsaelted to the polymer chain through the
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urethane functional group (Barmar et al. 2010; Watgal. 2016). Additionally, the
associative behavior in these polymers occursvattincentration values of CAC. Above the
CAC, the molecular arrangement of these polymeiguneous solution ranges from flower-
like micelles with micellar cores of hydrophobesflomwer-loops of the hydrophilic main
chain. Moreover, there is a critical percolatiomoentration aside the CAC where polymer
viscosity increases. This arises from the formatodna network of micelles containing
hydrophobes connecting together (Wang et al. 2046yvever, the use of hydrophobically
modified EUR polymers for polymer flooding is natdwn despite its enhanced rheological
attributes. Similarly, hydrophobically modified ASiolymers made up of three components
mainly methacrylic acid, ethyl acrylate, and a loydobic group is insoluble under low pH
conditions. Therefore, its solubility under high pténditions would be beneficial for
polymer flooding in high salinity oil reservoirs. vérall, the use of hydrophobically
associating EUR, HEC, and ASE for enhanced oilvenois not well known. Currently, the
domain on polymer research is focussed towardsapipdication of HAPAM polymers for
EOR operations. As a result, the remainder of ttf@siew would be focussed on

hydrophobically associating polyacrylamide.

3. Effect of Reservoir Conditions on Hydrophobically Associating Polymers

As mentioned before, the rheological behavior of drbphobically associating

polyacrylamide is governed by CAC. The hydrophdiimcks on the polymer chain confer
on it its unique solution properties. AccordingBt low polymer concentrations, which
represents the dilute region, the viscosity ofgb/mer is low (as well as its hydrodynamic
volume). Here, intramolecular association dominakes rheological behavior. In contrast,
high polymer concentration above the CAC (semitdiltegion) would bring about a sharp
increase in polymer hydrodynamic volume due to ititermolecular association between

polymer chains. Consequently, the viscosity of HMPK increased and application of these

14



polymers would require that their solution propestarising from hydrophobic interactions

withstand the conditions inherent in an oil resatvo

3.1. Effect of Salinity and Hardness

Ordinarily, increasing concentration of salts andakknt ions causes a reduction in the
viscosity of HPAM due to the screening effect of tations present in solution. However,
the rheological behavior of HAPAM polymers undecrgasing salinity and divalent ion
concentration often exhibits different trends defieg on a number of factors such as the
type of hydrophobe, the molecular structure of tHAPAM polymer and polymer
concentration (Jincheng et al. 2018). Deng et a014) conducted the synthesis of
acrylamide based associating polymer using soditamr@amido-2-methylpropanesulfonic
sulfonate as the hydrophobic comonomer. The visco$ia 1 wt.% solution of the prepared
HAPAM polymer decreased with increasing NaCl comiion (up to 0.2 wt.% NaCl) under
various shear rates. Between 0.2 and 0.4 wt.% NH€@, viscosity of the associating
polyacrylamide solution increased. Likewise, Quamle (2016), El-Hoshoudy et al. (2017)
and Sarsenbekuly et al. (2017) reported similardsewith HAPAM polymers in solutions
containing monovalent and divalent ionAccording to El-Hoshoudy et al. (2017),
acrylamide based poly (4-dodecyl-benzenesulfonde{Butane-2-sulfonyl)-3-carbamoyl-1-
methyl-heptyl] imidazol-3-ium) showed an initial @ease in polymer viscosity with NaCl
concentration after which the viscosity increasath wncreasing NaCl concentration. The
same effect was also reported for HAPAM polymegoreed by Sarsenbekuly et al. (2017)
and Quan et al. (2016). This phenomenon assocratedHAPAM polymers was attributed

to:

a) Screening/Shielding EffecThe presence of cations in salts reduce thersedbuble
layer and hydration layer thereby reducing the tedstatic repulsion between charged
groups on the polymer chain (Quan et al. 2016; &ftdudy et al. 2017; Sarsenbekuly et

15



al. 2017). In effect, chain contraction is expetishand a reduction in the hydrodynamic
volume of the polymer in solution. This initial ettt was responsible for the reduction of
the polymer viscosity.

b) Hydrophobic Associative EffecA further increase in the concentration of said a
divalent ions would ensure contact of the hydrophgboups on the polymer chain. The
effect of this was the formation of aggregates offymer chains (El-Hoshoudy et al.
2017). The impact of this aggregation of polymeainh was that it nullifies the initial
screening effect, which brought about the reductiothe hydrodynamic volume of the
polymer through a contraction. As a result, theypar is stretched and its hydrodynamic
volume was increased.

The various polymer solutions containing salts dbed above can simply be prepared by
dissolving the polymer in an appropriate amount saft/divalent ion solution. Other
approaches include adding a sufficient quantitysalt to an already prepared polymer
solution or adding salt water to the polymer solutiNevertheless, the approach used in
preparing HAPAM polymers both in aqueous and bsakitions has been demonstrated to
affect the rheological behavior of the HAPAM polym&Maia et al. 2005; Wever et al.

2011). Maia et al. (2005) synthesized an acrylamNdé&dihexylacrylamide copolymer and

evaluated its rheological behavior under monoval@:t™) ion concentration. The three

procedures mentioned earlier were applied by thboas in evaluating how the mode of
contact of HAPAM polymers wititNa* ions affects its rheology. The copolymer exhibited
different tolerances tda* ions. Firstly, with the copolymer dissolved intssblution, the
viscosity of the polymer solution decreased withréasing NaCl concentration. This was
ascribed to the screening effect of the cationthercharged moieties present on the polymer
chain. Secondly, when salt powder was added toctimolymer solution, the viscosity

increased up to a maximum after which there walaation. The authors in explaining why
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the viscosity passed through a maximum identifieel presence of surfactant in solution.
Thirdly, when salt water or brine solution was atitie the polymer solution, the viscosity of
the polymer increased with increasing salinity. Boa¢hors attributed this third phenomenon
to “Easiness of Interactidrwhen salt and polymer exist already in solutionkjch leads to
the formation of a network of polymer chains. Adbagh et al. (2016) evaluated the effect of
divalent ions Ca*) at 30°C and shear rate of6* on HAPAM polymers with different type
and quantities of hyrophobic monomers. A generaeokation was that the associative
effects of the polymers (or cation resistance) @aly be maitained at low concentrations of
divalent ions compared to monovalent ions. This s case irrespective of the type of
hydrophobic content of the polymer. This can beadirgd in terms of the strong sheilding
effect of divalent ions compared to monovalent ioksdes the findings of the authors, there
is limited understanding of this phenomenon assediaith HAPAM polymers. In addition
to the method of preparation, the concentrationimmeg (dilute or semi-dilute) of
hydrophobically associating polymers plays a ral@és salt tolerance (Kamal et al. 2015). In
general, the salt-thickening ability of associatipglymers in brine solutions can be
maintained up to a particular concentration of mahent or divalent ion depending on the
type of hydrophobic comonomer employed (Wyatt eR@lL1; Chen et al., 2012; Zhong et al.
2014; Kamal et al. 2015). However, beyond this salbcentration value, the polymer
viscosity thins out with increasing salinity in tpeesence of monovalent and divalent ions.
The ensuing effect sometimes is the precipitatibrHAPAM polymers out of solutions
(salting-out effect) and this can impact on theypwr concentration required. With polymer
concentration often limited in high permeable resegs, improving the salt-thickening
capability of hydrophobically associating polyaenylide had resorted to cross-linking of the
polymer chains (Zhong et al. 2014). The essenaeasfs-linking of HAPAM polymer chains

is to:
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a) Offset the effect of having a long hydrophobic graan the polymer backbone which
might minimize its solubility in solution.

b) Decrease the volume available per molecule witmagessarily increasing the polymer
concentration.

c) Ensure that salt-thickening capability of HAPAM ywlers is enhanced (over a wide
range of salinity) within a predetermined polyme&mncentration value in permeable
formations.

The molecular conformation of the cross-linked pwdy enables it to have an expanded

configuration compared to linear associative polggneithout side chains. This ensures the

average diameter of the polymer aggregates is higimeler monovalent or divalent
conditions. Therefore, the salt-thickening capabitif the associative polymer is increased
when cross-linked. However, the resulting molecularght of cross-linked polymers may be
too high as control over the degree of crosslinktag be difficult to maintain. This may
subsequently cause formation damage in sectiorsl okservoirs with low permeability.

With applied polymer concentration in most permeafoirmations constrained in order to

ensure salt tolerance, a proper understanding o€ @Ader aqueous and high salinity

conditions is required (Zhong et al. 2014). Than#gl effect on the CAC of the some

polymers from the work of Rashidi et al. (2010) presented in Table 4. As seen from the
table, the CAC of the polymers were observed toemse with the degree of salinity. The
increment in CAC can be ascribed to an increaseharge density on the polymer chain
which decreases polymer hydrodynamic volume. Afisadcigher threshold value of CAC

would be required for a meaningful hydrophobic asdove effect to take place. To express
this, a mathematical relationship by Hayahara aaklad® (1968) can be used as shown in

Equation (1):

M,
Vin = N, (1)
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WhereV,, is the volume available per polymer cha¥, is the molecular weight of polymer,
C. is the CAC of the polymer and, is the Avogadro’s number. An increase in the CAC,
(denoted byC.), would bring about a decrease in the volume alsbel per polymer chaitv,,
and vice versa. WheM,,, is reduced polymer chains come together and thizopiobic
associative effect is enhanced. This incrementatebf salinity on CAC was also validated
by the work of Saeed et al. (2017). However, thelication of this on EOR operations

would mean:

a) High polymer concentration would be needed, if almdve the limit for EOR operations,
and this could be detrimental to the economic#efflooding process;

b) Polymer injectivity would be affected and this isen constrained by formation fracture
pressure.

Ultimately, a salt-tolerant HAPAM polymer is one ede thickening properties are enhanced

under increasing salinity. However, the choice opaticular HAPAM for high salinity

condition depends on a number of factors inherenibath the polymer architecture (and

hence its synthesis method) and reservoir. As ghehapplicability of associating polymers

for EOR operations would essentially be specifithereservoir conditions.

3.2. Effect of Temperature

Thermal effects on the rheological properties of R polymers have been reported
widely in the literature (Taylor and Nasr EI-Dirf98; Hourdet et al., 2005; Al-Sabagh et al.,
2016; Dai et al., 2017; Bai et al., 2018). Variod®\PAM polymers with different
hydrophobic moieties on the polymer backbone hasenkreported with diverse response
under varied temperature conditions. However, #rmaperature dependence of HAPAM
polymers is affected by the concentration regimiut@ and semi-dilute regime). When
polymer concentration is less than the CAC of tiPKAM polymer, there is a decrease in
polymer viscosity with increasing temperature. Yatgal. (2015) demonstrated this using
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synthesized hydrophobically associating cationidflperinated polyacrylamide (HACFP).
The polymer viscosity at a concentration of 0.24v{< CAC value of 0.24 wt.%) decreased
with temperature over the range of 20 —°85 The authors attributed this phenomenon to
weak intermolecular associative effect between dpldobic groups in the dilute
concentration regime (C < CAC, where C is polymaraentration). Besides the explanation
offered by the authors, this could also be attebuio the intramolecular associative effect
being an endothermic process under this concemtratigime. Polymer chains would coil up
under these conditions thereby reducing the hydrachyc volume and hence the viscosity of
the polymer solution. With further increase in targiure, the thermal induced motion of
water molecules and the polymer chains would furgteengthen the hydrodynamic volume
reduction through clustering of coiled polymer cisahence further reducing the polymer
viscosity. A similar phenomenon was reported for R modified with 2-
phenoxylethylacrylate by Dai et al. (2008) at aypmér concentration less than the CAC. A
consensus in the literature on the thermal behafi6tAPAM polymers is that the viscosity
of the polymers increase with temperature up taa&imum after which there is a decrease in
viscosity with a further increase in temperatunectba trend is obtainable when the polymer
concentration exceeds the CAC i.e. semi-dilute entration regime. El-Hoshoudy et al.
(2017) revealed this fact with synthesized acrytlmibased poly (4-dodecyl-
benzenesulfonate-3-[5-(butane-2-sulfonyl)-3-carbgrmemethyl-heptyl]  imidazol-3-ium)
through evaluation of its thermal resistance betw2® and 100C at a concentration of 2
g/L and a shear rate of 7.34 /s. The viscosityhef HAPAM polymer increased up to a
maximum at 50C after which there was a decrease in viscosityoup00°C. This can be
explained by the endothermic driven process of ¢ykobic intermolecular association
between polymer chains in solution. This leads netavork/micro-domain of polymer chains

with an increase in hydrodynamic volume with regatd polymer viscosity. When the
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temperature exceeds the %D mark, thermal induced motion of the water molesukould
weaken the super-aggregate structure formed byhykeophobic interactions between the
polymer chains thereby weakening the intermolecaksociation between the chains. The
outcome of this is a reduction in polymer viscosiiyh increasing temperature. Equally, Lai
et al. (2013), Zou et al. (2013) and Sun et al1§0eported a similar trend for synthesized
HAPAM polymers poly (AM-NaAA-DNDA), cyclodextrin foctionalized associating
acrylamide, and poly (AM-AMGS-DPP) respectively. The maximum viscosity for the
HAPAM polymers was obtained at 4 [for poly (AM-NaAA-DNDA)], 80 °C [for
cyclodextrin functionalized associating acrylamigelymer] and 35°C [for poly (AM-
AMC 1,S-DPP)]. Additionally, Gou et al. (2015) reportedximum viscosity at temperatures
of 35 and 42°C respectively for poly (AM-AA-NDS-NIMA) and polyAM-AA-NIMA).
Therefore, the type, amount and molecular commsitf the hydrophobic comonomers
employed in the synthesis of HAPAM polymers playoke in its temperature tolerance.
Table 5 shows the maximum temperature tolerans®wie HAPAM polymers in the semi-
dilute concentration regime. The copolymerizatidnaorylamide with these hydrophobic
comonomers is partly aimed at improving its tempegatolerance. However, some of the
HAPAM arising from the copolymerization process mayt achieve high polymerization
activity and as a result experience low intringeresity and molecular weight (Zhong et al.,
2014; Li et al., 2017). The implication of thistlsat the maximum temperature tolerance of
some of these polymers may vary as indicated inelabAs such, thermo-thinning defects
tend to set in beyond temperature values for maximiscosity. Furthermore, the molar ratio
of hydrophobic comonomers employed in the copolymaépn process is in the range of 10
— 30 % (Li et al., 2017). While an increment wotrtgprove the performance of the polymer,
it may create additional cost for production. Terapgre effect on the CAC of HAPAM is

limited and not widely reported. Nevertheless, they have a significant impact, in the same
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manner, as earlier reported for salinity effecttHBshoudy et al. (2017) reported the
temperature tolerance of synthesized acrylamidedasly (4-dodecyl-benzenesulfonate-3-
[5-(butane-2-sulfonyl)-3-carbamoyl-1-methyl-heptyljimidazol-3-ium) at the critical
aggregation concentration. However, there was ported indication of its effect on the
CAC of the polymer. A general understanding of &ffect could be linked to the description
given by Hourdet et al. (2005). The dynamics ofdksociative network formed by HAPAM
polymers is tied to the strength of the hydrophabteractions (as measured as the binding
energy/energy barrier) between polymer chains. Atingly, the Andrade’s equation
(Equation 2) can be applied to hydrophobically asgmg polymers, where the activation

energy can be closely compared to the energy barrie
Ea
n= Be(ﬁ) (2

Wheren is the polymer viscosity, is the activation energy (kJ/moB,andk are constants,
T is the temperature in kelvin. The relationshipwestn the CAC of associating polymers

and the intrinsic viscosity is represented in Emume(3):

« 1
¢ = [n] @)

Where the CAC i€* and the intrinsic viscosity of the polymer soluti¢n] is represented in

Equation (4) whergs is the viscosity of the solvent:

] = lime_o (=) (4)

From the expressions in Equations (2) to (4), theadics of the hydrophobic association
between polymer chains is dependent on temperatndethe degree of hydrophobicity
(which is described by the activation energy). Appéy, the outcome can be described in

two ways:
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a) For a given degree of hydrophobicity, an increaséemperature would bring about a
reduction in polymer viscosity), likewise the intrinsic viscosityn]. This would imply
an increase in the critical aggregation concemimat*. What this simply means is that a
higher polymer concentration would be required ustain the associative effect of the
hydrophobic groups present in the polymer backbone.

b) Where the degree of hydrophobicity is increased,ehergy barrier/activation energy is
intensified likewise the intrinsic viscosity. Ascy the critical aggregation concentration
would decrease. However, polymers with a high degoé hydrophobicity would
experience a larger drop in viscosity with tempaet

While these are plausible theoretical explanatibmsthermal effects on the CAC of

associating polymers, further research into thésadrwould be beneficial where polymer

injectivity is paramount. As previously stated, E@Rolving the use of polymers requires
concentration values set to a particular limit ldase the economics of the project. In
improving the thermal resistance of hydrophobicasociating polymers, grafting of the

copolymers with a temperature responsive side dhae been reported (Barker et al., 2003;

Hourdet et al., 2005; Brassinne et al., 2014, Lteal.e 2015; Victor et al., 2016; Li et al.,

2017). Such'smart polymers”are characterized by a critical association teatpee (CAT)

above which polymers self-assemble into hydrophohicrodomains (Hourdet et al., 2005;

Li et al.,, 2017). In other words, there is a chamgecharacter from hydrophilicity to

hydrophobicity (Li et al., 2017). This CAT is dat@ned by the critical solution temperature

of the graft monomer employedl-isopropylacrylamide (NIPA) is a commonly employed
monomer in preparing thermos-responsive polymedsitais characterized by a low critical
solution temperature (LCST) (Oh et al., 2013; Zhand Hoogenboom, 2015; Victor et al.,

2016; Badi, 2017; Santis et al., 2017). The LCSfrasents the temperature value below

which components of a mixture are miscible. In &ddj some monomers are characterized
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by an upper critical solution temperature (UCSTQwabwhich components in the mixture are
miscible in all proportions (Badi, 2017; Niskanemal enhu, 2017). The smart tuning of the
viscosity of these polymers ensures that they gpliable in high-temperature oil
reservoirs. However, the critical solution temperatvalues of the grafted polymers are
dependent on the degree of polymerization, bragchimd polydispersity. As such, some
HAPAM molecules grafted with thermos-responsive ooomer may still exhibit low
molecular weight with high polymer concentration eded for thermo-thickening.
Furtherance to this, Li et al. (2017) pointed dw#ttan expensive coupling agent is necessary
for the polymerization process of thermo-respongi@lymers and reactions are conducted at
low polymer loadings. Increasing the hydrophobiegi® would strengthen intermolecular
associative effect for high-temperature applicajohowever, there is a limit that would
ensure polymer solubility is maintained. Also, sognafted polymers may exhibit an LCST
lower than the UCST. This simply means such polgnoan only exhibit thermo-thickening
over a particular temperature interval while thestimoning will set in at lower and higher
temperatures. For polymers exhibiting both LCST BlM@ST, a favorable disposition is for
LCST to be higher than the UCST. This would endine temperature tolerance of the
polymer at high temperatures. Some thermo-resperagssociating polymers may require
some stimulating effect for thermal response te fallace between grafts on the polymers (Li
et al., 2017). This may limit the acceptance ofrieeresponsive hydrophobically associating
polymers in the oil and gas industry as this waddtribute to cost. The long-term stability
of HAPAM polymers in porous media depends on thetanability of its associative
characteristics under different conditions of terapg&e, salinity, pH and divalent ion
concentration. In addition, the CAC which is aicat parameter of associative polymers
have been reported in literature to be susceptibteservoir conditions (El-Hoshoudy et al.,

2017; Saeed et al., 2017). However, an explandborthe susceptibility of the CAC to
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different reservoir conditions could mean thatamplecular interactions could transit to
intermolecular interactions and vice versa. Regef@lo et al. (2016) showed this possibility
by conducting core flooding through three seriattpunted cores with very similar rock
properties (permeability and porosity). It was olied that for associative polymers namely
HNT-3.28 and HNT-4.32 (containing 3.28 and 4.32 n%l hydrophobic monomer
respectively), the resistance factors (RF) of tbirmers were much greater in the second
and third cores compared to the first core. Plaagkplanation given by the authors was the
conversion of intramolecular interactions to intelecular interactions due to elongational or
extensional flow in the porous media. However, thasisition between the two interactions
depends on the hydrophobic monomer content. Itakasrved that similar trend of transition
was not observed with associative polymers HNTahd HNT-2.2 (containing 1.1 and 2.2
mol % hydrophobic monomer) respectively. It was foantvard by the authors that this may
be due to low intramolecular interactions such #mt transition to intermolecular interaction
has been counteracted by polymer-rock interactumh s adsorption. Similarly, this trend of
intramolecular to intermolecular transition andevigersa may explain why the CAC of
associative polymers change under different resepanditions. However, an understanding
of this phenomenon could eventually explain thebibtg of associative polymers under

different reservior conditions.

3.3. Effect of pH

The charged nature of polyelectrolytes makes ilyeafected by the degree of ionization of
solution (Wever et al.,, 2011). For polyelectrolytegh more than one negative group
(polyanion), they experience high viscosity at hpdthand low viscosity at low pH (Wever et
al.,, 2011). Whereas, for polycations, they expe&eefow viscosity at high pH and high
viscosity at low pH (Wever et al., 2011). Howeugnpical polyelectrolytes are polyanionic

in nature with pH response as earlier describegdbyanions. Zhou et al. (2001) showed this
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with polyacrylic acid with the polymer viscosityareasing with pH up to a maximum at pH
values between 8 and 9. The decrease in the Migcesiue beyond the pH value was
attributed to the salting effect, which is simitarwhat is obtained from NaCl. The response
of hydrophobically associating polymers to pH ishes complex (Zhou et al., 2001). A
balance between electrostatic repulsion betweerrgeda moieties on the chain and
hydrophobic interactions characterizes the pH nespeness of HAPAM (Branham et al.,
1996; Smith and McCormick, 2001; Zhou et al., 20PDiyang et al., 2001; Huaiping et al.,
2008; Wever et al., 2011). In other words, the assty of hydrophobically associating
polymers with an increase in pH is dependent ontrduesition between intramolecular and
intermolecular interaction. In demonstrating thiteet, Zhou et al. (2001) synthesized a
copolymer of acrylic acid and N{ethylperfluorooctanesulfoamido) ethyl acrylate2ofN-
ethylperfluorooctanesulfoamido) ethyl methacryldtavas observed that two increments in
polymer viscosity were achieved. Beyond a pH valtid, polymer viscosity increased to a
maximum in the range of 5 — 6. Further incremeat$eto a decrease in polymer viscosity
followed by another increase beyond pH of 11. Habkavior of the polymer is captured in
Figure 4. An explanation for this trend can be gexiinto three categories according to the

authors:

a) Between pH 5 — 7, the ionic character of the polyac acid copolymers is not fully

developed and as such hydrophobic interactionsrae@olution.

b) Between pH 7 — 11, the polyelectrolyte charactethef copolymers is developed with
chain expansion. However, a lack of mobility pregethe hydrophobic interaction.

c) Beyond pH 11, the screening effect similar to wisatexperienced under increasing
salinity allow for the exposure of hydrophobic gosuor associative interaction.

Although, the authors did not discuss the pH raofgk— 4, however under this condition the

intramolecular associative effect is dominant hettee viscosity of the HAPAM is low
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without any noticeable increase. Similarly, Zhuastgal. (2001) demonstrated the above
trends highlighted from (a) to (c) using poly (datg-co-alkyl acrylate) as shown in Figure 5.
For the poly (acrylic acid) (PAA) polymer, undemigH conditions (acidic conditions), there
is a low charge density due to the undissociata® stf the carboxylic groups on the polymer
chain. This minimizes electrostatic repulsion hedgain retraction resulting in a decrease in
polymer viscosity. As the pH increases, there ggaalual increase in charge density due to
the gradual dissociation of the carboxylic groups tbe polymer chain. At maximum
viscosity, there is a complete dissociation of ¢agboxylic groups and a further increase in
pH would result in a salt effect on the polymerisTis similar to the effect reported by Zhou,
et al. (2001) on PAA polymers in Figure 4. Howextbag modified PAA copolymers i.e. poly
(acrylate-co- alkyl acrylate) by Zhuang et al. (2D@howed the same trend described by
Zhou et al. (2001). The behavior of the associapiolymer is essentially a balance between

electrostatic repulsion between charged moietieherchain and hydrophobic interactions.

4. Inaccessible Pore Volume (I PV) of Associating Polymers

The IPV can be described as the fraction of th& pmre volume which remain inaccessible
to the polymer due to the polymer size (Panchaetexh., 2010; Sheng, 2011; Al-Hajri et al.,
2018; Torrealba and Hoteit, 2019). According to r&8h€2011), when polymer molecular
sizes are larger than some pores in a porous medhenpolymer molecules cannot flow
through those pores. Consequently, the volume adelpores that cannot be accessed by
polymer molecules is called the IPV (Sheng, 201A%ides the polymer size, this
phenomenon depends on salinity, divalent ion canagon, rock surface effect, temperature,
polymer charge and concentration and the poreeistabution of the rock (including dead-
end pores) (Al-Hajri et al.,, 2018; Torrealba andtditp 2019). Pancharoen et al. (2010)
studied the effect of different associating polysien the IPV of a sand-packed column with

an absolute permeability of 21.6 D. The moleculaight of associating polymers was
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identified as a key factor which influence the IBWVassociating polymers. High molecular
weight associating polymers are characterized Matiye molecular volume and more
hydrophobic regions on the polymer chain. As suaksociating polymers with large
molecular weight would result in polymer chains hwiarge molecular clew dimension
compared to pore throat sizes. According to theeerpental work of Pancharoen et al.
(2010), low molecular weight associating polymeisplhyed 12 and 20 % of IPV using
superposition and simulation methods respectivelgwever, the high molecular weight
associating polymers showed IPV between 33 — 4%pending on the approach used. An
explanation for this could still be explained imnts of the hydrophobic interactions which
increases with polymer molecular weight. In like rmar, the concentration regime of
associating polymers eithier dilute or semi-dilan influence the IPV. At concentrations
representative of dilute regime, hydrophobic int@oas are absent, polymer resistance factor
is reduced and as such injectivity increasd themeloyicing IPV. However, when polymer
concentration represents the semi-dilute regimelrdphobic interactions dominate and
polymer resistance factor is increased and as syettivity decreased thereby increasing
IPV. The IPV represents one of many mechanism®byhper transport in porous media and
where this is dominat, it may lead to the procdssotymer accelaration. This would occur
when polymer solution is injected at salinity lowiian the reservoir salinity. However,
where polymer adsorption is dominant, the procdspabymer transport is different as

discussed below.

5. Adsor ption Properties of Associating Polymers

The size of associating polymer cluster dependpaymer concentration and the level of
hydrophobe content that can lead to polymer adsorpand retention in porous media
(Taylor and Nasr EI-Din, 1998). This is particularthe case when the hydrophobe

distribution along the polymer chain is blocky matithan random. In the case of block
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distribution of hydrophobe content, the conceptmiitilayer adsorption has been proposed
as an explanation (Page et al., 1993; Volpertl.e898; Dupuis et al., 2011; Kamal et al.,
2015; Zhao et al., 2017). The adsorbed layer oBs®ciating polymer has a segment of the
hydrophobic group interacting with the rock surfacghile another portion of the
hydrophobic group tends to interact with other pmy chains forming another layer of
adsorption. As a result, an increase in the polyomrcentration of associating polymer
would continuously increase the level of polymesagtion on the rock surface. Most of the
experimental studies on HAPAM have focused on usiaugd-pack columns. As such, the
mechanism of polymer-rock interaction for hydropically modified polymers may differ
for calcite, sandstone and dolomite reservoirsH&houdy et al. (2015) reported the
interaction of associative polymers with sandstaoiks. From Zeta potential measurements,
the polymers exhibited values of -50.3 and -21.8 mith an average value of -46.3 mV.
Thus, such associative polymers are capable ofrpaswettability alteration on positively
charged sandstone reservoirs during polymer flapgirocesses. However, at a pH value
greater than 2, it was reported that sandstone cackexhibit a negatively charged surface in
which the positively charged nitrogen bases camwrddsn rock surface and alter wettability
(El-Hoshoudy et al., 2015). In addition, Chiappalket(1999) reported the effect of polymer
charge (anionic, weakly anionic and cationic) frar@ % KCI solution on its adsorption on a
quartzite rock surface which was negatively chargeg@H greater than 2. It was obvious
from their findings that polymer adsorption increedrom anionic to weakly anionic to
cationic polymers. However, when these polymersevexposed to a reservoir sand (49wt.%
Quartz and 21 wt.% Calcite), the anionic polymerhibited negligible adsorption
phenomenon while adsorption increased form the lyeiakic to the cationic polymer. It
should be noted that calcite has a positively adrgurface at pH values less than 9.5.

Therefore, polymer intercation with rock surfaceymeflect a much more complex behavoir
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at the calcite surface. The presence of divalems ican enhance the adsorption of anionic
polymers onto a quartzite surface which can beeaeld in two ways (Chiappa et al., 1999).
Firstly, the divalent ion creates a link (or aceasridge) between the anionic polymer and the
negatively charged quartz surface. Secondly, thaleht ions can neutralize part of the
negative sites on the anionic polymer thereby reduelectrostatic repulsion. Similarly, the
adsorption of crude oil tends to reduce the teng@h@olymer-rock interaction (Chiappa et
al., 1999; Taheri-Shakib et al., 2019(a); Tahem&ih et al., 2019(b)). Quan et al. (2019)
reported the use of HAPAM polymers in the acidifica process of carbonate rocks. The
adsorption of the associative polymer was such thdbrms a protective film on the
carbonate rock. The authors reported that the ptisor and desorption of associative
polymers on the carbonate surface tends to infli¢he reaction rate between the acid and
the carbonate. However, after the desorption psoaethe end of the reaction, small amounts
of the associative polymers remain on the rockaserfthereby creating cracks and voids
(Figure 6). The adosrption isotherm of HAPAM polysaloes not follow the classical
approach which is often characterized by a plategion. This is often attributed to the
continous interaction between the hydrophobic mgiof the polymer chains in solution.
Concerning this, Volpert et al. (1998) reportectiom interaction between HAPAM polymers
and an alumina silicate surface. The adsorptiothésm of the HAPAM was characterized
by a continuous increase in the adsorbed polymeértlaa absence of a plateau region. This
phenomenon was explained in terms of classicalilaydt adsorption which arises due to the
hydrophobic interaction between polymer chains. Elsv, recent studies on the rock
adsorption (in sand-pack column) phenomenon adgsdcwith hydrophobically modified
polymers have been attributed to sofm@nor polymeric species”(Dupuis et al., 2011,
Seright et al., 2011). This implies that for hydnopically associating polymers, adsorption

does not mean the deposition of a substantial gyaritpolymer molecules from solution to
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the rock surface. Accordingly, Dupuis et al. (20&8perimentally showed that the classical
theory of multilayer adsorption does not apply tgiophobically associating polymers.
Rather, adsorption of hydrophobically associatiotymers is controlled by the presence of
“minor polymeric species’ The authors injected an associating polymer witlfonated
polyacrylamide backbones and alkyl hydrophobic sigi@ns into a cylindrical chamber with
granular packs. As expected, a high resistancerfags obtained with the associating
polymers. However, core-plugging did not take plasesvident from the stabilization trend
obtained from the resistance factor curves andoss in viscosity of the polymer effluent.
The polymer effluent was re-injected into a freshecand resistance factor values were stable
with no increase. According to Dupuis et al. (204hyg Seright et al. (2011), removal of
these"minor polymeric speciestith an appropriate filtration method without dading the
thickening capability of the polymer will ensuresteadsorption. However, selection of an
appropriate filtration method, which will ensureatithe associating polymers do not lose
their viscous properties may be challenging. Moegpwnvestigating the origin of these
“minor polymeric species’would help understand how to properly design thehsesis and
treatment process of hydrophobically associatingyrpers. Core flooding experiments
carried out show an irreversible reduction in peabilgty without filtration of the precursor
polymer solution. The resistance to adsorptionssbaiating polymers can also be improved
by using hydrophobes, which contain sulfonate gso(paylor and Nasr El-Din, 1998;
Seright et al., 2011; Wever et al., 2011). Theafsz-acrylamido-2-methyl propane sulfonate
(AMPS) as a comonomer in the modifying polyacryldenhave been reported to produce
less adsorption compared to HPAM polymers. Howetlds phenomenon appears to be
peculiar with associating polymers made of 2-acmtin-2-methyl propane sulfonate. Other
factors such as salinity may influence the adsonptif associating polymers in porous media

(Rashidi et al., 2009; Li et al., 2016; Akbari ét 2017; Amirian et al., 2018). This may
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manifest in the form of ion competition with polynmaolecules for adsorption sites and may
result in less adsorption (Torrealba and Hoteitl90 It has been reported that where
polymer adsorption is the prevailing transport nagdm in porous media, an injection of
polymer solution at salinities lower than that die treservoir would lead to polymer

retardation where the salinity front acceleratsseiathan the polymer front.

6. I njectivity of Associating Polymers and Per meability Reduction.

Polymer injectivity can be predicted and monitofesn values obtained for resistance factor
(RF) and residual resistance factor (RRF) (Al-Shakt al., 2019). The injectivity of
associating polymers is low compared to conventibtBAM polymers and is characterize
by large RFs (Seright et al., 2011; Azad and Triv2@17). Furthermore, this low injectivity
can be attributed to the nature of the polymer dgdobic interaction which is concentration
dependent (Dupuis et al., 2011; Xie et al., 2018addhand Trivedi, 2017). Azad and Trivedi
(2017) carried out an injectivity study on assae&polymers in comparison with HPAM
polymers. It was observed that at a concentratioB000 ppm, the associative polymers
exhibited higher RFs than HPAM polymers at the emi@tion for all shear rates studied.
Furthermore, the concentration value of 2000 pppresents the CAC of the associative
polymer and the polymer showed decreased resisfancelues at high shear rates. The
decreased values of the RFs can be explainedmstef a transition of the associative effect
from intermolecular to intramolecular interactionragh shear rates (Seright et al., 2011;
Reichenbach-Klinke et al., 2016; Azad and Trivéfl17). However, at a concentration of
1000 ppm for the associative polymers and HPAM RRs exhibited by both polymers were
similar. For the associative polymer, this coulddxplained by intramolecular interaction
dominating the rheology of the polymer. On theeotlhand, the amount and type of
hydrophobe content in the polymer could also playimportant role on the injectivity of

associative polymers. Reichenbach-Klinke et al.1@Oinvestigated the performance of
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different associative polymers in terms of molecw@ights and hydrophobic contents. The
RF and viscosity were observed to increase withrdptabbic content and the reverse was the
case with polymer injectivity (Seright et al., 2Q Rieichenbach-Klinke et al., 2016; Azad and
Trivedi, 2017). However, in oil saturated coredhas been reported that the presence of oil
weakens the intermolecular interactions with thgree of weakening is dependent on the
hydrophobic content (Reichenbach-Klinke et al.,@0Also, the presence of surfactants tend
to reduce the high RF of associative polymers bynmeteing with the hydrophobic
interactions thereby creating a surfactant-polymégraction. Equally important from the
work of Reichenbach-Klinke et al. (2016) is the aup of associative polymer on
permeability reduction. Using polymer concentragiadf 1000 ppm and 2000 ppm for the
associative polymer and HPAM respectively showed #ssociative polymers have higher
values for the RRF compared to HPAM. This was arplhin terms of the mechanism of
multilyer adsorption which is further enhanced hydiophobic interactions. However, this
phenomenon of multilayer adsorption remained délbatas shown by the works of Dupuis
et al. (2011) and Seright et al. (2011) who attelduthe permeability reduction to the
presence of soméminor polymeric species” Therefore, permeability reduction by
associative polymers depends on the type of hyddsishcomonomer that make up the
polymer chain. In like manner, at a concentratibri@00 ppm, the HPAM showed higher
values for the RRF compared to the associative npaty This implies that the dilute
concentration regime where intramolecular intecactdominates ensures that the RRF is
low. Under these circumstances discussed, it iSooBvthat the properties of associative
polymers can be tuned and adjusted to achievedhiged injectivity, propagation, RF and
RRF. Furtherance to this, the mechanism of polyraek-interaction (IPV and adsorption) as
discussed earlier can be employed in improvingrijestivity and propagation of associative

polymers as proposed by Torrealba and Hoteit (20I)e authors proposed a
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compositionally-tuned polymer injection process abhiakes into account polymer transport
under salinity, adsorption and IPV. This specificaékes into account polymer retardation
and acceleration effects arising from adsorptiosh I&V respectively. The proposed injection
scheme appears viable under simulation howeverergwpntal study is still required in

validating the outcome. The application of thisdstiio associative polymers would require

optimizing in terms of slug composition, injectioycle size and number of cycles.

7. Interfacial Tension, Foam Stability and Emulsion Properties of Associating Polymers.

A challenge associated with polymer flooding is se@aration of water from crude oil. This
difficulty is traced to the interfacial tension {IFcharacteristics of polymers to enhance the
stability of crude oil emulsions (Deng et al., 2002igin et al., 2008; Pancharoen, 2009;
Pancharoen et al., 2010; Al-Sabagh et al., 2016 ihterfacial tension characteristics of
associating polymers can be attributed to the idigion of both hydrophilic and
hydrophobic blocks along the polymer backbone (Raroe=n, 2009; Pancharoen et al.,
2010). According to Pancharoen et al. (2010), tigdrdphobic groups on the polymer
backbone align themselves in the oil phase whictatos interfacial active components such
as asphaltenes and resins while the hydrophili¢ manain in the aqueous phase. This
behaviour of associating polymers reduces the cobmitieea between oil and water thereby
reducing the interfacial tension and enhancing emitlemulsion stability. Comparison with
low molecular weight surfactants show that theitds of these polymers in reducing IFT
was less. Therefore, the authors pointed out thgniale of this IFT reduction does not
appear to be significant enough to contribute teadoil recovery. However, the strength of
the emulsion stability effect of associative polymmdepend on a number of factors such as
type of associative polymer and polymer concemnatMeiqin et al. (2008) investigated the
effect of polymer concentration on the interfaciehsion caharacteristics of associative

polymers. The measured interfacial shear viscositythe water-oil film was used to
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characterise stability of the water-oil emulsionwas observed that the interfacial shear
viscosity of the oil-water film increased with asmtive polymer concentration hence its
emulsion stability. Consequently, the rate of desifichtion and the rate of oil-water
separation would decrease with increased polymeceardration. Hence, the strength of the
emusion stability caused by increased polymer aunagon can be explained in terms of
increased number of hydrophobic groups availabl#héooil phase. As such, IFT reduction
does not contribute to the mechanism by which agsog polymers improve the recovery of
oil (Pancharoen et al.,, 2010). However, Reichenlidotke et al. (2016) reported that
additional oil recovery using associative polymeosild take place with a combination of
IFT reduction and mobility reduction. While thistrain debatable, the increased oil-water
emulsion stability arising from the application adsociating polymers remains a challenge

towards its application.

A foam can be described as having a gas phaserskspm a liquid phase and often used in
improving the mobility of gas (such as g@uring EOR operations (Zhang et al., 2015; Xu
et al., 2016; Ahmed et al., 2017). However, it@wimportant that the foam remains stable
in the presence of oil as its longevity is whatedetines it efficiency. Ahmed et al. (2017)
compared the use of conventional HPAM polymer waith associative polymer in the
preparation of polymer enhanced foams (PEFs) vatiinper concentration kept at 2000 ppm
and operating temperature and pressure aC88nd 14.5 psi respectively. Figures 7 and 8
show the comparison between HPAM and HAPAM polymerterms of foam stability and
foam volume respectively. The stability of the RE&s observed to be more pronouced using
an associative polymer compared to HPAM polymeis Than be explained by the enhanced
thickening ability (arising from hydrophobic inteteons) of the associative polymer
compared to HPAM. This enhanced thickening effé¢he associative polymer tend to limit

gas diffussion thereby enhancing foam stabilitptigh a gradual reduction in foam volume.
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However, the thickening capability of associativeymers differs for different hydrophobic
content and under varying reservior conditions. déerenhancing the preformance of PEFs

would require optimizing for different hydrophobentent and reservior conditions.

8. Effect of Reservoir Heter ogeneity on Associating Polymers

The influence of polymer concentration and reserhetterogeneities on polymer flooding
performance are among paramount factors that detesnthe success of the oil recovery
process (Han et al., 2006; Wei et al. 2007; Wassraual., 2012; Patokina, 2015; Xie et al.,
2016). Reservoir heterogeneities arise from tlposiéional history of the oil formation and
this creates a difference in physical propertigsvben the high permeability layer and low
permeability layer (Xie et al., 2016). For a homoges reservoir with uniform rock
properties, the propagation of hydrophobically asgong polymers depends on polymer
concentration (Wassmuth et al., 2012). Furthermotee state of molecular
interaction/aggregation of associating polymers roobility control can be regulated by
changing the polymer concentration. Xie et al. @OEvaluated the applicability of
hydrophobically associating polymers in a heteregeis reservoir system. It was confirmed
by the authors that there exists compatibility tw polymer molecular
aggregation/association and pore-throat size. Imerotwords, there exists a matching
relationship between the size of an associatedpeiycluster and the size of the pore-throat
of the reservoir. Where the size of the associptdgimer cluster matches well with the pore-
throat size, the pressure drop was observed totdlelesas pore volume increased.
Alternatively, at a given polymer concentrationgrh could be a mismatch between the size
of the cluster and the pore-throat, therefore, gphessure drop due to polymer injection
increases with pore volume. As such, a heterogenesgervoir provides a scenario where
rock properties play an important role along witle polymer concentration (Wassmuth et

al., 2012; Xie et al., 2016). A change in polymeneentration will control the mobility of
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polymer solution in the different permeable layefghe reservoir. Accordingly, Xie et al.
(2016) considered the following as crucial for asstng polymer in a heterogeneous

reservoir:

a) The size of the associating polymer cluster which regulated from polymer
concentration thereby ensuring passage througiptoerthroat zones.
b) Reservoir fluid diversion arising from polymer jasténtion in high permeability zone.

This is a result of the size of the associatinymar cluster.

Thus, the different molecular association betweelyrper molecules and the size of the
associating polymer cluster arises from varied p&ly concentrations. The size of the
associating polymer cluster at a given conceninatieeds to be optimally matched with the
average heterogeneities and permeability of thereifit layers in the reservoir. The essence
of optimally matching the size of the aggregatésirag from the associating polymer clusters

and the reservoir heterogeneities can be tiedetdalfowing:

a) High polymer concentration would be needed, if almdve the limit for EOR operations,
and this could be detrimental to the economic#efflooding process;

b) For a heterogeneous reservoir, finding an optimuomcentration for associating
polymers would help prevent the occurrence of dilpreeversal where polymer mobility
is enhanced in the permeable layer with littledeal oil.

¢) In addition, polymer injectivity would be affectemhd this is often constrained by
formation fracture pressure. Furthermore, high @y injection pressure can make
associating polymers lose their space-network ftrac resulting in a reduced

hydrodynamic size for the polymer molecules.
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Conclusion and Recommendations

The last decade of research on hydrophobically céssog polymers has witnessed the
development of polymers tolerant to a wide rangecomditions reminiscent of an oil
reservoir. The conditions of the reservoir wouldparly define the required properties of
these associating polymers. This, in turn, woulttgleine the synthesis method/procedure,
molecular structure and type of hydrophobic comoaota be employed. In this regard, the
rheological behavior of hydrophobically associapaiymers cannot be entirely linked to the
molecular structure in aqueous solution alone. &atihe behavior is a combination of the
influence of oilfield parameters (such as tempegtsgalinity, ion concentration, pH and
reservoir heterogeneity) and the molecular strectaf the polymer (arising from the
synthesis method/procedure and the hydrophobic nomer used). Therefore, finding an
optimal scenario between the oilfield parameterd #me molecular architecture of the
polymer could define an appropraite use for assaggolymers. This is imperative because
a predominantly weak associative effect would netessarily guarantee the needed
rheological impact in terms of recovery efficiermyen if polymer injectivity is not affected.
Also, an excessively strong associative effect afégct polymer injectivity and propagation
even if the needed polymer mobility and oil recqvare obtained. Consequently, the

following recommendations have been made basedeissues identified in this review:

a) The sensitivity of the critical aggregation concatibn of associating polymers to oilfield
conditions such as temperature, salinity/hardnesk @H. The impact of this on the
performance of the polymers would be a key araawastigation.

b) Sustaining and maintaining the associative efféchese polymers (long-term stability)
during propagation in porous media while takingpinbnsideration the sensitivity of the

critical aggregation concentration as highlighteda).
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C)

d)

f)

9)

The impact of the associative effect on polymeedtiyity as measured by polymer
concentration above the critical aggregation cotraéon. An understanding of its effect
on the onset of shear thickening in porous medimportant and has the potential to be a
key focus of research activities in this field.

The possibility of a change in the critical aggtega concentration of the produced
associating polymer and what this change meanshensolution properties of the
polymer.

Investigation of the effect of injection rate ore tbtompatibility of the size of associating
polymer cluster and reservoir pore-throat. Previstuslies have focused on the use of a
single injection rate in optimizing solution propes of associating polymers and
reservoir heterogeneity.

Investigation of the use of brackish water in threparation of associating polymer
solution. This study can help in investigating thBuence of wastewater mineralization
and hardness on the properties of hydrophobicabBp@ating polymers.

Investigation of the origin of the*minor polymeric species” connected to
hydrophobically associating polymers. These speees often tagged a%ore-gel
aggregates”,however, understanding how to properly designsireghesis and treatment
process of these hydrophobically associating potgmeould reduce the likely

occurrence of permeability impairment.

Nomenclature

Abbreviations

AA Acrylic Acid

AMC,S 2-(acrylamido)-dodecanesulfonic acid
AMPS 2-acrylamido-2-methyl propane sulfonate
ASE Alkali Swellable Emulsion
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CAC

DOAC

DPP

EOR

EUR

FTIR

HEC

HAPAM

HPAM

HRTEM

IFT

LCST

NDS

NIMA

NIPA

NMR

oQlIpP

PAM

PAA

PEF

RF

RRF

PEG

SSS

Critical Aggregation Concentration
N,N-dimethyloctadeyl allyl ammonium chloride
1-(4-dodecyloxy-phenyl)-propenone
Enhanced Oil Recovery

Ethoxylated Urethane

Fourier Transform Infrared
Hydroxyethylcellulose

Hydrophobically Associating Polyacrylamide
Hydrolyzed Polyacrylamide

High Resolution Transmission Electron Microge
Interfacial Tension

Lower Critical Solution Temperature
3-(diallyl-amino)-2- hydroxypropyl sulfonate
3-(2-(2-Heptadec-8-enyl-4,5-dihydro-imidazblyl)ethylcarbamoyl)acrylic
acid

N-isopropylacrylamide

Nuclear Magnetic Resonance

Original Oil in Place

Polyacrylamide

Poly Acrylic Acid

Polymer Enhanced Foam

Resistance Factor

Residual Resistance Factor

Poly Ethylene Glycol

Sodium 4-styrenesulfonate
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TEM Transmission Electron Microscope

UCST Upper Critical Solution Temperature
Symbols

B and k Parameter Constants

Ca Capillary Number

C Polymer Concentration

C.orC* Critical Aggregation Concentration
E, Activation Energy

M, Molecular Weight of Polymer

N, Avogadro’s number

] Intrinsic Viscosity

Ns Solvent Viscosity

[ orn Polymer Viscosity

T Temperature

Vo Volume Occupied per Polymer Chain
Y Shear Rate
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Table 1. Example of field applications of different polymer types under different conditions (modified from Kamal et al., 2015)

Country Field Polymer Type T (C) Formation Salinity (mg/L) Reference
Daqging HPAM 45.0 9000 (Pu and Xu, 2009)
Gudong HPAM 68.0 3022 (Zhijian et al., 1998)
Bohai Bay HPAM 65.0 6070 (Mogollon and Lokhandwala,
. 2013)
China Xing Long Tai HPAM 56.6 3112 (Zhang et al., 1999)
Bohai oil field HAPAM 65.0 32423 (Han et al., 2006)
Henan ail field HPAM 75.0 5060 (Chen et al., 1998)
Shengli HPAM 70.0 10000 (Gao, 2014)
Cambridge Minnelusa PAM 55.6 Not specified (Vargo et al., 2000)
Tambaredjo HPAM 36.0 Not Specified (Mogollon and Lokhandwala,
USA 2013)
Tanner PAM 80.0 66800 (P)° (Pitts et a., 2006)
West Khiel HPAM 57.0 46,480 (P)° (Meyerset a., 1992)
Pelican HPAM 230 6800 (Mogollon and Lokhandwal a,
Canada 2013)
David pool PAM 31.0 6660 (1)° (Pitts et al., 2004)
Germany Eddesse-Nord Xanthan Gum 22.0 120,000 (Abbas et d., 2013)
V orhop-K nesebeck Xanthan Gum 56.0 210,000 (Abbaset a., 2013)
Austria Matzen HPAM 50.0 20,000 (Kornberger et a., 2013)
India Virg HPAM 81.0 13,250 (Pratap and Gauma, 2004)
Sanand PAM 85.0 Not specified (Tiwari et al., 2008)
Russia Romashkino (Tatarstan) HEC 36.0 250,000 (Abbas et d., 2013)

2produced water salinity. °Injection water salinity.



Table 2: Core flooding studies on some selected polymers (modified from Kamal et al., 2015)

Polymer Concentration

Salinity

Polymer Type (PPm) T(CC) (mg/L) CoreType Recovery? (%) Reference
Xanthan Gum 500 50 - Sandstone 66T (Austad et al., 1997)
HAPAM 1000 50 - Sandstone 536T (Austad et al., 1997)
HAPAM 5000 60 5000 Sandstone 8.5 (Liu et al., 2012)
HAPAM 2000 60 5000 Sandstone 11 (Sabhapondit et a., 2003)
HPAM 2000 70 10000 Sandstone 34 (Gong et d., 2008)
HAPAM 7000 60 5000 Sandstone 10.6 (Yeetad., 2013)
HPAM 1100 75 12000 Sandstone 9.8 (Chen et d., 1998)
HPAM 2500 45 508 - 6778 Sandstone 16.7 (Yang e;"f‘! "238%6; Liuet
HPAM 4500 38 30700 Carbonate 45 (Panthi et al., 2013)
HAPAM 2000 60 - Not specified” 12 (Liuet a., 2013)
HAPAM 2000 60 - Not specified® 18 (Liuet al., 2013)
HAPAM 2000 65 5000 Sandstone 5.7 (Lai etal., 2013)

®Recovery reported with T as total recovery while remaining value are additional recovery due to PF. °Not indicated in the corresponding

article.



Table 3: Example of monomers employed in polymer modification.

Monomer

Reference

N, N-dimethyl Acrylamide

(Algi and Okay, 2014; Fangaét 2016)

2-vinylnaphtahlene

(Zeng et al., 2002)

Methacrylic Acid

(Fernyhough et al., 2009; Bangkt 2017)

N-vinylpyrrolidinone

(Taghizadeh and Foroutan, 2004tlersinn and Schmidt, 2017)

4-vinylbenzenesulfonate

(Kang et al., 2015)

2-Acrylamido-2-methyl-1-propanesulfonic acid

(CavR010; Kundakci et al., 2011)

Methyl methacrylate

(Cilurzo et al., 2014; Khromigtkal., 2018)

Poly(propylene glycol) methacrylate

(Shemper et24102)

Sodium vinylsulfonate

(Mori et al., 2010; Mori ét,2012)

Carboxymethyl cellulose

(Han et al., 2010; Hanlet2®13)

N-phenylacrylamide

(Zhou and Lai, 2004)

N-tert-Octylacrylamide

(Zhu et al., 2012)

N-dodecylacrylamide

(Wan et al., 2014)

N-methylN-vinyl acetamide

(Pavlov et al., 2018)

N-(n-octadecyl)acrylamide

(Principi et al., 2000)




Table 4: Critical Aggregation Concentration (ppm) data agunction of salinity for the studied sulfonatesymers (AN105 — AN132) at 20
(Rashidi et al., 2010)

Solvents
Polymers
CAC (at 0.1 wt.% NaCl) CAC (at 10 wt.% NaCl)
AN105 264 625
AN113 250 556
AN125 244 527

AN132 200 434




Table 5: Maximum temperature tolerance of some selecte®AM polymers. Polymers were evaluated under a shat&r of 170 /s and

temperature range of 20 — 140.

Polymer* Maximum Temperature (°C) CAC (g/L) Concentration Regime Reference
AM-AA-NIMA 1 42 0.80 Semi-dilute (Gou et al. 2015)
AM-AA-NDS-NIMA 2 35 1.00 Semi-dilute (Gou et al. 2015)
AM-AMC 1,S-DPP? 35 0.20 Semi-dilute (Sun et al. 2015)
80 Semi-dilute (0.3 wt.%)
AM-DOAC-SSS* 100 1.65 Semi-dilute (0.4 wt.%) (Quan et al. 2016)
120 Semi-dilute (0.5 wt.%)

*The abbreviations denoting the polymers are:

1. AM-AA-NIMA — HAPAM containing 3-(2-(2-Heptadec-8-git4,5-dihydro-imidazol-1-yl)ethylcarbamoyl)acryliacid (NIMA) and
acrylic acid (AA)

2. AM-AA-NDS-NIMA — HAPAM containing 3-(2-(2-Heptadec-8-enyl-4,5-dihydro-imidazol-1-yhglcarbamoyl)acrylic acid (NIMA), 3-
(diallyl-amino)-2- hydroxypropyl sulfonate (NDS)duacrylic acid (AA)

3. AM-AMC 1,S-DPP — HAPAM containing 1-(4-dodecyloxy-phenylppenone (DPP) and 2-(acrylamido)-dodecanesulforuic a

(AMC12S)

4. AM-DOAC-SSS — HAPAM containing ionic hydrophobic mamerN,N-dimethyloctadeyl allyl ammonium chloride (DOAC)dthe

anionic monomer sodium 4-styrenesulfonate (SSS)
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Figure 1: Viscosity behavior of hydrophobically associating polymers (HAPAM) before and after the critical aggregation concentration.
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Figure 2: FTIR spectrum of a hydrophobically associating polymer (HPAAT) (Quan et al., 2019)
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Figure 3: *H-NMR spectrum of a hydrophobically associating polymer HPAAT by (Quan et al., 2019).
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Figure 4: Effect of pH on the solution viscosity of poly (acrylic acid) (PAA) and their modified polymers (FMA) at temperature 25 °C and a
shear rate of 0.4 /s (Zhou et al., 2001).
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Figure 5. Effect of pH on polymer viscosity of PAA and PAA modified with n-dodecyl acrylate/2-ethylhexyl acrylate (PAA-C) (Zhuang et al.
2001).



Figure 6: SEM images of the associative polymer (HPAAT) at various dissolution times: (a) the untreated carbonate sample, (b) 5000 mg L™
HPAAT-40 min (c) 8000 mg L™* HPAAT-50 min, (d) 5000 mg L™* HPAAT-55 min, and (€) 8000 mg L™ HPAAT-65 min. (Quan et al., 2019).
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Figure 7: Foam stability comparison of PEFs containing no polymer, conventional polymer (FP3330s) and associative polymer (Superpusher

B192) CO, foams. The polymer concentration was 2000 ppm at 3 wt% NaCl, 80 °C and 14.5 psi (modified from Ahmed et al. (2017)).
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Figure 8: Foam volume comparison of PEFs containing no polymer, conventional polymer (FP3330s) and associative polymer (Superpusher
B192) CO, foams. The polymer concentration was 2000 ppm at 3 wt% NaCl, 80 °C and 14.5 psi (modified from Ahmed et al. (2017)).
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