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Preliminary evaluation of amphiphilic block polyelectrolytes as potential 
flooding agents for low salinity chemical enhanced oil recovery 

Patrizio Raffa *, Francesco Picchioni 
University of Groningen, Department of Chemical Engineering, Nijenborgh 4, 9747, AG Groningen, the Netherlands   
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A B S T R A C T   

Amphiphilic block polyelectrolytes are known for their remarkable thickening properties in water solution, 
originating from their ability to self-assemble into large micellar aggregates. This makes them promising flooding 
agent for chemical enhanced oil recovery (cEOR). However, to the best of our knowledge, they have not yet been 
directly investigated for this purpose. In this work, a survey of relevant properties for EOR (rheology, filterability 
and emulsification), and laboratory scale oil recovery experiments, were performed on water solutions of 
polystyrene-block-poly(methacrylic acid) amphiphilic block polyelectrolytes, and compared with a commercial 
partially hydrolyzed polyacrylamide (HPAM), to evaluate the real potential in EOR applications for the first time. 
It was found that the recovery of amphiphilic block copolymers in low salinity brine (0.2% concentration of 
NaCl) is remarkably higher than that of HPAM at comparable weight concentration and shear viscosity, despite a 
much lower molecular weight. Effect of salinity and emulsification properties of the studied polymers have also 
been preliminarily investigated. Our results suggest that the recovery mechanism of these polymers differs from 
the traditional mechanism of polymer flooding, possibly due to emulsification of the oil. In conclusion, the 
studied amphiphilic block polyelectrolytes show promise as chemical agents in low salinity polymer flooding.   

1. Introduction 

Despite the ongoing paradigm shift towards green and sustainable 
sources of energy and materials, humanity will still be dependent on 
fossil fuels for decades (Abas et al., 2015; Mohr et al., 2015; Raffa and 
Druetta, 2019). Traditional chemical enhanced oil recovery (cEOR) 
techniques still suffer several limitations (Saboorian-Jooybari et al., 
2016; Sheng et al., 2015), which includes high degradation rate, loss of 
chemicals and plugging by adsorption on rocks and precipitation, etc., 
therefore research of new substances and methods, (e.g., nanoparticles 
flooding), is still very active (Druetta et al, 2018, 2019; Sheng, 2017; 
Sheng et al., 2015; Wever et al., 2011). Traditional cEOR includes 
several techniques, of which polymer flooding is the most mature one 
(Druetta et al., 2019; Raffa and Druetta, 2019; Saboorian-Jooybari et al., 
2016; Sheng et al., 2015; Wever et al., 2011). 

The main recovery mechanism in polymer flooding is based on 
mobility control, which is optimal when the mobility ratio (M) ap
proaches unity. M is a dimensionless number, dependent on the viscosity 
of oil and displacing fluid, as well as their relative rock permeability, as 
expressed in Equation (1) (Maia et al., 2009; Wever et al., 2013), where 

λ stands for mobility, k for permeability and η for viscosity (indexes o 
and w are for oil and water phase, respectively). The role of mobility 
control in oil recovery is discussed in many reviews and books (Druetta 
et al., 2019; Lake, 1989; Raffa and Druetta, 2019; Sheng, 2010; Wever 
et al., 2013). In short, polymer flooding allows to reduce mobility of the 
water phase by increasing its viscosity, improving the sweep efficiency 
of the process, and therefore the oil recovery. 

M =
λw

λo
=

kw/ηw

ko/ηo
=

kw

ko

ηo

ηw
(1) 

There are in fact different mobility ratios (end point M, shock front M 
and total M), which have in principle different values (Beliveau, 2009); 
the one generally considered is the end point mobility ratio, although it 
is reported that recovery can still be good if this value is high, (Zhang 
and Seright, 2014). End point M can be calculated in polymer flooding 
(Koh et al., 2018). 

In practice, it is difficult to estimate any M in a polymer flooding 
process. One reason is that estimating the actual value of viscosity for 
the water phase is not trivial. As polymer solutions are strongly non- 
Newtonian, the values will depend on the experienced shear (or 
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elongational) stress, which will vary based on flow characteristics, 
temperature, rock porosity and other reservoir and well parameters. It is 
possible to include non-Newtonian behavior in the calculation of end 
point M using fractional-flow theory (Koh et al., 2018). However, an 
accurate estimate of mobility ratios would require the determination of 
permeability changes during flooding, therefore, for simplicity, in this 
work we will just consider the viscosity ratio, and we will compare 
different polymers based on this value. 

Polymer flooding is traditionally performed with partially hydro
lyzed polyacrylamides (HPAM) or, to a much lower extent, biopolymers. 
Various polymers have been proposed and studied as alternatives to 
HPAM, to overcome known problems connected with polymer hydro
lysis, degradation and adsorption. This has been the subject of several 
reviews in recent times (Kamal et al., 2015; Raffa et al., 2016a; Raffa and 
Druetta, 2019; Sheng et al., 2015; Standnes and Skjevrak, 2014; Wei, 
2016; Wever et al., 2011). Among the studied classes of polymers, 
particularly interesting are hydrophobically associating ones. These are 
usually polyacrylamide derivatives, incorporating low amounts of hy
drophobic monomers (Yu et al., 2019; Zhang et al., 2008). It is well 
established that the presence of hydrophobic domains affects rheolog
ical properties via intermolecular associations (Afolabi et al., 2019; Bai 
et al., 2018; El-hoshoudy et al., 2017; Wever et al., 2011; Zhong et al., 
2018). Surprisingly, although it is known that often hydrophobically 
modified polymers also possess interesting interfacial properties (Raffa 
et al., 2016b; Su et al., 2019), these have not been generally taken into 
account when discussing such systems (Raffa et al, 2015, 2016a) until 
recently (Liu et al., 2019). Indeed, hydrophobically modified 
water-soluble polymer can be classified as polymeric surfactants, which 
have been suggested as possible substitutes for surfactant-polymer 
flooding (Raffa et al., 2016a). They can improve oil recovery by 
mobility control as traditional polymers, but also by other mechanisms 
associated with surfactant flooding, such as capillary desaturation, 
wettability alteration, and emulsification of the oil, possibly avoiding 
some of the problems associated with surfactant-polymers mixtures (Co 
et al., 2015; Raffa et al., 2016a; Raffa and Druetta, 2019; Sheng, 2010). 

We have shown in previous research that polystyrene-block-poly 
(methacrylic acid) amphiphilic block copolymers (PS-b-PMAA) possess 
remarkable thickening properties in their salt form in water solution 
(Meijerink et al., 2017; Raffa et al, 2013, 2014), making them suitable 
systems for cEOR, due to the possibility to achieve a favorable viscosity 
ratio. Compared to commercial polymers used for cEOR such as HPAM, 
they possess much lower molecular weight, which could be beneficial in 
reducing adsorption on the rocks and pores plugging phenomena, as 
well as shear degradation. Also thermal stability is potentially improved, 

as these polymers do not contain hydrolysable groups, and thermal 
degradation should not be significant in ordinary reservoir conditions, 
based on TGA data of copolymers of styrene and methacrylate, which do 
not decompose below 200 ◦C (Migliore et al., 2020). Moreover, their 
amphiphilic nature could have the beneficial effects previously 
mentioned for polymeric surfactants, namely the possibility to increase 
both macroscopic and microscopic displacement (Kamal et al., 2017; 
Raffa et al., 2016a). 

Despite the potential of amphiphilic block copolymers as flooding 
agents for enhanced oil recovery, to our knowledge they have not been 
directly investigated for such application. Although from a chemical 
point of view, they can be classified as hydrophobically associative 
polymers, these systems are known to form rather different aggregates in 
water solution, resulting in different properties (Raffa et al., 2016a). In 
particular, the improved thickening abilities come from different 
mechanisms: while associative polymers commonly tested for EOR are 
characterized by long hydrophilic chains with short hydrophobic 
“stickers”, able to improve rheological properties via formation of 
transient networks in solution, the systems proposed here from stable 
large micellar aggregates, with increases hydrodynamic volume, and 
therefore higher viscosity at a comparably much lower molecular weight 
(Fig. 1). It is important to notice that these aggregates are usually 
non-dynamic (so-called “frozen”), meaning that the association in this 
case it is not concentration dependent (Nicolai et al., 2010; Raffa et al., 
2015). In this respect, amphiphilic block polyelectrolytes aggregates can 
be considered as polymeric nanoparticles (Jacquin et al., 2010; Kotz 
et al., 2001; Raffa et al., 2015). It is worth noticing that nanoparticles 
flooding is becoming an emerging cEOR technique in relatively recent 
times (Bera and Belhaj, 2016; Cheraghian and Hendraningrat, 2016a, 
2016b; Druetta et al., 2018; Druetta and Picchioni, 2019; Joonaki and 
Ghanaatian, 2014; Negin et al., 2016). 

Associative polymers have been tested in core flood experiments and 
compared to HPAM, but none of them is structurally similar to the ones 
studied here, to the best of our knowledge (Bai et al., 2018; Co et al., 
2015; Liu et al., 2017; Maia et al., 2009; Yu et al., 2019). Although it is 
difficult to make comparisons among core flood experiments performed 
in different laboratories, due to the high operational variability, it is 
commonly observed that, in opportune optimized conditions, hydro
phobically modified polymers can give superior oil displacement. This is 
due either to better rheological properties, or oil emulsification. 

In this work, PS-b-PMAA block copolymers previously prepared in 
our laboratory (Raffa et al, 2013, 2016b), are compared to a commercial 
HPAM in terms of viscosifying properties, injectivity in filtration tests, 
emulsification ability, and oil recovered in laboratory scale experiments, 

Fig. 1. Different aggregation behavior of amphiphilic block polyelectrolytes and hydrophobically associative polymers in water solution. Blue segments are hy
drophilic, black segments are hydrophobic. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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namely bi-dimensional flow cells with dead ends (Klemm et al., 2018; 
Wever et al., 2013) and flood experiments in a Bentheim sandstone core. 
Although very preliminary, our results show that amphiphilic block 
polyelectrolytes can perform better than HPAM in opportune conditions, 
e.g. low salinity. In this respect, these class of polymers could be pro
posed for low salinity polymer flooding (LSP). Previous work in LSP 
shows that this method can potentially perform better than high salinity 
polymer flooding, because of reduced retention, better long-term 
injectivity, and better rheological properties, when tested with HPAM 
in sandstone cores or sand packs (Kakati et al., 2020; Unsal et al., 2018). 

Combined with their theoretically higher shear resistance and tem
perature stability, this makes amphiphilic block polyelectrolytes prom
ising flooding agents. 

As a mean to explore the possibility of expanding the application of 
amphiphilic block polyelectrolytes also for high salinity conditions, a 
modified version of the polymer, incorporating PEG-acrylate in the hy
drophilic block, also designed and prepared in previous work (Raffa 
et al., 2016b), has been compared to the other systems in terms of vis
cosity in saline water and emulsification ability. Although the salt 
tolerance is improved as desired, this polymer performs poorly in 
filtration tests, therefore it has not been further tested in core flood 
experiments. 

2. Experimental 

2.1. Materials 

Sodium chloride (NaCl, ≥99%), toluene (99%), cyclohexane (99%) 
and glass beads (diameter 425–600 μm), were purchased from Sigma 
Aldrich. Milli-Q water was used to prepare solutions. Bentheim (D × L, 5 
× 30 cm) sandstone cores were purchased from Kocurek Industries. 
Isopore membrane (polycarbonate) hydrophilic filters (pore size = 1.2 
and 3.0 μm and a diameter of 47 mm) were purchased from Merck 
Millipore. 

The anionic surfactant Enordet J11111 was kindly supplied by Shell 
Global Solution International B.V. (the Netherlands). 

Partially hydrolyzed polyacrylamide (HPAM) Flopaam 3430 S 
(10–12 MDa, 25–30% degree of hydrolysis) was kindly provided by SNF 
Floeger (France). 

The amphiphilic block copolymers used in the experiments were 
synthesized via ATRP followed by hydrolysis and neutralization and 
characterized in previous work (Raffa et al, 2013, 2016b). PS2MA: tri
block polystyrene-b-poly(sodium methacrylate); PS4MA: star block 
polystyrene-b-poly(sodium methacrylate); PS(PEGA-MA): diblock 
polystyrene-b-poly(sodium methacrylate-co-PEG-acrylate). More 

details, including molecular weight and composition, are given in 
Table 1. 

The crude oil used for the oil recovery experiments was a medium oil 
(API gravity = 27.8) originated from the Berkel oil field in the southwest 
of The Netherlands, kindly supplied by Shell Global Solution Interna
tional B.V. (the Netherlands). It was stored under continuous stirring 
and Its viscosity was adjusted to a value of 90 mPa s at a shear rate of 10 
s− 1 by dilution with cyclohexane before use. 

2.2. Rheological characterization 

Rheology measurements were performed with a Haake Mars III 
rotational rheometer with cone and plate geometry, at 20 ◦C. 

The solutions were prepared by dissolving the polymers in milliQ 
water or brine, followed by stirring for at least 10 h before the mea
surement in order to get homogeneous solutions. All the prepared 
polymers were soluble in water in their sodium salt form, without the 
need for co-solvents or heating. The solutions are in general stable for 
months (no appearance of precipitate or phase separation, reproducible 
measurements). 

2.3. Emulsification tests 

Emulsification tests were performed by vigorously shaking manually 
for 2 min 10 mL solution of polymer at a given concentration (in order to 
achieve a viscosity of around 100 mPa s at a shear rate of 10 s− 1) with 2 
mL of crude oil (diluted with cyclohexane to a viscosity of 90 mPa s at a 
shear rate of 10 s− 1). To compare emulsification ability of the polymers, 
emulsions of polymer solutions at 0.1 wt % with 10 mL of toluene 
(colored with a drop of oil to improve contrast) were also prepared using 
the same procedure, and examined with an optical microscope Olympus 
CX41 equipped with x20, ×40 and ×100 magnification lenses. 

2.4. Flow cell experiments 

Flow cell experiments were performed using a 2-dimensional cell 
with dead ends, consisting of an Aluminum bottom and a transparent 
plastic top cover, described in our previous work (Klemm et al., 2018; 
Wever et al., 2013). 

For this work another system was designed, constituted by a chamber 
250 × 30 × 0.5 mm filled with glass beads (diameter 425–600 μm) 
shown in Fig. 2. 

In a typical experiment, the glass beads were inserted from one side 
of the cell and they were left to settle by gravity. The cell was sealed on 
both side with a metal mesh to keep the beads in place during flow. The 

Table 1 
Polymers studied in this work, composition and schematic structure. Grey lines correspond to the hydrophilic blocks and black line corresponds to the hydrophobic 
polystyrene block. Representation not in scale. AA = Acrylic acid; MAA = methacrylic acid; AM = acrylamide; PEGA = PEG-acrylate.  

Name Molecular weight (Da) Structure Composition Reference synthesis 

Flopaam 3430 S 1,2 ⋅ 107 25–30% AA 
70–75% AM 

– 

PS2MA 6,5 ⋅ 104 15% styrene 
85% MAA 

Raffa et al. (2013) 

PS4MA 1,35 ⋅ 105 6% styrene 
94% MAA 

Raffa et al. (2013) 

PS(PEGA-MA) 4,0 ⋅ 104 21% styrene 
55% MAA 
24% PEGA 

Raffa et al. (2016b)  
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cell was then filled by flowing an excess of oil (with adjusted viscosity, 
see description above) at a constant rate of 1 mL/h. Afterwards, brine 
(0.2 wt % NaCl) was injected through a pump at 1 mL/h for 24 h, fol
lowed by polymer solution for additional 24 h at same rate. Pictures 
were taken at various time intervals. 

2.5. Filtration tests 

Filtration tests were performed to evaluate the permeation of the 
different polymer solutions through small pores. The experimental setup 
used for the filtration tests has been reported elsewhere (Wever et al., 
2013). 

The device was fitted first with a Millipore polycarbonate filter and 
subsequently filled with 250 mL of the polymer solution through the top 
opening. After closing the valves, the cylinder was pressurized to 2 bar 
with compressed air. The bottom valve was then open and the weight of 
the effluent collected in a beaker was measured as a function of time 
using a scale, until more than 200 g of solution has passed. The 2 bar 
pressure was kept constant throughout the experiment. The ease of 
passage through the filters was evaluated via a filtration ratio (Fr), 
calculated using equation (2): 

Fr =
[t200 − t180]

[t40 − t20]
(2)  

where t200 − t180 is the throughput time of 20 g of the solution at the end 
of the test (from 180 to 200 g) and t40 − t20 is the throughput time of 20 
g at the start of the experiment (from 20 to 40 g). 

2.6. Core flood experiments 

The recovery of oil was evaluated using 5 × 30 cm Bentheim sand
stone cores. The cores were placed in a core holder and saturated with 
CO2. Afterwards, brine (0.2 wt % NaCl) was injected at a low linear 
velocity (approximately 0.5 m/day) for at least 12 h, to ensure that 
saturation was reached and no air was introduced (Wever et al., 2013). 
The core was then filled with oil to connate water saturation and sub
sequently a water flood was performed until reaching constant water cut 
(at least 2 pore volumes), followed by polymer flood (at least additional 
2 pore volumes) at a linear velocity of 0.3 m/day, which is a typical 
value for reservoir flooding (Azad and Trivedi, 2018). The pressure drop 
across the core was recorded during the flooding. Water and oil coming 
out of the core were collected in test tubes, to measure the volume of oil 
recovered over time. All the procedures were performed at room 
temperature. 

3. Results and discussion 

3.1. Rheology and salt sensitivity 

The relevant structural information about the polymers used in this 
work are summarized in Table 1. They can all be seen as copolymers of 
acrylic (or methacrylic) acid, therefore as weak polyelectrolytes, but 
with very different characteristics. Flopaam 3430 S, a commercial 
HPAM employed in polymer flooding, is a high molecular weight 
random copolymer of acrylamide and acrylic acid, synthesized by free 
radical polymerization. The block copolymers were prepared via 

sequential ATRP, followed by hydrolysis in previous work (Raffa et al, 
2013, 2016b). They are constituted by a hydrophobic polystyrene block 
and various hydrophilic blocks of pure methacrylic acid (PS2MA and 
PS4MA) or a statistic block of methacrylic acid and PEG-acrylate, PS 
(PEGA-MA). As reported above, amphiphilic block copolymers are 
known to form large spherical micellar aggregates in water solution. Due 
to the polyelectrolytic nature of the hydrophilic block, the latter are 
stretched in solution. The aggregates possess therefore high hydrody
namic volume, which is responsible for the viscosifying properties, as 
the aggregates overlap (Fig. 1). On the other hand, HPAM is present in 
solution as single chains. Its thickening ability comes from the physical 
entanglement of chains above the overlapping concentration. Also in 
this case, the presence of charged units, causes the chains to expand 
more in solution, with a positive effect on solution viscosity. 

A complete rheological characterization of these polymers in water 
solution, in various conditions of salinity and pH has been already re
ported (Raffa et al, 2013, 2016b). They show a shear thinning behavior 
in a large shear rate interval, at concentrations above 0.1 wt %. Inter
estingly, despite the large difference in molecular weight, the viscosity 
of the amphiphilic block polyelectrolytes in deionized water is compa
rable to that of Flopaam 3430 S (Fig. 3), except for PS(PEGA-MA), that 
requires a concentration 4 times higher. At these concentrations (1–4 wt 
%), the solutions are thick gels. These concentrations are very high For 
EOR purposes, but here are used to illustrate that mobility control 
similar to HPAM can be achieved with amphiphilic block poly
electrolytes, despite their molecular weight being one order of magni
tude lower. 

The presence of salt has a well-documented negative effect on the 
viscosity for all polyelectrolytes solutions, as result of contraction of the 
chains due to screening of charges and osmotic effects (Raffa et al., 
2013), with subsequent reduction of the hydrodynamic volume. This is 
of course a problem for EOR applications, where the used water and the 
reservoir are usually characterized by high salinity. It is therefore 
interesting to compare the “damping” effect of salinity on the studied 
polymers, which possess very different structural characteristics. With 
this purpose, we measured the shear viscosity of the studied polymers in 
a NaCl solution (0.5 wt %) and defined a parameter that we called 
retained viscosity (ηNaCl%), calculated according to equation (3): 

ηNaCl% =
ηapp(0.5 % NaCl)

ηapp(water)
⋅100 (3)  

where ηapp is the shear viscosity measured at a value of shear of 10 s− 1, 
which is a typical value for EOR processes(Klemm et al., 2018; Wever 
et al., 2013). It can be note here that the shear rate will not be constant in 
a porous media, depending on the front location, but we take here an 

Fig. 2. Device used for flow cell experiments with glass beads (top view).  

Fig. 3. Shear viscosities (η) in Pa⋅s as a function of the shear rate (γ) for the 
studied polymers at high concentration. 
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average reasonable value. Table 2 reports the obtained values of ηNaCl%. 
It can be observed that the presence of salt has the most negative 

effect on viscosity for the polymers containing a higher relative per
centage of ionized moieties (PS2MA and PS4MA). The different struc
ture (single chains for Flopaam 3430 S and micellar aggregates for the 
other polymers) and the presence of hydrophobic moieties does not 
seem to be as significant. PS(PEGA-MA) has the highest retained vis
cosity at a concentration of 4 wt % (viscosity in water comparable to 
other polymers), but at the concentration of 1 wt % it behaves very 
poorly. 

3.2. Emulsification experiments 

Besides the viscosifying properties and salt tolerance, another aspect 
relevant for EOR investigated is the ability of the studied polymers to 
emulsify oil. Although oil emulsification is often seen as a problem in 
polymer flooding, due to issues in post-extraction processes (Goodarzi 
and Zendehboudi, 2019), it is also true that formation of emulsion 
in-situ improves oil mobilization, and therefore increases the yield of oil 
extracted (Guillen et al., 2012). We are testing here the hypothesis that 
amphiphilic block polyelectrolytes might help oil recovery not only by 
mobility control, but also by other mechanisms typical of surfactants. It 
has been previously observed that PS-b-PMAA block copolymers display 
negligible surface activity in water (Meijerink et al., 2017), while PS 
(PEGA-MA) is significantly surface active(Raffa et al., 2016b). The 
ability of the studied polymers to stabilize an emulsion with crude oil 
has been tested simply by vigorously shaking solutions of polymer with 
crude oil. Concentration of polymers (reported in Fig. 4 caption) were 
chosen in order to have viscosities comparable to the oil. Separation of 
the phases in the mixtures was then followed over time (Fig. 4). As ex
pected, for Flopaam 3430 S the two phases start separating immediately 
and separation is nearly complete in 30 min, being slowed down by the 
relatively high viscosity of the two liquids (Fig. 4a). Remarkably, for the 
amphiphilic block copolymers no separation is visible for at least 20 h 
(Fig. 4b, c and 4d), even for PS2MA and PS4MA, which are reported to 
have negligible effect on surface tension of water. The emulsion stabi
lization by PS(PEGA-MA) can be explained by the reduced surface ten
sion, which means that this is a true polymeric surfactant. For PS2MA 
and PS4MA it is more likely that a pickering emulsion is formed, where 
the polymeric aggregates act as nanoparticles. 

To further investigate the emulsification properties, emulsions with 
toluene in water at various NaCl concentration were prepared and 
observed with an optical microscope, to have a qualitative evaluation of 
droplet size (Fig. 5). The toluene phase was colored by adding a drop of 
crude oil, to increase the contrast with the water phase. The emulsion 
were prepared by vigorously shaking the two phases, which were then 
left to settle for 24 h, before observing the emulsified phase (see Fig. 5) 
at the microscope. For comparison, emulsions with a commercial 
anionic surfactant (Enordet J11111) were also prepared. 

Polymeric surfactants are clearly less effective as emulsifiers, 
compared to the low-molecular weight Enordet, as evidenced by the 
lower amount of oil emulsified, and the generally coarser emulsions 
formed (Fig. 5), with PS(PEGA-MA) performing better that PS2MA. This 
is in line with the higher surface activity of PS(PEGA-MA) solutions 
(Raffa et al., 2016b). 

Particularly interesting is the behavior observed in presence of salt for PS(PEGA-MA). Although the droplet size seem to be only marginally 
influenced by increasing concentrations of NaCl, the amount of toluene 
emulsified increases for salt concentrations up to 0.5% (Fig. 5d and e), 
while complete separation and salting out of the polymer is observed for 
high salinity (2 wt % NaCl, Fig. 5f). 

3.3. Flow cells experiments 

Flow cells with dead ends of various size were designed and used in 
previous work (Wever et al., 2013), as a method to evaluate effects of the 

Table 2 
Retained viscosity values calculated according to equation (2).  

Polymer ηNaCl% ionized moieties (M)AA % 

Flopaam 3430 S 1 wt % 27.5% 25–30% 
PS2MA 1 wt % 9.7% 85% 
PS4MA 1 wt % 5.8% 94% 
PS(PEGA-MA) 4 wt % 41.3% 55% 
PS(PEGA-MA) 1 wt % 2.1% 55%  

Fig. 4. Emulsification test for the studied polymers: (a) Flopaam 3430 S 0.13 
wt%; (b) PS4MA 0.08 wt %; (c) PS2MA 0.1 wt %; PS(PEGA-MA) 0.5 wt %. 

Fig. 5. Emulsions with toluene of: (a) Enordet 0.1 wt %; (b) PS(PEGA-MA) 0.1 
wt %: (c) PS2MA 0.1 wt %; (d) PS(PEGA-MA) 0.1 wt % + 0.2 wt % NaCl; (e) PS 
(PEGA-MA) 0.1 wt % + 0.5 wt % NaCl; (f) PS(PEGA-MA) 0.1 wt % + 2 wt % 
NaCl and (g) microscope pictures. 
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viscoelasticity of polymer solutions in oil recovery experiments. In a 
later work these experiments have been used as a quick screening of 
microscopic displacement efficiency of polymer solutions(Klemm et al., 
2018). Here, we performed analogous experiments with the newly 
prepared amphiphilic polymers, to have an indication of their perfor
mance and highlight possible differences in behavior. The device was 
filled with crude oil (about 3 mL) and polymer solutions were pushed 
through the oil from the left side, with a constant flow of 1 mL/h for 24 
h. This value is chosen in order to have a value of shear rate in the order 
of magnitude of 10 s− 1 (very roughly estimated as γ = 4Q/πr3, that is 
used for flow of Newtonian fluids in a pipe). An oil recovery factor has 
been calculated for various polymer solutions at various concentrations 
and salinity, based on the swept area in the first 3 chambers of the de
vice, as shown in Fig. 6. The recovery factor (RF) is calculated as the % of 
the swept area over the total area (pixel count of digital image). 

To have a favorable mobility ratio in these experiments, the polymer 
concentrations were adjusted to a value of viscosity close to the one of 
the oil (90 mPa s). After flowing polymer solution in the cells for 24 h, 
pictures for the calculation of RF were taken (Fig. 6). The solution 
properties and data obtained are summarized in Table 3. 

Flow cell experiments do not evidence significant differences in the 
behavior of the different polymers, with the possible exception of PS 
(PEGA-MA), that seems to perform slightly worse than other polymers. 
The only noticeable difference is between polymer flooding and water 
flooding (Table 3, entry 9). This suggests that in this kind of sweeping 
experiment, the viscoelasticity is the main factor determining the re
covery factor, where the difference in polymer structure does not seem 
to play a role. 

In one experiment, Flopaam 3430 S was mixed with a commercial 
surfactant, to simulate a surfactant-polymer flooding (Table 3, entry 3). 
It can be noted that the presence of surfactant has a negative effect on 
viscosity of Flopaam solutions. Despite this fact, the recovery in flow cell 
experiments is comparable if not better than the one of the polymer 
alone (Table 3, entry 2), indicating that the reduced interfacial tension 
positively might affect the recovery in flow cell experiments. 

The general conclusion of this set of experiments, is that the amount 
of oil swept seems to be largely determined by the viscosity of the so
lution and by some interfacial effect (compare entry 2 with entry 3 in 
Table 3), but it does not allow to distinguish between different poly
meric systems. It can be noted that the flow cell, originally designed to 
study oil recovery in dead ends to account for viscoelastic effects (Wever 

Fig. 6. Flow cell results: Flopaam 3430 S at various concentrations and salinity (top row); PS2MA at various concentrations and salinity (middle row); PEGA, 
Flopaam + ENORDET J11111 surfactant, water (bottom row). 

Table 3 
Flow cell experiments results.  

Entry polymer concentration 
% 

NaCl 
wt % 

viscosity at shear rate 
10 s− 1 (mPa⋅s) 

RF 

1 Flopaam 0.13 – 120 71 
2 0.2 0.2 90 76 
3 0.2 0.2a 80 87 
4 0.35 0.5 100 75 
5 PS2MA 0.1 – 120 75 
6 0.4 0.2 100 81 
7 0.9 0.5 110 71 
8 PS(PEGA- 

MA) 
0.25 – 110 65 

9 waterflood – – – 39  

a
+ 0.5% surfactant ENORDET J11111. 
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et al., 2013), it is hardly a realistic representation of the porous rocks 
present in an oil reservoir, making it not a particularly suitable test for 
oil recovery. 

For this reason, a different system has been designed for this work. 
An analogous flow cell filled with glass beads was used, to better 
simulate a porous environment. A picture of the cell and description of 
the experiment are reported in the experimental section. Flopaam 3430 
S and PS2MA were tested with this method and compared. The results 
are shown in Fig. 7. 

Although very qualitative, this test gives some indications on 
different behavior of the two polymers investigated. The polymer solu
tions have comparable viscosity (Table 3, entries 2 and 6). The recovery 
mechanism seems to be different. After water flooding for 24 h in both 
cells, the solution is switched to polymer. In case of PS2MA a piston-like 
mechanism is evidenced in the early phase of recovery (1 h), then the 
polymer solutions keeps pushing out the oil, preferentially from the 
sides, until the recovery is nearly complete in 6 h. On the other hand, 
Flopaam 3430 S removes some oil in the first 2 h, leaving large areas 
unswept, and the recovery does not improve significantly until the end 
of the experiment at 24 h. 

3.4. Filtration tests 

To determine the injectivity of the studied polymers, filtration tests 
were performed through two filters with different pore sizes, respec
tively of 3 μm and 1.2 μm. A filtration ratio (Fr) close to a value of 1, as 
defined in the experimental section, indicates good injectivity(Wever 
et al., 2013). The results are reported in Table 4. Polymer were tested at 
comparable viscosity (~15 mPa s at shear rate of 10 s− 1). Flopaam 3430 
S shows the best injectivity, despite being the polymer with the highest 
molecular weight. PS2MA possess good injectivity, while the other 2 
polymers plug the filter significantly. This suggests that PS4MA and PS 
(PEGA-MA) might form larger aggregates in solutions, not easily dis
rupted, or contain insoluble fractions, not visible to the naked eye. 

3.5. Core flood experiments 

In order to compare a commercial polymer with an amphiphilic 
block polyelectrolyte prepared in our laboratory, core flood experiments 
were performed with PS2MA and Flopaam 3430 S solutions on Bentheim 
cores (5 × 30 cm), characterized in previous work in terms of porosity, 
brine permeability and oil saturation (Wever et al., 2013). PS2MA was 

chosen to be the best candidate, based on viscosity measurements and 
injectivity. PS(PEGA-MA) would be preferred in terms of emulsification 
ability and viscosity retention in brine, but it has the worst viscosifying 
properties and, more importantly, bad injectivity, that would cause 
serious plugging of the core. 

As in previous experiments, solutions were prepared in brine (0.2 wt 
%), at a concentration corresponding to a favorable viscoisty ratio 
(Table 3, entries 2 and 6). All experiments were conducted at room 
temperature. The results of the core flood experiments are shown in 
Fig. 8. 

In each experiment, water flooding with brine (0.2 wt %) was first 
performed for 2 pore volumes. In all cases, this is enough to reach a 
plateau in oil recovery, corresponding to 40–45% of the initial amount. 
Then, polymer solution was injected until another plateau was reached. 
While Flopaam 3430 S is able to recover an additional 5% oil, the 
amphiphilic block copolymer provides an exceptional incremental re
covery, of more than 27% of the initial value, reaching a total recovery 
of 80%. It is difficult to compare our values with other results reported in 
literature for core flood experiments, due to the large variability of 
conditions, oil and rock characteristics, and other factors. A large 
collection of data recently reported (Saboorian-Jooybari et al., 2016), 
gives values of incremental recovery of heavy oil in sand packs and 
sandstone cores after polymer flooding with HPAM in the range 2–35% 
of the original oil in place. 

Pressure drop across the core was measured in the experiments and it 
was found that for PS2MA this was significantly higher (Fig. 7). Since the 
two polymer solutions have comparable shear viscosity, this also sug
gests that some different recovery mechanism can occurs, as already 

Fig. 7. Flow cell with glass beads experiment (flow is from left to right). The residual oil (black parts) is clearly visible through the glass lid. Before water flooding, 
the cell looks completely black (not shown). 

Table 4 
Filtration tests of the studied polymers.  

polymer 
Concentration 

pore size of the filter Fr 

Flopaam 3430 S 
0.01 wt % 

3 μm 1.3 
1.2 μm 1.8 

PS2MA 
0.04 wt % 

3 μm 1.0 
1.2 μm 3.3 

PS4MA 
0.05 wt % 

3 μm 2.3 
1.2 μm na 

PS(PEGA-MA) 
0.08 wt % 

3 μm na 

1.2 μm na  

a n indicates that the filter gets plugged before an amount of 200 g has passed 
through. 
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evidenced by the flow cell experiments. Increase in pressure drop sug
gests increase in flow resistance during flooding. This can be due to 
polymer retention, adsorption or emulsification of the oil. The value of 
pressure drop stabilizes after about 1 pore volume has been injected. As 
a result of the higher pressure drop, better sweeping efficiency can 
result. The high recovery of PS2MA suggests that fingering phenomena 
are not prevalent in this case. It also has to be noted that the used 
concentration of polymeric surfactant is double that of Flopaam, which 
could cause more retention. 

It is of interest to test polymers at comparable concentration and 
pressure drop. Therefore, another experiment was performed with lower 
concentration of PS2MA (0.2 wt %). In this case, the pressure drop is 
comparable to that measured for Flopaam (Fig. 8), but still PS2MA is 
able to recover a higher amount of additional oil after water flooding 
(incremental recovery of about 9%). It should be noticed here that the 
viscosity of the PS2MA solution is much lower than that of oil (about 40 
mPa s), therefore the viscosity ratio is significantly different for the two 
compared systems. This might explain also the fact the incremental oil 
recovery starts with a certain delay (Fig. 9, blue line). This behavior has 
not been investigated in more depth, but the experiments suggest that a 
different recovery mechanism is in act. 

More insight in these experiments would be given by measuring 
relative permeabilities, allowing to estimate mobility ratios. It would be 

also relevant the measurement of residual oil saturation, by prolonged 
injection of post-flooding water. In this way, we could investigate if the 
recovery mechanism is based on recovery of mobile or residual oil in the 
case of amphiphilic polymers. We thank an anonymous reviewer for 
bringing our attention to these aspects. 

Table 5 summarizes the results obtained with core flood experi
ments. The rocks used had slightly different values of permeability, 
which resulted in slightly different values of oil recovered after water 
flooding (which was stopped when the water cut reached values lower 
than 1%, corresponding to about 2 PVs). Much higher oil recovery after 
polymer flooding is measured with PS2MA at 0.4 wt % concentration 
(27.5%), which is remarkably higher than what obtained with Flopaam 
at similar shear viscosity. However, this is accompanied by a much 
higher value of pressure drop (3.5 bar vs 1.5 bar with Flopaam), which 
might indicate simply a better sweeping of the core with subsequent 
higher macroscopic displacement. The pressure drop could be due to 
plugging or emulsion formation, but we can only speculate at this stage. 

However, even at comparable values of pressure drop, PS2MA still 
performs better that Flopaam (9.1% incremental recovery). Remark
ably, in this case the viscosity ratio is lower for PS2MA, probably 
meaning unstable flow. A possible explanation for better recovery at 
comparable or even lower shear viscosity may be found in considering 
extensional flow. It has been shown that hydrophobically associating 
and non-associating polymers possess different extensional viscosity at 
the same shear viscosity Madhar Sahib Azad et al., 2018a, 2018b. It 
would be of interest if this applies also to the polymers investigated here. 

Overall, the data suggest that a different recovery mechanism is 
acting in the two processes, not only based on mobility ratio. These 
findings would require further investigation into the recovery mecha
nism. In particular relative permeabilities should be estimated, in order 
to know mobility ratios, and residual oil saturation values could give 
indication of recovery of residual/trapped oil. Nonetheless, the studied 
systems prove to be promising flooding agent for oil recovery 
applications. 

4. Conclusions 

In this work, PS-b-PMAA amphiphilic block polyelectrolytes are 
compared to a commercial HPAM (Flopaam 3430 S) in terms of visco
sifying properties, injectivity in filtration tests, emulsification ability 
and oil recovered in laboratory scale experiments, namely bi- 
dimensional flow cells and flood experiments in Bentheim sandstone 
cores. To the best of our knowledge, these kinds of polymers were never 
directly investigated for this purpose. 

In this study it is confirmed that these copolymers possess remark
able viscosifying properties, comparable to that of a HPAM of much 
higher molecular weight, in conditions of low salinity (up to 0.5 wt % of 
NaCl). The studied polymers also have the characteristics of polymeric 
surfactants, being able to stabilize emulsions with crude oil, unlike 
HPAM. Bidimensional flow cell experiments with dead ends do not ev
idence significant differences among the studied polymers, while cells 
filled with glass beads suggests better performances of PS2MA over 
HPAM, and possibly a different recovery mechanism. 

PS2MA also shows much better performances than HPAM in core 
flood experiments in low salinity brine (0.2 wt % NaCl), when the two 
polymers are tested either at the same concentration or at the same shear 
viscosity. Our experiments suggest that amphiphilic block copolymers 
are promising candidates for low salinity polymer flooding (LSP). Based 
on our results, the oil displacement mechanism seems to be not only 
based on mobility control, as it is the case for classic polymer flooding. 
Emulsification might play a role, but further investigations are required 
to clarify this point, as well as the general recovery mechanism involved. 
Direct estimation of mobility ratios by measurements of relative per
meabilities, and prolonged injection of post-flooding water to determine 
the residual oil saturation, would certainly be useful in this respect. 
Nonetheless, our study shows for the first time the potential of 

Fig. 8. Core flood experiments at comparable shear viscosity in brine (0.2 wt 
%): Flopaam 3430 S 0.2 wt % (red line); PS2MA 0.4 wt % (black line). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 9. Core flood experiments at comparable polymer concentration in brine 
(0.2 wt %): Flopaam 3430 S 0.2 wt % (red line); PS2MA 0.2 wt % (blue line). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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amphiphilic block polyelectrolytes as flooding agents for enhanced oil 
recovery, particularly in conditions of low salinity. Further in
vestigations aimed at better evaluate the applicability of such systems in 
cEOR should include core flood experiments in more realistic reservoir 
conditions, such as brine containing Ca2+ and Mg2+ salts, and higher 
temperatures. 

Additionally, in this work, a copolymer including PEG moieties, PS 
(PEGA-MA), was studied. It shows the best emulsification properties 
and best salt tolerance, however it possesses very poor injectivity, 
therefore it was not further investigated in core flood experiments. 
Optimization of the polymer composition, might provide new systems 
for high salinity conditions. 
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