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1. Abstract 

Abundance and complexity of carbonate reservoirs 

have made them the major subject of studies in the past 

decades. Most of the oil fields are getting old and primary 

recovery methods are becoming insufficient to maintain 

oil production. Enhanced Oil Recovery, despite not a 

recent thematic, is gaining more and more attention 

every day, with search for new or improvement of existing 

EOR techniques. A promising technique is Chemical EOR 

using surfactants. 

Surfactants are molecules that can greatly reduce the 

interfacial tension between water and oil, thereby 

altering rock wettability and mobilizing additional oil. The 

problematic of using surfactants is their adsorption on the 

rock. This issue can be minimized by the aid of surfactant 

adsorption inhibitors like low molecular weight polymers.  

In this investigation, a formulation of a CEPSA anionic 

surfactant with a carboxylate as a co-surfactant and a low 

molecular weight polymer is proposed and its 

performance is tested in coreflooding experiments on 

carbonate rocks, at pore pressures of 10bar and 

temperature of 120oC. Additionally, a rheological study of 

a high molecular weight polymer was performed to 

implement a polymer drive solution in one of the 

coreflooding experiments.  

Additional oil recovery >20% was achieved. Surfactant 

adsorption/retention levels varied from 1,51mgsurf/grock to 

2,88mgsurf/grock. The polymer drive solution increased the 

water phase viscosity and did not showed injectivity 

problems in low permeable (18mD) plug. 

Keywords: cEOR; carbonates; coreflooding; anionic 

surfactant; polymers, surfactant adsorption. 

2. Introduction 

Because of the chemical composition of carbonate 

rocks, which normally confers them positive surfaces, 

carbonates are always pointed as oil-wet in their initial 

state before production. In such reservoirs, water 

flooding alone is not sufficient. The key to efficiently 

produce them is believed to be a reversal in the initial 

wetting conditions of the rock from oil-wet to more 

water-wet.  

An additional factor contributing to the inefficiency of 

water flooding in oil-wet reservoirs is the fact that water 

and oil are two immiscible fluids. The incompatibility 

between them is traduced by the tension verified at the 

interface between the two fluids, known as interfacial 

tension (IFT). In oil-wet reservoirs, the oil phase is 

preferentially within the smaller pores and the high IFT 

stops the water from entering the smaller pores, leaving 

great amount of oil trapped. cEOR methods have been 

focusing on finding chemicals capable of reducing the IFT 

between water and oil, thereby making possible the 

displacement of oil from smaller pores. 

The most suitable chemicals for this purpose are 

surfactants. Surfactants are very special organic 

molecules because they possess one group that has 

affinity with water (hydrophilic head) and another group 

that is incompatible with water (hydrophobic tail), but on 

behalf of that is compatible with non-polar solvents like 

hydrocarbons. When added to mixtures of immiscible 

fluids like water-oil mixtures, surfactants are able to 

migrate to the water-oil interface and orientate their 

hydrophilic group to the polar solvent (the water) and 

their hydrophobic group to the non-polar solvent (the oil). 

The newly formed layer of surfactants at the interface 

between the immiscible fluids is more stable than the 

previous polar/non-polar interactions, therefore the 

interfacial tension between the fluids is decreased. 

Applied to EOR, surfactants could reduce the IFT between 

water and oil and allow the water invasion in smaller rock 

pores. Moreover, IFT reduction can also contribute to 

wettability reversal since greater surface for the water to 
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act will be available after the invasion of smaller pores, 

which ultimately can lead to increase of the recovery 

efficiency. 

Despite the eminent potential, only a few surfactant 

flooding projects have so far been carried out in 

carbonate reservoirs [1]. The lack of applications has 

mainly to do with the high tendency of anionic surfactants 

to adsorb to the carbonate surface [2]. 

Several authors studied surfactant adsorption on 

carbonate surfaces. Zhou et. al. (2012) [3] investigated 

the adsorption of amphoteric surfactants onto permeable 

carbonate rocks under high temperature (100oC) and high 

pressure (210bar). They used surfactant concentrations 

between 0.1 and 0.5wt% in seawater, and reported 

adsorption values in the range between 0.223 and 

0.597mgsurf/grock, with direct relationship between 

surfactant concentration and adsorption (that is, the 

adsorption increased as the surfactant concentration was 

increased). In a previous study of Al-Hashim et. al. (1996) 

[4] was reported a similar dependence of the surfactant 

adsorption with concentration. In this case, the authors 

investigated surfactant concentrations up to 2wt% at 

90oC, and the conclusion was the same since for 

surfactant concentrations higher than 0.5wt%, the 

adsorption maintained constant values. The adsorption 

values were in the range between 3 and 5.5mgsurf/m2, 

corresponding to approximately 5.52 and 

10.12mgsurf/grock. Wang et. al. (2015) [5] proposed that 

the surfactant adsorption might be correlated with the 

permeability. They flooded carbonate samples from 

reservoir formations, ranging in permeability between 

114 and 501mD, with solutions of 2wt% of amphoteric 

surfactant, at 100oC and 214bar. The adsorptions 

calculated were between 0.125 and 0.203mgsurf/grock, 

(calculated by titration and Total Organic Carbon (TOC) 

method), where the lowest and highest adsorption values 

correspond to highest and lowest permeability core 

samples, respectively. Solairaj et. al. (2012) [6] believe 

that the composition of the crude oil can impact the 

surfactant adsorption and to prove that, the authors 

flooded over 50 sandstone and limestone core samples 

along several years, varying a wide range of conditions, 

including the crude composition. Relevant for this work 

are their results on limestones, conducted at 83oC and 7-

17bar, with surfactant concentrations of 1 and 3wt%. The 

surfactant adsorption was measured with HPLC analysis, 

where the authors show a reduction in the surfactant 

adsorption from 0.3mgsurf/grock to 0.046mgsurf/grock as they 

used more reactive (with higher pH) crude oils. Higher 

adsorption ranges, between 2 and 8mgsurf/grock, of anionic 

surfactant are reported by Shamsijazeyi et. al. (2014-b) 

[7], for three different carbonate types, namely Carlpool 

dolomites, Franklin industrial calcites and Indiana 

limestones, however this results were obtained from 

flooding crushed core grains. In tests with crushed cores, 

the surface area is significantly increased, which leads to 

illusory increase of the adsorption [6].                   

The main problem arisen from surfactant adsorption 

is the fact that the injected surfactant solution is gradually 

diluted along the core, which leads to lower efficiency. To 

compensate the dilution, greater surfactant volumes 

need to be injected, resulting in increase of the projects’ 

costs. Hence, methods to reduce the surfactant 

adsorption started to be investigated. These methods 

constitute in the addition of other components to the 

surfactant solution, the so called chelating or sacrificial 

agents, which would adsorb into the rock instead the 

surfactant. Several chelating/sacrificial agents have been 

proposed for adsorption reduction. Zhan et. al. (2004) [8], 

studied the addition of sodium carbonate (Na2CO3) to the 

surfactant solution. They tested it in spontaneous 

imbibition tests, at concentrations of 1wt% along with 

varying concentrations of anionic surfactant and reported 

a significant reduction in the surfactant adsorption. 

Shamsijazeyi et. al. (2014-a) [9] investigated the addition 

of polymer to anionic surfactant blends. Specifically, they 

tested polyacrylates of different molecular weights (2100 

to 5100Da), polyelectrolytes and other uncharged 

polymers. The uncharged polymers showed no significant 

reduction of the adsorption, the polyelectrolytes reduced 

the adsorption by approximately a half, while 

polyacrylates of molecular weights greater than 4500Da 

reduced to nearly zero the surfactant adsorption. Chen 

and Mohanty (2014) [10] investigated the use of EDTA, 

sodium metaborate and sodium polyacrylate as chelating 

agents whom could also help the wettability alteration, 

for anionic and non-ionic surfactants. The tests were 

conducted at dolomite core samples, at high 

temperatures and in high salinity waters. They observed 

that the aid of EDTA was responsible for a significant rock 

dissolution, which makes this option unviable. On the 

other hand, the authors observed that with the aid of 

each one of the other chelating agents tested, to anionic 

and non-ionic surfactants, was produced additional oil 

recovery when compared to the performance of the 

surfactant solutions alone. In this subject, another work 

of Austad and Standnes (2003), quoted by Sheng (2013) 

[1], presented a blend of anionic surfactants + 

ethoxylated (EO) sulfonates with high EO numbers as one 

efficient way to promote wettability alteration, since 

anionic surfactants alone are claimed to reduce the IFT, 

yet being incapable of changing carbonates wettability. 

Efficiency of blends of anionic surfactants + EO sulfonates 

for wettability alteration is also defended by Puerto et. al. 

(2012) [11] in their search regarding the optimal 

conditions for different surfactant types. Also the work of 

Tay and Wartenberg (2015) [12] must be noted, where 

the authors investigated a wide list of adsorption 

inhibitors (AI), as they call them, for anionic surfactants, 

including polymers, solvents, hydrotropes and even non-
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ionic, anionic and amphoteric surfactants (in this case 

working as co-surfactants). The authors show that the 

final performance of an EOR process with surfactants and 

adsorption inhibitors, if properly optimized, can yield 

excellent oil recovery values (approximately 80% of the 

OOIP). Generally, oil recoveries obtained through the 

usage of surfactant formulation as EOR method ranges 

between 50-70% of the OOIP [13], [14]. 

Polymers are used in EOR methods mainly to reduce 

the mobility ratio by increasing the water viscosity. When 

surfactants potential was discovered, surfactant-polymer 

(SP) and alkaline-surfactant-polymer (ASP) projects also 

started to be developed and some of them found their 

application in the field [1]. Nevertheless, as mentioned 

above, the surfactants incompatibilities with carbonates, 

namely the high surfactant adsorption, were not solved at 

the time and are still being attended, hence most of the 

SP and ASP investigations are still in the laboratory stage.  

Olsen and Hurd (1990) [15] described the laboratory 

investigation regarding the implementation of three 

types of polymer flooding to an oil-wet carbonate 

reservoir from Central Texas: 1) Polymer flood, 2) 

Alkaline-polymer flood and 3) Alkaline-surfactant-

polymer flood. In all three injection schemes the authors 

report polymer slug of 0.12wt% of polyacrylamide, 

prepared in softened sea water, in water with 2% of 

Na2CO3 and in fresh water, respectively for 1), 2) and 3). 

For 1), nearly 1.2 pore volumes (PV) of polymer slug were 

injected, whereas for 2) and 3) were injected respectively 

0.4PV and 0.6PV. The inefficiency of polymer floods in the 

absence of surfactants was clear, since polymer flooding 

and alkaline polymer flooding barely affected the 

additional oil production, while ASP flooding promoted 

45% of additional oil recovery. Recently, Han et. al (2014) 

[16] studied the incremental oil recovery of SP flooding of 

carbonate core samples using higher polymer 

concentrations slugs. The authors conducted 

experiments at 100oC, 210bar of pore pressure and 90bar 

of overburden pressure, over 3.6 to 4.6cm-long core 

plugs, with diameters ranging from 3.7 to 3.8 cm. For the 

SP flooding, they used a blend of 0.2% surfactant + 0.2% 

polyacrylamide polymer and injected a slug of 0.6PV, 

reporting additional oil recovery of 18%. 

Tay and Wartenberg (2015) [12] also defend that a 

negative salinity gradient should be implemented in the 

injection scheme, that is, the fluids injected after water 

flooding should be at subsequent lower salinities. The 

reason is that the optimal salinity for the surfactant 

solution is usually lower than the salinity of the formation 

brine. However, even when the surfactant solution is 

prepared at its optimal salinity, when injected in 

reservoirs, it will mix with the formation water, and at the 

first front, the surfactant will be in high salinity 

environment, which increases the surfactant adsorption. 

Hence, following the surfactant injection, a slug with 

lower salinity that the surfactant optimal salinity should 

be injected, to balance the high salinity environment 

generated at the surfactant front. 

In this study, a formulation of a CEPSA anionic 

surfactant with a carboxylate as a co-surfactant and a low 

molecular weight polymer is proposed and its 

performance is tested in two coreflooding experiments 

(CC-35b and CC-34) on carbonate rocks, at pore pressures 

of 10bar and temperatures of 120oC. Additionally, a 

rheological study of a high molecular weight polymer was 

performed to implement a polymer drive solution in one 

of the coreflood experiments. The main objectives are: 

• Evaluate the oil recovery (>20% as a criteria) 

• Evaluate the oil breakthrough 

• Evaluate adsorption/retention level 

• Evaluate polymer drive injectivity and 

effectiveness. 

 

3. Experimental 

Material 

Brines: Four brines were used, Formation Water (FW), 

Formation Water 25% (FW 25%), Synthetic Sea Water 

(SSW) and Synthetic Sea Water diluted (SSWd). FW is used 

to saturate the core samples. FW 25% is used for PV 

measurements. SSW is used as displacing fluid for the 

water flooding and as solvent for the surfactant 

formulations. SSWd is used as solvent for the polymer 

drive solution. Salinity and properties of the brines are 

presented in Table 1.  

Table 1: Salinity and properties of the used brines. 

Brine TDS (g/L) 𝝆 @ 24oC (g/cm3) 𝝁 @ 24oC (mPa.s) 𝝁 @ 120oC (mPa.s) 

SSWd 27.7 n/a n/a n/a 

SSW 42.7 1.02 0.95 0.26 

FW 25% 57.2 n/a n/a n/a 

FW 228.7 1.14 1.37 0.37 

Table 2: Properties of the crude oil used. 

 API @ 15.5oC (oAPI) 𝝆 @ 15oC (g/cm3) 𝝁 @ 50oC (mPa.s) 𝝁 @ 120oC (mPa.s) 

Crude Oil 40.4 0.83 2.13 0.8 



 

Crude Oil: The properties of the crude oil used for both 

experiments are shown in Table 2. Viscosity at 120oC was 

measured experimentally. 

Polymer Solutions: The general description of the 

polymers used in this study is shown in Table 3. A Low 

Molecular Weight (LMW) polymer was added to the 

formulation and used to evaluate ability to reduce rock 

adsorption.  

The High Molecular Weight (HMW) polymer is a kind of 

polymer design for maintaining viscosity power in high 

temperature application. A rheological study of this 

polymer was performed and it was used to implement a 

polymer drive during a cEOR process. 

Formulation: The formulation used in this investigation is 

a blend of a CEPSA anionic surfactant with carboxylate as 

a co-surfactant and low-molecular weight polymer. 

Components’ concentration and properties of the 

formulation for each experiment are given in Table 4. To 

respect the confidential agreement with CEPSA, the 

names of the components of the formulation will not be 

revealed. It can be specified that the formulation 

undergone a series of optimization tests where the 

optimum salinity, at room and at reservoir temperatures, 

first of the formulation alone and then of the formulation 

+ additives, was determined by the Petrochemistry 

Department of the Investigation Center of CEPSA. IFT 

measurements were also conducted by the 

Petrochemistry Department. 

Core Samples: The selected outcrop cores are two 

Indiana Limestone plugs, named CC-35b and CC-34. The 

characteristics of both cores are shown in Table 5. The 

dimensions of the cores are different because distinct 

coreholders were used for each coreflooding experiment. 

Methods 

Plugs conditioning: Core samples were conditioned prior 

coreflooding tests to reproduce reservoir conditions. The 

principal conditioning steps are 1) Water saturation, 2) Oil 

saturation and 3) Aging. Among these steps, several core 

characteristics like PV, porosity, absolute and relative 

fluid permeability, are determined. The main 

characteristics obtained for each core sample are shown 

in Table 6.    

Polymer Rheological Study: HMW Polymer viscosity at 

50oC was evaluated in function of concentration and 

shear rate using a DHR-2 viscometer. Viscosity at reservoir 

conditions was measured adapting a capillary of known 

length and diameter to an oven connected with injecting 

pumps. HMW Polymer solution was injected at several 

flow rates and the stable differential pressure at each flow 

rate was recorded. Viscosity was determined applying the 

Poiseuille’s Law: 

𝜇(𝑃𝑎. 𝑠)  =
𝜋 × ∆𝑃(𝑃𝑎)× 𝑟4(𝑚)

8 ×𝑄(𝑚3 𝑠⁄ ) × 𝐿(𝑚) 
            (Equation 1) 

where 𝜇 is polymer viscosity, ∆𝑃 is the recorded differential 

pressure, 𝑟 is capillary radius, 𝑄 is the applied flow rate 

and 𝐿 is capillary length.     

Coreflooding experiments: Two coreflood experiments 

were performed, CC-35b and CC-34.  Both were 

conducted at 120oC, 10bar pore pressure and 50bar 

overburden pressure, using the assembly shown in Figure 

1. The applied injection scheme was 1) Water flood (WF), 

2) cEOR flood and 3) Post flush. For CC-35b, volumes 

injected were 1) SSW for 3PV, 2) Formulation Slug for 3PV, 

3) Polymer Drive Slug for 0.4PV and 4) SSW Post flush for 

2PV. In coreflood CC-34 injected volumes were 1) SSW for 

3PV, 2) Formulation for 6PV and 3) SSW Post flush for 5PV.  

Table 3: General description of polymer solutions used.  

Polymer Type MW range (g/mol) Application 

LMW 4000-5000 Lower Surfactant Adsorption 

HMW 3-6 million Polymer Drive 

Table 4: Concentration and properties of formulations used.  

Formulation Surfactant (%) LMW Polymer (g/L) Organic Additive (%) IFT (mN/m) 

Formulation for CC-35b 1 2.5 - 0.0028 

Formulation for CC-34 1 2.5 0.75 0.0032 

Table 5: Dimensions of core samples used. 

Characteristic CC-35b CC-34 

Diameter, 𝑑 (mm) 25.41 37.68 

Length, 𝐿 (cm) 30.40 13.50 

Dry Weight, 𝑊𝑑𝑟𝑦 (g) 344.28 332.62 
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Table 6:Main characteristics of the core samples.  

Core Sample 𝑃𝑉 (ml) 𝜙 (%) 𝑘𝑤 (mD) Swi kro at Swi 

CC-35b 24.16 15.67 18.36 0.615 0,.713 

CC-34 27.10 17.14 2.19 0.399 0.95 

 
Figure 1: Assembly used for the coreflooding experiments.

Surfactand adsorption/retention: To determine the 

surfactant adsorption/retention, tracer was added to the 

formulation. The effluents from cEOR flooding were 

analyzed by UV-Vis spectroscopy to determine the tracer 

breakthrough and by HPLC to determine the surfactant 

breakthrough. Surfactant adsorption/retention was 

calculated plotting normalized tracer and formulation 

responses vs. PV and estimating the delay between the 

two breakthrough moments.  

Results and Discussion 

Polymer Rheological Study 

Polymer viscosity vs concentration: Polymer Drive 

viscosity in function of concentration and salinity was 

investigated to determine the polymer concentration 

needed to obtain relative viscosity to brine equal to 10. 

Relative viscosity of 10 is required since a rule of thumb 

for polymer drive injection is to have three times the 

crude oil viscosity. Crude oil used in this investigation has 

μ = 0.795mPa. s , hence polymer drive target viscosity 

must be 3×0.795 = 2.4mPa. s.  As brine viscosity in this 

investigation is 0.26𝑚𝑃𝑎. 𝑠 , polymer drive relative 

viscosity to brine gives ≈ 10.  

To employ the negative salinity gradient proposed by 

Tay and Wartenberg (2015) [12], polymer drive solution 

was prepared in SSWd (e.g. in salinity 65% lower than the 

salinity of the brine used for water flooding). The obtained 

results are shown in Figure 2. From the correlation 

obtained was concluded that the polymer concentration 

must be around 5g/L to obtain the desired relative 

viscosity. Other salinities (SSW 1/10, SSW and FW) were 

also investigated to attest the obtained correlation. 

Viscosity decreases with salinity for the same 

concentration, as reported by other authors [17].    

 
Figure 2: Relative polymer viscosity to brine in function of 
polymer concentration for four salinities, at 50oC and shear rate 
of 100s-1. 

Polymer viscosity vs temperature: To evaluate whether 

the polymer used in this study suffers degradation at the 

reservoir temperature, the viscosity of the target polymer 

solution was measures at 120oC. Comparing viscosity 

obtained at 120oC with the viscosity previously 

determined at 50oC, one can have an idea if the polymer 

viscosity is maintained. In Table 7 were selected 

comparable shear rates from the two temperature 

measurements, and the correspondent relative viscosity 

for each is indicated. A simple calculation of the viscosity 

loss in each case was made and is also indicated. 

For the compared shear rates, an average appreciation of 

the relative viscosity loss cannot be made because the 

viscosity loss varies considerably for each case. That could 

be due to the increasing shear rate, but it’s hard to be 

sure due to the scarce data. Moreover, the temperature 

impact on water can be distinct from the temperature 

impact on polymer, and that is not being considered with 

this approach. The correct method to measure polymer 

solutions’ stability at a given temperature consists in 1) 

measure the solution viscosity at a lower temperature, 2) 

measure the solution viscosity at the target temperature 
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and 3) keep the solution at the target temperature and 

under anaerobic conditions for several days, after that 

measure again the solution viscosity. Here, a simplistic 

approach was used and the eminent fact is that the 

relative viscosity of the solution decreases in some extent 

at the reservoir temperature, yet is not totally lost. For 

deeper understanding of the reasons that cause the 

relative viscosity decrease, further investigation in the 

thematic is needed, for instance employment of the 

polymer solution stability test. 

Table 7: Selected shear rates and respective relative 
viscosities at the two analyzed temperatures.  

�̇� 
50oC (s-1) 

�̇�  
120oC (s-1) 

𝝁𝒓  
50oC 

𝝁𝒓  
120oC 

𝝁𝒓 loss 
(%) 

268,3 258,2 8,23 6,9 16% 

517,9 516,5 7,65 6,8 11% 

1000 1076,0 11,53 6,4 45% 

Polymer viscosity vs shear rate: To determine whether 

the relative viscosity of the polymer drive to be used is 

stable at the shear rates experienced during the injection 

through the core sample, relative viscosity in function of 

shear rate was investigated, at 50oC. Results are shown in 

Figure 3, where the measurement at 120oC was also 

coupled (orange curve) to illustrate the extent of viscosity 

loss with temperature verified previously.  

From Figure 3 is verified that the relative viscosity for the 

entire range of shear rates investigated is fairly constant 

for concentrations up to 5g/L. That means the polymer is 

robust and does not lose its structure even at higher shear 

rates. With increasing polymer concentration, namely for 

concentrations of 6,5g/L and 10g/L, the solutions begin to 

show signs of shear thinning behavior, yet is not 

problematic since that concentrations are above the 

target concentration and will not be used. The nature of 

the polymer cannot be clarified, since the range of shear 

rates investigated is not enough to determine whether 

this polymer is shear thinning or shear thickening. 

Figure 3: Relative viscosity to brine in function of shear rate for 

polymer solutions at four concentrations measured at 50oC and 

for the target polymer solution measured at 120oC. 

 

Coreflooding experiments 

Coreflood CC-35b: The results from the flooding over 
core sample CC-35b, at 120oC and pore pressure of 10bar, 
are shown in Figure 4. The total oil recovery achieved in 
this experiment was 75.8%, from which 29% were 
produced during water flooding and the remaining 46.8% 
during cEOR flooding. This incremental oil recovery is way 
above the stipulated criteria (>20%), but the causes 
cannot be attributed to formulation flooding only.  

 
Figure 4: Cumulative oil recovery and differential 
pressure (DP) profiles for each flooding step of 
experiment CC-35b. 

Lowering the IFT between oil and water contributed to 

mobilize more oil (since the water flood alone was not 

able to produce the total oil recovered), but the core 

sample used here was not aged, so the hydrocarbons 

within the core were very mobile, and consequently 

easier to displace. Moreover, the polymer drive slug 

might also have contributed, since during polymer drive 

injection the oil recovery kept increasing. Whether the oil 

produced during the polymer drive slug and part of the 

post flush was a result of the polymer slug or 

consequence of the oil mobilized during formulation 

injection that had no sufficient time to exit the core at 

that time, remains unclear. cEOR flood caused additional 

oil production for a total of 3.7PV and according to the 

explained above, the combination of the three mentioned 

factors must be the reason to the high additional oil 

recovery.  

In water flood, oil production happened early in the first 

0.5PV showing water-wet profile, which is normal since 

the core was not aged. In cEOR flood, oil production 

appears at 0.9PV of formulation injection, but in fact it 

was observed earlier, at 0.4PV of formulation injection 

(delay is due to DV). Early breakthrough might signify a 

fast acting surfactant, however in this case the parameter 

is rather cause by the great oil mobility. 

The main purpose of the polymer drive injection was to 

increase the water phase viscosity. During the polymer 

drive injection, a sharp increase of the DP is verified, and 

as DP and viscosity are proportional, that means the 

polymer solution injected has higher viscosity. Thus, the 
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HMW polymer used was able to increase the water phase 

viscosity even at reservoir conditions.  

From the DP profile of the formulation, it can be observed 

that two moments of DP increase happen during the 

formulation injection. Each moment is coincident with oil 

production, which suggests that there might be two 

different mechanisms that trigger additional oil recovery. 

Another feasible explanation is the existence of double 

porosity. Heterogeneous pore distributions are not 

unusual in carbonate rocks. 

To evaluate the wettability conditions, the diagram of 

relative oil (kro) and water (krw) permeability curves in 

function of water saturation Sw was constructed (Figure 

5). The dots in the graph represent the measured initial 

and final conditions, whereas the dashed curves are 

estimations calculated with the Corey correlation, using 

oil (𝐶𝑜)and water (𝐶𝑤)exponents of 4. 

 
Figure 5: Relative oil and water permeability in function of water 

saturation for coreflooding CC-35b. 

The brown curve in Figure 5 is respective to the core 

saturation with crude oil. The oil saturation begins 

assuming the core is 100% saturated with FW, 𝑆𝑤 = 1. 

Unsteady state method was used to saturate the core 

with oil, so relative permeability during the saturation 

process cannot be determined. Only the end-point can be 

determined. In this case, 𝑆𝑤𝑖 = 0.615 , and 𝑘𝑟𝑜𝑎𝑡 𝑆𝑤𝑖 =

0.713  were achieved. Lower 𝑆𝑤𝑖  values are usually 

expected. The high value verified results from the fact 

that the core sample was saturated in dynamic (without 

porous plate), injecting crude oil at incremental flow 

rates.  

The blue curve represents the water flood. Similarly, only 

the end-point can be determined, which in this case was 

𝑆𝑟𝑜𝑤 = 0.727 and 𝑘𝑟𝑤 𝑎𝑡 𝑆𝑟𝑜𝑤 = 0.044. 29% of OOIP was 

produced during water flood, hence the relative 

permeability to water increase was small. With the 

subsequent cEOR flood, additional 47% of OOIP were 

produced, what increases the water saturation and 

causes the water relative permeability to also increase. 

𝑘𝑟𝑤 at the end of formulation and polymer drive injection 

cannot be calculate because DP profiles are not stable 

(Figure 4) and because the viscosity of what is inside the 

core at that moment is unknown. At the end of the SSW 

post flush the DP is stable and viscosity of SSW is known, 

hence 𝑘𝑟𝑤  can be calculated, and in this case is 𝑘𝑟𝑤 =

0.249 at  𝑆𝑤 = 0.907. Compared to the end-point of water 

flood, both 𝑘𝑟𝑤  and 𝑆𝑤
 increased (illustrated by the 

manually draw red curve of Figure 5), consequence of the 

cEOR flooding.  

The profile of the relative permeability curves assembles 

more the typical shape of a water-wet, which suggest that 

the core sample conditioning was insufficient for the core 

to reach oil-wet conditions. 

The results of the normalized tracer and formulation 

breakthrough curves are represented in Figure 6. 50% of 

the tracer breakthrough happens at 0.8PV and 50% of the 

surfactant breakthrough is at 2.95PV. The calculated 

surfactant adsorption/retention was Γ𝑠𝑢𝑟𝑓 = 1.51 𝑚𝑔𝑠𝑢𝑟𝑓/

𝑔𝑟𝑜𝑐𝑘 .  Surfactant adsorption below 0.5 𝑚𝑔𝑠𝑢𝑟𝑓/𝑔𝑟𝑜𝑐𝑘  is 

acceptable. The contribution of the retention is 

impossible to determine since crude oil hinders any 

analysis, but is believed that is the minor contributor, and 

that means the LMW polymer added to the formulation 

was not sufficient to reduce the surfactant adsorption to 

the desired values.  

A positive aspect is the fact that the effluents form cEOR 

flood were composed of two phases, water phase and oil 

phase. One of the risks of formulation flooding is 

producing a single phase of emulsified oil, which is not 

acceptable at field scale projects. 

 
Figure 6: Zoom in of cEOR flooding of CC-35b, with 

representation of tracer and surfactant breakthrough moments. 

Coreflood CC-34: The results from the flooding over core 

sample CC-34, at 120oC and pore pressure of 10bar, are 

shown in Figure 7. The total oil recovery achieved in this 

experiment was 69.7%, of which 46.1% were produced 

during water flood and the remaining 23.6% during cEOR 

flooding. The incremental oil recovery for this experiment 

is still above the stipulated criteria, however is way below 

the one obtained from the previous coreflood. This plug 

was aged for 3 days, but common laboratory practices 

affirm aging periods of at least two weeks are necessary 

to develop oil-wet condition, so aging might not be the 

explanation. The most probable explanation is the 

different oil saturations achieved in the plugs. CC-35b 
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achieved Swi = 0.615, whereas in CC-34, Swi = 0.399. In 

other words, OOIP for CC-35b is smaller than OOIP for CC-

34, and this can produce the effect of higher recovery 

percentage. For better comparison, instead of percentage 

recovery, volume of recovered hydrocarbons can be 

compared. In CC-35b additional 4.4ml of hydrocarbons 

were produced and for CC-34 were produced 3.8ml. The 

values are similar, which suggests that the recovery in 

both experiments is in the same extent, however when 

expressed in percentage values is influenced by the 

different OOIP. The additional oil production was 

maintained for 3.4PV, which is also very close to the 

verified in CC-35b. 

 
Figure 7: Cumulative Oil Recovery and Differential Pressure (DP) 

profiles for each flooding step of experiment CC-34. 

Like in CC-35b, the core shows water-wet profile because 

most of the hydrocarbons recovered during water flood 

were produced in the beginning of the injection. In cEOR 

flooding, later breakthrough is observed in this case, at 

1.8PV of formulation injection. This can also be a 

consequence of the lower Swi achieved, because the core 

needed to imbibe more water before start expelling oil.  

DP profile of the formulation injection in both 

experiments is comparable, as two moments of DP 

increase are visible also in this case. Which is normal since 

the plugs are from the same rock type and have similar 

pressure response to the formulation. A particularity in 

this case is that the second moment of major DP increase 

is characterized by many oscillations. One possible 

explanation for such noise is the formation of a new fluid 

phase, since a change in the effluents’ color was observed 

approximately at the same time. This new phase seemed 

to be a macroemulsion of hydrocarbons dissolved in the 

water phase (emulsified oil). Hydrocarbons’ dissolution in 

the water phase can be caused by transition from Winsor 

type III to Winsor type I system (for which is needed a 

decrease in salinity or a change in temperature) or by 

accumulation of excess surfactant in the aqueous phase. 

Since in this case both temperature and salinity were 

constant, the macroemulsion phase is probably 

consequence of accumulation of excess surfactant in the 

aqueous phase. In CC-35b microemulsion was not 

observed because only a slug of formulation was injected, 

but in this case the formulation was injected 

continuously, and that might be the cause for excess 

surfactant accumulation. 

Emulsified oil in the effluents is the phenomenon to be 

avoided in formulation injection due to the implications it 

rises at field scale. The color of the macroemulsion 

became less intense with the SSW post flush injection and 

the amplitude of the noise in the DP profile consequently 

decreased, which might be explained by dilution with the 

SSW from post flush. 

The diagram of 𝑘𝑟𝑜  and 𝑘𝑟𝑤  curves in function of 𝑆𝑤  for 

this coreflood is shown in Figure 8. For the Corey 

correlations, 𝐶𝑜 = 𝐶𝑤 = 4 was used. 

 
Figure 8: Relative oil and water permeability in function of water 

saturation for coreflooding CC-34. 

End-point of oil saturation was 𝑆𝑤𝑖 = 0.399  and 

𝑘𝑟𝑜 𝑎𝑡  𝑆𝑤𝑖 = 0.95. The oil saturation was performed using 

porous plate method and that explains the lower 𝑆𝑤𝑖 

achieved. End-point for water flood was 𝑆𝑟𝑜𝑤 = 0.676 and 

𝑘𝑟𝑤 𝑎𝑡  𝑆𝑟𝑜𝑤 = 0.148 . With the subsequent formulation 

injection more water imbibed the core, increasing water 

saturation to 0.818 and 𝑘𝑟𝑤  to 0.467, as represented by 

the manually drawn red curve of Figure 8. 

As for CC-35b, the plug conditioning was insufficient for 

the core to reach oil-wet conditions, since the profile of 

Figure 8 assembles more water-wet profile. 

The results of the normalized tracer and formulation 

breakthrough curves are represented in Figure 9. In CC-

35b formulation breakthrough was determined only by 

UV-Vis spectroscopy, but in this case was determined 

both by UV-Vis and HPLC.  

50% of the tracer breakthrough happens at 0.6PV. 50% of 

the surfactant breakthrough is at 4.13PV according to 

HPLC and at 3.82PV according to UV-Vis spectroscopy. 

Using HPLC result, Γ𝑠𝑢𝑟𝑓 𝐻𝑃𝐿𝐶 = 2.88 𝑚𝑔𝑠𝑢𝑟𝑓/𝑔𝑟𝑜𝑐𝑘  and 

using UV-Vis result is Γ𝑠𝑢𝑟𝑓 𝑈𝑉−𝑉𝑖𝑠 = 2.65 𝑚𝑔𝑠𝑢𝑟𝑓/𝑔𝑟𝑜𝑐𝑘 . 

The obtained adsorption/retention values by the two 

different methods are similar, which represents a 

validation of the result.  
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Figure 9: Zoom in of cEOR flooding of CC-34, with representation 

of tracer and surfactant breakthrough moments. 

It not possible to evaluate if the surfactant 

adsorption/retention was decreased because of the 

differences between the two experiments. The only fact 

is that the adsorption/retention remains high, above the 

0.5𝑚𝑔𝑠𝑢𝑟𝑓/𝑔𝑟𝑜𝑐𝑘  threshold, and further optimization of 

the formulation is needed to decrease this parameter to 

acceptable values. 

Conclusions 

In this study, a formulation of a CEPSA anionic surfactant 

with a carboxylate as a co-surfactant and a low molecular 

weight polymer was tested as cEOR method for carbonate 

rocks, in two coreflooding experiments at pore pressures 

of 10bar and temperatures of 120oC. The table below 

summarizes the results of the two coreflooding 

experiments performed in this study. 

Table 8: Summary of the results from the two coreflood 

experiments performed in this study. 

 Oil recovery 

Effluents 

𝛤𝑠𝑢𝑟𝑓 

(mgsurf/
grock) 

 WF 
cEOR 
flood 

Total 

CC-35b 
29%  

(4,3ml) 
47%  

(4,4ml) 
76% 2 phases 1,51 

CC-34 
46%  

(5,0ml) 
24%  

(3,8ml) 
70% Emulsified 2,88 

Additionally, a rheological study of a high molecular 

weight polymer was carried out to implement a polymer 

drive solution for one of the coreflood experiments. From 

the overall investigation it was verified that: 

• Incremental oil recovery >20% can be achieved both 
with continuous and slug formulation injection; 

• Additional oil production lasts for approximately 
3.5PV; 

• Lowering the IFT between oil and water was 
responsible for the additional hydrocarbons 
mobilized; 

• Wettability alteration was not verified as plugs were 
initially water-wet; 

• Early breakthrough at 0.4PV was achieved (for not-
aged plug with high 𝑆𝑤𝑖); 

• Late breakthrough was obtained for plug with 3 days 
of aging and lower 𝑆𝑤𝑖;   

• Adsorption/retention level was 1.51mgsurf/grock for 
injection of formulation slug and 2.88mgsurf/grock for 
continuous formulation injection; 

• Aid of LMW polymer or LMW polymer + organic 
compound was not sufficient to lower the 
adsorption/retention level below the acceptable 
0.5mgsurf/grock threshold; 

• Optimal concentration for the polymer drive 
solution was determined to be 5g/L; 

• Polymer drive increased water phase viscosity, but 
remains unclear whether it was responsible for 
additional oil recovery; 

• Polymer drive solution did not show injectivity 
problems for plug of low permeability (18mD); 

• Effluents were acceptable when formulation slug 
was injected; emulsified oil was obtained when 
continuous formulation injection was employed. 

Thus, some general conclusions can be drawn: 1) the 

formulation used was found to be an efficient cEOR 

method for additional oil recovery in the conditions 

applied, yet the results must be attested with aged core 

samples; 2) the major shortcomings of the formulation 

are the high surfactant adsorption/retention level and the 

emulsified oil in the effluents; 3) LMW polymer and 

organic additive were insufficient to reduce the 

adsorption/retention level, and further optimization of 

the formulation is needed to address this issue; 4) 

investigation must also carry on to clarify the polymer 

drive solution effectiveness, namely with more coreflood 

experiments designed specifically for that purpose. 
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