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Abstract: This study aimed to address the challenges faced by mature oilfields in extracting substantial oil 
quantities. It focused on improving the efficiency of alkaline-surfactant-polymer (ASP) flooding technique, 
which is a proven tertiary recovery technology, to overcome scaling issues and other hindrances in its large- 
scale implementation. Appropriate materials and their suitable concentrations were selected to enhance 
the ASP flooding technique. Special surfactants from Indonesia were introduced to improve the interfacial 
tension reduction and wettability alteration. Reservoir rock model that resembling Langgak oilfield in 
Sumatra was utilized, and low-salinity water was employed to mimic the oilfield conditions. Starches 
derived from cassava nanoparticles (CSNPs) and purple yam nanoparticles (PYNPs) were combined 
separately with conventional hydrolyzed polyacrylamide (HPAM) polymer to enhance its performance. 
Sodium hydroxide and sodium carbonate were used as alkaline in final ASP formula. It was demonstrated 
from this research that only two combinations of ASP formulations have led to improved oil recovery. 
One combination utilizing PYNPs resulted in 39.17% progressive recovery, while the other combination 
incorporating CSNPs achieved 35% incremental oil recovery. The ASP combination that resulted in 
recovery rate of 39.17% was composed of sodium hydroxide (NaOH) at a concentration of 1.28 wt.%, PSC 
EOR 2.2 (0.98 wt.%), and a combined polymer consisting of HPAM (0.2 wt.%) and PYNPs nano-starch 
(0.6 wt.%). The second combination led to 35% recovery rate and involved NaOH also at concentration 
1.28 wt.%, PSC HOMF (0.63 wt.%), and a combined polymer comprising from HPAM (0.2 wt.%) and 
CSNPs nano-starch (0.8 wt.%). These findings of this study highlighted the potential of this modified ASP 
flooding to enhance oil recovery in mature oilfields, thereby offering valuable insights for oil industry.

Keywords: improved ASP flooding; nano-polymer flooding; cassava nanoparticles; purple yam 
nanoparticles; tertiary recovery technique
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1. Introduction

W ith the depletion of oil resources, the alk alin e-su rfactan t-p o lym er (ASP) flooding 
technique has been used, especially for reservoirs that have harsh conditions, such as high 
tem peratures and h igh salinity. For such oilfields, severe conditions bring technical chal
lenges, and, therefore, new  m ethods for chem ical flooding m u st be applied to overcom e 
these challenges. H ongyan et al. noted that the field application of A SP flooding has 
achieved technical success, w ith  increm ental oil recovery of m ore than 20%  [1]. The com 
bined im pact of the three elem ents, alkali, surfactant, and polymer, has played a significant 
role in effectively stim ulating the rem aining oil follow ing conventional w ater flooding.

Substantial quantities of oil persist in the reservoir even after prim ary and secondary 
operations, necessitating the use of enhanced oil recovery (EOR) as a viable solution. In a 
study perform ed by A l-Jaber et al. [2],  innovative nano-polym eric m aterials derived from 
purple yam  and cassava starches w ere synthesized. The yield of purple yam  nanoparticles 
(PYN Ps) reached 85% , w hile cassava nanoparticles (CSN Ps) exhibited a yield  of 90.53% . 
Extensive characterization of the synthesized m aterials encom passed particle size d istri
bution (PSA ), Z eta potential distribution, Fourier transform  infrared spectroscopy (FTIR), 
differential scanning calorim etry (D SC), and transm ission electron m icroscopy (TEM ). The 
recovery experim ents revealed the superior perform ance of PYN Ps in oil recovery com 
pared to CSNPs. Zeta potential distribution results confirm ed the greater stability of PYNPs 
( - 3 6 .3  m V) com pared to C SN Ps ( - 1 0 .7  m V). Through interfacial tension m easurem ents 
and rheological property  evaluation, the optim al concentrations of these nanoparticles 
w ere determ ined to be 0.60 w t.%  for PYN Ps and 0.80 w t.%  for C SN Ps. The polym er 
containing PYN Ps exhibited higher increm ental recovery (33.46% ) com pared to the other 
nano-polym er (31.3% ). This breakthrough offers opportunities for a novel polym er flood
ing technology that has the potential to replace the conventional m ethod that is reliant on 
hydrolyzed polyacrylam ide (HPAM).

W ang et al. [3] im proved the perform ance of traditional w eak alkaline sodium  car
bonate (N a2C O 3) A SP flooding by  com bining it w ith  silicon dioxide (SiO 2) nanoparticles 
(N Ps) to enhance the oil recovery. Their experim ental results showed that A SP w ith a SiO2 

nanoparticle m ixture had good potential to reduce the interfacial tension (IFT) betw een 
the oil and w ater layers as w ell as the contact angle. The SiO 2 N P/ASP m ixture increased 
the oil recovery by  6.67%  of the original oil in  place (O O IP) in com parison to the w eakly 
alkaline ASP solution. Despite the benefits of increased oil recovery w ith the application of 
the ASP technique, due to the limitations of applying this technique in large-scale operation, 
the need to find new m aterials such as NPs to be com bined has increased [4]. Nanoparticle 
m aterials, owing to their large surface area-to-volume ratios, are w idely researched for use 
in  EO R  processes. There are different opinions regarding the nature of the alkaline used 
in  A SP form ulations. Som e studies have found that u sing strong alkalis such as caustic 
soda or sodium  hydroxide (N aO H ) can significantly im prove oil recovery [5 ,6] . O ther 
studies found that u sing a w eak base such as N a2C O 3 w as m ore effective in recovering 
oil [7- 9]. Yin et al. [7] performed several experim ents to obtain the optimal concentration of 
alkali that m ay lead to the best results. They observed that the IFT betw een oil and w ater 
decreased to a low value of 1.13 mN/m w hen using N a2CO3 at a concentration of 1.2 wt.%. 
C heraghian et al. [ 10] stated that the dem and for N Ps for use in enhanced oil recovery 
(EOR) is very high. Their study focused on a review  of the application of N Ps in flooding 
processes and the effect of N Ps on w ettability and IFT  m easurem ents.

The addition of nanoparticles to polym er solutions for EO R  processes has becom e 
of interest now adays [11- 16]. H ow ever, it is im portant to investigate the rheology and 
capillary  forces of the polym ers containing nanoparticles to evaluate their perform ance 
during oil recovery. Hu et al. [17] studied the effect of polym er flooding w ith two types of 
nanoparticles: nano-silica (SiO2 ) and nano-alum inum  oxide (Al2O 3 ). The results obtained 
in  their experim ental w ork  indicated  that the oil recovery factors for polym er flooding, 
p o ly m er-A l2O 3 com bination, and p o ly m er-S iO 2 w ere 58% , 63% , and 67% , respectively. 
Thereby, the polym er-SiO 2 com bination provided better oil recovery in com parison to the
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other tw o solutions. M oreover, the polym er-nanoparticle solution u sing SiO 2 caused a 
dramatic decrease in residual oil saturation (Sor), w hose value becam e 12%, in com parison 
to the polym er solution w ithou t nanoparticles, w hich  had a value of 29% . This m ethod 
undoubtedly provides a sustainable technology for oil recovery w hen applied on a large 
scale and could lead to advancem ents w ith increasing oil production.

Generally, polym er solutions w ork by increasing the viscosity of the displacing water, 
thereby decreasing the w ater/oil m obility  ratio. Volum etric and disp lacem ent sw eep 
efficiencies are positively  affected by polym er flooding. Eseim okum oh et al. [18] studied 
the performance of cornstarch (a local polymer) to recover additional oil after conventional 
w ater flooding. This w as achieved by  in jecting four different sam ples w ith  cornstarch 
solutions at varying concentrations of 500, 1000, 3000, and 9000 ppm . From  the results 
of their experim ent w ork, it w as deduced that cornstarch had the ability to recover an 
additional volu m e of oil, nearly  half the volum e of oil recovered during conventional 
water flooding (i.e., if 50% of the oil initially in place was recovered during w ater flooding, 
cornstarch could recover an additional 25% of residual oil after water flooding). It w as also 
found that higher concentrations of cornstarch reduced the recovery factor due to polym er 
adsorption on the rock surfaces, w hich therefore altered the rock's wettability. To reduce the 
adsorption effect of cornstarch, it w as recom m ended that the concentration of cornstarch 
should be measured after flooding experim ents to find the optimal concentration that gives 
m inim al adsorption and to better understand the adsorption m echanism  of cornstarch.

In the study conducted by  A gi et al. [19], they synthesized C SN Ps from  plant and 
fruit extracts using a w eak ascorbic acid. The rheological behavior of CSNP form ation was 
com pared to that of native cassava starch (CS) and a xanthan polym er. Three techniques 
were em ployed to extract oil using CSNPs, w hich involved weak acid hydrolysis, ultrasonic 
treatm ent, and nanoprecipitation. These techniques dem onstrated satisfactory results in 
producing polygonal and spherical nanoparticles w ith an average diameter of 100 nm. The 
concentration, m orphology, and surface charge of the solution w ere identified as prim ary 
factors influencing the rheology of the produced system . The study revealed that the 
viscosity of the NP solution increased w ith a larger surface area and elevated tem perature 
for C S and C SN Ps. In contrast, the viscosity  of the solution decreased w ith  an increased 
tem perature for the xanthan polym er. In addition, the IFT betw een the oil and w ater 
phases decreased (which is considered favorable) w ith the increasing concentration of the 
nanofluid , the brine, and the tem perature of the injector. The use of such nano-polym ers 
also assisted in  changing the w ettability  of sandstone at h igher salinities and reservoir 
tem peratures. As a result, the new ly synthesized polym eric m aterial w as efficient in 
increasing the oil recovery factor by  2 3 %.

Based on previous research, the current w ork  aim ed to investigate the perform ance 
of different types of surfactants produced by the PT SPR Langgak Com pany in Indonesia, 
which is a well-known oil com pany that is responsible for operating the Langgak oilfield in 
Riau. The crude oil is brought from this oilfield, w hich is located in Sum atra, in Riau. Other 
types of surfactants and alkalis w ere evaluated in this study, and the best com bination 
that gave higher recovery w as highlighted. A SP flooding experim ents w ere perform ed 
w ith tw o nano-biopolym ers, cassava nanoparticles and purple yam  nanoparticles, w hich 
w ere m ixed w ith HPAM. These local nano-polym ers have never been used before in ASP 
com binations, to our know ledge, despite the fact that cassava nanoparticles have been 
tested before as a new  biopolym er m aterial for polym er flooding [19].

2. Equipment Involved in Experimental Work

The basic equipm ent used in the chemical flooding experim ents include the following:

1. Core Samples: These were cylindrical rock sam ples obtained from the reservoir, repre
senting the porous m edium  w here the chem ical flooding experim ent w as conducted.
Core samples allow for the study of the interaction between the chemical solution and
the rock matrix.
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2. Confining Vessel (Core Holder): A core holder w as used to hold and confine the core 
sam ples during the experim ent. It provided a controlled flow  path for the in jection 
of the chem ical solution and allow ed for the m onitoring and m easurem ent of the 
flow properties.

3. Teledyne Injection Pum p: A n injection pump w as used to deliver the chemical solution 
into the core sam ple at a controlled flow  rate. It ensured the precise in jection of the 
desired concentration of chem icals.

4. Pressure Gauges: Pressure gauges w ere used in the experim ent to m easure the pres
sure changes w ithin the core sam ple during the chem ical flooding experim ent. They 
provide valuable data in evaluating the performance of the chemical flooding process. 
The data of pressure gauge m easurem ents are used in calculating the Resistant Factor 
(RF) and Residual Resistant Factor (RRF).

5. Sam ple C ollection System  (C ylinder): A  sam ple collection system  w as em ployed 
to collect the effluent produced from  the core sam ple during the experim ent. This 
allow ed for an analysis of the com position and behavior of the fluid m ixture after 
chem ical injection.

6 . Brookfield R ST R heom eter: This w as utilized to m easure and analyze the proper
ties of the chem ical solution, the effluent, and other relevant param eters during 
the experim ent.

7. Standard Electrical Oven: To replicate the conditions of the Langgak oilfield, a temper
ature of approximately 60 ° C w as maintained and applied on the core holder and core 
sam ple. The tem perature w as verified using a therm ocouple m easurem ent, ensuring 
that it rem ained at the desired level throughout the experim ent.

8 . KRUSS EasyDyne Tensiometer K20: This is a device com m only used in surface tension 
m easurements and interfacial analysis. It is designed to determine the surface tension 
of liquids and the interfacial tension between im miscible liquids. It is equipped with a 
high-resolution cam era and advanced im age processing algorithm s to accurately cap
ture and analyze the shape and dimensions of liquid drops or bubbles. The instrument 
allows for the precise control of the tem perature, ensuring that m easurem ents can be 
conducted at specific tem peratures to m im ic real-w orld conditions. The instrum ent 
operates w ith the W ilhelm y plate m ethod.

3. Results and Discussion
3.1. W ettability o f  Core Samples

The contact angle for six com binations w as evaluated using the optical contact angle 
instrum ent located in the reservoir laboratory. Six discs w ere obtained by cutting one core 
sam ple, each w ith  a thickness of 1 cm . The discs w ere soaked w ith  the original crude oil 
after it w as m ixed w ith  Fsol to ensure that it rem ained in a liquid state. The process of 
soaking took around three days at 60 ° C, and then they w ere soaked w ith  the prepared 
alkaline, surfactant, and nano-polym er com binations for another three days. The oil-w et 
condition was achieved w hen the discs were im mersed w ith crude oil, which is the normal 
condition for the sandstone in the Langgak oilfield in Sum atra. W hen  the sam e discs 
w ere separately  soaked w ith  different solutions a t 60 ° C, the w ater-w et condition w as 
noticed, which is considered beneficial for oil recovery. It was observed that some solutions 
exhibited a good reduction in the contact angle, w hich  indicated that this solution w as 
considered successful, w hile other com binations w ere found to be less affected by the 
reduction in the contact angle. Tables 1  and 2  dem onstrate the m easured values o f the 
contact angle for these six discs. Im ages of the contact angles for the six discs saturated 
w ith crude oil are shown in Figures 1- 6 . In these figures, the optical instrum ent connected 
to a desktop com puter w as used to determ ine the contact angle betw een the oil layer 
covering the disc's surface area and a droplet of distilled water injected from a needle. The 
contact angle w as m easured from  both the left and right sides o f the droplet to provide 
accurate results.
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Table 1. Contact angle for 6 discs of Buff Berea core sample submerged in crude oil at 60 °C.

Disc Label Left Contact 
Angle (deg.)

Right Contact 
Angle (deg.)

Average Contact 
Angle (deg.)

Disc 1 71.7 70.7 71.2

Disc 2 76.7 73.7 75.2

Disc 3 80.4 79.2 79.8

Disc 4 85.0 80.4 82.7

Disc 5 99.3 100.4 99.85

Disc 6 83.2 84.9 84.05

Table 2. Contact angles for 6 disrs of Buff Beree core 
surfactants/nano-polymees at 60 °C.

sample submerged in crude oU and different

Disc Label Solution Type Left Contact 
Angle (deg.)

Itight Co ntact 
Angle (deg.)

Average Contact 
Angle (deg.)

Disc 1 PSC HOMF (0.63 wt.%) 39.3 35.0 37.15

Disc 2 Dekasurf SF 9136 (1.24 wt.%) 33.8 39.8 36.8

Disc 3 Mits-5L001 (1.0 wt.%) 23.9 28.0 25.95

Disc 4 PSC EOR 2.2 (0.98 wt.%) 22.9 29.4 26.15

Disc 5 HPAM (2000 ppm) + PYNPs 
(1.25 wt.%) 48.0 46.6 47.3

Disc 6 HPAM (2000 ppm) + CSNPs 
(1.25 wt.%)

55.8 54.3 55.05

Figure 1. Slide of core sample (disc 1) soaked in crude oil at 60 °C.

As seen in Table 2, all surfactants obtained from the PT SPR Langgak C om pany were 
considered satisfactory as they significantly reduced the contact angle w ith crude oil from 
around 80° to 30°. This m eans that the inspected surfactants changed the w ettability condi
tion from oil-wet to water-wet, w hich is regarded as favorable in oil recovery. However, the 
nano-polym er com binations (HPAM + PYNPs or CSNPs) were found not to be satisfactory 
if they w ere applied alone in the injection w ithout surfactants and/or alkalis. This w as seen 
in  the h igh  value of the contact angle, w hich w as 47.3° for the first nano-polym er, w hich 
w as com posed of HPAM and PYN Ps (1.25 w t.% ), and 55.05° for the second nano-polymer. 
In other words, both com binations w ere found to be inefficient in changing the w ettability 
condition of the crude oil from oil-wet to water-wet. Images of the contact angles for a core
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sam ple im m ersed in crude oil and different com binations of surfactants/nano-polym ers 
are show n in Figures 7- 12.

Figure 2. Slide of core sample (disc 2) soaked in crude oil at 60 °C.

Live view II ■  •  . 0  9. W
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Figure 5. Slide of core sample (disc 5) soaked in crude; oil at 60 °C.

Figure 6 . Slide of core sample (disc 6) soaked in crude oil at 60 °C.

Figure 7. Contact angle for a disc of a core sample soaked in crude oil and PSC HOMF ( 0.63 wt.%) at 
60 °C.
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Figure 8 . Contact angle for a disc of a core sample soaked in crude oil and Dekasurf SF 9136 
(1.24 wt.%) at 60 °C.

Figure 9. Contact angle for a disc of a core sample soaked in crude oil and Mits-5L001 (1 wt.%) at 
60 °C.

Figure 10. Contact angle fear adisc of a core sample soaked in crude oil and PSC EOR 2.2 (0.98 wt.%) 
at (50 °C.



Molecules 2023, 28,5770 9 of 33

Figure 12. Contact angle for a disc of a core sample soaked in crude oil and HPAM (2000 ppm) + CSNPs 
(1.25 wt.%) at 60 °C.

3.2. Com patibility o f  Surfactants
3.2.1. Sodium  D odecyl Sulfate (SDS) Solution

Generally, it w as found that an ultra-low  IFT could be obtained w hen the surfactant 
concentration w as below  0.05 w t.%  and even at concentrations below  0.01 w t.%  w hen 
mixtures of certain surfactants were used together at a proper ratio [20]. It could be observed 
from the images taken over five days that SDS w as stable at the reservoir tem perature and 
there w as no phase change or change in color after it w as placed in the oven for five days. 
The concentration set for this surfactant w as 0.3 w t.% , and the surfactant w as prepared 
w ith  salinity of 100 ppm  to sim ulate the original reservoir. Figure 13 show s the results of 
the com patibility test for this surfactant.

3.2.2. Sodium  D odecylbenzene Sulfonate (SDBS) Solution

SD BS acts as an anionic surfactant and has been tested before in EO R  processes. The 
interfacial and therm odynam ic properties of this surfactant can be im proved w hen it is 
mixed w ith alkaline and/or other components [21]. Moreover, this surfactant w as prepared 
at 0.3 w t.%  u sing brine w ater (100 ppm ) and kept at a reservoir tem perature of 60 °C. 
SDBS, as seen in the images, maintained its uniform ity and acted as a single phase from the 
first day to the fifth day. Figure 14 show s the im ages taken for this surfactant during the 
5-day period.
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Day 1 Day 2 Day 3 Day 4  Day 5

Figure 13. Effect of temperature on the stability of SDS at 0.3 wt.% and temperature of 60 °C.

Day 1 Day 2 Day 3 Day 4 Day S

Figure 14. Effect of temperature on the stability of SDBS at 0.3 wt.% and 60 °C.

3.2.3. M its-5L001 Solution

The M its-5L001 solution w as m anufactured by Mits D uta Utam a located in Cikarang 
U tara, Bekasi R egency in Indonesia. It w as a clear liquid w ith  a yellow ish color, and its 
viscosity  w as less than 50 cp. It w as considered non-flam m able and stable under norm al 
conditions. The suitability of this surfactant was confirmed by the im ages taken during the 
five days of observation under reservoir conditions (60 °C). Moreover, the flash temperature 
for M its-5L001 is around 91 °C , w hich  m akes it m ore resistant to harsh conditions. The 
yellow ish color of its original solution disappeared during the preparation process as 
a result of d ilution w ith  brine w ater (100 ppm ). Thus, it appeared colorless, as seen in 
the captured im ages. Figure 15 show s the effect o f the tem perature on the stability  of 
this surfactant.

3.2.4. PCM tm  HOM F Solution

PCM TM H O M F is a proprietary liquid m ixture produced for the purpose of extracting 
oil from the Langgak oilfield in Indonesia. Its proprietary blend is from 50 to 60 wt.%. This 
surfactant is considered concentrated, and it w as d iluted w ith  w ater (salinity  1 0 0  ppm ) 
before being exam ined for com patibility. It w as d iluted to a 1 w t.%  concentration, and, 
according to the im age taken on the first day, some foam was noticed, which resulted from 
the continuous stirring during the preparation process. H ow ever, this foam  decreased 
significantly on day 2  and com pletely  disappeared over the follow ing days. The color of 
this surfactant was brow n, and its intensity did not decrease w ith increasing time from day 
2 to day 5 after being kept at 60 °C for five days. This indicates that it is a good candidate
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for flooding experim ents, especially w hen mixed w ith other com ponents. Figure 16 shows 
the effect of tem perature on its stability over five days.

Figure 15. Effect of temperature on the stability of 1 wt.% Mits-5L001 at 60 °C.

Figure 16. Effect of temperature on the stability of 1 wt.% PCMtm HOMF at 60 °C .

3.2.5. D ekasurf SF 9136 Solution

The proprietary blend for the surfactant w as w ithin  50-60%  by w eight. O ne percent 
by  w eight (1 0 ,0 0 0  ppm ) of this surfactant w as prepared by  m ixing it w ith  brine w ater 
that had salinity o f 100 ppm . Im ages captured during the five-day period dem onstrated 
that this surfactant w as steady and stable at this concentration, w ith  no sedim entation 
or stability deterioration over tim e. H ow ever, this product seem ed to be m ore affected 
by  the tem perature, especially  on the fourth and fifth  days, as its quantity  w as slightly 
decreased. This indicates that it is a poor candidate for flooding experim ents, especially 
at h igher tem peratures. Thus, other tests w ith  this surfactant m u st be perform ed before 
deciding w hether it is suitable for the injection process or not. Figure 17 shows the effect of 
the tem perature on the stability of this surfactant.

3.2.6. Proprietary Solution PSC EOR 2.2

Proprietary Solution PSC EOR 2.2 was analyzed as a surfactant and was obtained from 
the PT SPR  Langgak C om pany in Indonesia. It is used, as m entioned in the safety data 
sheet, in brackish w ater system s. The com patibility test for this m ixture w as perform ed at 
a concentration of 1 w t.% , using brine w ater prepared at salinity of 100 ppm . The results 
for this test show ed a clear and stable solution at a tem perature of 60 ° C. The yellow ish 
color of this m ixture resulted from the m ixing of this surfactant (which w as originally dark 
yellow ) w ith  the brine water. Figure 18 show s the result of the com patibility  test for this 
surfactant at 60 ° C.
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Figure 17. Effect of temperature on the stability of 1 wt.% Dekasurf SF 9136 at 60 °C.

Figure 18. Effect of temperature on the stability of PSC EOR 2.2 (1 wt.%) at 60 °C.

3.3. Viscosity Stability and Surface Tension M easurem ents

Figure 19 illustrates the m easured values of viscosity  against tim e for all surfactants 
for a tim e fram e of 10 days. For SD S, the viscosity slightly changed from 0.002 Pa.s on the 
first day to around 0.00206 Pa.s on the ninth day. This variation  w as considered norm al 
as long as the viscosity  did not change significantly during this period [22]. O n the tenth 
day, the value of viscosity w as high (0.002172 Pa.s) in com parison to the previous one. This 
happened due to the continuous exposure to heating during this period (10 days). The heat 
of the oven caused the slight evaporation of the SD S solution; therefore, the concentration 
of SD S w as slightly increased, w hich  affected the value o f the viscosity  at this tim e. In 
the sam e regard, the change in surface tension for SD S (0.4 w t.% ) versus tim e w as w ell 
recognized. O n  days 4  and 5, there w as no change in the value of the surface tension 
(SFT), w hich rem ained constant at 40  m N /m . This indicated that, over the period of five 
days, there w as a noticeable variation that occurred in the value of SFT for this surfactant, 
w ith  a slight difference betw een day 2 (37 m N /m ) and day 3 (42 m N /m ). This led to the 
conclusion that this surfactant is not suitable for A SP flooding, despite the fact that it has 
been suggested for other EO R techniques by m any researchers [22,23].

The viscosity  changes for the SD BS surfactant (at 0.4 w t.% ) w ere slightly greater 
than those for SD S. H ow ever, this variance w as sm all and began w ithin  the first day of 
m easurem ent at a viscosity  of 0.00189 Pa.s, and it settled on  the seventh day at a value 
of 0.002008 Pa.s. SFT m easurem ents appeared m ore stable and consistent for all other 
surfactants, as show n in Figure 2 0 , except for SD S and SD BS. N evertheless, there w as 
slight variance recorded from the sixth day to the ninth day for the SDBS surfactant, w hich
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averaged at around 29 m N /m . There w as significant variation  in the values of SFT for 
both  aDS and SD BS, w hile the; others w ere m ore stable. Thi s test indicated that both  SIDS 
and SD BS w ere not satisfactory, and therefore they w ere both excluded front the final 
ASP experim en ts.
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Figure 19. Relation between viscosity of tested surfactants and time at 60 °C.
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Figure 20. Relation between SFT for tested surfactants and time at 60 ° C.

3.4. A dsorption and Injectivity Evaluation

In the current w ork, dynam ic adsorption experim ents w ere perform ed to evaluate 
the suitability of the surfactants and polym ers for injectivity in order to construct the final 
com binations to be used in the A SP injectant. Surfactant consum ption inside reservoirs 
and polym er m echanical degradation have a significant Im pact on the effective ness of 
injected ASP slugs in recovering oii after w ater flooding; [24]. Aqueous solutions consisting 
of different types of suriactanfs and also cassava/purple yam  nanoparticles w ith  HPAM  
w ere iniected into cleaned core sam ples at a reservoir tem perature of 60 °C . The concen-

— ■—  SDS (0.4 wt.%)

— * ------ SDBS (0.4 wt.%)

— *■— Mits-51001 (0.4 wt.%)

— * —  PCM HOMF (0.4 wt.%)

— *— DekasurfSF 9136(1 .0  wt.%) 

— <------- PSC EOR 2.2 (0.4 wt.%)

— *-----SDS (0.4 wt.%)

SDBS (0.4 wt.%)

— * — Mits-51001 (0.4 wt.%)

— * —  PCM HOMF (0.4 wt.%)

DekasurfSF 9136(1.0 wt.%)

— <-----PSC EOR 2.2 (0.4 wt.%)
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trations o f the surfactants and polym ers in the effluent stream  w ere m easured using an 
ultraviolet-visible (UV-VIS) spectrophotometer, to estimate the chemical adsorption in the 
core sam ples. D ynam ic adsorption experim ents revealed that surfactant adsorption and 
polym er consumption were reduced in the presence of starch nanoparticles. They achieved 
favorable m obility control for A SP form ation.

The results of the adsorption and injectivity tests for the surfactants and nano-polymers 
are show n in Table 3 . The criteria for successful application w ere an RF and R FF less 
than 1.2 and an adsorption value for every tested solution of less than 0.4 m g/1g of the 
core w eight [23]. The RF and RFF w ere calculated u sing Equations (1) and (2), respec
tively. As specified in  the follow ing table, the nano-polym er com bination that consisted 
of HPAM  (1000 ppm ) and PYN Ps (1.25 w t.% ) exhibited good perform ance for adsorption 
as both  RF and RFF w ere below  1.2. The sam e conclusion w as reached regarding the 
other nano-polym er, w hich contained 1.25 w t.%  cassava nanoparticles. For the SD S and 
SDBS surfactants, both RF and RFF were above 1.2, and the adsorption rate w as above the 
recom m ended value (0.4 m g/g), as it w as 3.25 for SD S and 3 for SD BS. This w as in  line 
w ith the rheology test previously performed for these two surfactants. Significant variance 
in viscosity w as recorded during the predefined period; this gave further confirm ation that 
these surfactants w ere not suitable for the final ASP flooding.

Table 3. Results for adsorption and injectivity of tested surfactants and polymers.

Chemicals
Inspected

Material
Injected

Pressure 
Difference, 

AP, atm

Volumetric 
Flow Rate,

cm3/sec

Conc.
wt.%

Permeability, Resistance 
mD Factor, RF

Residual 
Resistance 
Factor, RFF

Adsorption 
Rate, mg/g

HPAM HPAM 0.0851 0.005 0.10 109.25 0.4098 < 1.2 * -
Brine

Re-Injected 0.2674 0.0333 0.010 231.6 - 1.2885 > 1.2 ** -

HPAM + 
Purple Yam 

NPs

HPAM + 
Purple Yam 

NPs
0.1837 0.005 0.1 (HPAM) + 

1.25 (PYNPs) 50.61 0.40298 < 1.2 -

Brine
Re-Injected 0.54641 0.0333 0.01 113.32 - 1.1985 < 1.2 -

HPAM + 
Cassava NPs

HPAM + 
Cassava NPs 0.23816 0.005 0.1 (HPAM) + 

1.25 (CSNPs) 39.04 0.35 < 1.2 -

Brine
Re-Injected 0.56478 0.0333 0.01 109.63 - 0.83 < 1.2 -

SDS SDS 0.1429 0.005 0.625 65.1 1.75 >1.2 - 3.25 > 0.4 ***
Brine

Re-Injected 0.42529 0.0333 0.01 145.59 - 5.208 > 1.2 -

SDBS SDBS 0.2688 0.005 0.5 34.59 1.681 > 1.2 - 3.0 > 0.4
Brine

Re-Injected 0.25177 0.0333 0.01 216.89 - 1.574 > 1.2 -

Mits-5L001 Mits-5L001 0.21502 0.005 0.10 43.24 1.239 > 1.2 - 0.3 < 0.4 ****
Brine

Re-Injected 0.18713 0.0333 0.010 330.89 - 1.0784 < 1.2 -

PSC HOMF PSC HOMF 0.32322 0.005 0.10 28.764 0.475 < 1.2 - 0.28 < 0.4
Brine

Re-Injected 0.57158 0.0333 0.01 108.33 - 0.475 < 1.2 -

Dekasurf SF 
9136

Dekasurf SF 
9136 0.63963 0.005 0.10 14.54 0.752 < 1.2 - 0.5 > 0.4

Brine
Re-Injected 0.89820 0.0333 0.01 68.938 - 1.056 <1.2 -

PSC EOR 2.2 PSC EOR 2.2 0.51034 0.005 0.10 18.218 0.42857 < 1.2 - 0.39 < 0.4
Brine

Re-Injected 1.29287 0.0333 0.01 47.893 - 1.0857 < 1.2 -

* <1.2 (favorable), ** >1.2 (unfavorable), *** >0.4 (unfavorable), **** <0.4 (favorable).

For the M its-5L001 surfactant (0.01 w t.% ), the RF w as slightly above 1.2 (1.239) and 
the RFF w as below  1.2 (1.0784), bu t the adsorption rate w as less than 0.4; therefore, this 
surfactant w as considered satisfactory in adsorption and w as used in the final ASP slugs.
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For PSCTM HOMF (0.01 wt.%), the RF, RFF, and adsorption rates indicated its successful ap
plication. PSC EO R 2 .2  (0.01 wt.%) also showed good perform ance, as the three mentioned 
criteria for adsorption w ere satisfied. For D ekasurf SF 9136 (0.01 w t.% ), both  the RF and 
RFF values w ere satisfactory (<1.2), bu t the adsorption rate w as above the recom m ended 
value. Despite fulfilling two criteria out of three, this surfactant was excluded from the final 
ASP tests. This was because this product appeared to be more affected by the temperature, 
as dem onstrated by the com patibility test. In this test, its quantity was reduced during the 
fourth  and fifth days due to the continued exposure to heating at 60 ° C. M oreover, this 
was confirm ed in the direct injection test for this surfactant, as shown in Figure 21. Results 
dem onstrated that the oil recovery portion w as the sm allest " in  v a lu e" in com parison to 
the other surfactants involved in flooding, as show n in Figures 22- 24.

Figure 21. Oil extracted after water and surfactant flooding at 60 ° C. The; surfactant solution consisted 
of Dekasurf SF 9136 at 1.24 wt.%.
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Figure 22. Oil exfracted after wattr and surfactant flooding at 60 ° C. The suefactant solution consisted 
of PSC HOMF at 0.63 wt.%.
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Figure 23. Oil extracted after water and surfactant flooding at 60 °C. The surfactant solution consisted 
of Mits-5L001 at 1 wt.%.

Figure 24. Oil extracted after water and surfactant floodiing a1 60 °C. The surfactant: solution consisted 
of PSC 13 OR 2.2 at 0.98 wt.%.

3.5. A SP Flooding Using Indonesian Surfactants

It is evident from  the results that polym er flooding w ith HPAM  and PYN Ps/C SN Ps 
gave the best results in term s of oil recovery in com parison ter the other com ponents. 
D esp ite the fact thar the difference in oil recovery betw een these nano-polym ers (PYNPs 
and CSNPs) was not large, the com binetion thae contained PYNPs w as more stable and led 
to h ig h ir  oil recovery. This is because W indsor type 3 w as achievedt as teen  in Figure 2 5 .



Molecules 2023, 28,5770 17 of 33

The presence of this pattern indicates m ore oil recovery and the best applied recovery 
operation [17] .

FHni ~
e,»'C*o.s«|

50

Figure 25. Oil extracted after water and polymer flooding at 60 ° C. The polymer solution consisted 
of 2000 ppm HPAM and 0.6 wt. % PYNPs.

In order to im prove the perform ance of D ekasurf SF 9136 m anufactured in Riau, 
Indonesia, w hich  w as previously elim inated from  the A SP  experim ents according to the 
adsorption and com patibility tests, surfactant flooding w as performed with this product at 
60 °C. As show n in Figure 21, the am ount of oil recovered after w atar flooding w as small 
(only 10.84 w t.% ), and this quantity  w as not considered econom ically  significant. This 
confirm ed that this com pdnent w as not suitable for adoption m rhe final ASP formation.

A t the beginning of the flooding operations, w ater flooding w as initiated until one 
pore volu m e (PV1) of w ater (salinity  KM ppm ) had been  rnjected. Then, A SP flood m g 
w ith different com binations of nano-polym ers, alltalme, and special surfactants (th.it were 
obtained from  PT SPR  Langgak C om pany located in R iau, Indonesia) w as started until 
2  PV  of chem ical solution w as in jected for ea th  cycle. "The optim um  concentrations for 
PYN Ps and CSNPs w ith 2000 ppm  HPAM w efe found, sccording to a study perform ed by 
A l-Jaber et al. [2], to be 0.6 w t.%  and 0.8 w t.% , respectively. Based on the aforem entioned 
study, thiee ideal concentrations for the rem aining elem ents (alkaline and surfactants, w ert 
identified using critical micelle concentration (CMC) and lFT m easurem ents w ith standard 
paraffin oil. The results of these m easurem ents are illuetrated in Table 4

Table 4. Optimum concentrations for alkaline and surfactants [2].

S. Component Type of Component Concentration (wt.%)

1 Sodium hydroxide (NaOH) Alkaline 1.28

2 Sodium carbonate (Na2CO3) Alkaline 0.90

3 PSC HOMF Surfactant 0.63 wt.%

4 Dekasurf SF 9136 Surfactant 1.24 wt.%

5 Mits-5L001 Surfactant 1.0 wt.%

6 PSC EOR 2.2 Surfactant 0.98 wt.%

The first tested com bination for A SP flooding consisted of N aO H  (1.28 w t.% ) as the 
alkaline, PSC HOMF (0.63 wt.%) as the surfactant, and 2000 ppm HPAM w ith 0.6 wt.% as a
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hybrid polymer. As seen in Figure 26, the overall oil recovery for w ater flooding was 40.77%. 
After im plementing ASP flooding w ith the above slug, the oil recovery increased randomly 
as the in jected volu m e increa sed until it reached a m axim um  value o f 75 .38% w h en  2PV 
w as in jected into the core. Therefore, the net 2ncremental im provem ent ini oil recovery 
after w ater flooding w as 34.61% . In  other w ords, A SP flooding w ith  the aforem entioned 
com bination w as successful in recovering m ore oil than that obtained by  w ater flooding. 
The other inspected slug w as com posed of N aO H  (1.28 wt:.%) as the alkaline, M its-5L001 
(1.0 w t.% ) as the surfactant, and 2000 ppm  HPAM  w ith 0.6 w t.%  aa a hybrid polymer. As 
shown in Figure 27, ihe oi l recovered fro m the in jettion o f 1 PV of w ater (salinity 100 ppm) 
was 37.88 %. The overall recovery after im plem enting h PV of ASP flooding; w as 60.61%, so 
the increm ental oil recovery for this slug w as 22.73%, w hich w as lower than that obtained 
from w ater aooding.

Figure 26. Overall oil recovery versus injected volume for NaOH (1.28 wt.%)-PSC HOMF (0.63 wt.%)- 
HPAM (2000 ppm) plus PYNPs (0.6 wt.%) at 60 °C after water floodmg.

Figure 27. Overall oil recovery versus injected volume for NaOH (1.28 wt.%)-Mits-5L001 (1.0 wt.%)-
HPAM (2000 ppm) plus PYNPs (0.6) wt.%) at 60 °C after water flooding.
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For the A SP com bination that consisted of N aO H  (1.28 w t.% ) as the alkaline, PSC 
EO R  2.2 (0.985 w t.% ) as the surfactant;, and 2000 ppm  HPA M  w ith  0.6 w t.%  pYN Ps as the 
hybrid polym er, as show n in Figure 28, the overall w ater flooding recovery w as 33.33% . 
After im p km tnting  A 5P flooding, the overall oil recovery reached 72.15% after the injection 
of 2 PV  of A SP ch em icak . This recovery w as the highest in com parison to ali other 
com binations, as seen from Table 15. Thus, this slug was consideeed the best for the tecovery 
erf sigm ficant quantities of oil. The net increm ental recovery for tMs com bm ation w as 
39.17%  after subtracting the ratio obtained by w a te r  flooding.

&
>o0 <11 I—

S01 > 
O

Injected volume (cm3)

Figure 28!. Overall oil recovery versus injected volume for NaOH (1.28 wt.%)-PSC EOR 2.2 
(0.98 wt.%)-HPAM (2000 ppm) plus PYNPs (0.6 wt.%) at 60 °C after water flooding.

Table 5. Incremental oil recovery (%) for final ASP combinations tested in flooding experiments.

S. Alkali Surfactant Polymer Concentration of ASP 
Slug wt.%

Net Incremental 
Oil Recovery (%)

1 NaOH PSC HOMF (HPAM + PYNPs) 1.28 -  0.63 -  (0.2 + 0.60) 34.61

2 NaOH Mits-5L001 (HPAM + PYNPs) 1.28 -  1.0 -  (0.2 + 0.60) 22.73

3 NaOH PSC EOR 2.2 (HPAM + PYNPs) 1.28 -  0.98 -  (0.2 + 0.60) 39.17

4 Na2CO3 PSC HOMF (HPAM + PYNPs) 0.90 -  0.63 -  (0.2 + 0.60) 25.39

5 Na2CO3 Mits-5L001 (HPAM + PYNPs) 0.90 -  1.0 -  (0.2 + 0.60) 25.72

6 Na2CO3 PSC EOR 2.2 (HPAM + PYNPs) 0.90 -  0.98 -  (0.2 + 0.60) 22.73

7 NaOH PSC HOMF (HPAM + CSNPs) 1.28 -  0.63 -  (0.2 + 0.80) 35.0

8 NaOH Mits-5L001 (HPAM + CSNPs) 1.28 -  1 .0 -  (0.2 + 0.80) 23.15

9 NaOH PSC EOR 2.2 (HPAM + CSNPs) 1.28 -  0.98 -  (0.2 + 0.80) 25.22

10 Na2CO3 PSC HOMF (HPAM + CSNPs) 0.90 -  0.63 -  (0.2 + 0.80) 17.69

11 Na2CO3 Mits-5L001 (HPAM + CSNPs) 0.90 -  1.0 -  (0.2 + 0.80) 27.56

12 Na2CO3 PSC EOR 2.2 (HPAM + CSNPs) 0.90 -  0.98 -  (0.2 + 0.80) 21.66

For the com bination that consisted of w eak alkali N a2C O 3 (0.9 w t.% ), alongside the 
other com ponents (PSC H O M F and hybrid polym er), the oil recovery after im plem enting
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brine flooding w as 46.15% . A fter A SP flooding, the overall recovery increased to 71.54%. 
The net increm ental recovery, therefore, for this com bination w as 25.39% , as show n in 
Figure 29 . The other com bination that included M its-5L001 (1.0 wt.%) as w ell as the w eak 
alkali and the hybrid polym er is shown in Figure 30. The w ater flooding recovery for 1 PV 
brine injection was 28.57%, whereas the ASP recovery after im plementing 2 PV was 54.29%. 
From  this study, it is obvious that oil recovery using a w eak alkali is less successful than 
that using a strong alkali such as N aO H , and this corresponds w ith a num ber of previous 
studies [25- 29]. The increm ental recovery for this com bination w as 25.72%.

Figure 29. Overall oil recovery versus injected volume for Na2CO3 (0-9 wt.%)-HOMF (0.6)3 wt.%)- 
HPAM (2000 ppm) plus PYNPs (0.6 wt.%) at 60 °C after water flooding.

Figure 30. Overall oil recovery versus injected volume for Na2CO3 (0.9 wt.%)-Mits-5L001 (1.0 wt.%)- 
HPAM (2000 ppm) plus PYNPs (0.6 wt.%) at 60 °C after water flooding.

The oil recovery for the A SP form ulation that used PSC  EO R  2 .2  (0.98 w t.% ) as a 
surfactant, alongside the w eak alkali and hybrid  polym er, is show n in Figure 31 . The 
overall w ater flooding recovery w as 49.24%, and that for ASP injection w as 71.97%, w hich
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is a high recovery ratio. A possible explanation for this high recovery is that the PSC EOR
2 .2  surfactant im proved chem ically  the properties of the N a2C O 3 alkali, w hich enhanced 
the oil recovery. A nother possible explanation is related to the fact that the m ixing of 
this surfactant w ith  the N a2C O 3 alkali increased the m icroscopic sw eep efficiency and 
altered the w ettability  of the used core sam ple from  oil-w et to w ater-w et [30,31]. A  third 
possible reason is that the use of this w eak alkali in the ASP com bination together w ith this 
surfactant led to the form ation of a so-called " in -s itu " surfactant through the reaction of 
the alkaline agent w ith the acidic com ponents available in the crude oil, and this activated 
a new  series of m echanism s that im proved the oil recovery a s a res u lt [32-3 4 ] . The net 
increm ental oil recovery for this ASP form ula w as 22.73%.
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Figure 31. Overall oil recovery versus injected volume for Na2CO9 (0.9 wt.%)-PSC EOR 2.2 
(0.98 wt.%)-HPAM (2000 ppm) plus PYNPs (0.6 wt.%) at 60 °C after water flooding.

The sam e slugs, com ponents, and concentrations w ere used w ith the hybrid polymer, 
w hich consisted of 2000 ppm  H PAM  w ith  C SN Ps a t a  concentration of a .8  w t.% , and 
the re la tio ish ip s am ong the overall oil recovery and the in jected volum e lor the sam e 
com ponents are show n in Figures 32- 37s G en erally  the recovesy percentage u sing this 
nano-polym er com bination teas sam ew hat lownr nhan tin at w ith tine first nano-polym er that 
used PYN Ps, w hich  indicated ihat the ffrst com binatian  w as m ore efficient in extracting 
a signifccant quaneity of oil. A  possible reeson for this; is that the PYN P particles created 
a m ore stable d iffusion force in com parison to C SN P particlrs due to their large surface 
area [35]. A  second possible reason is that the PYN Ps together w ith  HPAM  had m ore 
potential than CSNPs w ith HPAM in reducing the oil viscosity and im proving the mobility 
ratio, and they w ere also m ore effective in altering the rock w ettability towards w ater-w et 
conditions [36,37]. In addition to the higher recovery obtained using these two nanoparticle 
solutions w ith HPAM, the operational costs related to ASP flooding can be reduced, since 
these types of nanoparticles are abundantly available in nature, especially in this region of 
Asia. Therefore, w hen applied in large-scale operations, oil recovery m ay be significantly 
increased if the conditions of the oilfield are the sam e as those tested in this study.

Table 5 shows a summary of the incremental oil recovery after water flooding and ASP 
flooding for all slugs and chem icals used in this study. According to a study perform ed by 
N egin C. et al. [38], the types of nanoparticles used in  this study are considered "organic 
particles", w hich are different from inorganic particles and metal oxide particles; therefore, 
the latter tw o types of nanoparticles w ere not considered in this study. As seen in the 
table, there w ere tw o com binations of A SP that achieved higher recovery. The first w as 
the com bination that contained PYN Ps, w hich  consisted of N aO H  (1.28 w t.% ), PSC EO R
2.2 (0.98 w t.% ), and 2000 ppm  HPAM  w ith  0.6 w t.%  PYN Ps. This com bination achieved
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increm ental oil recovery of 39.17%  after w ater flooding, w hich  w as the h ighest in this 
study. The second com bination w as the one that contained C SN Ps, w hich consisted of 
N aO H  (1.28 w t.% ), PSC H O M F (0.63 w t.% ), and 2000 ppm  HPAM  w ith 0.80 w t.%  CSNPs. 
A n increm ental oil recovery rate o f 35%  w as obtained w ith  this slug. Therefore, these 
tw o A SP com binations are considered the best ones that can increase oil recovery w hen 
im plemented in ASP operations at a temperature of 60 °C. In addition, the flooding process 
using these types of seeded starch nanoparticles in polym er form ations consisting of 
H PAM  is regarded as an "econom ical process" as the tubers for cassava and purple yam  
are affordable and abundant.
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Figure 32. Overall oil recovery versus injected volume for INaOH (1.285 wt.%)-PSC HOMF (0.63 wt.%)- 
HPAM (2000 ppm) plus CSNPs (0.8 wt.%) at 60 °C after water flooding.
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Figure 33. Overall oil secovery versus injected volume for NaOH (1.28 wt.%)-Mits-5L001 (1.0 wt.%)-
HPAM (2000 ppm) plus CSNPs (0.8 wt.%) at 60 °C after water flooding.
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Figure 34. Overa ll oil recove ry versus injected volume for NaOH (1.28 wt.%)-PSC EOR 2.2 
(0.98 wt.%)-HPAM (2000 ppm) plus CSNPs ((3.85 wt.%) at 60 °C after water flooding.

Figure 35. Overall oil recovery versus injected volume for Na2CO3 (0.9 wt.%)-HOMF (0.63 wt.%)- 
HPAM (2000 ppm) plus CSNPs (0.8 wt.%) at 60 °C after water flooding.

Various factors contributed to the enhancem ent in oil recovery achieved by  these 
tw o A SP com binations. O ne significant factor w as the reduction in interfacial tension 
betw een the oil and w ater phases. The tw o surfactants PSC  EO R  2.2 and PSC  HOM F, 
obtained from  the PT SPR  Langgak O il Com pany, played a crucial role in achieving this 
reduction. A nother contributing factor w as the successful alteration of the w ettability, 
as evidenced by  the decreased contact angle observed in the w ettability  test. For PSC 
EO R  2.2, the contact angle w as reduced to 26.2°, w hile, for PSC HOM F, it w as reduced to
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37.2°. Furtherm ore, effective m obility control w as achieved through the com bination of 
H PAM  w ith  PYN Ps/C SN Ps, resulting in the im proved v iscosity  of the in jected w ater in 
these tw o com binations. A dditionally, the PY N P-containing com bination dem onstrated 
the generation of an oil-in-w ater em ulsion, w hich enhanced the oil recovery by increasing 
the contact area betw een the oil and displacing fluid, as illustrated in Figure 21. Moreover, 
the alkaline agent (N aO H ) used in the tw o A SP form ulations reacted w ith  the acidic 
com ponents available in the crude oil, such as naphthenic acids. These reactions led to 
the form ation of an in-situ surfactant, a soap-like com pound that m ixed w ith the original 
surfactant present in the in jection stream . This further enhanced the solubility of the oil, 
contributing to im proved recovery.

Figure 36. Overall oil recovery versus injected volume for Na2CO3 (0.9 wt.%)-Mits-5L001 (1.0 wt.%) 
HPAM (2000 ppm) plus CSNPs (0.8 wt.%) eit (50 ° CH after water flooding.
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Figure 37. Overall oil recovery versus injected volume for Na2 CO3  (0.9 wt.%)-PSC EOR 2.2
(0.98 wt.%)-HPAM (2000 ppm) plus CSNPs (0.8 wt.%) at (SO 13C after water flooding.
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4. Materials and Methods
4.1. M aterials
4.1.1. Buff Berea Core Sam ples

A tam a Tech Sdn. Bhd. supplied five Buff Berea core sam ples. Furtherm ore, the 
reservoir laboratory provided tw o additional cores. These core sam ples w ere used in 
experim ents that involved w ater and A SP flooding. They had com parable features to the 
original sandstone in the Langgak oilfield in Sum atra, Indonesia. The core sam ple's length 
w as 3 inches, and its diam eter w as 1.5 inches. The properties are show n in Table 6 .

Table 6 . Buff Berea core sample characteristics.

Product ID Formation Permeability Porosity UCS Steer by

SS-104 Upper Devonian 150-350 mD KCL 
400-500 Md N2

20- 22% 3800-4500 psi KCL/N2

4.1.2. Crude Oil

C rude oil w ith  an ° A PI of 31.9 w as obtained from  the Langgak oilfield in  Sum atra, 
Indonesia. The viscosity of the crude oil was approximately 43.668 cp, and the oil phase was 
solid at typical temperatures (25 °C). M ost Indonesian crude oils have pour points and wax 
content that range between 35 ° C and 40 ° C and 20-25% , respectively. Such oil necessitates 
the use of specialized technologies in order to keep it in a liquid state. To achieve this, this 
oil w as treated w ith  a chem ical solution called Fsol at a 1:1 ratio. This chem ical solution 
w as purchased from Innochem s Technologies Sdn. Bhd. in Johor, M alaysia.

Fsol has the capacity  to low er the viscosity  of oil and convert it into a liquid at 
room  tem perature w ithou t affecting its prim ary qualities. This m ay be accom plished by 
com bining the crude oil in the ratio stated previously w ith  this solution and then stirring 
the treated oil for approxim ately  10 m in w ith  a m agnetic stirrer. To guarantee that the 
modified oil had a hom ogeneous composition after being combined w ith Fsol, it was heated 
in an oven at 60 ° C for roughly 30 min before being used in ASP flooding.

4.1.3. Partially H ydrolyzed Polyacrylam ide (HPAM)

HPAM  is the m ost com m only used polym er in EO R  processes because of its relative 
fixed viscosity at low to m oderate tem peratures (around 693 to 787 m Pa.s at 35 ° C) and its 
stable chem ical and physical properties. The synthesized HPAM  used in this study had a 
m olecular w eight of 27.7 x  106 g/m ol, w hich is considered suitable for EOR applications 
and further for A SP flooding. H PAM  w ith  a concentration of 0.5%  in aqueous solution 
(brand R&M) was purchased from Tricell Bioscience Resources Co., Skudai, Johor, M alaysia.

4.1.4. Acetic Acid (CH 3COOH)

G lacial acetic acid (CH 3C O O H ) w ith  purity  of 99%  ( w / w )  w as supplied by  Q REC  
(Asia) Sdn. Bhd., Selangor, M alaysia. Acetic acid w as used in the m anufacturing of purple 
yam  and cassava nanoparticles. The independent parameters that can affect the production 
of starch nanoparticles are the acid concentration (m ol/L), tem perature (°C ), and tim e of 
operation (days). The accessibility range for these param eters w as classified according to 
the results obtained from previous studies [39- 41], as show n in Table 7 .

Table 7. Independent variables and their limits for optimum production of nanoparticles.

Processability Ranges

Minimumi Maximum

Acid concentration, mol/L 2.2 3.6

Temperature, ° C 40 60

Time, days 3 7
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4.1.5. Sodium  H ydroxide (NaOH) and Sodium  C arbonate (Na2CO 3)

In the current study, two different alkalis were tested: NaOH and N a2CO3. NaOH was 
provided by ASIA (QREC) Sdn. Bhd., Selangor, M alaysia, whereas N a2CO3 w as purchased 
from  A SIA  C H EM IE (Q REC) C o., Ltd., C honburi, Thailand. The properties of sodium  
hydroxide and sodium  carbonate are illustrated in Table 8 .

Table 8 . Physical properties of NaOH and Na2CO3 .

Property Sodium Hydroxide Sodium Carbonate

Purity 98% 99~100%

Molecular weight 39.997 g/mol 105.99 g/mol

Physical state Solid Powder

Odor Odorless Odorless

Color Colorless White

Melting temperature 323 °C 851 °C

Boiling temperature 1390 ° C 1600 °C @ 760 mmHg

pH value ~14 at (50 g/L H2O, 20 °C) -

Solubility in water 1090 g/L (at 20 ° C) 22 g/100 mL (at 20 °C)

Solubility in ethanol 139 g/L -

Specific gravity - 2.53

Chemical formula NaOH Na2CO3

4.1.6. Sodium  D odecyl Sulphate (SDS) and Sodium  D odecyl Benzene Sulfonate (SDBS)

SD S is the m ost inspected m aterial in oil recovery as an anionic surfactant. It can 
be obtained as a pow der or pellet and can be used in  b iotechnology and biochem istry. 
SD S w as provided by A SIA  C H EM IE (QREC) Co. Ltd., Thailand. In addition, SD BS w ith 
the m olecular form ula C18H 29N aO 3S w as used. SD BS is a yellow , oily  com p onent w ith  
micro-toxicity. SDBS is considered neutral, more sensitive to w ater hardness, and an anionic 
surfactant. SD BS w ith  a m olecular w eight of 348.48 g/m ol w as purchased from  C entral 
D rug H ouse (P) Ltd., N ew  Delhi, India.

4.1.7. Surfactants Obtained from PT SPR Langgak C om pany in Indonesia

Four collections of surfactants at certain  concentrations w ere obtained from  the PT 
SPR  Langgak com pany in Sum atra, R iau, Indonesia. In this research, not all supplied 
surfactants w ere processed for the final flooding, as som e of them did not show improved 
perform ance. The supplied surfactant com binations w ere nam ed M its-5L001, PSC HOMF, 
D ekasurf SF 9136, and PSC EO R 2.2.

4.1.8. Purple Yam Tubers

Eighteen kilogram s of purple yam  tubers w ere purchased from  a dom estic Johor 
m arket. It is scientifically know n as Dioscorea alata and is also know n as greater yam  or 
w ater yam . It is one of several yam  species that have been  dom esticated  and farm ed for 
their starchy tubers throughout Sou theast A sia and N ew  G uinea. The average particle 
size of the PYN Ps that w ere used in the flooding experim ents w as 363.12 nm  and the 
concentration w as 0 .6  w t.%  (w/w) [2 ].

4.1.9. N ative C assava Starch

O ne kilogram  of native cassava starch w as obtained from  the dom estic m arket. C as
sava is a versatile vegetable that is extensively  consum ed across the w orld , and it is also 
the source of tapioca starch. C assava starch is a w hite pow der form ed from  dehydrated 
and dried tapioca after it has been  rem oved. The average particle size of the C SN Ps w as
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5 2 .9 2  nm , and the concentration that w as used in the flooding experim ents w as 0 .8  w t.%  
(w /w ) [2 ].

4.2. M ethods
4.2.1. D eterm ining the W ettability of Core Sam ples

In order to test the w ettability of the surfactants, alkalis, and nano-polym ers using two 
types of nanoparticles synthesized according to a m ethod described by  A l-Jaber et al. [ 2 ], 
Buff Berea core sam ples w ere used. The crude oil w as supplied by  the Langgak oilfield, 
and it w as m ixed w ith  Fsol (1:1) to reduce its v iscosity  and ensure that it rem ained in  a 
liquid state at am bient tem perature. In order to ensure the hom ogeneous com position of 
this diluted oil, it was stirred for around 10  min using a magnetic stirrer and then placed in 
an oven at 60 °C for around 30 m in before being used.

The core sam ples w ere soaked com pletely  in  oil for approxim ately  three days. This 
was to ensure full or complete saturation w ith crude oil. At this point, the w ettability of the 
core samples w as measured w ith an optical contact angle instrument. The measured contact 
angle was found to be higher than 9 0 ° as the core sam ples w ere fully saturated with crude 
oil. After this, the alkali, surfactant, and nano-polym er solutions were prepared at different 
concentrations from  these com ponents. These concentrations w ere based on the C M C 
technique, w hich aimed to ensure lower interfacial tension betw een these com ponents and 
the standard paraffin oil. Then, the sam e core sam ples that w ere saturated w ith crude oil 
w ere soaked in the prepared solutions for around three days until they becam e saturated. 
To evaluate the w ettability, the core sam ples w ere im m ersed in  the prepared solutions 
and the contact angle w as calculated using an optical instrum ent, and its value w as less 
than 90°, w hich w as considered suitable for the application of the alkalis, surfactants, and 
nano-polym ers in ASP flooding, especially as this contact angle w as reduced further as the 
w ettability  changed from  oil-w et to w ater-w et. To perform  this activity, one core sam ple 
w as cu t into six sm all discs, each w ith  the sam e diam eter (1.5 inches) and a length of
0.5 inches. These discs w ere labeled num erically (1, 2, 3, etc.), and each o n ew as placed in 
direct contact (through soaking) w ith a specific solution.

4.2.2. C om patibility loe Surfactants

In this m ethod, the tested surfactants w ere assessed w ith th e  form ation/in jection 
water toensu re that they were com patible w ith it to a certain degree. This w as achieved by 
preparing a solution of aurlactant at a certain concentration tm ostly 1 w t.% ) in a 1000 mL 
beaker. The prepared solutions w ere kept at the reservoir tem perature of the Langgak 
oilfield (60 °C) by placing them inside e standard oven. In this tests the change in solubility 
of the surfactant solutions w as observed for five consecntivedaye. In this test, a satisfactory 
result w as a clear solution in a single phase w ith no sedim entation, as show n in Figure 38 .

Figure 38. Compatibility test for surfactant combinations.
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4.2.3. Therm al Stability

In this test, the perform ance of the surfactant solutions was evaluated at the reservoir 
tem perature (60 °C). The viscosity  of the solutions w as m easured using Brookfield RST 
rheometer manufactured in M iddleboro, M assachusetts, United States. The SFT of the solu
tions w as estim ated using a KRUSS EasyDyne tensiom eter K20 by im plem eting W ilhelmy 
plate m ethod. The Brookfield RST rheom eter utilizes a rotational m easurem ent m ethod to 
determ ine the viscosity. It em ploys a spindle that rotates w ithin a sam ple, m easuring the 
torque required for rotation. The torque measurem ent is then used to calculate the viscosity 
of the sample based on the rheological properties and behavior of the material being tested, 
w hich involves m easuring the force required to vertically  lift or im m erse a plate or w ire 
in a liquid. This m ethod is utilized to accurately assess the interfacial tension and surface 
tension properties of different liquids. In order to obtain  consistent and stable values for 
the viscosity and SFT at the reservoir tem perature, these values w ere recorded and had to 
remain unchanged for a total period of 10 days. This was achieved by placing the solutions 
in  the oven a t 60 ° C for 10 days and m easuring the values of v iscosity  and SFT each day. 
The concentrations of surfactants varied from 0.4 to 1.0 w t.%  in this test.

4.2.4. Adsorption and Injectivity Test

In this test, the interactions betw een reservoir rocks engaged by Buff Berea core 
sam ples and injected chemical solutions were evaluated. The instrum ents used for this test 
were a core-flooding unit (Figure 39) and a U V -VIS spectrophotometer. The dimensions of 
the inserted core sample had to be known. The inspected core was inserted into a desiccator, 
vacuum ed, and saturated w ith  brine w ater (100 ppm ). A fter this, in jection w as initiated 
w ith the brine water followed by the eurfactant (or polymee) solutions at a volumetric flow 
rate (Q ) equal to 3.5 cc/m in. The in jection process w as continued until the; pressure d rop 
betw een the meet and outlet becam e constant. The in jection effluent w as collected in  a 
geaduatrd cyli nder, and the contents of this effluene were eval uated for every 5 mL volu me. 
After m easuriog the necessary concentrations, the value cel the dynam ic adsorption value 
for eac hi core sam ple w as estim ated.

Figure 39. Main core-flooding apparatus used in experimental work.

In order to calculate the injectivity, the differential pressure (AP) between the inlet and 
outlet w as recorded. Then, the value of R F w as calculated for the polym er (or surfactant) 
solutions. A fter this, a re-injection operation w as perform ed in the inspected core sam ple 
w ith brine w ater (salinity 100 ppm) in order to calculate the RRF. To assess the rheological 
properties of the tested polym ers (or surfactants) through the core samples, the differential
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pressure betw een the inlet and outlet (AP) w as m easured until it becam e constant. Herein, 
the RF and RRF w ere determ ined using the follow ing equations [42]:

w here APBrine is the differential pressure of brine before polym er (or surfactant) injection, 
APpolymer is the differential pressure for polymer (or surfactant) injection, and APBrine after 
polym er injection represents the AP of resumed brine injection after polymer (or surfactant) 
injection. For successful perform ance, the follow ing conditions had to be m et [43]:

I. A dsorption value < 400 Mg/g;
II. RF and RRF < 1.2.

4.2.5. Water and ASP Flooding

Flooding experim ents w ere initiated for the final selected com binations of ASP, and 
the nano-polym er solution consisted of HPAM  and PYN Ps or C SN Ps. The first nano
polym er solution consisted of 2000 ppm  HPAM  plus 0.60 w t.%  PYN Ps. The second one 
w as com posed of 2000 ppm  HPAM  and 0.80 w t.%  C SN Ps. The Buff Berea core sam ples 
w ere vacuum ed and located inside the saturation vessel. The vacuum  operation w as 
perform ed for around three hours u sing a vacuum  pum p to rem ove air from  inside the 
core sam ples. Brine w ith  salinity of 100 ppm  w as produced by  dissolving 10 g of N aCl in 
1000 m L of distilled water. The vacuum  pum p w as used again to introduce the brine into 
the saturation vessel.

W hen the brine solution had com pletely  filled the open space inside the saturation 
vessel, the surplus brine began to discharge and collect in a conical flask. The vacuum  
pum p w as then turned off, and the saturation vessel w as attached to a Teledyne pum p. 
Follow ing the operation of the Teledyne pum p, the pressure w ithin the saturation vessel 
was progressively increased by injecting 8  cm 3 /min of water. W hen the pressure inside the 
vessel approached approxim ately 2 2 0 0  psi, the accum ulator's brine injection w as stopped. 
The saturation vessel w as kept at this pressure for 2-3  days to ensure that the core samples 
w ere com pletely saturated w ith the brine.

A fter the saturation of the core sam ples w ith brine, they w ere processed for crude oil, 
where crude oil mixed w ith Fsol was injected. Nitrogen gas was pumped into the confining 
vessel to assist in spreading the oil inside the sandstone pores. The Teledyne pum p w as 
used for the injection of oil at a volum etric flow rate of 7-10  cm 3 per minute. The injection 
output was collected in a 50 m L collecting cylinder. The amount of w ater resulting from oil 
injection is equal to the amount of OOIP. This is because of the law of conservation of mass: 
m ass in  is equal to m ass out. A fter the core sam ple w as saturated w ith  crude oil, w ater 
flooding (brine) w as started by injecting 5 -8  cm 3 /min of brine into the core sam ple. Every 
three m inutes, the output from w ater flooding w as checked in the output cylinder, and its 
quantity w as m easured. W ater flooding continued until one PV of w ater w as injected.

A fter this, A SP flooding w as initiated, w hich  w as related to the in jection of H PAM - 
nano-starch polym ers together w ith alkaline and surfactants. The volum etric flow rate for 
ASP flooding was 3-3 .5  cm 3 /minute, and the output of flooding was examined every three 
minutes as before. In order to m aintain the temperature for water and ASP flooding around 
60 ° C, the confining vessel that contained the core sam ple w as placed inside an electrical 
oven  at 60 °C  to sim ulate the tem perature of the Langgak oilfield. The A SP flooding 
w as allow ed to continue until 2 PV  w as in jected inside the core sam ple. The oil recovery 
percentage for this operation (Rf) w as calculated using the follow ing equation [24]:

rine

(1)

(2 )

R f = (total volum e of oil produced at collecting cylinder/O O IP) x  100% (3)
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5. Conclusions

Notably, current field applications of A SP flooding have achieved increm ental oil re
covery of approximately 20-22%  [43]. The objective of this study was to identify an optimal 
in jection design pattern that could reduce costs w hile im proving oil recovery. Various 
evaluation techniques w ere em ployed to assess the perform ance of different surfactants, 
and those show ing favorable results w ere incorporated into the final A SP form ulation. 
The perform ance o f the surfactants obtained from  the PT SPR  Langgak O il C om pany in 
Indonesia, including M its-5L001, PSC TM HOM F, D ekasurf SF 9136, and PSC  EO R  2.2, 
w as evaluated prior to their inclusion in the A SP experim ents. A dditionally, SD S and 
SD BS surfactants w ere evaluated bu t yielded unfavorable outcom es in rheology and ad
sorption tests. A  unique type of nano-polym er w as developed using cassava and purple 
yam  starches, w hich w as then com bined w ith  conventional HPAM  at a concentration of 
2000 ppm. The perform ance of the nano-polym er, com prising PYN Ps at a concentration 
of 0.6 w t.%  and C SN Ps at a concentration of 0.8 w t.% , w as found to be favorable. The 
final A SP com binations involved tw o types of alkali: N aO H  (1.28 w t.% ) as a strong alkali 
and N a2C O 3 (0.9 w t.% ) as a w eak alkali. The com bination w ith  the strong alkali yielded 
superior results in term s of achieving higher recovery.

Evaluation m ethods for the surfactants encom passed com patibility  and w ettability  
alterations for B uff Berea core sam ples, therm al stability, and adsorption w ith  in jectivity 
tests. The D ekasurf SF 9136 surfactant exhibited poor perform ance in com patibility, ad
sorption, and in jectivity  tests, w ith  an adsorption rate exceeding 0 .4  m g/g, leading to its 
exclusion from the final ASP flooding experim ents. Similarly, SDS and SDBS showed poor 
perform ance in the rheology tests and w ere also excluded. A fter conducting a series of 
A SP flooding experim ents using the rem aining surfactants, it w as determ ined that the 
com bination of NaOH (1.28 wt.% ), PSC EOR 2.2 (0.98 wt.% ), and the nano-polym er HPAM 
(0.2 wt.%) with PYNPs (0.6 wt.%) achieved the highest oil recovery among all other com bi
nations, w ith  a net increm ental oil recovery of 39.17%  after w ater flooding. Additionally, 
the com bination of N aO H  (1.28 w t.% ), PSC H O M F (0.63 w t.% ), and the nano-polym er 
H PAM  (0.2 w t.% ) w ith  C SN Ps (0.8 w t.% ) yielded the second-highest recovery, w ith  an 
increm ental recovery of 35%  after w aterflooding. This indicates that the nano-polym er 
consisting of PYN Ps and H PAM  w as m ore effective in extracting oil from  core sam ples 
compared to the second combination. Therefore, the procedure outlined in this research has 
the potential to lead to greater levels of oil recovery and significantly improve oil extraction 
w hile reducing operational costs.

Author Contributions: Writing—Original Draft Preparation, H.A.A.-J.; Supervision, A.A. (Agus 
Arsad) and S.B.; Data curation, A.A. (Agus Arsad); Funding Acquisition, M.A.; Project Administration, 
M.Y.A.; Writing—Review and Editing, A.A. (Augustine Agi); Information and Data Collection, S.M.Y.; 
Resources, A.R.A.; Project Administration, M.T.; Conceptualization, M.J.N. All authors have read and 
agreed to the published version of the manuscript.

Funding: The authors would like to express their appreciation for the financial support received 
from the School of Chemical and Energy Engineering, Universiti Teknologi Malaysia (UTM), through 
Grant No. R.J130000.7351.4B549 and Q.J130000.3551.07G11.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors express their gratitude to the staff of the Reservoir Laboratory, 
especially Roslan Jas, for dedicating their time to aid in the use of the equipment and for providing 
some materials for the experimental work. Moreover, the authors express their gratitude to student 
Azlan Sharbini for providing useful information about the apparatus and its use.

Conflicts of Interest: The authors declare that there were no conflict of interest throughout the period 
of this study.



Molecules 2023, 28,5770 31 of 33

Sample Availability: Not applicable. 

Nomenclature

ASP Alkaline-surfactant-polymer
Al2O3 Aluminum oxide
CAS Cassava starch
CH3COOH Acetic acid
CMC Critical micelle concentration
cc Cubic centimeter
cp Centipoise
CS Cassava starch
CSNF Crystalline starch nanofluid
CSNPs Starch nanoparticles
DSC Differential scanning calorimetry
Dekasurf SF 9136 PT SPR Langgak special surfactant
EOR Enhanced oil recovery
FTIR Fourier transform infrared spectroscopy
Fsol F solution
HPAM Partially hydrolyzed polyacrylamide
IFT Interfacial tension, mN/m
M Mobility ratio of water to oil
Mits-5L001 PT SPR Langgak special surfactant
NaOH Sodium hydroxide
Na2CO3 Sodium carbonate
NPs Nanoparticles
OOIP Original oil in place
PV Pore volume of sandstone core, cm3
ppm Parts per million
PSA Particle size distribution
PSC HOMF PT SPR Langgak special surfactant
PSC EOR 2.2 PT SPR Langgak special surfactant
PYNPs Purple yam nanoparticles
Q Volumetric flow rate, cm3/min or ml/min
RF Resistance factor
RFF Residual resistance factor
Rf Oil recovery percentage, %
SDBS Sodium dodecylbenzene sulfonate
SDS Sodium dodecyl sulfate
SFT Surface tension, mN/m
SiO2 Silicon dioxide
Sor Residual oil saturation
TEM Transmission electron microscopy
UV-VIS Ultraviolet-visible spectrophotometer
ZnO Zinc oxide
AP Pressure difference, psi
APPolymer Differential pressure of polymer (or surfactant) injection, psi
APBrine Differential pressure of brine before polymer (or surfactant) injection, psi
APBrine after polymer injection AP of resumed brine flooding after polymer (or surfactant) injection, psi
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