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Abstract. The Enhanced Oil Recovery (EOR) process with chemical techniques carried out by injecting chemicals such as 
surfactants, can be an alternative to increase oil production, especially in old oil wells. This study investigated the best 
formulation of non-ionic surfactants based on the mole ratio of oleic acid and PEG-400 as well as catalyst types such as 
KOH and p-TSA 1%, which are used in surfactant synthesis to be able to increase oil production. The tests carried out are 
the value of acid, saponification, ester, and iodine, FTIR, NMR as well as a test of compatibility, phase behavior, and IFT. 
The results showed that the best formulation of ester polyethylene glycol oleate with reaction temperature conditions of 130oC 
was at a mole ratio of 1: 4 using a 1% p-TSA catalyst with a value of acid is 3,61 mg KOH/g, saponification is 144,12 mg 
KOH/g, ester is 140,51 mg KOH/g and iodine is 76,70 g I2/100 g. The compatibility tests and phase behavior show that 
this surfactant can be developed in chemical EOR with an IFT value of 2,6 x 10-1 mN/m. 
 
Keywords: Enhanced oil recovery, oleic acid, solid-state catalysts, synthesis 

 
INTRODUCTION 

In recent years, global energy consumption has 
increased exponentially due to population growth, 
economic growth, and technological development 
(Gallego et al., 2021). As a result, oil reserves, 
particularly in Indonesia, have tended to decline, and 
currently, the rate of new oil discoveries has begun to 
decline. While petroleum will continue to be needed in 
the future, both as a source of energy and as a raw 
material for various important products, long-term 
efforts should therefore focus on increasing the 
recovery from exploited fields (Saxena, 2019 ; Al 
Wahaibi, 2019). To overcome these problems, 
especially to increase the production from old oil wells, 
oil recovery can be implemented 

Enhanced Oil Recovery (EOR) includes a variety of 
techniques that aim to increase the productivity and 
life of oil fields (Nwidee et al., 2016). Chemical EOR 
is a technique in which oil is recovered by chemical 
injection and is one of the cheapest and most 
developed EOR techniques and can be used for 
medium-viscosity crude oil, regardless of the type of 
rock formation (Druetta & Picchioni, 2020). The 
chemical EOR technique is a non-thermal EOR that 
requires relatively low costs (Gbadamosi et al., 2019). 
The most common chemicals used in chemical EOR 

techniques are polymers, surfactants, alkalis, 
surfactant-polymer (SP), and alkali-surfactant-polymer 
(ASP) (Nwidee et al., 2016). 

The surfactant can reduce the interfacial tension 
(IFT) until 10-3 N/m and can increase the oil recovery 
by dissolving the oil (in the form of an emulsion) at a 
low IFT so that the oil can be washed away with the 
formation water flowing toward the production well 
(Sagir et al., 2020). Surfactants in EOR can reduce the 
interfacial tension between the oil and water phases 
from the remaining water flooded in a reservoir.  In 
addition, because surfactants have hydrophilic and 
hydrophobic properties, where the hydrophilic group 
will bind the residual water and the hydrophobic group 
will bind the oil phase in the reservoir, the wettability 
between the oil and the rocks in the reservoir will 
increase, So that the oil recovery (SOR) can also 
increase(Atta et al., 2021; Olajire et al., 2014). 
Different types of surfactants have been used in 
chemical EOR, both non-ionic and anionic surfactants. 
non-ionic surfactants generally show better 
performance than anionic surfactants because non-
ionic surfactants are much more tolerant of high 
salinity compared to anionic surfactants(Chen et al., 
2021). Non-ionic surfactants do not ionize in water, 
however, they have high resistance to high salinity. 
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Some examples of non-ionic surfactants are 
polyoxyethylene stearyl ether, nonylphenol, propylene 
glycol monostearate, alcohol ethoxy stearate, etc. 
(Shachi et al., 2018). 

There were several studies on the development of 
non-ionic surfactant and their applications, such as 
non-ionic biosurfactants from tannic acid for EOR 
application was obtained ultra-low IFT with a value of 
0.052 N/m and resulted in about 90% OOIP (original 
oil in place) (Seo et al., 2018) (Khayati et al., 2020); a 
non-ionic surfactant from pure saponin was gained for 
EOR in sandstone and carbonate reservoirs and the 
experiments resulted decreased the oil-water IFT by 
77.31% and the oil recovery was improved by 6.23 - 
8.4% OOIP ; the study of polyethoxylated non-ionic 
surfactant with different ethylene oxide units were 
combined with low-salinity brine show that IFT 
decreased with increasing salinity in oil-wett carbonate 
reservoirs (Souayeh et al., 2018). 

Surfactant synthesis using vegetable oils such as 
palm oil is recommended due to its abundant 
availability and eco-friendliness. Surfactants from 
vegetable oils have been extensively studied in 
Indonesia using palm oil as raw material such as oleic 
acid (Putra et al, 2020). The use of palm oil as a 
surfactant will not interfere with or compete with food. 
Palm oil which is traditionally processed is used for 
food about 85-90%. And only 10-15% of palm oil is 
used for non-food applications. Palm oil which is a 
natural oil and fat is a triglyceride compound. In the 
conversion processing, these triglycerides are 
processed into three stages, namely the form of crude 
glycerine into glycerol, splitting into crude fatty acids 
through further processing for food. In contrast, 
triglyceride molecules are hydrolyzed into crude fatty 
acid methyl esters through a transesterification 
reaction which can be processed for non-food 
applications (Mba et al., 2015) (Yeona et al., 2012). 
The synthesis of palm oil-based surfactants, such as 
oleic acid, has previously been carried out by (Putra et 
al., 2020), an esterification process between oleic acid 
and PEG-400 using a sulfuric acid catalyst. (Irawan et 
al., 2018) also investigated the synthesis of 
polyethylene glycol monooleate (PMO) using a 
potassium hydroxide (KOH) catalyst. Furthermore, 
(Abdullah et al., 2017) synthesized polyethylene glycol 
monooleate using cesium heteropoly-acid (Cs HPA) 
catalyst. 

Further research was conducted on the synthesis of 
palm oil-based non-ionic surfactants, such as oleic 
acid and polyethylene glycol, through an esterification 
process using an acid catalyst, i.e. para toluene 
sulfonic acid (p-TSA) and a base catalyst, i.e. 
potassium hydroxide (KOH). The synthesized non-
ionic surfactant, ester polyethylene glycol oleate, has 
properties that have the potential to be applied to 
chemical EOR techniques, especially based on the 
results of its phase behavior test which can produce 
Winsor Type III emulsions and low IFT values. 

EXPERIMENTAL SECTION 
Materials 

The materials used in this study were technical oleic 
acid (PT. Brataco), technical PEG-400 (PT. Brataco), 
potassium hydroxide (Merck No. 1.05033.1000), 
para toluene sulfonic acid (p-TSA) (Sigma Aldrich No. 
402885-100G), hydrochloric acid (Smart-Lab No. 
030822004), potassium iodide (Merck No. 
1.05051.0500), carbon tetrachloride (Merck No. 
1.02222.2500), sodium thiosulfate (Merck No. 
1.06516.1000), technical ethyl acetate (PT. Smart-Lab 
Indonesia), technical 96% ethanol (PT. Smart-Lab 
Indonesia), iodine (Merck No. 1.04761.0100), acetic 
acid glacial (Smart-Lab No. 250722003), silicon oil, 
phenolphthalein (PP) indicator, formation water, crude 
oil of field X. 
Synthesis of Surfactants Based Oleic Acid and 
Polyethylene Glycol 

The process used to synthesize ester polyethylene 
glycol oleate is an esterification process carried out by 
reacting oleic acid and PEG-400 with the used molar 
ratio i.e. 1:1, 1:2, 1:3 and 1:4 in a three-necked flask 
as a reactor with a Dean-Stark that has been 
connected to a condenser, heated with a temperature 
of 130oC and stirring with a magnetic stirrer at 300 
rpm. After approaching 130oC, the catalyst was added 
to the reactor about 1% of the total weight of the 
reactants, the catalysts were p-TSA and KOH. The 
reaction was carried out for 6 h and samples were 
taken every hour. The product of this reaction was 
extracted in a separatory funnel using technical ethyl 
acetate and aquadest in a 1:1 ratio until the pH was 
neutral (6-7) and evaporated until no solvent dripped. 
The final product is then characterized, while the 
sampling product is only identified by an acid value 
test(Irawan et al., 2018). The acid value test results of 
the sampling products were converted into % 
conversion of free fatty acids using the following 
formula (A Hawash et al., 2020): 

XFFA = 
A-B

A
 x 100% 

Keterangan : 
XFFA   = Free fatty acid conversion (%) 
A     = Acid value of raw materials (mg KOH/g) 
B     = Acid number of treatment after esterification 
(mg KOH/g) 

Characterization of Polyethylene Glycol Oleate 
Fourrier transform infra-red (FTIR) 

This test was conducted to determine the 
substitution group in surfactant of ester Polyethylene 
glycol oleate. The FTIR spectrum was obtained from a 
Shimadzu FTIR instrument IR Prestige-21 series. The 
sample was scanned in the wave number range of 
4000-400 cm-1. 

Nuclear magnetic resonance (NMR) 
Samples were analyzed using 1H-NMR 500 MHz 

JNM-ECZ500R, 13C-NMR 125 MHz JEOL, JNM ECA 
500 to determine and ensure the compound structure 
of the synthesized surfactant sample was dissolved in 
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CDCl3. The surfactant solution was put into an 
injection tube and then placed in the NMR device for 
analysis. 

Interfacial tension (IFT) 
Samples were measured using a Spinning Drop 

Tensiometer-SDT  SN  30015499.  First,  fill the 
capillary  by setting down the sample drop (light 
phase) with a syringe and cannula into the closing 
plug  to  create  a  meniscus  (surface curvature) on 
the closing plug. Submerge the open end of the 
capillary in the liquid of the heavy phase, stir briefly, 
and draw up sufficient liquid with the piston rod such 
that the complete reference cone can still just be seen 
in  the capillary. Slide the reference cone with the 
piston rod  forward  slightly  to create a meniscus of 
the  heavy  phase  at  the opening of the capillary. 
Bring this meniscus into contact with the sample drop. 
Place the capillary in the sample chamber. Then 
determine  the  image  scale and touch-sensitive 
button  menu  info  for  acceleration and release 
speed. Touch-sensitive button sets capillary 
speed/launch drop. Adjust the touch-sensitive button 
to set the temperature and the touch-sensitive button 
to set the light, further control the camera position. 
Carrying out the interfacial tension measurement is 
carried out in the Advance software.  
 
RESULTS AND DISCUSSION 
Synthesis of Surfactants Based Oleic Acid and 
Polyethylene Glycol 

The synthesis process of ester polyethylene glycol 
oleate is made by the ratioof oleic acid and 
polyethylene glycol, respectively, such as 1:1, 1:2, 1:3 
and 1:4. In this study, polyethylene glycol acts as 
alcohol to react with oleic acid to obtain ester 
polyethylene glycol oleate. The comparison was made 
by exaggerating the amount of moles of its 
polyethylene glycol to obtain a product with a high 
conversion of free fatty acids. Le Chatelier's principle 
of the law of equilibrium states that the equilibrium of 
a chemical reaction depends either on the 
concentration of a reactant or, in this case, the use of 
a smaller amount of alcohol during ester production 

may decrease the result due to insufficient alcohol 
concentration to shift the equilibrium reaction toward 
completion (A Hawash et al., 2020).  

In this esterification, catalysts are used to accelerate 
the reaction rate by lowering the activation energy by 
changing the reaction mechanism so that the reaction 
proceeds faster. Esters can be formed chemically 
through an esterification process using acid and base 
catalysts (Amani et al, 2014). Ester polyethylene glycol 
oleate is produced as the main product and water is a 
by-product. 

The reaction equation (Scheme 1) shows that the 
esterification of oleic acid with polyethylene glycol is 
reversible; therefore, the reaction cannot be complete. 
As the reaction approaches completion, the 
equilibrium can be shifted by removing one of the 
products, such as water because water molecules can 
hydrolyze the products back to form fatty acid and 
alcohol (Pongpoman et al., 2020).  

The esterification reaction mechanism that occurs 
in the synthesis of polyethylene glycol oleate esters 
(Scheme 2) begins with carbonyl oxygen attacking the 
H+ of the acid catalyst and deprotonating its OH 
group. This causes the positively charged carbonyl 
oxygen and p-TSA compounds to become conjugated 
bases. A pair of electrons from the carbonyl double 
bond (𝜋 bond) is pushed onto the carbonyl oxygen to 
better stabilize the positive charge while creating an 
electron-poor carbon center (Abdullah et al., 2017; 
Pathak, 2015). 

In addition, the hydroxyl groups of polyethylene 
glycol as nucleophilic, attack the electron-poor 
carbons (electrophiles) to form intermediates. Then, 
the positively charged hydroxyl group of polyethylene 
glycol is deprotonated by the hydroxyl group of 
carboxylic acid, stabilizing the oxygen atom of 
polyethylene glycol. The release of hydroxyl group 
protons of polyethylene glycol creates an activated 
complex and protonation of the hydroxyl carboxylate 
group occurs followed by the release of water 
molecules (Patel et al., 2015). Finally, the positively 
charged carbonyl oxygen is deprotonated by the 
conjugated base to form an ester polyethylene glycol 
oleate with water as a by-product. 

 

 
Scheme 1. Esterification of oleic acid and polyethylene glycol with acid or base catalysts 
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Scheme 2. Mechanism of oleic acid and polyethylene glycol esterification reaction with p-TSA 
 

 
Scheme 3. Mechanism of esterification reaction of oleic acid and polyethylene glycol with KOH 

 

 

Figure 1. Product of Polyethylene glycol oleate 
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 The mechanism of esterification reaction with a 
base catalyst in Scheme 3, in the process of 
exchanging the hydroxy group (-OH) of a carboxylate 
with the alkoxy group (-OR) of an alcohol and 
producing water, is the process that determines the 
rate because it is very slow. This is due to the process 
of exchanging the hydroxy group (-OH) of a 
carboxylate with the alkoxy group (-OR) of an alcohol, 
starting with the formation of the activated complex. 
This activated complex compound is unstable and to 
reach the activated complex state, it is necessary to 
have an energy called the activation energy.  For a 
chemical reaction to occur, the activation energy, 
which is the potential energy, must be exceeded, which 
can be overcome by the presence of a catalyst. 

The products of synthesis, all have the form of a 
liquid and the color of the product has an average 
orange color and there are also yellow and brown 
(Figure 1). The formation of brown products is due to 
the addition of p-TSA catalysts which are carried out 
simultaneously or quickly, causing accelerated side 
reactions. According to observation data from various 
other parameters, it can be seen in terms of physical 
observation or color that the optimum is in the 
condition of 1:4 (oleic acid : PEG 400) using 1% p-TSA 
with a lighter yellow color.  

Characterization of Polyethylene Glycol Oleate 
Acid value of the final product 
Acid value analysis is performed to determine the 
remaining free fatty acids contained in the product. 
The remaining free fatty acids usually have a negative 
correlation with the content of ester polyethylene glycol 
oleate formed during the reaction (Berghuis et al., 
2019). 

Based on Figures 2(a) and 2(b), the ester 
polyethylene glycol oleate synthesized using a 1% 
KOH catalyst, produces the lowest acid value at a 1:4 
molar ratio of 6.01 mg KOH/g, and that synthesized 
using a 1% p-TSA produces the lowest acid value at a 
1:4 molar ratio of 3.61 mg KOH/g. The ester 

polyethylene glycol oleate synthesized with p-TSA 1% 
has a lower acid value. This is because acid catalysts 
remain effective during the reaction in fats that still 
contain free fatty acids . The results also showed that 
acid catalysts have better catalytic activity than alkaline 
catalysts.  

Free fatty acid conversion of sample products 
In this study, sampling was carried out every hour 

to determine the optimization time of free fatty acid 
conversion in the esterification process of polyethylene 
glycol oleate. The optimum free fatty acid conversion 
was at a molar ratio of 1:4 using KOH catalyst and p-
TSA 1% was 98.63% and 98.62%, respectively, after 4 
h of reaction (Figure 3). The Free fatty acid conversion 
tends to decrease after the reaction time of 4 h, 
indicating that the reaction has reached an 
equilibrium state within four hours (Patel et al., 2015). 
The optimal time, the amount of esterification products 
does not increase anymore because the state has 
reached equilibrium at that time.  

Saponification value of ester polyethylene glycol oleate 
The saponification value can be interpreted as a 

measure of the ester bond content (Wypych,  2017). 
Therefore,  in  this  study,  the  saponification value 
was  used  to determine the amount of ester value in 
the sample.  Figure 4 (a)  shows that the higher the 
number  of  moles  of  PEG-400  used  in  the  synthesis 
of ester polyethylene glycol oleate using a 1% KOH 
catalyst,  the  lower  the  value  of  saponification. 
While synthesized using a 1% p-TSA catalyst shows 
that  the  higher  the number of moles of PEG-400 
used in the synthesis of ester polyethylene glycol 
oleate,  the  higher  the  value  of  saponification 
(Figure 4(b)),   which  shows  that  there  are  more 
ester  bonds. The higher the value of saponification, 
the smaller the free fatty acids, and conversely, the 
lower the value of saponification, the higher the free 
fatty acids.  The highest saponification value obtained 
with p-TSA catalyst is at a molar ratio of 1:4, which is 
144.12 mg KOH/g. 

 

 
(a)                (b) 

Figure 4. Graph of saponification value of polyethylene glycol oleate (a) KOH and (b) p-TSA 
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Ester value of ester polyethylene glycol oleate 
The ester value is the number of milligrams of 

potassium hydroxide required to hydrolyze the ester in 
one gram of the sample. A high value of esters 
indicates the presence of high levels of esters and low 
content of fatty acids (Belsare et al., 2017). 

The best results of ester polyethylene glycol oleate 
synthesis with 1% KOH catalyst based on the ester 
value are obtained at a molar ratio of oleic acid to 
PEG-400 of 1: 1 with an ester value of 77.6 mg 
KOH/g, while the best results with a 1% p-TSA catalyst 
are obtained at a molar ratio of oleic acid to PEG-400 
of 1:4 with an ester value of 140.51 mg KOH/g 
(Figure 5(a) and 5(b)). Comparing the two, it is known 

that the optimum result of the esterification reaction of 
oleic acid  and PEG-400 is obtained with a molar ratio 
of 1: 4 using a 1% p-TSA catalyst. This is because the 
use of acidic  catalysts can optimize ester formation 
due to the presence of protons (H+) derived from 
acidic catalysts and more easily release protons. After 
all, they are completely ionized. While the base 
catalyst will absorb water when dissolved in alcohol so 
the higher  the moles  of  alcohol used for the 
esterification process, the higher the possibility of 
water being absorbed in the base catalyst. If too much 
water is absorbed, the catalyst will not be working 
optimally (30)  and  can block the reaction of 
converting free fatty acids into esters.

 

 
(a)            (b) 

Figure 2. Graph of acid value of polyethylene glycol oleat  (a) KOH and (b) p-TSA 
 

  
(a) (b) 

 
(c) 

 Figure  3. Graph of free fatty acid conversion (a) 1% KOH; (b) p-TSA and (c) KOH and p-TSA. 
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(a)              (b) 

Figure 5. Ester value graph of polyethylene glycol oleate (a) KOH and (b) p-TSA. 

 
Iodine Value of Ester Polyethylene Glycol oleate 

Iodine number is a measure of unsaturation 
(double bond) in fats, oils, and fatty acids (Spitz, 
2016). The iodine value of polyethylene glycol oleate 
with molar ratio from 1:1 to 1:4 using a 1% KOH 
catalyst decreased from 96.06 g I2/100 g to 85.16 – 
73.04 g I2/100 g when compared to the iodine value 
of oleic acid also tested in this study (Figure 6(a)). The 
iodine value of ester polyethylene glycol oleate 
synthesized using a 1% p-TSA catalyst with a mole ratio 
of 1:1 to 1:4 also decreased when compared to the 
iodine value of oleic acid, from 96.06 g I2/100 g to 
86.37 – 76.70 g I2/100 g (Figure 6(b)). The decrease 
in iodine value indicates that the esterification reaction 
is going well, so it can slightly reduce the oil 
unsaturation functional groups of ester polyethylene 
glycol oleate. 

Synthesized ester polyethylene glycol oleate, either 
synthesized with KOH or p-TSA catalysts were 
analyzed by FT-IR to determine the functional groups 
contained in the non-ionic surfactant and to ensure 
that the ester compounds were actually been formed. 
FTIR spectra of polyethylene glycol oleate synthesized 
using KOH catalysts (Figure 7(a)) showed peaks in 
wavenumber 1095.36 – 1098.60 cm-1 of CꟷOꟷC 
bonds (Table 1) and all mole variations show these 
peaks. CꟷOꟷC bonds are in range 1050 – 1250 cm-

1 (Turkun, 2019). The FTIR spectrum of oleic acid 
shows the absorption of carbonyl groups (C═O) for 
carboxylic acids in the area of 1708.15 cm-1, where 

the area shifts to 1730.64 – 1732.44 cm-1 in the FTIR 
spectrum of polyethylene glycol oleate which shows 
carbonyl groups for ester compounds. The peak at 
3434.17 – 3440.92 cm-1 which shows the strain of 
hydroxyl groups derived from the PEG-400 structure 
(Khan et al., 2018) 

FTIR spectra of polyethylene glycol oleate 
synthesized using p-TSA (Figure 7(b)) show the 
presence of C-O-C bond absorption in wavenumber 
of 1090.52 – 1097.68 cm-1 (Oulette & Rawan, 2018) 
and similarly to synthesized using KOH, all mole 
variations show these peaks. The FTIR spectrum of 
oleic acid shows the absorption of the carbonyl group 
(C=O) for carboxylic acids in the area 1708.15 cm-1, 
where the area shifts to 1732.58 – 1733.84 cm-1 in 
the FTIR spectrum of polyethylene glycol oleate 
showed carbonyl groups for ester compounds. The 
peak at 3399.91 – 3454.87 cm-1 shows the strain of 
the hydroxyl group derived from the structure of PEG-
400 (Khan et al., 2018) 

When  comparing  the spectra of both (Figure 7 (c)) 
of the mole variation that produces the highest ester 
value, both showed the absorption area of the OꟷH 
group at a wavelength of 3440.92 cm-1 (KOH catalyst) 
and a wavelength of 3399.91 cm-1 (p-TSA catalyst). 
The peaks of the OꟷH group in the polyethylene glycol 
oleate ester spectrum synthesized using p-TSA 
catalysts seem sharper. The sharper the FTIR spectrum 
provides information the more elements that have the 
homogeneity of the bond. 

 

 
            (a)          (b) 

Figure 6. Iodine value graph of polyethylene glycol oleate (a) KOH and (b) p-TSA. 
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(a)                                               (b) 

 
(c) 

Figure 7. FTIR spectrum Overlay of polyethylene glycol oleate (a) KOH; (b) p-TSA and (c) KOH and p-TSA. 
 

Table 1. Wavenumber absorption area on ester polyethylene glycol oleate  

No. Functional groups 
Wavenumber (cm-1) 

KOH catalyst p-TSA catalyst 

1. CꟷOꟷC 1095.36 – 1098.60 1090.52 – 1097.68 
2. C═O (ester) 1730.64 – 1732.44 1732.58 – 1733.84 
3. OꟷH 3434.17 – 3440.92  3399.91 – 3454.87 
4. CꟷH sp3 2857.07 – 2921  2855.74 – 2923.07 

 
Chemical structure of ester polyethylene glycol oleate 

In this study, 1H-NMR and 13C-NMR analyses were 
performed to ensure that the desired polyethylene 
glycol oleate compounds were formed. The chemical 
shift (δ) is measured concerning the proton absorption 
of the reference compound. The most commonly used 
reference compound is tetramethylsilane (TMS). TMS 
can be used as a reference compound because it has 
protons that are protected enough to appear in the 
upfield region. The sample peak is measured based 
on how far it is shifted from the TMS (Turkun, 2019). 

In 1H-NMR, the ester products (Figures 8 (b) and 8 
(c)) have peaks in the range of chemical shift (δH) of 
4.20 ppm, while in 1H-NMR of oleic acid (Figure 8 (a)), 
these peaks do not appear, indicating that the 
spectrum is characteristic of completely formed ester 
products (Oulette & Rawn, 2018). The chemical shift 

(δH) of 4.20 ppm (2H; t) indicates a peak with triplet 
multiplicity due to the presence of 2H bound to the C 
atom adjacent to CH2 (Figure 8) of PEG-400 which has 
become an ester. The chemical shift of 4.20 ppm is 
the CH2 group at C which leads to the downfield area 
because it is influenced by the carbonyl group of oleic 
acid because the carbonyl group is an electron-pulling 
group (electronegative) so the protons in the CH2 
group become deshielding. This is because the 
carbonyl group pulls the electron density away from 
the carbon, which also affects the electron density 
around the proton (Putra et al., 2020). In 1H-NMR of 
oleic acid, there is a peak with a chemical shift of 11.1 
ppm, indicating the presence of H derived from the 
carboxylic group (Yadav et al., 2014), while the peak 
does not appear in 1H-NMR of ester products, both 
synthesized using KOH and p-TSA catalysts. 
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(a) 

 
(b) 

 
(c) 

Figure 8. 1H-NMR  spectrum of  (a) oleic acid (b) polyethylene glycol oleate (KOH) and 
(c) polyethylene glycol oleate (p-TSA). 
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Furthermore, the peak in the chemical shift of 5.36 
ppm (2H; q) appears in 1H-NMR in ester and oleic acid 
products, which with quartet multiplicity indicates the 
presence of H from CH which is double bonded to CH 
also (-CH=CH-) which is a structure derived from oleic 
acid and the two CH bonds are also adjacent to CH2, 
so it can be known that there is no breaking of the 
double bond during the esterification process 
(Gunawan & Nandiyanto, 2021).  

In 13C-NMR  spectrum   of  oleic acid, there is a 
peak with chemical shift (δC) at 180.58 ppm 
indicating the presence of carbonyl carboxylic acid 
(38),  where it is also detected in the 13C-NMR 
spectrum of the synthesized ester product (Figures 9 

(b) and 9 (c)),  at the chemical shift (δC) 177.96 ppm 
(KOH) and 175.36 ppm (p-TSA). This is possible 
because there are still free fatty acids that have not 
been completely converted into ester products. In 
contrast  to the 1H-NMR spectrum, the synthesized 
ester product does not show the presence of a 
carboxylic acid peak. According to Foris (Jenie et al., 
2014),  this  is  possible  due to the exchange of 
protons  between  OH-carboxylate with deuterium 
from  the  NMR  solvent  CDCl3,  which causes the 
peak to shrink or disappear completely, or to appear 
in  the  downfield  but it is not visible because it is 
below  the  baseline,  so  it does not appear in the 
NMR spectrum. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 9.  13C-NMR  spectrum  of (a)  oleic  acid (b) polyethylene glycol oleate (KOH) and 
(c) polyethylene glycol oleate (p-TSA). 
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The presence of 13C-NMR spectrum of the ester 
polyethylene glycol oleate at chemical shifts of 173.96 
ppm (KOH) and 174.00 ppm (p-TSA) indicates the 
presence of the carbonyl carbon (ꟷC═O) of the ester 
or is a typical peak for the ester because it does not 
appear in the 13C-NMR spectrum of oleic acid (Jenie 
et al., 2014). The appearance of a peak at a chemical 
shift of 130.03 – 130.30 ppm indicates the presence 
of C double-bonded to C (ꟷCH═CHꟷ) (Foris, 2015), 
showing that there is no breaking of the double bond 
during the esterification process. 

Compatibility test of ester polyethylene glycol oleate 
The compatibility test is one of the important tests 

that aims to determine the solubility or suitability of 
surfactants in the formation of water. Compatibility test 
is done with temperature conditions of the reservoir 
which is usually around 60oC. Compatible solutions 
are those where the condition is clear and no 
precipitate is formed (Mazur et al., 2020). Clear 
compatibility results can be an indication that the 
possibility of clogging in the reservoir at the time of the 
EOR process will be low (Priyanto et al, 2021). 

Ester polyethylene glycol oleate synthesized with 
KOH catalyst has nothing to completely clear or 
completely soluble solutions (Figure 10 (a)), therefore, 
for the results of the compatibility test of ester 
polyethylene glycol oleate synthesized with KOH 
catalyst in this study, it was confirmed that none of 

them are compatible, the surfactant is not considered 
exactly for the Reservoir in question. Ester polyethylene 
glycol oleate can give a completely soluble result in the 
formation of water exactly with a surfactant 
concentration of 0,1% in Figure 10 (b) due to the 
presence of CꟷOꟷC Group in PEG-400. The group 
can bind to water molecules to make the surfactant 
can be easily soluble(Mazur et al., 2020).  

The results of the compatibility test with a surfactant 
concentration of 1% to 3% on polyethylene glycol 
oleate ester synthesized with p-TSA catalyst showed the 
occurrence of surfactant precipitation it is because 
although non-ionic surfactants are more tolerant to 
high salinity, most are not resistant to high heat, which 
makes the IFT increase at high temperature so that it 
will separate (Sagir et al., 2020) 

The precipitation of surfactants at a concentration 
of 1% to 3% in the formation water (Figure 10 (b)) also 
shows that with increasing temperature, hydrogen 
bonds in the surfactant can become loose and make 
the type of solubility of surfactant molecules in the 
formation water decreased drastically decreased 
(Ivanova et al., 2020). Ester polyethylene glycol oleate 
is soluble in water formation when without heating in 
an oven with a temperature of 60 oC. This shows that 
non-ionic surfactants are not resistant to high enough 
temperatures so it can be said that their stability 
properties are poor. 

 

 
(a)          (b) 

Figure 10. Results compatibility test of polyethylene glycol oleate were synthesized using (a) KOH (b) p-TSA. 

 
Table 2. Result compatibility test of polyethylene glycol oleate in formation water 

Mole ratio oleic 
acid:PEG-400 

Catalyst 
Solubility 

0.1% 0.3% 0.5% 1% 2% 3% 

1:1 KOH 1% ++ ++ ++ ++ + + 

1:4 p-TSA 1% +++ ++ + - - - 

notes: +++ = soluble (compatible) 
             ++ = slightly soluble (less compatible) 
                + = less dispersed, like milky (no compatible) 

                 − = precipitation (no compatible) 
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                 (a)              (b) 

Figure 11. Results phase behavior test of polyethylene glycol oleate synthesized using (a) KOH and (b) p-TSA. 
 

Table 3. Result of IFT test 

Mole ratio Catalyst Concentration IFT Value 

1:1 KOH 3% 11 x 10-1 mN/m 

1:4 p-TSA 1% 2.6 x 10-1 mN/m 

 
Phase behavior test of ester polyethylene glycol oleate 

The phase behavior test is performed to analyze the 
type of microemulsion formed in the mixed solution of 
oil, surfactant, and water formations (Kurnia et al., 
2021). The most expected test result in this phase 
behavior test is the middle phase emulsion (Winsor 
Type III), because according to (Zulkifli et al., 2020) 
the best type of microemulsion for EOR process 
purposes is Winsor Type III, followed by Winsor Type I 
and Winsor Type II.  

Ester polyethylene glycol oleate synthesized using 
KOH catalyst showed no emulsion (Figure 11 (a)), 
while it is synthesized using p-TSA catalyst can produce 
Winsor type III emulsion, which is the use of surfactant 
concentration of 1% to 3% and also no surfactant 
precipitate at the bottom of the tube, contrary to the 
compatibility test results (Figure 11 (b)). With the use 
of a surfactant concentration of 0.1%, the results are 
compatible or clear in the compatibility test, but the 
results of the phase behavior test do not form a middle 
phase emulsion. 

Winsor Type III (mid-phase emulsion) forms an oil-
in-water (o/w) emulsion. o/w type emulsion is an 
emulsion consisting of oil droplets dispersed in water, 
with oil as the inner phase and water as the outer 
phase. In Winsor Type III emulsions, both oil and water 
are dissolved by surfactants and are often considered 
to be bicontinuous because they are in equilibrium 
with excess oil and water. This type of microemulsion 
is very important in EOR because of its very low IFT, 
thermodynamic stability, and ability to dissolve excess 
oil and water (Ahmed & Elraies, 2018). 

Interfacial tension test of ester polyethylene glycol 
oleate 

The value of the interfacial tension (IFT) is the 
energy value that maintains the stability of the 
separation of the two-phase interface. The two-phase 
interface becomes easier to solve when the IFT is 

reduced (Deng et al., 2021). The Interfacial Tension 
(IFT) test is usually performed as a preliminary test 
before proceeding to preliminary tests such as core 
flooding and other advanced tests. The surfactant 
must produce a low IFT before proceeding to core 
flooding  

The use of 1% surfactant concentration resulted in 
an IFT value of 2.6 x 10-1 mN/m (Table 3), where the 
IFT value can already produce Winsor type III 
emulsions in phase behavior tests. In contrast, ester 
polyethylene glycol oleate synthesized using KOH 
catalysts cannot produce these emulsions even at the 
highest concentration of 3% because the IFT value is 
still quite high at 11 x 10-1 mN/m. High IFT values can 
lead to miscibility between water and oil, therefore 
water cannot properly mobilize the remaining oil in the 
reservoir (Ahmed & Elraies, 2018). 
 
CONCLUSIONS 

In this study, it can be concluded that the best 
formulation in the esterification process of ester 
polyethylene glycol oleate with a temperature 
condition  of  130oC  was at a molar ratio of 1 : 4 
(oleic  acid:  PEG-400)  using 1% p-TSA with an value 
of  acid  is  3.61 mg  KOH/g,  saponification   is 
144.12  mg  KOH/g,  ester  is  140.51  mg KOH/g 
and iodine is 76.70 g I2/100 g which was also 
confirmed by FTIR and NMR analysis. The 
compatibility   test   results  of  ester  polyethylene  
glycol oleate synthesized using p-TSA catalyst showed 
the most compatible results with the use of 0.1% 
surfactant.  The  surfactant  was able to produce 
Winsor type III emulsion in the phase behavior test 
using a surfactant concentration of 1% without 
surfactant  precipitation  at  the  bottom of the tube 
and with an IFT value of 2.6 x 10-1 mN/m, so this type 
of surfactant is still potential enough to be developed 
in chemical EOR. 



A Comparative Evaluation of Solid-State Catalysts   Yulianti Sampora, et al. 

51 

REFERENCES 
Hawash, A.S., Esmail Ebrahiem, E., & A. Farag, H. 

(2020). Kinetics of esterification of oleic and 
linoleic free fatty acids. Journal of Advanced 
Engineering Trends, 39(1), 23–33. 
https://doi.org/ 10.21608/jaet.2020.73328 

Abdullah, F. Z., Ma’amor, A., Daud, N. A., & Hamid, 
and S. B. A. (2017). Selective synthesis of PEG-
monoester using cesium heteropoly acid as 
heterogeneous catalyst. Quim. Nova, XY(00), 
1–7. 

Ahmed, S., & Elraies, K. A. (2018). Microemulsion in 
enhanced oil recovery. In Science and 
Technology Behind Nanoemulsions. InTech. 
https://doi.org/10.5772/intechopen.75778 

Al-Wahaibi, I., Al-Wahaibi, Y., Al-Hajri, R., Jibril, B., & 
Shuwa, S. (2019). The novel use of malonic 
acid-based deep eutectic solvents for enhancing 
heavy oil recovery. In International Journal of 
Oil, Gas and Coal Technology (Vol. 20, Issue 
1). https://doi.org/10.1504/IJOGCT.2019. 
096493 

Amani, H., Ahmad, Z., Asif, M., & Hameed, B. H. 
(2014). Transesterification of waste cooking 
palm oil by MnZr with supported alumina as a 
potential heterogeneous catalyst. Journal of 
Industrial and Engineering Chemistry, 20(6), 
4437–4442. https://doi.org/10.1016/j.jiec. 
2014.02.012 

Atta, D. Y., Negash, B. M., Yekeen, N., & Habte, A. D. 
(2021). A state-of-the-art review on the 
application of natural surfactants in enhanced 
oil recovery. Journal of Molecular Liquids, 321, 
114888. https://doi.org/10.1016/j.molliq. 
2020.114888 

Belsare, GW., & Badne, SG. (2017). Study on physico-
chemical charecterization of edible oils from 
agencies of Buldhana district. International 
Journal Of Research In Pharmacy And 
Chemistry, 7(4), 525–529. 

Berghuis, N. T., Tamako, P. D., & Supriadin, A. 
(2019). Pemanfaatan limbah biji alpukat 
(Persea americana) sebagai bahan baku 
biodiesel (Utilization of avocado seed waste 
(Persea americana) as raw material for 
biodiesel). In al-Kimiya 6(1). https://doi.org/ 
10.15575/ak.v6i1.4597 

Chen, W., & Schechter, D. S. (2021). Surfactant 
selection for enhanced oil recovery based on 
surfactant molecular structure in 
unconventional liquid reservoirs. Journal of 
Petroleum Science and Engineering, 196(30). 
https://doi.org/10.1016/j.petrol.2020.107702 

Deng, X., Tariq, Z., Murtaza, M., Patil, S., Mahmoud, 
M., & Kamal, M. S. (2021). Relative contribution 
of wettability Alteration and interfacial tension 
reduction in EOR: A critical review. In Journal of 
Molecular Liquids 325. Elsevier B.V. 
https://doi.org/10.1016/j.molliq.2020.115175 

Druetta, P., & Picchioni, F. (2020). Surfactant flooding: 
The influence of the physical properties on the 
recovery efficiency. Petroleum, 6(2), 149–162. 
https://doi.org/10.1016/j.petlm.2019.07.001 

Eryko, D. (2022). Examining the performance of palm-
oil-based surfactant in increasing oil recovery 
through spontaneous imbibition test: A case 
study in light crude oil. In Jurnal Offshore: Oil, 
Production Facilities and Renewable Energy 
(Vol. 6, Issue 2). 

Foris, A. (2015). On hydrogen bonding and OH 
chemical shifts. ResearchGate, 161(October 
1987), 193–204. https://doi.org/10.13140/ 
RG.2.1.3978.1207 

Gallego, C., Somoza, A., Rodríguez, H., & Soto, A. 
(2021). Aot + polyethylene glycol eutectics for 
enhanced oil recovery. Applied Sciences 
(Switzerland), 11(17). https://doi.org/10.3390/ 
app11178164 

Gbadamosi, A. O., Junin, R., Manan, M. A., Agi, A., 
& Yusuff, A. S. (2019). An overview of chemical 
enhanced oil recovery: recent advances and 
prospects. In International Nano Letters (Vol. 9, 
Issue 3, pp. 171–202). Springer Science and 
Business Media, LLC. https://doi.org/10. 
1007/s40089-019-0272-8 

Gunawan, R., & Nandiyanto, A. B. D. (2021). How to 
read and interpret 1H-NMR and 13C-NMR 
spectrums. Indonesian Journal of Science and 
Technology, 6(2), 267–298. https://doi.org/ 
10.17509/ijost.v6i2.34189 

Irawan, Y., Juliana, I., & Adilina, I. B. (2018). Synthesis 
and characterization of palm oil and 
polyethylene glycol based polymeric 
surfactants. Advanced Science Letters, 23(12), 
11819–11823. https://doi.org/10.1166/asl. 
2017.10524 

Ivanova, A. A., Cheremisin, A. N., Barifcani, A., 
Iglauer, S., & Phan, C. (2020). Molecular 
insights in the temperature effect on adsorption 
of cationic surfactants at liquid/liquid interfaces. 
Journal of Molecular Liquids, 299. 
https://doi.org/10.1016/j.molliq.2019.112104 

Jenie, U. A., Kardono, L. B. S., Hanafi, M., 
Rumampuk, R. J., & Darmawan, A. (2014). 
Teknik modern spektroskopi nmr : teori dan 
aplikasi dalam elusidasi struktur molekul 
organik (Modern techniques of NMR 
spectroscopy: theory and applications in the 
elucidation of the structure of organic 
molecules). In LIPI Press. http://penerbit. 
lipi.go.id/data/naskah1431501339.pdf 

Khan, S. A., Khan, S. B., Khan, L. U., Farooq, A., 
Akhtar, K., & Asiri, A. M. (2018). Fourier 
transform infrared spectroscopy: Fundamentals 
and application in functional groups and 
nanomaterials characterization. In Handbook 
of Materials Characterization (pp. 317–344). 
Springer International Publishing. 

https://doi.org/10.1504/IJOGCT.2019
https://doi.org/10.1016/j.jiec
https://doi.org/10.1016/j.molliq
https://doi.org/
https://doi.org/10.13140/
https://doi.org/10.3390/
https://doi.org/10
https://doi.org/
https://doi.org/10.1166/asl
http://penerbit/


Molekul, Vol. 20. No. 1, March 2025: 39 – 53 

52 

https://doi.org/10.1007/978-3-319-92955-
2_9 

Khayati, H., Moslemizadeh, A., Shahbazi, K., 
Moraveji, M. K., & Riazi, S. H. (2020). An 
experimental investigation on the use of 
saponin as a non-ionic surfactant for chemical 
enhanced oil recovery (EOR) in sandstone and 
carbonate oil reservoirs: IFT, wettability 
alteration, and oil recovery. Chemical 
Engineering Research and Design, 160, 417–
425. https://doi.org/10.1016/j.cherd.2020. 
04.033 

Kurnia, R., Wahyuningrum, D., Abdassah, D., & 
Marhaendrajana, T. (2021). Correlation 
between phase behavior and interfacial tension 
for mixtures of amphoteric and nonionic 
surfactant with waxy oil. Journal of Engineering 
and Technological Sciences, 53(5). 
https://doi.org/10.5614/j.eng.technol.sci.202
1.53.5.1 

Mazur, A. S., Vovk, M. A., & Tolstoy, P. M. (2020). 
Solid-state 13C NMR of carbon nanostructures 
(milled graphite, graphene, carbon nanotubes, 
nanodiamonds, fullerenes) in 2000–2019: a 
mini-review. In Fullerenes Nanotubes and 
Carbon Nanostructures. 28(3), 202–213). 
Taylor and Francis Inc. 
https://doi.org/10.1080/1536383X.2019.168
6622 

Mba, O. I., Dumont, M. J., & Ngadi, M. (2015). Palm 
oil: Processing, characterization and utilization 
in the food industry - A review. Food Bioscience, 
10, 26–41. https://doi.org/10.1016/j.fbio. 
2015.01.003 

Nwidee, L. N., Theophilus, S., Barifcani, A., 
Sarmadivaleh, M., & Iglauer, S. (2016). EOR 
Processes, opportunities and technological 
advancements. In Chemical Enhanced Oil 
Recovery (cEOR) - a Practical Overview. InTech. 
https://doi.org/10.5772/64828 

Olajire, A. A. (2014). Review of ASP EOR (alkaline 
surfactant polymer enhanced oil recovery) 
technology in the petroleum industry: Prospects 
and challenges. Energy, 77, 963–982. 
https://doi.org/10.1016/j.energy.2014.09.005 

Ouellette, R. J., & Rawn, J. D. (2018). Methods for 
structure determination nuclear magnetic 
resonance and mass spectrometry. In Organic 
Chemistry (pp. 427–461). Elsevier. 
https://doi.org/10.1016/b978-0-12-812838-
1.50015-3 

Patel, N. K., & Shah, S. N. (2015). Biodiesel from plant 
oils. In Food, Energy, and Water: The Chemistry 
Connection (pp. 277–307). Elsevier Inc. 
https://doi.org/10.1016/B978-0-12-800211-
7.00011-9 

Pathak, S. (2015). Transesterification with acid 
catalyst. Jurnal Riset Kimia Dan Farmasi, 7(3). 

Pongpamorn, P., Kittipanukul, C. K. N., Jaroensuk, J., 
Trisrivirat, D., Maenpuen, S., & Chaiyen, P. 
(2020). Carboxylic Acid Reductase Can 
Catalyze Ester Synthesis in Aqueous 
Environments. Journal of The Gesellschaft 
Deutscher Chemiker, 60, 5749–5753. 
https://doi.org/doi.org/10.1002/anie.202013
962 

Priyanto, S., Sudrajat, R. W., Suherman, S., 
Pramudono, B., Riyanto, T., Dasilva, T. M. F. B., 
Yuniar, R. C., & Aviana, H. (2021). High-
performance polymeric surfactant of sodium 
lignosulfonate-polyethylene glycol 4000 (SLS-
PEG) for enhanced oil recovery (EOR) process. 
Periodica Polytechnica Chemical Engineering, 
66(1), 114–124. https://doi.org/10.3311/ 
PPch.17972 

Putra, I. A., Alli, Y. F., & Mujahidin, D. (2020). 
Esterification of polioxy-based surfactant 
utilizing azeotrope technique for chemical 
flooding application. AIP Conference 
Proceedings, 2230. https://doi.org/10. 
1063/5.0002729 

Sagir, M., Mushtaq, M., Tahir, M. S., Tahir, M. B., & 
Shaik, A. R. (2020). Surfactants for Enhanced 
Oil Recovery Applications. Springer imprint. 

Saxena, N., Goswami, A., Dhodapkar, P. K., Nihalani, 
M. C., & Mandal, A. (2019). Bio-based 
surfactant for enhanced oil recovery: Interfacial 
properties, emulsification and rock-fluid 
interactions. Journal of Petroleum Science and 
Engineering, 176, 299–311. https://doi.org/ 
10.1016/j.petrol.2019.01.052 

Seo, S., Mastiani, M., Mosavati, B., Peters, D. M., 
Mandin, P., & Kim, M. (2018). Performance 
evaluation of environmentally benign nonionic 
biosurfactant for enhanced oil recovery. Fuel, 
234(April), 48–55. https://doi.org/10.1016/ 
j.fuel.2018.06.111 

Shi, H., Gu, Z., Han, M., Chen, C., Chen, Z., Ding, J., 
Wang, Q., Wan, H., & Guan, G. (2021). 
Preparation of heterogeneous interfacial 
catalyst benzimidazole-based acid ILs@MIL-
100(Fe) and its application in esterification. 
Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 608. https://doi.org/10. 
1016/j.colsurfa.2020.125585 

Souayeh, M., Al-Maamari, R. S., Aoudia, M., Karimi, 
M., & Hadji, M. (2018). Experimental 
investigation of wettability alteration of oil-wet 
carbonates by a non-ionic surfactant. Energy 
and Fuels, 32(11), 11222–11233. 
https://doi.org/10.1021/acs.energyfuels.8b02
373 

Spitz, L. (2016). Glossary. In soap manufacturing 
technology: second edition (pp. 267–280). 
Elsevier Inc. https://doi.org/10.1016/B978-1-
63067-065-8.50012-8 

https://doi.org/10.1016/j.cherd.2020
https://doi.org/10.1016/j.fbio
https://doi.org/10.3311/
https://doi.org/10
https://doi.org/
https://doi.org/10.1016/
https://doi.org/10


A Comparative Evaluation of Solid-State Catalysts   Yulianti Sampora, et al. 

53 

Turkun, N. T. (2019). Determination of total acid 
number in the optimization of oleate production 
by using fourier transform infrared spectroscopy 
an multivariate calibration. İzmir Institute of 
Technology. 

Wang, B., Wang, B., Shukla, S. K., & Wang, R. (2023). 
Enabling catalysts for biodiesel production via 
transesterification. Catalysts, 13(4). 
https://doi.org/10.3390/catal13040740 

Wypych, G. (2017). Typical methods of quality control 
of plasticizers. In Handbook of Plasticizers (pp. 
85–109). ChemTec Laboratories, Inc. 

Yadav, M., Behera, D., Kumar, S., & Sinha, R. R. 
(2014). Experimental and quantum chemical 
studies on corrosion inhibition performance of 
some schiff bases for mild steel in 4M HCL. In 

Indian Journal of Chemical Technology (Vol. 
21, Issue 4). 

Yeong, S. K., Idris, Z., & Hassan, H. A. (2012). Palm 
oleochemicals in non-food applications. In 
Palm Oil: Production, Processing, 
Characterization, and Uses. AOCS Press. 
https://doi.org/10.1016/B978-0-9818936-9-
3.50023-X 

Zulkifli, N. N., Mahmood, S. M., Akbari, S., Manap, 
A. A. A., Kechut, N. I., & Elrais, K. A. (2020). 
Evaluation of new surfactants for enhanced oil 
recovery applications in high-temperature 
reservoirs. Journal of Petroleum Exploration 
and Production Technology, 10(2), 283–296. 
https://doi.org/10.1007/s13202-019-0713-y 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 


