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ABSTRACT 

The present study investigates the aqueous stability of polyethylene glycol and oleic acid- based 

anionic surfactants through the dynamic light scattering (DLS) and zeta potential methods, for 

application in enhanced oil recovery (EOR). Polyethylene glycol dioleate sulfonate (PDOS) 

surfactant solutions were prepared in concentrations of 0.05, 0.1, 0.3, 0.5, and 1 wt% in 

deionized water. Aqueous stability of PDOS was assessed by measuring the droplet size over 

five days, using nano particle analyzer HORIBA SZ-100 at 25
o
C. Results show that good 

aqueous stability of PDOS was achieved at concentrations of 0.1 to 1 wt%, but with the droplet 

size becoming unstable at the lowest concentration of 0.05 wt%. The polydispersity indices 

were classified into polydisperse distribution type recorded as 0.3 to 0.5 at concentrations of 

0.05 and 0.1 wt% and 0.2 at concentrations of 0.3 to 1 wt%. The critical micelle concentration 

(CMC) of PDOS was 0.3% and the interfacial tension of PDOS surfactant above the CMC was 

around 10
-3

 dyn/cm. The zeta potential of PDOS surfactant without the addition of salt in 

concentrations of 0.05, 0.1, 0.3, 0.5, and 1 wt% was highly stable up to -96.8, -90.5, -89.6, -

82.3, and -64.4 mV, respectively. With the addition of salt they were moderately stable at a 

concentration of 1 wt%. The conductivity increased with increasing concentration. The zeta 

potential of PDOS with the addition of salt was moderately stable in a concentration of 1%. 

Although PDOS with concentration of 0.05% showed a high value of zeta potential with the 

addition of salt, there is no guarantee that the PDOS surfactant solution will be stable for five 

days. 
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1. INTRODUCTION 

In a mature oil field over half of the original reserve of oil is retained in the reservoir after 

primary and secondary recovery. Such reserves may be recovered by tertiary recovery schemes 

through enhanced oil recovery (EOR) techniques, such as chemical flooding. As one of the 

injected chemicals in chemical flooding, surfactants have a role to play in releasing the trapped 

oil by lowering the interfacial tension between oil and water. Aqueous stability of surfactants, 

or the concentration at which surfactants will work as micelles in chemical flooding, are 

important factors in guaranteeing the homogenizing properties of the chemicals injected into the 

reservoir and thus in optimizing oil production. It is therefore interesting and important to 
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correctly and accurately identify this factor (Mandavi, 2008). 

Surfactant micelles have been studied using various techniques, including dynamic light 

scattering (DLS) (Birdi, 1997; Dominguez, 1997; Nakahara, 2005). DLS is a technique used for 

particle sizing of samples, typically in the sub-micron range. The technique measures time-

dependent fluctuations in the intensity of scattered light from a suspension of particles 

undergoing random, Brownian motion. Analysis of these intensity fluctuations allows for the 

determination of the diffusion coefficients, which in turn yield the particle size through the 

Stokes–Einstein equation (Malvern, 2011). 

Nagi et al. (2014) used DLS to study the characteristics of micelles formed by surfactants and 

polymer mixtures for EOR. The size and distribution of micelles formed in aqueous solution by 

different surfactant mixtures and flow modifier type Hydrolized Polyacrilamide (HPAM) 

polymer could be explained by DLS data to confirm their hypothesis. Meanwhile, Babu et al. 

(2015) used DLS to characterize polymeric surfactants such as polymeric methyl ester sulfonate 

(PMES) for chemical EOR. Their results show that hydrodynamic diameter (in nanometers) 

increases with increasing PMES surfactant concentration. Conversely, hydrodynamic particle 

diameter decreased with the addition of salt due to disaggregation of molecules (Nilanjan, 

2016). 

The authors of this paper have previously reported a synthesis and characterization of palm oil 

and polyethylene glycol-based anionic polymeric surfactants (Irawan, 2015; Irawan, 2017). 

According to these previous reports, synthesis produced nonionic and cationic surfactants of 

polyethylene glycol monooleate (PMO), polyethylene glycol dioleate (PDO), polyethylene 

glycol monooleate sulfonate (PMOS), and polyethylene glycol dioleate sulfonate (PDOS). 

Fourier-transform infrared spectroscopy (FTIR) analysis showed that the products produced 

new peaks as follows: 1722.43 cm
-1

 (PMO); 1728.22 cm
-1

 (PDO) indicating a C-O bond; 

1249.87 cm
-1

 (PMO); 1242.16 cm
-1

 (PDO) indicating a C-O-C bond as a result of an 

esterification reaction. Peaks at 1180.44 cm
-1

 (PMOS) and 1228.66 cm
-1

 (PDOS) indicated S-O 

bonds resulting from a sulfonation reaction. Analysis of acid value, ester value, and 

saponification value was conducted to confirm the synthesis of PMO, PDO, PMOS, and PDOS. 

Soluble polymeric surfactants in water at room temperature were seen in concentrations of 

0.1% and 0.3% wt%; meanwhile, the surfactant solution became less dispersed and milky at a 

higher concentration of 0.5%. The smallest particle size was observed for both the sulfonated 

products PMOS and PDOS (Irawan, 2017). 

The aim of this study is to further investigate the preparation of PDOS surfactant for EOR 

application measured by DLS in various surfactant concentrations. The zeta potential of PDOS 

is measured to understand the relation between particles or colloidal dispersion systems and to 

sample dispersion stability. The data is also supported by interfacial tension analysis. 

 

2. EXPERIMENTAL METHODS 

2.1. Material 

PDOS (Irawan, 2017), deionized water, synthetic water, crude oil of X field and sodium 

chloride. 

2.2. Aqueous Stability Analysis 

The aqueous stability of PDOS was assessed by measuring droplet size as a function of time 

using HORIBA Nano Particle Analyzer SZ-100 at 25
o
C. The laser wavelength was 532 nm 

(DPSS laser) with a scattering angle of 90
o
C/173

o
C. The refractive index of water as a 

dispersion medium was 1.333. The principles of measurement used were the photo correlation 

method and DLS, with a measurement size range of 0.3 nm to 8 µm. PDOS solutions were 

prepared in wt% concentrations of 0.05, 0.1, 0.3, 0.5, and 1 in deionized water. The samples 
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were kept sealed at room temperature. All particle size measurements were performed in 

duplicate and the average particle size value was recorded. 

2.3. Interfacial Tension (IFT) 

IFT between 2 µL droplet crude oil and optimum concentration of PDOS solution were 

measured using spinning drop tensiometer TX 500, Texas. Surfactant solution with crude oil 

was spun at 6000 rpm and 70oC. Density difference between both liquids was used as an input 

to calculate the IFT, and a stable IFT after ten minutes was recorded. 

2.4. Zeta Potential Measurement 

Zeta potential of the PDOS solutions was determined using a HORIBA Nano Particle Analyzer 

SZ-100 with a measurement range of zeta potential 200 mV to 200 mV. The zeta potential was 

measured in electrolyte solution of 0.01 M sodium chloride, the capillary cell was filled with 

PDOS solutions in concentrations of 0.05, 0.1, 0.3, 0.5, and 1 wt%, and these were placed 

inside the instrument for measuring the zeta potential at a temperature of 25
o
C. 

 

3. RESULTS AND DISCUSSION 

3.1. Aqueous Stability 

Droplet size of PDOS solutions was determined by particle size analyzer using the DLS 

technique. Table 1 shows the droplet size of various PDOS solutions in deionized water as a 

dispersant, as prepared on the first day. The recorded data show a coefficient of variation 

(COV) value of 0.06 to 1.79%; measurements are considered sufficient when the COV is less 

than 3% (Horiba, 2014). Aqueous stability of PDOS in various concentrations was assessed by 

monitoring the change in droplet size distribution and the mean droplet size over five days of 

storage at room temperature, as shown in Figure 1. 

 

Table 1 Droplet size of PDOS in various concentrations 

Entry 
Average hydrodynamic diameter Z (nm) 

0.05 wt% 0.10 wt% 0.30 wt% 0.50 wt% 1 wt% 

1 155.00 150.10 157.60 160.30 155.80 

2 156.30 145.20 159.30 157.40 153.00 

3 156.80 149.40 156.70 160.60 153.30 

STDEV 0.93 2.65 1.32 1.77 1.54 

Mean (nm) 156.03 148.23 157.87 159.43 154.03 

COV (%) 0.60 1.79 0.84 1.11 1.00 

 

From the results shown in Figure 1 it can be seen that the droplet size of PDOS was stable in 

various concentrations over five days of observation, except for 0.05 wt% in which droplet size 

increased on the third day. This indicates that aqueous stability depended on the concentration 

of surfactant. 

Table 2 shows polydispersity, which is an estimation of the distribution width.  Polydispersity 

indices of a sample in solution occur in the range 0.05 to 0.7, with a polydispersity index of 

0.05 only being found for monodisperse standard particles (Septiyanti, 2016). A polydispersity 

index of greater than 0.7 indicates that the sample being analyzed contains a very wide size 

distribution and therefore DLS is not a suitable method for analyzing it (Malvern, 2011). Based 

on Table 2, the polydispersity index of PDOS surfactant over the increasing concentrations was 

0.2, 0.3, 0.4, and 0.5. Samples with polydispersity index values of 0.1 to 0.4 are classified as of 

moderately polydisperse distribution type, while above 0.4 is classified as broad polydisperse 
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distribution type (Nobbman, 2014). Surfactants not dispersed perfectly occur due to 

agglomeration which leads to the occurrence of diverse particle size and hence the 

polydispersity index increases. 

 

 

Figure 1 Aqueous stability of PDOS over five days 

 

 

Table 2 Polydispersity index of PDOS in various concentrations 

Time 

(days) 

Polydispersity index 

0.05 wt% 0.10 wt% 0.30 wt% 0.50 wt% 1 wt% 

1 0.3 0.2 0.2 0.2 0.2 

2 0.3 0.2 0.2 0.2 0.2 

3 0.5 0.4 0.2 0.2 0.2 

4 0.5 0.4 0.2 0.2 0.2 

5 0.5 0.4 0.2 0.2 0.2 

 

3.2. Interfacial Tension (IFT) 

The graph of IFT and CMC of the PDOS surfactant in Figure 2 supports the results of aqueous 

stability demonstrated in Figure 1. According to Vert (2012), micelle formation and stability are 

concentration dependent; the surfactant can exist as different phases depending upon the 

concentration of the sample.  

 

 

Figure 2 IFT and CMC of PDOS 

 

Meanwhile, surfactant micelle characterization using DLS reported by Malvern (2006) explains 

that the intensity of scattered light detected from each concentration below the critical micelle 
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concentration (CMC) was similar to that obtained from water. In addition, the autocorrelation 

functions obtained showed very poor signal-to-noise ratios, that is, very low intercepts and no 

size distribution information could be obtained from this data. However, once the CMC was 

reached, the intensity of scattered light increased due to the presence of micelles and the 

intercepts obtained in the correlation functions are much higher. 

The CMC of PDOS surfactant was 0.3% as shown in Figure 2. CMC is the concentration at 

which micelles form. The characteristics of micelles can be controlled by small changes in the 

chemical structure of the surfactant molecules or by varying the conditions of the disperse 

phase by changing the pH, ionic strength, and temperature (Birdi, 1997). For these cases, the 

micelle size can be affected by the concentration of surfactant with measuring the droplet size 

as a function of time in Figure 1. Figure 2 also shows that the IFT between the PDOS surfactant 

in aqueous solution and crude oil was measured to be around 10
-3

 dyn/cm at concentrations of 

0.3, 0.5, and 1 wt%. 

3.3. Zeta Potential 

Zeta potential is related to the surface charge of PDOS surfactants. Zeta potential is also known 

as electrokinetic potential, that is, the potential at the slipping shear plane of colloid particles 

moving under the influence of an electric field (Kaszuba et al., 2010). One of the most popular 

uses of zeta potential data is to relate it to colloid stability. Guidelines classify nanoparticle 

dispersions with zeta potential values of ± 0–10 mV, ± 10–20 mV, ± 20–30 mV, and > ± 30 mV 

as highly unstable, relatively stable, moderately stable and highly stable, respectively (Patel et 

al., 2011). Figure 3 and Table 3 shows that the zeta potential of PDOS surfactant without 

additions of salt indicates that PDOS surfactant in concentrations of 0.05, 0.1, 0.3, 0.5 and 1% 

were highly stable. The various concentrations had zeta potentials of   96.8, -90.5, -89.6, -82.3, 

and -64.4mV, respectively, and conductivity increased with increasing concentration.  

 

 

Figure 3 Zeta potential of PDOS in various concentrations 

 

Table 3 Zeta potential of PDOS surfactant without addition of salt 

Concentration (wt %) Zeta potential (mV) Conductivity (mS/cm) 

0.05 -96.8 0.081 

0.1 -90.5 0.106 

0.3 -89.6 0.122 

0.5 -82.3 0.155 

1.0 -64.4 0.254 
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Meanwhile, Figure 4 and Table 4 show that the zeta potential of PDOS surfactant with 

additions of salt was moderately stable in concentrations of 1 wt% and that the addition of salt 

affected the zeta potential of surfactant. 

 

 

Figure 4 Zeta potential of PDOS in various concentrations with addition of salt 

 

Table 4 Zeta potential of PDOS Surfactant with additions of salt 

Concentration (wt %) Zeta potential (mV) Conductivity (mS/cm) 

0.05 -37.2 1.020 

0.1 -35.2 0.984 

0.3 -34.6 1.049 

0.5 -31.6 1.066 

1.0 -27.0 1.090 

 

As is evident, a high value of zeta potential indicates the likelihood that a suspension will be 

stable. Conversely, a low zeta potential means that the suspension will aggregate. If the results 

are compared with the aqueous stability demonstrated in Figure 1, although PDOS surfactant 

with concentration of 0.05% has a high value of zeta potential with additions of salt, there is no 

guarantee that surfactant will be stable for five days. This is because zeta potential 

measurements are made on quiescent systems (i.e. at rest). During formulation and production 

stages many suspensions are often subject to shear (by pumping or stirring) or heat and this 

additional mechanical or thermal energy is often sufficient to promote aggregation (Fairhurst, 

2013). 

 

4. CONCLUSION 

Aqueous stability of PDOS surfactant for five days was observed in concentrations of 0.1 to 1 

wt%, during which the droplet size became unstable from the third day at the lowest 

concentration (0.05 wt%). Polydispersity indices of PDOS at concentrations of 0.05 and 0.1% 

were 0.3 and 0.5, meanwhile at concentrations of 0.3 to 1 wt% polydispersity was measured as 

0.2. The polydispersity index of PDOS classified it as being of a polydisperse distribution type. 

The CMC of PDOS was 0.3% and IFT of PDOS above the CMC was around 10
-3

 dyne/cm. 

Results of the zeta potential of PDOS without the addition of salt at concentrations of 0.05, 0.1, 

0.3, 0.5, and 1% were highly stable, being recorded as -96.8; -90.5, -89.6, -82.3, and -64.4 mV, 

respectively, and conductivity increased with increasing concentration. The zeta potential of 

PDOS with addition of salt was moderately stable at a concentration of 1%. Although PDOS 
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with concentration of 0.05% demonstrated a high value of zeta potential with the addition of 

salt, there is no guarantee that the PDOS surfactant solution would be stable for five days. 
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