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Abstract: The increasing volume of produced water from oil and gas production
requires effective handling before reinjection or disposal. Produced water contains
minerals, oil, and other contaminants, making separation processes at refineries
insufficient. This study investigates the use of reverse demulsifiers, specifically
surfactants (Alkyl Phenol Ethoxylate — APEOs and Natrium Lignosulfonate — NLS),
to separate emulsions in produced water. Surfactants reduce surface tension
between oil and water, facilitating contaminant removal. Using a jar test apparatus,
experiments varied surfactant dosage, stirring speed, and stirring time to
determine optimal conditions for achieving water quality standards. Results
indicate differences between APEOs and NLS in removing contaminants. APEOs,
at 5 ppm, 130 rpm, and 5 minutes, achieved a COD concentration of 80.33 mg/L,
while NLS, at 5 ppm, 220 rpm, and 10 minutes, yielded 77.48 mg/L. Both are well
below the quality standard of 200 mg/L, proving the effectiveness of this approach.
This study highlights the potential of APEOs and NLS as reverse demulsifiers for
produced water treatment. Proper application could enable safe reuse or
environmentally sound disposal, providing an effective solution to managing
produced water in the oil and gas industry.

Keywords: alkyl phenol ethoxylate; emulsions; natrium lignosulfonat; produced water; reverse
demulsfier.

1. Introduction

Exploration and production of oil and gas (hydrocarbons) would generate waste
in the form of solid, gas, and liquid substances, where 80% of the waste is liquid
waste [1]. According to the Indonesian Minister of Environment Regulation No.
19/2010, produced water refers to water (brine) that is brought to the surface
during oil, gas, or geothermal extraction, which includes formation water, injection
water, and any added chemicals. As oil and gas wells age, the volume of
produced water increases significantly. This type of water is cllassified as liquid
waste [2]. In one oil field, the average amount of produced water collected each
month reaches around 49,060 barrels per day, which is about ten times greater
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than the volume of oil and gas produced [3], [4]. Due to its large volume, produced water can be utilized
for various purposes, such as reservoir injection for water flooding, irrigation, and livestock use [5].

Produced water often contains stable water-oil emulsions, formed by natural or added surfactants
during production. The key challenge in its treatment lies in effectively breaking these emulsions.This
emulsion contains toxic compounds such as hydrocarbons, oil content, polycyclics, and heavy metals
[6]. The characteristics of produced water would vary according to the source, field conditions, chemicals
used in the oil production process, or the depth of the reservoir. According to [7], the compounds found
in produced water are pollutants. If the concentration of these compounds exceeds the established
environmental quality standards, the potential for environmental pollution through water bodies would
increase significouldtly. Generally, the pollutant content of this produced water is identified through the
parameters of Chemical Oxygen Demand (COD), oil and grease, dissolved sulfide (H2S), ammonia
(NHs), and total phenol. In the process of oil and gas exploitation, the environmental impact that could
be generated is quite serious [8]. The process would generate waste that could alter environmental
quality, particularly groundwater, therefore the management of produced water needs to be carried out
using methods that are economically or environmentally beneficial [9]. State that reinjecting produced
water waste into wells provides greater environmental benefits and operational efficiency for companies
compared to other produced water disposal technologies, and is the most economical solution. However,
the utilization of untreated produced water containing many toxic substances could disrupt the
environmental balance.

The handling of produced water emulsions could be carried out through various methods, including
physical, chemical, thermal biological, and gravity processes. The chemical method (demulsification) is
often considered more efficient for oil and gas industry applications due to its flexibility and ability to
handle produced water emulsions [10]. The chemical treatment of produced water involves using agents
such as reverse demulsifiers to break oil in water emulsions and separate contaminants. These
chemicals adsorb onto oil droplet surfaces, reduce interfacial tension, and promote droplet coalescence.
Once larger oil globules form, phase separation occurs naturally due to gravity and density differences
[11].

Based on previous research, reverse demulsifiers that use surfactants have been the main focus in
the related scientific literature. Nevertheless, the use of Alkyl Phenol Ethoxylate (APEOs) and Natrium
Lignosulfonate (NLS) surfactants in this context has not been extensively researched. In produced water
treatment, the use of reverse demulsifiers plays a key role in facilitating the efficient separation process
between the oil and water phases. APEOS is a type of non-ionic surfactant that has a good affinity for
oil [12], while NLS is an anionic surfactant that has dispersing properties and could enhance emulsion
stability [13]. The use of these surfactants is chosen because of their ability to reduce the interfacial
tension between the water and oil phases, and they possess balanced hydrophilic and lipophilic
properties, making them effective in breaking emulsions. In addition, both of these surfactants are also
considered environmentally friendly and could be produced economically on an industrial scale. APEOs
are commercially available in the market, whereas NLS is obtained from the utilization of empty fruit
bunches EFB, which during production generates waste in the form of EFB 23%, shells 8%, fibers 12%,
and liquid waste 66%. If not properly managed, the increasing accumulation of this waste could pose
serious environmental threats.

One of the byproducts from EFB processing is black liquor, which contains a high concentration of
lignin, approximately 22% of the EFB dry weight. This lignin is insoluble in water but soluble in alkaline
solvents such as dimethylformamide (DMF) and tetrahydrofuran (THF). To improve its solubility and
surface-active properties, lignin could be modified through a sulfonation process to produce
lignosulfonate. The introduction of sulfonate groups (SO5™) increases the polarity of lignin, allowing it to
function as a surfactant. When used in reverse demulsification, lignosulfonate-based surfactants must
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be applied with careful consideration of both operational parameters and dosage to ensure effective
emulsion breaking. Improper application of reverse demulsifiers could lead to equipment corrosion,
process inefficiency, and reduced surfactant performance in breaking emulsions. Therefore, precise
control of operational conditions and dosage is essential.

Adsorption equilibrium plays a key role in understanding the molecular mechanism of emulsion
separation in produced water and serves as a crucial tool for evaluating adsorption kinetics and capacity
in heterogeneous systems, both under suboptimal and saturated conditions. The quantitative relationship
between the amount of adsorbate adsorbed on the adsorbent surface and the equilibrium concentration
in the solution, at constant temperature, is represented through adsorption isotherm models. In the
context of this research, the Langmuir and Freundlich isotherm models are used to describe the
adsorption dynamics of EFB and APEOs-based surfactants on an oil-water emulsion system.

The Langmuir model, which assumes a homogeneous adsorbent surface with uniform adsorption
sites, and the Freundlich model, which represents adsorption on a heterogeneous surface, provide a
theoretical foundation for studying the complex molecular interactions between surfactants and target
molecules [14]. Isotherm modeling not only allows for the prediction of adsorption efficiency based on
variations in dosage, stirring speed, and stirring duration also provides insights into the design of more
effective separation systems [15]. Therefore, this research aims to evaluate the performance of EFB and
APEOs-based surfactants in separating water-oil emulsions and removing COD, validate the adsorption
isotherm models using experimental results, and identify the most suitable model for the efficient and
sustainable treatment of produced water by optimizing key operational parameters such as surfactant
dosage, stirring time, and stirring speed.

2. Methods

2.1. Tools and Materials

This research evaluates the effectiveness of reverse demulsifier surfactants in separating emulsions in
produced water in the oil and gas industry [16]. The surfactants used are APEOs and NLS, with a base
material of lignin isolated from EFB.The sulfonation process was carried out using NaHSO3 and N,OH.
The equipment used included a magnetic stirrer, heater, hot plate, separating funnel, and oven. For
identification and characterization, spectrophotometry is used. The collection of produced water samples
for this study was carried out in November 2023 at the PT SPR (Sarana Pembangunan Rakyat) Langgak
field, specifically from the gathering station. Samples, totaling +80 liters, were explicitly taken from the
outlet of the oil-water separation tank within this gathering station, representing the produced water after
its initial separation from crude oil. This process is part of a series of separation stages between oil,
dissolved gas, and water that are produced using equipment such as Gas Boot, Wash Tank, Shipping
Tank and Water Tank.

In the first stage, the dissolved gas produced together with the liquid (oil or water) is separated in
the Gas Boot, the gas is then flared while the liquid that has been separated from the gas is channeled
to the Wash Tank. In the Wash Tank, further separation processes are carried out to separate oil from
water, the oil is channeled to the Shipping Tank while the water is channeled to the Water Tank [17].

Produced water separated from oil and gas is treated in the WTP, with quality parameters analyzed
based on Indonesian National Standards (SNI) and APHA methods. COD is measured using SNI
6989.2:2009 (closed reflux spectrophotometry), oil and grease by gravimetric method (SNI-6989-10-
2011), H,S by iodometric titration (APHA 4500 S2~ F-05), NH; by phenate method (SNI 06-6989.30-
2005), total phenol via spectrometry (SNI 06-6989.21-2004), temperature by direct thermometer (SNI
06-6989.1.23-2005), pH by potentiometry (SNI 06-6989-11-2004), and TDS by gravimetry (SNI 06-
6989.27-2005).
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2.2. Experimental Procedure and Reagent Preparation

APEOs used in this study are liquid with a density of 1.05 g/cm?, enabling effective interaction with oil
particles to enhance separation. Approximately 1 L was used to ensure consistency throughout the
experiments. NLS was synthesized by sulfonating 5 g of lignin in 150 mL water (1:30 w/w), using NaHSO;
and adjusting pH to 7 with N.OH at 90°C. The product was filtered, distilled, purified with methanol, and
evaporated at 60°C, then dried in a vacuum oven (50-60°C) until constant weight to yield pure NLS.

2.3. Optimization of Testing Dose Variations, Speed, and Mixing Time

This study focuses on optimizing dosage, mixing speed, and time for emulsion separation in produced
water using APEOs and NLS surfactants. Produced water was collected in sterile containers, and
surfactant doses of 5-30 ppm were tested, reflecting industrially relevant concentrations. Stirring speeds
ranged from 130-300 rpm, with durations of 5 and 10 minutes, to simulate common industrial mixing
conditions. For each jar test experiment, a sample volume of 500 mL of produced water was used.
Experiments were conducted using a jar test apparatus following SNI 19-6449-2000. In total, 132
individual jar test experiments were performed, comprising 11 variations for stirring speed and time, each
tested with 6 different surfactant dosages, for both APEOs and NLS surfactants (Table 1). This approach
enables analysis of how dosage, speed, and time affect separation efficiency, providing practical insights
for oil and gas operations.

Table 1. Experimental Variation

Variation Strirring Speed Stirr!ng Time
(rpm) (minutes)
1 200 10
2 220 10
3 230 10
4 250 10
5 300 10
6 130 5
7 150 5
8 160 5
9 170 5
10 200 5
11 250 5

2.4. Linear Regression Approach on Adsorption Isotherm

The stage of adsorption isotherm modeling in this study involves in-depth analysis and selection of the
most representative isotherm models, namely Langmuir and Freundlich, to identify the optimal adsorption
capacity parameters in the water-oil emulsion system [18]. This process is carried out through a linear
regression approach that explores the mathematical relationship between the adsorbate concentration
at equilibrium as the independent variable and the adsorption capacity on the adsorbent surface as the
dependent variable. This approach is designed to produce isotherm parameters that not only represent
the adsorption mechanism with high accuracy but also predict the residual COD concentration in the
effluent with optimal precision [19]. This analysis is crucial in supporting the validity of the isotherm model
for the design and optimization of surfactant-based reverse demulsifier produced water treatment
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systems. The adsorption isotherm analysis method uses the linear Equation of the Langmuir model in
Equation (1) and the Equation (2).

Lol

q Ky, qml Ce dm

gm is the theoretical maximum capacity (mg/g), Ce and q. are the adsorption capacity (mg/g) and
concentration (mg/L). K. indicates the Langmuir isotherm constant. The K. are used to evaluate the
suitability of the adsorption process as indicated by the dimensionless variable ge.

1
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The determination of the calculation results is based on linear regression analysis using a graph of the

1
log g. = log Ky + Elog Ce 3)

relationship between 1/q, and 1/C,. The Freundlich isotherm model is shown in the Eq (3).

Kr is the adsorption capacity (L/mg), 1/n is the adsorption intensity and indicates the relative energy
distribution and heterogeneity. The determination of the calculation results is based on regression
analysis using the graph of the relationship between log qe and log Ce.

3. Results and Discussion

3.1. Analysis of Produced Water Characteristics

The results of the analysis of the characteristics of produced water with the parameters COD, oil content,
H>S, NHjs, total phenol, temperature, pH, TDS are 327.75 mg/L, 0.06 mg/L, 0.01 mg/L, 0.10 mg/L, 0.02
mg/L, 30°C, 7.12, and 987 mg/L, respectively (Tabel 2). The data is used as a basis to evaluate
compliance with the quality standards for produced water set by the Regulation of the Minister of State
for the Environment of the Republic of Indonesia Number 19 of 2010 concerning Quality Standards for
Wastewater for Oil and Gas and Geothermal Business and/or Activities. From the analysis conducted,
the COD characteristic exceeds the quality standard tolerance limit of 327.75 mg/L with a standard of
200 mg/L. Produced water in the oil and gas industry often has a high COD content. This is caused by
several factors involving the oil and gas production process as well as the natural characteristics of the
subterranean fluids being extracted.

One of the main factors is the contamination by complex hydrocarbon compounds, which often
originate from underground reservoirs containing crude oil. The process of extracting oil and gas from
geological formations causes the water trapped within them to be brought to the surface along with the
oil and gas. This water then becomes produced water containing complex organic compounds, such as
aliphatic and aromatic hydrocarbons, as well as other compounds like alkanols and phenols. In addition,
the process of separating oil, gas, and water could also lead to the formation of emulsions, where oil and
water form a stable mixture.

This emulsion tends to have a high COD content because the organic compounds in the oil are not
fully soluble in water, requiring additional oxygen for degradation. The use of additional chemicals in the
production process, such as corrosion inhibitors and solvents, could also increase the COD value in the
produced water. Therefore, produced water in the oil and gas industry generally has a high COD content
due to the complexity of the organic compounds contained within it and the production process that
involves the use of additional chemicals. As a result, further treatment is carried out using the reverse
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demulsifier method (APEOs and NLS surfactants), followed by testing using a jar test before being
disposed of into the environment.

Table 2. Characteristic of Produced Water

Parameter Unit Standard* Concentration

CcOD mg/L 200 327.75

Oil Content mg/L 25 0.06
Sulfida (H2S) mg/L 0.5 0.01
Amonia (NHa) mg/L 5 0.10
Phenol Total mg/L 2 0.02
Temperatur °C 40 30

pH - 6-9 712

TDS mg/L 4000 987

*Regulation of the Minister of State for the Environment of the Republic of Indonesia Nomor 19 of 2010
concerning the Standard Quality of Wastewater for Oil and Gas and Geothermal Business and/or Activities

3.2. Level of APEOs Usage

The testing of APEOs surfactants was conducted 66 times continuously to achieve a low COD
concentration. Low COD concentration is important for maintaining water quality, supporting ecosystem
balance, complying with environmental regulations, and optimizing water management costs. From the
analysis of COD concentration at stirring speeds ranging from 130 to 300 rpm with a stirring duration of
5 minutes, the results show that at a dose of 5 ppm, the COD concentration at stirring speeds of 130 rpm,
150 rpm, 160 rpm, 170 rpm, 200 rpm, and 250 rpm for a stirring time of 5 minutes is relatively low, with
results of 80.33 mg/L, 148.58 mg/L, 103.08 mg/L, 105.92 mg/L, 114.45 mg/L, and 86.01 mg/L, all below
the established quality standard limit of 200 mg/L. In experiments with a stirring time of 10 minutes, doses
of 5 ppm and 10 ppm, and the same stirring speeds as in the 5-minute stirring time, the results were
below the quality standard tolerance limit, with values of 154.27 mg/L, 108.76 mg/L, 91.70 mg/L, 83.17
mg/L, 88.86 mg/L, and 131.52 mg/L, 188.39 mg/L, 100.23 mg/L, 168.49 mg/L, 174.17 mg/L, respectively
(Figure 1).
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Figure 1. The final concentration of COD surfactant APEOs by stirring time: (a) 5 minutes, (b)10 minutes
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Based on the test results, the lowest COD concentration was obtained at a dose of 5 ppm, 130 rpm,
and a stirring time of 5 minutes, amounting to 80.32 mg/L. Dose of 45 ppm, almost all COD concentrations
exceeded the standard quality tolerance limit, especially at higher stirring speeds. Variations in stirring
speed also result in significouldt variations in COD concentration, where higher speeds tend to show
greater increases in COD concentration. Stirring at higher speeds and doses tends to result in higher
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concentrations due to increased interactions between surfactants and the phases involved in the
emulsion system. The stirring speed is increased, surfactant particles have more opportunities to interact
with the oil and water phases, facilitating the formation or increase in the size of oil droplets. This could
lead to an increase in COD concentration due to the higher amount of organic material dispersed in the
water phase. Higher doses could increase the amount of surfactant present in the solution, thereby
enhancing the emulsification effect and consequently increasing the COD concentration. Thus, the
combination of higher speed and dose amplifies the surfactant’s influence in emulsion separation, as
reflected in the observed increase in COD concentrationin the system.

3.3. Level of NLS Usage

The relationship between COD concentration and surfactant dosage (ppm) with stirring speeds between
130 to 300 rpm for 5 minutes at a dosage of 5 ppm shows that COD concentration remains low and
below the quality standard limit. The effect of surfactant on the increase of COD in produced water is still
minimal with stirring speeds of 130 rpm, 150 rpm, 160 rpm, 170 rpm, 200 rpm, and 250 rpm over a stirring
time of 5 minutes, yielding results of 114.45 mg/L, 125.83 mg/L, 131.52 mg/L, 111.61 mg/L, 103.08 mg/L,
and 94.46 mg/L respectively, with the quality standard tolerance set at 200 mg/L. As the surfactant
dosage increases, a clear pattern of COD concentration increase is observed. At a dose of 45 ppm, the
COD concentration almost always exceeds the quality standard limit, especially at higher stirring speeds
250 rpm. The increase COD indicates that higher surfactant doses introduce more organic materials that
could be oxidized.
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Figure 2. The final concentration of COD surfactant NLS by stirring time: (a) 5 minutes, (b) 10 minutes

A similar analysis at stirring speeds between 130 to 300 rpm and a stirring duration of 10 minutes
shows that the COD concentration at a 5 ppm dose remains below the quality standard limit for the same
stirring speed with a 5-minute stirring time, with values of 97.39 mg/L, 77.48 mg/L, 108.76 mg/L, 88.86
mg/L, and 105.92 mg/L, respectively. These results confirm that at low doses, the surfactant's influence
on COD is minimal (Fig. 2). However, increasing the dosage significouldtly raises the COD concentration,
especially at dosages of 30 ppm and 45 ppm. At these dosages, many measurements show COD
concentrations exceeding the quality standard limits, particularly at higher stirring speeds (300 rpm).

3.4. Analysis of Surfactant Adsorption Isotherm Model for COD Parameter Efficiency

The results of the Langmuir model analysis with APEOs surfactant show that the maximum gn varies
from 416.67 mg/g to 769.23 mg/g, with Langmuir adsorption coefficients ranging from 0.03 mg/L to 0.05
mg/L (Table 3). The R; value, which indicates the suitability of the adsorption process, ranges from 0.05
to 0.09, indicating that the adsorption process in coagulation with APEOs is effective in reducing COD,
in accordance with the criteria 0 < R_ < 1.The results of the Langmuir model analysis with NLS surfactant
show that the gm varies between 111.11 mg/g and 714.28 mg/g at variations 1 to 11. The obtained
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Langmuir adsorption coefficients range from 0.03 L/mg to 0.06 L/mg. The resulting R; values indicate
that the adsorption process occurs well, with values ranging from 0.048 to 0.11. Based on these results,
coagulation using NLS is effective in supporting the adsorption process to reduce COD concentration in
produced water.

The variable estimation analysis in the Freundlich model is similar to the Langmuir model, where the
variable n indicates the type of adsorption process: n = 1 for linear adsorption, n < 1 for chemical
adsorption, and n > 1 for physical adsorption. In variations 1 to 11, the n values range from 0.54 to 0.80,
indicating that the adsorption process occurs chemically. K; variations range from 30.57 L/mg to 63.59
L/mg, with the sixth variation showing the best performance (K: = 63.59 L/mg (Table 3)), indicating the
significouldt capacity of APEOs to adsorb organic substances and reduce COD [20]. The analysis results
of the Freundlich model with NLS surfactant show that the adsorption process occurs chemically, with n
values in variations 1 to 11 ranging from 0.56 to 0.78.

K: variations ranges from 25.29 L/mg to 59.26 L/mg, with the second variation showing the best
adsorption performance with a Kr of 59.26 L/mg. This high K; value indicates that NLS based on EFB has
a significouldt ability to adsorb organic substances, contributing to the reduction of COD in produced
water. Table 3 shows a comparison of the Langmuir and Freundlich adsorption isotherm parameters for
APEOs and NLS surfactants in reducing COD concentration in produced water [21]. Based on the
Langmuir model, APEOs surfactant has a gm of 796.23 mg/g, with a K. of 0.04 L/mg and a coefficient of
determination (R?) value of 0.98. This indicates that the Langmuir model fits the experimental data for
APEOs very well, with an R}, value that indicates the adsorption process is effective. Meanwhile, the NLS
surfactant has a gm of 714.28 mg/g, a Langmuir constant (K.) of 0.05 L/mg, and an R? value of 0.99.
These results indicate that NLS, although having a slightly lower maximum adsorption capacity, remains
highly efficient in the adsorption process and is very well-suited to the Langmuir model [22].

Freundlich model for the APEOs surfactant shows a K; value of 63.59 L/mg, with an exponent n
value of 0.80, indicating the chemical nature of the adsorption process. The R? value of 0.93 indicates
that the Freundlich model is also relevant for explaining the experimental data, although its fit is slightly
lower compared to the Langmuir model. For the NLS surfactant, the Freundlich constant K; value reaches
59.26 L/mg, with an exponent n value of 0.78, also indicating a chemical adsorption mechanism. The R?
value of 0.97 indicates that the Freundlich model is very suitable for describing the adsorption process
using this surfactant [23].

Table 3. The isotherm adsorption kinetic variables of APEOs and NLS surfactant

Langmuir Freundlich
Susfactant Strirring Strl_rrmg Standard coD .
Speed Time Concentration
dose . (mg/L)

K. R K; i (ppm) (rpm)  (minutes) (mg/L)
(L/mg) I (L/mg) R
APEOs 796.23 0.98 0.80 63.59 0.93 5 130 5 200 80.33
0.0431

NLS 714.28 0.99 0.78 59.26 0.97 5 220 10 200 77.48
0.0524 ’ ’ ’ ’ ’ ’

Efficiency of the treatment process based on operational conditions also shows significouldt results.
At a surfactant dose of 5 ppm, an agitation speed of 130 rpm for 5 minutes for APEOs resulted in a final
COD concentration of 80.33 mg/L, which meets the quality standard of 200 mg/L. Meanwhile, at the
same dose and quality standard, but with an agitation speed of 220 rpm for 10 minutes, the NLS
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surfactant produced a lower COD concentration of 77.48 mg/L. This value indicates that NLS has slightly
higher efficiency compared to APEOs in the tested parameters. Overall, these results show that both
APEOs and NLS surfactants are effective in reducing the COD concentration in produced water. Strong
adsorption performance, as indicated by the isotherm parameter values and the alignment of
experimental data with the mathematical model, confirms the validity of the approach used. Additionally,
EFB based NLS surfactants offer the added advantage of being an environmentally friendly alternative
that is potentially more economical [24].

Conclusion

Based on the analysis of the characteristics of the produced water, the parameter that exceeds the
quality standard is COD at 327.75 mg/L with a quality standard of 200 mg/L. Testing of APEOs and NLS
surfactants could be concluded that the dosage and stirring speed affect the concentration of COD in
produced water, especially at a dosage of 45 ppm, where almost all COD concentrations exceed the
standard quality tolerance limit. Variations in stirring speed also result in significouldt variations in COD
concentration, with higher speeds tending to show greater increases in COD concentration. Stirring with
higher doses and speeds produces higher COD concentrations due to more intense interactions between
the surfactant and the phases involved in the emulsion system.

Effective concentration was obtained with the surfactant type NLS at a dose of 5 ppm, a speed
of 220 ppm, and a stirring time of 10 minutes. The COD concentration obtained was 77.48 mg/L from
the COD quality standard of 200 mg/L established by the Regulation of the Minister of State for the
Environment of the Republic of Indonesia Number 19 of 2010 concerning the Quality Standard for
Wastewater for Oil and Gas Business and/or Activities. The Langmuir model indicates the maximum
adsorption capacity of the surfactant. At low doses, the model predictions align with the decrease in COD
because adsorption is effective. However, when the dosage is increased, the model and experimental
data show adsorption saturation, where the addition of surfactant no longer improves separation
efficiency and instead worsens the COD condition.

References

[1]
[2]

[3]

[4]

[5]

[6]
[7]
[8]

A. Faizal, “Adnan-Reinforced Temperature Activated Polymer Plug Completely Isolates.pdf,” SPE -
Int. Assoc. Drill. Contract. Drill. Conf. Proc., 2019.

H. I. Eldos, M. Khan, N. Zouari, S. Saeed, and M. A. Al-Ghouti, “Characterization and assessment of
process water from oil and gas production: A case study of process wastewater in Qatar,” Case Stud.
Chem. Environ. Eng., vol. 6, no. March, p. 100210, 2022, doi: 10.1016/j.cscee.2022.100210.

K. L. Benko and J. E. Drewes, “Produced water in the Western United States: Geographical
distribution, occurrence, and composition,” Environ. Eng. Sci., vol. 25, no. 2, pp. 239-246, 2014, doi:
10.1089/ees.2007.0026.

L. Sierra and L. Eoff, “Hydrocarbon Recovery Maximization in Reservoirs Located Close to Potential
Water Producer Horizons: New Proposed Methodology to Combine Water Control and Fracture
Stimulation Processes,” 2015, doi: 10.2118/177031-ms.

K. P. Aldaz and J. Kohatsu, “Benefits of a dedicated industrial water treatment plant,” SPE Lat. Am.
Caribb. Heal. / Saf. / Environ. / Soc. Responsib. Conf. 2013 Sustain. Solut. Challenging HSSE Environ.
Lat. Am. Caribb., no. June, pp. 138—-140, 2013, doi: 10.2118/165600-ms.

V. V. Sergeev and F. S. Kinzyabaev, “Improved Oil Recovery Technology Based on Emulsion with
SiO2 Nanoparticles and Gelled Acid,” pp. 1-13, 2016, doi: 10.2523/iptc-18947-ms.

W. Atima, “Bod Dan Cod Sebagai Parameter Pencemaran Air Dan Baku Mutu Air Limbah,” Biosel Biol.
Sci. Educ., vol. 4, no. 1, p. 83, 2015, doi: 10.33477/bs.v4i1.532.

M. C. K. De Oliveira, L. F. De Paiva, F. A. Meireles, R. Mendes, P. M. D. Da Silva, and L. G. Machado,

“Subsea demulsifier injection to reduce emulsion viscosity and enhance crude oil production,” OTC
Bras. 2017, pp. 1651-1659, 2017, doi: 10.4043/28132-ms.

275



JSIL | Pratiwi, et al.: Assessment of Reverse Demulsifier Surfactant Performance for Emulsion Separation in Produced Water from Oil and Gas Operations 276

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

J. Al-Hubail and K. El-Dash, “Managing disposal of water produced with petroleum in Kuwait,” J.
Environ. Manage., vol. 79, no. 1, pp. 43-50, 2012, doi: 10.1016/j.jenvman.2005.05.012.

O. Massarweh and A. S. Abushaikha, “The use of surfactants in enhanced oil recovery: A review of
recent advances,” Energy Reports, vol. 6, pp. 3150-3178, 2020, doi: 10.1016/j.egyr.2020.11.009.

B. Liu, W. Sun, L. Guo, C. Liu, M. Vanflieberge, and C. Jan, “Experiment Study of Reverse Demulsifier
on Simulated Water Sample Treatment at Different Oscillation Time and Different Concentrations of
Drugging,” Open J. Appl. Sci., vol. 05, no. 12, pp. 764—770, 2015, doi: 10.4236/0japps.2015.512072.

S. Dai and K. C. Tam, “Isothermal titration calorimetric studies of alkyl phenol ethoxylate surfactants
in aqueous solutions,” Colloids Surfaces A Physicochem. Eng. Asp., vol. 229, no. 1-3, pp. 157-168,
2015, doi: 10.1016/j.colsurfa.2003.09.007.

Ismiyati, A. Suryani, D. Mangunwidjaya, Machfud, and E. Hambali, “Pembuatan Natrium Lignosulfonat
Berbahan Dasar Lignin Isolat Tandan Kosong Kelapa Sawit : Identifikasi, Dan Uji Kinerjanya Sebagai
Bahan Pendispersi,” J. Tek. Ind. Pert., vol. 19, no. 1, pp. 25-29, 2013.

R. E. Ergun, L. A. Andersson, C. M. Fowler, and S. A. Thaller, “Kinetic Modeling of Langmuir Probes
in Space and Application to the MAVEN Langmuir Probe and Waves Instrument,” J. Geophys. Res.
Sp. Phys., vol. 126, no. 3, pp. 1-17, 2021, doi: 10.1029/2020JA028956.

Y. Hu and E. Mackay, “Analysis of Mineral Reactions Occurring in the Gyda Field Under Seawater
Injection with the Help of Geochemical Non-Isothermal Model and,” 2016.

M. Shidi, R. Mjeni, S. Qayum, M. S. Nadeem, G. Philip, and S. Prigent, “The impact of back produced
polymer on surface flow constructed wetland water treatment system in the sultanate of Oman,” Soc.
Pet. Eng. - SPE EOR Conf. Oil Gas West Asia 2018, vol. 2018-March, 2018, doi: 10.2118/190457-ms.

B. F. Machado, O. R. Vale, B. C. Pivatto, L. S. Motta, C. C. Cavaliere, and M. V. Souza, “Conceptual
design of a large water treatment system for offshore smart water injection,” Offshore Technol. Conf.
Bras. 2019, OTCB 2019, 2020, doi: 10.4043/29822-ms.

M. C. Menkiti, A. O. Okoani, and M. I. Ejimofor, “Adsorptive study of coagulation treatment of paint
wastewater using novel Brachystegia eurycoma extract,” Appl. Water Sci., vol. 8, no. 6, pp. 1-15,
2018, doi: 10.1007/s13201-018-0836-1.

M. B. Desta, “Batch sorption experiments: Langmuir and freundlich isotherm studies for the adsorption
of textile metal ions onto teff straw (eragrostis tef) agricultural waste,” J. Thermodyn., vol. 1, no. 1,
2014, doi: 10.1155/2013/375830.

S. Meneceur et al., “Removal efficiency of heavy metals, oily in water, total suspended solids, and
chemical oxygen demand from industrial petroleum wastewater by modern green nanocomposite
methods,” J. Environ. Chem. Eng., vol. 11, no. 6, p. 111209, 2023, doi: 10.1016/j.jece.2023.111209.

A. A. Yakout, M. T. Basha, D. S. Al-Raimi, A. H. Aljadaani, and F. M. Ali Zainy, “Synergistic impact of
Cu and MnO2 nanoparticles in Cu/MnO2/chitosan/graphene oxide hybrid nanocomposite for improved
antibacterial activity and fast adsorption of environmentally relevant anionic and cationic dyes from
industrial wastewater,” Int. J. Biol. Macromol., vol. 318, no. P1, p. 144839, 2025, doi:
10.1016/j.ijbiomac.2025.144839.

S. K. Bhatia, A. K. Patel, B. Ravindran, and Y. H. Yang, “Renewable bioenergy from palm oil mill
effluent (POME): A sustainable solution for net-zero emissions in palm oil production,” J. Water
Process Eng., vol. 70, no. January, p. 107136, 2025, doi: 10.1016/j.jwpe.2025.107136.

D. Sarkar, T. F. Panicker, R. Kumar Mishra, and M. Srinivas Kini, “A comprehensive review of
production and characterization of biochar for removal of organic pollutants from water and
wastewater,” Water-Energy Nexus, vol. 7, pp. 243-265, 2024, doi: 10.1016/j.wen.2024.11.001.

A. H. Nordin et al., “Recent advances in nanocellulose-based adsorbent for sustainable removal of
pharmaceutical contaminants from water bodies: A review,” Int. J. Biol. Macromol., vol. 280, no. P2, p.
135799, 2024, doi: 10.1016/j.ijbiomac.2024.135799.

276



