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Introduction
In the oil and gas industry, produced water (PW) refers 
to the water that is extracted during the exploration and 
production of oil and gas. This by-product, often referred 
to as a waste stream, is the largest volume of material 
generated during oil and gas production (1). Globally, 
approximately 250 million barrels of PW are generated 
daily, three times as much as the approximately 80 million 
barrels of oil produced daily, resulting in a water-to-oil 
ratio of 3:1 (2). The increasing age of oil wells has led to 
an average water-to-oil ratio of 12:1 (v/v) for global crude 
oil production in 2025. As a result, there is expected to be 
further growth in the market for managing and reusing 
PW (3). Studies on the quality of PW show that total 
oil varies from 40 mg/L to 2000 mg/L (4). PW contains 
naturally occurring radioactive elements (226Ra and 228Ra), 
and heavy metals (Ba, Cd, Cu, Cr, Li, Pb, Zn, Sr, Ti, B, 

and Al).
Cations and anions significantly influence PW 

chemistry. Chlorine (Cl⁻) and sodium (Na⁺) ions, primarily 
responsible for PW salinity, range in concentration from 
1 mg/L to 300,000 mg/L. Ions such as Cl-, SO4

2-, CO3
2-, 

HCO3
-, Na + , K + , Ca2 + , Ba2 + , Mg2 + , Fe2 + , and Sr2 + influence 

conductivity and scale formation potential (5). PW 
is heavily contaminated with dissolved and dispersed 
hydrocarbons and harmful chemical additives introduced 
during drilling or fracturing, including corrosion 
inhibitors, scale inhibitors, demulsifiers, polyelectrolytes, 
methanol, and glycol (6). Surfactants can be present in 
PW due to their use in production processes. Surfactants 
primarily contribute to oil droplet stability, reduced oil-
water interfacial tension, and the zeta potential of oil 
droplet surfaces (7). The physical and chemical properties 
of PW vary widely depending on the geologic age, depth, 
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Abstract
Background: Water extracted during oil and gas exploration and production is known as produced 
water (PW). It contains dissolved and dispersed hydrocarbons and harmful chemical additives 
used in drilling or fracturing, rendering it highly polluted. This research investigates the efficiency 
of Desmopan® 5377A thermoplastic polyurethane beads in a packed bed sorption column to remove 
n-hexane extractable material (HEM) from synthetic PW. To our knowledge, the use of Desmopan® 
5377A for removing HEM from produced water has not been documented.
Methods: Experiments were designed using the D-optimal method within the response surface 
methodology (RSM) framework. Analysis of variance (ANOVA) was used to evaluate the effects of 
salinity, surfactant, and initial pH. 
Results: Under optimal conditions, a maximum HEM removal efficiency of 70.25% was achieved at 
high salinity, a surfactant (Tween 80) concentration of 482 mg/L, and an initial pH of 9. Salting-out 
was identified as the primary mechanism enhancing HEM removal. The lowest removal efficiency was 
observed at pH 7. The interaction between surfactant concentration and pH showed that increasing 
Tween 80 concentration improved removal efficiency at pH 4, 6, and 9 up to an optimal point, beyond 
which efficiency declined.
Conclusion: A polymeric sorbent is recommended as a pre-treatment method to reduce HEM content 
in PW for treating complex contaminated media.
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and geochemistry of the hydrocarbon-bearing formation, 
the chemical composition of the oil and gas phases in the 
reservoir, and any chemicals added during production 
(8). 

Operators treating PW aim to achieve objectives such 
as the removal of dispersed oil and grease (deoiling), 
desalination, elimination of suspended particles and 
sand, removal of soluble organics and dissolved gases, 
reduction of naturally occurring radioactive elements, 
disinfection, and water softening (5). Given the global 
scarcity of water, PW is recognized as a valuable resource. 
The management of PW primarily involves reinjection 
or discharge, with the choice of method determined 
by factors such as quality and quantity, location, and 
infrastructure availability (9). In the United States, the 
Environmental Protection Agency (EPA) regulates the 
maximum allowable concentration of oil and grease in 
PW for offshore discharge in the Gulf of Mexico, setting 
a daily maximum limit of 42 mg/L and a monthly average 
limit of 29 mg/L (10). In Europe, a regulatory standard of 
30 mg/L has been established by the OSPAR Commission 
as the regulatory threshold for the concentration of oil in 
PW discharged into the ocean (11). Various methods are 
available for treating PW, including membrane filtration, 
thermal treatment, biological treatment, flotation, 
evaporation, adsorption, media filtration, ion exchange, 
chemical oxidation, electrodialysis, advanced oxidation 
processes, and polymer extraction (12-23). These 
methods can be applied independently or in combination, 
depending on the physicochemical properties of the water 
and the desired treatment level (24). Different types of 
hydrocarbons exhibit varying degrees of susceptibility 
to microbial degradation. Linear alkanes are the most 
readily degraded, followed by branched alkanes, small 
aromatics, and cyclic alkanes in decreasing order of 
susceptibility. However, high molecular weight polycyclic 
aromatic hydrocarbons (PAHs) are often highly resistant 
to microbial degradation (25).

A high COD/BOD5 ratio ( > 3) indicates complex organic 
matter in the PW, which is resistant to degradation. This 
poses challenges for PW treatment, often necessitating 
specific pre-treatment before biological methods can be 
applied (26,27). Oil in liquid effluents is present in four 
forms: free-floating ( > 150 µm), dispersed (50–100 µm), 
emulsified ( < 50 µm), and dissolved. Free-floating and 
dispersed oils can be removed by gravitational separation, 
whereas emulsified and dissolved oils require other 
methods (28). The sorption process involves mechanisms 
such as absorption, adsorption, and ion exchange. 
Absorption occurs when a substance is dissolved or trapped 
within sorbent material or through adsorption, whereas 
adsorption involves the accumulation of substances at 
the interface of two phases (29). Adsorption is a well-
established technology offering high pollutant removal 
efficiency, operational flexibility, simple installation, and 

low maintenance requirements. Activated carbon is a 
widely used adsorbent for removing contaminants from 
wastewater, but it has limitations, such as high costs and 
the need for frequent regeneration when treating highly 
contaminated wastewater (30-32). The various adsorbents 
employed include bone char, clay, zeolites, carbon 
nanotubes, polymers, rubber materials, wool fibers, and 
straw (33,34). The drawbacks of these adsorbents include 
poor selectivity, as they adsorb both water and oil, and 
clogging and fouling caused by oil or grease, which 
significantly reduce their adsorption capabilities (35). 
Therefore, there is a need for an advanced sorbent that 
can selectively separate oil or water. Polymeric sorbents 
are gaining attention for the removal of emulsified oil 
from industrial wastewater. Experiments were conducted 
to evaluate the resin’s capacity to adsorb emulsified oil 
from synthetic PW. The results show that polymeric 
beads exhibited a capacity of 301 ± 27 mg/g, suggesting 
their suitability for industrial wastewater treatment 
(36). Polyurethane (PU), a synthetic polymer, is known 
for its effective phase separation properties, making it 
relevant for oil-water separation applications. It exhibits 
excellent abrasion, tear, and flexural resistance and 
superior mechanical properties (37). Research indicates 
that TPU and PU-based sorbents are highly effective 
for hydrocarbon removal from water, demonstrating 
significant potential for produced water treatment. These 
sorbents exhibit superior sorption capacities (up to 55 
g/g), reusability (up to 200 cycles), and cost-effectiveness 
compared to polypropylene and other polymer sorbents. 
In contrast, natural sorbents, while more biodegradable, 
have lower sorption capacities and reusability (38-40).

Bioregeneration of polymers after pollutant 
absorption enhances their applicability in environmental 
bioremediation. Studies demonstrate that solid polymer-
based pollutant extraction, followed by bioregeneration 
and sorbent reuse, effectively treats crude oil-
contaminated media (41).

Although polyurethane effectively absorbs 
hydrocarbons from contaminated water and supports 
bioremediation capability in two-phase bioreactors, its 
use as an adsorbent in a packed bed column remains 
unexplored. The lack of direct studies on TPU for 
produced water indicates a need for further research, 
yet current evidence supports PU sorbents as a viable 
option for oil and gas PW treatment. The objective of this 
research was to evaluate the effectiveness of thermoplastic 
polyurethane (Desmopan® 5377A) sorbent in removing 
HEM from synthetic PW, considering the effects of salt 
concentration, initial pH, and surfactant concentration. 

Materials and Methods
Materials 
This experimental study was conducted at a laboratory 
scale. Crude oil, sourced from the Idealo Crude Oil Transfer 



Environmental Health Engineering and Management Journal. 2025;12:1416 3

Ojaghloo et al

Center in northwestern Iran, served as the hydrocarbon 
source. Poly oxyethylene sorbitan monooleate (Tween 
80), a non-ionic surfactant, was added to disperse the oil 
into the aqueous phase. Tween 80, which is uncharged, 
facilitates solubilization, emulsification, and dispersion. 
Synthetic produced water (PW) was prepared using 
distilled water, crude oil, sodium chloride, and Tween 80 
surfactant.

Thermoplastic polyurethane (Desmopan® 5377A, 
Leverkusen, Germany) was used as a polymeric sorbent. 
It is a hybrid ether/ester-based material that combines 
the advantages of ether- and ester-based polyurethanes. 
The mean size of beads (n = 10) was 5.0 × 4.4 × 2.0 mm 
(W × L × H). Additionally, sulfuric acid and sodium 
hydroxide were used to adjust the initial pH of PW. All 
other chemicals used in this research were supplied by 
Merck (Darmstadt, Germany) and Ameretat (Tehran, 
Iran). 

Preparation of synthetic PW
To prepare the PW, a volume of 25 mL of crude oil 
was diluted to 1000 mL with distilled water, and the 
concentrations of salt and surfactant, as well as the pH, were 
adjusted based on the experimental design. The prepared 
solution was mixed for 2 hours using a magnetic stirrer 
and then allowed to stand for 8 hours to allow separation 
of excess oil from the water phase. Subsequently, using 
a peristaltic pump, the synthetic PW was withdrawn 
from beneath the crude oil layer for experimental use. To 
determine the initial HEM content in each run, 100 mL of 

the PW was extracted and quantified using EPA Method 
1664B (42).

Setup of the sorption system
The sorption column was designed and implemented as 
shown in Figure 1.

The sorption capacity of the polymer beads for crude oil 
(0.16 g/g crude oil/polymer) was reported in a previous 
study (43). Desmopan® 5377A polymer beads (60 g) were 
poured into the 150 mL glass column. The inlet and outlet 
flow rates of the glass column were adjusted to ensure the 
column was filled with PW. The flow rate of PW delivered 
by the peristaltic pump was 31.8 mL/min. This was the 
maximum flow rate that allowed the packed bed to process 
produced water (PW) without overflow. The volume of 
the PW passed through the packed bed sorption column 
totaled 650 mL.

Analysis 
HEM in PW comprises oil, grease, and other non-polar 
organic compounds that are extractable by n-hexane, as 
defined by U.S. Environmental Protection Agency (EPA) 
Method 1664. The liquid-liquid extraction method (EPA 
Method 1664B) was used to measure HEM, as described 
below. Briefly, the sample is treated with sulfuric acid to 
lower the pH to below 2. Then, the sample is extracted 
3 times with n-hexane using a separatory funnel. The 
n-hexane is then removed by distillation, yielding HEM, 
which is dried and gravimetrically determined. EPA 
Method 1664B measures HEM in the range of 5–1000 

Figure 1. Diagram of sorption column setup
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mg/L (42). 

Design of experiments
Experiments were designed using the D-optimal method 
within the framework of response surface methodology 
(RSM). The concentrations of surfactant (Tween 80) and 
salinity (NaCl) were treated as continuous independent 
variables, while pH was designated as a discrete 
independent variable (factor). The range of independent 
variables was selected based on the average chemical 
composition of PW. The pH range of produced water 
depends on factors including chemical composition, 
dissolved gases (e.g., CO₂ or H₂S), organic matter, 
and reservoir conditions. The pH of produced water 
typically ranges from 4.5 to 8.5 (44,45). The salinity of 
produced water (PW) exhibits significant variation due 
to differences in reservoir geology, oil type, extraction 
methods, and reservoir location. It ranges from 10,000 
to 350,000 ppm, with an average of 45,000 ppm (46,47). 
A study of gas-condensate oil-water emulsions evaluated 
three non-ionic surfactants. The optimal concentration, 
approximately 1000 mg/L, maximized oil recovery (48). 
The removal efficiency of HEM in a sorption column 
served as the dependent variable (response). The range 
of independent variables is shown in Table 1. By default, 
high levels of the independent variable were coded as + 1, 
and low levels were coded as −1.

Thirty-six experiments (runs) were designed. In each 
experiment, samples were collected before and after to 
measure the HEM removal efficiency as the response 
variable. In this study, Design Expert 11 (Stat-Ease Inc., 
Minneapolis, USA) was used for the design of experiments, 
model development, evaluation of variable effects, 
and optimization of independent variables to achieve 
maximum HEM removal efficiency. To validate the 
reliability of the fitted model, confirmation experiments 
were conducted to compare predicted optimal values with 
experimental results.

The sequential backward elimination method was 
used to remove non-significant variables. The statistical 
properties of the model were evaluated using a normal 
probability plot, which displays the residuals (the 
differences between the predicted and observed values of 
the dependent variable for each run). This plot indicates 
whether the residuals follow a normal distribution. 
Deviations from this line, such as an S-shaped pattern, 
suggest that transforming the dependent variable’s values 

may improve the model’s fit.

Results 
Experimental design and HEM removal efficiency using 
a polymeric sorbent column
Table 2 represents the designed experiments with 
variable levels (salinity, surfactant, and initial pH), and 
the corresponding HEM removal efficiency. The average 
concentration of HEM in PW prior to passing through 
the sorption column was 437 mg/L.

According to Table 2, the minimum and maximum 
HEM removal efficiency were 13.66 % (Run 12) and 75.07 
% (Run 20), respectively. The highest removal efficiency 
was observed in the absence of salinity. Removing 
contaminants from PW is challenging, particularly 
because it typically contains varying levels of salinity. 
Achieving complete removal efficiency is not feasible in 
practice, underscoring the importance of optimizing the 
treatment conditions while accounting for salinity.

Statistical evaluation of polymer sorption experimental 
results 
The value of the coefficient of determination (R²) indicates 
the proportion of variance in the dependent variable 
that the independent variables can explain. Values of R² 
and adjusted R² are shown in Table 3. In this statistical 
analysis, the cubic model has the highest R² (0.9422) and 
adjusted R² (0.7469) compared to other models.

An ANOVA was conducted using the cubic model and 
its components (Table 4) to examine the relationships 
between the factors and dependent variables.

The F-value of 5.55 indicates that the model is 
statistically significant with only a 0.02% chance that an 
F-value this large could occur due to noise. In this case, 
C, AB, A², B², and B²C are significant model terms. 
The model in Equation (1) effectively determines factor 
significance through coefficient comparison and provides 
a final model in terms of coded factors for predicting 
HEM removal efficiency.

HEM removal efficiency (%) = 46.70 − 0.0808 A − 2.55 
B + 0.1607 C [1] + 13.96 C [2] + 3.37 C [3] − 6.18 AB − 
1.13 BC [1] + 1.19 BC [2] + 1.03 BC [3] + 10.17 A² − 16.21 
B² + 0.8892 B²C [1] − 16.19 B²C [2] − 2.92 B²C [3] (1)

A: salinity, B: surfactant, and C: pH
The coded equation is useful for identifying the relative 

Table 1. The details of the selected continuous and discrete independent variables

Independent variables Unit Actual values (coded value)
Sodium chloride
salinity mg/l 0

(−1.00)
25000
(−0.50)

50000
(0.00)

75000
(0.50)

100000
(1.00)

Surfactant
Tween 80 mg/l 0

(1.00)
300

(−0.50)
400

(−0.33)
600

(0.00)
800

(0.33)
1200
(1.00)

pH - 4
(−5 1 −1) 

6
(−1 −1 5) 

7
(1 −1 −5) 

9
(5 1 1) 
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impact of factors by comparing their coefficients and 
predicting the response for specified factor levels. As 
shown in Equation (1), the interaction between surfactant 
concentration and pH (B²C), with a coefficient of 
−16.19, has the largest negative impact on HEM removal 
efficiency. Conversely, salinity (A²), with a coefficient 
of + 17.1, has the greatest positive impact on enhancing 
HEM removal efficiency.

Interaction effect of salinity and surfactant (AB)
Figure 2 demonstrates that the efficiency of HEM 
removal is influenced by the interaction between salinity 
and surfactant concentration (AB). High surfactant 
concentrations reduce the effectiveness of salt in the 
salting-out process. In the absence of surfactants, 
increasing salinity does not significantly enhance 
hydrocarbon removal efficiency. However, increasing 
surfactant concentration beyond the optimum level 
decreases removal efficiency, particularly at high salinity.

Befkadu et al (49) report that the efficiency of 
hydrocarbon (HEM) removal in surfactant-enhanced soil 
washing depends on salinity and surfactant concentration. 
Their review indicates that salinity influences surfactant 
properties, such as micelle formation and adsorption, 
which interact with surfactant concentration to affect 
HEM removal efficiency, consistent with the findings of 
this study.

Interaction effect of surfactant and pH (B2C)
Figure 3 illustrates the interaction effect of surfactant 
concentration and pH on removal efficiency, with the 
highest and lowest efficiencies observed at pH 9 and 7, 
respectively. Removal efficiency at pH 4, 6, and 9 increased 
with increasing surfactant concentration but decreased at 
concentrations above 600 mg/L. Other studies confirm 
that pH and non-ionic surfactant concentration interact 
to influence hydrocarbon removal, with an optimal 
surfactant concentration beyond which performance 
plateaus or declines (50).

Optimum condition and verification
The desirability function was used to optimize the 
independent variables and maximize HEM removal 
efficiency in synthetic PW using a polymeric sorbent. 
Table 5 presents the optimal variable values and the 
predicted maximum removal efficiency, corresponding to 
a desirability of 0.723.

To verify the model’s accuracy in predicting the highest 
removal efficiency, three additional experiments were 
conducted under optimal conditions. The average HEM 
concentrations entering and leaving the packed sorption 
column were 542 mg/L and 162 mg/L, respectively. The 
HEM removal efficiency was 68.9%, 71.6% and 69.3% in 
the three experiments, respectively. The average HEM 
removal efficiency across these experiments was 70.0%, 
closely aligning with the predicted removal efficiency 

Table 2. The designed experiments and results of the HEM removal 
efficiency using the sorption column

Run
Factor 1 Factor 2 Factor 3 Response 

A: Salinity
mg/L

B: Surfactant
mg/L C: initial pH HEM removal 

efficiency %

1 0 0 7 33.52

2 100000 800 4 66.29

3 100000 0 4 29.41

4 100000 0 4 34.38

5 100000 600 4 66.41

6 50000 1200 7 33.33

7 100000 0 9 51.67

8 50000 0 9 39.39

9 50000 0 7 45.83

10 0 1200 7 28.89

11 25000 600 7 27.98

12 25000 600 7 13.66

13 100000 1200 6 52.86

14 50000 0 6 40.52

15 0 1200 4 37.69

16 0 0 4 31.74

17 50000 300 4 28.57

18 100000 1200 7 22.60

19 100000 0 7 65.71

20 0 600 9 75.07

21 0 0 4 27.06

22 0 1200 6 50.91

23 50000 1200 9 33.71

24 100000 1200 4 32.92

25 50000 1200 6 24.43

26 0 0 6 20.80

27 0 1200 9 52.04

28 50000 1200 4 25.18

29 100000 0 6 54.55

30 100000 1200 9 18.42

31 0 800 6 65.38

32 0 400 4 70.55

33 75000 600 7 16.33

34 0 0 9 49.12

35 100000 400 6 54.44

36 75000 600 7 16.50

Table 3. Model fit summary statistics

Source Std. Dev. R² Adjusted R²

Linear 17.12 0.1489 0.0070

2FI 16.71 0.3778 0.0532

Quadratic 14.58 0.5674 0.2791

Cubic 8.64 0.9422 0.7469 Suggested

Quartic 5.61 0.9878 0.8934 Aliased
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(76.1%) based on optimal model parameters. The percent 
error between the experimental mean HEM removal 
efficiency and the predicted value was less than 7.7%.
Table 5. Optimized values of independent variables to 
maximize sorption of HEM from PW by using a polymer 
sorbent

Activated carbon is highly effective for removing HEM 
from oil and gas PW, with removal efficiencies typically 
ranging from 70% to 98% in various studies, and 85–95% 
in column adsorption systems. Combining sorbents, such 
as wool fibers and synthetic polymers, or integrating 
sorption with methods like coagulation or membrane 
filtration can enhance HEM removal efficiency (44).

Research on aliphatic polyurethane foams, such 
as Desmopan, indicates that sorbent modification 
can enhance oil adsorption capacity. For instance, a 
laboratory study on polyurethane foam composites 

reported a maximum adsorption capacity of 29.5 g/g 
for diesel (a proxy for heavy end mixture components) 
when modified with activated carbon. Unmodified 
polyurethane exhibited a lower capacity (20–25 g/g), 
yet still surpassed many conventional sorbents, such as 
cotton or polypropylene (51).

Produced water often contains a mixture of organic 
and inorganic materials, and its properties depend 
significantly on the geological location and formation 
of the field, the lifetime of its reservoirs, the type of 
hydrocarbon produced, and the chemicals used in oil and 
gas fields (44).

Consequently, results from studies using real versus 
synthetic PW may vary. Table 6 presents examples of 
natural, modified natural, and synthetic adsorbents used 
for PW treatment, showing their efficiency in removing 
petroleum hydrocarbons. Some studies report general 

Table 4. Analysis of variance (ANOVA) for the prediction model of HEM removal efficiency using a sorption column

Source Sum of squares df Mean square F value P value Consideration 

Model 8129.95 14 580.71 5.55 0.0002 P value ≤ 0.05

A-salinity 9.21 1 9.21 0.0881 0.7695 P value ≥ 0.05

B-surfactant 100.36 1 100.36 0.9600 0.3383 P value ≥ 0.05

C-initial pH 1125.20 3 375.07 3.59 0.0309 P value ≤ 0.05

AB 684.42 1 684.42 6.55 0.0183 P value ≤ 0.05

BC 883.27 3 294.42 2.82 0.0640 P value ≥ 0.05

A² 573.04 1 573.04 5.48 0.0292 P value ≤ 0.05

B² 935.96 1 935.96 8.95 0.0069 P value ≤ 0.05

B²C 2926.37 3 975.46 9.33 0.0004 P value ≤ 0.05

Residual 2195.44 21 104.54

Lack of fit 2069.60 17 121.74 3.87 0.0995 P value ≥ 0.05

Figure 2. The interaction effect of salinity and surfactant (AB) on HEM removal efficiency
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oil removal rather than HEM specifically, although 
HEM is a subset of oil and grease, rendering these results 
applicable to HEM removal. Variations in initial HEM 
concentration, water types (e.g., brackish versus produced 
water), and test duration complicate direct comparisons. 

The highest removal efficiencies ( > 99%) were observed 
with exfoliated graphite, likely owing to its optimized 
surface properties and hydrophobicity. Commercial 
sorbents, such as powdered activated carbon and zeolite, 
are widely used but less effective, with removal efficiencies 
of 58–73% for oil contaminants. Natural sorbents, such 
as straw, show promise, particularly for crude oil, but 
straw modified with methoxytrimethylsilane does not 
consistently improve performance. 

Synthetic sorbents maintain efficiency over multiple 
cycles through squeezing, distillation, or bioregeneration, 
unlike some natural sorbents that degrade (38). A key 
advantage of polyurethane, such as FlexFoam200, is 
its reusability for up to 200 cycles, enhancing cost-
effectiveness. Although activated carbon retains 95% of its 
capacity after 40 cycles, it does not match polyurethane’s 
longevity. In real-world conditions, such as seawater, 
activated carbon’s capacity drops significantly (from 72 
g/g to 16.23 g/g), whereas polyurethane exhibits superior 
performance (55).

Discussion
Based on the findings of this study, under optimized 
conditions, a maximum HEM removal efficiency of 
70.25% was achieved at a salt concentration of 100 g/L, a 
surfactant concentration of 482 mg/L, and an initial pH 
of 9. 

From a scalability perspective, polyurethane fixed 
bed columns provide a promising, cost-effective, 
and sustainable solution for hydrocarbon removal 
and produced water treatment, with high adsorption 
capacity, antibacterial properties, and recyclability 
(39,56,57). Polyurethane absorbs hydrocarbons by 
allowing them to diffuse into its porous network. This 
process is often explained by the Fickian diffusion 
model, in which hydrocarbons diffuse into the polymer 
matrix over time (58). The primary driving force for 
sorption in polyurethane is van der Waals forces between 
hydrocarbons and the polymer chains. Variations in 
polyurethane composition modestly influence sorption 
capacity, indicating that physical forces predominate over 
chemical bonding (59,60). 

Salting-out primarily increased HEM removal 
efficiency. HEM removal efficiency was lowest at pH 7. 
The interaction between surfactant concentration and 
pH indicates that increasing the Tween 80 concentration 
enhances HEM removal efficiency at pH 4, 6, and 9 up 
to an optimal concentration, beyond which the efficiency 
decreases. As shown in Figure 2, the interaction between 
salinity and surfactants enhances oil droplet stability, 
reduces oil-water interfacial tension, and alters the 
zeta potential of oil droplet surfaces, primarily due to 
surfactants (2). The emulsions’ composition varied by oil 
type, oil quantity, and surfactants (61). The emulsifying 

Figure 3. The interaction effect of surfactant and pH (B2C) on HEM removal efficiency

Table 5. Optimized values of independent variables to maximize sorption 
of HEM from PW by using a polymer 

Number Salinity
mg/L

Surfactant
mg/L pH HEM removal 

efficiency (%) Desirability

1 100000 482 9 76.1 0.723
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properties of Tween 80 depend on factors such as pH 
and ionic strength. In solid lipid nanoparticle solutions, 
aqueous stability and dispersibility increase with pH and 
decrease with electrolyte concentration (62).

Previous studies demonstrated that Tween 80-stabilized 
emulsions remain stable across a pH range of 2–9, with 
no observed changes in microstructure. Increasing NaCl 
concentration from 0 to 100 mM in Tween 80-stabilized 
oil-in-water emulsions slightly increases average 
particle size, with no additional increase at higher salt 
concentrations. This effect results from the dehydration 
of the hydrophilic polyoxyethylene head groups of the 
non-ionic surfactant due to salt addition (63).

The salting-out effect can explain the improved 
hydrocarbon removal efficiency with increasing salinity. 
Salting-out extraction is a technique that separates 
molecules based on their solubility in a solvent. This 
method involves adding a high concentration of salt to 
a solution to induce phase separation by disrupting the 
homogeneous mixture (64). While the salting-out effect 
drives hydrocarbons toward the polymer-water interface, 
the surfactant partially counteracts this effect by enhancing 
solubilization. This occurs because the surfactant lowers 
surface tension and facilitates hydrocarbon solubilization 
(65). Interactions between surfactant and salt 
concentrations have been observed by other researchers. 
It was reported that high surfactant concentrations led to 
more efficient removal of dye molecules (methyl orange) 
due to increased reverse micelle formation. When 3% 
CaCl₂ was used instead of 1%, dye removal efficiency 
increased with higher surfactant concentrations. This was 
because the salting-out effect reduced the critical micelle 
concentration (CMC) of the surfactant (66).

The interaction between pH and surfactant, as shown 
in Figure 3, can be attributed to the micelle effect. The 
micelle effect is a phenomenon in which surfactant 
molecules cluster around hydrophobic compounds, such 

as total petroleum hydrocarbons (TPHs), enhancing their 
solubility in water. The efficiency of TPH removal by 
micelles is influenced by the concentration of surfactants 
used. Surfactant molecules can exist as monomers, 
micelles, hemimicelles, or admicelles, depending on their 
concentration. Higher surfactant concentrations enhance 
interactions between Tween 80 and water at a specific 
temperature (67). The concentration at which micelles 
begin to form is known as the CMC. The CMC of Tween 
80 in pure water is approximately 13.0 mg/L (68). The 
CMC of surfactants varies with pH, as they possess both 
hydrophilic and hydrophobic characteristics. Solution pH 
can affect the ionization of the surfactant’s hydrophilic 
groups, altering the molecule’s overall charge. This change 
in charge can affect the ability of surfactant molecules to 
form micelles, ultimately altering the CMC of surfactants 
(69).

Tween 80’s emulsifying properties are influenced by pH 
(70). A study examined the effect of pH on the stability of 
an emulsion formed by Tween 80 and gas condensate. At 
25 °C, the emulsion was more stable at pH 7 than at higher 
pH levels (e.g., pH 8–10) and exhibited greater stability at 
lower pH levels (e.g., pH 4–6) (71).

Previous experimental research has shown that the 
adsorption of a non-ionic surfactant, Triton X-100, 
can block a substantial proportion of micropores ( < 2 
nm) and mesopores (2–50 nm) in activated carbons. 
Specifically, 80%–90% of micropores and 20%–60% of 
mesopores were blocked, an effect attributed to the larger 
size of the surfactant molecules or their aggregates relative 
to the pore dimensions (72). Therefore, the reduced 
removal efficiency at high surfactant concentrations may 
result from surfactant-oil aggregates blocking polymer 
pores. Furthermore, polymeric absorbents can serve 
as a pre-treatment option to reduce hydrocarbon levels 
in PW, offering a viable solution for treating complex 
contaminated wastewater.

Table 6. Comparisons of adsorbents in terms of efficiency of removing hydrocarbons from produced water

Sorbent Oil removal efficiency Conditions Source

Exfoliated graphite (EG)  > 99% (from 278 mg/L to 1.2 mg/L) Sorption column of EG 
Actual produced water (52)

Powdered activated Carbon (AC) 72.98%

Synthetic produced water
Initial oil concentration 40 ppm,
 0.5 g sorbent dose, flow rate 1.25 mL/min.
Fixed-bed-column

(53)

Granular activated Carbon (AC) 64.87%

Synthetic produced water
Initial oil concentration 40 ppm,
 0.5 g sorbent dose, flow rate 1.25 mL/min.
Fixed-bed-column

(53)

Zeolite 58.58%

Synthetic produced water
Initial oil concentration 40 ppm,
0.5 g sorbent dose, flow rate 1.25 mL/min.
Fixed-bed-column

(53)

Straw 57.0% (34.9 to 15.0 mg/L over 14 days) Synthetic produced water
Crude oil in brackish water (54)

Wood Shavings modified with 
methoxytrimethylsilanes 42.0% (40.6 to 23.6 mg/L over 14 days) Synthetic produced water

Crude oil in brackish water (54)

Straw modified with methoxytrimethylsilanes 9.0% (15.5 to 14.1 mg/L over 14 days) Synthetic produced water
Crude oil in brackish water (54)
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This research is limited by its focus on synthetically 
produced water, which may not fully represent the 
complexity of real-world produced water compositions. 
Additionally, the maximum HEM removal efficiency 
indicates incomplete pollutant removal, suggesting 
limitations in the sorbent’s capacity or the method’s 
applicability for comprehensive treatment. Ongoing 
research into modified polyurethanes and optimized 
system designs, validated through pilot-scale trials, is 
essential for overcoming these challenges and enabling 
widespread adoption of sustainable produced water 
treatment practices.

Conclusion
This study demonstrates that the quantity of surfactant 
significantly affects the removal of n-hexane extractable 
material (HEM) from synthetic produced water (PW) 
using a polymeric sorbent (Desmopan® 5377A). Increasing 
the concentration of Tween 80 enhances HEM sorption 
up to an optimal level (482 mg/L), beyond which sorption 
efficiency declines. The emulsifying properties of Tween 
80 are influenced by the pH of the PW, necessitating 
careful selection of the pH range to optimize sorption 
performance. Surfactant concentration critically impacts 
HEM removal efficiency: insufficient concentrations 
fail to form micelles, leading to incomplete removal, 
while excessive concentrations form micelles that hinder 
efficiency. Additionally, in the absence of surfactants, 
increasing salinity does not significantly enhance 
hydrocarbon removal efficiency. Research should aim to 
scale up the sorption process for industrial use, including 
analyses of surfactant costs, pH control, and sorbent 
regeneration, with pilot studies assessing integration into 
current produced water treatment systems.

Acknowledgments
The authors would like to acknowledge Zanjan University 
of Medical Sciences for their financial support of this 
project. We acknowledge the use of Grok, developed by 
xAI (https://x.ai/grok), to assist in reviewing the grammar 
and clarity of this manuscript. In April 2025, we provided 
the draft manuscript to Grok with prompts to identify 
grammatical errors and suggest stylistic improvements. 
The output was critically evaluated, and only selected 
suggestions were incorporated into the final text, ensuring 
that the content remains the original work of the authors.

Authors’s contributions
Conceptualization: Mazyar Peyda.
Data curation: Laya Ojaghloo.
Formal analysis: Laya Ojaghloo.
Funding acquisition: Mazyar Peyda.
Methodology: Mazyar Peyda and Ali Assadi.
Project administration: Mazyar Peyda.
Software: Mazyar Peyda and Mehran Mohammadian 

Fazli.
Supervision: Mazyar Peyda.
Validation: Ali Assadi.
Visualization: Mehran Mohammadian Fazli.
Writing – original draft: Laya Ojaghloo and Mazyar 
Peyda.
Writing – review & editing: Mazyar Peyda, Ali Assadi, 
and Mehran Mohammadian Fazli.

Competing interests
The authors declare that they have no competing interests.

Ethical issues
The ethics committee has ethically approved this project 
with the registration code IR.ZUMS.REC.1397.298.

Funding
This work was supported by Zanjan University of Medical 
Sciences under grant No. A-12-124-11.

References
1.	 Liu Y, Lu H, Li Y, Xu H, Pan Z, Dai P, et al. A review of 

treatment technologies for produced water in offshore oil 
and gas fields. Sci Total Environ. 2021;775:145485. doi: 
10.1016/j.scitotenv.2021.145485.

2.	 Fakhru’l-Razi A, Pendashteh A, Abdullah LC, Biak DR, 
Madaeni SS, Abidin ZZ. Review of technologies for oil and 
gas produced water treatment. J Hazard Mater. 2009;170(2-
3):530-51. doi: 10.1016/j.jhazmat.2009.05.044 .

3.	 Al-Ghouti MA, Al-Kaabi MA, Ashfaq MY, Da’na DA. 
Produced water characteristics, treatment and reuse: a 
review. J Water Process Eng. 2019;28:222-39. doi: 10.1016/j.
jwpe.2019.02.001.

4.	 Benko KL, Drewes JE. Produced water in the Western 
United States: geographical distribution, occurrence, and 
composition. Environ Eng Sci. 2008;25(2):239-46. doi: 
10.1089/ees.2007.0026.

5.	 Igunnu ET, Chen GZ. Produced water treatment 
technologies. Int J Low Carbon Technol. 2014;9(3):157-77. 
doi: 10.1093/ijlct/cts049 .

6.	 Ghafoori S, Omar M, Koutahzadeh N, Zendehboudi 
S, Malhas RN, Mohamed M, et al. New advancements, 
challenges, and future needs on treatment of oilfield 
produced water: a state-of-the-art review. Sep Purif Technol. 
2022;289:120652. doi: 10.1016/j.seppur.2022.120652.

7.	 Deng S, Yu G, Jiang Z, Zhang R, Ting YP. Destabilization of 
oil droplets in produced water from ASP flooding. Colloids 
Surf A Physicochem Eng Asp. 2005;252(2-3):113-9. doi: 
10.1016/j.colsurfa.2004.09.033.

8.	 Neff J, Lee K, DeBlois EM. Produced water: overview 
of composition, fates, and effects. In: Lee K, Neff J, eds. 
Produced Water: Environmental Risks and Advances in 
Mitigation Technologies. New York: Springer; 2011. p. 
3-54. doi: 10.1007/978-1-4614-0046-2_1.

9.	 Arthur JD, Langhus BG, Patel C. Technical Summary of 
Oil & Gas Produced Water Treatment Technologies. Tulsa, 
OK: All Consulting LLC; 2005.

10.	 US EPA. Final NPDES General Permit for New and 
Existing Sources and New Dischargers in the Offshore 
Subcategory of the Oil and Gas Extraction Category for the 

https://doi.org/10.1016/j.scitotenv.2021.145485
https://doi.org/10.1016/j.jhazmat.2009.05.044
https://doi.org/10.1016/j.jwpe.2019.02.001
https://doi.org/10.1016/j.jwpe.2019.02.001
https://doi.org/10.1089/ees.2007.0026
https://doi.org/10.1093/ijlct/cts049
https://doi.org/10.1016/j.seppur.2022.120652
https://doi.org/10.1016/j.colsurfa.2004.09.033
https://doi.org/10.1007/978-1-4614-0046-2_1


Ojaghloo et al

Environmental Health Engineering and Management Journal. 2025;12:141610

Western Portion of the Outer Continental Shelf of the Gulf 
of Mexico (GMG290000). Fed Regist. 2001;66(243):65209.

11.	 OSPAR Commission. Produced Water Discharges from 
Offshore Oil and Gas Installations 2007-2012. London, 
UK: OSPAR Commission; 2014. Available from: https://
www.ospar.org/site/assets/files/7413/ospar_assessment_
sheet_produced_water_2014.pdf.

12.	 Samuel O, Othman MH, Kamaludin R, Dzinun H, Imtiaz 
A, Li T, et al. Photocatalytic degradation of recalcitrant 
aromatic hydrocarbon compounds in oilfield-produced 
water: a critical review. J Clean Prod. 2023;415:137567. doi: 
10.1016/j.jclepro.2023.137567.

13.	 Finklea H, Lin LS, Khajouei G. Electrodialysis of 
softened produced water from shale gas development. 
J Water Process Eng. 2022;45:102486. doi: 10.1016/j.
jwpe.2021.102486.

14.	 Ganiyu SO, Sable S, Gamal El-Din M. Advanced oxidation 
processes for the degradation of dissolved organics 
in produced water: a review of process performance, 
degradation kinetics and pathway. Chem Eng J. 
2022;429:132492. doi: 10.1016/j.cej.2021.132492.

15.	 Baltaeva M, Orlov M, Cha DK, Ayirala S. Sustainable ion-
exchange resins for produced water treatment. In: SPE 
Middle East Oil and Gas Show and Conference. Manama, 
Bahrain: SPE; 2023. p. D021S77R05. doi: 10.2118/213239-
MS.

16.	 Abd Halim NS, Mohd Hizam S, Wan Suhaimi WM, 
Ahmad Farid AS, Abd Rahman PN, Wirzal MD, et al. 
Nylon 6,6 waste nanofiber membrane for produced 
water filtration: experimental, performance modelling, 
optimization and techno-economic analysis. Membranes 
(Basel). 2023;13(2):224. doi: 10.3390/membranes13020224.

17.	 Yousef R, Qiblawey H, El-Naas MH. Adsorption as a 
process for produced water treatment: a review. Processes. 
2020;8(12):1657. doi: 10.3390/pr8121657.

18.	 Izady A, Nikoo MR, Hashempour Bakhtiari P, Baawain 
MS, Al-Mamari H, Msagati TA, et al. Risk-based stochastic 
optimization of evaporation ponds as a cost-effective and 
environmentally-friendly solution for the disposal of oil-
produced water. J Water Process Eng. 2020;38:101607. doi: 
10.1016/j.jwpe.2020.101607.

19.	 Wang C, Lü Y, Song C, Zhang D, Rong F, He L. Separation 
of emulsified crude oil from produced water by gas 
flotation: a review. Sci Total Environ. 2022;845:157304. doi: 
10.1016/j.scitotenv.2022.157304.

20.	 Abujayyab MA, Hamouda M, Aly Hassan A. Biological 
treatment of produced water: a comprehensive review and 
metadata analysis. J Pet Sci Eng. 2022;209:109914. doi: 
10.1016/j.petrol.2021.109914.

21.	 Liu Y, Wang J, Jung B, Rao U, Sedighi E, Hoek EM, et 
al. Desalinating a real hyper-saline pre-treated produced 
water via direct-heat vacuum membrane distillation. Water 
Res. 2022;218:118503. doi: 10.1016/j.watres.2022.118503.

22.	 Ricceri F, Farinelli G, Giagnorio M, Zamboi A, Tiraferri A. 
Optimization of physico-chemical and membrane filtration 
processes to remove high molecular weight polymers from 
produced water in enhanced oil recovery operations. J 
Environ Manage. 2022;302(Pt A):114015. doi: 10.1016/j.
jenvman.2021.114015.

23.	 Emmons RV, Shyam Sunder GS, Liden T, Schug KA, 
Asfaha TY, Lawrence JG, et al. Unraveling the complex 
composition of produced water by specialized extraction 
methodologies. Environ Sci Technol. 2022;56(4):2334-44. 

doi: 10.1021/acs.est.1c05826.
24.	 Li C, Li J, Wang N, Zhao Q, Wang P. Status of the treatment 

of produced water containing polymer in oilfields: a review. 
J Environ Chem Eng. 2021;9(4):105303. doi: 10.1016/j.
jece.2021.105303.

25.	 Adedeji JA, Tetteh EK, Opoku Amankwa M, Asante-
Sackey D, Ofori-Frimpong S, Armah EK, et al. Microbial 
bioremediation and biodegradation of petroleum 
products—a mini review. Appl Sci. 2022;12(23):12212. doi: 
10.3390/app122312212.

26.	 Lin L, Jiang W, Chen L, Xu P, Wang H. Treatment of 
produced water with photocatalysis: recent advances, 
affecting factors and future research prospects. Catalysts. 
2020;10(8):924. doi: 10.3390/catal10080924.

27.	 Li G, Guo S, Li F. Treatment of oilfield produced water 
by anaerobic process coupled with micro-electrolysis. J 
Environ Sci (China). 2010;22(12):1875-82. doi: 10.1016/
s1001-0742(09)60333-8.

28.	 Rocha e Silva FC, Rocha e Silva NM, Luna JM, Rufino RD, 
Santos VA, Sarubbo LA. Dissolved air flotation combined 
to biosurfactants: a clean and efficient alternative to 
treat industrial oily water. Rev Environ Sci Biotechnol. 
2018;17(4):591-602. doi: 10.1007/s11157-018-9477-y.

29.	 Lamichhane S, Bal Krishna KC, Sarukkalige R. Polycyclic 
aromatic hydrocarbons (PAHs) removal by sorption: a 
review. Chemosphere. 2016;148:336-53. doi: 10.1016/j.
chemosphere.2016.01.036.

30.	 Niasar HS, Das S, Xu CC, Ray MB. Continuous column 
adsorption of naphthenic acids from synthetic and real oil 
sands process-affected water (OSPW) using carbon-based 
adsorbents. Chemosphere. 2019;214:511-8. doi: 10.1016/j.
chemosphere.2018.09.078.

31.	 Hendges LT, Costa TC, Temochko B, Gómez González SY, 
Mazur LP, Marinho BA, et al. Adsorption and desorption of 
water-soluble naphthenic acid in simulated offshore oilfield 
produced water. Process Saf Environ Prot. 2021;145:262-
72. doi: 10.1016/j.psep.2020.08.018.

32.	 Adewoye TL, Ogunleye OO, Abdulkareem AS, Salawudeen 
TO, Tijani JO. Optimization of the adsorption of total 
organic carbon from produced water using functionalized 
multi-walled carbon nanotubes. Heliyon. 2021;7(1):e05866. 
doi: 10.1016/j.heliyon.2020.e05866.

33.	 Haridharan N, Sundar D, Kurrupasamy L, Anandan S, Liu 
CH, Wu JJ. Oil spills adsorption and cleanup by polymeric 
materials: a review. Polym Adv Technol. 2022;33(5):1353-
84. doi: 10.1002/pat.5636.

34.	 Emenike EC, Adeleke J, Iwuozor KO, Ogunniyi S, Adeyanju 
CA, Amusa VT, et al. Adsorption of crude oil from aqueous 
solution: a review. J Water Process Eng. 2022;50:103330. 
doi: 10.1016/j.jwpe.2022.103330.

35.	 Guo G, Liu L, Dang Z, Fang W. Recent progress 
of polyurethane-based materials for oil/water 
separation. Nano. 2017;12(4):1730001. doi: 10.1142/
s1793292017300018.

36.	 Al-Maas M, Minier-Matar J, Krupa I, Al-Maadeed MA, 
Adham S. Evaluation of polymeric adsorbents via fixed-
bed columns for emulsified oil removal from industrial 
wastewater. J Water Process Eng. 2022;49:102962. doi: 
10.1016/j.jwpe.2022.102962.

37.	 Mazzeo L, Cocchi M, Capocelli M, Piemonte V. 
Continuous two-phase partitioning bioreactor (C-TPPB) 
for removal of xenobiotics: design criteria. Chem Eng Res 
Des. 2022;177:13-23. doi: 10.1016/j.cherd.2021.10.009.

https://www.ospar.org/site/assets/files/7413/ospar_assessment_sheet_produced_water_2014.pdf
https://www.ospar.org/site/assets/files/7413/ospar_assessment_sheet_produced_water_2014.pdf
https://www.ospar.org/site/assets/files/7413/ospar_assessment_sheet_produced_water_2014.pdf
https://doi.org/10.1016/j.jclepro.2023.137567
https://doi.org/10.1016/j.jwpe.2021.102486
https://doi.org/10.1016/j.jwpe.2021.102486
https://doi.org/10.1016/j.cej.2021.132492
https://doi.org/10.2118/213239-MS
https://doi.org/10.2118/213239-MS
https://doi.org/10.3390/membranes13020224
https://doi.org/10.3390/pr8121657
https://doi.org/10.1016/j.jwpe.2020.101607
https://doi.org/10.1016/j.scitotenv.2022.157304
https://doi.org/10.1016/j.petrol.2021.109914
https://doi.org/10.1016/j.watres.2022.118503
https://doi.org/10.1016/j.jenvman.2021.114015
https://doi.org/10.1016/j.jenvman.2021.114015
https://doi.org/10.1021/acs.est.1c05826
https://doi.org/10.1016/j.jece.2021.105303
https://doi.org/10.1016/j.jece.2021.105303
https://doi.org/10.3390/app122312212
https://doi.org/10.3390/catal10080924
https://doi.org/10.1016/s1001-0742(09)60333-8
https://doi.org/10.1016/s1001-0742(09)60333-8
https://doi.org/10.1007/s11157-018-9477-y
https://doi.org/10.1016/j.chemosphere.2016.01.036
https://doi.org/10.1016/j.chemosphere.2016.01.036
https://doi.org/10.1016/j.chemosphere.2018.09.078
https://doi.org/10.1016/j.chemosphere.2018.09.078
https://doi.org/10.1016/j.psep.2020.08.018
https://doi.org/10.1016/j.heliyon.2020.e05866
https://doi.org/10.1002/pat.5636
https://doi.org/10.1016/j.jwpe.2022.103330
https://doi.org/10.1142/s1793292017300018
https://doi.org/10.1142/s1793292017300018
https://doi.org/10.1016/j.jwpe.2022.102962
https://doi.org/10.1016/j.cherd.2021.10.009


Environmental Health Engineering and Management Journal. 2025;12:1416 11

Ojaghloo et al

38.	 Zamparas M, Tzivras D, Dracopoulos V, Ioannides T. 
Application of sorbents for oil spill cleanup focusing on 
natural-based modified materials: a review. Molecules. 
2020;25(19):4522. doi: 10.3390/molecules25194522.

39.	 Bhagwat SB, Jaspal D, Tiwari AK, Malviya A, Petrounias P. 
Sustainable polyurethane for the remediation of oil spills: a 
review. Environ Sci Pollut Res Int. 2024;31(19):27509-30. 
doi: 10.1007/s11356-024-33037-y.

40.	 Diaz-Diaz MÁ, Navarro-Frómeta AE, Sosa Muñoz CL. 
Improved sorbent for the removal of hydrocarbons spilled 
in water. Front Sustain. 2022;3:962215. doi: 10.3389/
frsus.2022.962215.

41.	 Peyda M, Fakhru’l-Razi A, Zakaria MP, Abidin 
ZZ. Polymer partitioning approach for petroleum 
hydrocarbon reduction in a clay soil. Water Air Soil Pollut. 
2013;224(4):1496. doi: 10.1007/s11270-013-1496-2.

42.	 Environmental Protection Agency (EPA). Method 1664, 
Revision B: n-Hexane Extractable Material (HEM; Oil 
and Grease) and Silica Gel Treated n-Hexane Extractable 
Material (SGT-HEM; Non-polar Material) by Extraction 
and Gravimetry. Washington, DC: EPA; 2010.

43.	 Peyda M. Remediation of Crude Oil Contaminated Kaolin 
by Adsorption Using Solid-Liquid Two-Phase Partitioning 
[dissertation]. Universiti Putra Malaysia; 2012.

44.	 Danforth C, Chiu WA, Rusyn I, Schultz K, Bolden A, 
Kwiatkowski C, et al. An integrative method for identification 
and prioritization of constituents of concern in produced 
water from onshore oil and gas extraction. Environ Int. 
2020;134:105280. doi: 10.1016/j.envint.2019.105280. 

45.	 McLaughlin MC, Borch T, McDevitt B, Warner NR, 
Blotevogel J. Water quality assessment downstream of oil 
and gas produced water discharges intended for beneficial 
reuse in arid regions. Sci Total Environ. 2020;713:136607. 
doi: 10.1016/j.scitotenv.2020.136607. 

46.	 Al-Ajmi F, Al-Marri M, Almomani F, AlNouss A. A 
comprehensive review of advanced treatment technologies 
for the enhanced reuse of produced water. Water. 
2024;16(22):3306. doi: 10.3390/w16223306.

47.	 Al Salem F, Thiemann T. Variability in quantity and 
salinity of produced water from an oil production in 
South Kuwait. Engineering. 2024;16(1):8-23. doi: 10.4236/
eng.2024.161002.

48.	 Lv P, Liu Y, Zhang Y, Sun L, Meng X, Meng X, et al. 
Optimization of non-ionic surfactants for removing 
emulsified oil from gas condensate oil–water emulsion in 
N oilfield. J Pet Explor Prod Technol. 2020;10(7):3025-30. 
doi: 10.1007/s13202-020-00950-0.

49.	 Befkadu AA, Chen Q. Surfactant-enhanced soil washing for 
removal of petroleum hydrocarbons from contaminated 
soils: a review. Pedosphere. 2018;28(3):383-410. doi: 
10.1016/s1002-0160(18)60027-x.

50.	 Emami H, Ayatizadeh Tanha A, Khaksar Manshad A, 
Mohammadi AH. Experimental investigation of foam 
flooding using anionic and nonionic surfactants: a screening 
scenario to assess the effects of salinity and pH on foam 
stability and foam height. ACS Omega. 2022;7(17):14832-
47. doi: 10.1021/acsomega.2c00314.

51.	 De Nino A, Olivito F, Algieri V, Costanzo P, Jiritano A, 
Tallarida MA, et al. Efficient and fast removal of oils 
from water surfaces via highly oleophilic polyurethane 
composites. Toxics. 2021;9(8):186. doi: 10.3390/
toxics9080186.

52.	 Takeuchi K, Kitazawa H, Fujishige M, Akuzawa N, Ortiz-

Medina J, Morelos-Gomez A, et al. Oil removing properties 
of exfoliated graphite in actual produced water treatment. 
J Water Process Eng. 2017;20:226-31. doi: 10.1016/j.
jwpe.2017.11.009.

53.	 Khader EH, Mohammed TJ, Adnan SW. Reduction of 
oil and COD from produced water by activated carbon, 
zeolite, and mixed adsorbents in a fixed-bed column. 
Desalin Water Treat. 2021;227:216-27. doi: 10.5004/
dwt.2021.27295.

54.	 Paulauskiene T, Uebe J, Kryzevicius Z, Kaskova V, Katarzyte 
M, Overlingė D. Removal of petroleum hydrocarbons from 
brackish water by natural and modified sorbents. J Mar Sci 
Eng. 2022;10(5):597. doi: 10.3390/jmse10050597.

55.	 de Folly d’Auris A, Rubertelli F, Taini A, Vocciante M. A 
novel polyurethane-based sorbent material for oil spills 
management. J Environ Chem Eng. 2023;11(6):111386. 
doi: 10.1016/j.jece.2023.111386.

56.	 Li P, Liu H, Xu YJ, Wang DY, Liu Y, Zhu P. Flame-retardant 
and antibacterial flexible polyurethane foams with high 
resilience based on a P/N/Si-containing system. J Mater Sci 
Technol. 2024;182:141-51. doi: 10.1016/j.jmst.2023.09.030.

57.	 Wang W, Zhang S, Gao T, Li L. In-situ treatment of gaseous 
benzene in fixed-bed biofilter with polyurethane foam: 
functional population response and benzene transformation 
pathway. Bioresour Technol. 2024;405:130926. doi: 
10.1016/j.biortech.2024.130926.

58.	 Khinnavar RS, Aminabhavi TM. Diffusion and sorption 
of organic liquids through polymer membranes. I. 
Polyurethane versus n‐alkanes. J Appl Polym Sci. 
1991;42(8):2321-8. doi: 10.1002/app.1991.070420823.

59.	 Pinto ML, Pires J, Carvalho AP, de Carvalho MB, Bordado 
JC. Sorption isotherms of organic vapors on polyurethane 
foams. J Phys Chem B. 2004;108(36):13813-20. doi: 
10.1021/jp048551p.

60.	 Peppas NA, Sahlin JJ. A simple equation for the description 
of solute release. III. Coupling of diffusion and relaxation. 
Int J Pharm. 1989;57(2):169-72. doi: 10.1016/0378-
5173(89)90306-2.

61.	 Dardor D, Al-Maas M, Minier-Matar J, Janson A, Sharma 
R, Hassan MK, et al. Protocol for preparing synthetic 
solutions mimicking produced water from oil and gas 
operations. ACS Omega. 2021;6(10):6881-92. doi: 10.1021/
acsomega.0c06065.

62.	 Choi KO, Aditya NP, Ko S. Effect of aqueous pH and 
electrolyte concentration on structure, stability and 
flow behavior of non-ionic surfactant based solid lipid 
nanoparticles. Food Chem. 2014;147:239-44. doi: 10.1016/j.
foodchem.2013.09.095.

63.	 Zhu Z, Wen Y, Yi J, Cao Y, Liu F, McClements DJ. 
Comparison of natural and synthetic surfactants at 
forming and stabilizing nanoemulsions: tea saponin, 
quillaja saponin, and Tween 80. J Colloid Interface Sci. 
2019;536:80-7. doi: 10.1016/j.jcis.2018.10.024.

64.	 Alimoradi V, Afshar Mogaddam MR, Farajzadeh MA, 
Nemati M, Lotfipour F. Surfactant-assisted salting-
out homogenous liquid–liquid extraction based on 
deep eutectic solvents using central composite design; 
application in the extraction of natamycin from fruit juices 
before its determination by HPLC-UV. Microchem J. 
2022;179:107504. doi: 10.1016/j.microc.2022.107504.

65.	 Ji H, Xie W, Liu W, Liu X, Zhao D. Sorption of dispersed 
petroleum hydrocarbons by activated charcoals: effects 
of oil dispersants. Environ Pollut. 2020;256:113416. doi: 

https://doi.org/10.3390/molecules25194522
https://doi.org/10.1007/s11356-024-33037-y
https://doi.org/10.3389/frsus.2022.962215
https://doi.org/10.3389/frsus.2022.962215
https://doi.org/10.1007/s11270-013-1496-2
https://doi.org/10.1016/j.envint.2019.105280
https://doi.org/10.1016/j.scitotenv.2020.136607
https://doi.org/10.3390/w16223306
https://doi.org/10.4236/eng.2024.161002
https://doi.org/10.4236/eng.2024.161002
https://doi.org/10.1007/s13202-020-00950-0
https://doi.org/10.1016/s1002-0160(18)60027-x
https://doi.org/10.1021/acsomega.2c00314
https://doi.org/10.3390/toxics9080186
https://doi.org/10.3390/toxics9080186
https://doi.org/10.1016/j.jwpe.2017.11.009
https://doi.org/10.1016/j.jwpe.2017.11.009
https://doi.org/10.5004/dwt.2021.27295
https://doi.org/10.5004/dwt.2021.27295
https://doi.org/10.3390/jmse10050597
https://doi.org/10.1016/j.jece.2023.111386
https://doi.org/10.1016/j.jmst.2023.09.030
https://doi.org/10.1016/j.biortech.2024.130926
https://doi.org/10.1002/app.1991.070420823
https://doi.org/10.1021/jp048551p
https://doi.org/10.1016/0378-5173(89)90306-2
https://doi.org/10.1016/0378-5173(89)90306-2
https://doi.org/10.1021/acsomega.0c06065
https://doi.org/10.1021/acsomega.0c06065
https://doi.org/10.1016/j.foodchem.2013.09.095
https://doi.org/10.1016/j.foodchem.2013.09.095
https://doi.org/10.1016/j.jcis.2018.10.024
https://doi.org/10.1016/j.microc.2022.107504


Ojaghloo et al

Environmental Health Engineering and Management Journal. 2025;12:141612

10.1016/j.envpol.2019.113416.
66.	 Shah A, Shahzad S, Munir A, Nadagouda MN, Khan GS, 

Shams DF, et al. Micelles as soil and water decontamination 
agents. Chem Rev. 2016;116(10):6042-74. doi: 10.1021/acs.
chemrev.6b00132.

67.	 Szymczyk K, Taraba A. Aggregation behavior of 
Triton X-114 and Tween 80 at various temperatures 
and concentrations studied by density and viscosity 
measurements. J Therm Anal Calorim. 2016;126(1):315-
26. doi: 10.1007/s10973-016-5631-3.

68.	 Cheng M, Zeng G, Huang D, Yang C, Lai C, Zhang C, et 
al. Advantages and challenges of Tween 80 surfactant-
enhanced technologies for the remediation of soils 
contaminated with hydrophobic organic compounds. Chem 
Eng J. 2017;314:98-113. doi: 10.1016/j.cej.2016.12.135.

69.	 Rahman A, Brown CW. Effect of pH on the critical micelle 
concentration of sodium dodecyl sulphate. J Appl Polym 
Sci. 1983;28(4):1331-4. doi: 10.1002/app.1983.070280407.

70.	 Bloor JR, Morrison JC, Rhodes CT. Effect of pH on the 
micellar properties of a nonionic surfactant. J Pharm Sci. 
1970;59(3):387-91. doi: 10.1002/jps.2600590325.

71.	 Esmaeili H, Esmaeilzadeh F, Mowla D. Effect of salinity, 
pH, and temperature on stability of gas condensate in water 
emulsions using different surfactants. Iran J Chem Chem 
Eng. 2019;38(3):151-66. doi: 10.30492/ijcce.2019.31061.

72.	 Ahn CK, Kim YM, Woo SH, Park JM. Selective adsorption 
of phenanthrene dissolved in surfactant solution using 
activated carbon. Chemosphere. 2007;69(11):1681-8. doi: 
10.1016/j.chemosphere.2007.06.018.

https://doi.org/10.1016/j.envpol.2019.113416
https://doi.org/10.1021/acs.chemrev.6b00132
https://doi.org/10.1021/acs.chemrev.6b00132
https://doi.org/10.1007/s10973-016-5631-3
https://doi.org/10.1016/j.cej.2016.12.135
https://doi.org/10.1002/app.1983.070280407
https://doi.org/10.1002/jps.2600590325
https://doi.org/10.30492/ijcce.2019.31061
https://doi.org/10.1016/j.chemosphere.2007.06.018

