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Eco-friendly removal of strontium
from produced water of an oilfield
in western Iran using biosurfactant
derived from Malva sylvestris
leaves

Mahda Talebi, Arezoo Rezaei"” & Yousef Rafiei "

Oilfield-produced water is a major environmental concern due to elevated concentrations of dissolved
metals, notably Sr, which can form insoluble scales as SrSO, and facilitate the co-precipitation of
naturally occurring radioactive materials. In this study, for the first time, a biosurfactant extracted
from Malva sylvestris leaves, rich in saponins, was explored as a green and biodegradable agent for Sr
removal from highly saline produced water collected in western Iran. Batch experiments investigated
the effect of temperature (25 °C and 60 °C) and biosurfactant concentration (0.006, 0.015, and 0.024 g/
mL) on removal efficiency. The removal mechanism is primarily attributed to coordination between
Srions and the deprotonated carboxylate groups in saponin molecules, forming stable Sr-saponin
complexes. Elevated temperature enhances this process through increased molecular mobility,

partial dehydration of Sr?* hydration shells, and favorable thermodynamic shifts, as indicated by
Van't Hoff analysis. Increasing biosurfactant concentration supplies more active binding sites and
improves selectivity over competing cations such as Ca?* and Mg?*. Time-dependent experiments
further revealed that complexation starts after 2 days, and complete sedimentation was observed at
the end of the test (day 5). The absence of further Sr reduction between days 5 and 10 indicates the
long-term stability of the complexes and their resistance to re-dissolution. A peak Sr removal efficiency
of 63.6% was achieved at 60 °C and 0.024 g/mL with no significant change in the pH of the aqueous
phase, demonstrating the potential of M. sylvestris for stable and efficient Sr removal from real

oilfield produced water. This approach provides a novel, sustainable, and cost-effective alternative to
conventional synthetic chemicals for produced water treatment.
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Oilfield-produced water is a complex mixture comprising connate water and injected water, which is co-
produced during hydrocarbon extraction!. With increasing global demand for fossil fuels and the natural
decline in reservoir pressure over time, oilfields are becoming more mature and less productive under primary
recovery”. Secondary and enhanced oil recovery (EOR) methods are employed to sustain production, such as
water flooding to maintain reservoir pressure, or injecting fluids (water and chemicals) that alter the properties
of reservoir rock and fluids to improve oil recovery. As a result, the volume of produced water is expected to
rise continuously, potentially reaching 600 million barrels per day, which is twice the amount reported in 2019°.
Methods of produced water disposal include reinjection into reservoirs for improved recovery, surface discharge
after toxicity reduction, and beneficial reuse for agricultural irrigation, livestock/wildlife watering, or potable
water supply following proper treatment®. Under stringent environmental regulations, treated produced water
with reduced Total Dissolved Solids (TDS) can be discharged into the environment only if it meets specific
regulatory thresholds for TDS and other contaminants®. A wide range of contaminants, including chemicals,
organic compounds, dissolved and dispersed solids, and heavy metals that are difficult to remove, can damage
water resources®. Certain metals, such as strontium(Sr), are present at elevated concentrations and exhibit a
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distinct tendency to persist within ecosystems for prolonged durations, unlike other substances®. In the Qaidam
Basin of China, OPW has Sr concentrations exceeding 100 mg L7 while in seawater it is only about 7 mg L™18.
Reducing the possibility of strontium sulfate (SrSO,) scale formation during underground injection might be
achieved by selectively removing Sr from produced water®. The scales cause formation blockage and challenges
in oil and gas extraction!'®12. The environmental impact of SrSO, precipitation lies in its role in co-precipitating
naturally occurring radioactive materials (NORM), such as radium (Ra). This occurs during produced water
injection, transfer, and treatment processes. This can lead to the generation of radioactive waste, which poses
challenges for disposal and long-term environmental safety!>.

Various treatment methods can be combined and applied to reduce the toxicity level, based on components
and water quality'’. Methods such as physical'>"'’, chemical'®-2!, electrochemical?>-?, biological?®*-?’, and
membrane?®-3 treatments have effectively extracted contaminants®'. The efficiency, required reagents, and
operational limitations of these methods vary considerably. To provide a clear overview, previous studies on
Sr removal from oilfield effluents are summarized in Table 1, highlighting the reported removal efficiencies,
applied techniques, and required equipment and chemicals. The reviewed literature underscores the need for
cost-effective and environmentally benign alternatives. Chemical methods are favored for their efficiency in
removing metals from sludge due to their simple operation processes and short operation times. However, high
removal efficiency requires large reagent dosages, leading to high processing costs. Furthermore, these reagents
could contribute to secondary pollution affecting both groundwater and soil*2. Eco-friendly chemical treatment
refers to the use of environmentally benign chemicals or biologically derived agents, such as biosurfactants
(natural surfactants)**-%, natural coagulants*®*’, biomaterials***, and Hydrogels**! to remove contaminants
from produced water with minimal ecological impact. The biosurfactants offer significant potential for improving
sustainable produced water treatment processes due to their biodegradable nature, low environmental toxicity,
lower carbon footprints, and effectiveness in a wide range of pH and temperature values**~**. Saponins are
amphiphilic, glycosidic, and heat-stable compounds in the cells of a wide variety of plant leaves that behave as
surface-active molecules in the fluid interface due to the presence of both polar (sugar) and nonpolar (steroid
or triterpene) groups*>. The kind of plant, the quantity of sugars, and the chemical composition of the steroid
ring all affect the saponin structures*’. Biosurfactants are composed of a hydrophilic glycoside combined with
a lipophilic derivative that form insoluble complexes with both organics and many cations, so that they can
be used as important agents for produced water treatment*®434, The efficiency of biosurfactant production is
primarily determined by the development of an efficient process that employs low-cost materials and achieves
high product yield*. In this study, Malva sylvestris, a self-seeding and low-cost wild plant, was selected as a
natural source of biosurfactants for produced water treatment. It is a small, annual plant with hollow stems and
a height of up to 0.5 m, from the Malvaceae family, which is often classified as a weed on farms®!. Its abundance
and low economic value make it an attractive candidate for sustainable applications. Notably, Malva sylvestris
leaves contain bioactive compounds, including saponins, which possess surface-active properties beneficial for
water remediation processes®’. Ramavandi et al.*! used the powdered form of Malva sylvestris to study the effects
of pH, adsorbent dose, the metal concentration, and contact time to remove (over 96%) of Hg from aqueous
solutions. Salahandish et al.>* declared that the metal concentration and temperature have the most and least
influence on the removal of lead (Pb?*) ions from aqueous solutions, respectively.

Several plant-derived biosurfactants have been previously investigated for the removal of heavy metals,
particularly for Pb, Hg, and Cd removal**%0-53, However, to the best of our knowledge, no study has yet reported
the application of biosurfactants for the removal of Sr from water. For example, Tang et al. % reported over
70% removal efficiency of Pb?" using saponin extracted from tea leaves under optimized pH and concentration
conditions. Similarly, Gao et al.®> demonstrated saponin-assisted removal of radioactive metals with removal
efficiencies exceeding 80%. For the first time, this study aimed to identify the optimal conditions for the removal
of Sr, an alkaline earth metal, from highly saline-produced water collected from an oilfield in Iran using a

Method Chemicals and equipment Removal efficiency | Limitation References
o I'PC.CCH ED 64 ele_ctr0d1aly51s cell system 1. High cost of energy and electrodes 54
Electrodialysis 2.A single peristaltic pump 73% .
2. Applicable only at the laboratory scale
3. DC power supply
. 1 . L 1. Waste production during media regeneration 55
9 5
Adsorption L.strongly acidic resin(Macroporous styrene divinylbenzene) 60% 2. inefficiency at high TDS
1. Environmental pollution due to organic solvents
Solvent extraction 1. D2EHPA as extractant 100% 2. Solupons acidity l%mltatlon 56
2. Kerosene as a diluent solvent 3. Equipment corrosion
4. Secondary waste

—_

Secondary waste production

Membrane filtration 1. porous resin composite and Hybrid resin composite membrane | 75% 2. High energy consumption 7
3. Membrane fouling
1. Na,SO; sall 0% ’
- Na,S0, salt 1. high amount of chemical usage
) - S . B
Chemical precipitation 86% 2. High retention time
1. Na,CO, salt 42.5%
1. Electrolytic cell
Electrocoagulation 2. DC power supplier 72% 1. scale-up limitation o
3. Anode and cathode plates

Table 1. Summary of previously reported methods for Sr removal from oilfield produced water.
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Fig. 1. (a) Collected produced water from the oilfield located in western Iran, (b) Produced water clearance.

Property | Quantity | Property | Quantity
Na* 57,489 Sr2* 629.4
K* 4752 cr- 109,386
Li* 20.02 Neke 798
Ba* 2.13 HCO* | 620
Ca®* 6220 pH 6.2
Mg** 1342

TDS 180,612
Fe?* 5

Table 2. Physicochemical characteristics of the collected produced water. Parameters include initial pH, TDS,
and ions concentration (mg/L)?!.

biosurfactant derived from Malva sylvestris leaves. Unlike previous works, this study systematically evaluates
the effects of biosurfactant concentration, temperature, and contact time on Sr removal, while also assessing
the time-dependent stability of the formed complexes. The application of Malva sylvestris, an underutilized and
locally abundant plant, as a sustainable extractant for Sr removal from oilfield produced water introduces a novel,
green, and cost-effective treatment pathway that aligns with waste valorization and circular economy practices.

Materials and methods
This section describes sample collection, biosurfactant extraction, analytical methods, and batch Sr-removal
experiments. Subsections provide step-by-step procedures to ensure reproducibility.

Oilfield produced water collection

Produced water samples were collected from an oilfield located in western Iran and filled in high-density
polyethylene bottles (Fig. 1a). In order to ensure the consistency and representativeness of the water composition
for further analysis, the sample was gathered under monitored conditions. The samples were kept from freezing
during transit. No other pretreatment was applied. After 24h, the sample was delivered to the laboratory. The
water sample employed in this study was the same as that used in our previous research on chemical removal of
Sr?l. Utilizing the same sample enables a direct comparison between chemical precipitation and biosurfactant-
based complexation approaches under identical water quality conditions. As shown in Fig. 1b, the water is
clear, and the physicochemical characteristics of the produced water are shown in Table 2. Inductively coupled
plasma-optical emission spectrometer (ICP-OES, VISTA-PRO, Varian Inc., USA) was used to measure the ions
concentration. The pH of the solution was reported as 6.5 at ambient temperature using Sentek pH meter.

Biosurfactant extraction and characteristics

The biosurfactant was extracted from the leaves of Malva sylvestris collected from Tehran, Iran, in January
(Fig. 2a). The freshly collected leaves were washed with deionized water to remove surface dust and impurities,
cut into small pieces, and dried in an oven (Binder, model FED 115) at 80 °C for three consecutive days to
eliminate moisture and volatile organic compounds (Fig. 2b). The dried leaves were then mixed with deionized
water at a concentration of 0.03 g/mL and maintained at 80 °C for 3 days, during which the aqueous medium
gradually turned light brown, indicating the release of water-soluble metabolites (Fig. 2c). After cooling, the leaf
residues were separated using Whatman filter paper No. 42 (Fig. 2d). To confirm the presence of saponins, the
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Fig. 2. Steps of biosurfactant extraction from Malva sylvestris leaves. (a) Fresh leaves as collected; (b) dried
leaves at 80 °C for 3 days; (c) extraction in deionized water at 80 °C (0.03 g mL™!) for 3 days; (d) filtered
extract; (e) foam formation upon shaking (evidence of saponins); (f) Solution water vaporization; (g) dried
biosurfactant powder.

filtrate was shaken manually in a glass vial, which generated a stable foam layer (Fig. 2e). Finally, the aqueous
extract was left to evaporate at ambient temperature under sterile conditions (Fig. 2f), producing a dry powder
of biosurfactant (Fig. 2g), which was stored in airtight containers for subsequent experiments.

FTIR and NMR spectroscopy

Since the surfactant was extracted in the lab, it was necessary to study its functional groups and chemistry using
FTIR and NMR spectroscopy. FTIR analysis was performed using a Frontier (Bruker, Germany) spectrometer
to identify the functional groups present in the biosurfactant. The spectra were collected in the range of 4000-
400 cm™! at room temperature. The process of FTIR analysis involves exposing samples to infrared radiation,
which affects the atomic vibrations of a molecule in the extracted biosurfactant powder and causes specific
energy transmission®. Proton nuclear magnetic resonance (‘H NMR) spectra were acquired on a VARIAN
INOVA 500 MHz spectrometer to elucidate the functional groups of the biosurfactant. The sample was dissolved
in deuterated chloroform (CDCI®), and spectra were recorded at room temperature. Chemical shifts (8) were
reported in parts per million (ppm) relative to the residual solvent signal. The principle of 'H NMR is based on
the interaction of hydrogen nuclei with an applied external magnetic field. When exposed to a radiofrequency
pulse, the hydrogen nuclei resonate at characteristic frequencies depending on their electronic environment.
These differences in resonance appear as distinct chemical shifts in the spectrum, which allow the identification
of hydrophobic aliphatic chains, carboxyl groups, and other functional moieties present in the biosurfactant.

Strontium removal experiments

Three different biosurfactant concentrations (0.006, 0.015, and 0.024 g/mL) were prepared by dissolving the
extracted saponin-rich surfactant in produced water (Fig. 3). The solutions were homogenized using a vortex
mixer (IKA Vortex Genius 3, Germany) for 5 min to ensure complete dispersion of the biosurfactant. Each
mixture was then transferred into sealed glass vials to minimize evaporation and contamination. The vials were
incubated under two different temperature conditions, 25 °C and 60 °C, for a period of 5 days without further
agitation to allow the biosurfactant-metal complexes to form and settle. After the settling period, the supernatant
was carefully separated from the precipitated complexes using a syringe. The properties of the six prepared
samples are summarized in Table 3. Finally, the concentration of residual Sr ion in each supernatant sample was
determined using ICP-OES, following standard calibration protocols with appropriate quality control samples.
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Fig. 3. Produced water samples immediately after adding surfactant at the concentration of (a) 0.024 g/mL, (b)
0.015 g/mL, and (c) 0.006 g/mL at room temperature.

Sample | Temperature (°C) | Concentration (g/mL) | Required surfactant weight (g)
1 0.024 0.35
2 60 0.015 0.30
3 0.006 0.12
4 0.024 0.35
5 25 0.015 0.30
6 0.006 0.12

Table 3. Prepared solutions in different temperatures and biosurfactant concentrations.

Results and discussion

This section presents and interprets the main findings of the study. First, spectroscopic analyses (FTIR and 'H
NMR) were performed to confirm the molecular structure of the extracted biosurfactant and to identify its
functional groups. Then, the strontium removal performance of the biosurfactant was systematically investigated
under different operational conditions, including temperature, surfactant concentration, and contact time. In
addition, the effects of biosurfactant complexation on the pH of the solution and the long-term stability of the
formed Sr-saponin complexes were evaluated. Finally, the environmental significance of strontium removal
from produced water is discussed in the context of regulatory considerations.

Spectroscopic characterization

To confirm the molecular structure of the extracted biosurfactant and to identify its functional groups, FTIR
and 1H NMR spectroscopy were performed as complementary analytical techniques. The spectrum result
“transmission versus wavenumber” data is demonstrated in Fig. 4 for FTIR. The characteristic equations
were used to obtain the hydroxyl, carbonyl, alcohol, and aliphatic indexes (Table 4). In addition, there is a gas
phase absorption peak from CO,, which is a typical artifact in FTIR spectra and does not interfere with the
main functional group assignments. The presence of strong absorption bands in the carbonyl and aliphatic
regions confirms that the biosurfactant contains both hydrophilic and hydrophobic moieties, consistent with its
amphiphilic nature.

To further confirm the molecular structure of the biosurfactant, 'H NMR spectroscopy was carried out.
The chemical shifts obtained provide complementary insights into the presence of aliphatic chains, hydroxyl
groups, and other functional groups identified by FTIR. The '"H NMR spectrum of the extracted biosurfactant
is shown in Fig. 5. The signals observed between 1.0 and 1.3 ppm correspond to hydrogens attached to the
aliphatic carbon chain, representing the hydrophobic fraction of the molecule. In contrast, the signals detected
between 2.5 and 4.2 ppm provide strong evidence for the presence of hydroxyl groups, which contribute to
the hydrophilic nature of the compound. A distinct peak near 4.0 ppm can be attributed to secondary alcohol
groups, further supporting the amphiphilic character of the biosurfactant. Additionally, the downfield resonance
observed ataround 11 ppm is characteristic of carboxyl protons, confirming the presence of ~-COOH groups’’~"°.
These results, in combination with the FTIR findings, validate the presence of both hydrophobic and hydrophilic
functional moieties, consistent with the structural features expected for saponin.

Strontium removal

The Sr-Saponin complex was prepared by directly combining the metal-containing aqueous solution and the
leaf-derived surfactant. At near-neutral pH, the carboxyl groups in saponin molecules predominantly exist in
their deprotonated carboxylate (-COO™) form, which initially promotes electrostatic attraction with Sr ions; this
interaction is subsequently stabilized through coordinating covalent bonding involving oxygen donor atoms,
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Fig. 4. The FTIR spectra of the leaf-derived biosurfactant powder.
Wavenumber (cm™') | Peak height (%) | Transmittance (%) | Group Compound class | Reference(s)
3742.39 19.3697 0.89624 Stretching Non-hydrogen-bonded O-H Hydroxyl o7
3415.91 100 0.56304 Stretching O-H Hydroxyl o8
2924.05 40.3826 0.79398 Stretching C-H Aliphatic 69,70
2362.34 30.9851 0.83819 Stretching O=C=0 Carbon dioxide | 7!
1626.69 89.5761 0.59792 Bending H-O-H Adsorbed water |
1566.81 1566.81 0.60048 Carboxylate (COO") Carbonyl 72
1405.71 70.3201 0.66812 Symmetrical stretching of carboxylate (COO~) | Carbonyl 73,74
1084.94 30.4529 0.84076 Stretching C-O Secondary alcohol | 776
661.511 24.2177 0.87153 Bending C-H (out-of-plane) Aliphatic 7275
Table 4. The characteristic indexes of the leaf-derived surfactant powder given by FTIR spectra.
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Fig. 5. 'H NMR spectrum for the leaf-derived biosurfactant.
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leading to complex formation®"-82. The FTIR analysis revealed characteristic peaks corresponding to asymmetric
and symmetric stretching vibrations of the -COO™ group, confirming the presence of this functional group in the
structure of biosurfactant derived from Malva sylvestris. The schematic illustration of the coordination complex
is shown in Fig. 6. The observations of this study are consistent with previous reports on the formation of metal-
biosurfactant complexes. For instance, aqueous extracts of Olea europaea and Citrus aurantium were shown
to form insoluble coordination complexes with divalent metal ions such as Pb**, Cd?*, Zn?*, and Co*" through
direct complexation with the saponin functional groups (-COO"), followed by precipitation after a certain
setting time®. Biosurfactants such as rhamnolipids have been reported to form stable complexes with Pb(II)
through coordination of their -COO™ groups, highlighting their potential for heavy metal removal®!. Similarly,
in the present work, the biosurfactant extracted from Malva sylvestris initially dissolved completely in water,
while visible precipitates appeared only after several days of interaction with Sr ions. This delayed precipitation
behavior further confirms that the mechanism is not simple surface adsorption. In typical adsorption processes,
insoluble adsorbents provide surface sites, and ion uptake occurs almost immediately after contact. In contrast,
in the present system, the biosurfactant was completely dissolved at the beginning, and visible precipitates only
appeared after 2 days, which clearly indicates that Sr removal proceeded through gradual complexation with
the -COO~ groups of the saponins, followed by precipitation of the formed complexes. Furthermore, an ion-
exchange mechanism is unlikely because the -COO~ groups are integral parts of the saponin structure and
cannot be displaced®!. After 5 days of adding the surfactant, the amount of solid complexes in each sample
is shown in Fig. 7. The volume of the complexes depends on the setting time, the type of plant, the type and
concentration of metal, and pH*!. In addition, as reported in Table 5, the temperature and concentration
significantly influenced Sr removal, with optimal conditions found at 60 °C and a concentration of 0.024 g/mL.
Moreover, in the sample prepared with a surfactant concentration of 0.012 g/mL and a reaction temperature of
25 °C, the formed solid complex was not visually detectable to the naked eye. The maximum Sr removal efficiency
(63.6%) was achieved at a temperature of 60 °C and the biosurfactant concentration of 0.024 g/mL. The initial
concentration of Sr in the produced water, based on which all removal efficiencies were calculated, was 629.4
mg/L, as reported in Table 2. The observed efficiency is promising, especially considering the high concentration
of TDS, Na*, Ca%*, and Mg2+ in the produced water sample. High ionic strength can screen the electrostatic
interactions between saponin molecules and target Sr ions, reducing the effective binding efficiency and altering
the overall dynamics of biosorption processes®*. Divalent cations such as Ca?* and Mg?* can significantly compete
with Sr ions for binding to ~-COO~ groups in the availability of active sites on the biosurfactant. Moreover,
Ca?* often has a lower energy barrier for replacing its hydration shell with carboxylate groups compared to Sr
ions, enabling it to more easily occupy coordination sites and potentially reduce the efficiency of Sr removal
in high-salinity environments®. While ionic strength and cationic competition are general factors influencing
strontium separation, in this study, surfactant concentration and temperature were specifically investigated as
the key operational parameters, leading to distinct removal efficiencies under different conditions. The effect
of increasing surfactant concentration and temperature on Sr removal efficiency is discussed in the following.

Effect of the temperature

The Sr removal experiments were proceeding at 25 °C and 60 °C. At all surfactant concentrations, the maximum
removal occurred at the 60 °C. The increase in temperature was found to enhance the complexation efficiency
between the biosurfactant derived from Malva sylvestris leaves and Sr ions. Many chemical and thermodynamic
factors can be implicated in this behavior. Higher temperatures typically result in more molecular motion, which
makes it easier for metal ions to collide with the ~-COO~ groups of the saponins more frequently>®3¢87. Both
exothermic and endothermic reactions may experience a shift in chemical equilibrium in response to temperature
changes. Since the equilibrium is shifted toward complex creation at higher temperatures, the complexation
process seems to be endothermic. The endothermic character of the interaction is further supported by the Van't
Hoff equation (Eq. 1)%, which states that the equilibrium constant increases as temperature rises®. A simplified
Van't Hoff analysis was performed using the removal efficiencies at 60 °C (T1) and 25 °C (T2) for a constant
biosurfactant concentration (0.024 g/mL) where K is the equilibrium constant, T is the temperature in Kelvin,
and R is the gas constant (8.314 J/mol K). By approximating the removal percentage as proportional to K, the
estimated enthalpy change (AH®) was found to be approximately + 308 J/mol, indicating a mildly endothermic
reaction. This positive value suggests that increasing the temperature of a solution increases the solubility of
the ionic compounds, improving the likelihood of complexation, aligning with the observed trend of improved

O~ O

C-0..5r*..0-C

R1 R2

Fig. 6. Schematic illustration of the coordination complex formed between Sr ions and deprotonated
carboxylate groups (-COO™) of saponin molecules.
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Fig. 7. Saponin-metal complex sediments for samples with the concentration of (a) 0.006, (b) 0.015, and (c)
0.024 g/mL at 60 °C, and the concentration of (d) 0.006, (e) 0.015, and (f) 0.024 g/mL at 25 °C.

1 0.024 229 63.6%
2 60 0.015 314.7 50%
3 0.006 503.3 20%
4 0.024 277.9 55.8%
5 25 0.015 386.5 38.5%
6 0.006 579 8%

Table 5. Strontium concentration in the supernatant on day 5 at different biosurfactant concentrations (0.006,
0.015, and 0.024 g/mL) and temperatures (25 °C and 60 °C) based on ICP results.

removal efficiency at elevated temperatures®. Increasing the temperature can also enhance the stability of the
resulting Sr-saponin complexes due to favorable enthalpic and entropic contributions to the complexation
process’?2. Stronger complexation at higher temperatures helps drive the equilibrium forward, leading to more
efficient precipitation and removal. Additionally, the surfactant structure may undergo minor conformational
changes as a result of temperature, increasing the accessibility and reactivity of binding sites®!.

()5 (4 1)
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As the final effect, elevated temperatures can also assist in partially dehydrating the Sr ions” hydration shell,
which is typically composed of tightly bound water molecules®. Therefore, the improved removal efficiency
at 60 °C can be attributed not only to enhanced molecular motion and thermodynamic favorability but also
to increased accessibility of reactive sites under thermal activation. Overall, temperature plays a key role in
facilitating Sr-saponin complexation by improving both the kinetics and thermodynamic feasibility of the
process. These findings are consistent with the quantitative data in Fig. 5 and Table 4.

Effect of the surfactant concentration

To investigate the influence of biosurfactant dosage, three concentrations (0.006, 0.015, and 0.024 g/mL) were
examined for their Sr removal performance. The progressive improvement in Sr?* removal with increasing
surfactant dosage is clearly supported by the experimental data, where a nearly threefold increase in efficiency
was observed from the lowest to the highest concentration (see Table 4). The enhancement of Sr ion adsorption
with an increased biosurfactant concentration is mainly attributed to the greater number of active binding sites
(~COO~ groups) available for complexation with Sr ions!. Le Chatelier’s principle can also be used to explain
how complexation efficiency rises as surfactant concentration increases. The equilibrium changes in favor of the
forward reaction as the concentration of free surfactant rises, promoting complex formation. Additionally, at
lower concentrations, biosurfactant molecules may form micellar aggregates less efficiently or be insufficient to
overcome competition from other divalent cations such as Ca?* and Mg?", which are abundant in the produced
water. In contrast, higher biosurfactant concentrations are more capable of outcompeting these ions, improving
selectivity and affinity toward Sr ions *+%.

Effect of the contact time on complexation and stability
Upon initial addition to the produced water, the Malva sylvestris-derived biosurfactant, as an amphiphilic
molecule, was completely dissolved, forming a homogeneous solution®®. Over the first two days, Sr-saponin
complexes began to form, with a portion remaining suspended in the aqueous phase while another fraction
settled as precipitates. By day five, nearly all complexes had sedimented, and the supernatant became clear.
Figure 8 shows the visual appearance of Sample 1 at the initial time, days 2, 3 and 5, illustrating the gradual
formation and sedimentation of Sr-saponin complexes. The observed behavior indicates that the removal
process involves initial dissolution of the biosurfactant, followed by complexation, colloidal suspension, and
eventual precipitation of stable Sr-saponin complexes. Initially, the complexes remained suspended as colloidal
particles, which slowed their immediate precipitation. Over time, the aggregation and growth of particle size
increased, leading to gradual sedimentation. This mechanism explains the observed time-dependent decrease in
Sr concentration in the supernatant, with near complete settling reached at the end of day 5 (Fig. 9).

Temperature plays a key role in both the kinetics and thermodynamics of complex formation. Based on the
Arrhenius principle, higher temperatures provide more energy to the reactants, allowing more molecules to
overcome the activation energy barrier required for the reaction to occur®. Increasing the concentration of the
Malva sylvestris-derived biosurfactant enhances the rate of Sr—saponin complexation. This effect is attributed to
the higher availability of biosurfactant molecules, which provide more active binding sites to interact with Sr
ions, thereby accelerating complex formation®®%.

The stability of the formed Sr-saponin complexes was evaluated based on both the visual observation of the
settled complexes and the Sr concentration in the supernatant over time. The removal tests were conducted over
a 5-day period, during which the complexes had fully precipitated. To further evaluate stability, an additional ICP

() (b) (c)

Fig. 8. Visual observation of Sr-saponin complex formation at different times: (a) Reaction Initialization
time—complete dissolution of the biosurfactant in produced water; (b) Day 2—partial sedimentation with
suspended complexes visible; (c) Day 5—complete precipitation of Sr-saponin complexes, leaving a clear
supernatant.
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Removal efficiency during 5 days
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Fig. 9. Time-dependent Sr removal at different biosurfactant concentrations (0.006, 0.015, and 0.024 g/mL)
and temperatures (25 °C and 60 °C). Removal efficiency was measured at the initial point, and after 2, 3, and 5
days.

Concentration (g/mL) | Final pH | pH reduction
0.024 6.31 0.19

0.015 6.4 0.1

0.006 6.46 0.04

Table 6. Solution pH at different biosurfactant concentrations (0.006, 0.015, and 0.024 g/mL) at 25 °C on day
5.

measurement was performed on day 10, which showed no significant increase in Sr concentration (within +1%
experimental uncertainty, likely due to measurement error), confirming that the complexes remained stable
without redissolution. This stability can be attributed to the strong coordination between Sr ions and the -
COO™ groups of the saponins, which form robust complexes resistant to dissociation under the experimental
conditions.

Effect of the complexation on pH

The initial pH of the produced water was measured at 6.5. After the addition of the Malva sylvestris-derived
biosurfactant, the pH decreased by approximately 0.2 units in the samples at room temperature which is
reported in Table 6. This reduction can be attributed to the deprotonation of the -COO™ groups present in the
saponins, which coordinate with Sr ions during the complexation process'®. The slight drop in pH thus provides
indirect evidence for the binding interaction between Sr ions and saponin molecules. After the complexation
and subsequent precipitation equilibrated (within 5 days), the pH remained stable, indicating that no significant
re-dissolution of the complexes occurred.

Environmental relevance and regulatory considerations

The discharge of Sr-rich produced water into the environment can lead to contamination of surface and
groundwater, adversely affecting flora, fauna, and human health'°>'%2. Although regulatory limits for Sr in
produced water are not universally established, high Sr concentrations contribute significantly to TDS, which
are strictly monitored by international guidelines. Two of the most influential organizations guiding produced
water management are the International Association of Oil & Gas Producers (IOGP) and the United States
Environmental Protection Agency (EPA). The IOGP issues best-practice recommendations for reducing
contaminants and TDS in industrial effluents, promoting environmental safety and operational feasibility in
the oil and gas sector'®. Similarly, the EPA establishes legally binding frameworks for wastewater discharge
and injection through programs such as NPDES and UIC, aiming to protect aquatic resources and maintain
ecological balance!®. Therefore, effective removal of Sr from produced water is crucial not only to mitigate
its direct toxic effects but also to ensure compliance with environmental standards and to reduce the overall
ecological footprint of oil and gas operations.
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Conclusion

Oilfield produced water contains a variety of toxic metals that can adversely affect both environmental and
reservoir systems, among which Sr is of particular concern. The effective removal of Sr is both a technical
necessity and an environmental imperative due to its high concentrations, potential to precipitate as scale within
reservoir pores, and its role in the co-precipitation of naturally occurring radioactive elements. In this study,
Malva sylvestris leaves (which contain saponins, characterized by FTIR and 'H NMR spectroscopy) were used
as a novel and green biosurfactant for removing Sr from produced water of an oilfield in the west of Iran. The
removal mechanism involves electrostatic coordination of Sr ions with deprotonated carboxylate groups in
saponins, leading to the formation and precipitation of Sr-saponin complexes. Thermodynamic analysis suggests
the complexation process is mildly endothermic (AH® =+308 J/mol), favoring higher temperatures, which
also promote partial dehydration of Sr ions’ hydration shells and enhance kinetic accessibility of binding sites.
Increased biosurfactant concentrations improve removal by providing additional active sites and counteracting
the competitive effects of abundant divalent cations like Ca?* and Mg?*. Batch experiments revealed the effect of
contact time on Sr removal, showing that complexation progresses over several days, with maximum removal
achieved after 5 days, and no redissolution of complexes observed over 10 days, indicating high stability.
The concentration of Sr in the produced water was monitored over time, and the pH of the solution showed
negligible variations throughout the treatment. The highest removal efficiency (63.6%) was achieved at 60 °C
and 0.024 g/mL, demonstrating the potential of plant-derived biosurfactants in the sustainable treatment of
produced water. The application of natural surfactants in water treatment highlights the importance of replacing
harmful chemical substances with environmentally friendly alternatives that are also more cost-effective. Given
the high concentration of Sr in the produced water sample, its removal contributes to achieving compliance with
TDS limits and reducing potential environmental impact. As produced water treatment plays a crucial role in
environmental conservation, further research should focus on optimizing the process of removing contaminants
and minimizing the ecological impact of extraction agents in practical applications.

Data availability
The data used and analyzed in this study are available at Amirkabir University of Technology and Tarbiat Mo-
dares University. Access to the data can be granted upon reasonable request to the corresponding authors.
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