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Introduction

One of the primary byproducts of the oil and gas
production industry is oilfield produced water
(OPW) [1]. It is anticipated that the global output
rate of wastewater from oil and gas operations will
increase to more than 600 million barrels per day
from the current rate of 250 million barrels per day][2,
3]. The source of produced water (PW) may be any
combination of aquifer water, injected water for
enhanced oil recovery, and connate water [4]. OPW
consists of high concentrations of total dissolved
solids (TDS), dissolved organic matter (DOM),
and organic compounds that may be harmful to the
environment [5, 6]. Some metals present in OPW are
toxic and have detrimental environmental effects,
making their removal essential [7, 8]. Resource
recovery from OPW is increasingly common due to
advancements in wastewater treatment technologies
and rising demand for freshwater [9]. Strategic metals
are rare and hold significant economic and industrial
value. Some of the strategic metals are present in
considerable concentrations in OPW [8&, 10]. Brines
are expected to remain the predominant production
Lithium (L1i) source (67% of total production) through
2100 [11]. OPW is considered a more cost-effective
source of strontium (Sr) compared to other natural Sr-
containing brines [12]. The objective of this study is
to emphasize the importance of treating and reusing
OPW, not only to reduce reliance on limited freshwater
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resources but also to recover strategic elements such
as lithium and Sr, thereby meeting the country’s
demand for these metals. The investigated methods
include chemical treatments (solvent extraction,
precipitation, and electrocoagulation) and physical
approaches (adsorption and membrane technologies).
By comparing the advantages, disadvantages, and
performance of each method, the most suitable
approach for separation can be recommended based
on cost, efficiency, and environmental considerations.

Li and Sr recovery methods

Adsorption

Lithium

Adsorption is the process in which attractive forces
link a solute (adsorbate) to a solid surface (adsorbent)
through physicochemical interactions at the molecular
level (Fig.1) [13-15]. During the adsorption process,
Li* shows high selectivity over interfering divalent
cations, which cannot access the adsorbent’s exchange
sites [ 16]. Li-ion sieve (LIS) is a Li-ion adsorbent with
low toxicity, low cost, high chemical stability, and high
Li+ selectivity. Lithium Manganese Oxides (LMO)
and Lithium Titanium Oxides (LTO) are the two main
types of LIS. LMO-type LIS is a superior adsorbent
for Li due to its exceptional regeneration performance
and higher Li* selectivity (13.27 mg/g). In the pH
range of 4 to 11, the adsorption capacity of LMO-type
LIS gradually increases with rising pH [17].
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Fig. 1 Mechanism of the adsorption process [15].

The big Ti-O bond energy of the LTO-type LIS
contributes to its significantly more stable molecular
structure but slower rate of adsorption compared to the
LMO-type LIS (3.61 mmol/g) [16, 18].

Strontium

Liu et al. [19] developed an adsorbent via the ion-
imprinting method using highly hydrophilic sodium
alginate (SA). The SA exhibited remarkable adsorption
performance (153.5 mg/g) with only a 0.42% decrease
in capacity after five adsorption-desorption cycles.
Patil et al. [20] investigated the effectiveness of
chelating acidic resins for Sr adsorption. A strongly
acidic sulphonic acid-based resin recovered 60% of Sr
after 5 bed volumes.

Membrane Filtration

The membrane processes are categorized into
microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), and reverse osmosis (RO) membranes [6, 21].
A membrane is a microporous semipermeable material
(ceramic [22, 23], metal [24], and polymer [25]), which,
when a driving force (mechanical) is applied via the
membrane, separates substances of various diameters as
shown in Fig.2 [6]. Ceramic membranes exhibit greater
thermal and chemical stability compared to polymeric
membranes. As a result, they generally demonstrate
superior performance in recovery processes [26]. The
membrane technique can be applied to low-concentration
cations in OPW [27]. Owing to OPW’s complicated
nature, McEachern et al. [28] used Chemical treatment
and an ultrafiltration membrane to achieve a Li"
concentration of 2000 mg/L. Despite the membranes’
high efficiency, a few parameters may impact their
performance. The membrane processes are limited in
flux reduction with filtering time due to concentration
polarization (CP) of solute on the membrane’s surface
and subsequent fouling; membrane fouling increases
the cell’s ohmic resistance and irreversibly reduces
efficiency [6, 29, 30].
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Fig. 2 NF driven by mechanical force [31].

Electrodialysis

The electrodialysis process is a membrane-based
technique that uses an electrochemical driving force
to separate dissolved ions from OPW. In this process,

dissolved ions migrate under the influence of an elec-
tric field toward electrodes of opposite charge. Ion-
selective membranes allow specific ions (cations or
anions) to pass while retaining others (Fig.3) [32]. The
performance and efficiency of electrodialysis depend
on factors such as applied voltage, residence time, feed
concentration, and fouling or scaling of both the feed
and membranes [33]. This method has been reported to
remove up to 89% of salts from OPW [34].
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Fig. 3 Electrodialysis mechanism [35].

Electrocoagulation

Electrocoagulation (EC) is utilized as a treatment or
pretreatment method for OPW, particularly for the
flowback water from hydraulic fracturing operations
[36, 37]. The mechanism, illustrated in Fig. 4, involves
four main stages:

1. Electrolysis: In this stage, electricity is applied to
metal electrodes (such as aluminum) immersed in
water. The electric current causes metal ions to be
released from the electrodes into the solution.

2. Coagulation: The released cations react with
suspended anions in the water to form metal
hydroxides. These hydroxides adsorb suspended
particles and dissolved metal ions, forming flocs or
precipitates.

3. Flotation: Hydrogen bubbles generated during
electrolysis rise to the surface of water, carrying
the formed precipitates with them. These floated
precipitates can be easily removed from the surface.
4. Filtration: Finally, the precipitates are separated
from the water, yielding treated water. The recovered
metals can be reused or safely disposed of the sludge.
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Fig. 4 Electrocoagulatlon mechanism [38].



Solvent Extraction

Solvent extraction is a technique that employs an
organic solvent containing an extractant to selectively
recover Li ions from OPW [39]. Moreover, Most
Li or Sr cations in the brine are transferred into the
organic or ionic liquid phase upon contact with these
solvents. Subsequently, an aqueous phase (usually
acidic) is combined with the metal-loaded phase to
release the targeted cations [31]. Furthermore, the
solvent extraction procedure is illustrated in Fig. 5.
In addition, DEHPA is considered one of the most
effective solvents for recovering Li and strontium [40].
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Fig. 5 Solvent extraction procedure [41].

Evaporation

An artificial pond called an evaporation pond is
placed in dry regions to effectively evaporate water
using solar energy [42]. The concentrated brines are
sent to a refining facility where they undergo removal
of impurities (calcium, boron, and magnesium) by
solvent extraction, filtration, or precipitation [31, 43].
The process of evaporation is demonstrated in Fig. 6.
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Fig. 6 Schematic representation of evaporitic technology
[31].

Chemical Precipitation

Precipitation occurs when the solubility of dissolved
solids is reduced by adding a precipitating agent,
causing them to form solid precipitates (Fig. 7) [44].
The process is influenced by factors such as ionic
content, degree of supersaturation, solubility rules,
and pH [45]. Polyelectrolyte polymers [46], Acid
mine drainage [47], and mineral salts have been used
as precipitating agents. The salts include Na,SO,,
Ca(OH),, NaOH, and Na,CO, [48, 49].
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Discussion

The selection of an appropriate extraction method
depends on the budget and the treatment objective,
whether for reuse or disposal. Table | summarizes
various Li and strontium separation methods,
highlighting their advantages, disadvantages, and
the best results obtained from recent studies. The
most commonly used industrial technique for metal
recovery relies on differences in solubility. While
solubility-based separation methods, such as chemical
precipitation and solvent extraction, are effective for
recovering metals from OPW, they often require large
amounts of chemicals, leading to significant waste
generation [50]. Adsorption and membrane filtration
separate ions based on size and charge. However,
adsorption requires periodic regeneration, which
involves high chemical and energy consumption [51].
In contrast, membranes can operate continuously
without the need for regeneration, provided that
regular backwashing is performed to minimize
fouling [52, 53]. Despite the excellent results achieved
with electrochemical techniques, their large-scale
application is often challenging or impractical due
to surface reactions. Metals with highly negative
reduction potentials require high voltages, and co-
deposition on electrodes can reduce product purity
[54]. Electrocoagulation, however, is recognized as an
advanced and cost-effective method for treating OPW,
capable of removing contaminants typically resistant
to chemical treatments [55]. The most economical
method for metal extraction is solar evaporation of
OPW in large artificial ponds. However, this approach
requires significant time, extensive land area, and
multiple precipitation steps [42]. Since nearly all
stored water is evaporated, solar evaporation ponds
are primarily suitable when water purification is not
the main objective [3].

Conclusion

This study reviews the methods for recovering Li
and Sr from OPW as a potential solution to the
growing demand for these metals. The advantages
and disadvantages of each approach are discussed.
Overall, efficiency, cost, and environmental impact
are the three main factors to consider when evaluating
a strategic metal recovery method.
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Table 1 The comparison of Li and strontium extraction methods and the reputed best results.

Method Authors  and | Maximum recov- Advantages Disadvantages Refs
year ery
Seip et al. .
_ 80% Li
(2021)[56]
1. Affected by temperature, pH,
Patil et al . and salinity
(2015)[20] 60% strontium I COmPaCt modules 2. High retention time
2. Efficient 3. Less efficient at high feed 3.5 17
Adsorption 3. Low capital cost concentration 7‘1'] ?
. . . 4. Minimal required pretreat- 4. ‘Waste disposal system re-
Tiane et al. | Li adsorption ca- | ment quired for spent media or waste
(2022)[17] pacity: 29 mg/g produced during media regen-
eration
. Li adsorption
Liu et al L
(2021)[19] capacity:  153.5
mg/g
Zante et al. o) 1 1. Simple process 1. Environmental pollution due
(2020)[40] 83% Li 2. Short operation time to organic solvents
Solvent extraction 3. Energy-saving process 2. Equipment corrosion [39, 40
4. Low operational costs 3. Increased chloride ion levels | 43, 57]
| 5. Efficient at low concentra- | 4. Complicated operating setups
23%7)[5;] al- | 1009 sr tion 5. Solution’s acidity limitation
470% Li enrich-
ment 1. No need to use chemicals
and energy . .
2. Very cheap($2.98/1000gal) r1O rﬁ;ﬂe I:\t/ater is lost to the envi-
. Schaller et al. 3. Applicable for PW at full . . . [3, 45,
Evaporation ponds 2. Waste disposal is required for
(2014)[59] scale ials th 1 £ th 60]
4. Long lifespan materials that settle out of the
) 5. Typically, no pre- or post- feed water
365% Sr enrich- | treatment is required.
ment
99% Li
1. High pH Toleration ; ﬁg&%ﬂ:ﬁg ‘gilsltiilg
Membrane filtration | Mansour et al. 2. Automatic operation system | 3, Backwashing is necessary. [3, 6l,
(2022) [61] 3. Easy scale-up process 4. No}:' a};:pli(}:lable4 5forC tempera- | 62]
75% Sr . . tures higher than 45 °
’ 4. Lightweight system 5. High energy consumption
Finkela et al 1. No use of chemicals é }Dlgp;.ndertlt (t)’n pH del
L inkela et al. . High cost of energy and elec- -
Electrodialysis (2022)[63] 73% St 2. Efficient at low concentra- trode§ &y [64, 65]
tion 3. High energy consumption
Chemical init Shafer-Peltier | 90% St 1 Simol 1. Time consuming
~hemucal precipia- | o a1 (2020) | (using Na,CO,) - SIMPIC Process 2. A high amount of chemicals | [6, 7, 66]
tion 2773 2. High efficiency . .
[46] is required
1. No use of chemicals
2. No secondary waste
3. Negligible impact on the en-
vironment
Esmacilirad et 4. Low-cost | 1. Use of skilled labourers [6 29
Electrocoagulation al. (2015)[67] 72% Sr technology($2.00/1000gal) 2. Emerging technology 6 S.J ’

5. The possibility of complete
automation

6. Minimal sludge formation
7. Feasibility of solar energy
use

3. Problems during scale-up




Combining treatment methods can enhance metal
recovery. It is worth noting that no method has yet
achieved complete Li recovery. Solar evaporation is
the most cost-effective method, but it is limited by
its large land requirements and lack of selectivity
for specific ions. Adsorption, while environmentally
friendly, is limited in industrial applications due to
pH dependence and cation competition. Membrane
filtration has shown promising results in ion separation
based on size or charge differences, butits high-pressure
requirements and membrane costs must be considered
for large-scale applications. Electrochemical methods,
such as electrodialysis and electrocoagulation,
separate ions without generating secondary waste or
requiring chemical additives; however, their industrial
implementation remains challenging. With rapid
technological advances, these methods are expected
to play an increasingly important role in the water
industry. Solubility-based methods, including solvent
extraction and chemical precipitation, are currently
the most widely used industrial approaches. Given the
global emphasis on environmental preservation, it is
anticipated that green technologies will be promoted
for treating OPW, allowing both the recovery of
valuable metals and economic benefits while ensuring
environmentally safe disposal of treated water.

Nomenclatures

DOM: Dissolved organic matter
MEF: Microfiltration

NF: Nanofiltration

OPW: Oilfield produced water
PW: Produced water

TDS: Total dissolved solids

UF: Ultrafiltration

References

1. Khorram, Atousa Ghaffarian, Narges
Fallah, Bahram Nasernejad, Neda Afsham,
Mahdi Esmaelzadeh, and Vahid Vatanpour,
Electrochemical-based processes for produced
water and oily wastewater treatment: A review.
Chemosphere, 2023: p. 139565.

2. Kusworo, Tutuk Djoko, Nita Aryanti, and Dani
Puji Utomo, Oilfield produced water treatment
to clean water using integrated activated carbon-
bentonite adsorbent and double stages membrane
process. Chemical Engineering Journal, 2018.
347: p. 462-471.

3. Igunnu, Ebenezer T and George Z Chen, Produced
water treatment technologies. International
journal of low-carbon technologies, 2014. 9(3): p.
157-177.

4. Wang, Xiaojing, Lamia Goual, and Patricia
JS Colberg, Characterization and treatment of
dissolved organic matter from oilfield produced
waters. Journal of hazardous materials, 2012. 217:

10.

11.

12.

13.

14.

Petroleum Research, 2026 (February-March), Vol. 35, No. 145

p. 164-170.

Fakhru’l-Razi, Ahmadun, Alireza Pendashteh,
Lugman Chuah Abdullah, Dayang Radiah Awang
Biak, Sayed Siavash Madaeni, and Zurina Zainal
Abidin, Review of technologies for oil and gas
produced water treatment. Journal of hazardous
materials, 2009. 170(2-3): p. 530-551.

Samuel, Ojo, Mohd Hafiz Dzarfan Othman,
Roziana Kamaludin, Oulavanh Sinsamphanh,
Huda Abdullah, Mohd Hafiz Puteh, Tonni
Agustiono Kurniawan, Tao Li, Ahmad Fauzi
Ismail, and Mukhlis A Rahman, Oilfield-
produced water treatment using conventional
and membrane-based technologies for beneficial
reuse: A critical review. Journal of Environmental
Management, 2022. 308: p. 114556.

Olajire, Abass A, Recent advances on the
treatment technology of oil and gas produced
water for sustainable energy industry-mechanistic
aspects and process chemistry perspectives.
Chemical Engineering Journal Advances, 2020.
4: p. 100049.

Miranda, Michael Angelo, Anirban Ghosh, Ghader
Mahmodi, Songpei Xie, Madelyn Shaw, Seokjhin
Kim, Mark J Krzmarzick, David J Lampert, and
Clint P Aichele, Treatment and recovery of high-
value elements from produced water. Water, 2022.
14(6): p. 880.

Siagian, Utjok WR, L Lustiyani, K Khoiruddin, S
Ismadji, IG Wenten, and S Adisasmito, From waste
to resource: Membrane technology for effective
treatment and recovery of valuable elements from
oilfield produced water. Environmental Pollution,
2023: p. 122717.

Rebary, Babulal, Meera Raichura, Sonal R
Mangukia, and Rajesh Patidar, Mapping of iodine,
lithium and strontium in oilfield water of Cambay
basin, Gujarat. Journal of the Geological Society
of India, 2014. 83: p. 669-675.

Ambrose, Hanjiro and Alissa Kendall,
Understanding the future of lithium: Part 1,
resource model. Journal of Industrial Ecology,
2020. 24(1): p. 80-89.

Dong, Ya Ping, Qing Fen Meng, Hai Tao Feng,
Xiang Mei Cui, Bin Xu, Wei Wu, Dan Dan Gao,
and Wu Li, Separation and economic recovery of
strontium from Nanyishan oil-field water, China.
Natural Resources and Environmental Issues,
2009. 15(1): p. 42.

Yousef, Roghayeh, Hazim Qiblawey, and Muftah
H El-Naas, Adsorption as a process for produced
water treatment: A review. Processes, 2020. 8(12):
p. 1657.

Rashid, Ruhma, Iqrash Shafiq, Parveen Akhter,
Muhammad Javid Igbal, and Murid Hussain, A
state-of-the-art review on wastewater treatment
techniques: the effectiveness of adsorption



Petroleum Research, 2026 (February-March), Vol. 35, No. 145

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

method. Environmental Science and Pollution
Research, 2021. 28: p. 9050-9066.

Ameri, Abolhasan, Sajad Tamjidi, Faeghe
Dehghankhalili, Arezoo Farhadi, and Mohammad
Amin Saati, Application of algae as low cost
and effective bio-adsorbent for removal of
heavy metals from wastewater: a review study.
Environmental Technology Reviews, 2020. 9(1):
p. 85-110.

Jang, Yunjai and Eunhyea Chung, Adsorption
of lithium from shale gas produced water
using titanium based adsorbent. Industrial &
Engineering Chemistry Research, 2018. 57(25):
p. 8381-8387.

Tian, Lun, Yuanhui Liu, Peng Tang, Yushun Yang,
Xingrui Wang, Tianxin Chen, Yuhua Bai, Alberto
Tiraferri, and Baicang Liu, Lithium extraction
from shale gas flowback and produced water
using HI. 33Mnl. 6704 adsorbent. Resources,
Conservation and Recycling, 2022. 185: p.
106476.

Weng, Ding, Haoyue Duan, Yacong Hou, Jing
Huo, Lei Chen, Fang Zhang, and Jiadao Wang,
Introduction of manganese based lithium-ion
Sieve-A review. Progress in Natural Science:
Materials International, 2020. 30(2): p. 139-152.
Liu, Can, Xiaoping Yu, Chi Ma, Yafei Guo, and
Tianlong Deng, Selective recovery of strontium
from oilfield water by ion-imprinted alginate
microspheres modified with thioglycollic acid.
Chemical Engineering Journal, 2021. 410: p.
128267.

Patil, Anil, Jajati Nanda, and Jyoti Waikar.
Treatment of Produced Water Using Chelating
Resins: Laboratory Case Study. in SPE
International Conference on Oilfield Chemistry?
2015. SPE.

Ghafoori, Samira, Mohamed Omar, Negin
Koutahzadeh, Sohrab Zendehboudi, Rana N
Malhas, Mariam Mohamed, Shouq Al-Zubaidi,
Khadija Redha, Fatimah Baraki, and Mehrab
Mehrvar, New advancements, challenges, and
future needs on treatment of oilfield produced
water: A state-of-the-art review. Separation and
Purification Technology, 2022. 289: p. 120652.
Ebrahimi, M, K Shams Ashaghi, L Engel, D
Willershausen, P Mund, P Bolduan, and P
Czermak, Characterization and application of
different ceramic membranes for the oil-field
produced water treatment. Desalination, 2009.
245(1-3): p. 533-540.

Weschenfelder, SE, CP Borges, and JC Campos,
Oilfield produced water treatment by ceramic
membranes: Bench and pilot scale evaluation.
Journal of Membrane Science, 2015. 495: p. 242-
251.

Li, Weiying, Wanqi Qi, Jiping Chen, Wei Zhou,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Yue Li, Yiran Sun, and Kai Ding, Effective removal
of fluorescent microparticles as Cryptosporidium
parvum surrogates in drinking water treatment
by metallic membrane. Journal of Membrane
Science, 2020. 594: p. 117434.

Seyedpour, S Fatemeh, Mostafa Dadashi
Firouzjaei, Ahmad Rahimpour, Ehsan Zolghadr,
Ahmad Arabi Shamsabadi, Parnab Das, Farhad
Akbari Afkhami, Mohtada Sadrzadeh, Alberto
Tiraferri, and Mark Elliott, Toward sustainable
tackling of biofouling implications and improved
performance of TFC FO membranes modified
by Ag-MOF nanorods. ACS applied materials &
interfaces, 2020. 12(34): p. 38285-38298.
Duraisamy, Rangarajan T, A Heydari Beni, and
Amr Henni, State of the art treatment of produced
water. Water Treatment, 2013. 199.

Kumar, Amit, Hiroki Fukuda, T Alan Hatton, and
John H Lienhard, Lithium recovery from oil and
gas produced water: a need for a growing energy
industry. ACS Energy Letters, 2019. 4(6): p.
1471-1474.

McEachern, Preston, Lithium recovery from
oilfield produced water brine & wastewater
Treatment. Report Prepared for MGX Minerals,
2017: p. 9-21.

Jain, Pratiksha, Mohita Sharma, Prem Dureja,
Priyangshu M Sarma, and Banwari Lal,
Bioelectrochemical approaches for removal of
sulfate, hydrocarbon and salinity from produced
water. Chemosphere, 2017. 166: p. 96-108.
Al-Salmi, Moza, Mourad Lagbagbi, Sulaiman
Al-Obaidani, Rashid S Al-Maamari, Mohamed
Khayet, and Mohammed Al-Abri, Application
of membrane distillation for the treatment of oil
field produced water. Desalination, 2020. 494: p.
114678.

Vera, Maria L, Walter R Torres, Claudia
I Galli, Alexandre Chagnes, and Victoria
Flexer, Environmental impact of direct lithium
extraction from brines. Nature Reviews Earth &
Environment, 2023. 4(3): p. 149-165.

Rype, Jens-Ulrik, Modelling of Electrically
Driven Membrane Processes. 2003: Technical
University of Denmark.

Sirivedhin, T, J McCue, and L Dallbauman,
Reclaiming produced water for beneficial use: salt
removal by electrodialysis. Journal of membrane
science, 2004. 243(1-2): p. 335-343.

Hayes, Tom and Dan Arthur. Overview of emerging
produced water treatment technologies. in 11th
Annual International Petroleum Environmental
Conference, Albuquerque, NM. 2004.
Mahmoudi, H, Water desalination in electrodialysis
applications. Encyclopedia of membranes. Berlin:
Springer, 2015: p. 1-2.

Cao, Yuhe, Mahdi Malmali, Xianghong Qian,



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

and S Ranil Wickramasinghe, Continuous
electrocoagulation-membrane  distillation unit
for treating hydraulic fracturing produced water.
Journal of Water Process Engineering, 2022. 50:
p. 103219.

Millar, Graeme J, Jack Lin, Aasma Arshad,
and Sara J Couperthwaite, Evaluation of
electrocoagulation for the pre-treatment of coal
seam water. Journal of Water Process Engineering,
2014. 4: p. 166-178.

An, Chunjiang, Gordon Huang, Yao Yao, and
Shan Zhao, Emerging usage of electrocoagulation
technology for oil removal from wastewater: a
review. Science of the Total Environment, 2017.
579: p. 537-556.

39. Khatoon, Rabia, Ratchaprapa Raksasat,
Yeek Chia Ho, Jun Wei Lim, Khairulazhar
Jumbri, Chii-Dong Ho, Yi Jing Chan, Eman
Alaaeldin Abdelfattah, and Kuan Shiong Khoo,
Reviewing Advanced Treatment of Hydrocarbon-
Contaminated Oilfield-Produced Water with
Recovery of Lithium. Sustainability, 2023.
15(22): p. 16016.

40. Zante, Guillaume, Dominique Trébouet, and
Maria Boltoeva, Solvent extraction of lithium
from simulated shale gas produced water with a
bifunctional ionic liquid. Applied geochemistry,
2020. 123: p. 104783.

41. Soleimani. Liquid-Liquid extraction.
[cited 1398; Available from: https:/fatershimi.
com/%D8%A7%D8%B3%D8%AA%D
8%AE%D8%B1%D8%AT7%D8%AC-
%D9%85%D8%A7%DB%8C%D8%BI9-
%D9%85%D8%A7%DB%8C%D8%BY/.

42. Velmurugan, V and K Srithar, Prospects and
scopes of solar pond: a detailed review. Renewable
and sustainable energy reviews, 2008. 12(8): p.
2253-2263.

43. Cohen, Laurent, Tyler McCallum, Owen
Tinkler, and William Szolga. Technological
Advances, Challenges and  Opportunities
in Solvent Extraction from Energy Storage
Applications. in Extraction 2018: Proceedings
of the First Global Conference on Extractive
Metallurgy. 2018. Springer.

44. Gupta, Vinod Kumar, Imran Ali, Tawfik
A Saleh, Arunima Nayak, and Shilpi Agarwal,
Chemical treatment technologies for waste-water
recycling—an overview. Rsc Advances, 2012.
2(16): p. 6380-6388.

45. Cogan, Jess D, The Removal of Barium,
Strontium, Calcium and Magnesium from
Hydraulic Fracturing Produced Water Using
Precipitation with Traditional and Alternative
Reactant Feedstocks. 2016, Ohio University.

46. Shafer-Peltier, Karen, Colton Kenner, Eric
Albertson, Ming Chen, Stephen Randtke, and

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Petroleum Research, 2026 (February-March), Vol. 35, No. 145

Edward Peltier, Removing scale-forming cations
from produced waters. Environmental Science:
Water Research & Technology, 2020. 6(1): p. 132-
143.

Kondash, Andrew J, Nathaniel R Warner, Ori
Lahav, and Avner Vengosh, Radium and barium
removal through blending hydraulic fracturing
fluids with acid mine drainage. Environmental
science & technology, 2014. 48(2): p. 1334-1342.
Yang, Xiaochen, Precipitation and removal of
ionic compounds from produced water: Observed
and modeling results. 2014, Colorado State
University.

He, Can, Meng Li, Wenshi Liu, Elise Barbot,
and Radisav D Vidic, Kinetics and equilibrium
of barium and strontium sulfate formation in
Marcellus Shale flowback water. Journal of
Environmental Engineering, 2014. 140(5): p.
B4014001.

DuChanois, Ryan M, Nathanial J Cooper, Boreum
Lee, Sohum K Patel, Lauren Mazurowski, Thomas
E Graedel, and Menachem Elimelech, Prospects
of metal recovery from wastewater and brine.
Nature Water, 2023. 1(1): p. 37-46.

SenGupta, Arup K, Ion exchange in environmental
processes: Fundamentals, applications and
sustainable technology. 2017: John Wiley & Sons.
Kim, Daejin, Lawrence E Powell, Letitia H
Delmau, Eric S Peterson, Jim Herchenroeder,
and Ramesh R Bhave, Selective extraction of rare
carth elements from permanent magnet scraps
with membrane solvent extraction. Environmental
science & technology, 2015. 49(16): p. 9452-
9459.

Ahmad, Nor Akalili, Pei Sean Goh, Lukka
Thuyavan Yogarathinam, Abdul Karim Zulhairun,
and Ahmad Fauzi Ismail, Current advances in
membrane technologies for produced water
desalination. Desalination, 2020. 493: p. 114643.
Su, Xiao, Electrochemical separations for metal
recycling. The Electrochemical Society Interface,
2020. 29(3): p. 55.

Khataee, AR, V Vatanpour, and AR Amani
Ghadim, Decolorization of CI Acid Blue 9
solution by UV/Nano-TiO2, Fenton, Fenton-like,
electro-Fenton and electrocoagulation processes:
a comparative study. Journal of hazardous
materials, 2009. 161(2-3): p. 1225-1233.

Seip, Adam, Salman Safari, David M Pickup, Alan
V Chadwick, Silvia Ramos, Carmen A Velasco,
José M Cerrato, and Daniel S Alessi, Lithium
recovery from hydraulic fracturing flowback and
produced water using a selective ion exchange
sorbent. Chemical Engineering Journal, 2021.
426: p. 130713.

Kobayashi, Takashi, Makoto Yoshimoto, and
Katsumi Nakao, Preparation and characterization



Petroleum Research, 2026 (February-March), Vol. 35, No. 145

58.

59.

60.

61.

62.

63.

of immobilized chelate extractant in PVA gel beads
for an efficient recovery of copper (II) in aqueous
solution. Industrial & engineering chemistry
research, 2010. 49(22): p. 11652-11660.

Jang, Eunyoung, Yunjai Jang, and Eunhyea Chung,
Lithium recovery from shale gas produced water
using solvent extraction. Applied geochemistry,
2017. 78: p. 343-350.

Schaller, Jorg, Tom Headley, Stephane Prigent,
and Roman Breuer, Potential mining of lithium,
beryllium and strontium from oilfield wastewater
after enrichment in constructed wetlands and
ponds. Science of the total environment, 2014.
493: p. 910-913.

Dores, Raul, Altaf Hussain, Mary Katebah,
and Samer Adham. Advanced water treatment
technologies for produced water. in Proceedings of
the 3rd international gas processing symposium.
2012.

Mansour, Mona SM, Hussein I Abdel-Shafy,
Mohamed M El Tony, and Waleed IM EIl Azab,
Hybrid resin composite membrane for oil & gas
produced water treatment. Egyptian Journal of
Petroleum, 2022. 31(3): p. 83-88.

Al-Ghouti, Mohammad A, Maryam A Al-Kaabi,
Mohammad Y Ashfaq, and Dana Adel Da’na,
Produced water characteristics, treatment and
reuse: A review. Journal of Water Process
Engineering, 2019. 28: p. 222-239.

Finklea, Harry, Lian-Shin Lin, and Golnoosh

64.

65.

66.

67.

68.

Khajouei, Electrodialysis of softened produced
water from shale gas development. Journal of
Water Process Engineering, 2022. 45: p. 102486.
Tian, Liyan, Wei Ma, and Mei Han, Adsorption
behavior of Li+ onto nano-lithium ion sieve from
hybrid magnesium/lithium manganese oxide.
Chemical Engineering Journal, 2010. 156(1): p.
134-140.

Robinson, David M, Yong Bok Go, Martha
Greenblatt, and G Charles Dismukes, Water
oxidation by A-MnO,: catalysis by the cubical
Mn404 subcluster obtained by delithiation of
spinel LiMn,0O,. Journal of the American Chemical
Society, 2010. 132(33): p. 11467-11469.
Loganathan, Paripurnanda, Gayathri Naidu, and
Saravanamuthu Vigneswaran, Mining valuable
minerals from seawater: a critical review.
Environmental Science: Water Research &
Technology, 2017. 3(1): p. 37-53.

Esmaeilirad, Nasim, Clay Terry, Herron Kennedy,
Gen Li, and Kenneth Carlson, Optimizing metal-
removal processes for produced water with
electrocoagulation. Oil and Gas Facilities, 2015.
4(02): p. 087-096.

Nigri, Elbert M, Andre LA Santos, and Sonia DF
Rocha, Removal of organic compounds, calcium
and strontium from petroleum industry effluent by
simultaneous electrocoagulation and adsorption.
Journal of Water Process Engineering, 2020. 37:
p. 101442.



°t 2 L&
Ry Al ;‘«M4 INITY doio VPP aiil g cpote IFD oy los

y—ols J-l:az‘.’_u! Sl w9y = (S99 4—0
Sy D1 5l gl gl 9 g &0 F1 i

by gy 3Ly 95,1 ¢ (A lageo

VECFL B0 iy dyb VE O s sl VE YY) il e gl

EXVOCS

pod 4 0958139 5 s azrgi Ly iles S STl 5 DlaS Sl Sl (ot e S glse an Ol el ag 5,0
31 Sl il 518 g0 ol Jlasi il gla g, zmb s Gimshy ol (S 5o pamadl il 5 (63,51 (55lwe b 0
Go=lS Jslge omil> wilomay ol s (S Sz A 0 i (6999 ol cas D3, 0 Loyl awslis g odos
5 50 oy, dlg se A 10 B (el Bga e A0 A4S (69)lee yo aiwe gilulas gy o Tl oSl (o
Gl skl i Julie jo 0l Hlend sles an 5L« Jle o, Sloe o8, e g, 50 il calossy (gudss ol 5l ol s
L(bu] )| @YL’ o0 YS_QM ‘l_:au}ulS o)k\_t‘ > aS cewl gM.J u‘)j k5...;3) él_w.c U?"““‘)‘“’l‘d ».\45_&\‘50 gm0
i iy Jloel g Lagl oS 5 Ll s lo | 095 (ols clae § Llie Lais, 5l plaSye 4z S1.08 o s5luslaz |,
—olie o dg 5l A e cnyy slaoanVT ials o soen g Ol 18 ol agls e Glo—edy g ol

158 <0 gannnd! ] JUasinns] (0 gmiidd Jlation! ¢ ot o dpbdi ¢ g5 Ol dphual 1 gumlS ol
NEE ) PO

Sl Jogumat
a_rezaei(@aut.ac.ir Seg Sl w0l
(DOI: 10.22078/pr.2025.5679.3519) : Jluzews awliss



M-ITY domivo P didw! g cpoe VPO 0 lod ..uu«,;
’

Ol 5l aeriy)| olie ol [P culass s )8
Sl 4hal 5SS o Cé -ty Jds 4o gy
cobw [ el mg 5 Jls o O slolas aolsél
ool wl Ly a88 jhg,anda>g L abal o lise
Sl a8yt dhal 5B o Sl gudy O
S 0y (Bl (9 9 65slsS ot B)las
G0P Sl eyl i Vsons 45 S o el
Ahai by, glesl V] crl S5 a8 ol ay
Oty plbid 5 oloed (S pd ahal wils
s1Lo] o, sslaul O logas o ol ol
L39S job Lo Do Yo v e Jlow S50 >
30 Sl Ol 18 5l es xS oolai il g g
Slojog b lacl s a g il aolio
4l aie plo—eds 5 5 St ol sy
&yt Olsdllas 0,90 oyl jo .8l uolidl ol 18
Sl gl g cbals e oLl 4t o
18] a3 5Lel gads T 5o 05250 Susil il
Ll asls (oS Syl b Sl il L
Ll 5l (B o e )| mio 9 g0l
A5l o9 gady O o oy B elale Ly
R T s - EALIPARY
S5 0ymd (6l pisnns (Sl 0By 4y g, Lo
DY g 0] oS ooyl 1) (S Sl adis blwg
Silwgls adoz 5l anlio 5l (g5l 5o pyeil i

Do gV flsjlss,m)ls

Gas
Production Well

g, alie

.

LV R
oud ol Ol Gl g ok Contio wlomy (L
il 4o DN el o S5 p0 gl ol (b 5o
5 i pmobs 5l oo Zliseiul sl et asiy o
S5-dise delsi ol Aty e 9o plojos y5 b e I
Il S oo laz 318 g i jlad> o s o aS
oolizul sl T S e 51 7Y Ly o Jls ol L
Jeds s oy 16 5] syt e o i s
Sz Bl g (om08 ol e (38, Yo
St L7 5 O] el gl s s weoss 0 Jg
gl Slles jl ol Slaz alsi &5 48 0550
Ol 4« YO bbl/d aS” L8 7,5 5155 g sl
Sl s slaan;F Y o Fl oy #e - bbIA
olz a5, el a8 )ls 0525 (gu i O o bs
Slls lavgi adai o v a s Ol a8
5ol 5l ade sola ol gl oo >l b4 b
Sl d0me 3,5 Gizen g oudlazr (Lo
JSi) ailb g cilo poluojl L Sl sldes
&5 Ghgy om S dslate (280 slwolz 4y 5,5 ()
Ao Yo VYO L+ /F ogaz o slasie L gods O
abas 3 sla Jlw jo JA] cilassy s )
ool Cgr o Sl (B lse A gudy O

Lol ol adss g aeiy )| olie ol b ooz

sy oyee ol ol a0 il an ez g

Separator

Hydrocarbon and water

mixture
Produced water

’ Natural gas market

Oil market

Produced water treatment

o

# N

Oil field

‘Reiujec(iou to
reservoir

Chemical addition

P
-

Injection to disposal well or
reuse

IR u—‘ é_éo 6L°ui’3) ) J&w
Fig. 1 Methods of produced water disposal.



Bl)en 5 (Al g

PRSI PURVECH EIRICHA O Y SN AT .
S Dl by jBre Sy LQQT ookl als an
Q—f;ﬁ)"\ﬁ"b Ja_wj.: ‘bﬁ—“i’gsn o..\_.e.alﬁ fa‘}_o..h uT as
b se Gials e O oo 5 05 i e Sl
.d)‘b S9—>9 )5"‘“" A_J—‘ 9 )Lf (s u‘).n} B W)é
O oS 5 L (S3dhs) ol olion T 1 0gdle
i ol b ogge L abl ool 350,55 oy 5Fe 4y
Eg—ozmo oy Ol ais (il ply g ol o
NPy — 0‘9_7”] g_;—| 9 od_...:d.’)).' g_j ‘Q‘)_o.m ui
= os)l.c 6;&.».]}» ui [\\/] ML)LS.«O ua..w 6’05).2.0
YU slacdale 5 (nKiw ol 18 g9l ‘QJT SluS
DA ccul Jodome oolonds slg—s g Slasl>
Elgl g 00,5 anmaiws |y sody Ol glial )V Jso>
oa—dools L ¥V Joom o ol 8 o Sl e lalé 4
Oy o o el Sl an il ol ol
Szl Lo oy,ax) ol eSS sla syl il
L an gl ecdlb (ol oo oolaiwl Gl g 0,89 000

Lo VA #] s ls Soas oy g s aalls

e Jlasesl slo by, 2 (59,0

. ool 1 aST sy ol Bue
A (Sl Les as s cul sodg o 5l oo
—olie aSb ol ioals s s O sgase gl

solasuwl 94 fal O

J=B s 5 Jlasiwl O (] )5 05250 aia )
20,5 el jobie palany j 25 5L ) a2y
Sy 4 oy ol eale 1 SIS Il o
OF Sl e 5 syl SIS ) ot Jylome
6397 et Sl 0330 8 4l | Enjlanone
5 p—d Sl ol s Jlasiul sla by, —
A aalss 55 g e slee (adsi Ol Sl pgandl il
) elbond aniar bl s5lulas sla o,
S=xd 5 (S Soliail 5 6 S g, (P> Ly
dolio b il oo (Sl (5,9l g (o Cix)
P9y (R lie Glein plaS e cmlae 9 Lol
Slocal g o, Slos auje an a9 L 5l

2,8 slpiing o] Jaoe C

Gy ol Cudlo g slide

O35 5l oo Sy Ly ol e udy O
sloawlo o sbe B)lss , e Ly a8l

gl T s 5 T Ll sleay ol gl e

Iyl RS ol Gzl gum s ) Jyo
Table 1 Classification of produced water components.

Group Main components Group

Main components

* Waxes

* Carbonates

¢ Clay and Sand
* Deposits

Dissoved and suspended
organic components

Produced solids

° Benzene, toluene, ethylbenzene, xylene
* Naphthalene, phenanthrene, dibenzothiophene
* Polyaromatic hydrocarbons

Dissolved solids ¢ Paraffin Inhibitors
* Antifoams
* Demulsifiers

¢ Clarifiers

. ® Phenols

* Corrosions

¢ Inhibitors

* Biocides * Anions

* Asphaltene S d i
sphaltene Suspenders * Cations

Chemicals

* Heavy metals
* Radioactive materials

* CO,
Dissolved gasses *HS
° 02

1. Tight Sand

2. Coal Bed Methane

3. Shale Gas

4. Water with Oil or Integreated Water
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Table 2 Types and concentrations of metals in produced water.

g, alie

M e a n M e a n M e a n M e a n
Metal concentration | Metal concentration | Metal concentration | Metal concentration
(mg/L ) (mg/L ) (mg/L ) (mg/L )
Aluminum | 282.6 Copper | 29.94 Manganese | 58.35 Barium 633
Lithium 29.36 Lead 71.57 Arsenic 3.63 Strantium | 2619.75
Titanium 0.355 Nickel | 81.05 Boron 33.96 Cadmium | 8.77
Mercury 0.0015 Zinc 29.76 Iron 172.28 Chromium | 24.62
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Table 3 L1th1um Recovery from Shale Gas Produced Water Us1ng Adsorptlon Process.
Source of produced water Adsorbant Adsorbant capacity Ref
Gas shale in Sichuan Basin, China H, ,,Mn O, (mg/g) 13.27 [70]
Gas shale in Sichuan Basin, China Sodium alginate (5% wg) and H, , ,Mn O (mg/g) 12.48 [71]

H, ..R Mn

O,.H ,Mn O

Gas shale in Tongliang District of

13377

1.67-x ~ 472

1.33

(mg/g) 29 ,20.7,20.7,13 | [69]

Chongqing, China (Al «Ni <Fe :R)
Marcellus shale H,TiO, (mmol/g) 2.58 [50]
(Marcellus shale(pretreated H,TiO, (mmol/g) 3.61 [50]

1. Hydrogen Manganese Oxide
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1. Hydrogen Manganese Oxide
2. Chelating Resin
3. Fouling
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Fig. 4 Comparison of Membrane Filtration Modes: (a) Cross-Flow, (b) Dead-End Filtration.
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1. Transmembrane Pressure
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Fig. 6 Electrodialysis mechanism.
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Table 4 Solvent Extraction of L1th1um and Strontium from Shale Gas Produced Water.

Produced water source Extractant No of cycles Efficiency Ref.
30.8% Li
Marcellus shale D2EHPA 10 [109]
100% Sr
. 20% Li
(Marcellus shale(synthetic D2EHPA 8 [111]
95% Sr
. 5 for Sr 83% Li
Marcellus shale Aliquat-DEHPA . [110]
1 for Li 100% Sr
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Table 5 Effect of Pretreatment on Strontium Precipitation Using Polymer-Based Methods

. . Maximum Sr removal (after al-
Polymer | pH Maximum Sr removal | (after altrafiltration pretreatment) pH (trafiltration pretreatment
PAA 3 18% 9 98%
PSS 7 42% 9 75%
PSSM 2 60% 4 75%
pvs Not available | 10% No change No change
Polymer < =
-"..\ Let sit 24 Centn“‘ge 3| Analyze
hours OR supernatant or
Vortex (unless filtrate for Mg,
Bilie \J otherwise - Ca, Sr, and Ba
noted) Centrifuge with J
MWCO filter
(ultrafiltration)
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Fig. 11 Poljmer—Assisted Chemical Precipitation Process.
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Table 6 The comparison of Li and strontium extraction methods.
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Electrocoagula- ist;llae(izl(i)rlas(; Sr 72% :}/(SBIE(.)?)V(-)C/OISE)OOZS?I)]OM- erEmer ine technolo 93 ,19]
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plete automation

6. Minimal sludge forma-
tion

7. Feasibility of solar ener-
gy use

3. Problems during scale-
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