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Abstract: In recent years there has been a significant increase in the demand for lithium all over
the world. Lithium is widely used primarily in the production of batteries for electric vehicles and
portable electronic devices, and in many other industries such as production of aluminum, ceramics,
glass, polymers, greases, and pharmaceuticals. In order to maintain the balance between supply
and demand for lithium on the global market, it is essential to search for alternative sources of
this element. Therefore, efforts are being made to obtain lithium from unconventional sources, an
example of which is the recovery of lithium from oilfield brines. This article provides an up-to-date
review of the literature in this particular field based on data from different sources (scientific literature
databases, patent databases, company websites and industrial online newspapers). The current
achievements and future perspectives for the lithium recovery from brines generated during oil and
gas extraction were critically reviewed. An emphasis was placed on chemistry of lithium-contained
oilfield brines, technologies (both pretreatment and direct lithium extraction) suitable for lithium
recovery and industrial results obtained from pilot trials.
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1. Introduction

Lithium is a silvery-white metal that is currently of great interest to both scientists
and industries due to its growing importance in the global economy. Lithium is used in
the production of aluminum, ceramics, glass, polymers, lubricants, pharmaceuticals, and
lithium-ion batteries for portable electronic devices (e.g., smartphones, laptops, tablets).
However, the largest consumer of lithium is the electric vehicle sector, as lithium is a key
component of rechargeable batteries [1-6]. The demand for lithium is expected to grow
rapidly in the coming decades, which can be attributed to lithium’s vital role in sustainable
energy transitions [6-8].

The primary lithium resources including hard rocks and continental brines are very
unevenly distributed around the world. More than 60% of the world’s lithium production
comes from the following eight locations: Salar de Atacama 1 and 2 in Chile, Salar del
Hombre Muerto and Salar de Olaroz in Argentina, the Clayton Valley in the USA, Lake
Zabuye, Dongtai Salt Lake and Xitai Salt Lake in China [9]. The growing demand for
lithium raises concerns about security and sustainability of its supplies [10,11]. To prevent
shortages, spent lithium-ion batteries [2,3,12] as well as geothermal waters [1,3] and oilfield
brines (brines generated during oil and gas extraction, including shale gas, considered as
wastewater from oil and gas industry) [13], which are more uniformly distributed and
available in most countries, are considered as alternative sources of lithium. Even seawater
was considered as a potential lithium source [14], but until today there is no economically
efficient technology. In the case of geothermal waters, there are many reviews focusing
on this issue (e.g., [1,15-17]). Thus, in the following section we only briefly present the
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most important achievements in this field for comparison with the area of oilfield brine
exploitation.

Geothermal systems are especially often studied as the combination of renewable
power and heat production with direct lithium extraction allows to lower the environmental
footprint of the whole facility [18]. Sanjuan et al. [19] identified six lithium-rich geothermal
areas in Europe (Italy, Germany, France and the United-Kingdom) with Li* concentrations
ranging from 125 to 480 mg/L. The first kilograms of battery-grade lithium carbonate
from geothermal waters were produced in 2021 under the EuGeLi (European Geothermal
Lithium Brine) project located in Alsace, at the French/German border [20]. Encouraged by
the success of this project the Eramet and Electricité de Strasbourg signed the memorandum
of understanding aimed at developing lithium production from geothermal brines in the
municipality of Rittershoffen. The ambitious goal of this cooperation is to achieve lithium
production of 10,000 tons per year by the end of 2030 [21]. The German company Vulcan
Energy Resources announced the results of its feasibility study for lithium extraction in
the Upper Rhine Valley [22]. According to their strategy, drilling to increase brine flow
will begin in mid-2023 and lithium production will start by the end of 2025. The full-
scale lithium mine in the Albemarle’s Silver Peak site in Nevada’s Clayton Valley, USA
produces about 5000 tons of lithium per year [23]. Numerous laboratory studies confirm
the suitability of various techniques to recover lithium from geothermal waters [24-26] and
positive pilot results encourage full commercialization.

As was presented above, there are excellent reviews available in the literature that
summarize the current state of knowledge of lithium recovery from geothermal brines, but
articles describing lithium extraction from petroleum brines are still lacking. Therefore, to
fill this gap, our mini review discusses the possibility of recovering lithium from oilfield
brines based on the available literature data. The aim of this review is to show the potential
of petroleum brines in the context of lithium production. To date, oilfield brines have only
been mentioned as a potential resource, and information regarding their use is scattered.
Our ambition is to summarize the state of the art in this area (based on information
presented in the scientific literature, patents, patent applications, technical reports and
press releases) and encourage various stakeholders (oil & gas operators, public opinion,
policymakers, scientists) to increase both research and legislative activity toward better
utilization of reservoir waters.

2. Volume, Current Usage, and Composition of Oilfield Brines

Firstly, it should be noted that in the literature oilfield brines are also often described
as waters produced from gas and shale gas production [2,13]. Therefore, for simplicity, we
use the term oilfield brine as the designation of all kinds of generated waters during oil,
gas and shale gas production in this mini review.

The formation of water extracted with hydrocarbons from the reservoir to the surface
is a major waste stream generated in the oil industry. The volume of produced water
is estimated by some authors at 39.5 Mm?/day globally [27], but this is only a rough
approximation because some data are not publicly available and in different countries there
are different reporting strategies. The Produced Water Society estimates that the volume of
produced water from conventional onshore and offshore fields globally will almost double
from 25 billion m?/year in 2020 to 38.6 billion m?/year in 2030 [28].

The most detailed information is provided by Veil et al. [29-31] who report every few
years on the volumes, compositions, and management of produced brines in the USA.
On average, 3 m® of water is extracted per 1 m3 of oil (water—oil ratio, WOR = 3). The
amount of water produced varies over the lifetime of the well [30]. At the beginning of well
exploitation water production is negligible for conventional wells, but after a few years the
water breakthrough occurs and there is a regular increase in its production. The inflow of
reservoir water into unconventional wells is even faster and more difficult to predict [32].
Figure 1a shows a typical profile of oil and water production from conventional and
unconventional reservoirs. For conventional reservoirs in the early stage of exploitation,
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the production of water is negligible (blue line in Figure 1a) while the oil production (green
line) is steadily growing. Usually, 2-3 years after the start of production, a particular well
reaches a stable peak in oil production, lasting several years. Over time, oil production
decreases and water production increases, which continues until the operator decides to
decommission the well. For unconventional reservoirs (shales, tight sandstones), due to the
low permeability of the rock matrix, hydraulic fracturing is required to start the production,
hence high water consumption (and then water production as flowback) occurs at the
beginning of the operation. After a short plateau stage, the production of both water and
oil decreases. In the case of mature oilfields, the water—oil ratio is as high as 10-50 m?/m?
in the final stage of exploitation. The high water-oil ratio reduces the profitability of
exploitation and may lead to the final closure of production. In industry jargon, such a
situation is referred to as “water killed the well” [33]. Figure 1b shows the WOR values in
different states/areas of the USA. In Texas, which accounts for 40% of the oil production
in the USA, the WOR is 7.8. In general, the WORs vary from 0.5 m3/m? for New York to
57.7 m®/m3 for Arkansas [31]. The calculated values have a high degree of uncertainty but
show the global trend well, oilfields actually produce much more water than oil.
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Figure 1. (a) Typical production profile for conventional and unconventional reservoirs (reproduced
from Ref. [32] with permission from the Royal Society of Chemistry), (b) WOR values in selected
states in the USA [31].
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Exploration of new hydrocarbon reservoirs is very expensive, and the prevailing trend
today is to maximize the exploitation of mature fields, despite the significant production of
reservoir water. In most cases the produced water is re-injected into production zones to
maintain the reservoir pressure and enhance oil recovery. It is estimated that about 40% of
this water goes to other, non-hydrocarbon-producing formations solely for disposal [29].
Re-injection of water into disposal wells does not bring any additional profits, it only
creates the opportunity to avoid landfill fees.

In order to improve the profitability of oilfield exploitation, it is necessary to maximize
the use of brine, hence the increasingly advocated “beneficial reuse”, i.e., the use of brine
for tank cleaning, preparation of fracturing fluids or irrigation purposes. The perception
of produced water is changing and now it is considered as a valuable resource for the
production of potable water and valuable chemical elements [34]. Depending on the volume
of brine, geological, reservoir, and technological conditions, as well as local legislation,
there are currently several ways to manage this waste stream.

Figure 2 shows produced water management practices in California, USA. As you
can see in the case of California, more than 80% of the produced water is re-injected into
the formation, either for enhanced oil recovery or for disposal. For oilfield operations,
produced water can be used for well stimulation (e.g., hydraulic fracturing), water flooding,
and enhanced oil recovery, thereby decreasing the demand for other sources of water. The
increased demand for available water resources has driven interest in the reuse of pro-
duced water for off-site, non-oilfield applications including irrigation, municipal, livestock
watering, and industrial uses.

Beneficial reuse outside oilfield, 10.0%

Injection for
disposal, 22.4%

Figure 2. Produced water management practices in California, USA [31].

Produced water management practices vary from state to state and even from one
oilfield to another. The reuse of produced water for irrigation is not a new concept. Ap-
proximately 13% of the coal bed methane (CBM) water in Wyoming and 26% of the CBM
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water in Montana were used for irrigation in 2009 [29]. Kern County in California has been
reusing its produced water for agriculture for decades [35]. The treating of the produced
water to meet agricultural standards may be technologically and economically feasible
when comparing the cost of treatment to the cost of disposal in commercial wells, as shown
by McCurdy et al. [36].

The tendency to use the formation waters for water recovery is popular also in other
regions in the world. Successful irrigation projects are reported in Australia [37]. The Ara-
bian Gulf region conducts an ambitious water management and agricultural development
policies aiming to reinforce their food security through the reuse of formation water [38].
The above-described field experiences confirm the technical and economic feasibility of ben-
eficial reuse of produced water even if only water (for agriculture or industrial purposes) is
a final product in some cases.

In addition, a more recent direction is recovery of raw materials from produced waters.
Since oilfield brines are usually strongly saline, the minerals present in them can be a
valuable chemical resource [34]. The composition of reservoir brines is very diverse and
complex, they contain dissolved and dispersed hydrocarbons, dissolved inorganic salts,
dissolved gases and radionuclides [39,40]. Among the various elements, lithium is currently
receiving the most attention due to the growing demand associated with electromobility.

The best oilfield brines recognized for lithium content are in the USA. Waters from
Devonian formations in the Williston Basin (North Dakota) contain from 100 to 288 mg
of Li* per liter, in the Jurassic Smackover Formation in the Gulf of Mexico (Texas and
Arkansas) the lithium concentration changes from 50 to 572 mg/L and in Texas Cretaceous
reservoirs is in the range of 132-333 mg/L [13,41]. High Li* values of up to 140 mg/L
were found in the Devonian carbonate units (the Leduc and Swan Hills formations) in
the Alberta province in Canada [42]. Li et al. [43] reported Li" concentrations ranging
from 110 to 237 mg/L in the Nanyishan and Dafengshan oilfields in the Qaidam Basin,
Tibetan Plateau. The recent findings of Yu et al. [44] confirm variable Li* contents from
7.5 to 150 mg/L in the Qianjiang Formation in central China.

Hitchon et al. [45] defined a “detailed exploration threshold value” for Li* of 75 mg/L
as a minimal acceptable lithium concentration ensuring profitability of its production.
Some authors decrease this limit to 50 ppm. According to the Polish Geological Institute—
National Research Institute the commercial recovery may be considered from waters
containing at least one of the listed elements exceeding the following amounts: lithium—10,
iodine—15, boron—100, bromine—200, magnesium—2000, potassium—1000, strontium—>500,
cesium—o0.5 and rubidium—3 mg/L [46].

Taking this into account, many of the reported oilfield brines may be considered as a
promising lithium resource. The complex geochemistry of produced water is challenging,
but a properly selected pretreatment allows us to overcome this drawback.

The suitability of brine for lithium production is determined by its chemical com-
position. Numerous research and review papers discuss in detail different groups of
compounds present in reservoir waters [39,47,48]. The total dissolved solids (TDS) of
oilfield waters vary widely from 5.6 g/L to 313.7 g/L [39] and most of them are of the
Na-ClI type. Among the anions, chlorides dominate, with carbonates, bicarbonates, sulfates,
sulfides, bromides, and iodides in smaller amounts. Unlike surface water, nitrates and
phosphates are rare in reservoir brines. The most common cations are Na*, K*, Mg?*,
Ca?*, FeZ*, Mn?%*. Heavy metals (Pb%*, Cd*, Hg2+, Cu?*, Zn?) appear in trace amounts.
For a long time, lithium content was not determined in these waters because it usually
occurs in small amounts and does not affect the re-injection process. Table 1 summarizes
lithium concentrations in selected oilfield brines. As shown in Table 1, despite the location,
oilfield brines are highly mineralized with chloride content varying from 75 to 201 g/L.
Some fields are typical sandstones, while others are carbonate reservoirs, as evidenced by
high calcium and magnesium contents. Lithium concentration varies from 28 to 505 mg/L
and the example of the Smackover Formation shows that it can have different values for
different production horizons.
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Table 1. Chemical composition of selected oilfield brines.

Na* K* Ca%*  Mg?  Cl-  SO42  Li* Sr2* Br—
Location
g/L mg/L
Qianjiang Formation of the
Jianghan Basin, China, 85.8 1.44 1.24 0.24 132.9 4.62 119 - 371
sample QJ50 [44]
Qianjiang Formation of the
Jianghan Basin, China, 124.1 2.62 0.66 0.09 191.7 4.30 150 - 583
sample QJ52 [44]
Qianjiang Formation of the
Jianghan Basin, China, 101.8 4.03 3.32 0.26 172.1 0.39 80 263 400
sample QJ16 [44]
Smackover Formation, field
Kerlin, county Columbia, 714 8.34 45.70 2.97 196.1 0.55 445 2980 5850
sample 140 [49]
Smackover Formation, field
Pine Tree, county Columbia, 63.0 3.02 39.80 2.12 201.5 0.18 277 2760 5640
sample 199 [49]
Smackover Formation, field
Yantis, county Wood, 75.4 7.43 26.90 451 192.0 0.20 505 2670 3080
sample 226 [49]
Carboniferous formation in
53.0 3.06 36.00 2.538 165.0 2.09 81 2347 -
west Poland [50]
Leduc Formation, Alberta,
Canada, sample D-31 [42] 61.0 3.90 22.80 2.00 145.0 0.22 140 660 436
Swan Hills Formation,
Alberta, Canada, sample 69.6 4.60 24.37 2.25 147 .4 0.21 118 845 462
RCAH37-576B [42]
Wolfcamp Shale—tight oil,
USA [51] 45.1 0.90 2.77 0.38 75.4 0.65 28 421 639
Bakken—tight oil, USA [51] 91.7 5.31 17.00 1.34 177.8 0.76 57 1450 874
Marcellus Formation, 437 0.87 1895 167 1161  0.05 127 3693 1126

USA [51]

In general, there is no relationship between the lithium content and other elements.
Therefore, the concentration of lithium cannot be predicted on the basis of simplified
analyses of basic ions and must be determined separately for each time. Yu et al. [44]
created a unique database containing hydrochemical data from 155 oil wells. The statistical
analysis of this dataset confirms that lithium concentration has a weak relationship with
the salinity and content of individual ions as shown in Figure 3a—d. The correlation
coefficient for data shown in Figure 3 is lower than 0.3, which indicates that there is no
linear relationship between the lithium content and other variables.

It should be mentioned that oilfield brines contain lower lithium concentration than
continental brines, for example concentration of main ions in continental brine from Ata-
cama, Chile are equal to 6.5-9.1 wt% for sodium, 1.79-3.13 wt% for potassium, 245-530 mg/kg
for calcium, 0.93-1.30 wt% for magnesium, and 1500-2420 mg/kg for lithium [52]. Con-
ventional solar evaporation/crystallization technology can be applied for brines where
the concentration of lithium ranges from 2000 mg/L to 6 wt%, so in the case of oilfield
brines ([Li*] = 28-505 mg/L) other approaches must be applied, such as direct lithium
extraction [1].
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Figure 3. Lithium concentration vs. (a) total dissolved solids, (b) magnesium concentration,
(c) strontium concentration, (d) bromine concentration in oilfield brines from the Qianjiang For-
mation, China (based on data from Ref. [44]).

3. Impact of Produced Water Chemistry on Lithium Recovery

Many lithium recovery methods are sensitive to the other compounds in the brine [1,8,13].
Therefore, oilfield brines may need to be pre-treated to remove all compounds which can
impair lithium extraction. Our previous work [8] shows that the content of other ions may
significantly hinder lithium sorption, and only a few materials (Mn- and Ti-based powders)
may be applied to fully saturated brines. The selectivity of sorbents is often determined
by the gaps in the crystal lattice, and in the case of membranes—by the diameter of their
pores. Considering the size of the ion radii [53] the competitive sorption of Li* and Mg?*
will occur and this is a common and most important problem for oilfield brines. Of course,
a large excess of other ions and their accumulation on the surface of the sorbent will hinder
the access of lithium ions to the active centers so high salinity is not desirable.

Based on [1,8,53] we propose to categorize physicochemical parameters of water into
four classes (from 1 to 4) depending of their impact on lithium recovery:

Class 1—the low impact parameter—this parameter has a low impact on lithium recovery;
Class 2—the moderate impact parameter—this parameter has a moderate impact on
lithium recovery, its increased or decreased value can affect the process but it can be
rather easily adjusted (does not pose a major technological challenge);
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e  C(Class 3—the high impact parameter—this parameter strongly affects lithium recovery,
its impact can be reduced but it will require additional technological operations, which
may result in new problems such as precipitation of sludge, chemical degradation of
sorbents, etc.;

e  Class 4—the critical parameter—failure to meet the minimum levels of the parameter
will result in reduced efficiency and cost-effectiveness of the entire recovery process.

Figure 4 shows the classification of water parameters influencing the lithium recovery,
and Table 2 describes the role of each parameter in detail.

Key parameters:
lithium content,
volume of produced
water

High-impact parameters:
Mg:Liratio > 10,
Na:Liratio > 1000,
TDS > 200 g/L

Moderate-impact parameters:
Mag:Liratio < 10,
Na:Liratio < 1000, TDS > 200 g/L, CI-> 5 wt%,
other anions > 5g/L, pH< 4

Figure 4. Classification of water parameters influencing on lithium recovery.

Figure 4 uses the pyramid concept to visualize the importance of the various factors
affecting lithium recovery. At the very top are the two most important parameters, i.e.,
the lithium content in the brine and the amount of brine extracted. These two parameters
determine the amount of lithium available, and more importantly, they cannot be easily
influenced by applying certain technical solutions. High salinity and increased concentra-
tions of Na* and Mg?* ions were identified as high-impact parameters. As explained in
Table 2, these ions compete with lithium sorption, and their presence reduces the quality
of the final lithium carbonate. Technical solutions are available to mitigate their impact,
but they may cause some operational complications. Some parameters, such as pH and the
content of other anions, only slightly affect lithium recovery and may be easily adjusted.
There are numerous interdependencies between water parameters, and the correction of
one of them may affect the others. Overall, Figure 4 and Table 2 provide only general
guidelines and each brine must be considered separately.



Energies 2023, 16, 6628

9 of 28

Table 2. Effect of brine chemistry on lithium recovery.

Parameter

Expected Impact on
Lithium Recovery

Methods to
Reduce/Maximize the
Impact of the Parameter

How the Increased
Value of the
Parameter Affects
the Process

Parameter Class

Li* content in
brine, mg/L

The higher the lithium content,
the more favorable the process,
with no upper limit limiting
recovery. Based on the practice
of companies such as Vulcan
Energy Resources and
Standard Lithium Ltd., the
minimum concentration of
lithium in brine should be no
less than 100 mg/L.

Thermal preconcentration
should be used. For sorbents,
maximize contact time (by
decreasing the flow rate of
brine or increasing the
volume of the sorption bed).

Very favorably

Mg2+ content, in
brine, mg/L

High concentration of
magnesium is a major
technological obstacle.
Competitive sorption of Li*
and Mg?* occurs, and MgZ*
also causes fouling
of membranes.

Mg?* can be removed from

brine or lithium concentrate

by precipitation but it leads
to solid waste.

Unfavorably

3 at Mg?*:Li*
ratio > 10,
2 at Mg?*:Li*
ratio < 10

Ca?* content, in
brine, mg/L

Calcium, like Mg2+, readily
precipitates and will block the
surface of sorbents and
membranes but is not much
competition for
lithium sorption.

Ca?* can be removed in the
brine pretreatment by
chemical methods,
generating small amounts of
solid waste.

Unfavorably

2 at CaZ* > 1 wt%,
1 at CaZ* <1 wt%

Na' content, in
brine, mg/L

Competitive sorption of
lithium and sodium occurs, the
presence of sodium in the
lithium-bearing concentrate
deteriorates the purity of the
final product.

The presence of sodium in
reservoir waters is
unavoidable, the possibilities
for its removal are limited
(practically impossible).

Unfavorably

3 at Na*:Li* > 1000,
2 at Nat:Lit* < 1000

pH

Lithium sorption is favored in
alkaline environments, at
pH > 8. The technology for
regenerating sorbents and
membranes containing
captured lithium involves
washing them with acidic
solutions (usually HCI, at
pH~5). At pH < 4, the
structure of Mn-based sorbents
can be damaged.

Brine will require pH
correction during
pretreatment with NaOH or
Ca(OH),—a typical low-cost
procedure. For waters with
high salinity, TDS > 100 g/L,
pH correction may lead to
salt precipitation.

Favorably

2atpH <4
latpH>7

Total dissolved
solids, g/L

High TDS values indicate high

water mineralization and thus

the presence of ions competing
for lithium sorption.

Depending on the content of
individual ions, different
pretreatment methods can
be applied.

Unfavorably

3at TDS >200g/L,
2at TDS <200 g/L

Chloride content,
wt%

The anions themselves do not
adversely affect the recovery of
lithium (difference in ionic
radius and charge) but their
occurrence is linked to the
presence of Na*, Mg2+,

K* cations.

No special pretreatment.

Unfavorably

2atCl™ > 5 wt%,
1atCl™ <5 wt%
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Table 2. Cont.

Methods to How the Increased

Ex.p e?ted Impact on Reduce/Maximize the Value of the Parameter Class
Lithium Recovery Parameter Affects
Impact of the Parameter
the Process

Parameter

Carbonates, bicarbonates,
sulfides, sulfates are not stable

and easily precipitate with During pH adjustment,
Other anions chai sesyig t?s CHF eraeture carbonates and some sulfides 2 at sum of
(SO4%—, 52, & p L will precipitate, brine will Unfavorably S042—, 5%,
Z pressure and pH. This is a . _
HCO3;7) . . require an HCO3;™ >5g/L
technological complication, additional filtration
but it does not hinder the ’
recovery of lithium itself.
Solid particles (kerogen,
bitumen, corrosion products,
. precipitated minerals) can Suspended solids are
Suspended solids, mechanically deposit on the removed during a Unfavorably 1
g/L .
surface of sorbents and typical pretreatment.

membranes hindering
lithium recovery.

Dissolved and dispersed
hydrocarbons may form a
sticky film on the surface of
sorbents/membranes
hindering lithium recovery.

Oil compounds are removed
during a typical
pretreatment but require
more advanced methods.

Oil and grease

content, g/L Unfavorably 2

4. Pretreatment of Produced Water Prior to Lithium Recovery

Lithium recovery technologies from brines are still in the testing and implementa-
tion phase, hence no standards have been set for brine pretreatment. It can be assumed
that produced water used in the lithium recovery plant as a feed must meet the certain
criteria resulting from the limitations of the methods used in the process. Low suspended
solid levels are required if adsorption technology is used, and low organic compound
concentrations are required if solvent extraction or membrane methods are used.

Moreover, the resulting brine after lithium recovering will be re-injected into the
formation so its composition should not adversely affect the permeability of the near-
wellbore zone. Thus, suspended solids, ions which tends to form insoluble precipitates
(Ca?, Mg2+, Fe3*, Mn**), and organic compounds should be removed from the brine.

To sum up, pretreatment of raw oilfield brine may consist of subsequent operations:
filtration, coagulation, flotation, adsorption and ultrafiltration. There are numerous re-
views available in the literature that describe the produced water treatment technolo-
gies [28,54-56] so here they will be only briefly outlined. Figure 5 shows a typical treatment
scheme of oil/water mixture in the surface installation.

According to the literature [57], the mixture of crude oil and water is usually separated
in high-pressure three-phase separators. The oil is directed to the desalting and stabilization
system while the water goes to the treatment system. The primary treatment includes
mechanical methods such as gravity separation or centrifugation. In practice, the gravity
method can be used to separate solid particles with a size of 107! to 1073 mm and oil
droplets with a diameter of more than 150 um. In secondary methods some chemicals or
gases are applied. Coagulants and flocculants facilitate the separation of smaller particles.
Dissolved air flotation (DAF) is also an effective technique to enhance small oil droplets
removal. Filter columns are sometimes connected in series—on prefiltration (mechanical)
filters solids are separated, while on adsorption beds selected dissolved contaminants
(ions, hydrocarbons) are removed. Typical filter beds include gravel, sand, anthracite,
diatomite, zeolites, walnut shells, etc. [58]. The advanced treatment includes chemical
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adsorption methods and membrane desalination. The combination of primary, secondary
and advanced treatment methods improves the quality of water, resulting in potable water.
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Figure 5. Schematic of crude oil dehydration and produced water treatment (based on [57]).

Biological decomposition can also take place in the filter bed. Results of Freedman et al. [59]
show that biologically active filtration achieves more than 90% dissolved organic carbon
removal. The finely dispersed and dissolved hydrocarbons are efficiently removed using
adsorption beds.

The work of Doyle et al. [60] describes industrial trials where adsorption on modi-
fied organoclays reduced total petroleum content below 10 ppm. The BTEX fractions can
be removed from brine by amine-modified zeolites [61] or hydrophobized biomass [62].
Yang et al. [63] compared the sorption properties of classical walnut shell filters and mod-
ified polyethylene fiber filters. The synthetic filters reduced petroleum content below
2.4 mg/L and suspended solids < 2 mg/L. The techniques described above are being
combined into specific process sequences to meet water quality requirements.

One of the proposed methods for recovering lithium from brines are membrane tech-
niques. However, such an approach requires much more rigorous water pretreatment than
in the case of sorption or solvent extraction. Membrane module suppliers usually specify
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the required parameters of the input flux and here may be assumed that produced water
prior lithium recovery also should meet these criteria. Table 3 shows the recommended
limits of the quality parameters of the feed water.

Table 3. General guideline for acceptable feed water to a membrane system.

The American Membrane

Recommending Institution DuPont [64] Technology Association [65]
Oil and grease < 0.1 mg/L Turbidity < 0.5 NTU
TOC <3mg/L TOC <2 mg/L

COD <10 mg/L Fe <0.1 mg/L

Recommended water quality Fe?* <4mg/L Mn < 0.05 mg/L
3+ ’
Fe’* <0.05 mg/L Oil and grease < 0.1 mg/L
Mn < 0.05 mg/L SDI15<3

A¥* <0.05 mg/L

Cakmakci et al. [66] proposed a complete system for treating reservoir water prior a
reverse osmosis (RO) desalination. For the pretreatment of water before the RO module, the
following technological sequence was considered the most effective: gravity separator, DAF
unit, 1 pm ceramic or metallic cartridge filter and 0.2 pm ceramic or metallic microfiltration
and activated carbon adsorption. In addition to microfiltration, ultrafiltration can also be
used to play a shielding role, thereby increasing the lifetime of the membrane. A common
problem that arises during the operation of nanomembranes (including nanomembranes
predicted for lithium recovery) are scaling and fouling phenomena. This issue can be
effectively reduced by the addition of divalent ion complexing agents to the water.

Patrick et al. [67] described an alternative way to treat water before the membrane
process (Figure 6). After using classical treatment methods in the form of the dissolved air
flotation process and walnut shell bed filtration, they proposed softening the water with
lime and the removal of oil in a membrane bioreactor.

Softening Membrane
Flotation Filtration ) ‘ bioreactor

' to desalination
——

Figure 6. Schematic diagram of the proposed water pretreatment prior lithium recovery (based
on [67]).

The authors assumed an ambitious goal to produce potable water of a quality consistent
with the federal requirements (oil and grease <5 mg/L, TDS < 600 mg/L, boron < 0.2 mg/L).
After conventional pretreatment, the TDS was 6200 mg/L, oil and grease—15 mg/L and
boron—50 mg/L. Traditional treatment methods work well in case of removing emulsified
oil and dispersed solids, but exhibit low efficiency in removing some specific compounds
such as boron, silica, ammonia and dissolved organics. Despite these limitations, DAF
and filtration are often applied due to their simplicity and low cost of operation. Warm
lime softening allows removing carbonate hardness and silica by a simple precipitation
way. As a result, the silica content is reduced by 80%, but additional sludge is produced.
In the membrane bioreactor, the produced water first enters a bioreactor (biologically
active tank) with aerobic bacteria, where sulfides are oxidized to sulfates, and ammonia
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to nitrates. After this biological treatment, the water is pumped into a tubular membrane
microfiltration system. The removal efficiency of oil, grease and solids in such a system
is >97%. The authors estimate that the actual cost of treating the produced water will
be 0.15 USD per 1 bbl. of water, while the revenue from the sale of reclaimed water will
be 0.05-0.1 USD/bbl. This example shows that advanced water treatment may only be
beneficial if the production of potable water is combined with the recovery of valuable
chemical elements like lithium [67].

In addition to the removal of suspended solids, colloids and organics, some lithium
recovery technologies require reduction of concentrations of sodium, potassium, calcium,
and magnesium ions. Although sorbents and membranes are designed to provide a high
selectivity towards lithium, some alkali and alkaline earth metals are still captured by them.
This poses a major complication because the resulting lithium concentrate becomes de facto
contaminated with them. On the other hand, it is difficult to avoid this situation when in
the raw brine the ratio of Na*:Li* is of the order of 1000:1 and for Mg?*:Li* is about 20:1.
Lithium for commercial applications in lithium-ion batteries must be practically free of
admixtures of other metals.

Separation of lithium from sodium and potassium can be carried out at the brine
pretreatment stage or as refining of the resulting lithium concentrate. According to the
literature, sodium can be separated from lithium using ion-exchange resins such as Dowex’s
AGB50W-XS [68], while some zeolites allow an efficient separation of potassium [69]. Re-
moval of calcium and magnesium ions usually involves their precipitation as insoluble
salts. Precipitation of magnesium in the form of Mg(OH), using lime was described in
U.S. Patent 8691169 [70]. Magnesium can also be precipitated as oxalates and then roasted
to obtain commercial MgO [68]. Laitala et al. [71] proposed precipitating Ca?* and Mg?*
with NayCO3 and Ca(OH), in the first step, and subsequent solvent extraction with di-(2-
ethylhexyl)phosphoric acid (D2EHPA) to remove residual amounts of these ions, ultimately
reducing their concentration below 0.01 g/L. Iron and manganese can be easily removed on
commercially available adsorption beds. Christopher et al. [72] investigated the possibility
of recovering iron, manganese, zinc and lead from geothermal waters in the Salton Sea,
USA, but the process was not cost-effective.

Pretreatment of brine prior lithium recovery can be a technological challenge, but
ongoing laboratory studies confirm the effectiveness of conventional methods such as
adsorption, ion exchange resins and precipitation techniques. Future work in this area
should focus on minimizing chemicals use and reducing solid waste.

5. Methods of Recovering Lithium from Oilfield Brines Reported in the
Scientific Literature

The number of scientific publications on the extraction of lithium from various sources
is steadily increasing, but data on specific processes or technologies for recovering lithium
from oilfield brines are scarce. Several technologies, such as solar evaporation, precipitation,
adsorption, ion exchange, solvent extraction and membrane processes can be used to
produce lithium from different types of brines [1-5]. However, when it comes to the
recovery of lithium from oilfield brines, only some of the listed methods can be applied [13].
Solar evaporation and precipitation with sodium carbonate are recommended primarily
for brines containing lithium in concentrations above 500 mg/L, e.g., for salt lake brines.
Moreover, evaporation process is geographically limited, dependent on environmental
factors and time-consuming (10-24 months), because brine must lose around 90% of their
original water content. And in the case of precipitation, the main disadvantage is the
generation of a large amount of waste [5,6,13,73].

For oilfield brine, the aluminate precipitation method was proposed [74]. In this
method, aluminum chloride and sodium hydroxide are added to the brine, resulting in
the formation of amorphous aluminum hydroxide, which precipitates lithium. In the next
step, the precipitate containing lithium is separated from the solution, and then lithium
is released from the precipitate by applying the appropriate condition (acidic or alka-
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line) [6,74]. Yang et al. [74] recovered lithium from calcium chloride-type oilfield brine
(prepared solution of calcium chloride and lithium chloride and oilfield brine with high
calcium content) using aluminum chloride and sodium hydroxide (aluminum hydroxide
created by this mixture precipitates Li*). First, the influence of temperature, AI**:Li* molar
ratio, OH™:A1>* molar ratio and contact time between AI(OH)z and brine on the efficiency
of lithium recovery was investigated using synthetic solution. Optimized operating pa-
rameters (temperature = 35 °C, AP*:Li* molar ratio = 4.5, OH:Al3* molar ratio = 2.6,
contact time = 6 h) for maximum lithium recovery were then used to extract lithium from
concentrated oilfield brine (Ca?* = 100.1 g/L, Mg?* =5.75 g/L, Li* = 1.29 g/L). The lithium
recovery efficiency obtained was 75.6%. In addition, the researchers found that the presence
of calcium and magnesium ions in the brine had a slight negative effect on lithium recovery
efficiency [74].

Some researchers [75-77] have investigated the applicability of the solvent extraction
method for recovering lithium from simulated shale gas produced water (hypersaline
wastewater generated after hydraulic fracturing). Solvent extraction (or liquid-liquid
extraction) is a method of separating compounds based on their relative solubility in two
different immiscible (or slightly soluble) phases (aqueous and organic) [6]. Typically, an
organic solvent is added to the brine (usually diluted) to form organic lithium complexes,
which are transferred to the organic phase. Most other metals remain in aqueous solution.
The organic phase containing the extracted lithium complexes is then stripped with an
acidic solution to remove the lithium [6,75].

Jang et al. [75] proposed a two-stage solvent extraction technique and used synthetic
fracturing fluid characterized by the same concentration of components (Ca?*, Li*, Mg?*,
Na*, Sr?*, and Ba?*) as the Marcellus shale produced water. As the extractant D2EHPA
diluted in kerosene was applied. The first step was the removal of divalent cations using
1.0 M D2EHPA. It was found that eight repetition cycles were the most efficient process
(more than 94.4% removal efficiency was achieved, while lithium loss was 25.1%). The
second stage was aimed at recovering lithium—the highest lithium extraction efficiency
(41.2%) was observed when 1.5 M D2EHPA and 0.3 M tributyl phosphate were used. The
main limitations of the proposed method for recovering lithium from shale gas produced
water observed by the researchers are the need to use a large volume of organic solvents
and to dilute the fracturing fluid due to the very high level of total dissolved solids [75].

Lee and Chung [76] studied the influence of different types of alkanes (n-hexane, n-
undecane, and n-hexadecane) and different concentrations of n-hexane on lithium recovery
by solvent extraction from simulated shale gas production water. Organic compounds
were added to the prepared fracturing fluid. The experimental procedure was the same as
described in the study by Jang et al. [75]. The study proved that the presence of organic
compounds in the simulated shale gas production water adversely affects the efficiency of
lithium recovery in the proposed two-stage liquid extraction, especially in the first stage of
the process. In addition, it was observed that the overall lithium recovery efficiency after
two extraction steps decreased with an increasing alkane chain length and an increasing
n-hexane concentration. To summarize, the removal of organic compounds, especially long
chain alkanes, is essential before using solvent extraction to recover lithium from oilfield
brines [76].

Zante et al. [77] investigated solvent extraction of lithium from a simulated brine obtained
from shale gas production using a bifunctional ionic liquid ([methyl tri(octyl)ammonium chlo-
ride (Aliquat-336)][D2EHPA] dissolved in n-dodecane). The researchers, like Jang et al. [75]
and Lee and Chung [76], proposed a two-step lithium extraction process. In the first step,
divalent metals (Mg?*, Ca?*, Sr?*, and Ba?*) were removed using five successive cycles of
extraction with 1 M D2EHPA dissolved in n-dodecane. The efficiency of removing divalent
ions was about 80%, and less than 25% of lithium was removed during this step. In the
second step, lithium was extracted using one single cycle of extraction with 1 M [Aliquat-
336][D2EHPA] ionic liquid. The obtained efficiency of lithium recovery in the second stage
was 83% and was higher than that reported by Jang et al. [75]. However, Zante et al. [77]
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did not analyze the effect of organic compounds on the proposed extraction process with
a bifunctional ionic liquid in their study. Meanwhile, real oilfield brines contain organic
compounds that can interfere with lithium recovery by solvent extraction.

In summary, solvent extraction may not be the best option for recovering lithium from
brine formed as a byproduct of the oil and gas industry, because it requires the removal
of divalent cations (some of which have a higher affinity for the solvent than lithium)
and organic compounds from the brine. In addition, solvent extraction consumes large
volumes of extractants (some of which are quite expensive) and generates large amounts of
environmentally harmful waste.

Adsorption with manganese- and titanium-based adsorbents has been reported by
several authors [78-82] as an effective method for recovering lithium from petroleum brines.
Lithium-ion sieves are considered to be one of the most promising materials for recovering
lithium from highly saline brines with low lithium content due to their high adsorption
capacity and excellent selectivity towards lithium [78-82].

Titanium-based adsorbent H,TiO3 was used to recover lithium from synthetic shale
gas produced water [78-80]. H,TiO3 with a layered structure is obtained from Li; TiOs3
precursor by replacing H* with Li* using an acid solution. The first step, i.e., synthesis of
the lithium-titanium oxide precursor can be accomplished by one of the following methods:
solid-state reaction, sol-gel technique, and hydrothermal synthesis [83-85]. However, the
solid reaction method is most often used because of its environmental friendliness, simple
operation, low cost, and lack of solvents. In addition, it is recommended as suitable for
large-scale production [86,87]. The conventional solid-state process uses lithium salts, such
as lithium carbonate and titanium dioxide as raw materials, which are calcinated at around
700 °C for several hours, and then cooled down to room temperature [84-87]. The second
step, i.e., the delithiation process aims to obtain H,TiO3 lithium-ion sieves by pickling
Li; TiO3 into hydrochloric acid. During this process, lithium ions are released from the
precursor and then replaced with hydrogen ions by ion exchange [84-87]. The process of
lithium adsorption on titanium-based adsorbent is ion exchange in nature (ion exchange
between hydrogen cations from the adsorbent and lithium ions from the solution) and is
described by Equation (1) [87]:

2LiT 4+ H,TiO3 <+ LipTiO3 4+ 2H™ (1)

Jang and Chung [78] studied recovery of lithium from simulated shale gas produced
water (similar to Marcellus shale gas produced water) by the precipitation adsorption—
desorption method. In the beginning, the researchers prepared H,TiO3; adsorbent using
Li,COj3 and TiO, (Li:Ti molar ratio = 2:1). Raw materials were well mixed and calcinated
at 700 °C for 4 h. The obtained Li; TiO3 powder was then stirred in 0.2 M HCI for 24 h
at room temperature. After the delithiation process, the adsorbent was washed with
deionized water, filtered, and dried at room temperature. Before adsorption, divalent
ions were removed from the brine using Nay,COs as a precipitating agent. The efficiency
of the precipitation was above 96%. Adsorption tests were conducted at 30 °C, using
10 mL of simulated shale gas produced water and 0.03 g of adsorbent. Adsorption was
studied for 48 h. Desorption involved washing the adsorbent several times with distilled
water and then treating it with 0.2 M hydrochloric acid solution (40 mL). The adsorbent
with HCI solution was stirred for one day. The achieved lithium desorption capacity was
3.66 mmol/g (lithium recovery was 54.4%). In addition, the researchers proved that the
adsorption equilibrium time was about 24 h, and lithium was recovered selectively [78].

In another studies, Jang and Chung [79,80] investigated the effect of different alkanes
(n-hexane, n-undecane, and n-hexadecane) and different concentrations of n-hexane on the
adsorption of lithium from synthetic shale gas produced water using H,TiO3 adsorbent. In
one study [79], the researchers examined the influence of organic compounds on lithium
recovery by the precipitation adsorption—desorption method, while in the other [80], the
influence of the organic compounds on lithium recovery from the pH buffered synthetic
brine solution (KHCOj3; was used as a pH buffer, the pH of the buffered shale gas produced
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water during the adsorption tests was about 6.5). The experimental parameters for both
studies [79,80] were similar to those previously reported [78]. Organic compounds were
added to the prepared brine solution. The results of the study showed that increasing the
concentration of n-hexane decreases the amount of lithium recovered, so if there is a possi-
bility, organic compounds should be removed from the brine before adsorption. Removal
of organic compounds will increase the efficiency of lithium recovery and selectivity of the
adsorbent towards lithium. However, the authors demonstrated that the H, TiO3 adsorbent
showed good selectivity to lithium even in the presence of alkanes, so it can be used to
recover lithium from oilfield brine containing large amounts of organic compounds [79,80].

Manganese-based adsorbents were used to recover lithium from fracturing flowback
and produced water originating from the Duvernay Formation in Alberta, Canada [81] and
shale gas flowback and produced water in the Sichuan Basin, China [82].

Currently, several lithium-selective manganese-based sorbents are known, including
A-MnO,, MnO,-0.3H,0, and MnO,-0.5H,0 derived from spinel-type precursors LiMn,Oy,
Li1.33Mn1,67O4 (Li4M1’15012), and Li1.6M1’11.604 (Lile’leg,), respectively. The synthesis of
manganese-based sorbents, like titanium-based sorbents, involves obtaining a precursor,
followed by its acid treatment [3,20,87]. Precursors can be synthesized using various meth-
ods. For example, solid-phase synthesis (calcination of lithium and manganese compounds
mixed in the appropriate Li:Mn molar ratio at >400 °C for several hours), co-precipitation
method, hydrothermal method or sol-gel method [20,83,87]. Synthesis of the precursor is
an extremely important step because the type of precursor determines the ability of the
adsorbent to selectively adsorb lithium [87].

Seip et al. [81] conducted a study on lithium recovery from a real field-collected
fracturing flowback and produced water using two manganese-based sorbents (HMO-2
and HMO-3) that were prepared under different conditions. The first stage of the research
involved the synthesis of sorbents using the co-precipitation method and delithiation in
which 3.0 M LiOH and 0.375 M MnCl, were mixed at a Li:Mn molar ratio of 2:1 in the
case of HMO-2 and 3:1 in the case of HMO-3, then H,O, was added to oxidize Mn?*
and the mixtures were dried at 90 °C for 16 h; the obtained precursors were ground and
calcinated at 450 °C for 4 h, and then pickled into 0.5 M sulfuric acid at 20 °C for 1 h. The
resulting HMO-3 was pure Lij 33Mn; 6704, while HMO-2 was a mixture of Lij 33Mny 6704
and Mn,Os. Before using sorbents, the oil layer was removed from fracturing flowback and
produced water by centrifugation, and the brine solution was heated to 70 °C. Adsorption
tests were carried out at pH 8 for 30 min with the use of a sorbent at a dose of 2 g/L.
After adsorption, the sorbent was treated with 0.5 M H,SO4 to desorb lithium ions. It
was found that adsorption capacity for both sorbents was comparable (18 mg/g for HMO-
2 and 17 mg/g for HMO-3). During the experiments, the researchers observed several
problems, e.g., sorbent losses or a decrease in the pH of the brine solution during adsorption
due to the release of protons from the ion exchange site, which resulted in a decrease in
adsorption efficiency. The limited ability to regenerate the sorbent in an acidic environment
was also a big problem, leading to manganese losses in the sorbent. In addition, the
researchers pointed out the possibility of a manganese reduction in the sorbent structure
during lithium sorption by organic molecules present in the brine, which could lead to
increased sorbent loss through reductive dissolution. So, before using manganese-based
sorbents, the fracturing flowback and produced water would need to be pre-treated to
remove organic compounds [81].

The attempt to remove lithium from raw and pre-treated shale gas flowback and
produced water from Gongxian, Sichuan Basin, China was studied by Tian et al. [82] using
Hj 33Mn; 4704 as an adsorbent. First, the researchers synthesized a manganese-based
adsorbent using a solid phase reaction method (Li,CO3; and MnCOj3 at a Li:Mn molar
ratio = 1.33:1.67 were calcined at 500 °C for 4 h, and then cooled to room temperature) and
pickling with 0.5 mol/L HCI (1 g of precursor was added to 1 L of acid and stirred for 24 h,
ten filtered, washed with ultrapure water, and dried at 50 °C for 24 h). In the next step, the
researchers evaluated the suitability of the prepared adsorbent for recovering lithium from
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raw and pre-treated (precipitation with Na;CO3) shale gas flowback and produced water.
Adsorption tests involved investigation of the effect of pH on lithium adsorption (pH: 4-11),
adsorption kinetics (time: 1-72 h), adsorption isotherm (adsorbent mass: 0.015-0.1 g),
adsorption selectivity, and reusability of the adsorbent (regeneration with HCl). The
adsorption process was carried out in a shaking incubator (200 rpm) for 48 h at 25 °C
using 0.05 g of adsorbent and 50 mL of solution. Tian et al. [82] proved that H; 33Mny 6704
adsorbent had high selectivity towards lithium (lithium partition coefficient for raw and
pre-treated brine was 731.58 mL/g and 1073.58 mL/g, respectively), precipitation before
adsorption improved the adsorbent performance (lithium adsorption capacity in the raw
and pre-treated brine was 13.27 mg/g and 16.24 mg/g, respectively), brine pH had a
significant impact on lithium adsorption capacity (lithium adsorption capacity increased
with increasing pH of solution), and the adsorption capacity of lithium was stable and
showed only a slight decrease (5.35% for raw and 3.53% for pre-treated shale gas flowback
and produced water) after four adsorption—-desorption cycles [82].

Summarizing the research on the recovery of lithium from oil and gas produced waters
using titanium- and manganese-based adsorbents, it can be concluded that both types
of adsorbents are selective towards lithium, their adsorption capacity to lithium strongly
depends on the pH of the brine and increases when the brine is pre-treated to remove
divalent ions and organic compounds. For some manganese adsorbents, problems with
sorbent loss during regeneration in acidic solution have been pointed out.

In conclusion, there are few scientific articles that discuss specific examples of lithium
recovery technology from petroleum brines. Only several research teams are dealing with
this issue, with most of the reported studies concerning experiments performed only on
a laboratory scale and with the use of synthetic brine solutions. All the previous studies
discussed in this review are preliminary and require further experiments to optimize
the proposed lithium recovery method. Based on the analysis of the presented literature
data, it can be stated that adsorption with titanium and manganese-based adsorbents
seems to be the most promising option for recovery of lithium from oilfield brines. The
advantages of this method include minimal required pretreatment (some authors indicate
that precipitation with Nay,COj is sufficient), low environmental impact (compared to
solvent extraction), and high adsorption efficiency. The main disadvantages of using
adsorbents for lithium recovery are relatively slow sorption kinetics, dependence on the
pH of the solution, and powder form of the adsorbent which makes some limitation for
industrial applications (recovery of the sorbent after the adsorption process may be difficult,
therefore the adsorbent should be subjected to granulation).

In our opinion, in the future, great emphasis should be placed on developing a suitable
form of sorbents (granules or monoliths) to improve the sorption kinetics and efficiency
of the sorption column. In addition, one of the most important problems to be solved
before industrial application of this technology is to improve the chemical and mechanical
stability of the sorbent during long-term use, including resistance to acidic conditions
during desorption and resistance to osmotic shock during the change of ionic strength
between sorption and desorption phases. Currently, the scientific literature does not present
pilot column trials involving multiple sorption and desorption cycles, in which granular
sorbent is used to recover lithium from oilfield brines. It should also be noted that sorbent
technology may be integrated with membrane technology, including modification of the
membrane material with lithium-selective sieves, as well as electrochemical methods (e.g.,
electrochemical ion-pumping technology), but such studies have also not yet been reported
in the scientific literature.

6. Industrial Technologies for Recovering Lithium from Oilfield Brine—Current Status
and Future Perspectives

Current technological progress (especially enormous growth in the lithium-ion battery
market) requires the use of many critical materials that are difficult to access, including
lithium [7]. Because lithium production is concentrated in only a few locations in the world,
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lithium supply chains are very fragile [9]. Due to this, many countries are looking for local
sources from which lithium can be recovered. Many such sources are proposed in the
literature, including seawater, geothermal brines, 0il, gas and shale gas field brines, salt
lake brines as well as many kinds of solid deposits [1,13,14,20,81,88-93]. Also, in the case
of brines from oil fields, there are many articles (both scientific and press) indicating such
produced waters as potential sources of lithium (e.g., [13,56,94]).

However, looking closer, there are relatively few scientific articles covering this area in
detail. Most of the available information are press releases (mostly addressed to potential
investors) focusing on new investments in pilot plants, and research projects carried
out by start-ups. There are several reports available online on the lithium in reservoir
brines which were commissioned and accepted by government agencies such as the U.S.
Department of Energy and the Alberta Research Council. Sources of information on the
projects in other regions of the world are limited. To the best of our knowledge, only one
government-sponsored project is currently underway in Europe (Poland’s CompLithium
Project focusing on development of “Complex technology for lithium and potable water
recovery from produced waters”) [95] and a single pilot plant research project is being
carried out in China. Another source of information are patent applications in this area. On
the other hand, predominantly described studies in scientific articles concern the laboratory
trials which were mostly performed using simulated brines so drawing the conclusions
from such studies is also limited.

An unclear picture of the situation is a typical phenomenon in areas where intensive
research work is carried out by competing companies. In such situations, it is difficult to
verify the actual achievements. Nevertheless, we will try to summarize the worldwide
efforts in the considered area including the pilot scale research and industrial tests.

Kumar et al. [13] reviewed perspectives for lithium recovery from produced water in
the USA. The authors concluded that general lithium oilfield deposits in the USA contain
more than 750,000 metric tons of lithium equivalent. The authors also compared several
lithium recovery technologies from the point of view of usage of oilfield brine as a lithium
source. The authors stated that the most promising technologies are metal oxide adsorbent-
based technologies as well as membrane technologies. Aluminum-based sorbents were
developed by FMC (Tuscon, AZ, USA), Simbol (Pleasanton, CA, USA), and Eramet (Paris,
France) companies, titanium oxide-based sorbents were developed by Neometals (West
Perth, Australia), manganese oxide-based sorbents were developed by JOGMEC (Tokyo,
Japan), and the membrane technology was developed by MGX (Vancouver, BC, Canada).
In the article, there is no information about pilot tests for lithium recovery from oilfield
brines with the use of the above-mentioned technologies. There is only notice about lithium
recovery projects with Smackover brines [13].

Currently, in the area of the Smackover Formation, Standard Lithium Ltd. (Vancouver,
BC, Canada) is performing two lithium recovery projects: the Lanxess Project and the
Southwest Arkansas Project which are located in Southern Arkansas near the Louisiana
border [96].

According to the press release, Standard Lithium Ltd. and Lanxess Corporation
(Cologne, Germany) signed the agreement (dated 23 February 2022) “that streamlines and
expedites the plan for development of the first commercial lithium project in Arkansas,
which is to be constructed at an operational Lanxess facility in El Dorado, Arkansas”. The
direct lithium extraction (DLE) process will be used for lithium recovery in this project [97].
At present, pilot plant operates according to the technology developed by Standard Lithium
Ltd. from 2020. The company completed the Definitive Feasibility Study in September 2022.
Annual production of lithium carbonate was assumed to be 20,900 metric tons. A detailed
technical report on the preliminary economic evaluation of the Lanxess Smackover project
is available online [98]. Standard Lithium Ltd. also signed a joint development agreement
with Koch Technology Solutions “to share data and jointly develop and commercialize
integrated lithium brine processing flowsheets for Standard Lithium’s exclusive use in the
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Smackover Formation” in May 2023 [99]. It should be mentioned that above-described
project is a brownfield project, so CAPEX (capital expenditure) is significantly reduced.

The second project in the Smackover region carried out by Standard Lithium Ltd. is
the Southwest Arkansas Project. Currently exploited oil and gas mining infrastructure
including wells, collection systems, easements, and gas processing facilities will be used in
the project. Preliminary economic assessment for the project was completed in November
2022 and the full technical report is available online [100]. A target annual production of
30,000 tons of battery-grade lithium hydroxide was assumed.

According to the patent application [101], technology developed by Standard Lithium
Ltd. is based on application of lithium-ion sieves (LISs) to recover lithium from brine.
Oxides of titanium and niobium are used as LISs. Metatitanic acid (prepared from lithium
titanate) was used in the described example as an adsorbent. The technological scheme
presented in the application consists of six reactors. Feed brine is contacted with the
regenerated metatitanic acid (slurry in water) in the first reactor which is equipped with
stirrer. During the ion exchange process, pH is adjusted with NaOH and maintained at
pH 7.8. The resulting suspension is separated by membrane filtration. Lithium-loaded
metatitanic acid slurry is pumped into a second reactor. Washing of loaded sorbent by
water is carried out in the second reactor. Obtained suspension is separated by membrane
filtration. The washed slurry of the loaded sorbent is pumped to the thickener reactor,
where solids concentration is increased approximately to 500 g/L. Thickened slurry is
directed to the regeneration reactor. Lithium loaded metatitanic acid is contacted with
0.2 M HCLI. Lithium ions pass into a liquid phase and metatitanic acid is regenerated. The
regeneration reactor is not equipped with a membrane filtration module. LIS slurry and
LiCl/HCI solution simply overflow to the next reactor which is the first of two counter-
currently operated acid wash reactors. The majority of the HCI/LiCl solution is washed
from the first stage. Regenerated metatitanic acid is washed by water in the second stage
and directed to the first reactor and contacted with feed brine. A continuous 12 h test was
described in the patent application. According to the description, lithium concentration in
the brine was reduced from 244 mg/L to 61 mg/L, and a 75% recovery rate was achieved.
Lithium eluate which was produced contain 4300 mg/L of lithium ions [101].

The second region where oilfield brine is considered as a source of lithium is Al-
berta province in Canada. Currently in Alberta several companies are active (i.e., E3
Lithium Ltd., Empire Metals Corp., MGX Minerals/PurLucid, Prism Diversified, Indigo
Exploration Inc.).

Indigo Exploration Inc. (Vancouver, Canada) announced its exploration plans for
its Alberta-based lithium brine projects (Fox Creek and Leduc projects) for 2023, which
includes well sampling and aquifer modelling and resource estimation. Moreover, prelimi-
nary economic assessment for each project is planned to be completed in 2023 [102].

E3 Lithium Ltd. formerly E3 Metals Corp. (Calgary, AB, Canada) is implement-
ing the Clearwater Lithium Project.. Preliminary economic assessment for Clearwater
Lithium Project was completed in December 2020 and is available online [103]. Accord-
ing to the technical report, existing lithium processing and oilfield technologies will be
combined with E3’s direct lithium extraction (DLE) based on lithium selective sorbent
technology to create a full lithium extraction process. In 2023, E3 Lithium Ltd. has started
the construction of a pilot plant. According to the announcement (dated 13 July 2023), con-
struction of the pilot plant is currently progressing according to schedule [104]. According
to the patent applications the company is developing spinel lithium manganese oxides
(Lij 3-1.6Mnj 6-1.704)-based sorbents. Laboratory trials of batch sorption of lithium ions
from complex brine are described as examples. Initial lithium concentration in the brine
was 70 mg/L. Recovery rate was in the range from 46% to 69%, stripping efficiency was in
the range from 88% to 100% [105,106].

Empire Metals Corp. (Vancouver, BC, Canada) is leading Fox Creek Lithium Project [107].

MGX Minerals (Vancouver, BC, Canada) in cooperation with PurLucid (Calgary, AB,
Canada) developed technology for rapid lithium extraction from oilfield brines. Technol-
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ogy is described in detail in patent applications US2020299805 (A1) and US2019276328
(A1) [108,109]. In the first stage, pH of brine is corrected (depending on the silica concen-
tration) and polyaluminum chloride is used for removing of colloidal silica using RSL™
system. Also, magnesium and calcium ions are removed during the pretreatment process
using hydroxide precipitation at pH increased up to 10. Resulting permeate is a feed for
lithium recovery. Lithium-ion sieves based on titanium oxides are used as adsorbents. The
process is carried out in column reactor. Pellets of LISs with additives (zeolites, aerogels)
are used as a column filling.

It also should be noted that MGX Minerals announced (dated 9 May 2023) filing of
notice of work for drilling at GC Lithium (LCT) Project in British Columbia [110].

Prism Diversified (Calgary, Canada) published a NI 43-101 compliant technical report
on the Clear Hills lithium potential in 2018 which is available online [111].

Moreover, Volt Lithium Corp. (Calgary, AB, Canada) announced confirmation of
the commencement of the pilot project to test its proprietary DLE process in a simulated
commercial environment. Volt Lithium Corp. intends to demonstrate its ability to extract
lithium from oilfield brine in scale by processing up to 250,000 liters of brine from its
Rainbow Lake project in Northwest Alberta through the second quarter of 2023. Results
from this pilot project were expected to be released by the company before the end of June
2023 [112].

In September 2022, it was announced that Prairie Lithium acquired oil wells slated
for abandonment to advance their lithium resource research located in Saskatchewan
(Canada) [113]. Prairie Lithium developed DLE technology based on lithium-ion sieves
and tested it on a pilot scale. In this case, 400 m® of brine was processed, the maximum
throughput was of 17 m® of brine, or 10 kg LCE per day [114]. Prairie Lithium has been
developing its technology since 2019 [115,116].

Another company which operates in the field of advancing and scaling up lithium
extraction processes from unconventional brines, such as geothermal and oilfield brines,
is Recion Technologies [117]. Technology developed by the company was disclosed in
patent application [118]. The first stage of the technology is the contacting of lithium
exchange sorbent with feed brine. Lithium concentrate is produced in the course of lithium-
loaded sorbent regeneration with an acid solution. The produced lithium concentrate,
according to the described example, contained 1572 ppm of lithium (lithium level in
feed brine was 161 ppm). The concentrate was polished using an ion exchange process
because the concentrate also contained magnesium and calcium ions (95 ppm and 442 ppm,
respectively). Amberlite™ IRC747 resin was used for removal of multivalence ions from
the solution. The treated lithium concentrate was mixed with 3 M potassium phosphate
tribasic at 70 °C and lithium phosphate was precipitated. The precipitate was washed with
water several times. The final precipitate was dissolved in sulfuric acid. Concentrations
of subsequent ions in obtained solution were equal: 167,140 ppm for Li, 228 ppm for
B, 10,140 ppm for Na, 30 ppm for Mg, 2662 ppm for K, 8708 ppm for Ca and 2045 ppm
for Sr. Such a solution was used as an anolyte in two-compartment electrolysis. LiOH
was produced in the catholyte compartment during electrolysis. The final LiOH solution
contained 1445 ppm of Li, 31 ppm of Na, 2 ppm of K, 1 ppm of Ca. Levels of other elements
were below the detection limit [118].

Pilot scale projects as well as business interest can also be seen in countries other than
the USA and Canada.

According to a press release, PetroChina Southwest Oil & Gasfield Company (Chengdu,
China) has produced the first batch of lithium carbonate from gas-field water in a gas reser-
voir named Longwangmiao Formation, marking the successful commissioning of the first
Chinese pilot plant for lithium extraction from gas-field water [119].

In the Ukraine, oilfield brines were also considered as a potential source of lithium,
but only preliminary studies (estimation of lithium levels in produced water in several
mining facilities) were conducted [120].
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Preliminary laboratory tests of lithium recovery from oilfield brine (containing 6.8-7.9 mg/L
of lithium ions) collected from the Mangistaumunaygaz facility (Aktau, Kazakhstan) were
performed. Aluminum hydroxide-based sorbents were applied [121].

Russian company OOO Ekostar-Nautekh (Novosibirsk, Russia) developed a technol-
ogy for lithium enrichment for the individual oilfield brine deposits of Na—-Ca-Mg chloride
type that are widespread on the Siberian platform. The developed method was tested on a
large scale [90,122]. According to the technology description, lithium is recovered using
aluminum hydroxide-based sorbents. In the next step, lithium ions are eluted from the sor-
bent bed. Subsequently, calcium and magnesium ions are precipitated from eluate. Purified
diluted lithium chloride solution is concentrated in evaporator or using reverse osmosis.
Afterward, NaCl and KCl crystals are separated. Filtrate containing 190-200 kg/m? of total
dissolved solids is purified from traces of calcium and magnesium ions. In the final step,
lithium carbonate is precipitated [122].

Despite the many scientific papers published recently concerning the development
of novel direct lithium recovery, methods in almost all the cases described above, only
the lithium-ion sieve adsorption processes are applied for lithium recovery from oilfield
brines on a larger (than laboratory) scale. The most commonly used LISs are materials that
have been known for more than two decades: manganese oxides, titanium oxides, and
layered aluminum hydroxides. Current efforts are directed towards process engineering
and comprehensive development of the recovery process until pure battery-grade lithium
carbonate is obtained. According to the presented state-of-the-art research, the process
of production of battery-grade lithium carbonate from oilfield brine will be a multi-stage
process containing at least the following steps:

e  Pretreatment of oilfield brine, including removal of organic compounds, suspended

solids, colloidal silica, and probably borates;

Recovery of lithium using lithium ion sieves;

Regeneration of lithium loaded LISs;

Polishing of produced lithium concentrate (i.e., removal of calcium, magnesium,
strontium, and other impurities);

e  Concentration of polished solution of lithium salt using reverse osmosis, membrane
processes or evaporation until reaching a concentration at which precipitation of
lithium carbonate is possible or precipitation of lithium phosphate and dissolution
precipitate in acidic solution, and subsequent operations necessary to obtain a concen-
trated lithium salt solution;

e  Lithium carbonate precipitation as a final step.

Moreover, as part of the technology, methods of recycling or managing side streams
must be developed. Taking into account the relatively low lithium concentration in feed
oilfield brines as well as a high CAPEX of complex facility for the DLE process, it is likely
that production will be profitable only in places with a large volume of brine production. In
the case of oil and gas facility, there is a possibility to collect produced water from all wells
in one facility which can increase the return on investment. Moreover, often such infras-
tructure for water collection as well as for the re-injection of brine to the formation, already
exists in production places, what is a great advantage for such investments. Potable and
technological water recovery from oilfield brine may be considered as another advantage
in some regions. It is sometimes believed that recovering lithium can give a depleted gas
well a new life. Therefore, gas & oil companies are interested in such technologies.

To summarize, there is great interest in the area of lithium recovery from oilfield
brine, not only from scientific but also from the business point of view. Recently, many
companies have developed their own direct lithium recovery technologies. Some of them
tested such technologies on a pilot scale, but currently there is no full-scale plant for lithium
recovery from oilfield brine. In our opinion, the Lanxess Smackover Project seems to be the
most advanced.

According to the available technical reports as well as definitive feasibility studies,
recovery of lithium (sometimes coupled with recovery of other materials) may be profitable
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but it depends on many factors specific to a given implementation site. Currently, it can
be said that such technologies are not mature, and it is difficult to determine which of
the directions of development will be dominant in the future. Recovering lithium from
low-quality sources, such as oilfield brines, may be a good and more environmentally
friendly alternative compared to extracting lithium from solid deposits and clays, but the
spread of this approach will depend on the level of growth in lithium demand and the
levels of recovery from spent batteries and other products.

The range of lithium concentrations in oilfield brines is similar to the range of lithium
concentrations in geothermal brines, so it is reasonable to briefly compare the advantages
and disadvantages of technologies for recovering lithium from both brines. The main
disadvantage of recovering lithium from oilfield brines compared to geothermal brines
is the high content of organic substances and particulate matter, which must be removed
during pretreatment process. Moreover, materials used for lithium recovery (e.g., sorbents)
must be resistant to traces of these substances (e.g., in the case of oilfield brines traces of
particular matter may clog the pores of the sorbent, organic substances may physically
adsorb on the surface of the sorbent and block the sorbent for lithium adsorption). Such
problems may increase both operational (lower recovery efficiency, more frequent sorbent
replacement) and capital costs (more complex and sophisticated pretreatment plant) in
comparison with lithium recovery from a geothermal brine plant.

The major capital cost of greenfield investment in lithium recovery from formation
brines (in both cases, geothermal and oilfield brines) is the cost of drilling wells. Preference
will therefore be given to investments using already existing infrastructure. To sum up,
a lithium recovery plant should be considered as an additional module in a facility in
which core activity is something else (e.g., gas and oil production or heat and electricity
production from geothermal energy). In such a business environment, the potential of a
given industry/technology can be valued on the basis of what assets are currently available
for such technology. In the case of lithium recovery from formation brines, there is a
possibility of producing formation water. In the case of geothermal technology, for example,
in the USA, there are currently about 2000 geothermal wells in operation [1]. In the case
of the gas and oil industry, the estimated number of operating wells is ca. 1,000,000 [123].
According to Veil [31], in the USA, the annual volume of produced oilfield brine is estimated
at 3.4 billion m?/year, while for geothermal brine, annual production (and reinjection) is
estimated at ca. 1.0-1.4 billion m?/year (calculated based on electricity produced (17 billion
kWh in 2022 [124]) and the typical production rate of a binary plant, which ranges from
393,000 to 512,000 gallons/day /MW [125]). Therefore, it can be concluded that in the USA,
the amount of available raw material (brine) is at least double for oilfield brines compared
to geothermal brines. However, it should be noted that in other countries such raw material
supply potential may be different. Moreover, since brines from various formations contain
different concentrations of lithium, such a simple comparison is not accurate. Only on the
basis of a comparison of lithium content it may be determined whether lithium recovery
from oilfield brines can compete with lithium recovery from geothermal brines.

The estimated annual potential for lithium production in the USA from geothermal
brines, according to Stringfellow and Dobson [1], is in the range of 6800 to 34,236 MT/y of
lithium equivalent (assuming 80% recovery efficiency and 90% operation time), while
the target annual production of lithium for the two Smackover projects is equal, ca.
12,600 MT/y [98,100]. To summarize, the expected volumetric scales of lithium production
from oilfield and geothermal brines are similar for projects in the USA.

Stringfellow and Dobson [1] reported that for lithium recovery processes from geother-
mal brines tested on a pilot or full scale, the efficiencies obtained were below 60%. Mean-
while, the efficiency of the process developed for Lanxess Smackover oilfield brine project
was 90% [98]. Adsorption technology is considered the first choice for both geothermal and
oilfield brines. The operational cost of a 20,000 ton/year lithium carbonate plant producing
Li;COj3 from geothermal brine (Salton Sea) containing 400 mg/L of lithium was estimated
at 3850 USD/MT of lithium carbonate [88], while for Lanxess Smackover oilfield brine
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project (lithium average concentration equal to 168 mg/L) operational cost was estimated at
4319 USD/MT of lithium carbonate [98]. Used brines, both geothermal and oilfield brines,
are typically reinjected into the formation, but they may also be used as a source of potable
or industrial water, so the environmental impact of both technologies will be similar.

To sum up, the prospect of recovering lithium from both geothermal and oilfield brines
is similar, and it is difficult to answer the question of which raw material is more promising,
or which technology is more profitable. In our opinion, there is no general answer to such
a question. The profitability of a lithium recovery plant from both geothermal and oilfield
brine may be high, but it depends on a number of factors related to the location of the plant
(brine composition, volume production capacity, currently existing infrastructure, etc.).

7. Conclusions

This mini review summarizes the actual knowledge concerning the methods of lithium
recovery from oilfield brines, including the influence of brine composition on the recovery
process as well as a brief summary of pretreatments methods which must be integrated
into the lithium recovery process. The current status of the technology from a scientific and
business point of view as well as the future perspectives were also presented. Moreover,
the volume, composition, and actual usage of oilfield brines were also briefly discussed.

In many countries, oilfield brines are considered a potential source of lithium and other
valuable materials. There are many reviews and articles focusing on oilfield brines and
discussing the perspective of using brines as feed for lithium recovery processes. However,
there are few scientific articles in which experimental studies were carried out. Moreover,
predominantly simulated oilfield brines were used as research material, and only laboratory
experiences were described.

Most of the information about pilot plant tests and industrial efforts in this area come
from press releases and patent literature. According to the presented view, there are many
small companies investing in the development of DLE technologies that allow the recovery
of lithium from oilfield brines. Furthermore, international corporate giants such as Lanxess
are also interested in this field. Lithium recovery from oilfield brines pilot plants have so
far been constructed in USA, Canada, China, and Russia.
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