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Abstract 

Flowback and produced water (FPW), a potentially hazardous byproduct of oil and gas 

production, is a complex mixture of dissolved salts and organic compounds. FPW often contains 

modest concentrations of lithium, from tens to hundreds of parts-per-million. For this reason, and 

in response to the rising global demand for lithium driven by the recent surge in the battery industry, 

FPW is being regarded as a potential source for lithium production. Among the various direct 

lithium extraction (DLE) approaches, spinel lithium manganese oxide (LMO) ion-sieves stand out 

as one of the most promising materials for lithium recovery from FPW due to their high lithium 

selectivity as well as high uptake. However, LMO (Li1.6Mn1.6O4) experiences mass loss due to the 

reductive dissolution of manganese, which is a result of high concentrations of free electrons in 

FPW. Consequently, mass loss leads to structural degradation of the ion sieve, affecting its 

regeneration. To solve the problem of ion-sieve mass loss, we doped pristine LMO with different 

concentrations of magnesium by a solid-state method to synthesize magnesium-doped lithium 

manganese oxides, Li1.6MgxMn1.6-xO4 or LMMO-x (where x = 0.1, 0.2, 0.3, 0.4). The lithium 

uptake in FPW decreases from 25.7 mg∙g-1 for acid-treated LMO to 11.3 mg∙g-1 for LMMO-0.4. 

Subsequent studies reveal that the kinetics of lithium adsorption of these ion-sieves follow a 

pseudo-second-order kinetic model, and LMMOs exhibit relatively slower lithium uptake rates. 

However, LMMOs retain 95% of their initial lithium uptake after the 5th cycle of use, whereas 

LMO only maintains 90%, indicating that LMMOs are more stable and exhibit better reusability 

as a result of the magnesium doping.  More importantly, during the acid desorption step to recover 

lithium, the average manganese loss decreases significantly from 3.19% for LMO to 0.73% for 

LMMO-0.4 because substitution of manganese by magnesium reduces the content of structural 

trivalent manganese. The mean oxidation states (ZMn) of manganese determined by a standard 
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oxalic acid method in conjunction with X-ray absorption near edge structure (XANES) spectra 

support the conjecture that doping magnesium into LMO leads to an increase of ZMn, resulting in 

improved structural stability. Combined transmission electron microscopy – electron energy loss 

spectroscopy (TEM-EELS) shows that homogeneous doping of magnesium in LMO makes it less 

susceptible to manganese reduction when exposed to FPW. Furthermore, extended X-ray 

absorption fine structure (EXAFS) spectra reveal that pristine LMO undergoes an irreversible 

structural contraction during regeneration, while such an effect is not observed in LMMOs. Our 

results show that LMMOs are promising candidates for scale-up to an economic DLE technology.  
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1. INTROUDUCTION 

1.1  Global demand of lithium 

Lithium demand has increased dramatically over the past decade due to its widespread use 

in lithium-ion batteries (LIB) in electric vehicles (EVs), electronics, and large-scale grid storage 

applications.1–3 In 2018, batteries consumed 37% of the overall lithium supply,4 but the projection 

for 2023 indicates this proportion will rise dramatically to 80%.5 Indeed, an estimated 134,000 

tons of lithium was consumed globally in 2022, up 41% from 95,000 tons in 2021.5 At the same 

time, the price of lithium has nearly tripled over the past three years5, while global lithium 

production in 2022 climbed by 21% to about 130,000 tons from 107,000 tons in 2021.5 The 

increase in global lithium demand surpasses the growth of global lithium production by a 

significant margin, a pattern which is anticipated to persist, indicating an imminent and substantial 

supply chain deficit. Furthermore, forecasts indicate that global lithium demand will exceed 2 

million and 5 million tons by 2030 and 2050, respectively, while also suggesting that current 

established lithium resources could be depleted by 2080.6 

The rapid increase in the demand for lithium has spurred the expansion of existing global 

lithium operations and ongoing initiatives to enhance production capacity. However, the limited 

availability of lithium resources has restricted production.7,8 Moreover, Australia, Chile, China, 

and Argentina are the primary producers of lithium in 2022, contributing 46.9%, 30.0%, 14.6%, 

and 4.8% of global lithium production, respectively.5 As a result, most other countries heavily rely 

on importing lithium from these producers. In response and to secure the lithium supply, there has 

been a global focus over the past decade toward developing alternative resources of lithium.1  
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Figure 1: Distribution of global lithium end-usage in different industries in (a) 2018 and (b) 

2023.4,5 
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1.2  Lithium Resources 

Lithium stands out as one of the Earth's abundant elements, primarily found in mineral and 

brine deposits.6,9–13 It is estimated that brine deposits make up approximately 62% of the total 

global lithium resource while mineral deposits comprise the remaining 38%.13 The distribution of 

global lithium resources is illustrated in Figure 2. The largest portion (43.6%) of global lithium 

resources is situated in the Puna Plateau, an elevated Andean region known as the Lithium Triangle, 

formed by Argentina, Bolivia, and Chile.10,11,13 Remarkably, the salars within this region host about 

80% of the world's lithium brine resource.10,11 Nearly equivalent proportions of the remaining 

lithium resource, around 25% each, are located in North America and Australasia.13 Conversely, 

Europe and Africa hold relatively modest reserves of lithium, each accounting for less than 3%.13 

 

Figure 2: Map of global distribution for lithium resources. Adapted from Grosjean et al.13   
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1.2.1 Lithium in minerals 

The most significant lithium deposits in minerals are found in granitic pegmatites,2,6–

8,11,14,15 which are holocrystalline intrusive igneous rocks that form during the final phase of magma 

crystallization.16 Pegmatites often contain minerals that are rich in rare elements such as lithium, 

beryllium, tantalum, niobium, and rare-earth elements.17 These elements are often incompatible 

with common minerals that crystallize earlier in the cooling process.17 As the remaining molten 

magma becomes enriched in these rare elements at the late stage, it provides the necessary 

conditions for the formation of pegmatites.17 Pegmatites are abundant and can be found all over 

the world,2,7,11,14,15 with most located in Australia, China, the United States, and Canada.8,13,15 

Lithium concentrations in such rocks typically range between 1-4 wt%.2,8,18 Lithium exists in 

pegmatites in various mineral forms, including aluminosilicates and phosphate minerals such as 

spodumene (LiAlSi2O6), lepidolite (KLi1.5Al1.5[Si3O10][F,OH]2), petalite (LiAlSi4O10), 

zinnwaldite (KLiFeAl[AlSi3]O10[OH,F]2)  and amblygonite (LiAl[PO4][OH,F]).2,6–8,10,18 Among 

them, spodumene is the most important commercial ore mineral for large-scale lithium production 

due to its high lithium content (2.10-3.73 wt%) and abundance.2,6,10,11,19 The traditional method of 

extracting lithium from spodumene using sulfuric acid is fairly efficient, achieving yields of 85-

90%.6 Petalite, which can contain 0.93-1.87 wt% lithium,19 finds application in glass, glazes, and 

ceramics due to its high iron content and low thermal expansion features.2,6,10 Lepidolite, 

containing 0.71-2.75 wt% lithium,19 is no longer exploited in lithium mining due to its elevated 

fluorine content.2,6,10  

1.2.2 Lithium in brine 

Brines represent the world's largest lithium resources on land, and include continental 

brines, geothermal brines and oilfield brines.6–8,11,14,15,18,20 These brines generally contain elevated 

https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Lithium
https://en.wikipedia.org/wiki/Iron
https://en.wikipedia.org/wiki/Aluminium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Fluorine
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lithium concentrations, sometimes up to 4000 mg∙L-1, but with concurrent high concentrations of 

impurities (e.g. sodium, magnesium, calcium, chloride).2,6,8,15 Notably, continental brines account 

for more than 50% of global lithium production,15 and due to geological limitations, most (>80%) 

of them are in the Lithium Triangle comprised of Argentina, Bolivia, Chile, and in the Qinghai and 

Tibet provinces of China.6,9,10 In contrast, many more countries have access to low lithium-bearing 

brines,9 such as geothermal brines and oilfield brines,3,6,9–12,14,21 which are considered to be a waste 

byproduct of geothermal energy and oil and gas exploitation.1,14 Notionally, lithium concentrations 

in these low lithium-bearing brines must exceed a certain threshold (~75 mg∙L-1) to be 

economically extractable.22  However, the presence of dissolved H2S and organic compounds in 

the brines might necessitate a higher lithium concentration for the process to be economically 

viable.1 In response to the lithium supply shortage, geothermal brines and oilfield brines are listed 

as potential resources for lithium production.1,3,8–12,14,15,20 Therefore, there is a need for thorough 

exploration and investigation into the advancement of lithium recovery techniques for low lithium-

bearing brines, specifically direct lithium extraction (DLE) technologies.1,6,8,9,12–15,20 

1.3  Hydraulic fracturing flowback and produced water 

Flowback and produced water is a waste byproduct of oil and gas production resulting from 

hydraulic fracturing activities.1,20,21 In the initial stage of unconventional oil and gas development, 

fracturing fluids, which are comprised of water, sand and chemical additives, are injected into the 

targeted formation to create fractures.1,21,23 These fractures establish permeable channels from the 

wellbore into the formation, then proppants in fracturing fluids hold these channels open, 

constructing permeable pathways for the flow of hydrocarbons.24 During hydraulic fracturing 

process, water trapped within the formations mixes with the fracturing fluids and subsequently 

migrates to the surface.1,23,25 This water that returns is referred to as FPW, and it constitutes a 
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complex mixture of dissolved inorganic species and organic compounds.21,23,25–27 Lithium that 

initially resides in the formation water is also transported to the surface. 

The chemistry of FPW is intimately tied to the geologic formation targeted for hydraulic 

fracturing. Typically, FPW is highly saline with total dissolved solids (TDS) ranging from 10,000 

to 300,000 mg∙L-1 depending on the formation.1,26,28 Since lithium concentrations in such 

wastewater range from tens to hundreds of parts-per-million,1,3 relatively low compared to salars, 

it is regarded as a low lithium bearing resource.9 It is anticipated that the volume of FPW from oil 

and gas production will reach 499-3585 million m3 in 2030 globally,21 providing an excellent 

opportunity for untraditional lithium production.  

1.4  FPW in western Canada 

Eccles and Berhane reported lithium concentrations in formation brine in the Western 

Canadian Sedimentary Basin (WCSB) within Alberta, ranging up to approximately 140 mg∙L-1.27 

Regions with elevated lithium concentrations occur in the Leduc formation of the Woodbend 

Group and the Swan Hills formation of the Beaverhill Lake Group in west-central Alberta.23,27 It 

is estimated that around 515,000 tons of lithium carbonate equivalent (LCE) are potentially present 

in these formations.23,27 The highest lithium concentrations were discovered in the Duvernay 

formation brine near Fox Creek, Alberta, where the average exceeds 75 mg∙L-1.23,27 Eccles and 

Berhane first hypothesized that the presence of lithium in sedimentary brines is a result of 

hydrothermal volcanic activity which brings lithium from the underlying igneous rock to the 

overlying sedimentary rocks.27 Nonetheless, a recent study proposes an alternative theory that the 

lithium could have originated from ancient seawater.23 This seawater might have evaporated and 

undergone concentration to create lithium-enriched brine.23 
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Figure 3: Map of lithium concentrations in formation waters in Alberta. Adapted from Eccles 

and Berhane.27   

Hydraulic fracturing activities in the WCSB due to oil and gas exploration have generated 

vast volumes of FPW over the past decade,23,25,27,29 establishing a continuous potential source of 

lithium. According to recent studies (Figure 4), the lithium concentrations in 106 FPW samples 

obtained from oil and gas producing wells in the Duvernay formation in the Fox Creek area fall 

within the range of 17-79 mg∙L-1, with an average of 45.1 mg∙L-1.23,25 Furthermore, an ongoing 

investigation conducted by Geoscience BC and Geological Survey of Canada has sampled over 

200 FPW collected from the Montney formation in the Dawson Creek region.23,25 The results 

reveal that the lithium concentrations in these samples vary from 10 to 80 mg∙L-1, with an average 
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of 57.7 mg∙L-1.23,25 Meanwhile, the average mass ratios of Mg2+/Li+ are 20 and 31 for the samples 

from Duvernay and Montney formation, respectively.23 Despite the low concentrations of lithium 

in FPW in WCSB, the volumes of fluid present along with the existing infrastructure could 

potentially turn lithium extraction from FPW in WCSB into a profitable venture.  

 

Figure 4: Locations of flowback and produced water (FPW) samples from the Duvernay (106) 

and Montney (200) formations. Adapted from Leece and Jiang.23   
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1.5  Traditional lithium extraction from brine 

Solar evaporation combined with precipitation has been the primary method to recover 

lithium from brines for the past several decades.6,9 It is the only method applied in the industrial 

large-scale production of lithium from brines due to its simplicity and low cost.3,10 This method is 

geographically limited to regions with long summer days, moderate wind, little rain, and low 

humidity, which promote water evaporation.3,6 Due to geographic limitations, there are only eight 

large-scale commercial facilities currently employing this technology for lithium production in the 

world,9,11 most of them are located in the Lithium Triangle, characterized by high elevations that 

promote evaporation.2,8,10  

To extract lithium in this way, lithium-containing brine is pumped from underground 

reservoirs into large evaporation ponds, followed by several months of solar evaporation until 

lithium chloride (LiCl) concentrations reach ~6000 mg∙L-1.6,10 During this long process, 90% of 

water is evaporated.9 Then the remaining concentrated brines are transferred to recovery ponds 

and treated with lime (Ca(OH)2) to remove Mg2+ and sulfate (SO4
2−) as magnesium hydroxide 

(Mg(OH)2) and calcium sulfate (CaSO4), respectively.6 Subsequently, sodium carbonate (Na2CO3) 

is added to remove Ca2+ as calcium carbonate (CaCO3).6,9,12 Meanwhile, lithium carbonate (Li2CO3) 

starts to precipitate after continuously adding CaCO3.6,9,12 Finally, the initial Li2CO3 product must 

go through repeated dissolution and re-precipitation processes until it reaches battery-grade purity 

(>99.5 wt%). 6,10,12 

Despite the low cost of traditional lithium production from brines, the evaporation process 

is time-consuming, water-wasting and land-intensive.14 Depending on the climate (e.g., sunlight, 

humidity, and rainfall), the pace of the entire lithium production process tends to be slow, requiring 

12-24 months.1,6 Significant amounts of water, ranging from 100 to 800 m3 per ton of Li2CO3, are 
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lost during the process.9 On average, a salar generating 18,000 metric tons annually will result in 

approximately 2 × 107 tons of waste, requiring a land area of ~10 km2.6,11 More importantly, this 

traditional process only achieves ~50% of lithium recovery rate.30 Additionally, the leaching of 

dissolved salts (e.g., Na2CO3 and Li2CO3) into the surrounding areas contaminates soils and  

freshwater supplies, raising environmental and social concerns.6 It is worth noting that the amount 

of Mg2+ in brines plays an important role in the precipitation process.6,12,31 Initially, elevated levels 

of Mg2+ decelerate the evaporation process and inhibit the formation of LiCl.6,31 Moreover, 

excessive Mg2+ leads to overconsumption of precipitants (Ca(OH)2 and Na2CO3, resulting in a 

higher processing cost and a loss of lithium.6,12,31 For these reasons, brines with Mg2+/Li+ mass 

ratios exceeding 10 are not economically feasible using the evaporation and precipitation method.6   

The economic feasibility of lithium extraction using this traditional evaporation method 

from low-lithium bearing brines depends on four factors: (1) local climate; (2) Li+ concentration 

in brine; (3) mass ratio of Mg2+ /Li+ in brine; (4) the production cycle.6 Due to the long and cold 

winters, low concentrations of lithium relative to salars, and high mass ratios of Mg2+/Li+, this 

traditional lithium extraction method is not suitable for lithium recovery from FPW in Canada.  
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Figure 5: Schematic representation of evaporitic technology. Adapted from Vera et al.9 

1.6  Direct lithium extraction (DLE) 

DLE technologies are designed to separate lithium from unconventional aqueous resources 

while overcoming the environmental and economic constraints of conventional evaporative 

method.9 Theoretically, DLE eliminates the need for open air evaporation ponds, reducing 

environmental footprint.9 Studies have documented that electrochemistry, solvent extraction, 

membrane, and adsorption are the common DLE methods for recovering lithium from 

brine.1,3,6,7,10,12,14,20  

1.6.1 Electrochemistry 

The electrochemical recovery of lithium is based on the principle of a lithium-ion battery, 

which uses a redox couple (e.g., LiFePO4/ FePO4, LiMn2O4/λ-MnO2) as a working electrode to 
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capture Li+ from solution, driven by changes in an electric field.6,10,12,32–35 In the extraction 

(discharging) step, Li+ moves toward and intercalates into the cathode due to redox reactions 

(2Mn3+ → Mn2+ + Mn4+).10,33 By reversing the direction of electric current flow (charging step), 

Li+ can be released from the electrode into a recovery solution.10,33 However, this electrochemical 

process must operate under a continuous electric current flow, resulting in high energy 

consumption.6 Furthermore, the presence of high concentrations of other cations, such as Mg2+, 

K+, and Na+, in brines can impact Li+ recovery efficiency and selectivity, as these cations also 

move toward the cathode during the discharging step.1,6 Electrochemistry is not suitable for lithium 

recovery from FPW due to the presence of high concentrations of other cations in FPW, which 

significantly affect Li+ recovery efficiency and selectivity.  

1.6.2 Solvent extraction 

 Solvent extraction of lithium, also known as liquid-liquid extraction (LLE), is based on 

the relative solubilities of Li+ in two immiscible liquid phases.6,10,12 When the Li brine (the aqueous 

phase) is mixed with the organic solvent (the organic phase), Li+ is transferred to the organic liquid 

phase.6,10,12 Subsequently, the Li+ loaded organic phase is added to a recovery solution (an acid) to 

release Li+.6,10,12 However, this process produces large volumes of acid wastewater and potentially 

toxic organic waste.6,12 Additionally, the corrosive additive used in solvent extraction can cause 

severe damage to the environment in the case of a release, and it can also damage the process 

equipment.1,6,36 More importantly, most solvents with the ability to separate lithium from divalent 

cations also show a strong affinity for sodium.37 Consequently, implementing this method may 

necessitate pre-treatment steps to eliminate sodium, which is generally more abundant than lithium 

in brines.37 Moreover, this method must be combined with other extraction techniques because of 
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its limited selectivity toward lithium.12 For these reasons, solvent extraction method is not 

considered to be suitable for lithium recovery from FPW.  

1.6.3 Membranes 

Membrane process, also known as reverse osmosis, is an effective method to separate 

substances in brines due to the selective permeability of materials.6,10,14,31 Brines pass through the 

membrane driven by a pressure, concentration, or electric potential difference.10,12,14,31 A 

membrane can have selectively to Li+ because it allows permeation of small monovalent ions, such 

as Li+, and blocks large divalent ions.6,14,31 However, membranes typically exhibit a low lithium 

recovery (<80%) and may require an additional step to concentrate lithium from filtrates,3 which 

results in an increase in operation cost. Further, they lose efficiency when fouling occurs.3,12 This 

method is not suitable for lithium recovery from FPW with high concentrations of monovalent 

ions. 

1.6.4 Selective adsorption 

Selective adsorption is regarded as one of the most suitable DLE technologies for 

extracting lithium from low lithium-bearing brines such as FPW due to its high selective to lithium, 

economical and eco-friendly features.1,3 Lithium adsorbent materials, also known as lithium ion-

sieves (LIS), predominantly refers to aluminum hydroxide, lithium manganese oxides (LMOs) and 

lithium titanium oxides (LTOs).1,3,6,10,14,20,31,38 LIS are inorganic compounds in which the target 

(lithium) ions are initially incorporated through redox or ion-exchange reactions and subsequently 

removed from the structure using an eluent.3,6,10,31 The mechanisms behind their adsorption involve 

physisorption facilitated by electrostatic forces and chemical adsorption driven by ion 

exchange.6,10 LIS exhibit a high degree of selectivity for lithium due to the similarity in size 

between the ion radii of lithium ions and the adsorption sites of the adsorbents.1,3,6,10,14 
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Aluminum hydroxide adsorbents with the general chemical formula 

[LiAl2(OH)6]+Cl-·nH2O,3 referred to as lithium-aluminum-layered double hydroxide chloride 

(LiAl-LDH),31 are formed by the insertion of lithium salts (i.e. LiCl) into Al(OH)3.3,12,31 Kotsupalo 

et al. employed LiAl-LDH adsorbents with structural defects to recover lithium from a brine 

having a high Mg2+/Li+ ratio.39 The adsorbent exhibited a high selectivity toward lithium, but the 

uptake was below 8.0 mg·g-1,39 which was relatively low compared to other DLE materials. Jiang 

et al. studied the kinetics of lithium adsorption on LiAl-LDH adsorbents; lithium uptake reached 

equilibrium in 10 hours at an uptake of 3.0 mg·g-1.40 Zhong et al. also synthesized LiAl-

LDH adsorbents using a coprecipitation method and reported a maximum lithium uptake of 7.3 

mg·g-1 when recovering lithium from a salar brine.41 Degradation of LiAl-LDH to gibbsite 

(Al(OH)3) occurs when LiCl is excessively removed during delithiation, damaging the reusability 

of the adsorbent.3 Despite this limitation, LiAl-LDH adsorbents are currently the only materials 

utilized in industrial applications, but their low adsorption capacities and slow adsorption rates 

present challenges in commercialization.3,10,31  

In contrast to aluminum hydroxide adsorbents, LMOs and LTOs have attracted greater 

interest in academic research and industrial applications, owing to their high selectivity toward 

lithium, excellent lithium absorption capacity, rapid kinetics of Li uptake and release, and ease of 

reuse.1,3,10,14,36 Common LMO‐type LIS precursors are LiMn2O4, Li1.33Mn1.67O4 and Li1.6Mn1.6O4, 

and common LTO-type LIS precursors are Li2TiO3 and Li4Ti5O12.3,10,31,32 Theoretically, the lithium 

uptakes of Li1.6Mn1.6O4 and Li2TiO3 can reach 73 mg·g-1 and 140 mg·g-1, respectively.3 The lithium 

recovery process utilizing LMOs or LTOs follows a three-step pH-dependent ion exchange process, 

which can be referred to as the “LIS effect”, depicted in Figure 6.42 Following synthesis and before 

use in recovering lithium from a fluid, the LIS is exposed to an acidic solution to remove the 
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lithium in ion exchange sites and replace it with protons. Subsequently, it is immersed in a lithium-

bearing brine  adjusted to mildly alkaline conditions to adsorb lithium. LIS only targets Li+ from 

the coexistence of other major ions (Mg2+, Ca2+, Na+, K+) due to the small ionic radius of Li+.43 

Despite the close ionic radii between Mg2+ (0.072 nm) and Li+ (0.069 nm), LIS materials are not 

selective to Mg2+ because a higher dehydration energy Mg2+ is required for them to enter the LIS.43 

Finally, the LIS is regenerated by releasing the inserted lithium from the adsorbent through an acid 

desorption reaction, concentrating the lithium in a small amount of acid. 

 

Figure 6: Schematic of the lithium recovery using LMO or LTO ion sieves and ion sieves effect. 

Adapted from Xu et al.42 
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1.7  Spinel lithium manganese oxide adsorbent  

Spinel lithium manganese oxides have the general formula (Li)[LixMn2-x]O4, where () 

represents the tetrahedral sites (8a) and [ ] represents the octahedral sites (16d) in the cubic closed-

packed oxygen framework (32e).1,3,44 Extant studies have demonstrated that there are two 

adsorption mechanisms for spinel lithium manganese oxides: a redox mechanism and an ion 

exchange mechanism, as expressed by equations 1a and 1b, and 2, respectively:1,3,44 

4(𝐿𝑖)[𝑀𝑛3+𝑀𝑛4+]𝑂4 + 8𝐻+ → 3( )[𝑀𝑛2
4+]𝑂4 + 4𝐿𝑖+ + 2𝑀𝑛2+ + 4𝐻2𝑂 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1𝑎) 

( )[𝑀𝑛2
4+]𝑂4 + 𝑛𝐿𝑖𝑂𝐻 → (𝐿𝑖𝑛 1−𝑛)[𝑀𝑛𝑛

3+𝑀𝑛2−𝑛
4+ ]𝑂4 +

𝑛

2
𝐻2𝑂 +

𝑛

2
𝑂2 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1𝑏) 

𝐿𝑖𝑥𝑀𝑛𝑦𝑂4 + 𝑥𝐻+ ↔ 𝐻𝑥𝑀𝑛𝑦𝑂4 + 𝑥𝐿𝑖+ (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

Manganese in the LMO exists in both trivalent manganese (Mn3+) and tetravalent 

manganese (Mn4+) forms.3,44 The LMO precursors, e.g., LiMn2O4, which contain only Mn3+ follow 

the redox mechanism; whereas those that contain exclusively Mn4+ (i.e. Li1.33Mn1.67O4 and 

Li1.6Mn1.6O4) follow an ion-exchange mechanism.1,3,42,44 For a redox-type LMO that contains 

trivalent manganese in the bulk material, reductive dissolution of Mn3+ to divalent manganese 

(Mn2+) occurs during lithium desorption, resulting in Mn2+ dissolution in the acid, as indicated in 

equation 1a.1,44 The dissolution of Mn2+ further induces structural distortion, leading to a reduction 

in lithium uptake of the adsorbent during recycling. Consequently, this behavior shortens the 

adsorbent's lifetime.3,44 Therefore, a redox-type LMO is not suitable for DLE applications. Ideally, 

an adsorbent should have the capacity for being reused at least a hundred times to attain economic 

feasibility in commercial lithium production from low lithium-bearing brines. Additionally, 

theoretical Li uptake of ion-exchange type LMO (60 mg·g-1 for Li1.33Mn1.67O4 and 73 mg·g-1 for 

Li1.6Mn1.6O4) is higher than that of redox-type LMO (40 mg·g-1 for LiMn2O4).36 LMOs also exhibit 
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faster Li uptake rates compared to LTOs.3 For these reasons, ion-exchange type Li1.33Mn1.67O4 and 

Li1.6Mn1.6O4 have gained interests in the advancement of DLE applications, which is also the 

motivation of why Li1.6Mn1.6O4 is being investigated in this study.  

1.8  Previous work 

In previous research, Seip et al. synthesized an ion exchange type of LMO adsorbent 

(Li1.6Mn1.6O4) and tested it in an FPW containing a low lithium concentration (43 mg∙L-1).1 The 

absorbent exhibited a high selectivity for Li in the brine with lithium absorption of 18 mg·g-1; 

however, a considerable amount of Mn was dissolved and lost in the acid desorption step to recover 

Li.1 Importantly, Seip et al. also demonstrated that H2S and dissolved organic compounds present 

in the FPW can reduce Mn4+ to Mn3+ in the adsorbent during lithium adsorption, further leading 

to Mn2+ dissolution in acid during desorption.1 Many studies have demonstrated that coating and 

doping can effectively inhibit Mn dissolution, thus improving the stability of LMO.3 Dopants, such 

as Na+, Mg2+, Co2+, Al3+, Fe3+, and Ti4+ substitute for Mn3+ in 16d sites, forming stronger bonds 

with oxygen in the lattice.45–56 Qian et al. synthesized a number of doped Li1.6Mn1.6O4 with Na+, 

Co2+, Fe3+ and Al3+ by hydrothermal methods; the doped adsorbents exhibited higher Li+ uptakes 

in salt lake brines and lower Mn dissolutions in acid.46–48 A series of Ti-doped lithium manganese 

oxides Li1.33TixMn1.67-xO4 were synthesized by Ryu et al. using a solid-state reaction, and the Mn2+ 

dissolution was reduced from 3.5% to 2.1%.50 More interestingly, the Li+ uptake in seawater 

decreased with increased Ti4+ doping, while Mn dissolution increased with higher calcination 

temperatures.50 Chitrakar et al. employed iron-doped lithium manganese oxides, Li1.33FexMn1.67-

xO4, for the recovery of Li in NaHCO3/NaOH-treated salar brine and revealed a significant 

enhancement in Li+ uptake in treated brine compared to an untreated one.53 
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While the utilization of cation-doped LMOs has been explored in various aqueous lithium 

resources, to the best of my knowledge, no study has been conducted on cation-doped LMOs for 

lithium recovery from FPW. Furthermore, the effects of introducing foreign cations through doping 

into the LMO structure on lithium adsorption and desorption remains uncertain.  

1.9  Research purpose and objective 

Manganese dissolution of LMOs poses a significant barrier to the commercialization of 

this DLE technology.1 Being able to recycle the adsorbent at least a hundred times is essential for 

achieving economic feasibility in commercial lithium production. Therefore, in order to address 

the issue of Mn dissolution and improve the stability of LMOs, a pristine LMO was doped with 

magnesium in this study. Magnesium was selected as the dopant due to its ubiquity, low cost, and 

ability to be directly obtained from FPW.  

The objectives of this research are as follows: 

1. To prepare a series of magnesium-doped lithium manganese oxides (LMMO-x, x = 0.1, 

0.2, 0.3, 0.4) and pristine LMO adsorbents, and to perform lithium recovery experiments 

from FPW to determine the effects of Mg doping on lithium adsorption performance. 

Lithium adsorption was modelled using three common kinetics models: the pseudo-first-

order (PFO) model, pseudo-second-order (PSO) model and intraparticle diffusion model.  

2. To perform lithium recovery experiments from both FPW and a synthetic brine to compare 

the performance of the adsorbents in terms of lithium uptake and manganese dissolution 

between the two types of brines, thus determine the effects of Mg doping on the ability of 

the adsorbents to resist Mn reduction due to complex dissolved organic compounds in the 

field collected FPW.  
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3. To perform lithium recovery experiments from field collected FPW and regenerate the 

adsorbents up to five cycles of adsorption and desorption to compare the stabilities of the 

adsorbents. Stability was determined from the lithium uptake and manganese dissolution 

at the fifth cycle.    

4. To perform a series of chemical and physical characterizations on the adsorbents, aiming 

at elucidating structural transformations of the adsorbents as magnesium ions are 

introduced into the structure and during lithium adsorption/desorption cycles. 

Overall, this study aims to fix the issue of Mn dissolution and improve the stability of LMO 

by magnesium doping in order for this technology to be commercially viable. It also provides 

valuable insights into the effects of magnesium doping on LMOs in terms of lithium uptake, 

manganese dissolution and structural transformation, allowing for future development of 

optimized DLE adsorbents associated with lithium recovery from natural FPW.  
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2. MATERIAL AND METHODS 

2.1  Materials  

Lithium hydroxide monohydrate (LiOH· H2O, 98%), manganese chloride tetrahydrate 

(MnCl2⋅4H2O, >99%), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, >99%), hydrogen 

peroxide (H2O2, 30% in water), sulfuric acid (H2SO4, 98%), sodium hydroxide (NaOH, >99%), 

ammonium oxalate monohydrate ((NH4)2C2O4⋅H2O, >99%), potassium permanganate 

(KMnO4, >99%), sodium chloride (NaCl, >99%), sodium bicarbonate (NaHCO3, 99.5%), sodium 

bromide (NaBr, 98%), lithium chloride (LiCl, >99%), potassium chloride (KCl, 99%), magnesium 

chloride hexahydrate  (MgCl2·6H2O, 99%), ferrous sulfate heptahydrate (FeSO4·7H2O, >99%) and 

manganese dioxide (MnO2, 98%) were purchased from Fisher Scientific, Canada. Lithium 

manganese dioxide (LiMnO2, >99%) and lithium manganese (Mn3+, Mn4+) oxide (LiMn2O4, >99%) 

were purchased from Sigma Aldrich, Canada. All chemicals were of analytical-reagent grade or 

better and were used without further purification. All solutions were prepared using ultra-pure 

water with a resistivity of 18.2 MΩ cm at 25°C. 

The FPW sample used in this study was collected from a hydraulically fractured well (Well 

ID: 103/01-12-063-21W5) located near Fox Creek, Alberta, Canada on November 1st, 2016. The 

well was horizontally drilled into the Duvernay formation at a vertical depth of over 3 km. The 

FPW sample underwent analysis for the concentrations of major elements using an Agilent 8800 

Triple Quadrupole Inductively Coupled Plasma-Mass Spectrometry (ICP-MS/MS), while the 

concentrations of major anions (Cl- and SO4
2-) and the concentration of total organic carbon (TOC) 

were previously documented by Zhong et al.57 Table 1 shows the major chemical constituents and 

their concentrations in the FPW sample. 
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Table 1: Major chemical constituents of the FPW sample used in this study. 

Parameter Field Collected FPW  

pH 3.62 

TDS 220,000 mg∙L-1 

TOC 283 mg∙L-1 

Li+ 70 mg∙L-1 

Mg2+ 1,225 mg∙L-1 

Na+ 51,346 mg∙L-1 

K+ 2,000 mg∙L-1 

Ca2+ 11,189 mg∙L-1 

Sr2+ 985 mg∙L-1 

Fe2+ 140 mg∙L-1 

Cl- 119,780 mg∙L-1 

Br- 235 mg∙L-1 

SO4
2- 59 mg∙L-1 

 

2.2 Preparation of LMO and LMMOs 

Pristine LMO was prepared using a co-precipitation method following Seip et al.1 To do 

so, solid MnCl2·4H2O and LiOH·H2O were dissolved in deionized water to make 0.375 M MnCl2 

and 3.0 M LiOH solutions, respectively. 3.0 M LiOH was added dropwise to 0.375 M MnCl2 

solution at a Li:Mn molar ratio of 3:1 while the solution was agitated at 300 rpm using a magnetic 

stir bar at room temperature, to form a black slurry of Mn(OH)2. Then, 30% H2O2 was added 

dropwise to the mixed solution at a H2O2:Mn molar ratio of 10:1 to oxidize manganese. After 

stirring for 1 hour, the resulting solution was dried at 90 °C for 12 hours. The dry sample was 

further ground to a fine powder and calcinated at 450 °C for 4 hours to obtain the LMO. The 

magnesium doped precursors LMMO-x were subsequently synthesized by calcinating a mixture 

of LMO and a stoichiometric amount of Mg(NO3)2.6H2O solid. A total of 100 mg of each precursor 
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was added to 10 mL of 0.50 M H2SO4 and stirred at 40 rpm for 24 hours to obtain the protonated 

adsorbents (HMO and HMMO-x).  

2.3  Adsorbent characterization  

2.3.1 Physical analysis 

The microstructure and morphology of the adsorbents were investigated by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). Thermogravimetric 

analysis (TGA) was conducted using a TA Instruments TGA Q50. Specifically, about 15.0 mg of 

the adsorbents, precisely weighed, were heated up from 30 °C to 1000 °C at a rate of 10 °C·min-1 

under a nitrogen gas environment.  

X-ray absorption spectroscopy (XAS) analyses were performed at Hard X-ray Micro-

Analysis (HXMA) beamline at the Canadian Light Source (CLS). The calcined, 1st protonated, 1st 

Li-reinserted, 2nd protonated and 5th protonated adsorbents were measured over the first 4 cycles 

of LMO cycle testing. The samples were prepared by mixing 10 mg of the above samples with 150 

mg of boron nitride (BN) powder with a mortar and pestle. The mixture was pressed to a pellet 

using a hydraulic press to make a pellet, and then placed on a sample holder covered by a piece of 

Kapton® tape. The incident energy was selected using a Si (311) double crystal monochromator 

pair with an intrinsic energy resolution of 0.3 eV. X-ray absorption near edge structure (XANES) 

spectra were recorded from ca. 200 eV before the Mn K-edge (6539 eV) to 50 eV after the edge at 

a step size of 0.50 eV, whereas extended X-ray absorption fine structure (EXAFS) spectra were 

obtained with a finer 0.05 eV step size, covering energies of up to 1600 eV beyond the edge. 

XANES and EXAFS data were measured in transmission mode, and analyzed using the software 

packages ATHENA and ARTEMIS, respectively. The manganese average oxidation state (ZMn) 

values from XANES spectra were obtained through linear combination modelling in ATHENA, 
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with LiMnO2, LiMn2O4, and MnO2 serving as reference materials for ZMn values of 3.0, 3.5, and 

4.0, respectively. 

2.3.2 Chemical analysis 

The chemical formulae and ZMn of each adsorbent were determined using the standard 

oxalic acid method.1,58 90 mg of each adsorbent was completely digested in 6 mL of 4.0 M H2SO4 

and 12.5 mL of 0.10 M (NH4)2C2O4 in a water bath at 70 °C. 0.5 mL of the solution was then taken 

and analyzed using ICP-MS/MS to determine Li, Mn, and Mg concentrations in the adsorbents. 

The remaining solution was titrated with 0.01 M KMnO4 to a faint pink endpoint to determine the 

moles of electrons transferred between oxalate and Mn. Subsequently, ZMn was estimated from the 

moles of transferred electrons and the total moles of Mn in the adsorbent. A general chemical 

formula of the form LinMgxMnyO4 for the LMMO-x adsorbents was obtained from the ratios of 

Li/Mn, Mg/Mn, and ZMn using the following equations:44 

8

𝐿𝑖 (𝑀𝑛 + 𝑀𝑔) + 𝑍𝑀𝑛⁄
= 𝑥 + 𝑦 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3) 

𝑀𝑔

𝑀𝑛
=

𝑥

𝑦
(𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4) 

𝑛

𝐿𝑖 (𝑀𝑛 + 𝑀𝑔)⁄
= 𝑥 + 𝑦 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5) 

2.4  Adsorption and desorption experiments 

Li+ adsorption experiments were conducted using two brines: field collected FPW and 

synthetic brine. Seip et al. determined the optimum pH for Li+ adsorption to be 8,1 and we adjusted 

the pH of the brines accordingly by adding small aliquots of 0.1 M NaOH. The protonated 

adsorbents were added to both brines at a dosage of 2.0 g L-1, then stirred at 40 rpm for 2 hours, 
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followed by centrifugation at a force of 6198 g for 5 minutes. The supernatant of the mixture was 

collected and analyzed by ICP-MS/MS to measure the remaining Li+ concentration in the brine. 

Li+ uptake was then calculated using a mass balance shown in equation 6:59,60 

𝑞𝑒 =
𝜌𝑖 − 𝜌𝑒

𝑀
× 𝑉 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 6) 

Where 𝑞𝑒 is the Li+ uptake (mg∙g-1), 𝜌𝑖 and 𝜌𝑒 are the initial and final Li+ concentrations 

(mg∙L-1), respectively, V is the volume of FPW or synthetic brine (L), and M is the mass of the 

adsorbent (mg). 

The lithium-reinserted adsorbents were washed twice with deionized water and dried at 

room temperature. The dried adsorbents were then added at a dosage of 6.0 mg∙g-1 to two different 

concentrations (0.1 M and 0.5 M) of H2SO4 to extract Li+ with constant stirring at 40 rpm for 30 

minutes, followed by centrifugation at a force of 6198 g for 5 minutes. The lithium concentrate 

resulting from the acid desorption step was also analyzed by ICP-MS/MS to calculate Li+ 

desorption efficiency and Mn2+ dissolution. Li+ desorption efficiency and Mn2+ dissolution were 

calculated using equations 7 and 8, respectively:61 

Li+ desorption efficiency (%) =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 Li+ 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 Li+ 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑
× 100% (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 7)  

Mn2+ dissolution (%) =
𝜌(Mn2+)𝑉

𝑀𝑤(Mn)
 × 100% (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8)  

Where 𝜌(Mn2+)  is the concentration of Mn2+ in the desorption acid (mg∙L-1), 𝑉  is the 

volume of the acid (L), and 𝑤(Mn) is the mass fraction of Mn in the adsorbent.  
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2.4.1 Li+ Selectivity  

The presence of high concentrations of co-existing ions in FPW can have a significant 

effect on the adsorption of Li+.3 To investigate this effect, the selectivity of the adsorbents was 

examined by adding 50.0 mg of adsorbent to 25 mL of the pH-adjusted FPW followed by stirring 

for 24 hours. Samples of the FPW were taken before and after adsorption and analyzed using ICP-

MS/MS. The initial and final concentrations of major cation ions were compared, and the 

partitioning coefficients (Kd) and separation factors (α𝑁
Li) were calculated using equations 9 and 

10, respectively:60,61 

𝐾𝑑 =
𝜌𝑖 − 𝜌𝑒

𝜌𝑒
×

𝑉

𝑚
(𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9) 

α𝑁
Li =

𝐾𝑑(Li)

𝐾𝑑(𝑁)
(𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10) 

Where Kd is the partitioning coefficient (L∙mg-1), α𝑁
Li  is the separation factor, and N 

represents the major ions in the FPW, which are Li+, Na+, Mg2+, K+ and Ca2+ in this study. 

2.4.2 Adsorption kinetics and modelling  

The Li+ kinetics data were modelled using the pseudo-first-order (PFO) and pseudo-

second-order (PSO) models, which can be described by equations 11 and 12, respectively:62,63 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 11) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒

(𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 12) 

Where 𝑞𝑒  and 𝑞𝑡  are the uptakes (mg∙g-1) of Li+ at equilibrium and time t (min), 

respectively, and  𝑘1(min-1) and 𝑘2(g∙mg-1∙min-1) are the pseudo first-order and second-order rate 

constants, respectively.  
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An adsorption process typically comprises three sequential steps, as outlined below: (1) the 

adsorbate transfers from the bulk solution to the boundary film, and then to the surface of the 

adsorbent (also referred to as the external mass transfer step), (2) the adsorbate moves from the 

surface of the adsorbent to an intraparticle active site or a binding site (known as the intraparticle 

diffusion step), and (3) the adsorbate adsorbs onto the active sites of the adsorbent.62,63 Generally, 

an adsorption process is controlled by external mass diffusion, intraparticle diffusion or both 

because the third step is relatively rapid, and thus cannot be treated as a rate-limiting step.62,63 To 

determine possible diffusion mechanisms within the adsorption system, the intraparticle diffusion 

model was applied and can be described by equation 13:62,63 

𝑞𝑡 = 𝑘𝑛𝑡0.5 + 𝐶𝑛 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 13) 

Where 𝑘𝑛(mg∙g-1∙min-0.5) is the intraparticle diffusion rate constant of each step (n = 1, 2, 

3) determined from the slope of the plot 𝑞𝑡 versus 𝑡0.5.  
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3. Results and discussions 

3.1 Characterization of LMO/HMO and LMMOs/ HMMOs 

SEM and TEM images of LMO and LMMO-0.4 show that the morphologies of the two 

adsorbents are similar in that they are composed of dispersed, cubic-like nanoparticles aggregating 

as floccules (Figure 7). Nanoparticle sizes of these two adsorbents range from 60 nm to 110 nm; 

LMMO has a slightly larger particle size than LMO. The crystallinity of LMMO-0.4 appears to be 

higher than that of LMO, likely because LMMO-0.4 has been calcined twice during synthesis. 

LMO has an interplanar spacing (d) of 0.47 nm in the (1 1 1) plane, and magnesium doping has no 

effect on this value for LMMO-0.4.  

 

Figure 7: (a) SEM image of LMO; (b), (c) and (d) TEM images of LMO; (e) SEM image of 

LMMO-0.4; (f), (g) and (h) TEM images of LMMO-0.4. 

Figure 8 shows the TGA curves for HMO and HMMO-x (x = 0.1-0.4). The results show 

that the thermal stability of the phase increases with increasing magnesium doping amount. Mass 

loss below 100°C is associated with the evaporation of structural water.1,44,64 This mass loss, 

centered around 200-220°C, can be attributed to the dissipation of water by the condensation of 
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hydroxyl (-OH) groups, in conjunction with a phase transformation of the H+-form spinel to ꞵ-

MnO2.1,44 The mass loss between 100 and 350°C indicates the presence of structural protons in the 

adsorbents,64 which were inserted into the crystal structure via ion-exchange reactions that 

replaced lithium with protons. These data were used to determine the total proton content of the 

protonated samples. Within this temperature range, the adsorbents exhibited a progressive decline 

in mass loss as the amount of magnesium doping increased, which implies a decrease in structural 

protons with increasing Mg incorporation. The structural proton contents were 8.62%, 6.34%, 

4.49%, 2.46% and 1.67% for HMO, HMMO-0.1, HMMO-0.2, HMMO-0.3, and HMMO-0.1, 

respectively, as evaluated from the TGA curves, which were further used to determine the chemical 

formulas of the protonated absorbents. The TGA results confirm that magnesium doping aids in 

stabilizing the structures, accompanied by a reduction in the number of ion exchange sites. 

 
Figure 8: TGA curves of protonated samples HMO and HMMO-x (x = 0.1-0.4). 
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Table 2 summarizes the physical and chemical characteristics of LMO, LMMOs, and their 

protonated products. The values of the average manganese valence state, ZMn, in the precursors 

increased with greater magnesium doping, rising from 3.80 for LMO to 3.84 for LMMO-0.4. This 

suggests that some amount of Mn3+ in the lattice was substituted by Mg2+. The chemical formula 

of LMO was determined to be Li1.66Mn1.66O4, indicating it to be a pure ion-exchange type 

adsorbent.3,36,42,65,66 Similarly, the chemical formulas of LMMOs conformed to the general formula 

Li1.66MgxMn1.66-xO4.36,42 HMO and HMMOs exhibited ZMn values exceeding 4.00, consistent with 

the ZMn of pure ion-exchange type adsorbents. Notably, the residual lithium (Li/Mn) content in the 

protonated samples increases with an increase in magnesium doping amount from 0.06 for HMO 

to 0.64 for HMMO-0.4 This trend aligns with the total proton contents determined through TGA, 

signifying a decrease in the number of ion exchange sites within the adsorbents. This phenomenon 

could be explained by structural stabilization facilitated through magnesium doping. 

 

Table 2: Physical and chemical characteristics of LMO/HMO and LMMOs/HMMOs. 

Adsorbents ZMn Li/Mn H/Mn Chemical Formula 

LMO 3.80 1.00  Li1.66Mn1.66O4 

HMO 4.02 0.06 0.93 Li0.10H1.48Mn1.60O4 

LMMO-0.1 3.82 1.06  Li1.66Mg0.10Mn1.56O4 

HMMO-0.1 4.01 0.30 0.71 Li0.47H1.12Mg0.12Mn1.57O4 

LMMO-0.2 3.83 1.14  Li1.64Mg0.22Mn1.44O4 

HMMO-0.2 4.01 0.47 0.57 Li0.74H0.84Mg0.22Mn1.47O4 

LMMO-0.3 3.84 1.15  Li1.56Mg0.33Mn1.36O4 

HMMO-0.3 4.01 0.61 0.40 Li0.95H0.53Mg0.33Mn1.33O4 

LMMO-0.4 3.84 1.25  Li1.57Mg0.43Mn1.26O4 

HMMO-0.4 4.02 0.64 0.33 Li1.08H0.41Mg0.42Mn1.26O4 
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3.2 Adsorption and desorption  

3.2.1 Performance in FPW 

 

Figure 9: Li+ uptakes of the adsorbents applied to FPW, and Mn2+ dissolutions from the adsorbents 

when exposed to 0.1 M H2SO4 during the subsequent delithiation step.   

Figure 9 compares the Li+ uptakes from FPW for the 5 types of ion exchange adsorbents, 

and shows Mn2+ loss from the same adsorbents when exposed to 0.1 M H2SO4 during the 

delithiation step that follows. The Li+ uptake exhibits a gradual decline, decreasing from 25.7 mg∙g-

1 for HMO to 11.3 mg∙g-1 for HMMO-0.4. This reduction in Li+ uptake corresponds consistently 

with the total proton content determined for each adsorbent through TGA measurements. On the 

other hand, the average Mn2+ dissolution decreases significantly from 3.19% for LMO to 0.73% 

for LMMO-0.4. The results confirm that doping with magnesium can effectively inhibit Mn2+ 



31 

 

dissolution while simultaneously reducing the Li+ uptake because the substitution of Mn3+ by Mg2+ 

reduces the content of structural Mn3+, further leading to a reduction in the number of ion exchange 

sites. Despite the diminishing Li+ uptake seen in LMMOs, their significantly reduced Mn2+ 

dissolution makes them viable materials for recovering Li from FPW, as the reductive dissolution 

of Mn is among the most pressing problems in the reuse of LMOs. Indeed, the Li+ uptake 11.3 

mg∙g-1 for HMMO-0.4 remains relatively high compared to other DLE adsorbents.  

3.2.2 Adsorption kinetics 

 
Figure 10: Li+ uptake kinetics of the adsorbents in FPW adjusted to pH 8. 
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In order to investigate the effects of various levels of magnesium doping on Li+ uptake, Li+ 

adsorption kinetics experiments were performed in FPW adjusted to pH 8. The results of Li+ 

adsorption kinetics experiments are shown in Figure 10. Li+ uptake increases during the initial 

stage, reaching plateaus that represent near-maximum uptake at approximately 90, 100, 110, 120 

and 150 minutes for HMO, HMMO-0.1, HMMO-0.2, HMMO-0.3 and HMMO-0.4, respectively. 

After 120 minutes of reaction, Li+ adsorption to HMO, HMMO-0.1, HMMO-0.2, HMMO-0.3, and 

HMMO-0.4 reach 97.3%, 96.5%, 94.4%, 92.3% and 84.7% of their equilibrium Li+ uptakes, 

respectively. Therefore, 120 minutes was chosen as the Li+ adsorption time throughout this study.  

3.2.3 Adsorption kinetics modelling 

Li+ adsorption kinetics were evaluated using three commonly employed models: the 

pseudo-first-order (PFO) model, the pseudo-second-order (PSO) model, and the intraparticle 

diffusion model. The fitting results for these models are depicted in Figure 11. Detailed fitting 

parameters are given in Table 3. 

LMMOs exhibit slower Li+ uptake rates, as evident from the continuous decrease in rate 

constants, k1 and k2, with increasing magnesium doping. The modeling shows better fitting 

outcomes with the PSO model (R2 > 0.99812) than the PFO model (R2 > 0.87103), indicating that 

the Li+ adsorption process is dominated by chemical adsorption or chemisorption of Li+ onto active 

sites of the adsorbents due to valency forces.67,68 Moreover, the calculated equilibrium Li+ uptakes 

derived from the PSO model are in good agreement with the experimental values.  

The intraparticle diffusion model reveals three linear segments (Figure 11c). Because the 

first linear regression segments deviate from the origin, indicating the process of Li+ adsorption is 

influenced by multiple mechanisms rather than being solely controlled by intraparticle 

diffusion.67,68 The initial stage, which occurs within the first 10 minutes, has the most rapid lithium 
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mass transfer as shown by the steep slope. During this phase, Li+ migrates from the bulk fluid-

phase water (FPW) to the interfacial boundary film and subsequently to the surface of the 

adsorbents. The second stage of lithium uptake is more gradual, as indicated by the second linear 

segment of the kinetics fit, and signifies intraparticle diffusion where Li+ travels from the adsorbent 

surface into active ion exchange sites within the particle structure. Finally, the concluding stage, 

with a nearly horizontal linear trend, represents the attainment of equilibrium. This model 

demonstrates that Li+ adsorption is controlled by both external mass transfer and intraparticle 

diffusion.60,61,67,68   
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Table 3: Rate parameters of the adsorbents for PSO, PFO and intraparticle models. 

Adsorbent 
qe, exp  

(mg g-1) 

Pseudo first-order model Pseudo second-order model Intraparticle model 

qe, cal  
(mg g-1) 

k1  

(min-1) 
R2 

qe, cal  
(mg g-1) 

k2  
(g mg-1 

min-1) 

R2 
k1  

(mg g-1 

min0.5) 

k2  
(mg g-1 

min0.5) 

k3  
(mg g-1 

min0.5) 

HMO 26.47 2.26 0.00632 0.87724 26.59 0.00828 0.99998 5.6052 1.1844 0.1010 

HMMO-0.1 23.46 2.97 0.00631 0.87967 23.63 0.00586 0.99994 4.3565 1.1326 0.0971 

HMMO-0.2 18.96 3.69 0.00625 0.88563 19.18 0.00438 0.99983 3.0621 1.1761 0.1190 

HMMO-0.3 16.35 3.96 0.00597 0.88114 16.63 0.00354 0.99963 2.0298 1.1454 0.1146 

HMMO-0.4 13.60 5.11 0.00570 0.87103 14.14 0.00183 0.99812 1.3530 0.9759 0.1155 
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Figure 11: (a) Pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion models 
for Li+ adsorption kinetics. 
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3.2.4 Adsorption selectivity 

The presence of high concentrations of co-existing ions in FPW can have a significant 

effect on Li+ uptake from solution. The selectivity parameters of HMMO-0.4 in FPW, which show 

the ability of HMMO-0.4 to preferentially adsorb Li+ over others from FPW, are shown in Table 

4. The Li+ uptake at equilibrium is 13.6 mg·L-1, whereas the uptakes of other ions are 

comparatively low (< 1.3 mg·L-1 for Mg2+). This observation underscores the remarkable 

selectivity of HMMO-0.4 for Li+, with its selective order determined to be Li+ > Mg2+ > K+ > Na+ > 

Ca2+. Similar results were also found with other HMMOs and HMO (Table A1-A4). This high 

selectivity of Li+ can be attributed to the size similarity between the ionic radius of Li+ (0.069 nm) 

and the ion exchange sites of the adsorbents.43 LMMOs are synthesized in the presence of Li+, 

enabling the size of ion exchange sites precisely matches that of Li+. Consequently, Li+ is the 

primary ion found in FPW capable of occupying the ion exchange sites within LMO and LMMOs 

despite the presence of high concentrations of other ions. Interestingly, despite the close ionic 

radius of Mg2+ (0.072nm) to that of Li+, HMMOs are not selective to Mg2+ due to a higher 

dehydration energy needed for Mg2+, making its incorporation into HMMOs less favorable.43 

Compared to HMO (Table A1), the 𝐾𝑑 values of Li+ for HMMOs (Table A2-A3) decrease with the 

increase in Mg2+ doping due to the decrease in Li+ uptakes for HMMOs. The selectivity test 

demonstrates that HMMOs are highly selective materials for lithium recovery from high TDS 

brines, including FPW.  
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Table 4:  Selectivity parameters of HMMO-0.4 in FPW. 

Parameter 
Major ions 

Li+ Na+ Mg2+ K+ Ca2+ 

ρi (mg·L-1) 70.2 51345.5 1225.1 2000.1 11189.3 

ρe (mg·L-1) 43.0 51345.2 1222.4 1999.3 11189.3 

qe (mg·g-1) 13.6 0.1 1.3 0.4 0.0 

Kd × 107 (L·mg-1) 
 

3176.1 0.0 10.8 2.0 0.0 

α𝑁
Li 1 113528 291 1594 300769 

 

3.2.5 Effect of acid concentration on delithiation 

To determine the effects of acid concentration on delithiation, Li+ desorption was conducted 

on the 1st lithiated LMMO-0.4 in both 0.1 M and 0.5 M H2SO4. The Li+ stripping efficiency curves 

in Figure 12 mostly overlap, indicating that the concentration of the stripping acid has minimal 

influence on Li+ stripping efficiency. Li+ desorption in the acid is rapid, with approximately 65% 

of the adsorbed Li+ being released into the acid within the first 5 minutes. However, interestingly, 

the rate of Mn2+ dissolution is strongly correlated to the acid concentration. Li+ desorption of the 

1st lithiated LMMO-0.4 yields 0.93% of Mn2+ dissolution in 0.5 M H2SO4 compared to a lower 

value of 0.73% in 0.1 M H2SO4. Similar effects are also observed in the desorption of other lithiated 

LMMOs and LMO; Mn2+ dissolution is 0.67%, 0.58%, 0.37%, and 0.28% lower for LMO, 

LMMO-0.1, LMMO-0.2, and LMMO-0.3 when using 0.1 M H2SO4, respectively. This is likely 

because the less concentrated acid has a somewhat higher pH, which can inhibit the 

disproportionation reaction of Mn3+ as described in equation 1a. This discovery holds significant 

implications, notably reducing the financial expenses associated with the desorption acid, a critical 

factor in the commercial production of lithium from low-lithium bearing brines utilizing 

manganese-based ion exchange adsorbents.  
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Figure 12: (a) Li+ stripping efficiency (b) Mn2+ dissolution for the 1st lithiated LMMO-0.4 in 0.1 
M and 0.5 M H2SO4. 
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3.2.6 Recycling of adsorbents 

Ideally, an adsorbent should be capable of being reused at least a hundred times, and 

perhaps even several hundred times, to achieve economic viability in commercial DLE plants. 

Therefore, developing adsorbents with good recyclability is essential to the commercialization of 

lithium extraction from low lithium-bearing brines (e.g., FPW). 

To assess the recyclability and durability of the LMMOs developed here when deployed 

for Li recovery from FPW, 5 cycles of adsorption and desorption were conducted in this study. As 

depicted in Figure 13, both the Li+ uptake and Mn2+ dissolution from the adsorbents decline as the 

number of cycles increases. HMO displays a more pronounced reduction in Li+ uptake compared 

to HMMOs; HMMOs retain over 95% of their initial Li+ uptakes after the 5th cycle, whereas HMO 

retains only 90% of its initial Li+ uptake under the same conditions. This phenomenon can be 

attributed to the increased stability of HMMOs due to magnesium doping in the structure. Mn2+ 

loss from the sorbents varied from 2.81% for HMO to 0.68% for HMMO-0.4 at the 5th cycle of 

desorption, which decrease sightly compared to the 1st cycle. These cycling test results confirm 

that LMMOs are more stable than LMO during repeated use.  
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Figure 13: Li+ uptake and Mn2+ dissolution from (a) LMO, (b) LMMO-0.1, (c) LMMO-0.2, (d) 
LMMO-0.3, and (e) LMMO-0.4 across 5 adsorption and desorption cycles. 
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3.3 Effects of dissolved organic compounds on adsorbent performance 

3.3.1 Adsorbent performance in synthetic brine 

There is evidence suggesting that the presence of dissolved organic compounds in the FPW 

can coat the adsorbent and induce the reduction of manganese, followed by its subsequent release 

into the acid during delithiation.1 To evaluate the effect of dissolved organic compounds that are 

present in FPW on the performance of the adsorbents in terms of Li+ uptake and Mn2+ loss, a 

synthetic lithium-containing brine was created with an inorganic chemistry comparable to the FPW 

sample studied here. To mimic the buffering capacity of FPW, sodium bicarbonate (NaHCO3) was 

introduced into the synthetic brine.1,43 Adsorption and desorption experiments were conducted on 

all adsorbents in both FPW and the synthetic brine under identical conditions. Figure 14 compares 

the Li+ uptakes and Mn2+ loss from the adsorbents in both brines. The adsorbents had slightly 

higher Li+ uptakes in the synthetic brine than in FPW. This difference could be attributed to a 

higher buffering capacity of the synthetic brine,1 as evidenced by a smaller pH drop observed in 

synthetic brine compared to FPW at the end of the adsorption process. However, Mn2+ loss was 

significantly lower with the synthetic brine than with FPW, ranging from 0.25% for HMMO-0.4 

to 0.67% for HMO. A similar result was previously reported by Seip et al.1 More significantly, 

HMO exhibited a greater increase in Mn2+ loss compared to HMMOs when transitioning from 

synthetic brine to FPW, which suggests that magnesium doping enhances the ability of the 

adsorbents to resist manganese reduction caused by the dissolved organic compounds found in the 

FPW.  
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Figure 14: (a) Li+ uptakes and (b) Mn2+ dissolutions from the adsorbents in both FPW and 

synthetic brine. 



43 

 

3.3.2 Manganese reduction in FPW 

FPW contains a wide range of dissolved organic species which are naturally present in 

formation water and can also result from additives of fracturing fluids. Polyethylene glycols 

(PEGs), octylphenol ethoxylates (OPEs) and alkyl dimethyl benzyl ammonium chlorides 

(ADBACs) are the common organic species found in FPW from the Duvernay Formation in 

Alberta.1,69 Additionally, FPW contains other organic components such as humic, fulvic, gallic, 

ascorbic, and tannic acids, all of which occur naturally and possess the ability to trigger the 

reduction of manganese.1 When manganese-based adsorbents interact with these organic species, 

the structural manganese within them undergoes reduction, leading to its subsequent dissolution 

in an acidic solution. 
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Figure 15: Changes in the average Mn valence state, ZMn, of the adsorbents through an 

adsorption/desorption cycle during lithium recovery from FPW. 

To verify enhancement in the resistance of manganese-based adsorbents to manganese 

reduction in FPW following magnesium doping, lithiated and delithiated adsorbents were analyzed 

for ZMn by the standard oxalic acid method1,58 ZMn of LMO experienced a significant drop from 

4.02 to 3.77 after lithium adsorption in FPW (Figure 15), resulting in Mn2+ loss of 3.19% during 

acid desorption. On the other hand, lithiated LMMOs exhibited smaller drops in ZMn with FPW, 

ranging from 3.79 for LMMO-0.1 to 3.91 for LMMO-0.4, which correlate well with less Mn2+ loss 

(0.73-2.35%). Mn2+ loss from LMMO-0.4 (0.73%) following lithium recovery from FPW was 

comparable to that of LMO in synthetic brine (0.67%), which may suggest that magnesium doping 

improves the resistance of the adsorbents to Mn reduction caused by dissolved organic compounds 

in FPW. Subsequently, ZMn values of the adsorbents returned to nearly 4.00 after desorption. 
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Figure 16: TEM-EELS maps (left) display spatial distribution of relative abundances of Mn3+ 
(purple), Mn4+ (green), Mg2+ (blue) in individual nanoparticles of lithiated samples including (a) 

LMO, (b) and (c) LMMO-0.4, both exposed to FPW. The graphs (right) display the relative 

abundances of Mn3+, Mn4+ and Mg2+ in the blue boxed regions in the TEM-EELS maps, indicating 
Mn3+ accumulation near the particle edges and Mg2+ doped evenly in the structure of LMMO-0.4.  
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In an effort to visualize the manganese reduction caused by FPW, and to quantify the 

average manganese valence state in the bulk synthetic minerals, TEM-EELS analyses were carried 

out on lithiated samples exposed to FPW for both the LMO and LMMO-0.4 materials. EELS line 

scans were conducted on individual nanoparticles to visualize the spatial distributions of 

magnesium and manganese (in the Mn4+ and Mn3+ valence states) in the particles at the nanometer 

scale. EELS results show that a surface layer composed of Mn3+ was generated on the particle 

surface of both of the lithiated samples, whereas the predominant manganese valence state in the 

bulk phase remained mostly Mn4+ (Figure 16). A similar result was previously reported by Seip et 

al.1 This phenomenon indicates that manganese reduction mainly happens on the surface of the 

absorbents, where they are directly exposed to the brine. When reduced manganese is further 

released in acid, contraction of the crystal structure occurs. The primary distinction noted between 

the two samples was that the lithium-reinserted sample of LMMO-0.4 (ZMn=3.91) contains a 

relatively uniform distribution of doped magnesium (Figure 16) and has a significantly lower 

amount of Mn3+ in the particle interior than LMO (ZMn=3.77), which is consistent with the 

measured ZMn values for these two samples. These results confirm that magnesium doping 

improves the ability of adsorbents to withstand manganese reduction triggered by dissolved 

organic compounds present in FPW. 

3.4 Structural analysis of adsorbents during cycling 

In order to elucidate structural transformations of the manganese adsorbents as structural 

magnesium ions are introduced and during Li+ adsorption/desorption cycles, synchrotron-based X-

ray absorption spectroscopy (XAS) analyses were conducted. This section discusses those results 

in detail.  
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3.4.1 X-ray absorption near-edge structure (XANES) 

Figure 17 displays the X-ray absorption near-edge structure (XANES) spectra at the top 

and their respective first derivative curves at the bottom for (a) LMO, (b) LMMO-0.2 and (c) 

LMMO-0.4 and their 1st lithium-reinserted, and 1st, 2nd and 5th protonated products. The letters A-

D were assigned to specific energy positions within the spectra. A1 and A2 represent the two pre-

edge peaks that commonly occur in the K-edge of most 3d elements;70,71 these pre-edge features 

result from transitions to bound final states in 3d orbitals in elements like Mn.70,71 B1 and B2 

indicate two inflection points in the rising edge, which are typical features in spinel compounds 

related to medium- or long-range structural order.70,71 The two sharp peaks, C and D, that occur 

after the main edge likely reflect a contraction or expansion of the crystal structure.70,71 The 

positions of peaks A1, A2, C and D were identified from the first derivative curves at zero, whereas 

those of inflection points B1 and B2 were determined from the maxima in the first derivative 

curves.70,71 The values of energy positions of the features in the XANES spectra for LMO, LMMO-

0.2, LMMO-0.4 and later samples of these adsorbents taken during cycle testing are given in Tables 

5, 6, and 7, respectively.  

The pre-edge peaks (A1 and A2) of all original adsorbent materials align well in energy 

position compared to subsequent lithiated and delithiated adsorbent samples that were collected 

and analyzed during cycle testing, indicating little or no change in the local electronic structure of 

the manganese during adsorbent use.70 This implies that the oxidation states of manganese for all 

adsorbents remains unchanged during adsorption/desorption cycling, consistent with ion exchange 

as the dominant lithium sorption mechanism for all the adsorbents.70 The energy changes in the 

spectra of all samples show a similar pattern, in which the inflection points B1 and B2 on the main 

edges and the peaks C and D are shifted to higher energies in the protonated samples, indicating 
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that the protonated samples have higher manganese oxidation states.70,71 The inflection points B1 

and B2 exhibit greater energy shifting during adsorption/desorption cycling, which is also 

correlated to variations in the oxidation state of manganese,70 while the peaks C and D show 

smaller displacements. The existence of the two inflection points in the magnesium doped 

adsorbents proves that the spinel structure is preserved.70,71 The spectra of lithium-reinserted 

samples align well with spectra of the lithiated precursors, further evidence that the adsorbents are 

ion exchange materials.   

The overall positions of the adsorption edge (B1 and B2) of LMMO-0.4 and subsequent 

lithium-reinserted samples of this material are at higher energies than those of LMMO-0.2, LMO 

and their lithium-reinserted samples, whereas the spectra of all protonated samples are at similar 

energy positions. This indicates that the manganese in LMMO-0.4 and its lithium-reinserted 

successors are at a higher oxidation state than for LMO, LMMO-0.2, and their lithium reinserted 

versions due to introduction of structural magnesium, and that all protonated samples have nearly 

the same oxidation state of manganese. It is clear that variations in the inflection points B1 and B2 

diminish with increasing magnesium doping amount. Indeed, the inflection points B1 and B2 of 

LMMO-0.4 have little variation in energy during adsorption/desorption cycling, evidence that the 

oxidation state of manganese changes only by a small margin. These results are consistent with 

ZMn results determined from the standard oxalic acid method (Figure 15). Furthermore, as the 

amount of magnesium doping in the lattice increases, the energy variations of peaks C and D 

decrease during adsorption/desorption cycling of the adsorbents. This suggests that magnesium 

aids in structural stabilization, combined perhaps with the fact that there is a reduced lithium uptake, 

resulting in a lesser degree of contraction/expansion of the crystal structure during 

adsorption/desorption cycles. 
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Figure 17: XANES spectra at the top and their respective first derivative curves at the bottom for 
(a) LMO, (b) LMMO-0.2 and (c) LMMO-0.4 and their 1st lithium-reinserted, and 1st, 2nd, and 5th 

protonated products. 
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Table 5: XANES energy positions, E - E0 (eV), for LMO and its subsequent lithium-reinserted 

and protonated products. 

Sample    A1 A2 B1 B2 C D 
 

LMO 1.0 2.6 9.4 13.0 21.3 34.3  

HMO 1.0 2.6 11.0 14.3 22.0 34.9  

1st lithium-reinserted 1.0 2.6 9.4 13.0 21.4 34.3 
 

2nd protonated 1.0 2.6 11.0 14.3 22.0 34.9 
 

5th protonated 1.0 2.6 11.0 14.3 22.0 34.9 
 

 

Table 6: XANES energy positions, E – E0 (eV), for LMMO-0.2 and its subsequent lithium-

reinserted and protonated products. 

Sample    A1 A2 B1 B2 C D 
 

LMMO-0.2 1.1 2.8 9.7 13.6 21.6 34.3  

HMMO-0.2 1.1 2.8 11.2 14.2 22.0 35.1  

1st lithium-reinserted 1.1 2.8 9.7 13.6 21.6 34.5 
 

2nd protonated 1.1 2.8 11.2 14.1 22.0 35.0 
 

5th protonated 1.1 2.8 11.2 14.1 22.0 35.0 
 

 

Table 7: XANES energy positions, E - E0 (eV), for LMMO-0.4 and its subsequent lithium-

reinserted and protonated products. 

Sample A1 A2 B1 B2 C D 
 

LMMO-0.4 1.1 2.9 10.8 14.0 21.8 34.3  

HMMO-0.4 1.1 2.9 11.0 14.1 22.2 34.6  

1st lithium-reinserted 1.1 2.9 10.9 14.1 21.9 34.1 
 

2nd protonated 1.1 2.9 11.0 14.1 22.2 34.4 
 

5th protonated 1.1 2.9 11.0 14.1 22.2 34.4 
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3.4.2 Extended X-ray absorption fine structure (EXAFS) 

The extended X-ray absorption fine structure (EXAFS) spectra and corresponding Fourier 

transforms of (a) LMO, (b) LMMO-0.2, and (c) LMMO-0.4 and their 1st lithium-reinserted, and 

1st, 2nd, and 5th protonated products are plotted in Figure 18. The two maxima (shells) in the Fourier 

transforms at ca. 1.5 and 2.4 Å correspond to the shortest Mn-O distance of the first shell and the 

shortest Mn-Mn/Mg distance of the second shell, respectively.70,71 According to the 

crystallographic model of lithium manganese spinel, coordination numbers were set at 6 for both 

shells.70,71 The interatomic distances (Ri), i.e., Mn-O and Mn-Mn/Mg, as well as Debye-Waller 

factors (σi) of LMO, LMMO-0.2, and LMMO-0.4 were determined by curve-fitting to the 

experimental EXAFS data and are given in Tables 8, 9, and 10, respectively.  

 For all three adsorbents, the Mn-Mn/Mg distances decrease by ~0.02 Å when they are 

protonated, indicating a contraction of the crystal structure. This could be explained by the 

protonated samples containing only Mn4+, as the ion radius of Mn4+ is smaller than that of Mn3+.71 

Subsequently, the Mn-Mn/Mg distances increase, and return to close to their original values after 

lithium adsorption, suggesting that an expansion of the crystal structure occurs due to more Mn3+ 

present in the structure. The changes in Mn-Mn/Mg distances are consistent with the variations in 

the manganese oxidation state determined by the standard oxalic acid method and XANES.  

 The Mn-Mn/Mg distance determined for the 1st lithium-reinserted product of LMMO-0.4 

is 0.01 Å smaller than those found for the 1st lithium-reinserted products of LMO and LMMO-0.2. 

This change correlates with the higher oxidation state of manganese in HMMO-0.4, yet further 

evidence that HMMO-0.4 is less susceptible to manganese reduction during lithium recovery from 

FPW. Another notable finding is that the 5th protonated product of LMO also shows a decrease in 

Mn-Mn/Mg distance when compared to the 1st and 2nd protonation steps during adsorbent cycle 
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testing. This suggests that an irreversible structural contraction occurred as Mn2+ dissolves in acid 

during cycles of adsorption/desorption, which is also supported by a significant reduction in Li+ 

uptake of HMO at the 5th cycle of adsorption. On the other hand, such effect is not observed in the 

5th protonation cycles of LMMO-0.2 and LMMO-0.4, proving that these structures are stabilized 

by magnesium doping. 

Table 8: Structural parameters determined from EXAFS for LMO and subsequent lithium-

reinserted and protonated products. 

  
Mn-O   Mn-Mn/Mg 

R1 (Å) σ1 (Å)  R2 (Å) σ2 (Å) 

LMO 1.9 0.001   2.89 0.005 

HMO 1.9 0.006  2.87 0.006 

1st lithium-reinserted 1.9 0.004  2.89 0.007 

2nd protonated 1.9 0.004  2.87 0.010 

5th protonated 1.9 0.006   2.86 0.010 

Table 9: Structural parameters determined from EXAFS for LMMO-0.2 and subsequent lithium-

reinserted and protonated products. 

  
Mn-O   Mn-Mn/Mg 

R1 (Å) σ1 (Å)  R2 (Å) σ2 (Å) 

LMMO-0.2 1.9 0.002   2.89 0.004 

HMMO-0.2 1.9 0.003  2.87 0.006 

1st lithium-reinserted 1.9 0.005  2.89 0.008 

2nd protonated 1.9 0.004  2.87 0.007 

5th protonated 1.9 0.003   2.87 0.007 

Table 10: Structural parameters determined from EXAFS for LMMO-0.4 and subsequent 

lithium-reinserted and protonated products. 

  
Mn-O   Mn-Mn/Mg 

R1 (Å) σ1 (Å)  R2 (Å) σ2 (Å) 

LMMO-0.4 1.9 0.002   2.89 0.005 

HMMO-0.4 1.9 0.003 
 

2.87 0.005 

1st lithium-reinserted 1.9 0.004  2.88 0.009 

2nd protonated 1.9 0.002 
 

2.87 0.005 

5th protonated 1.9 0.003   2.87 0.006 
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Figure 18: Mn K-edge EXAFS and corresponding Fourier transforms for (a) LMO, (b) LMMO-
0.2, (c) LMMO-0.4, and their 1st lithium-reinserted, 1st, 2nd, and 5th protonated products. Dashed 

lines represent fits for each material.
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4. Conclusions 

Given the increasing global demand for lithium, driven by the recent surge in the lithium-

ion battery industry, FPW is among the promising potential alternative sources of lithium. While 

LMO stands out as one of the most promising materials for lithium recovery from FPW, it 

experiences mass loss due to the reductive dissolution of manganese. In this study, a series of 

magnesium-doped LMMO-x (where x = 0.1, 0.2, 0.3, 0.4), or LMMOs, was synthesized by a solid-

state method, aiming to solve the problem of ion-sieve mass loss by stabilizing the synthetic spinel. 

Adsorbent testing in FPW shows that the lithium uptake decreases with increasing magnesium 

doping amount, ranging from 25.7 mg∙g-1 for HMO containing no Mg, to 11.3 mg∙g-1 for HMMO-

0.4. While this loss in lithium uptake is not desirable, the average manganese dissolution decreases 

dramatically from 3.19% for LMO to 0.73% for LMMO-0.4 in the subsequent acid desorption step. 

The substantial decrease in manganese dissolution indicates an enhancement in the stability of 

LMMOs, rendering them promising materials for scaling up commercialization of lithium 

production, as stability of DLE materials is essential for the process to be commercially viable. 

Lithium adsorption by these absorbents is found to follow a PSO kinetics model, and LMMOs 

show considerably slower lithium uptake rates with increasing Mg doping. Cycling testing shows 

that LMMOs retain 95% of their initial lithium uptake after the 5th cycle of use, compared to only 

90% for LMO, proving that LMMOs are more stable and exhibit better recyclability due to the 

magnesium doping.  The increased stability of LMMOs was further evidenced by EXAFS 

spectroscopy analyses. In EXAFS, a reduction in the Mn-Mn distance in the HMO sample 

occurred following the 5th protonation step, suggesting that irreversible structural contraction 

occurs as more Mn is lost during cycling. This effect is not apparent in the HMMOs samples. 

Consequently, HMO experiences a more significant decline in its Li+ uptake compared to HMMOs. 
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This indicates that doping with magnesium helps to stabilize the structure of the adsorbents during 

recycling. This study demonstrates conclusively that LMMOs are promising candidates for lithium 

recovery from FPW.  
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5. Future work 

Based on the experiments conducted in this study, I have the following recommendations 

for future work aimed at improving the practicality of manganese-based adsorbents in lithium 

recovery: 

1. Due to the powdery nature of nanoparticles, these ion-exchange adsorbents cannot be 

directly applied to industrial applications. Future studies should focus on investigating 

composite materials of these adsorbents, e.g., considering binding materials. Polyvinyl 

chloride (PVC), polyacrylamide (PAM), polyacrylonitrile (PAN), polyvinyl alcohol (PVA), 

polyvinylidene fluoride (PVDF), chitosan, and cellulose are common and inexpensive 

binding materials.72 Binder-based composites of these adsorbents might be synthesized by 

using granulation and foaming techniques.73  

2. Extensive research has been conducted on single cation-doped LMO for lithium recovery 

from low lithium-bearing brines. Future studies might investigate doping the LMO with 

multiple cations, aiming at reducing Mn2+ dissolution while maintaining a comparative Li+ 

uptake.  

3. Surface coating of Li-ion batteries cathodes with an organic or inorganic protective layer 

has been proved to improve their lifetime and performance in battery applications. 

Similarly, this technology can be applied to ion-exchange materials for lithium recovery. 

Future studies might look at combining doping and coating, e.g., by coating the LMMOs 

with a thin layer of ZrO2 or SiO2.3  
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Appendix A 

Table A1: Selectivity parameters of HMO in FPW.  

Parameter 
Major ions 

Li+ Na+ Mg2+ K+ Ca2+ 

ρi (mg·L-1) 70.2 51345.5 1225.1 2000.1 11189.3 

ρe (mg·L-1) 17.3 51344.9 1222.0 1997.7 11189.3 

qe (mg·g-1) 26.5 0.3 1.5 1.2 0.0 

Kd × 107 (L·mg-1) 
 

15334.2 0.1 12.6 6.0 0.0 

α𝑁
Li 1 266979 1214 2550 1118556 

 

Table A2: Selectivity parameters of HMMO-0.1 in FPW. 

Parameter 
Major ions 

Li+ Na+ Mg2+ K+ Ca2+ 

ρi (mg·L-1) 70.2 51345.5 1225.1 2000.1 11189.3 

ρe (mg·L-1) 23.3 51345.0 1220.9 1998.5 11189.3 

qe (mg·g-1) 23.5 0.3 2.1 0.8 0.0 

Kd × 107 (L·mg-1) 
 

10076.1 0.1 17.1 4.1 0.0 

α𝑁
Li 1 197939 590 2456 1347321 

 

 

Table A3: Selectivity parameters of HMMO-0.2 in FPW. 

Parameter 
Major ions 

Li+ Na+ Mg2+ K+ Ca2+ 

ρi (mg·L-1) 70.2 51345.5 1225.1 2000.1 11189.3 

ρe (mg·L-1) 32.3 51345.1 1223.6 1999.7 11189.2 

qe (mg·g-1) 19.0 0.2 0.8 0.2 0.0 

Kd × 107 (L·mg-1) 
 

5872.8 0.0 6.2 1.0 0.0 

α𝑁
Li 1 159487 949 5875 224219 
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Table A4: Selectivity parameters of HMMO-0.3 in FPW. 

Parameter 
Major ions 

Li+ Na+ Mg2+ K+ Ca2+ 

ρi (mg·L-1) 70.2 51345.5 1225.1 2000.1 11189.3 

ρe (mg·L-1) 37.5 51345.2 1224.2 1998.8 11189.3 

qe (mg·g-1) 16.3 0.1 0.4 0.7 0.0 

Kd × 107 (L·mg-1) 
 

4359.0 0.0 3.5 3.4 0.0 

α𝑁
Li 1 164024 1231 1297 604567 

 


