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lithium manganese oxide ion-exchange
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Lithium extraction from sedimentary brines using spinel lithium

manganese oxide, Li1.6Mn1.6O4, is challenging because of the

presence of dissolved organic compounds, resulting in manganese

reduction and loss. Coating the sorbent with a 7.5 nm layer of

zirconium dioxide decreased manganese loss by approximately

50%, while not substantially impacting its adsorption capacity and

selectivity, thereby increasing its usable life.

Driven by policies aimed at transitioning away from internal
combustion engines, the demand for lithium (Li), a crucial
component of electric vehicle (EV) batteries, is projected to
increase in the coming decades.1,2 To satisfy this rapidly
increasing demand,3 Vera et al. recommended the development
of technologies to extract Li from alternative sources.4 Elevated
Li concentrations have been discovered in formation waters
from sedimentary basins where concentrations can exceed
75 ppm, hereafter termed formation water type lithium bearing
waters (f-LBW).5 While many of these basins contain elevated Li
concentrations,1,6 wells with over 75 mg L�1 generally occur in
fluids with over 100 000 mg L�1 total dissolved solids (TDS) at
depths greater than one kilometer.5 The conventional Li eva-
poration process applied to continental, or salar, brines is slow
and time consuming, with production times between 10–24
months.4 This technology cannot be applied to extract Li from
f-LBW because of the low Li concentrations, high Mg/Li ratios,
and unsuitable climactic conditions in many regions.7 Ion-

exchange adsorbents are effective in extracting Li from f-LBW,
with production times between a few hours to days. Among
these, spinel lithium manganese oxide (LMO; Li1.6Mn1.6O4)
adsorbents have the highest Li extraction capacity, rapid lithia-
tion kinetics, and high Li selectivity.8,9 For example, LMO was
able to extract 80% of the Li in a sedimentary brine containing
43 mg L�1 Li over 30 min at a wellhead water temperature of
70 1C, with a resulting Li uptake capacity of 18 mg g�1.9

One of the disadvantages of using LMO type adsorbents,
however, is adsorbent loss during Li extraction from the brine.
This is due to the formation of Mn3+ ions during Li intercala-
tion into LMO, a result of the Jahn–Teller effect, and the
subsequent disproportionation of Mn3+ during protonation
that results in the production and dissolution of Mn2+ (Mn-
loss).10,11 In addition to inherent Mn-loss due to the Jahn–
Teller effect, sedimentary LBWs often contain complex dis-
solved organic compounds (DOC), including polycyclic aro-
matic hydrocarbons (PAH), polyethylene glycols (PEG),
octylphenol ethoxylates (OPE), and other reducing agents like
H2S, leading to further Mn-loss.12 These organic compounds
may react with the surface of LMO nanoparticles and aggre-
gates during Li extraction, reducing Mn4+ on the surface, and
resulting in increased Mn3+ formation and eventual dispropor-
tionation and dissolution as Mn2+. This type of Mn-loss is
usually 5 to 10 times higher in f-LBW than the Mn-loss
observed in simulated LiCl solutions.9,13 Seip et al.9 showed
that reduced Mn3+ during Li extraction changed the average
Mn–Mn distance in the LMO lattice. Such structural changes
currently limit the application of LMO in commercial opera-
tions, as they have poor recyclability when used in f-LBW.

Herein, we address the Mn-loss problem in f-LBW by coating
the LMO surface with ZrO2 using a solvent evaporation–crystal-
lization method. This thin coating on the adsorbent acts as a
physical barrier, separating LMO from DOC in solution (Fig. S1,
ESI†). Various ZrO2 coating thicknesses were tested, and Li
adsorption data were analysed to determine the impact of
coating thickness on Li uptake capacity and Mn-loss. Results
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showed that the coated adsorbent had markedly decreased Mn-
loss, with negligible decreases in Li uptake and increased
recyclability. With brines that have low concentrations of
DOC and high Li concentrations, the ZrO2 coated LMO adsor-
bent has higher Li uptake capacity, significantly lower Mn-loss,
and higher recyclability, factors critical for improving the
economics of Li recovery in processes using ion-exchange type
DLE for f-LBW.

The synthesized bulk pristine bare LMO contained aggre-
gates of different sizes ranging from 75 mm to 2 mm. The SEM
image of LMO showed heterogeneous nanoparticles ranging
from 40 nm to 90 nm. Comparison of the 75 mm LMO particles
showed that the surface of the bare LMO and the 7.5 nm coated
LMO had similar particle sizes, with ZrO2 coated LMO particles
appearing to have fused together as the coating acted as a
binder (Fig. 1). The d-spacing of the lattice fringes of the bare
LMO was 0.47 nm, which did not change after coating (Fig. 1).
The ZrO2 region, having a distinctive d-spacing of 0.28 nm,
showed a coating layer on top of the cubic LMO particles.14 The
HR-TEM image of pristine coated LMO (Fig. S3, ESI†) showed
that a ZrO2 coating layer had formed on top the LMO crystal
with thicknesses ranging from 6 nm to 10 nm, and averaging
approximately 7.5 nm. Particle size distribution analysis
(Fig. 1a and b inset graphs) showed that the average particle
size had increased slightly from 73 nm to 78 nm after coating.
The BET surface area of bare LMO was 144 m2 g�1 and of the
7.5 nm coated LMO was 40 m2 g�1. The reduction in BET
surface area can be directly attributed to the ZrO2 coating,
which bound LMO particles together.

Lithium adsorption tests using o75 mm LMO particles
in simulated LBW (100 mg per L Li) demonstrated that
increases in the coating thickness from 0 to 7.5 nm did not
have a significant impact on the Li uptake capacity, while Mn-
loss decreased slightly from 0.8% to 0.6% (Fig. S4, ESI†). These

Mn-loss results were consistent with Wang et al.,15 where the
coating layer acts as barrier to redox reactions and the Li uptake
capacity did not change substantially as the porous structure of
the ZrO2 coating permits Li ion diffusion. In f-LBW (Fig. 2a),
increasing the coating thickness from 0 to 7.5 nm did not
impact the Li uptake capacity, and Mn-loss decreased from
4.2% to 2%. Mn-loss in f-LBW was 80% higher than in
simulated LBW because of the presence of Mn-reducing
organic compounds in f-LBW. The Mn-loss for coated LMO
decreased compared to bare LMO because the physical barrier
provided by the ZrO2 coating separates the LMO surface and
the DOC in f-LBW. Xue et al.14 showed that thicker coatings
decrease Li uptake capacity. Consistent with this observation,
increasing the coating thickness further to 30 nm caused the Li
uptake capacity to decrease from 25 mg g�1 to 2.5 mg g�1 likely
because the ZrO2 coating blocked Li+ diffusion pathways, while
Mn-loss did not decrease further. Thus, the optimal coating
range was determined to be between 1.5 nm and 7.5 nm, where
we observed minimal loss in Li uptake and a significant
decrease in Mn-loss.

Lithium extraction studies using bare LMO in f-LBW showed
that the Li uptake capacity was negatively correlated with the
LMO particle size (Fig. 2b). Thus, the particles were categorized
by size before coating them with ZrO2. Based on the relation-
ship between ZrO2 coating thickness and Li uptake/Mn-loss
(Fig. 2a), two different coating thicknesses (1.5 nm and 7.5 nm)
were studied to find the particle size having an optimal Li
uptake capacity and Mn-loss. For bare LMO, increasing the
particle size resulted in an exponential decrease in Li uptake
capacity (Fig. 2b). The larger particles were aggregates with less
contact surface area with f-LBW, resulting in slower Li+ diffu-
sion. The Mn-loss for the bare LMO remained nearly the same
for all particle sizes observed after the first cycle. For the 1.5 nm
coated and 7.5 nm coated LMO, the Li uptake capacity was
reduced by only 4% for o75 mm particles, whereas there was

Fig. 1 Scanning electron microscopy (SEM) images of (a) bare LMO and
(b) 7.5 nm LMO with inset images indicating the particle size distribution.
HR-TEM images of (c) bare LMO and (d) 7.5 nm LMO.

Fig. 2 (a) Correlation between coating thickness to Li uptake and Mn-loss
after the first cycle in f-LBW. The relationship between adsorbent particle
size on Li uptake and Mn-loss for (b) bare LMO, (c) 1.5 nm LMO, and (d)
7.5 nm LMO, with their respective fits indicating linear correlations.
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greater than 70% reduction in Li uptake capacity for the
1000 mm particles coated with 1.5 nm and 7.5 nm ZrO2 (Fig. 2c
and d) likely due to diffusion limitations caused by the coating.

The ZrO2 coating negatively impacted larger adsorbent
particles to a greater extent than for smaller particle sizes.
Mn-loss was reduced by 30% and 53% with 1.5 nm and 7.5 nm
ZrO2 coatings, respectively, for the o75 mm particle size and
this did not improve further with larger particle sizes after the
first cycle, because the ZrO2 acted as a physical barrier to the
reducing agents in f-LBW. Smaller LMO particles have slightly
higher Mn-loss likely due to the larger specific surface area that
facilitated reductive dissolution of the adsorbent.9 In summary,
o75 mm particles having a 7.5 nm ZrO2 coating yielded an
optimal balance between maintaining Li uptake and preventing
Mn loss.

Approximately 4% Mn-loss per cycle was observed when the
bare LMO was repeatedly exposed to f-LBW (Fig. 3a). After 4
cycles, this loss amounted to nearly 16% of the initial Mn. This
loss decreased by 30% and 50% for the 1.5 nm and 7.5 nm
coated LMO, respectively, indicating that the 7.5 nm coated
LMO sample had higher recyclability than bare LMO.15 No
change in the average Li uptake capacity between cycles was
observed for the 1.5 nm LMO. Mn-loss was less than 3% for the
first three cycles but after the fourth cycle the Mn-loss was
nearly 4%, indicating degradation of the coating layer, consis-
tent with the 0.02% Zr4+ loss per cycle. The LMO with a 7.5 nm
coating had a maximum Li extraction capacity of 24 mg g�1

after 1 h of extraction at room temperature. A slight 4%
reduction in Li uptake capacity was noted after 4 cycles of
operation. On average, for the 7.5 nm coating, LMO Mn-loss
was less than 2% during all four cycles, while the Zr-loss of
pristine 7.5 nm LMO was less than 0.6% after being exposed to
0.5 M HCl for 10 h (Fig. S5, ESI†), and 10.2% when exposed to a
6 M HCl + 30% H2O2 solution. This indicated that the 7.5 nm
LMO was more resistant to mechanical and chemical degrada-
tion than the bare LMO. The Li regeneration after every cycle
was greater than 80%.

TEM-EELS visualization of the spatial distribution of Mn in
LMO during Li extraction from f-LBW showed that a layer of
Mn3+ had formed on the surface of the samples (Fig. 4).
Consistent with Seip et al.,9 the formation of this layer indi-
cated that Mn4+ on the surface was reduced to Mn3+ as a direct
result of contact with reducing agents in f-LBW. Mn3+ produc-
tion in bare LMO (Fig. 4b) primarily occurred on the surface but
was also present throughout the sample. The ratios of Mn4+ and
Mn3+ species on the line spectra (Fig. 4c) also confirmed this
hypothesis. In 7.5 nm coated LMO, the reduction of Mn4+ at the
surface and within the bulk phase decreased significantly. The
presence of a 7.5 nm ZrO2 coating on top of the LMO was also
confirmed using TEM-EELS (Fig. 4e). After 4 extraction cycles
(Fig. S7, ESI†), the distribution of Mn3+ in the 7.5 nm ZrO2

coated LMO resembled that of the bare LMO, likely because of
significant damage of the oxygen in the LMO framework.

Comparison of the XANES spectra of the lithiated and
protonated samples show three distinct spectral features
(Fig. S8, ESI†). The pre-edge peaks between 6535 and 6545 eV
are similar to peaks on the spinel compounds and represent
dipole-forbidden transitions responsible for 1s to 3dt2g

(A1) and
1s to 3deg

(A2) states.16 The absorption edge arises from the 1s
to 4p orbital transition and the features on the edge are the
result of medium to long range order in the spinel (B1, B2) and
contraction and expansion of the unit cell (C1, C2). Comparing
the sample spectra during the extraction and protonation cycles
to those of reference materials, the absorption edge shifted to
the left and right, respectively. Specifically, based on the XANES
spectra of the bare LMO, there was a shift in position of the C1
and C2 features to a higher energy in extracted samples and to a
lower energy in protonated samples. This is indicative of
resonating expansion and contraction of the unit cell during
extraction (lithiation) and protonation (delithiation).17 How-
ever, as the bare LMO aged, a shift to higher energy in the
extracted samples was also observed. This change is not rever-
sible, unlike the resonating unit cell observed between the

Fig. 3 (a) Cycle testing, (b) oxidation state, and (c) change in Mn–Mn
distance of bare LMO, 1.5 nm LMO, and 7.5 nm LMO after cycles 1, 2, 3,
and 4.

Fig. 4 O, Mn(III), Mn(IV), and Zr(IV) TEM-EELS mapping and line spectra of
(a)–(c) bare LMO after one cycle and (d)–(f) 7.5 nm coated LMO after one
cycle.
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extracted and protonated states. There was minimal change in
the C1 and C2 feature for the 1.5 and 7.5 nm ZrO2 coated LMO,
confirming retention of the unit cell volume. This type of shift
provided evidence of structural damage in the spinel structure
of the bare LMO after four cycles. The expansion of the unit cell
with further DLE cycles did not impact the protonation state,
likely one of the reasons that the bare LMO retained its Li
uptake capacity.

Linear combination fitting (LCF) of the reference materials
spectra to the bare LMO, 1.5 nm LMO, and 7.5 nm LMO spectra
(Table S3, ESI†) showed that the spectra of all LMO types were
similar to the XANES spectra of the spinel reference materials
(LiMn2O4 and Li1.33Mn1.67O4). Combined with TEM-EELS Mn
mapping, we infer that most of the Mn in the spinel was in the
Mn4+ state. Thus, by using protonated spinel reference materi-
als and a Mn3+ reference material (Mn3O4), the average oxida-
tion state of the LMO samples could be monitored across DLE
cycles. The bare LMO showed at least 10% transformation of
spinel Mn4+ to Mn3+ each cycle.

The oxidation state (Fig. 3b) of the pristine bare LMO was
determined as +3.87 and for 7.5 nm LMO, +3.90.18 This slight
increase in oxidation state could be the result of the second
calcination step after ZrO2 coating, where more oxygen was
available for oxidation of Mn3+ in the LMO present initially as
an impurity. The oxidation state of all the protonated samples
was +4, indicating complete disproportionation of Mn3+ by the
protonation acid.17–19 After coating with 7.5 nm ZrO2, the
oxidation states of the extracted samples increased, indicating
decreased Mn3+ formation every cycle.

Comparison of the EXAFS spectra between the first and the
third extraction cycles (Fig. S10a, ESI†) and first protonation
and fifth protonation cycles (Fig. S10c, ESI†) reveals a slight
change in the second maxima (2.3 Å) in the R-space for bare
LMO, but for 7.5 nm LMO showed no noticeable shift
(Fig. S10b, and d ESI†). The absence of the shoulder peak
and the subsequent change in position and shape of the
following peaks indicated structural changes in the spinel
which are probably caused by the reductive dissolution of
Mn3+. The change in the spectra beyond 3 Å in the cycled
protonated sample also indicated structural changes in the
MnO6 octahedron. Both extracted and protonated versions of
the 7.5 nm LMO (Fig. S10b and d ESI†) did not show changes in
the R-space peaks.

The EXAFS fit results (Table S4, ESI†) indicated minimal
change in the first shell (Mn–O) distances for all samples. The
average Mn–Mn second shell distance changed during Li
extraction and protonation (Fig. 3c). The reversible alteration
in the Mn–Mn distance was likely due to the formation of Mn3+

ions during Li+ extraction. The Mn4+–Mn3+ bond is longer than
the Mn4+–Mn4+ bond, which caused the observed increase in
average Mn–Mn distance during Li+ extraction.17 The bare LMO
began to deteriorate after 3 cycles of DLE operation, consistent
with the Mn–Mn distance of less than 2.87 Å after protonation
and the fact that the spinel did not recover to the original state

(Mn–Mn distance of 2.87 Å). The decrease in the Mn–Mn
distance is attributed to the decrease in the total Mn species
present in LMO, caused by reductive dissolution. Shortening of
Mn–O and Mn–Mn distances may result in a phase change
from cubic spinel to tetragonal spinel, reducing the recyclabil-
ity of the bare LMO.20 In the coated LMO sample, the Mn–Mn
distance partially recovered in 1.5 nm LMO and fully recovered
in 7.5 nm LMO (Fig. 3c), indicating that life cycle of the LMO
can be increased using ZrO2 coatings and are effective in Li
extraction from f-LBW.

We coated LMO with different thicknesses of ZrO2 using an
evaporative crystallization method. The coating layer did not
impact the Li+ adsorption from LBW, but significantly lowered
Mn-loss when compared to the bare LMO. By optimizing the
coating thickness for Li uptake and Mn-loss, the 7.5 nm coated
LMO had the highest Li uptake capacity, 24 mg g�1, and a lower
Mn-loss of 2% per cycle. This increased performance improves
the recyclability and economics of an LMO-based DLE process,
particularly when this adsorbent is used in f-LBW containing
Mn-reducing agents. Our results contribute to effectively estab-
lishing the mineral and economic potential of low-lithium
bearing sedimentary brines, supporting the clean energy tran-
sition and expressed climate change goals.
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