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A B S T R A C T

Increased demand for lithium products for use in lithium-ion batteries has led to a search for new lithium re-
sources in recent years to meet projected future consumption. One potential lithium resource is low lithium bear-
ing brines that are discharged from hydraulically fractured oil and gas wells as flowback and produced water
(FPW). In this way, hydraulic fracturing presents an opportunity to turn what is normally considered wastewater
into a lithium resource. In this research, two manganese-based lithium-selective adsorbents were prepared using
a co-precipitation method and were employed for lithium recovery from FPW. At optimized conditions, lithium
uptake reached 18 mg g−1, with a > 80% lithium recovery within 30 min. The recovered lithium was isolated
and concentrated to 15 mM in an acidic final product. The degree of sorbent loss during acid desorption of
lithium was significantly higher for sorbents used in the FPW as compared to recovery from a synthetic lithium-
bearing brine (4.5% versus 0.8%). Thus, we propose that organic molecules present in the FPW reduce man-
ganese in the sorbent structure during lithium sorption, leading to increased sorbent loss through reductive dis-
solution. Systematic characterization including wet chemical manganese valence measurements, along with EX-
AFS, XPS, and TEM-EELS show that exposure to FPW causes tetravalent manganese in the bulk sorbent structure
to be reduced during lithium sorption, and subsequently dissolves during acid desorption. Partial removal of
these organic molecules by nanofiltration leads to decreased sorbent dissolution in acid. In this way, we show
that dissolved organic molecules represent a critical control on the reductive dissolution of manganese-based
lithium ion exchange sorbents. This research provides some promising results on the use of manganese-based
lithium sorbents in FPW.

1. Introduction

Lithium products represent a valuable resource for the rapidly grow-
ing electric vehicle industry [1–3]. Global lithium production increased
by an estimated 113% between 2016 and 2018, with 56% of 2018
lithium end-use going toward lithium based battery production [4]. It is

anticipated that this trend will continue, and that lithium availability
may become the rate limiting factor in lithium battery production in the
future [5]. Currently, almost all of the lithium products used in industry
in North America are imported [6]; for this reason, lithium supply secu-
rity has become a priority for technology companies in the United
States [4]. One potential lithium reserve that exists in North America is

Abbreviations: FPW, Hydraulic Fracturing Flowback and Produced Water; EXAFS, Extended X-Ray Absorption Fine Structure; XPS, X-Ray Photoelectron
Spectroscopy; TEM-EELS, Transmission Electron Microscopy – Electron Energy Loss Spectroscopy; TDS, Total Dissolved Solids; ICP-MS/MS, Inductively Coupled
Plasma – Mass Spectrometer; FTIR, Fourier-Transform Infrared Spectroscopy; TGA, Thermogravimetric Analysis; XRD, X-Ray Diffraction; XAS, X-Ray Absorption
Spectroscopy; XANES, X-Ray Absorption Near Edge Structure; X-FEG, Extreme Field Emission Gun; CMOS, Complementary Metal Oxide Semiconductor; TEM,
Transmission Electron Spectroscopy; BET, Brunauer-Emmett-Teller Surface Area; NPOC, Non-Purgeable Organic Carbon; TIC, Total Inorganic Carbon; NDIR, Non-
Dispersive Infrared; LMO-2, Calcined Sorbent, Li:Mn Synthesis Ratio 2; HMO-2, Protonated Sorbent, Li:Mn Synthesis Ratio 2; LMO-3, Calcined Sorbent, Li:Mn
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hydraulic fracturing flowback and produced water (FPW), which would
help to meet the issues of both rising global demands and lithium sup-
ply security [7,8]. FPW is a waste by-product of the hydrocarbon ex-
traction industry [9–11]. During the fracturing process, fracturing fluid,
which consists of water, sand and fracturing additives, is injected into a
target geologic formation in order to fracture the rock, increase its per-
meability, and promote the flow of hydrocarbons toward the wellbore
[10,11]. During this process, the fracturing fluid interacts with the geo-
logic formation, interstitial water, and hydrocarbons, and a fraction of
the resulting fluid returns to the surface as FPW [9,11]. The formation
water in hydraulic fracturing plays is often highly saline, typically in
excess of 100,000 ppm of total dissolved solids (TDS) [11], and bears
lithium, in some cases in excess of 100 ppm [7]. Consequently, hy-
draulic fracturing supplies a mechanism of delivering lithium-bearing
petroleum brine to the surface, and therefore provides an opportunity
for lithium recovery.

Common methods for lithium recovery from brine include solvent
extraction, electrochemistry, solar evaporation and ion exchange [12].
Many of these methods have drawbacks; both solvent extraction and
the electrochemical method are not suitable for lithium extraction
when concentrations of divalent cations in the brine are high [13,14],
while the solar evaporation method used in South America requires a
dry climate, ample sunlight, high lithium concentrations, and a long
evaporation time of 1–2 years [1]. None of these methods would there-
fore be applicable to extraction of lithium from FPW. For these reasons,
ion exchange is among the most promising technologies for use in low
lithium-bearing brines such as FPW [15].

Selective ion exchange adsorbents used for lithium recovery include
both manganese based and titanium based materials [16]. Spinel man-
ganese based ion exchange sorbents represent one of the most promis-
ing lithium recovery technologies from low lithium bearing brines due
to their high selectivity toward lithium and their high lithium uptake
[17]. These materials have displayed the highest lithium uptake in liter-
ature of an inorganic sorbent, with reported experimental lithium up-
take capacities in excess of 40 mg g−1 [18]. The primary challenge in
commercialization of these manganese based ion exchange materials
has been sorbent loss during lithium desorption in acid [19]. Identify-
ing major parameters which affect sorbent loss and investigating poten-
tial mitigation strategies for application in FPW is therefore critical to
the economic use of these sorbents.

To the best of our knowledge, there are no studies that utilize a man-
ganese-based sorbent for lithium recovery from FPW. Jang et al., [8]
employed a titanium-based sorbent to recover lithium from a synthetic
FPW; however, there are no extant studies that investigate lithium ex-
traction from real field-collected FPW using an ion exchange sorbent. It
is therefore not understood how the complex organic profile, which is
present in the FPW due to both fracturing additives and organics indige-
nous to the fractured hydrocarbon-bearing formation [20], affects this
lithium recovery technology. The primary objectives of this study,
therefore, were to evaluate the lithium recovery performance and the
chemical stability of manganese-based sorbents when used for lithium
recovery from FPW.

In this study, we prepared two manganese-based sorbents at differ-
ent synthesis conditions using a co-precipitation method and performed
a comprehensive analysis of their physical and chemical properties in
order to determine the effect of synthesis conditions on sorbent struc-
ture. The sorbents were then used to recover lithium from a sample of
field collected FPW originating from the Duvernay Formation in Al-
berta, Canada. The performance of each sorbent in the field collected
FPW was then compared to that of a synthetic FPW. Samples of each
sorbent were analyzed at each point of the lithium recovery cycle from
both field collected and synthetic FPW in order to determine the effect
of organic compounds in FPW on sorbent performance and structure.

2. Materials and methods

2.1. Reagents

Lithium hydroxide (98%), manganese chloride tetrahydrate
(MnCl2·4H2O, >99%), hydrogen peroxide (H2O2, 30% in water), sulfu-
ric acid (H2SO4, 98%), sodium hydroxide (NaOH, >99%), ammonium
oxalate monohydrate ((NH4)2C2O4·H2O, >99%), potassium perman-
ganate (KMnO4, >99%), hydrochloric acid (HCl, 37% in water),
sodium chloride (NaCl, >99%), lithium chloride (LiCl, >99%), micro-
crystalline cellulose, Triton X-100 (70% in water) and manganese diox-
ide (MnO2, 98%) were purchased from Fisher Scientific, Canada.
Lithium manganese dioxide (LiMnO2, >99%) and lithium manganese
(III, IV) oxide (LiMn2O4, >99%) were purchased from Sigma Aldrich,
Canada. All solutions were prepared using deionized water with a resis-
tivity of 18.2 MΩ cm at 25 °C.

2.2. Flowback and produced water

The FPW used in this study was collected in the field from a hy-
draulic fracturing well in the Duvernay Formation in Alberta, Canada in
December 2016, 15 days after fracturing. A synthetic brine was pre-
pared to mimic the inorganic composition of the FPW. Major properties
of the fluids are listed in Table A.1.

To conduct experiments on filtered fluid samples, FPW was cen-
trifuged at 4000 g for 5 min and the oil layer was removed. The fluid
was then filtered through a 0.20 μm nylon syringe filter before ultra or
nanofiltration. For ultrafiltration, the filtered FPW was passed through
a Millipore Pellicon XL Cassette Biomax 10 kDa ultrafiltration mem-
brane using a peristaltic pump, and for nanofiltration the FPW was
passed through a 100–250 Da Synder Filtration NFS nanofiltration
membrane using dead stop filtration at 5 bar. Major properties of fil-
tered fluids are listed in Table A.2.

2.3. Sorbent preparation

Manganese based sorbents were prepared using a co-precipitation
method similar to that used by Tian et al., [21], without the addition of
Mg(NO3)2·6H2O. 3.0 M LiOH was added in Li:Mn molar ratios of 2:1
and 3:1 to 0.375 M MnCl2 solution at 20 °C to produce a slurry. 30%
H2O2 was added dropwise to each solution to oxidize the Mn (II) and
produce the manganese oxide precursor. Each solution was stirred for
2 h, transferred to a ceramic drying tray and dried in a forced air con-
vection oven at 90 °C for 16 h. The resulting precursors were ground to
a fine powder using a mortar and pestle and calcined in a furnace in air
at 450 °C for 4 h. Each sorbent was then washed twice in 50 mL of
deionized water, and the resulting products were designated lithium
manganese oxides LMO-2 and LMO-3 for synthesis Li:Mn ratios of 2:1
and 3:1, respectively. Portions of each of these materials were stirred in
0.50 M H2SO4 at 20 °C for 1 h. The resulting protonated ionic sieves
were washed twice in deionized water and designated as HMO-2 and
HMO-3 for synthesis Li:Mn ratios of 2:1 and 3:1, respectively.

2.4. Sorption and desorption experiments

Optimization of lithium recovery conditions was performed as part
of this study and can be referenced in Appendix A. FPW was centrifuged
at 4000 g for 5 min and the oil layer was removed. The FPW was pipet-
ted into a glass vial, and its pH was adjusted using 1.0 M NaOH. pH was
measured using a Mettler Toledo FiveEasy Plus pH meter. The FPW was
heated to 70 °C, and the protonated sorbent was added at a dosage of
2.0 g L-1 for a sorption time of 30 min with constant mixing. After sorp-
tion, the mixture was centrifuged at 4000 g for 5 min. The treated FPW
was removed and the Li loaded sorbent was washed twice with 10 mL
of deionized water. The Li loaded sorbent was then added to 0.5 M
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H2SO4 at a dosage of 6.0 g L-1 and was stirred at 20 °C for 5 min. After
desorption, the mixture was centrifuged at 4000 g for 5 min. The acid
was removed, the re-protonated sorbent was washed twice with deion-
ized water, and the sorbent was dried in open air at 20 °C.

FPW samples were taken after pH adjustment and after Li recovery
and were analyzed for major elements using an Agilent 8800 Triple
Quad Inductively Coupled Plasma – Mass Spectrometer (ICP-MS/MS).
Elements measured in the FPW were Li, B, Na, Mg, K, Ca, Mn and Sr. Li
uptake was determined using a mass balance between the pH adjusted
and treated FPW. A sample of the desorption acid was analyzed using
ICP-MS/MS for the same elements measured in the FPW samples to de-
termine the lithium concentrate purity, and Mn concentrations were
used to calculate sorbent loss in the acid.

2.5. Chemical analyses

2.5.1. Manganese average oxidation state determination
Manganese average oxidation state (ZMn) was determined using a

method similar to that outlined by Freeman and Chapman [22]. 180 mg
of sorbent was digested in 25 mL of 0.10 M (NH4)2C2O4 + 12.5 mL of
4.0 M H2SO4 at 80 °C until complete dissolution was reached. The di-
gestions were then back-titrated using 0.010 M KMnO4 to a faint pink
endpoint in order to determine the moles of oxalate which reacted, and
therefore the moles of electrons which were transferred during the di-
gestion step.

Mass percentages of Mn and Li in each sorbent were determined by
digesting 40 mg of sorbent in 20 mL of 6.0 M HCl + 1.0 mL of 30%
H2O2 at 80 °C for 1 h. Samples were then analyzed for Mn and Li con-
centrations using ICP-MS/MS; subsequently, the total moles of Mn in
the sorbent used in the oxalate digestion was determined. ZMn was then
calculated using the total moles of Mn in conjunction with the total
moles of transferred electrons between oxalate and Mn determined by
the titration. The Li:Mn molar ratio determined using ICP-MS/MS, in
combination with ZMn, was then used to calculate a chemical formula
for each sorbent in the form of LixMnyO4 [23].

2.5.2. Li selectivity Titrations:
Selectivity titrations were performed using a method similar to that

outlined by Ooi et al., [24]. 50 mg portions of protonated sorbent were
added to 5.0 mL of 0.10 M solutions of MOH + MCl (M = Li or Na) in
varying ratios of hydroxide to chloride. Blank titrations of
NaOH + NaCl in the absence of sorbent were also prepared. The mix-
tures were stirred on a shaker table at 375 rpm at 20 °C for 6 h, and the
pH of the supernatant of each solution was measured after sorption.
Samples of the Li solutions were taken before and after sorption and an-
alyzed using ICP-MS/MS to determine maximum Li uptake.

2.6. Physical analyses

Fourier-transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA) and X-ray diffraction (XRD) were all performed on
10 mg samples of dry sorbent. FTIR was performed using a Bruker Al-
pha FTIR Spectrometer, and absorbance values were collected in the
wavenumber range of 750 – 4000 cm−1. TGA was performed using a TA
Instruments TGA Q50 using nitrogen gas, increasing the temperature
from 20 °C to 1000 °C at a rate of 10 °C min−1. XRD patterns were ob-
tained using a Rigaku Ultima IV with a cobalt tube radiation source at
38 kV and 38 mA. Scans were performed using a range of 5°– 90° and a
step size of 0.0200°. XRD patterns were interpreted and converted to a
copper source using JADE 9.6 software.

Mn K-edge X-ray absorption spectroscopy (XAS) measurements
were performed at beamline B18 at the Diamond Light Source, U.K.
Samples were prepared by diluting 5 mg of sorbent in 150 mg of micro-
crystalline cellulose and mixing using a mortar and pestle. The mixture
was then pressed into a 13 mm diameter pellet using a hydraulic press.

Incident X-ray wavelengths were selected using a fixed exit double-
crystal monochromator (with Si(1 1 1) and Si(3 1 1) crystals) [25,26].
XAS spectra were collected in transmission mode using two gas-filled
ionisation chambers [25,26]. Mn metal foil was placed in front of a
third ionisation chamber in order to correct for instrument drift [25].
For each sample, scans were performed in triplicate and the data were
averaged and normalised using the program ATHENA [27] to produce
X-ray absorption near edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) spectra. k3 weighted EXAFS spectra
were modelled using ARTEMIS software, which uses structural models
produced from published crystal structures [27], to determine inter-
atomic Mn-O and Mn-Mn distances within each sample. ZMn from
XANES spectra were determined using linear combination modelling in
ATHENA; LiMnO2, LiMn2O4 and MnO2 were used as reference materials
for ZMn of 3.0, 3.5 and 4.0, respectively.

A Kratos Ultra DLD X-ray Photoelectron Spectrometer (XPS) was
used to acquire the near surface (<10 nm) elemental composition and
manganese oxidation states. A monochromatic Al source was used at
150 W power to obtain survey scans and Mn 2p, Mn 3p, and Mn 3 s
high resolution spectra from the near surface region. The pass energy
for narrow scans was 20 eV. Charge neutralization was used during ac-
quisition. 99.9% pure Au reference powder was used to calibrate the
spectra for Au 4f 7/2 to 84.0 eV. Three areas per samples were analyzed.
Shirley background was used to process the spectra. Quantification uti-
lized sensitivity factors that were provided by the manufacturer. A 70%
Gaussian / 30% Lorentzian (GL (30)) line shape was used for the curve
fittings. Constraints used in curve fitting of Mn 2p, Mn 3p, Mn 3 s spec-
tra were established in a previous study [28]. Multiplet splitting of Mn
3 s high resolution spectra was used to determine the oxidation state of
Mn, also described in a previous study [28]. Additionally, the oxidation
state of Mn was confirmed by observing the shape and position of Mn
3p high resolution spectra.

For the transmission electron microscope electron energy loss spec-
troscopy (TEM-EELS) data, images were acquired using a Thermo Sci-
entific Talos 200X microscope equipped with an extreme field emission
gun (X-FEG) source. The microscope was operated at 200 kV in STEM
mode, resulting in a point resolution of < 0.16 nm. EELS data were ac-
quired using a Gatan Continuum S system equipped with a complemen-
tary metal oxide semiconductor (CMOS) detector. Data were acquired
using a dispersion of 0.15 eV channel−1 and a constant drift tube volt-
age was used for standards and test samples. Spectra processing and
generation of maps were performed using GMS 3.4 software with plural
scattering removed by deconvolution.

Transmission electron microscope (TEM) images were acquired us-
ing a Philips/FEI (Morgagni) TEM along with a Gatan digital camera.
Sorbent samples were dispersed in a 0.10 mg mL−1 suspension and a
drop of the suspension was placed onto a TEM grid for analysis. Nitro-
gen adsorption/desorption isotherms at 77 K were obtained using a
Quantachrome Autosorb- iQ -MP/XR and specific surface area was cal-
culated using the Brunauer-Emmett-Teller (BET) method. Prior to
analysis, each 200 mg sorbent sample was outgassed at 200 °C for 6 h.
Zeta potential was measured with a Malvern Zetasizer using the Smolu-
chowski equation for analysis. Samples measured were 0.10 mg mL−1

suspensions of sorbent in deionized water at varying pH values. pH was
adjusted using HCl or NaOH.

2.7. Fluid property analysis

Fluid samples were diluted 50:1 (v/v) in deionized water prior to
both non-purgeable organic carbon (NPOC) and total inorganic carbon
(TIC) analyses. A Shimadzu TOC-L CPH Model Total Organic Carbon
Analyzer with an ASI-L TOC autosampler was used for both analyses.
For NPOC measurement, samples were acidified using 1 M HCl before
being sparged in order to strip the sample of purgeable organic and in-
organic carbon. The sample was subsequently injected into a combus-
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tion tube containing platinum catalyst beads at 720 °C in order to
evolve the remaining carbon in the sample to CO2, which was then mea-
sured using a non-dispersive infrared (NDIR) detector. For TIC mea-
surement, the sample was injected into a bubble chamber, and phos-
phoric acid (25%) was added to react with the inorganic carbon, form-
ing CO2 gas. The sample was bubbled with air, and the evolved CO2 was
measured using an NDIR detector.

3. Results and discussion

3.1. Characterization of initial sorbents

3.1.1. Structural analysis
Spinel lithium manganese oxides sorb lithium via two proposed re-

versible sorption mechanisms: a redox mechanism and an ion exchange
mechanism, as can be seen in Equations 1 and 2, respectively [17,23].

(1a)

(1b)

(2)

These materials are selective toward lithium (under alkaline condi-
tions) and protons (under acidic conditions) due to the small ionic radii
of lithium ions and of protons [29–31]. Manganese in these sorbents
can exist in both trivalent and tetravalent states; materials with higher
proportions of trivalent manganese have a higher proportion of redox
sites, while sorbents with exclusively tetravalent manganese contain ex-
clusively ion exchange sites [17,23,24,32–35]. At a redox site, lithium
desorption in acid is associated with reductive dissolution of trivalent
to divalent manganese (Eq. (1a)), resulting in a net loss of sorbent with
each sorption/desorption cycle [17,23]. For this reason, the optimum,
highest stability manganese based sorbent would contain exclusively
tetravalent manganese [30].

Table 1 summarizes the results from the structural analysis of
LMO/HMO-2 and LMO/HMO-3. LMO/HMO-3 was determined by XRD

to be pure ion exchange Li1.33Mn1.67O4, while LMO/HMO-2 contains a
mix of Li1.33Mn1.67O4 and low valence manganese (III) phases. FTIR
and TGA reveal that both sorbents exhibit an ion exchange mecha-
nism, however HMO-3 has more than triple the ion exchange site con-
centration than HMO-2 and is therefore expected to be the better
lithium sorbent.

ZMn of sorbent LMO-2 and its protonated counterpart HMO-2 were
determined to be 3.47 and 3.64, respectively, resulting in a chemical
formula of Li0.91Mn2.04O4 calculated for LMO-2. The prevalence of Mn
(III) in this sorbent expressed by its low ZMn value indicates the pres-
ence of redox sites in this sorbent [23,24,32–35]. LMO-3 and HMO-3
had ZMn of 3.87 and 3.99, respectively, resulting in a chemical formula
of Li1.47Mn1.69O4 for LMO-3. HMO-3′s oxidation state is consistent with
a sorbent with almost exclusively ion-exchange sites [23,24,32–35].
ZMn in both sorbents increased significantly after the initial protonation
step due to acid dissolution of low valence manganese in the bulk mate-
rial [23,24]. Dissolution of low valence manganese phases would also
lead to the tighter distribution of Mn-Mn distances determined by EX-
AFS between the LMO and HMO versions of each sorbent (Table 1).

FTIR spectroscopy (Fig. 1(a)) demonstrates that both HMO-2 and
HMO-3 experienced proton insertion into their structures during acid
treatment, indicating that both sorbents contain ion exchange sites.36

The absorbance peak at 3330 cm−1 can be attributed to stretching vi-
brations of hydroxyl groups within the lattice, the peak at 1600 cm−1 is
due to bending vibrations of hydroxyl groups, and the peak at 900 cm−1

is due to lattice vibrations of protons [37].
TGA data for both protonated sorbents shows mass loss between 150

and 300 °C, which further indicates the presence of ion exchange sites
in the sorbents [23,24,30,32,34,37]. This mass loss, centered around
220 °C, has been attributed to structural water loss from condensation
of lattice hydroxyl groups, which were formed during ion exchange
with lithium, within the spinel structure of the sorbent [23,34,37]. In
this way, the total proton content of the protonated sorbent, and there-
fore the concentration of ion exchange sites, can be determined from
the mass loss between 150 and 300 °C.23 HMO-2 experienced a 1.97%
mass loss in this temperature range as compared to a 6.18% loss by
HMO-3, indicating that HMO-3 contains >3 times more ion exchange
sites than HMO-2. The redox site concentration can then be calculated

Table 1
Summary table of physical and chemical characteristics of initial calcined and protonated sorbents.

Sorbent ZMn Chemical Formula (Feng et al., [23]
method)

Ion Exchange Site
Fraction

Redox Site
Fraction

BET Surface Area
(m2 g−1)

Pore Volume
(cm3 g−1)

EXAFS Mn-Mn
distances

R (Å) σ (Å)

LMO-2 3.47 Li0.91Mn2.04O4 – – 15 0.22 2.90 0.088
HMO-2 3.64 Li0.17H0.42Mn2.04O4 79% 21% 33 0.26 2.87 0.083
LMO-3 3.87 Li1.47Mn1.69O4 – – 25 0.07 2.89 0.087
HMO-3 3.99 Li0.12H1.21Mn1.67O4 98% 2% 74 0.25 2.87 0.079

Fig. 1. FTIR (a) and TGA (b) comparison plots of initial calcined (LMO) and protonated (HMO) sorbents.
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from the ratio of Li to Mn in the desorption acid [23]; site evaluation re-
sults are listed in Table 1. After determining proton content, chemical
formulas were assigned to the protonated sorbents using the method
outlined by Feng et al., [23]

Site evaluation results for HMO-3 reveal a 98% proportion of ion ex-
change sites, which is consistent with its ZMn of 3.99 [23,24,32–35].
Site evaluation results for HMO-2 show an ion exchange site percentage
of 79%, signifying that it is primarily an ion exchange sorbent as well.
This is atypical given the high proportion of Mn (III) in its structure,
which is associated with the presence of redox sites [23,24,32–35]. The
prevalence of Mn (III) in HMO-2 was therefore hypothesized to be dom-
inantly in the form of a separate Mn (III) phase in the bulk material
which did not participate in the lithiation/delithiation reactions. This
hypothesis is supported by the ZMn increase to only 3.64 after acid treat-
ment; in a pure redox type sorbent such as LiMn2O4, ZMn increases to
4.0 after delithiation [23]. These additional Mn (III) phases would im-
pact the resulting chemical formulas calculated using the Feng el al.,
[23] method for LMO-2 and HMO-2; this hypothesis also helps to ex-
plain why the formula for LMO-2 falls outside of the spinel lithium
manganese oxide formula range of (Li)[LixMn2-x]O4, 0 ≤ x ≤ 0.33 [34].

XRD patterns (Fig. 2) for LMO-3 and HMO-3 confirm its spinel struc-
ture, and display a pattern consistent with that of the ion-exchange sor-
bent Li1.33Mn1.67O4. The similarity between the XRD patterns for LMO-3
and HMO-3 indicates that delithiation occurred topotactically during
acid treatment, preserving the original spinel structure [34]. Three dif-
ferent phases were identified in the XRD patterns of LMO-2 and HMO-2:
Li1.33Mn1.67O4, Mn2O3 and Mn8O10Cl3 (Mn8O10Cl3 can be produced dur-
ing calcination of MnO2 + MnCl2 above 300 °C [38]). The presence of
one or both of these low valence manganese impurities in LMO/HMO-2
is supported by both the XPS and EXAFS analyses. EXAFS revealed a
larger distribution of Mn-Mn interatomic distances in HMO-2 species
compared to those in HMO-3 species (Table 1, Table A.3). This could be
explained by HMO-2 species being comprised of a mix of separate man-
ganese phases. Furthermore, the LMO/HMO-2 species could not be ade-
quately fit using EXAFS without the addition of 30% Mn2O3 or
Mn8O10Cl3 to the Li1.33Mn1.67O4 model (Fig. 3). XPS detected Mn (III) on
the surface of LMO-2 (Table A.5), and Cl was detected on the surface of
LMO-2 during the XPS elemental mapping, further supporting the XRD
evidence of Mn2O3 and Mn8O10Cl3 phases in LMO-2. This supports our

earlier hypothesis that delithiation could have occurred primarily at the
ion exchange sites in the sorbent, while the Mn (III) phases were not sig-
nificantly affected during acid treatment. A ZMn of 3.64 in the delithi-
ated sorbent suggests that HMO-2 may consist of >30% non lithium-
exchanging Mn (III) phases; it can therefore be concluded that for the
co-precipitation method employed in this research, a large excess of Li
(Li:Mn of 3) is required during synthesis in order to avoid production of
these phases.

EXAFS data for calcined and protonated versions of each sorbent in-
dicate a contraction of the crystal structure of the sorbents after proto-
nation [39–41]. This is evidenced by the decreased distance between
Mn-Mn atoms between the LMO and HMO versions of each sorbent, as
displayed in Table 1. These Mn-Mn distances increase again after re-
lithiation, and subsequently decrease after lithium desorption (Table
A.3), suggesting that the crystal structure of the sorbent expands during
lithium insertion and contracts during lithium desorption in every cy-
cle. Similar results have been reported in previous studies [39–41]
which use EXAFS analysis on manganese based ion exchange materials.

TEM images of both calcined and protonated sorbents are displayed
in Fig. 4. LMO-2 and HMO-2 appear to consist of a combination of long
(>100 nm length) needle shaped particles as well as some small
(<100 nm diameter) cubic shaped particles. LMO-3 and HMO-3 are
comprised of almost exclusively small, cubic shaped particles. The
larger particles comprising HMO-2 result in a smaller BET surface area
of 33 m2 g−1, compared to 74 m2 g−1 for HMO-3. The surface areas of
both sorbents more than doubles after the initial protonation step (be-
tween their LMO and HMO versions); this result was also found by
Wang et al., [34], and can be attributed to dissolution of Mn (II) and
opening of pores in the structure after first exposure to acid [33,42].
This is supported by the measured increase in pore volume in both sor-
bents after protonation (Table 1).

3.1.2. Behavior in solution
Both HMO-2 and HMO-3 have a point of zero charge (PZC) in solu-

tion close to pH 2 (Figure A.10(b)). This indicates that both sorbents
should exhibit good dispersion at typical Li sorption conditions of pH 6
and higher [21]. HMO-2 has a significantly more negative zeta poten-
tial than HMO-3 when pH ≥ 4. HMO-3 is shown by TGA data to contain
more hydroxyl groups than HMO-2; a higher concentration of hydroxyl

Fig. 2. XRD comparison plot of initial calcined and protonated sorbents. ♢, □ and △ represent peaks which can be attribued to Mn2O3, Mn8O10Cl3 and Li1.33Mn1.67O4
phases, respectively.
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Fig. 3. Mn K-edge EXAFS and Fourier transforms for initial calcined and protonated sorbents. Dashed lines represent fits for each material. LMO/HMO-3 species were
fit using a pure Li1.33Mn1.67O4 model, whereas LMO/HMO-2 species were fit using a 70% Li1.33Mn1.67O4, 30% Mn2O3 model; dashed lines represent fits for each mate-
rial.

Fig. 4. TEM images of LMO-2 (a), HMO-2 (b), LMO-3 (c) and HMO-3 (d).

groups would typically lead to a more negative zeta potential [43]. The
intramolecular hydroxyl groups associated with Li-specific ion ex-
change sites in HMO species, however, are not surface functional
groups, and will therefore only interact with the solution if Li ions are
present [29–31], as exhibited in Figure A.10(a). Therefore, the lattice
hydroxyl groups measured by TGA would not contribute to the mea-
sured zeta potential. One potential explanation for the discrepancy in
zeta potential is that HMO-2 may have more negative surface functional
groups present on its Mn (III) phases. Mn8O10Cl3 contains oxychloride
surface functional groups capable of inner sphere complexation and has

been used for nonspecific cation surface sorption in previous literature,
suggesting it should exhibit a more negative zeta potential in solution
[44,45].

Data from Li selectivity titrations can be referenced in Figure A.10
(a). For both protonated sorbents, the pH vs. meq OH– curve under im-
mersion in a NaOH/NaCl solution essentially follows that of the blank
titration containing no sorbent, indicating little or no ion exchange be-
tween Na ions in solution and protons in the sorbents [23,24,32]. When
immersed in a LiOH/LiCl solution, both sorbents exhibited ion ex-
change between Li and protons, releasing protons into solution and
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buffering its pH [23,24,32]. This experiment verifies that both HMO-2
and HMO-3 are Li selective ion exchange sorbents. HMO-3 was able to
buffer the solution at higher concentrations of OH– than HMO-2 due to
its higher concentration of ion exchange sites [23,24,32]. The maxi-
mum Li uptake by HMO-2 and HMO-3 in these experiments were
18 mg g−1 and 27 mg g−1, respectively; these values represent the max-
imum projected Li sorption capacities of these materials from FPW. In-
terestingly, there was an observed production of permanganate from
both HMO-2 and HMO-3 in Li titrations in which the final pH
was > 10, which did not occur in the Na titrations (Figure A.14). A
similar result was found by Feng et al., [32] using a similar experiment.
Saenko et al., [46] attributed this phenomenon to the redox dispropor-
tionation reaction 4Mn4+ → 3Mn3+ + Mn7+ during lithium sorption,
resulting in the release of MnO4-. See (Fig. 5.).

3.2. Sorbent performance in FPW

3.2.1. Optimization of sorption/desorption conditions
Optimization of experimental conditions has been completed for the

FPW tested in this research and can be referenced in Appendix A. These
experimental conditions include sorption pH, sorption temperature and
time, sorbent dosage ratio, desorption time and acid concentration;
conditions were originally optimized using HMO-2, and the same con-
ditions were later applied when using HMO-3 for consistency. See (Fig.
6.).

Sorption pH has a significant impact both on lithium uptake and on
the final lithium concentrate purity due to proton release at ion ex-
change sites during lithium sorption, causing a fluid pH drop [21]. With
an initial sorption pH of 8 and higher, HMO-2 was able to reach its max-
imum lithium uptake prior to the pH of solution dropping to a level be-
low that required for lithium-proton ion exchange (Figure A.1). Con-
versely, an initial pH of 8 and lower resulted in fewer impurities in the
final lithium concentrate; at sorption conditions of pH 9 and higher, un-

Fig. 5. Li uptake (a) and sorbent loss in acid (b) of HMO-2 and HMO-3 during Li recovery from FPW. Error bars represent 1 standard deviation.

Fig. 6. Li uptake when recycling HMO-3 in FPW with a 1% Triton X-100 solution wash following each desorption cycle.
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desired cations precipitated from solution and were not separated dur-
ing centrifugation, leading to high Na, Mg and Ca concentrations in the
final concentrate (Figure A.2). Sorption kinetics and final uptake were
highly dependent on sorption temperature (Figure A.3); at a sorption
temperature of 70 °C (the FPW wellhead temperature), a maximum
lithium uptake of 17 mg g−1 was reached in 30 min, versus a maximum
uptake of 12.5 mg g−1 after 4 h at 20 °C. Sorbent dosage had a signifi-
cant impact on lithium extraction efficiency and on lithium uptake due
to differences in the decrease of FPW pH during sorption (Figure A.5). It
was found that a dosage of 2.0 g L-1 resulted in the best balance between
extraction efficiency and lithium uptake for the previously determined
sorption conditions (Figure A.4). Desorption performance was less sen-
sitive to the tested conditions as compared to sorption; desorption ki-
netics were fast, reaching maximum stripping efficiency after 5 min
(Figure A.6), and acid concentration had little effect on stripping effi-
ciency (Figure A.7), with the exception of desorption in 10 mM H2SO4.
In this experiment, there were fewer total moles of protons in the acid
than there were moles of lithium in the sorbent, causing the acid to be
completely neutralized prior to complete lithium desorption. These ex-
periments utilized a lithium concentration factor (volume ratio of FPW
to desorption acid) of 3.0; producing a more concentrated lithium prod-
uct would require a more concentrated acid in order to avoid neutral-
ization. Sorbent dissolution in acid was not affected by the tested des-
orption conditions. See (Fig. 7.).

For these reasons, the optimum lithium recovery conditions were
determined to be sorption at pH 8 and 70 °C for 30 min with a sorbent
dosage of 2.0 g L-1, followed by desorption in 0.5 M H2SO4 for 5 min. At
these conditions, HMO-2 was able to extract >80% of the lithium from
the FPW, with an average uptake of 18 mg g−1. Using a concentration
factor of 3.0, the lithium stripping efficiency was 98%, leading to a rela-
tively pure product containing 15 mmol L−1 of lithium (Figure A.8).
Further processing of this concentrate using techniques such as solvent
extraction to remove boron would likely be required to improve the pu-
rity of the concentrate before further processing. These conditions were
used for all lithium sorption and desorption experiments in the follow-
ing sections.

3.2.2. Sorption and desorption experiments under optimized conditions
Average first cycle lithium uptake from FPW was comparable be-

tween HMO-2 and HMO-3 at approximately 18 mg g−1 and 17 mg g−1,
respectively. This is consistent with the maximum lithium uptake deter-
mined in the selectivity experiments for HMO-2 (18 mg g−1); however,

HMO-3 displayed a significantly lower Li uptake from FPW as com-
pared to its maximum uptake of 27 mg g−1 determined from the selec-
tivity experiments. This is due to the pH drop (Figure A.5) of the FPW
during lithium sorption due to protons being released from ion ex-
change sites [21]. At ion exchange sites, lithium sorption is significantly
impeded when the solution pH drops below 6 [21], and effectively
ceases below pH 4 [23], meaning that the maximum uptake capacity
cannot be reached if the pH drops below this threshold during sorption.
Experimental conditions were initially optimized for sorption using
HMO-2; a higher FPW starting pH would be required for HMO-3 to
reach its maximum uptake.

First cycle sorbent loss in acid fluctuated considerably for both sor-
bents, but was typically between 4% − 10%. Literature values for sor-
bent loss during acid desorption from redox-type LiMn2O4 can be as
high as 27% [47]. Pure ion-exchange type Li1.33Mn1.67O4 exhibits far
lower sorbent loss due to the lack of a reductive dissolution mechanism
[30,48]. Manganese dissolution from a pure ion exchange sorbent oc-
curs primarily due to the presence of a few Mn (III) atoms present in the
bulk material; the trivalent manganese transfers electrons to Mn (IV)
atoms on the particle surface during acid treatment, resulting in the for-
mation and release of Mn (II) [49]. Due to this mechanism, pure ion ex-
change Li1.33Mn1.67O4 and Li1.6Mn1.6O4 sorbents typically experience
between 1% − 2% sorbent loss per cycle [30,48]. Experimental sorbent
loss values after sorption from FPW were therefore within a potential
range for a sorbent containing redox-type sorption sites such as HMO-2,
but were significantly higher than literature values for a pure ion ex-
change sorbent such as HMO-3. We therefore speculated that exposure
to FPW during lithium sorption leads to an increased sorbent loss in the
subsequent desorption step.

3.2.3. Sorbent recycling
Recycling of spinel lithium manganese oxide sorbents in brine has

previously provided positive results in literature. Tian et al., [21] and
Ooi et al., [31] both found the drop in lithium uptake to be negligible
over the course of 5 cycles. Recycling of both HMO-2 and HMO-3 in
FPW, however, proved to be challenging in this study. Initial recycle
testing was performed on HMO-2, and the methodology which resulted
in the most positive outcome was later confirmed to perform similarly
on HMO-3.

With no treatment to the FPW, second cycle lithium uptake by
HMO-2 dropped markedly to 2 mg g−1, compared to the first cycle up-
take of 17 mg g−1 (Figure A.9). On the second sorption cycle, the sor-

Fig. 7. Li uptake (a) and sorbent loss in acid (b) of HMO-3 during Li recovery from FPW and synthetic brine. Error bars represent 1 standard deviation.
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bent was observed to aggregate and float on top of the FPW instead of
dispersing as usual. We hypothesized that a coating of non-aqueous or-
ganic liquids present in the FPW was formed on the sorbent surface dur-
ing the first sorption that was carried through the washing and drying
process, as reported previously for titanium-based sorbents [50,51].
This hypothesized coating could cause the sorbent to become hy-
drophobic, reducing its reactive surface area and therefore reducing its
sorption capacity. In an attempt to avoid the buildup of any organic
coating on the sorbent surface, various organic removal treatments
were studied (Figure A.9); it was determined that the most effective so-
lution was a surfactant (1% Triton X-100) wash after each sorption cy-
cle prior to drying. Using this method, lithium uptake plateaued at
13 mg g−1 between cycles 2–5 after a first cycle uptake of 17 mg g−1,
supporting the presence of an organic coating and indicating that the
surfactant was successful in its removal.

3.3. Effect of organic fracturing additives on sorbent performance and
structure

3.3.1. Sorbent performance in synthetic brine
In order to study the impact of FPW on sorbent loss, a synthetic

brine was prepared to replicate the inorganic characteristics of the FPW
in the absence of any of the organic content. Sorption and desorption
experiments were performed on HMO-3 at the previously determined
optimized conditions. HMO-3 was used exclusively in these initial ex-
periments due to the large discrepancy between experimental sorbent
loss and literature values for similar sorbents [30,48]. Li uptake from
the synthetic brine by HMO-3 was, on average, slightly higher that from
the FPW at 21 mg g−1. This is likely due to the synthetic brine having a
higher buffering capacity, which limits the pH drop during sorption; the
final pH values of the treated fluids were 5.5 and 5.9 for FPW and syn-
thetic brine, respectively. More significantly, first cycle sorbent loss
from HMO-3 was considerably lower with synthetic brine than with
FPW at 0.8% on average, which is more typical for a pure ion exchange
sorbent [30,48]. We therefore hypothesized that organics present in the
FPW were reducing Mn (IV) in the sorbent during lithium sorption,
leading to a consequent increase of Mn dissolution in acid.

3.3.2. Manganese reduction in FPW
In order to test our hypothesis of Mn reduction by organic com-

pounds, sorption experiments with HMO-2 and HMO-3 were performed
in both field collected FPW and synthetic brine, and samples of the sor-

bents were analyzed after lithium loading and after acid desorption.
ZMn measurements for each experiment are presented in Fig. 8. After
both Li loading from synthetic brine and subsequent acid desorption,
ZMn of HMO-3 remains at 4.0, resulting in a low sorbent loss of 0.7% for
the cycle. ZMn of HMO-2 drops from 3.64 to 3.59 after Li insertion in
synthetic brine due to the presence of redox sites in the sorbent [23,24,
32–35]. Acid desorption results in a 3.1% sorbent dissolution and a
slight increase of ZMn to 3.61 due to disassociation of the Mn (III) which
was produced during Li sorption at redox sites [23,24,32–35].

Both HMO-2 and HMO-3 display a significant drop in ZMn (0.24
units of ZMn each) after sorption in the field collected FPW, substantiat-
ing our Mn reduction hypothesis. During subsequent Li desorption in
acid, almost all of the Mn which was reduced by the FPW dissolves into
solution, resulting in a 9.5% and 10.1% loss of HMO-3 and HMO-2, re-
spectively, and an increase in ZMn to approximate pre-exposure values
for both. This measured ZMn drop after sorption from FPW is corrobo-
rated by XANES data for both sorbents (Table A.4).

FPW has a highly complex organic profile because it is comprised of
components from natural formation water and additives in the fractur-
ing fluid along with their degradation products [9,20]. A previous study
on FPW from the Duvernay Formation in Alberta determined that the
most common dissolved organic species present were polyethylene gly-
cols (PEGs), octylphenol ethoxylates (OPEs) and alkyl dimethyl benzyl
ammonium chlorides (ADBACs) [20]. There is an abundance of evi-
dence [52–59] of various easily oxidizable organics reducing man-
ganese oxides in nature. Humic, fulvic, gallic, ascorbic and tannic acids,
as well as a wide variety of small aromatic compounds which could be
present in FPW, are all able to reduce MnOx compounds to soluble Mn
(II) [52,57]. When this occurs, Mn (IV) or Mn (III) is reduced to Mn (II)
and is released into solution.

This does not appear to be the case during lithium sorption, how-
ever, as no measurable Mn was observed in the treated FPW after sorp-
tion, even in cases where the FPW pH dropped as low as 4.0. The Mn
which is reduced during sorption necessarily exists as part of the bulk
sorbent, leading to the measured drop in ZMn after sorption from FPW.
This is further evidenced by the 2nd shell Mn-Mn distances measured
by EXAFS (Table A.3); in both HMO-2 and HMO-3, the average 2nd
shell Mn-Mn distances increase more significantly after lithium sorp-
tion from FPW as compared to from synthetic brine. Furthermore, the
“lithium loaded from FPW” versions of each sorbent have the widest
distribution of Mn-Mn distances compared to any other version of each
sorbent. These two pieces of evidence indicate a change in the sorbent’s

Fig. 8. Changes in ZMn throughout sorption/desorption cycle (a) and resulting sorbent loss in acid (b) of HMO-2 and HMO-3 during Li recovery from both FPW and
synthetic brine.
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structure during FPW exposure, likely due to the presence of reduced
manganese. Both of these measurements in both sorbents are compara-
ble to their synthetic brine experiment counterparts post desorption, in-
dicating dissolution of these reduced manganese atoms in acid. In an at-
tempt to visualize this manganese reduction by the FPW, and to deter-
mine whether the reduction occurs in the bulk or near the surface of the
particles, TEM-EELS was performed on samples of HMO-3 after lithium
loading from both FPW and from the synthetic brine (Fig. 9).

EELS line scans were performed across individual nanoparticles in
order to visualize the spatial distribution of manganese valence. EELS is
not a surface valence measurement technique; electrons which are mea-
sured have been transmitted through the entire depth of the three di-
mensional nanoparticle, and the data is then mapped onto a two dimen-
sional image. Electrons which are transmitted through the sample near
the edge of the particle in the two dimensional image can therefore be
used to represent the outer surface of the nanoparticle; electrons which
pass through the bulk of the particle, however, will carry a signal that
represents the particle’s bulk valence state as compared to its thin sur-
face layer.

EELS data show that lithium loaded HMO-3 nanoparticles, both
from synthetic brine and from FPW, have a thin (approximately 2 nm)
layer of Mn (III) on the particle surface, and are primarily Mn (IV) in the
bulk material (Fig. 9). The major observed difference between the two
samples was that the majority of the nanoparticles analyzed from the
synthetic brine had Mn valence distributions similar to particles (a) and
(b) in Fig. 9, with a large majority of Mn (IV) in the particle interiors,
which further supports the measured ZMn of 4.0 for these particles. Mea-
sured nanoparticles exposed to FPW, however, were all similar to parti-
cle (c), with a significant proportion of Mn (III) measured in the particle
bulk. These results indicate that organic molecules are reducing Mn
(IV) in the bulk of the nanoparticles to Mn (III) during lithium sorption
in FPW, causing the measured drop in bulk ZMn of the particles after
lithium sorption, and consequent Mn dissolution during acid desorp-
tion.

The cause of the thin layer of Mn (III) on the surface of the nanopar-
ticles is not known; however, it is possible that it is formed during the
initial protonation step during preparation of HMO-3 as discussed be-
low. XPS results (Table A.5) express differences in the average Mn sur-
face valence in the surface 5–10 nm of the nanoparticles using Mn 3 s
multiplet splitting [28]. Somewhat counterintuitively, LMO-3 (ZMn
3.87) has a smaller Mn 3 s multiplet split than HMO-3 (ZMn 3.99),
which would signify a higher proportion of Mn (IV) on the surface of
LMO-3 as compared to HMO-3 [28]. This suggests that although the
majority of the low valence Mn in LMO-3 is dissolved during protona-
tion in acid, as there was more Mn (III) in the first 5–10 nm of the sur-
face of HMO-3 particles compared to in LMO-3. One explanation for
this would be that the 2 nm surface layer of Mn (III) seen in the parti-
cles in Fig. 9 formed during initial protonation in acid. Higher surface
Mn 3 s multiplet splits compared to LMO-3 indicate that this layer is
present in all protonated, Li loaded and desorbed versions of the sor-
bent (Table A.5). It is unclear whether this thin Mn (III) surface layer is
caused by reduction of Mn (IV) on the particle surface by the acid solu-
tion, or if it is formed as Mn (III) in the bulk donates electrons to the
particle surface during protonation as proposed by Gao et al., [49]

In an attempt to remove redox-active organic molecules, FPW sam-
ples were filtered through both a 10 kDa ultrafiltration membrane to re-
move large organics, and through a 100–250 Da nanofiltration mem-
brane to remove small organics. Ultrafiltration did not significantly im-
pact the inorganic profile of the FPW; nanofiltration resulted in a 13%
decrease in total divalent cation concentrations (Table A.2). After ultra-
filtration, the NPOC of the FPW dropped from 180 ppm to 116 ppm,
and sorbent loss in acid was not significantly affected. After nanofiltra-
tion, the NPOC of the FPW dropped further to 85 ppm, and the sorbent
loss in acid after sorption from this fluid dropped to 3.0%. This repre-
sents the lowest experimental value recorded for sorbent loss by HMO-3

from the field collected FPW; however, it is still higher than the sorbent
loss measured after sorption in synthetic brine. This would suggest that
the manganese is being reduced by small organic molecules (<250 Da)
and that complete removal of these organics would lead to sorbent loss
values approaching those from the synthetic brine experiments.

4. Conclusions

In this work, two spinel lithium manganese oxide sorbents were pre-
pared under different conditions using a co-precipitation method. The
resulting ionic sieves were characterized for their crystal structure and
behavior in solution, and used to recover lithium from FPW originating
from the Duvernay Formation in Alberta, Canada. We found that in or-
der to achieve a pure ion exchange sorbent without the presence of low
valence manganese impurities, a large excess of lithium was required
during the synthesis process. The sorbent prepared with a lithium to
manganese ratio of 3 contained almost entirely ion exchange lithium
sorption sites, and exhibited a higher lithium sorption capacity and a
higher chemical stability during acid desorption than that prepared
with a lithium to manganese synthesis ratio of 2. For both materials,
sorbent loss in acid was significantly higher after lithium extraction
from field collected FPW compared to that after sorption from a syn-
thetic brine. Manganese valence measurements of sorbent samples be-
fore and after lithium sorption and desorption from FPW and the syn-
thetic brine revealed that, compared to the synthetic brine, exposure to
FPW reduced the average valence of the manganese in the sorbent, and
subsequent exposure to acid led to a high degree of sorbent dissolution.
Further analysis by EXAFS and TEM-EELS revealed that FPW exposure
causes significant changes in the bulk chemical structure of the sorbent,
including increased 2nd shell Mn-Mn distances, as well as an increased
abundance of trivalent manganese in the sorbent bulk. We hypothe-
sized that dissolved organic molecules in the FPW were responsible for
the measured bulk manganese reduction in the sorbent, and its result-
ingly lower chemical stability in acid. The high sorbent loss resulting
from lithium recovery from FPW would be a significant barrier to com-
mercialization of this technology, as recycling of the sorbent would be
essential to the economic viability of this process if applied in the fu-
ture. Partial removal of dissolved organic molecules using nanofiltra-
tion presented positive results, significantly reducing the degree of sor-
bent loss. It is expected that complete removal of organics from the
FPW would yield sorbent loss results similar to those found during
lithium recovery from synthetic brine; this would additionally improve
recyclability by removing the need for a post-desorption surfactant
wash. For these reasons, in order for this technology to be applied for
lithium recovery from FPW commercially, organic removal pre-
treatment technologies such as nanofiltration and oxidation, among
others, should be further studied. In addition to organic removal tech-
nologies, redox active lithium desorption agents, such as persulfates,
should be tested with this technology in order to study the impact that
they may have on preventing reductive dissolution.
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