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ABSTRACT:

Dual carbon policies have spurred a rapid growth in the electric vehicle and energy
storage industry, leading to a surge in demand for lithium batteries. To help meeting this
demand sustainably, the natural polymer sodium alginate (SA) was crosslinked with
Ca*", and the SA/HMO composite granular adsorbent was successfully prepared by
crosslinking method. The aim is to extract lithium from shale gas wastewater in the
Sichuan Basin, China. The produced microporous composite granular adsorbents have
an average pore size of 20 nm and excellent hydrophilicity, with a swelling ratio of
roughly 15 g/g at a mass concentration of 3.5 wt% alginate and 2 wt% HMO. When
deployed with a real wastewater, this material achieved a lithium adsorption capacity
of 4.3 mg/g. In laboratory-scale fixed bed filtration experiments, the optimal adsorbent
material was saturated after approximately 700 minutes at an approach velocity

(hydraulic load) of 0.47 cm/min and using total bed volume of 15 cm?

containing
approximately 0.55 g of adsorbent. In the subsequent recovery step of the adsorbed
lithium through desorption, a lithium solution with concentration of 113 mg/L was
achieved. The results suggest that this novel composite granular adsorbent has
promising adsorption capacity and that an optimization of adsorption and desorption
cycles and an engineering of the separation system deploying this material would allow
high-efficiency lithium adsorption.

KEYWORDS: Lithium recovery; Composite granular adsorbent; Shale gas

wastewater (SGW); Sodium alginate (SA); Hydrogen manganese oxide (H1.33Mn1.6704)



35 SYNOPSIS: The SA/HMO composite granular adsorbent prepared by crosslinking

36  method is promising for efficient lithium recovery from shale gas wastewater.
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INTRODUCTION

Lithium and its compounds possess exceptional physical and chemical properties,
making them indispensable in a wide range of materials and applications, such as
batteries, ceramics and glass, lubricants, air treatment, polymer processing, nuclear
industry, medical, aerospace, metallurgy.'* Consequently, lithium has been dubbed as
“energy metal for promoting world progress” and “the white oil of the future”.>® With
the targets of “dual carbon” driving the rapid development of electric vehicles and
energy storage industries, the demand for batteries has surged, and lithium batteries
have specifically become the first choice owing to their high energy density, long
service life, and relative environmental friendliness.”® It is estimated that global annual
sales of electric vehicles will reach 56 million by 2040, and energy storage development
will exceed 1,095 GW.? Therefore, it is imperative to increase the supply of lithium
resources. At present, lithium resources are mainly distributed in ores, seawater and
brines, such as oilfield brines, continental brines and geothermal brines.!? Extraction of
lithium from ore is complicated and will pollute the environment.'!: 2 The concentration
of lithium in seawater is too low (0.17 mg/L) to be economical. Oilfield wastewater is
a potential resource for recovering lithium resources. '?

Shale gas is an unconventional natural gas resource that predominantly comprises
methane. China has the world’s largest reserves of shale gas, with technically
recoverable resources reaching 31.6x10'> m*.!* However, the process of extracting

shale gas using horizontal drilling and hydraulic fracturing techniques generates



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

enormous amounts of shale gas wastewater (SGW).!> 16 The composition of SGW is
complex, with high concentrations of salt, heavy metals, various organic compounds,
naturally occurring radioactive materials (NORM), and many other potentially
hazardous substances, posing environmental threats and technological challenges
related to its treatment.!®!® Consequently, new approaches have been proposed for
SGW management that also enable the recovery of valuable elements, such as rare earth
elements, uranium, and lithium, which could not only provide revenue to offset the cost
of SGW treatment, but also augment the supply of strategic resources.'> 2! The
median concentration of lithium in SGW in the Sichuan Basin and in the Marcellus
Basin is 33 mg/L and 95 mg/L,** = respectively, indicating the potential of SGW as a
lithium resource. Despite these numbers, SGW remains an untapped lithium resource,
and it is highly consequential to develop appropriate technology for extracting lithium
from SGW.

Based on the water quality characteristics of SGW, the advantages, disadvantages
and applicability of various solution lithium extraction techniques were compared. The

25,26

assessed techniques include precipitation,** adsorption, electrochemical methods,?”

28 29, 30

membrane-based methods, and extraction.’"> 3 Adsorption method was thus
considered the most appropriate technique and selected to extract lithium from SGW.
In our previous studies,*® we synthesized hydrogen manganese oxide (HMO) powder

adsorbents and applied them to SGW, which showed high adsorption capacity and

excellent selectivity for Li". However, powder cohesiveness may result in poor
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flowability and difficulty in fluidization.>* When the ratio of Mg/Li is high, Mg?" in the
brine is easily hydrolyzed, increasing the viscosity of the brine and reducing its pH.
These phenomena reduce the diffusion rate and the adsorption capacity of the adsorbent
in solution.* In addition, during a filtration process, the powder adsorbent will lead to
a large pressure drop and consequent increase in energy consumption, while the
difficulty in recovering the powder adsorbent will lead to the loss of part of the powder
itself.?® The above factors limit the industrial application of powder adsorbents. In order
to overcome such limitations, a number of alternative powder adsorbent forming
methods have been proposed, including granulation, film forming, nanofiber, foaming.
Among these, granulation is a forming method with mature technology and simple
operation.

Sodium alginate (SA) is a biopolymer mainly derived from seaweed, which
consists of f-D-mannuronic acid (M) and a-L-gulonic acid (G) linked by 1—4 bonds.?’
SA is rich in carboxyl and hydroxyl groups, rendering it highly hydrophilicity, non-
toxic, environmentally friendly, and readily available. Thus, it is widely used as a gel
agent in various industries.*® 3 The carboxyl group in SA has an affinity for metal
cations. For example, SA solutions containing divalent or multivalent metal ions may
become insoluble due to the interaction of adjacent carboxyl groups with one metal ion.
By using Ca”" as a cross-linking agent, the SA solution can be converted into insoluble
gels, described by the “egg box model”.?° In addition, the water permeability and

hydrophilicity of SA have advantages when used as binder materials, because a more
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permeable binder materials can reduce the overall volume of actual adsorbent that does
not come into contact with SGW within the granule (vice versa, binders of poor
permeability hinder the interaction of water with the adsorbent, as the latter becomes
inaccessible to water due to a low-permeability isolating binder layer). Therefore, the
Li" adsorption capacity of HMO powder adsorbent is not significantly impaired by
granulation when high-permeability binders are used.*® Therefore, SA was chosen as
the crosslinking agent for the granulation of HMO powder adsorbent.

In this study, the preparation of SA/HMO composite granular adsorbent by
crosslinking method is presented, and the adsorption behavior and the optimal ratio of
SA and HMO powder adsorbents are discussed using adsorption kinetics and adsorption
isotherms data. Under the condition of the optimal ratio of SA to HMO powder
adsorbents, results of fixed bed experiments filled with SA/HMO composite granular
adsorbents are evaluated, with the goal of facilitating the industrial application of
lithium extraction from SGW. To better understand the physicochemical properties and
adsorption behavior of the materials, we also present the outcome of a detailed material
characterization, including the swelling ratio, and data obtained with SEM, XRD, and
FT-IR analyses.

MATERIALS AND METHODS

MATERIALS. The SGW used in the experiments was from a shale gas well in

the Lower Silurian Longmaxi Formation in Gongxian, Sichuan Basin, China, and

collected in 2020.'"” The SGW samples collected prior to the experiments were stored
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in plastic drums under dark conditions. Lithium carbonate (Li,CO3), manganese
carbonate (MnCQ3), hydrochloric acid (HCI), and anhydrous calcium chloride (CaCl»)
were obtained from Kelong Chemical (Chengdu, China) and were all analytical grade.
Sodium alginate (SA, Lot# MKBL7997V) were obtained from MilliporeSigma (St.
Louis, MO, USA).

Preparation of the SA/HMO composite granular adsorbents. HMO powder
adsorbent was first synthesized by solid phase reaction method as described in detail in
our previous study.*® Briefly, Li.CO3; and MnCO; were mixed in a molar ratio of
1.33:1.67, calcined at 500 °C for 4 hours, fully pickled with 0.5 mol/L HCI, and then
rinsed and dried several times with ultrapure water to obtain HMO powder adsorbent.
The HMO powder adsorbent was added into an SA solution of different concentrations
and stirred until evenly dispersed to form a slurry mixture. The mixture was rapidly
injected into 96-well enzyme labeled plates with a syringe, frozen at —20°C for 24 hours,
and then freeze-dried (—50°C, < 20 Pa) for 24 hours to obtain cylindrical granules. The
granules were placed in 3 wt% CaClz solution for 12 hours to complete the cross-linking
and rinsed 3 times with ultrapure water to remove excess CaClz from the surface. The
wet adsorbent was again frozen and freeze-dried as mentioned above to obtain the final
dried adsorbents, which were stored in a plastic bottle for subsequent experiments. The
obtained composite granular adsorbents were named 3.5SAOH, 3SA2H, 3.5SA2H,

4SA2H according to the concentration of SA and HMO powder (Table 1).
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Table 1. Composition of SA/HMO composite granular adsorbents.

SA (Wt%) HMO (wt%)

3.5SA0H 3.5 0
3SA2H 3 2
3.5SA2H 3.5 2
4SA2H 4 2

Characterization of SA/HMO composite granular adsorbents. Power X-ray
diffraction (XRD) patterns were recorded with a DX-2700 instrument (Dandong
Haoyuan, China) equipped with Cu Ka radiation (k = 0.15418 nm). The adopted
method was a stepwise measurement with each step angle equal to 0.05°, starting at an
angle of 10° and ending at an angle of 80°. The sampling time was 0.5 s, the tube voltage
and tube current were 40 kV and 30 mA, respectively. The chemical moieties of the
adsorbent was analyzed with FT-IR (Spectrum Two, Perkinelmer, USA). A field-
emission scanning electron microscopy (FE-SEM) (Regulus-8230, Hitachi, Japan) was
used to measure the surface morphology of adsorbents. The ASAP 2460 N analyzer
(Micromeritics, USA) was used to determine the distribution of pore size and specific
surface area of the adsorbents. The samples were degassed at 120 °C for 24 hours prior
to the assay, and the sample tubes were placed in a liquid N> (77K) environment during
the assay. The specific surface area was calculated using the Brunaue-Emmett-Teller
(BET) method based on the nitrogen adsorption data, and the Barrett-Joyner-Halenda
(BJH) method was used to calculate the pore size and distribution, as well as the
cumulative pore volume/pore area based on nitrogen desorption data.

The swelling properties of SA/HMO composite granular adsorbent were
9
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characterized by determining the swelling ratio. Two pieces SA/HMO composite
granular adsorbent samples were immersed in 50 mL ultrapure water and left in the
solution at room temperature for 24 hours. The weight of SA/HMO composite granular
adsorbent before and after immersion was measured as mq (g) and ms (g), respectively.

The swelling ratio, S, was calculated according to Eq. (1) :

- (1)

Adsorption experiments. To understand whether the adsorption of lithium on the
adsorbents is governed by equilibrium mechanisms and to gain insight on the adsorption
capacity of the composite granular adsorbents, adsorption isotherm experiments were
performed by mixing 2, 4, 7, 9, 11, or 13 pieces SA/HMO composite granular
adsorbents with 30 mL of SGW. The mixture was gently stirred (200 rpm) in a shaking
incubator at 25°C for 48 h to reach equilibrium. Then, the supernatant was filtered with
a PES microporous membrane characterized by a pore size of 0.45 um (Jinteng, Tianjin,
China), and the concentration of lithium was measured with a PinAAcle 900T
(Perkinelmer, USA). The equilibrium adsorption capacity of Li" was calculated

according to Eq. (2).

2)

where (, (mg/g)is equilibrium adsorption capacity, V (L) is the volume of the solution,

m (g) is the weight of SA/HMO composite granular adsorbents immerse in the solution,

C, and C, are the initial and equilibrium Li" concentrations in solution (mg/L),
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respectively. To explore the adsorption mechanism, the Langmuir model (Eq. (3)), the
Freundlich model (Eq. (4)), and the Temkin model (Eq. (5)) were applied, and the

details are described in Text S1 (SI).

quLCe
=L 3
& 1+K,C, ®)
1
Qe = KeCo (4)
qe = Bln(KT 'Ce) (5)

Where qe (mg/g) and gm (mg/g) are the equilibrium adsorption capacity and the
maximum adsorption capacity, respectively. Ki (L/mg), Kr (mg!'™L""/g) and Kr
(L/mg) are constants representing the affinity between adsorbents and pollutants. Ce
(mg/L) is the equilibrium concentration of Li" and n values represents the degree of
nonlinearity between solution concentration and adsorption. B is the constant related to
gas constant, equilibrium binding constant, adsorption heat and absolute temperature in
the Temkin model.

The dimensionless equilibrium parameter (RL) can be calculated based on the
Langmuir model according to Eq. (6). Ry is related to the adsorption characteristics,
specifically, when Ry is greater than 0 and smaller than 1, the adsorption is a favorable
process; when Ry is equal to 1, the adsorption is linear; when Ry is greater than 1, the
adsorption is unfavorable; when Ry is equal to 0, the adsorption process is irreversible

and not governed by equilibrium mechanisms*!> 42,

1

R =—— 6
" 1+K.C, (©)
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Adsorption kinetics experiments were performed by mixing 7 pieces SA/HMO
composite granular adsorbents with 30 mL of SGW; then, the mixture was kept gently
stirred (200 rpm) in a shaking incubator at 25 °C for different times (t=1, 3, 6, 9, 12,
24, 36, 48, 60, 72 hours). The supernatant was filtered with a PES microporous
membrane characterized by a pore size of 0.45 um (Jinteng, Tianjin, China), and the
concentration of lithium was measured with a PinAAcle 900T (Perkinelmer, USA). The

adsorption capacity of lithium at different times was calculated as follows:

C,—-C, )V
q =% (7)

where ¢, (mg/g) and C, (mg/L) represent the adsorbed amount and the Li"
concentration in solution at time t, respectively. There, V (L) is the volume of the
solution, m (g) is the weight of adsorbent and C, is the initial lithium concentration in
solution. A pseudo-first-order kinetic model (Eq. (8)), a pseudo-second-order kinetic
model (Eq. (9)), and the Elovich model (Eq. (10)) were used to investigate the
adsorption kinetic behaviors; the details of the models can be found in Text S2 of the

Supporting Information (SI).

0 =, x(1—exp(—k, -t)) (8)
_ kzxqezxt

t_l+qexk2><t ©)

q, :%In(dﬁ)-F%Int (10)

where t (h) is the adsorption time, qe (mg/g) and q: (mg/g) represent the equilibrium

adsorption capacity and the adsorption capacity at time t, respectively. ki (h™") and k>

12
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(g-mg! h'')) are the adsorption rate constant of the pseudo-first-order kinetic model and
the pseudo-second-order kinetic model, respectively. o (mg-g!-min’') and B (g-mg™)
represent the initial adsorption rate and the Elovich model adsorption constant.

An adsorption selectivity test was performed by mixing 7 pieces SA/HMO
composite granular adsorbents with 30 mL of SGW and the mixture was gently stirred
(200 rpm) in a shaking incubator at 25°C for 48 hours. The supernatant was filtered
with a PES microporous membrane characterized by pore size of 0.45 um (Jinteng,
Tianjin, China) to measure the metal ion concentration using a Dionex Integrion HPIC
(Thermo Fisher, USA). The partition coefficient (K, , Eq. (11)), concentration factor
(CF, Eq. (12)), and separation factors (0{,\L,|ie, Eq. (13)) were calculated to investigate the

adsorption selectivity of SA/HMO adsorbents, as follows:

LV

K, = & m (11)
_ . (Me)

CF = CO(Me) (12)
o Ky (Li)

aMe - Kd (Me) (13)

where Me refer to a metal ion, namely, Li*, Na*, K, Mg?*, Ba?", Sr*". In the equations
above, 0, (Me) (mg/g) represents the equilibrium adsorption capacity, C, and C,
are the initial and equilibrium Me concentrations in solution (mg/L), respectively, V (L)
is the volume of the solution, and m (g) is the weight of SA/HMO composite granular
adsorbents.

Fixed bed filtration experiments. The fixed bed adsorption experimental device

13
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is shown in Figure S1 of the SI. The adsorbent bed was obtained by filling a glass sand
core chromatography column with 3.5SA2H composite granular adsorbents. An
appropriate amount of glass beads of suitable size was placed above the adsorbent to
prevent the adsorbent from floating. The continuous water inlet and continuous water
outlet were adopted with the upward flow direction under fully saturated conditions.
The specific operating parameters of the bed filtration are summarized in Table 2. A fter
different running times, the concentration of Li" in the effluent of the bed was measured
with a PinAAcle 900T (Perkinelmer, USA).

Table 2. Fixed bed filtration operating parameters.

Pump Adsorbent  Fixed bed Fixedbed Emptybed Approach
Flowrate EBCT
speed ] ) weight diameter length volume velocity
) (mL/min)  (min) )
(r/min) (g) (cm) (cm) (em?) (cm/min)
0.5 0.269 55 0.547 1 19 14.92 0.34
0.7 0.366 40 0.5432 1 19 14.92 0.47
1 0.545 27 0.5385 1 19 14.92 0.70
RESULTS AND DISCUSSION

Physico-chemical characteristics of SA/HMO composite granular adsorbents.
Figure 1a shows representative XRD patterns of HMO alone, 3.5SAOH (only sodium
alginate), 3SA2H, 3.5SA2H, 4SA2H. Two broad peaks of low intensity can be seen for
the alginate material, 3.5SA0H, near 26=20° and 40°. The three main characteristic
peaks of the HMO powder are instead 19.1°, 37°, 45.05°, and the corresponding crystal
face distances are 4.643 A,2.428 A,2.011 A, respectively. The three main characteristic

peaks of the XRD patterns of the composite materials, namely, 3SA2H, 3.5SA2H and

14
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4SA2H, are around 19.7°, 37.45° and 45.3°, and the corresponding crystal face
distances are 4.503 A, 2.399 A and 2.000 A, respectively, indicating that HMO powder
was successfully loaded within the alginate matrix. Compared with pure HMO powder,
the peak positions of SA/HMO composite granular adsorbents shifted to larger angle
and this shift increased with higher sodium alginate content. Also, the presence of
sodium alginate also corresponded to a reduction of the peak intensity, which was
associated with the two wide peaks characterizing the pure alginate sample, 3.5SAOH.
Figure 1b presents representative FT-IR spectra of 3.5SA (not cross-linked pure SA),
3.5SA0H, 3SA2H, 3.5SA2H, and 4SA2H. There are four typical absorption bands at
3243, 1590, 1416, and 1026 cm ™!, corresponding to the functional groups O-H, C=0,
C-OH, and OC-OH.*® Compared with 3.5SA, 3.5SA0H showed a new absorption band
at 2852 cm™!, which may be related to the C-H stretch vibration caused by the reaction

of SA polymerization chain with Ca?*, thus suggesting appropriate cross-linking of the

sample.’®
a b
MMM%&”WMW 4SA2H 3243cm™ v m]‘l»l\\
4SA2H | =
~ < [3.55A2H
= - £
: 35SA2H | % -
s pamy , S [3sA2H 120 10260m"
2z d=4.643 o0 3SA2H | £ |~
z 311 =
5 ey (440) 2 3.5SA0H
g b=}
—
HMO | =
3.5SA
3.5SA0H
1 1 1 1 1 1 1 1 L 1 1 1 1

10 20 30 40 50 60 70 80

20 (degree)

Figure 1. (a) XRD patterns of various

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

samples, including cross-linked alginate
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(3.5SA0H), pure adsorbent powder (HMO), composite granular adsorbent (3SA2H,
3.5SA2H, 4SA2H). (b) FT-IR spectra of not cross-linked alginate (3.5SA) and the same

samples analyzed with XRD.

Figure S2 (SI) presents representative SEM micrographs of 3.5SA2H composite
granular adsorbent before and after its use for adsorption. The SA/HMO composite
granular adsorbent had a three-dimensional porous structure, which is conducive to
swelling and diffusion of Li* into the gel.** Figure 2a shows the nitrogen adsorption-
desorption isotherms of 3SA2H, 3.5SA2H, and 4SA2H composite granular adsorbents,
all of which are typical type IV isotherms with H3 hysteresis loop.** This behavior is
similar to the nitrogen adsorption-desorption isotherm of the HMO powder,*® again
corroborating the conclusion that the HMO powder was successfully loaded into the
granule. Specifically, the nitrogen adsorption capacities of 3SA2H, 3.5SA2H, and
4SA2H were 18.9, 24.8, and 20.1 cm?/g (STP), respectively. The BJH method was
applied to calculate the pore size distribution of desorption branches of nitrogen
adsorption-desorption isotherm, and the results are shown in Figure 2b. The average
pore diameter of the three adsorbents was about 20 nm. Figure 2c¢ is the superposition
diagram of the cumulative pore volume and pore area as a function of pore size: the
cumulative pore volume of 3SA2H, 3.5SA2H, and 4SA2H was 0.032, 0.04, 0.034
cm?/g, respectively, and the cumulative pore area was 14.4, 18.8, 17.8 m%/g, respectively.

Finally, Figure 2d shows the BET surface area plot drawn as a function of relative
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pressure of the isothermal adsorption branch with values in the range 0.07-0.26: the
resulting BET surface area of 3SA2H, 3.5SA2H, and 4SA2H was estimated as 8.95,
13.79 and 11.82 m?*/g, respectively. Overall, the nitrogen adsorption capacity and

surface areas were the highest for the 3.5SA2H adsorbent.
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Figure 2. (a) Nitrogen adsorption-desorption isotherm diagram of three SA/HMO
composite granular adsorbents. (b) Pore size distribution diagram. (c) Cumulative

pore volume and pore area distribution. (d) BET specific surface area diagram.

Swelling behavior of SA/HMO composite granular adsorbents. Swelling is a
physicochemical phenomenon that has been studied to explain the behavior and

properties of hydrogels.*> Excellent swelling behavior is typically conducive to the
17
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adsorption of heavy metal ions.** The SA/HMO composite granular adsorbents possess
remarkable water-clearing properties, swiftly absorbing water molecules and causing
them to swell. The alteration in the water contact angle, reflecting the super hydrophilic
nature of 3.5SA2H, is depicted in Movie S1. The calculated swelling ratios of the
SA/HMO composite granular adsorbents are shown in Figure 3a. The ratio obtained
for 3SA2H was as high as 18.8 g/g, indicating its excellent swelling property, which is
attributed to its three-dimensional pore structure and the abundant hydrophilic groups
on the sodium alginate polymer chain. Note that the swelling ratio of alginate-only
3.5SA0H was greater than that of the composite 3.5SA2H sample, due in part to the
increase of dry weight caused by the addition of HMO powder adsorbent and in part to
the fact that the water absorption performance of HMO powder adsorbent itself is much
lower than that of sodium alginate. Interestingly, when comparing 3SA2H, 3.5SA2H,
and 4SA2H samples under normalized mass concentration of HMO powder adsorbent,
the swelling ratio slightly decreased with the increase of sodium alginate amount. This
fact is attributed to the fact that the pore size of the composite granular adsorbent was
smaller with increased alginate, and to the fact that the dry weight increased. However,
the swelling ratio of 4SA2H was 12.3 g/g, indicating that the composite granular
adsorbents prepared by the method described above had excellent swelling performance
regardless of the amount of alginate, providing valuable conditions for interactions with

water, and consequently high potential for adsorption of lithium.
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Effect of adsorbent dose on Li* adsorption. The extraction of lithium from SGW
with different adsorbent dosages was investigated, and the results are summarized in
Figure 3b. Indeed, the dosage had a significant impact on the lithium recovery rate and
adsorption capacity. Specifically, the recovery rate gradually increased with dosage, but
the adsorption capacity gradually decreased. Taking 3.5SA2H as an example, when the
dosage increased from 1.1 g/L to 6.9 g/L, the recovery rate of lithium increased from
15.7% to 86.7%, while the adsorption capacity decreased from 4.31 mg/g to 3.87 mg/g.
The increase in recovery rate is associated with an increase in total adsorption sites that
can capture more Li". The high lithium recovery rate achieved under the condition of
relatively low dosage of adsorbent indicates that the adsorbent has excellent affinity for
lithium extraction.*® The adsorption capacity decreased with increasing adsorbent
dosage likely due overdosing of the adsorbent, which translates into a smaller amount
of lithium adsorbed per unit mass of adsorbent and to the lower kinetics of adsorption
during the process, as more lithium passed into solid phase (and less remained in
solution) compared to the case at lower adsorbent dosage. Therefore, although the
removal rate was higher at higher dosage, the actual utilization of adsorbent was less
efficient, because of underconsumption of available adsorption site, pointing to the fact
that there is an engineering trade-off that needs consideration to simultaneously
maximize absolute lithium adsorption while minimizing the amount of required
adsorbent. Simply comparing the various composite granular adsorbents at the same

dosage, one can conclude that the adsorption capacity and recovery rate of 3.5SA2H



350  was the largest, and that of 3SA2H was the smallest.
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352  Figure 3. (a) Swelling ratio of composite granular adsorbents prepared with different
353  sodium alginate amount. (b) Influence of the dosage on the adsorption capacity and
354  removal rate of lithium in SGW with three composite granular adsorbents.

355

356 Adsorption isotherms of lithium onto SA/HMO composite granular adsorbents.
357  Adsorption isotherm and the respective fitting models are presented in Figure 4a-c. The
358  data suggests that a saturation condition existed for the adsorbents, as the adsorption
359  capacity was only slightly higher when in equilibrium with larger liquid concentration
360 above a certain value. The maximum adsorption capacities obtained in the experiments
361  for 3SA2H, 3.5SA2H, and 4SA2H were 3.09 mg/g, 4.31 mg/g, and 4.16 mg/g
362  respectively, which can be converted to 7.73 mg/g HMO, 11.85 mg/g HMO and 12.48
363 mg/g HMO respectively. Compared with the adsorption capacity of HMO powder
364  adsorbents for lithium (13.27 mg/g) in shale gas wastewater, the adsorption efficiency

365 of 3SA2H,3.5SA2H and 4SA2H composite granular adsorbents is 58.2%, 89.3%,
20
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94.0%, respectively, which is superior to the literature adsorbents presented in Table S1.
This order was consistent with the results of nitrogen adsorption, indicating that a higher
BET surface area was correlated to a better adsorption of Li*. The value of fitting
coefficient, R?, was highest for the Langmuir model, corroborating the observation of a
saturation condition and suggesting that the adsorption of Li" was akin to that of a
monolayer chemisorption process that occurs at specific homogeneous sites on the
surface of SA/HMO.*” Also, the data suggests that there was no obvious competition
between solvent and sorbate to occupy the adsorption sites.*® This result was analogous
to the adsorption behavior of pure HMO powder adsorbent, indicating that granulation
by polymer sodium alginate did not significantly change the adsorption mechanism.
The separation factor R, calculated with the equilibrium coefficient K; of the Langmuir
model was 0.207, 0.027 and 0.034, respectively, for 3SA2H, 3.5SA2H and 4SA2H
samples. Being between 0 and 1, adsorption can be described as favorable, also
suggested by the n parameters of the Freundlich model being greater than 1.%° Note that
the fact that the parameter was relatively close to 0 possibly suggests that the adsorption
was not entirely, or quickly, reversible, and that equilibrium models may not be
completely adequate to describe the adsorption/desorption phenomena and /or that
desorption kinetics are significantly slower than adsorption kinetics. This fact would
pose a challenge when attempting to extract and recover (load and unload) lithium with
the adsorbents, further suggesting the need for an engineering optimization of a

potential system deploying these materials.

21



387

388

389

390

391

392

393

[ = 3SA2H

- ® 3.5SA2H i
A 4SA2:;.A)/(.

28 -
L S

q. (mg/g)
2
q. (mg/g)

w
(8]

®  3SA2H

® 3.5SA2H
A 4SA2:{)A)/‘/.
1 Lk PRI L |

5 10 15 20 25 30
C, (mg/L)

28|
5 10 15 20 25 30
C, (mg/L)
d e
5 5
4 41
w3F =3}
=t &
Eat Eat
S A ® 3SA2H O’l
i e 3.5SA2H i
gl A 4SA2H ok
L i 1 " 1 i 1 "

= 3SA2H
® 3.5SA2H
A 4SA2H
1

" 1 " 1 "

0 20 40 60 80
Time (h)

0 20 40 60 80
Time (h)

q. (mg/g)
5

®  3SA2H

80

321 o 35SA2H
A 4SAi}j.A)/(.
2.8 k
| S e— T a1
5 10 15 20 25 30
C, (mg/L)
i
5
4k
3
B
Eat
S | = 3SA2H
§ ® 3.5SA2H
ol e« 4 4sA2H
1 i i | " L " 1 i
0 20 40 60
Time (h)

Figure 4. Adsorption isotherms of lithium with three different composite granular
adsorbents fitted with the (a) Langmuir model, (b) Freundlich model, and (c¢) Temkin
model. Adsorption kinetics fitted with a (d) pseudo-first-order kinetic model, (e)

pseudo-second-order kinetic model, and (f) Elovich model.

Table 3. Fitting parameters from adsorption isotherm models.

Parameters 3SA2H 3.5SA2H 4SA2H
Qm (mg/g) 3.98 4.43 4.33
Langmuir Kr (L/mg) 0.120 1.16 0.863
R? 0.980 0.960 0.992
Kr (mg!Vn-L1"/g) 1.25 3.51 3.16
Freundlich n 3.56 16.0 11.6
R? 0.977 0.888 0.940
B 0.802 0.260 0.341
Temkin Kt (L/mg) 1.64 608 792
R? 0.979 0.895 0.949
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Adsorption Kinetics of lithium onto SA/HMO composite granular adsorbents.
Kinetics data and model results are shown in Figure 4d-f, while the resulting fitting
parameters are summarized in Table 4. Generally, the adsorption was faster during the
first 6 hours of the tests, then the rate decreased and ceased after roughly 48 hours. The
main reason is that the number of readily available adsorption sites on the SA/HMO
surface decreased with time. In later stages of the test, the adsorption of Li* is controlled
by diffusion into the smaller pores of the adsorbent, significantly reducing the kinetics,
until all the available adsorption sites within the timescale of the experiments were
consumed.* The adsorption capacity calculated from the kinetics data by the pseudo-
second-order kinetic model was in better agreement with the experimental results with
respect to other models, and was also consistent with the isotherms data. Additionally,
the correlation coefficient R? for the pseudo-second-order kinetic model was also the
largest among the three models, which suggests that chemisorption is the rate limiting
step for Li* adsorption.® This conclusion is the same as observed in the adsorption
process with pure HMO, once again indicating that granulation did not change the

adsorption mechanism or capability of the powder.
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Table 4. Parameters from data fitting with kinetics models.

Parameters 3SA2H 3.5SA2H 4SA2H
Je,cal (ME/L) 291 3.96 3.79
Pseudo-first ki (min™) 0.383 0.434 0.443
R? 0.969 0.957 0.949
Qe.cal (ME/L) 3.10 4.22 4.05
Pseudo-second ko (g/(mg.h)) 0.201 0.162 0.168
R? 0.995 0.994 0.993
o (mg/g/min) 20.3 35.2 32.2
Elovich B (g/mg) 2.55 1.92 1.98
R? 0.969 0.981 0.987

Adsorption selectivity of lithium by 3.5SSA2H adsorbent in SGW. SGW
contains substantial amounts of Na®, K*, Mg?", Ba®', Sr**, which are the main
competition ions potentially limiting lithium extraction. The 3.5SA2H composite
granular adsorbent had a high selectivity for Li", and the results of selectivity
experiments are summarized in Table 5. The partition coefficients of the cations were
ordered as Li* > Ba*" > Sr*" > Mg** > K" > Na". In addition, the separation factors
estimated for Li*, namely, 1.21, 3.84, 23.85, 24.86, 27.52 for Ba?*, Sr**, Mg?", K, and
Na®, respectively, corroborated that Li* was preferentially adsorbed onto 3.5SA2H>!
and that Ba®" is the cation posing the larger potential competition to adsorption. The
adsorption capacity of the SA/HMO composite granular adsorbent for Li* is mainly
determined by the HMO component. The high selectivity for Li* is rationalized with
the ion sieve effect of HMO: the spinel structure size is suitable for Li", and suitable
ion exchange occurs between H" and Li". According to this rationalization, other metal

ions can only be adsorbed on the surface by van der Waals force because their ionic
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radius is larger than the adsorption site/cavity size and/or because the free energy of

hydration is larger than Li*, which prevents their entry into the HMO cavity site.’% >3
y g p y y

Table 5. Adsorption selectivity of lithium by 3.5SA2H sample in the SGW

Li

Co (mg/L) Ce(mg/L) ge(mg/g) Ka(ml/g) CF (ml/g) Olye

Li" 32.9 17.6 4.05 231 123 1.00
Na® 11000 10700 89.2 8.38 8.08 27.5
K" 266 257 2.38 9.28 8.97 24.9
Ba®* 110 64.2 16.5 190 150 1.21
Sr** 105 85.8 5.15 60.0 49.0 3.84
Mgt 74.9 72.2 0.700 9.67 9.33 23.9

Results of lithium extraction and recovery in preliminary depth filtration
experiments. The empty bed contact time (EBCT) is an important parameter related to
the reactor volume size or to the flow rate processable in a system and should be as
small as possible to ensure economy of the process. Indeed, decreasing EBCT may
reduce the efficacy of lithium extraction if the timescales of solution flow in the
granular bed are too high with respect to the kinetics of partition between the liquid and
the solid phase (adsorption). In this study, various EBCT values were investigated in
preliminary filtration tests. Figure 5a presents the performance of lithium recovery
observed for the 3.5SA2H composite granular adsorbent in SGW. The adsorbent
depletion time (C/Co=0.95) was 1100, 703, and 543 minutes for different and increasing
flow rates. The initial effluent (recovered) lithium concentration was high regardless of
the flow rate, and then rapidly decreased approaching 0. Specifically, the initial effluent
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lithium concentration was as high as 113 mg/L at an approach velocity of roughly 0.7
cm/min, indicating that reasonable control of the desorption time can achieve a lithium-
rich solution. Indeed, the optimization of the filtration conditions is outside the scope
of this study, but it is crucial to optimize adsorbent utilization as well as lithium

extraction and recovery.
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Figure 5. (a) Changes of residual lithium ratio in effluent with time under adsorption
at different approach velocity values through a fixed bed. (b) Changes of lithium

concentration in the effluent with time under different approach velocity conditions.

CONCLUSION
To overcome the practical limitations of the use of HMO powder adsorbents for
lithium extraction, SA/HMO composite granular adsorbents with three-dimensional

network structure were proposed, prepared by crosslinking method using SA as
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crosslinking agent, and evaluated for lithium adsorption in SGW. The SA/HMO was a
mesoporous material with an average pore size of 20 nm and had excellent
hydrophilicity with a swelling ratio of up to 15 g/g for a specific optimal combination
of sodium alginate and HMO powder amounts, namely, for sample referred to as
3.5SA2H. When the dosage of 3.5SA2H was 6.9 g/L, the recovery rate of lithium was
86.7%, and the adsorption capacity was 3.87 mg/g. The adsorption kinetics and
adsorption isotherm experiments suggested that the adsorption process of SA/HMO in
SGW could be adequately described by a pseudo-second-order kinetic model and by a
Langmuir saturation model, suggesting that the adsorption process was akin to a
monolayer chemisorption and that the adsorption rate was likely controlled by the
chemisorption step. Consequentially, the composite granular adsorbent had high
selectivity for lithium and its behavior was analogous to that of a pure HMO powder,
indicating that the incorporation of HMO within a sodium alginate granule did not
reduce the capability of the adsorbent material and that the granule configuration is
therefore superior to the pure powder, as the former provides significant gains toward
the practical implementation of the technology. The results of preliminary fixed-bed
filtration experiments consisting of SGW flowing through a column filled with
3.5SA2H suggested that this material has high potential for use in the extraction and
recovery of lithium from complex aqueous matrices. In particular, the recovered lithium
concentration during the desorption step reached 112.5 mg/L: further engineering of the

system would significantly increase the efficacy of lithium recovery and the utilization
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efficiency of the adsorbent. This study demonstrates that SA/HMO composite granular
adsorbent has practical application value in extracting lithium from SGW.
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For Table of Contents Use Only. SA/HMO composite granular adsorbent was

prepared by crosslinking method to extract lithium efficiently from shale gas

wastewater.
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