separations

Article

Porous Spherical Granulation of Co-Doped Manganese-Based
Lithium Ion-Sieve with Solid Paraffin as Mesoporous Porogen
for Lithium Recovery from Salt Lake Brine

Qiansheng Liu, Zhiqiang Hu, Ming Li and Xichang Shi *

M) Check for updates

Academic Editors: Sen Lin, Jun Chen

and Hao Jiang

Received: 7 September 2026

Revised: 23 September 2026
Accepted: 29 September 2026
Published: 30 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Metallurgy and Environment, Central South University, Changsha 410083, China;
253512082@csu.edu.cn (Q.L.); 233512143@csu.edu.cn (Z.H.); 243512184@csu.edu.cn (M.L.)
* Correspondence: xichangshi@csu.edu.cn

Abstract

Manganese-based lithium ion-sieves (LIS) are promising adsorbents for lithium extraction
from salt lake brines. Their powder form, however, hinders industrial application because
it disperses poorly, is difficult to recover, and causes excessive pressure drop in fixed-
bed columns. Here we address this powder-forming challenge through porous spherical
granulation, using solid paraffin as a mesoporous porogen. Co-doped precursors were
prepared by hydrothermal calcination. XPS showed that Co doping raised the Mn** ratio
from 65.77% to 72.16%, which suppresses the Jahn-Teller effect. The optimal powder
reached 33.36 mg/g in LiCl solution and retained 89.0% of this capacity after five cycles.
For granulation, the powder was modified with octadecyltrimethoxysilane (OTMS) and
granulated by suspension polymerization. The solid paraffin porogen created mesoporous
channels that increased the BET surface area from 0.82 to 82.00 m?/g. The optimized
granule reached 4.42 mg/g in LiCl solution and 1.56 mg/g in real salt lake brine, with
separation factors of 357.0, 256.5, 225.4, and 41.87 for Na*, K*, Mg2+, and Ca?t, respectively.
It kept 62% of its capacity after 20 cycles, and Mn dissolution stabilized at 0.18%. The
combined doping and pore-engineering strategy offers a viable route to lithium extraction
from salt lake brines.

Keywords: lithium ion-sieve; Co doping; suspension granulation; solid paraffin; meso-
porous porogen; salt lake brine

1. Introduction

Lithium is a key metal for the new energy industry, used in lithium-ion batteries,
energy storage systems, and other high-technology applications [1-4]. Salt lake brines
hold more than half of the world’s lithium reserves and have become the main source of
supply because they are abundant and cheap to extract [5]. Yet separating Li* from these
brines is difficult: coexisting ions (Na*, K*, Ca?*, Mg?*) are present at concentrations orders
of magnitude higher than that of Li* [6-8]. Several separation technologies have been
explored, including membrane-based separation [9] and adsorption by lithium ion-sieves
(LIS), the latter studied widely for its high selectivity and low energy consumption [10,11].

Spinel-type manganese-based LIS have been studied as adsorbents for Li* separation
since A-MnO; was first prepared by acid leaching of LiMn,Oy [12-16]. These spinel struc-
tures contain a three-dimensional diffusion channel for Li*, and adsorption-desorption
proceeds by the reversible insertion and extraction of Li* [17]. Two problems, however,
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impede large-scale application. First, Mn" in the spinel induces the Jahn-Teller effect and
disproportionation reactions, causing severe manganese dissolution during cycling and, in
turn, structural degradation and capacity decay [18]. Second, the powder form disperses
poorly in brine, is difficult to recover, and creates excessive pressure drop in fixed-bed
columns, so it is unsuitable for continuous industrial operations [19].

Element doping, particularly Co substitution, suppresses Mn dissolution by raising
the Mn** ratio and easing the Jahn-Teller distortion [20-22]. Doping solves the stability
problem, but the powder-forming problem needs a different approach. Several granulation
strategies have been tried, including polyvinyl chloride/polyacrylonitrile (PVC/PAN)
composite granulation [23], sodium alginate composite granules [24], half-coated man-
ganese oxide LIS [25], spherical manganese-based LIS [26], f—cyclodextrin/polyvinylidene
fluoride (PVDF) composite membranes [27], and hollow hemispherical mixed matrix ad-
sorbents [28-31]. Suspension polymerization of polymerizable monomers is attractive
because the particle size is controllable and the mechanical strength is good [32,33]. One
limitation persists, however: the polymer matrix encapsulates part of the active adsorbent
and blocks Li*—containing solution from the interior adsorption sites. This causes a large
loss of adsorption capacity that existing porogen strategies have not resolved [34-36].

Conventional porogens such as toluene mainly generate micropores, which cannot
let viscous brine penetrate deeply into the particle interior [37]. Some loss of adsorption
capacity after granulation is an inherent, recognized trade-off in polymer-encapsulated
adsorbent systems [38]: the inert polymer matrix dilutes the active component and blocks
some adsorption sites. Granulation is valuable not for matching powder-level capacity
but for solving the engineering problems of powder dispersibility, column blockage, and
adsorbent loss during continuous operation. These problems make powder adsorbents
impractical for industrial use even when their intrinsic capacity is high [39].

In this study, we address the powder-forming challenge through a pore-engineering
approach to suspension granulation. A Co-doped lithium ion-sieve powder was first
synthesized to ensure structural stability. Solid paraffin was then used as the mesoporous
porogen during suspension polymerization. Unlike liquid porogens such as toluene, which
generate only micropores, solid paraffin is molten at the polymerization temperature and
acts as a non-solvating porogen. It separates into discrete domains through polymerization-
induced phase separation and, once removed by Soxhlet extraction, leaves mesoporous
channels. This approach raises the specific surface area from 0.82 to 82.00 m?/g, while
adsorption capacity improves by 75% (from 2.52 to 4.42 mg/g) because the polymer matrix
still makes up about 80 wt% of the particle. The larger surface area turns the granule from
a largely inaccessible composite into a porous sphere with accessible active sites. This is
the first report of solid paraffin as a mesoporous porogen for LIS granulation, providing
interconnected mesoporosity that conventional micropore-forming porogens cannot.

2. Materials and Methods
2.1. Materials

Lithium hydroxide monohydrate (LiOH-H,O, analytical grade, Innochem, Beijing,
China), manganese(IIl) oxide (Mn,QOj3, laboratory-prepared), cobalt(ll) chloride hexahy-
drate (CoCl,-6H,0, analytical grade, Haohong Biological, Shanghai, China), styrene (CgHsg,
analytical grade, Sinopharm, Shanghai, China), divinylbenzene (C19Hjo, analytical grade,
Macklin, Shanghai, China), benzoyl peroxide (C14H1904, >98%, Macklin, Shanghai, China),
gelatin (analytical grade, Sinopharm, Shanghai, China), polyvinyl alcohol (analytical grade,
Sinopharm, Shanghai, China), solid paraffin (chemical grade, Xi’an Jinxiang Pharmaceu-
tical Excipients Co., Ltd., Xi’an, China), toluene (analytical grade, Hengxing Chemical,
Tianjin, China), octadecyltrimethoxysilane (OTMS, Macklin, Shanghai, China), sodium do-
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decylbenzenesulfonate (analytical grade, Sinopharm, Shanghai, China), anhydrous ethanol
(analytical grade, Hengxing Chemical, Tianjin, China), petroleum ether (spectroscopic
grade, Baishun Biological, Shanghai, China), hydrochloric acid (HCl, 36-38%, Kelong
Chemical, Chengdu, China), and sodium hydroxide (NaOH, analytical grade, Macklin,
Shanghai, China) were used. All solutions were prepared with deionized water.

2.2. Synthesis of Co-Doped Precursors

Co-doped Lij ¢Mnj ¢_xCoxO4 (x =0, 0.02, 0.04, 0.06, 0.08) precursors were prepared
via a two-step hydrothermal-calcination method. LiOH-H;O and Mn;O3 were mixed at
a Li/Mn molar ratio of 4:1. CoCl,-6H,O was added stoichiometrically according to the
target x values. The mixture was transferred into a high-pressure autoclave and reacted
at 200-230 °C for 15 h. The resulting LiMnO; intermediate was filtered, washed, dried,
and calcined at 410 °C for 6 h to yield the precursors designated LMO, LMCO-2, LMCO-4,
LMCO-6, and LMCO-8. These precursors were acid-treated in 200 mL of 0.5 mol/L HCI for
8 h to obtain the proton-exchanged ion-sieves HMO, HMCO-2, HMCO-4, HMCO-6, and
HMCO-8. The Li transformation rate is defined as the molar percentage of Li extracted
from the precursor during acid treatment relative to its total Li content.

2.3. Surface Modification and Suspension Granulation

The Co-doped powder was hydrophobically modified with OTMS. A 100 mL aqueous
solution of sodium dodecylbenzenesulfonate (0.2 g/L) was mixed with OTMS and the
Co-doped powder. The mixture was stirred at 65 °C for 2 h, filtered, dried at 120 °C for
4 h, and washed with anhydrous ethanol. The modified powder was then granulated
via suspension polymerization using styrene and divinylbenzene as the polymer matrix,
gelatin and polyvinyl alcohol as dispersants, and benzoyl peroxide as the initiator. The
polymerization was conducted at 75 °C with stirring at 300 rpm for 4 h. Three granulated
samples were prepared: (i) without porogen (Z-LMCO-4); (ii) with 30 wt% toluene relative
to styrene (J-LMCO-4); and (iii) with 30 wt% solid paraffin relative to styrene (T-LMCO-4).
Porogens were removed from samples (ii) and (iii) by Soxhlet extraction with petroleum
ether. Subsequent acid treatment in 200 mL of 0.5 mol /L HCI for 24 h produced Z-HMCO-4,
JFHMCO-4, and T-HMCO-4. The overall synthesis route is illustrated in Scheme 1.

aqueous phase |

organic phase

—

‘ porogen ‘
‘ surface modified powder ‘

Suspension Polymerization anhydrous

petroleum
d ethanol
)

ether

I
e r
LIS w
acidification transformation Porogen Removal

Scheme 1. Synthesis route of porous spherical granulated lithium ion-sieve.
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2.4. Characterization

Crystal phases were identified by X-ray diffraction (XRD, Rigaku TTRIII, Cu K« ra-
diation, Tokyo, Japan). Surface chemical states were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi, Waltham, MA, USA). Mor-
phology was examined by scanning electron microscopy (SEM, JEOL JSM-7900F, Tokyo,
Japan). Elemental distribution was analyzed by energy-dispersive X-ray spectroscopy (EDS,
EDAX, Mahwah, NJ, USA) equipped on the SEM. Functional groups were characterized
by Fourier-transform infrared spectroscopy (FT-IR, Thermo Fisher Scientific Nicolet iS50,
Waltham, MA, USA). Surface wettability was measured by contact angle goniometry (Dat-
aphysics OCA20, Filderstadt, Germany). Specific surface area and pore structure were
determined by nitrogen adsorption-desorption (BET, Micromeritics ASAP2020HD88, Nor-
cross, GA, USA). Prior to BET measurement, samples were outgassed at 85 °C for 12 h
under vacuum. The mechanical strength of granulated samples was tested on a particle
strength tester (YHKC-2A, Yinhe Instrument, Taizhou, China). Elemental concentrations
in solution were quantified by inductively coupled plasma optical emission spectrometry
(ICP-OES, Thermo Fisher Scientific ICAP7400, Waltham, MA, USA).

2.5. Adsorption Experiments

All adsorption experiments were performed in duplicate. The adsorption capacity
at time t was calculated using Equation (1). For powder samples, 1 g of adsorbent was
added to 200 mL of LiCl solution. For granulated samples, 3.5 g was added to 200 mL
of solution (initial Li* concentration: 300 mg/L; pH = 10). Adsorption kinetics were
studied at initial Li* concentrations of 100-500 mg/L and fitted to the pseudo-first-order
(Equation (2)) and pseudo-second-order (Equation (3)) models [40,41]. The rate-controlling
step was evaluated using the Weber-Morris intra-particle diffusion model (Equation (4)) [41].
Adsorption isotherms were measured at 303, 318, and 333 K and fitted to the Langmuir
(Equation (5)) and Freundlich (Equation (6)) models [42,43]. The solution pH was adjusted
and maintained at 10 using a buffer solution. Selectivity and cycling stability were evaluated
using actual salt lake brine from Xinjiang, China. Powder selectivity tests were conducted
by dispersing the adsorbent in 200 mL of brine at room temperature for 24 h.

The pH dependence of powder adsorption was evaluated in lithium-containing buffer
solutions at pH 6, 8, 10, and 12 (initial Li* concentration 300 mg/L, contact time 24 h); the
results are discussed in Section 3.5.

Granule selectivity and cycling tests were performed in a fixed-bed glass column
(inner diameter 15 mm, bed height 120 mm, bed volume =~ 21 mL, bed charge ~ 6.3 g)
packed with T-HMCO-4 granules, with filter nets at both ends to retain the granules and
to remove suspended solids from the brine. In each run, 200 mL of brine (Li* 125 mg/L,
Na* 27.7 g/L, K* 23.9 g/L, Mg?* 63.1 g/L, Ca?* 31.7 mg/L, pH 5.30) from Xinjiang, China,
was circulated through the bed in a closed loop at 20 mL/min with a peristaltic pump
until the bed reached saturation after about 24 h. Samples of the circulating brine were
taken periodically and analyzed by ICP-OES. After saturation, the bed was washed with
deionized water, eluted with 200 mL of 0.5 mol/L HCl, and washed again with deionized
water before the next adsorption cycle.

(C() —Ct) xV
m

Qr = 1)

where Cy and C; (mg/L) are the initial and time-t Li* concentrations, V (L) is the solution
volume, and m (g) is the adsorbent mass.

https:/ /doi.org/10.3390/separations13100277


https://doi.org/10.3390/separations13100277

Separations 2026, 13, 277

50f18

In(Qe — Q1)=1InQ — Ky x ¢ @)

where Q. and Q (mg/g) are the equilibrium and time-t adsorption capacities, and K; (h~1)
is the pseudo-first-order rate constant.

t 1 t

o Kxol Q. @

where K; (g/(mg-h)) is the pseudo-second-order rate constant, and Q. (mg/g) is the
equilibrium adsorption capacity.

Qr = K;xt% 4+ C (4)

where Ky (mg/(g-h"%)) is the intra-particle diffusion rate constant, and C is a constant
related to the boundary layer thickness.

-
Qe Qm  Qm x Kp

where O, (mg/g) is the maximum adsorption capacity, Ky (L/mg) is the Langmuir constant,

)

and C, (mg/L) is the equilibrium concentration.

1
In Q.= InKp + ” x InC, (6)

where Kr and 7 are the Freundlich constants related to adsorption capacity and intensity,
respectively.
AG? = R x T x InKj 7)

where AG? (k] /mol) is the standard Gibbs free energy change, R (8.314 ]/ (mol-K)) is the
gas constant, T (K) is the temperature, and K¢ is the dimensionless equilibrium constant

(distribution coefficient).

AS AH
K=~ RxT ®)

where AS (J/(mol-K)) is the entropy change and AH (kJ/mol) is the enthalpy change.

Ky
K;

a(Lit/M;) = ©)
where K; (L/g) is the distribution coefficient of ion i, calculated as K; = (Cg; — Ce ) X V/(m
x Cej), and a (Li* /M) is the separation factor defined as the ratio of Ki; to K;.

3. Results and Discussion
3.1. Structural Characterization of Co-Doped lon-Sieve

XRD patterns (Figure 1a) showed that all Co-doped precursors matched the standard
spinel structure (JCPDS 52-1841, Fd~®m), with no Co-related impurity peaks. This indicates
that Co3* substituted Mn>" in the spinel lattice. After acid treatment, HMCO-4 kept the
spinel structure, with diffraction peaks shifting to higher angles (Figure 1b), consistent with
lattice contraction from Li* replacement by the smaller H*.

SEM images (Figure 2) showed octahedral morphologies (100-200 nm) for both
LMCO-4 and HMCO-4, with no change after acid treatment. EDS mapping confirmed that
Mn, Co, and O were distributed uniformly.
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Figure 1. XRD patterns: (a) Co-doped precursors (LMO, LMCO-2, LMCO-4, LMCO-6, LMCO-8);
(b) LMCO-4 and HMCO-4 after acid treatment.

b

100nm

Figure 2. SEM images of (a) LMCO-4 and (b) HMCO-4; (¢c—f) EDS elemental mapping of LMCO-4.

XPS analysis (Figure 3) revealed the doping mechanism. The survey scan of LMCO-4
showed characteristic peaks of Mnyp, Ols, C;s, and Co2p, and the Co2p3/, peak at 780.5 eV
confirmed that the doped Co is trivalent (Co®"). Deconvolution of Mn2p3 /, gave Mn**
(642.88 €V) and Mn>* (641.96 eV). Co substitution raised the Mn** ratio from 65.77% to
72.16% and lowered Mn3* from 34.23% to 27.84%. This drop in Mn3* matters because
Mn?* is the main trigger of the Jahn-Teller distortion and of the disproportionation reaction
(2Mn?* — Mn** + Mn?*) that causes manganese dissolution [44]. Oys analysis indicated
that Co doping promoted the formation of lattice oxygen [MnOg]. The binding energy
of lattice oxygen in LMCO-4 (529.5 eV) was close to that in undoped LMO (529.56 eV),
consistent with the spinel framework staying intact after Co substitution.
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Figure 3. XPS spectra of LMCO-4: (a) survey scan; (b) Co2p; (c) Mn2p; (d) Ols.

3.2. Adsorption Performance, Selectivity, and Cycling Stability of Co-Doped Powder

Figure 4a shows the effect of Co doping on acid treatment efficiency. The Li trans-
formation rate peaked at 89.67% for LMCO-4, while Mn dissolution was lowest at 2.65%.
Adsorption capacities (Figure 4b) followed the order HMO (31.26) < HMCO-2 (32.45) <
HMCO-4 (33.36) > HMCO-6 (31.53) > HMCO-8 (30.11) mg/g, consistent with x = 0.04 as
the optimal doping level.

a9oo — s.oAb40 c“
@ o Lihium exaction rate 0%) X T —e—HMO
< 45 ~ —a—HMCO-4
o 89.5F 2
2 = 301 4.0
= {0 s o
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& 135§ <
. ) g
A ' e 32
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Figure 4. (a) Effect of Co doping level on acid treatment; (b) Adsorption capacities of Co-doped
powder ion-sieves at different Co doping levels; (c) Cycling performance of HMO and HMCO-4 over
5 adsorption-desorption cycles.

After five adsorption—desorption cycles, HMCO-4 retained 89.0% of its initial capacity,
better than undoped HMO (80.8%) (Figure 4c). This improvement reflects the lower Mn
dissolution from Co doping.
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Beyond capacity and cycling stability, the powder HMCO-4 showed high selectiv-
ity for Li* over coexisting ions in real salt lake brine. This selectivity comes from the
three-dimensional diffusion channels of the spinel structure [45]. Ions larger than Li*
(0.074 nm), such as Na* (0.102 nm), K* (0.138 nm), and Ca?* (0.1 nm), are excluded by
steric hindrance. Mg2+ (0.072 nm) has a radius close to Li*, but its hydration free energy
(1830 kJ /mol) is far higher than that of Li* (475 kJ /mol) [46], so it is also hindered. In actual
salt lake brine, HMCO-4 reached 22.79 mg/g, with separation factors of 257.71, 142.42,
676.50, and 5.15 for Na*, K™, Mg2+, and CaZ*, respectively (Table 1).

Table 1. Adsorption selectivity of HMCO-4 powder in actual salt lake brine.

Ions Co (mg/L) Ce,;i (mg/L) K; (L/g) o« (Lit/M;)
Li* 128.8 421 0.5412 1
Na* 32,070 31,820 0.0021 257.71
K* 22,220 21,900 0.0038 142.42
Mg2+ 70,360 70,140 0.0008 676.50
Ca?t 52.55 37.55 0.105 5.15

3.3. Surface Modification and Granulation with Solid Paraffin Porogen

Before granulation, the Co-doped powder was made hydrophobic with OTMS so that
it would mix with the organic monomer phase. In this modification, OTMS hydrolyzes to
silanol groups (-5i-OH), which bond chemically with the hydroxyl groups (-OH) on the
powder and graft hydrophobic long-chain alkyl groups onto the surface [47] (Scheme 2).
FT-IR (Figure 5) confirmed the grafting: characteristic peaks appeared at 1091.4 cm™!
(5i-O-5i asymmetric stretching) and 2852.2/2925.9 cm ™! (-CH,- symmetric and asymmetric
stretching). The contact angle rose from 23.09° to 149.62° (Figure 6), changing the sur-
face from hydrophilic to hydrophobic so the powder dispersed uniformly in the organic
monomer phase during suspension granulation.

Three granulated adsorbents were prepared: Z-LMCO-4 (no porogen), ]-LMCO-4
(toluene porogen), and T-LMCO-4 (solid paraffin porogen). SEM images (Figure 7) showed
that all particles were spherical but had different internal structures. Z-LMCO-4 was dense
with few pores, ]-LMCO-4 had limited porosity, and T-LMCO-4 showed the most abundant
mesopores throughout the particle.

The BET surface areas of Z-LMCO-4, J-LMCO-4, and T-LMCO-4 were 0.82, 8.83, and
82.00 m?/g, respectively (Table 2). BET was measured before acid treatment to isolate
the porogen effect from acid-induced structural changes. N, adsorption—-desorption of T-
LMCO-4 (Figure 8) gave a Type IV isotherm with a distinct hysteresis loop at P/Py = 0.5-1.0,
consistent with a mesoporous material.

ov
o¥ . od
L0

/S\
QH OH OH 0 %
@ + HO-Si-0-Si-OH —» @ % + H,0

Hydrolysis product of
silane coupling agent

modified LMCO-4,3

Scheme 2. Reaction mechanism of OTMS surface modification of the Co-doped powder.
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Figure 5. FT-IR spectra of the Co-doped powder before and after OTMS surface modification.
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Figure 6. Contact angle measurements: (a) before OTMS modification (23.09°); (b) after modification
(149.62°).

a

Figure 7. SEM images of (a,b) no porogen; (c¢,d) toluene porogen; (e,f) solid paraffin porogen.
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Table 2. BET surface area, pore structure parameters, and mechanical strength of the granu-
lated samples.

Property Z-LMCO-4 J-LMCO-4 T-LMCO-4
BET (mz/g) 0.82 8.83 82.00
Pore diam. (nm) - - 8.248
Strength (IN) 8.42 8.18 6.39
Active comp. (%) 20.71 20.44 20.57
Li transf. (%) 8.35 10.67 14.83
Mn dissol. (%) 0.75 0.96 1.25
a 150
- —s— Adsorption b0_7 - —e— Desorption
a —o— Desorption
(gﬂ 120 @0.6 -
> “= 0.5}
£ ooy §0.4 -
3 8
5 60 2031
72} E [
2 N 0.2
£ 30 o1t
=
g 0.0}
& 0= : ' ? ; I : ’ ? ?
0.0 0.2 0.4 0.6 0.8 1.0 1 5 10 30 50
Relative Pressure (p/p,) Pore Diameter(nm)

Figure 8. N, adsorption—-desorption analysis of T-LMCO-4: (a) isotherm curve; (b) pore size distribution.

Solid paraffin differs from conventional porogens. Toluene is miscible with the
monomer phase and mainly generates micropores, which are insufficient for brine pene-
tration. Solid paraffin is molten at the polymerization temperature (75 °C) and acts as a
non-solvating porogen. It separates into discrete domains through polymerization-induced
phase separation and, once removed by Soxhlet extraction, leaves mesoporous channels
(average pore diameter 8.248 nm, pore volume 0.169 cm3/g). These mesopores form con-
tinuous paths from the particle surface to its core, letting the lithium-containing solution
reach interior active components that would otherwise stay encapsulated.

The three samples had similar active component contents (20.71%, 20.44%, and 20.57%
for Z-LMCO-4, J]-LMCO-4, and T-LMCO-4), which indicates that the porogen does not
react with the adsorbent but acts as a physical template. Acid treatment efficiency differed:
Li transformation rates were 8.35%, 10.67%, and 14.83%, reflecting limited acid access
through the polymer matrix. This low transformation rate contributes strongly to the
reduced capacity, because unextracted Li* occupies sites that would otherwise be available
for re-adsorption. Longer acid treatment or higher acid concentrations may raise the
transformation rate, although excessive acid could damage the structure. Mn dissolution
stayed below 1.25% in all samples, so granulation preserves structural integrity during
acid treatment.

Several routes are available to improve acid penetration without compromising the
spinel framework. The present comparison already identifies the dominant factor: at
identical acid conditions (0.5 mol/L HCl), replacing the porogen-free formulation with solid
paraffin raised the Li transformation rate from 8.35% to 14.83%, because the interconnected
mesopores shorten the diffusion path of the acid into the particle interior. Further gains
can be expected from (i) a higher porogen-to-monomer ratio, which would further open
and interconnect the pore network; (ii) a smaller granule diameter, which shortens the
internal diffusion length; (iii) a higher acid concentration or temperature, which accelerates
H*/Li* exchange but must be balanced against accelerated Mn dissolution; and (iv) a more
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hydrophilic binder chemistry, for example, post-granulation sulfonation of the St/DVB
network or copolymerization with hydrophilic monomers.

Mechanical strength fell from 8.42 N (Z) to 6.39 N (T) because of pore formation, yet
stayed within the range acceptable for column packing.

The ~80 wt% polymer fraction is dictated by the requirements of suspension granula-
tion. The OTMS-modified powder must remain fully dispersed in the organic monomer
phase; higher powder loadings raise the slurry viscosity and cause agglomeration, yielding
deformed or irregular granules. In addition, pore formation already lowers the mechanical
strength from 8.42 N (Z-LMCO-4) to 6.39 N (T-LMCO-4), and a further reduction in the
polymer fraction would push the strength below what fixed-bed packing requires. Reduc-
ing the polymer content to 40-50 wt% therefore requires a simultaneous reformulation: (i) a
dispersion route for higher powder loadings (for example, finer OTMS-modified powder
or surfactant-assisted suspension); (ii) a more highly crosslinked or filler-reinforced matrix
to maintain strength; and (iii) re-optimized porogen levels, since less polymer leaves less
pore wall to maintain the sphere. The incentive for such a reformulation is quantified by
the capacity data of Section 3.4: at the current active loading of about 20.6 wt%, the granule
delivers ~ 21.5 mg of Li per gram of LIS, i.e., 64% of the powder value. Provided that
site utilization is maintained, the granule capacity scales nearly proportionally with the
active fraction. We also note that the process economics are governed by the cumulative
Li* throughput over the service life rather than by the single-cycle capacity: with 62% ca-
pacity retention after 20 cycles and Mn dissolution stabilized at 0.18%, the granule remains
productive over many more cycles than were tested here.

3.4. Adsorption Kinetics and Thermodynamics of Granulated Adsorbent

The adsorption capacities of the three granules followed the same order as their
BET areas: T-HMCO-4 (4.42 mg/g) > ]-HMCO-4 (3.24 mg/g) > Z-HMCO-4 (2.52 mg/g)
(Figure 9a). This direct correlation shows that the mesoporous structure created by solid
paraffin allows access to the interior adsorption sites.
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Figure 9. (a) Adsorption curves of three granulated ion-sieves; (b) Intra-particle diffusion model
fitting for T-HMCO-4; (c,d) Pseudo-first-order and pseudo-second-order kinetic model fitting;
(e,f) Langmuir and Freundlich isotherm models at different temperatures.
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The capacity of the granule (4.42 mg/g) is lower than that of the powder (33.36 mg/g),
and the loss can be decomposed into four sequential factors. First, dilution: the inert
St/DVB matrix accounts for about 80 wt% of the granule, so even with fully accessible sites
the granule capacity is capped at 33.36 mg/g x 0.206 ~ 6.9 mg/g. Second, incomplete
acid transformation: only 14.83% of the lattice Li* in the granule was converted to the
H+ form (versus 89.67% for the free powder), and Li*-occupied sites cannot participate
in re-adsorption. Third, site sealing: a fraction of the active powder is fully encapsulated
by the polymer and has no solution access. Fourth, the residual hydrophobic OTMS layer
slows the wetting of internal pore surfaces. Normalized to the active LIS content (about
20.6 wt%), the granule delivers ~ 21.5 mg of Li per gram of LIS, i.e., 64% of the powder
value, which quantitatively reflects the second to fourth factors. The 75% capacity gain
over the non-porogen control (from 2.52 to 4.42 mg/g) shows that solid-paraffin mesopores
alleviate, but do not eliminate, these constraints.

Intra-particle diffusion analysis (Figure 9b) showed three adsorption stages: rapid
external diffusion of Li* to the particle surface (Kq; = 2.498), slower intra-particle diffusion
through the pores (K4 = 0.817), and adsorption saturation (K43 = 0.062) (Table 3). The
C values were non-zero at all stages, so intra-particle diffusion is the main rate-limiting
step but not the only one. Both Kd; and Kd; of T-HMCO-4 were higher than those of
Z-HMCO-4 (1.405, 0.439) and J-HMCO-4 (1.775, 0.622), indicating that the mesoporous
structure reduces both external and internal mass-transfer resistance. The pseudo-second-
order model (R? = 0.999) fit better than the pseudo-first-order model (R? = 0.915-0.985)
(Figure 9(c,d), Table 4), indicating that the H* /Li* ion-exchange step is rate-limiting. The C
values (C; = 0.067, C; = 2.020, C3 = 4.133) indicate an increasing boundary-layer thickness
at later stages.

Table 3. Intra-particle diffusion fitting parameters for the three granulated ion-sieves.

Sample Kdl Cq R? Kdz () R? Kd3 Cs R?
Z-HMCO-4 1.405 0.020 0.997 0.439 1.228 0.965 0.057 2.256 0.734
J-HMCO-4 1.775 0.054 0.986 0.622 1.391 0.991 0.069 2.927 0.626
T-HMCO-4 2.498 0.067 0.989 0.817 2.020 0.967 0.062 4.133 0.659

Table 4. Kinetic fitting parameters for T-HMCO-4.
Pseudo-First-Order Pseudo-Second-Order 0
CO (mg/ L) Qel-cal Q - K e
K+ (h—1 R2 el-cal 2 R2 (m )
(mg/g) 1 () (mg/g) (g/(mg-h)) gls

100 2.24 0.200 0.985 3.98 0.193 0.999 3.80

200 1.92 0.182 0.915 4.20 0.241 0.999 4.07

300 2.65 0.354 0.972 4.59 0.276 0.999 4.42

500 2.85 0.265 0.985 5.43 0.202 0.999 5.23

Isotherm analysis (Figure 9e,f, Table 5) compared the Langmuir (Equation (5)) and
Freundlich (Equation (6)) models. The Langmuir model (R? = 0.98-0.99; Qi = 5.47, 5.76,
and 5.95 mg/g; Ki, = 0.031, 0.035, and 0.057 L/mg at 303, 318, and 333 K) described the
adsorption better than the Freundlich model (R? = 0.75-0.88), consistent with monolayer
adsorption on homogeneous sites [42,43]. The standard Gibbs free energy change AG® was
obtained from Equation (7), and AH and AS were derived from the van’t Hoff equation
(Equation (8)) [48], where Kg is the dimensionless equilibrium constant (distribution coeffi-
cient). The positive AH (16.86 kJ/mol) indicates an endothermic process, and the negative
AG? (—13.53 to —16.56 kJ /mol) confirms spontaneous adsorption (Table 6). The positive AS
(99.77 J / (mol-K)) suggests greater disorder at the solid-liquid interface during adsorption.
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Adsorption capacity rose from 4.42 mg/g (303 K) to 5.35 mg/g (333 K), consistent with the
endothermic nature.

Table 5. Langmuir and Freundlich isotherm fitting parameters for Li* adsorption on T-HMCO-4.

Sample T (K) QOm (mg/g) K (L/mg) R? Kg (L/g) n R?
303 5.47 0.031 0.98 2.481 8.784 0.75

T-HMCO-4 318 5.76 0.035 0.99 2.714 9.079 0.78
333 5.95 0.057 0.99 3.277 11.02 0.88

Table 6. Thermodynamic parameters for Li* adsorption on T-HMCO-4.

T (K) K9 AG® (IJ/mol)  AH (kJ/mol)  AS (J/(mol-K))
303 215.14 —13.53
318 242.90 —14.52 16.86 99.77
333 395.58 —16.56

3.5. Selectivity and Cycling Stability

For practical testing, T-HMCO-4 was packed into a fixed-bed glass column, and
real salt lake brine from Xinjiang was circulated through the bed with a peristaltic pump
(20 mL/min) until saturation; the complete column protocol is given in Section 2.5. Under
this operating mode, T-HMCO-4 reached 1.56 mg/g (Figure 10a), lower than in LiCl
solution (4.42 mg/g).
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Figure 10. (a) Adsorption curve of T-HMCO-4 in salt lake brine; (b) Cycling performance of T-HMCO-
4 over 20 cycles.

The gap between the brine capacity (1.56 mg/g) and the LiCl capacity (4.42 mg/g) is
governed by four brine-specific factors. (1) pH: Li* uptake by manganese ion-sieves pro-
ceeds through H* /Li* exchange, so pH exerts a first-order effect on the uptake. (2) Lower
Li* concentration: the brine contains 125 mg/L Li*, less than half of the 300 mg/L used
in the LiCl tests, and the Langmuir fit (Table 5) predicts a lower equilibrium uptake at a
lower concentration. (3) Competing ions and viscosity: the coexisting Na*, K*, and Mg?*
total ~ 115 g/L; the resulting viscosity and competitive adsorption lower the Li* mobility,
and the intra-particle diffusion analysis (Section 3.4) identified internal mass transfer as the
rate-limiting step. (4) Operating mode: the brine test was run in a fixed bed at 20 mL/min,
far from the 24 h equilibrium contact of the batch LiCl tests.

Li* uptake by manganese ion-sieves proceeds through H*/Li* exchange. In the
pH-dependence study on the Co-doped powder, the adsorption capacity increased from
25.41 mg/g at pH 6 to 39.28 mg/g at pH 12 (+54.6%), because a higher OH™ activity
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consumes the H+ released by the exchange and drives the equilibrium toward Li+ uptake.
The brine used here is acidic (pH 5.30), below the lowest pH examined, so a markedly
suppressed uptake is expected; the 1.56 mg/g obtained in the brine is consistent with this
trend. Raising the brine pH before adsorption would increase the uptake, but at high pH
the Mn—OH complexation raises the Mn dissolution loss during cycling, which is why pH
10 was selected as the adsorption condition in this work and why pH pre-adjustment of the
brine requires a cost-benefit evaluation (Section 4). The separation factor («) was calculated
from Equation (9). The values were 357.0 (Li*/Na*), 256.5 (Li*/K*), 225.4 (Li*/ Mg2+),
and 41.87 (Li*/Ca?") (Table 7). The Li*/Mg?* factor fell from 676.50 (HMCO-4 powder,
Table 1) to 225.4 (granulated T-HMCO-4), a 66.7% reduction. This drop is attributed to the
polymer matrix partially blocking the spinel surface and reducing Li* access to the ion-sieve
channels. By contrast, the Li*/ Ca?* factor rose from 5.15 (powder) to 41.87 (granulated).
This may reflect a polymer sieving effect, in which the St/DVB network preferentially
excludes the larger hydrated Ca?* ions from the particle interior and so raises the apparent
Li* /Ca?* selectivity. Further studies are needed to confirm this.

Table 7. Adsorption selectivity of T-HMCO-4 in actual salt lake brine.

Ions Co (mg/L) C. (mg/L) K; (L/g) o (Li*/M;)
Li* 125.1 76.07 1.96 x 1072 1
Na* 27,740 27,690 5.49 x 107° 357.0
K* 23,930 23,870 7.64 x 107° 256.5
Mg?* 63,110 62,930 8.69 x 107> 2254
Ca2t 31.66 31.18 468 x 1074 41.87

The high flow rate was chosen to evaluate throughput, but the short contact time
limited the capacity. Lower flow rates are expected to improve Li* uptake signifi-
cantly, since the intra-particle diffusion analysis showed that internal mass transfer is the
rate-limiting step.

Despite these changes, the granule keeps good selectivity, so the ion-sieve effect
survives granulation. The trade-off between the lower Li*/Mg?* and higher Li*/Ca?*
selectivity reflects the combined effect of the ion-sieve mechanism and the polymer matrix.

Table 8 summarizes the mass balance of the fixed-bed saturation run reported in
Table 7. Of the 25.02 mg of Li* in the 200 mL feed, 15.21 mg remained in the brine after
saturation and 9.81 mg (39.2% of the fed Li*) was captured by the bed (bed charge ~ 6.3 g),
consistent with the reported capacity of 1.56 mg/g. The balances of the coexisting ions
closed simultaneously: the removals of Na*, K*, and Mg?* were only 0.18%, 0.25%, and
0.29%, respectively. On a molar basis, 1.41 mmol of Li* and 1.48 mmol of Mg?* were
captured from a feed with a Mg?*/Li* molar ratio of ~144, i.e., the bed enriched Li* over
Mg?* by roughly 137-fold. After saturation, the bed was eluted with 200 mL of 0.5 mol/L
HCI. If elution is quantitative, the adsorbed Li* load corresponds to an eluate concentration
of ~49 mg/L; the capacity regeneration observed between the cycles of the cycling test
(Figure 10b) indicates nearly complete desorption under this protocol. Because only 200 mL
of brine was processed per bench-scale run, this eluate concentration reflects the small
processed volume rather than a limit of the bed; in continuous operation, in which many
bed volumes are loaded before elution, the eluate concentration rises accordingly. In either
case, the decisive figure for downstream purification is the Li* /Mg?* mass ratio, which
improves from ~1:505 in the brine to ~1:3.7 in the eluate.
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Table 8. Mass balance of the fixed-bed saturation run of T-HMCO-4 in actual salt lake brine.

Ion Feed (mg) Ren}ammg - Adsorbed Removal (%)
Brine (mg) (mg)
Li* 25.02 15.21 9.81 39.2
Na* 5548 5538 10.0 0.18
K* 4786 4774 12.0 0.25
Mg?* 12,622 12,586 36.0 0.29
Ca?* 6.33 6.24 0.10 1.5

After 20 adsorption—desorption cycles in the same brine, T-HMCO-4 kept 62% of
its initial capacity (from 1.41 to 0.87 mg/g), and Mn dissolution fell from 1.16% in the
first cycle to a stabilized 0.18% (Figure 10b). The capacity loss can be attributed to
three mechanisms of different weights. (i) Irreversible consumption of the most reac-
tive sites: Mn dissolution peaked in the first cycle (1.16%) and decayed to a stable 0.18%,
indicating that near-surface Mn3*-rich sites, which are the most vulnerable to dispropor-
tionation (2Mn** — Mn** + Mn?*), are consumed first; this removes a disproportionate
share of the high-affinity sites. (ii) Incomplete regeneration per cycle: the eluent does
not fully penetrate the mesopore network within the fixed contact time, so a small frac-
tion of sites remains Li*-occupied, consistent with the incomplete transformation dis-
cussed in Section 3.3. (iii) Progressive pore blockage: salts from the high-salinity brine
(Na* + K* + Mg?* ~ 115 g/L) can deposit inside the mesopores during the wash and elu-
tion stages and gradually mask adsorption sites. Importantly, both the capacity decay
and the Mn dissolution stabilize after the first few cycles, and the post-cycling SEM-EDS
(Figure 11) shows intact spheres with preserved mesopores and a uniformly distributed Co-
doped active component; the granule therefore approaches a stable residual capacity rather
than undergoing progressive structural collapse, which we attribute to the Co-doping
suppression of the Jahn-Teller distortion.

20|Im Z(Nlm

Figure 11. (a) T-HMCO-4 after 20 cycles and (b-d) EDS elemental mapping of T-HMCO-4.

4. Conclusions and Perspectives

This study reports a pore-engineering approach to the suspension granulation of
manganese-based lithium ion-sieves, using solid paraffin as a mesoporous porogen to
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solve the powder-forming problem that limits industrial use. Co doping suppressed
the Jahn-Teller distortion by raising the Mn** fraction from 65.77% to 72.16%, and the
optimized powder reached 33.36 mg/g in LiCl solution with 89.0% capacity retention
after five cycles. For granulation, OTMS modification changed the powder surface from
hydrophilic (contact angle 23.09°) to hydrophobic (149.62°), enabling uniform dispersion
in the organic monomer phase. Among the three porogen conditions, solid paraffin gave
the best result: T-HMCO-4 reached a BET area of 82.00 m?/g, a large increase over the
non-porogen control, with a mechanical strength of 6.39 N. It delivered 4.42 mg/g in LiCl
solution and 1.56 mg/g in real salt lake brine, with high selectivity (o = 357.0, 256.5, 225.4,
and 41.87 for Na*, K*, Mg?*, and Ca?*) and 62% capacity retention over 20 cycles, while Mn
dissolution stabilized at 0.18%. The granulated capacity is lower than the powder capacity,
but this loss is inherent to polymer-encapsulated systems and is offset by the practical
benefits of granulation: better dispersibility, lower column pressure drop, and no adsorbent
loss during continuous operation. Solid paraffin is an effective mesoporous porogen for LIS
granulation, and the combined strategy offers a route from powder synthesis to practical
adsorbent fabrication for lithium extraction from salt lake brines.

Several challenges still stand in the way of industrial use. The capacity in real brine
(1.56 mg/g) is limited by the suboptimal brine pH, the incomplete acid transformation of
the granule (14.83%), and the high polymer-to-adsorbent ratio (about 80 wt%). Future work
should: improve acid penetration and site utilization through higher porogen-to-monomer
ratios, smaller granule diameters, and more hydrophilic binder chemistry; reduce the
polymer matrix ratio through crosslinker optimization and reinforcing fillers while keeping
mechanical strength; evaluate pH pre-adjustment and its cost-benefit for large-scale brine
processing; quantify the eluate composition and develop multi-stage elution and counter-
current columns to improve cumulative Li* recovery; and test the solid paraffin porogen
concept on other adsorbents, such as titanium-based lithium ion-sieves. Meeting these
challenges should close the gap between laboratory demonstration and industrial lithium
extraction from salt lake brine.
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