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Keywords: 
The sulfonation of chitosan strongly enhances the recovery of lithium from aqueous solutions Uptake kinetics are fitted by the pseudo-first- order rate 
equation and sorption isotherms by the Langmuir dual site equation 
Lithium sorption remains highly selective for Li (I) against alkali-earth and heavy metals High stability in performances of sorption and desorption for 
eighteen cycles 
At pH 2.2 sulfonated chitosan selectively recovers lithium from acidic leachate of mobile phone Li-ion battery (for sustainable valoriza-tion of strategic 
metal) 

A B S T R A C T

The functionalization of cross-linked chitosan (Chito) by an original sulfonating process allows synthesizing a highly efficient sorbent 
(Sulfo-C) for Li(I) recovery from acidic solution (at pH ≈2). FTIR and XPS analyses show the main contributions of amine and sulfonic 
groups in the binding mechanism. Maximum sorption capacity reaches 20 mmol Li g−  1, and the sorption isotherms are fitted by the 
Langmuir Dual Site equation; the process being spontaneous, exothermic and enthalpy-driven. The sorption remains highly efficient in 1 M 
NaCl solution, while the uptake remains strongly selective in the presence of equimolar concentrations of alkali-earth and heavy elements 
(Fe > Zn > Mg > Ca > Ni > Al cations). This selectivity (SCLi/Metal varying between 14 and 36) is controlled by the pH (optimum close to 
2.2) and slightly increases (up to 16–69) with adding oxalic acid (1% w/ w). The equilibrium is achieved, under selected experimental 
conditions, within 30–90 min of contact (depending on temperature). Uptake kinetics are fitted by the pseudo-first order rate 
equation, though the contribution of resistance to intraparticle diffusion cannot be neglected. Bound metal can be completely desorbed 
using hydrochloric acid solution (0.2 M); the kinetics of desorption is fast (within 20 to 30 min). Both sorption and desorption 
performances are remarkably stable for 18 cycles (loss in sorption less than 10.4% at the 18th cycle). The functionalized sorbent is highly 
efficient for the recovery of lithium from a spent Li-ion battery (mobile cell battery). The sorbent shows high selectivity for Li(I) against 
Co(II), Mn(II), Ni(II), Fe(III) and Al(III) (SCLi/Metal: 26–85); much lower against Cd(II) (i.e., 2.3).   

1. Introduction

In the last decade (apart its historical use in ceramic, glass manu
facture and aluminum production), the “explosive” development of 
rechargeable batteries for electronics, hybrid and electric vehicles has 
driven the demand for lithium to unexpected levels [1]. The global 
consumption of lithium-ion batteries for automotive applications is ex
pected to represent a business of about 220 US billions from 2015 to 
2024 [2]. Currently, the conventional production of lithium comes from 
brine and mineral resources. About 80% of mining resources (produc
tion and reserves) is identified in a limited number of countries 
(Australia, China, Chile, Canada and Argentina) [1,3]. These strategic 

issues as well as the increasing demand may explain the strong incentive 
politics of national and regional regulations for developing the recycling 
of waste and spent equipment, including for lithium, though no signif
icant industrial production from secondary resource has been reported 
for Li. The rate of recycling of Li from spent materials is actually eval
uated to less than 10% [3]. 

The composition of Li-ion battery makes these spent materials a 
remarkable “alternative” as mining resource. Indeed, Gerold et al. [1] 
compiling the literature gave average composition of Li-ion battery as: 
5–7% Li, 5–20% Co, 5–10% Ni and a certain variety of complementary 
heavy metals accounting for 5–10% (including Cu, Al, Fe, Cr, etc.). After 
the separation of plastic-based cartridges, and the pre-treatment of spent 
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(a) precipitation [7,8],
(b) crystallization [9],
(c) solvent extraction [10–12],
(d) ion-exchange [13–17] (including ion-exchange membranes,

[18]), or. 
(e) chelating resin [19,20].
The choice of the treatment process (including combined techniques)

strongly depends on the composition of the leachates, the relative con
centrations of valuable metals, and the process strategy (purification of 
Li leachates by removal of co-metals [16,21] or direct removal of 
lithium). The complexity of Li-containing effluents makes the selectivity 
a critical challenge in the design of sorbent. Alexandratos et al. [22] 
immobilized crown-ethers onto polymer supports for developing Li- 
selective sorbents. Among ion-exchange resins, Arroyo et al. [14] 
compared different types of reactive groups for Li(I) sorption: imino- 
diacetic reactive groups (Lewatit TP 207 and 208 resins) and sulfonic 
acid groups (Lewatit K2629 resin). The sorption levels from brines 
(under weakly acidic solutions) range between 0.17 and 0.38 mmol Li 
g− 1. Güneysu [15] demonstrated that at near-neutral pH the weakly 
cationic Lewatit CNP 80 resin (acrylic acid-based resins) is more effi
cient for Li (I) sorption than strong acidic Armfield resin. Xu et al. [23] 
reported the synthesis of sulfonated cellulose microspheres (activated 
with glycidyl methacrylate) and applied this new sorbent for Li(I) 
sorption at mild pH (around 6–8). Volkova et al. [24] discussed the order 
of affinity for Li(I) of a series of cation-exchange resins bearing sulfonic 
groups (KU 2–8, Purolite C100, and Resinex KW-8), carboxylic groups 
(SG-1, Purolite C104FL, and Resinex KW-H) and phosphoric groups 
(Purolite S957). While comparing the distribution coefficients of Li and 
other impurities (Na, K, Mg Ca and Fe cations) at different pH values, 
they conclude that carboxylic-based resins are highly efficient for 
separating alkali metals from lithium (not sorbed), at pH 2–3. On the 
other hand, the preferential sorption of alkali-earth metals (compared 
with lithium) by sulfonic-based resins makes these sorbents efficient for 
purifying mixed solutions at pH 2. 

These different results oriented the current research towards the 
development of sulfonic-bearing sorbents for Li(I) recovery from solu
tions of increasing complexity (synthetic pure solutions → multi- 
component synthetic solutions → acidic leachates of Li-ion batteries). 

Herein, the strategy for the design of the new sorbent is based on the 
functionalization of chitosan (aminopolysaccharide commercially pro
duced by deacetylation of chitin, major constituent of crustacean shells). 
Chitosan bears amine groups that can be used for metal sorption by 
chelation at near-neutral pH of metal cations through free electron- 
doublet on N, or by ion-exchange/electrostatic attraction of metal an
ions on protonated amine groups (in acidic solutions) [25]. These amine 
groups can be used for the functionalization of the biopolymer and for its 
shaping (preparation of hydrogels, foams, membranes, and so on). The 
high density of hydroxyl groups (responsible of its hydrophilic behavior) 
also offers possibilities for grafting new functional groups; this is pre
cisely the strategy used for the sulfonation of chitosan in this work 
(Sulfo-C). The sorption properties of Chito (glutaraldehyde-crosslinked 
chitosan) and Sulfo-C micro-particles for Li(I) are widely investigated 
(study of pH effect, uptake kinetics, sorption isotherms at different 
temperatures, selectivity and competition effects). The desorption of 
lithium from loaded sorbents and the recycling are carried out. Finally, 
Sulfo-C is tested for the recovery and separation of Li(I) from a complex 
solution (acidic leachate of Li-ion phone cell battery). In parallel, the 
sorbent is characterized by a series of techniques to characterize both 
the structure of the sorbent and its interactions with Li(I). 

The work described for the first time the sulfonation of chitosan 
using an original procedure involving a specific sulfating agent 

(synthesized by reaction of sodium nitrite and sodium hydrogen sulfate, 
under reflux). This method is cost-effective and does not require com
plex reagents, or hazardous solvent (as mentioned in most of the 
available literature). The study will illustrate the outstanding sorption 
properties (compared with conventional Li(I) sorbent), the remarkable 
stability of the sorption and desorption properties, the fast kinetics for 
metal sorption, and the effectiveness of the sorbent for the recovery of 
target metal from complex (synthetic or industrial) effluent containing 
several competitor ions. 

2. Materials and methods

2.1. Materials

Chitosan (acetylation degree, DA, close to 25%), glutaraldehyde 
solution (25% w/w) as well as NaHSO3 (>99.9%), NaOH (≥97.0%), and 
NaNO2 (≥99.0%), LiNO3 (used for most sorption tests) and LiCl 
(≥99.98%) (used for salinity and selectivity tests) were provided by 
Sigma Aldrich (Merck KGa, Darmstadt, Germany). Sodium chloride 
(≥99.98%), MgCl2⋅6H2O (99%), AlCl3⋅6H2O (95%), FeCl3 (≥99.5%), 
ZnCl2 (≥99.5%), NiSO4 (≥99.8%) were obtained from Guangdong 
Guanghua, Sci-Tech Co., Ltd (Guangdong, China). Calcium chloride 
(≥99.1%) (used for selectivity tests) was purchased from Shanghai 
Makclin Biochemical Co., Ltd. (Shanghai, China). 

2.2. Sorbent synthesis and characterization 

Scheme S1 (Supplementary Information) shows the different steps in 
the synthesis of both Chito and Sulfo-C sorbents. Detailed descriptions of 
the synthesis procedures are reported in Supplementary Information 
(Section A). Briefly, chitosan sorbent (Chito) was produced as glutaral
dehyde cross-linked biopolymer, as the reference material (support, SI, 
Section A.1). The functionalized sorbent (i.e., Sulfo-C) was obtained by a 
two-stage process. A sulfating agent (N(SO3Na)3) was first synthesized 
(SI, Section A.2). This intermediary product was reacted with chitosan 
(in solution) under controlled thermal conditions (85 ◦C) before pro
cessing the glutaraldehyde crosslinking (under reflux) and the precipi
tation in alkaline conditions (SI, Section A.3). Scheme 1 shows the 
structures of Chito and Sulfo-C sorbents. The methods used for the 
characterization of the materials are reported in Section B.1 (Supple
mentary Information). 

2.3. Sorption and desorption studies 

2.3.1. Sorption tests 
Sorption tests were performed in batch systems using a reciprocal 

shaker at fixed agitation speed (i.e., 210 rpm). A fixed volume of solu
tion (V, L) containing a given amount of metal ion (i.e., C0, mmol Li L-1) 
was mixed with a fixed amount of sorbent (m, g). The pH was adjusted to 
target value using either HNO3 or NaOH molar solutions. Though the pH 
was not controlled during the sorption step, the equilibrium value was 
systematically monitored at equilibrium. After fixed values of contact 
times (for kinetics) or after 24/48 h, samples were collected and filtrated 
before being analyzed for assessing residual metal concentrations (Ceq, 
mmol L-1). The mass balance equation was used for calculating the 
sorption capacity (qeq, mmol Li g− 1): qeq = (C0-Ceq) × V/m. 

The precise experimental conditions are systematically reported in 
the caption of the Figures. Experiments were systematically duplicated 
and shown in Figures (for illustrating the good reproducibility of sorp
tion tests). 

2.3.2. Desorption studies 
For the study of metal desorption, the metal-loaded sorbents (which 

were collected from previous kinetic or equilibrium experiments) were 
mixed for given contact times with an eluent solution (0.2 M HCl solu
tion). The sorbent dose (SD) was set to 2 g L-1 for desorption. For sorbent 

batteries (though grinding, magnetic and densimetric separations), the 
solid is usually submitted to acidic leaching (as for the processing of 
mineral resources) [4–6]. A large variety of techniques may be used for 
the treatment of Li-ion battery (or ore) leachates and brines, and the 
recovery of valuable metals including: 



re-use, the sorbent was rinsed several times with water between each 
operating step. The sorbed Li amounts at the different steps and in the 
eluate (for desorption step) were compared to calculate the loss in 
sorption efficiency and the effectiveness of metal desorption. 

In the case of sorbent loaded with multi-component solutions, 
several types of eluents were tested (including hydrochloric, sulfuric, 
acetic, oxalic acids and EDTA, 0.2 M) in order to evaluate the possibility 
to separate these metal ions not only during the sorption step but also at 
the desorption stage. The sorbent dose was: 0.2 g L-1 (other experimental 
conditions: v: 210 rpm; time: 2 h). 

2.3.3. Modeling of sorption 
Conventional equations were used for modeling uptake kinetics and 

sorption isotherms. The relevant models are summarized in Table S1 
(see Supplementary Information, SI). The determination of model pa
rameters was derived from non-linear regression analysis (using the 
facilities of Mathematica®). The quality of the fits was analyzed by 
comparison of experimental and calculated data using the determination 
coefficient (i.e., R2) and the Akaike Information Criterion (AIC; lower 
values researched, and differences significant when |ΔAIC|>2). 

2.4. Application to the treatment of acidic leachate of waste Li-ion battery 

2.4.1. Leaching 
Different types of Li-ion mobile batteries were used for the applica

tion test (phone cell batteries as in Figure S1). The batteries were 
dismantled and the plastic parts were discarded. After grinding to 0.5 
mm size, the material was quartered. The sample (0.5 g) was mineral
ized in a Teflon beaker at 110–160 ◦C using a series of acids. Concen
trated HF acid was used for Si digestion (S/L ~ 1:10). In a second step, 
after evaporation, a mixture of HNO3 and HCl (1:3 M ratio; volume: 20 
mL) was added in the presence of hydrogen peroxide (1.5–2 mL; 32%, 
w/w) for the dissolution of organic electrolyte. After complete dissolu
tion (total volume: 10 mL); the solution was diluted with demineralized 
water into a 100-mL volumetric flask for analyzing metal content. 
Table S2 reports the metal contents in the Li-ion battery (powder). 

The batteries were grinded and the powder (particle size range 
around 1 mm) was initially mixed for 2 h with 5 M HCl solution, at T: 
100 ◦C (in a closed reactor). The velocity of agitation was set to 150 rpm. 
The solid/liquid (S/L) ratio was fixed to 1:3 (50 g for 150 mL). In order 
to enhance the leaching of the metals from the battery, a few drops of 
concentrated HCl and H2O2 were progressively added to the mixture 
(final HCl concentration ≈7 M). The leachate was collected for pro
cessing Li(I) sorption using Sulfo-C sorbent. The volume of leachate 
collected was 125 mL. 

2.4.2. Processing of leachates 
The effect of pH on metal sorption was tested in the range pHeq: 

1–3.8. The selectivity in metal recovery was measured both for as- 
produced leachates and for oxalic acid-completed leachates (1% oxalic 
acid solution, w/w). The sorbent dose was 1 g L-1, T: 20 ± 1 ◦C, and the 
contact time: 10 h. 

3. Results and discussion

3.1. Summary of the characterization of sorbents

The detailed physicochemical characterization of the sorbents is 
discussed in section B (in SI). Herein, main characterizations are sum
marized. The particle size (sieving and SEM observation) allows fixing 
the average particle size close to 20 ± 5 µm (Figure S2). The textural 
analysis shows that the functionalization of crosslinked chitosan in
creases the specific surface area from 9 to 27 m2 g− 1 (with relevant in
crease of porous volume) (Section B.2.1., Figure S3). The study of 
thermal degradation of Chito and Sulfo-C sorbents shows 3 and 4 tran
sitions steps (respectively) with a global weight loss that decreases from 
88.5% to 80.3 % after sulfonation of Chito (Section B.2.2., Figure S4). 

The effective grafting of sulfonate groups is clearly demonstrated by 
elemental analysis (Table S3): while N content hardly changes between 
Chito and Sulfo-C, the functionalized sorbent contains S element (1.27 
mmol S g− 1; with simultaneous increase in O content, as RSO3

- moiety). 
This chemical modification is also characterized by FTIR analysis (Sec
tion B.2.3., Table S4, Figures 1 and S5). The sulfonation shifts the large 
band at 3400 to 3421 cm− 1 (corresponding to the overlapping of NH and 
OH stretching vibrations). The C=O ester stretching vibration (at 1729 
cm− 1) almost disappears; this is followed by the enlargement of the 
Amide I band (C=O stretching at 1646 cm− 1, which is shifted to 1621 
cm− 1). The reinforcement of C-N stretching appears on the 1418 cm− 1 

band (shifted to 1451 cm− 1), while several bands representative of S- 
based vibrations appear after modification; meaning doublet at 633 and 
590 cm− 1 for sulfonate groups, 1261 cm− 1 (-S=O), 1161 and 607 cm− 1 

(sulfonamide), 788 cm− 1 (C-O-S stretching), and 527 cm− 1 (C-S). The X- 
ray photoelectron spectroscopy also contributes to demonstrate the ef
ficiency of sulfonation as appearing in Fig. 2 (survey XPS curve). 
Figures S6-S9 show the high resolution XPS spectra for selected signals 
for Chito and Sulfo-C before and after Li(I) sorption; Table S5 suggests 
the assignment of the different deconvoluted bands appearing in 
Figures S6-S9. Section B.2.4. (in SI) provides detailed discussion of these 
spectra and characterizes the appearance of sulfonate groups (though 
the discussion of S 2p signals and the changes observed on C 1s and O 1s 
signals, due to the modification of their chemical environment): 
appearance of new deconvoluted bands and little shifts in their binding 
energies. 

At the macroscopic scale, the chemical functionalization of Chito 
sorbent is also confirmed by the shift in the pHPZC values of Sulfo-C 
(from 6.38 to 4.8 after sulfonation) (Section B.2.5., Figure S10). It is 

Scheme 1. Suggested structures for Chito and Sulfo-C sorbents.  



(a) the broad band in the range 1350–1100 cm− 1, and.
(b) the bands at 800 cm− 1 (C-O-C of the polysaccharides and nitrate

ions from the medium [26]), 662 cm− 1 (broad band that may include N- 
O contribution, from nitrate), 606 cm− 1 (associated with C-S and C-O-S 
stretching vibrations), and 445 cm− 1 (for polysulfide (S-S) stretching 
[26]). 

These changes result from shifts of existing bands and formation of 
new vibrations associated with the modification of the environment of 
amine and sulfonate reactive groups (due to protonation and/or in
teractions with Li cations). In order to verify the proper effect of sorbent 
protonation on its spectrum, Figure S5 compares the spectra of the Sulfo- 
C as-produced, after being in contact with water at pH0 2, and after Li(I) 
sorption (also at pH0 2). Table S4 also reports the assignments of the 
different bands. Most of the shifts observed after Li(I) sorption are also 
reported for the protonated sorbent (Sulfo-C(P)). The most significant 
differences (which could be more precisely attributed to Li-sorbent 
interaction) correspond to: 

(a) the band at 3422 cm− 1 for Sulfo-C(P) (comparable to raw sor
bent) and lower than in the case of Li-loaded sorbent (at 3446 cm− 1), 

(b) the band appearing at 1621 cm− 1 in Sulfo-C, shifted to 1628 cm− 1 

for Sulfo-C(P) and to 1637 cm− 1 after metal binding; this band is 
assigned to C=O stretching vibration (Amide I band), 

(c) the band at 1418 cm− 1 in Sulfo-C, shifted to 1429 cm− 1 for Sulfo-
C(P) and up to 1438 cm− 1 after Li(I) uptake; the C-N stretching vibration 
is affected by metal binding (modification of C-N chemical 
environment). 

(d) the weak band at 1161–1157 cm− 1 for sorbent (raw and pro
tonated) is replaced with a strong and broad band shifted to 1188 cm− 1 

after Li(I) binding (which overlaps other signal present in this region on 
the sorbent); sulfonamide and S=O groups are involved in Li(I) binding. 

(e) the new bands appearing at 446 cm− 1 and 416 cm− 1 (with high
intensity) after metal binding can be assigned to polysulfide-type band 
(appearing as a small signal at 467 cm− 1 on protonated sorbent). This is 
probably due to the tautomeric effect that displaces some bonds to form 
this polysulfide-based compound. The same mechanism of acidic tau
tomerization can explain the formation of the band at 445 cm− 1 for the 
sorbent analyzed after fives cycles of sorption and desorption. 

After metal desorption, the FTIR spectrum of the sorbent is partially 
restored. The main differences concern the broad band at 3444 cm− 1 

(not restored to 3421 cm− 1). The desorption is operated with 0.2 M HCl 
solution (and water rinsing), which does not allow turning back to Sulfo- 
C FTIR spectrum. The other FTIR region that is substantially different 
from original Sulfo-C spectrum concerns the broad band initially present 
at 1621 cm− 1; this band is replaced with a doublet at 1737 cm− 1 and 
1634 cm− 1. These bands (well-resolved) are probably associated with 
carbonyl groups (1737 cm− 1) and protonated amine groups (1634 
cm− 1). The intermolecular rearrangements resulting from tautomeriza
tion and acidic conditions (associated with elution step) induce forma
tion of carbonyl bands as shown by the appearance of the band at 1737 
cm− 1, but also the broadening and increase in intensity of the band at 
1164 cm− 1 (which may be assigned to sulfonamide group). Therefore 
the changes observed in these regions are probably more associated with 
the protonation of the sorbent than to the direct interactions with Li(I) 
(which, apparently, concern more specifically the broad band 
1350–1100 cm− 1 and the band at 662 cm− 1). 

3.2.2. XPS characterization 
Figures S8 and S9 show the high resolution XPS spectra of the sor

bents after lithium binding (as a complement to XPS survey curve, 
Fig. 2). Table S5 summarizes the assignments of the binding energies 
(BEs) for selected signals (and their atomic percentages, At.%) for the 
sorbents before and after metal binding. After Li(I) sorption, the signals 
are also strongly affected. The weak sorption of Li(I) onto Chito leads to 
poorly resolved Li 1 s signal appearing as a single peak at BE: 55.5 eV 
(assigned to Li form). The sulfonation enhances metal sorption, and the 
relevant signal is considerably more intense; in addition, the deconvo
lution of the signal shows two components at BE: 55.9 eV and 58.1 eV, 
assigned to Li-N and Li-SO3, respectively. The signals for N 1 s are 
affected with the appearance of a specific band at BE 400.4 eV (N-Li) and 
the decrease in intensity of the other N bands. In the case of Sulfo-C, a 
new component for O 1 s band appears at 530.0 eV associated with O-Li 
bond (in sulfonate environment). The other components are slightly 
shifted in BE, and relative atomic percentages (At., %): substantial in
crease in the contribution of O-N and strong decrease in the intensity of 
the O-S bond. This confirms that both amine groups and sulfonic groups 
are involved in lithium uptake with Sulfo-C sorbent. On the opposite 
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Fig. 1. Comparison of the FTIR spectra of Sulfo-C (raw), Sulfo-C (after contact 
with pH0 2 solution), and Sulfo-C after Li(I) sorption at pH0 2. Fig. 2. XPS survey of sorbent before and after Li(I) sorption.  

noteworthy that the same titration (pH-drift) method allows observing a 
new decrease of the pHPZC of Sulfo-C after Li(I) sorption, while after 
metal desorption (including after 5 cycles of sorption/desorption) the 
titration curve almost overlaps with the initial curve (as a proof of the 
macroscopic stability of the sorbent). 

3.2. Chemical characterization of Li(I) interactions with sorbents 

3.2.1. FTIR characterization 
The sorption of Li(I) from acidic acid solution may involve sub-

stantial changes in the FTIR spectra due to the shifts of bands associated 
with the protonation of some reactive groups and to the direct interac-
tion of some reactive groups with Li cations (Fig. 1). Hence, the sorption 
of lithium induces the shift of the 3421 cm−  1 band to 3446 cm−  1 

probably due to the protonation of amine groups and to Li(I) binding 
with amine groups. The changes observed in the region 1640–1620 
cm−  1 confirm the contribution of amine/amide groups. A series of strong 
bands are observed after Li(I) sorption: 



The kinetic profiles are compared in Fig. 4 for Chito and Sulfo-C. The 
superposition of duplicate curves confirms the reproducibility of sorp
tion tests. The equilibrium is reached within 60–90 min at T: 20 ◦C. This 

equilibrium time is relatively long, taking into account the small size of 
sorbent particles (i.e., 20 ± 5 µm). Ones would expect faster sorption for 
micron-size sorbents where the diffusion path is limited to 10 µm-length. 
This means that the resistance to intraparticle diffusion, which is one of 
the possible limiting steps, may play a non-negligible role in the overall 
control of uptake kinetics. The agitation rate was set to 210 rpm, based 
on preliminary studies that showed fine dispersion of particles and 
negligible effect of resistance to bulk and film diffusion. The other 
mechanism that may control uptake kinetics is the proper reaction rate 
of sorption, which can be described by pseudo-first and pseudo-second 
order rate equations (Table S1a). Fig. 4 also reports the uptake ki
netics for T: 50 ◦C in the case of Sulfo-C sorbent (under similar experi
mental conditions). Consistently with Fig. 3, the equilibrium 
concentration is higher than that at T: 20 ◦C, because the sorption is 
exothermic. However, the equilibrium is reached within a shorter con
tact time (i.e., ≈30 min). The thermal activation globally enhances the 
mass transfer characteristics (probably by improvement of diffusional 
movements inside the sorbent) or the proper reaction rate. 

Table 1 summarizes the parameters of the three models (PFORE, 
PSORE and RIDE). Based on both R2 and AIC values, the kinetic profiles 
are better fitted by the PFORE. In Fig. 4, the lines represent the fits of 
experimental profiles with the PFORE (PSORE and RIDE fits are reported 
in Figure S12). The calculated values for qm slightly overestimate the 
experimental values of the sorption capacity at equilibrium (actually by 
less than 10 %, meaning much less than PSORE). As expected from 
experimental profiles, the apparent kinetic rate (i.e., k1) are of the same 
order of magnitude for Chito and Sulfo-C at T: 20 ◦C, in the range 
2.58–3.47 × 10-2 min− 1, while for T: 50 ◦C k1 is almost tripled 
(8.94–8.75 × 10-2 min− 1). Simonin [27] and Hubbe et al. [28] published 
comprehensive analyses of the literature dedicated to the discussion of 
kinetic modeling. They both commented that in most cases the PSORE 
model is abusively assigned to chemisorption because of inappropriate 
selection of experimental conditions or processing of data. More spe
cifically, this model corresponds, in many cases (involving inappropri
ately designed experimental conditions), to systems controlled by the 
resistance to intraparticle diffusion. 

Despite the poor fitting of experimental profiles (especially in the 
zone of high curvature) by the RIDE (i.e., Crank equation), the effective 
diffusivity coefficient is used here for comparing the systems and as a 
confirmation of the contribution of resistance to intraparticle diffusion 
in the control of uptake kinetics. Indeed, De values are close to 7.8–6.7 ×
10-13 m2 min− 1, 4.7–4.5 × 10-13 m2 min− 1, and 1.8–1.7 × 10-12 m2 

min− 1 for Chito (at T: 20 ◦C), Sulfo-C at T: 20 ◦C, and Sulfo-C at T: 50 ◦C,
respectively. These values are several orders of magnitude lower than
the molecular diffusivity of lithium in water (i.e., 6.17 × 10-8 m2 min− 1,
[29]). This is another confirmation that the resistance to intraparticle
diffusion cannot be neglected in the control of the kinetics of lithium
sorption. The thermal activation favors the Brownian diffusion in theFig. 3. Effect of pH on Li(I) sorption using Chito and Sulfo-C sorbents (Sorbent 

dose, SD: 0.4 g L-1; Time: 48 h; v: 210 rpm; T: 20 ± 1 ◦C). 
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hand, for Chito only the signals associated to amine groups and (N-based 
moieties) are involved in lithium binding. Section B.2.4 (in SI) provides 
a detailed discussion of these characterizations. 

3.3. Li(I) sorption properties 

3.3.1. Effect of pH 
Fig. 3 compares the pH effect on Li(I) sorption using both Chito and 

Sulfo-C. Duplicate experiments confirm the experimental reproduc-
ibility and the stability in sorption performances (especially for Sulfo-C, 
in the complete pH range). The sulfonation of the precursor (i.e., Chito) 
strongly improves the maximum sorption capacity from ≈1.8 mmol Li 
g−  1 to ≈12 mmol Li g−  1. The optimum pH for the two sorbents is close to 
2–2.5. It is noteworthy that for Sulfo-C the sorption capacity strongly 
increases with the pH between 1 and 2 and sharply decreases with the 
pH above pH 3. It is also remarkable that the lowest sorption capacities 
at pH ≈1 and pH ≈5.5 remain in the range 1–2 mmol Li g−  1 (i.e., 
comparable to the highest qeq values for Chito). In the case of Chito, the 
sorption capacity weakly decreases above the optimum (i.e., pH 2–2.5): 
from 1.8 to 1.4 mmol Li g−  1. The weaker impact of pH for Chito sorbent 
is probably associated to the highest value of pHPZC that maintains the 
surface of the sorbent positively-charged. In strongly acidic solutions (i. 
e., pH 1), the competition of protons limits the sorption of Li+. Above pH 
3, the protonation of the surface of Sulfo-C progressively decreases, 
which, in turn, may limit the ion-exchange of Li cation with protonated 
reactive groups of the sorbent. Sulfonic groups are more affected by 
deprotonation effect than amine groups; this may explain that at pH 5.5 
Sulfo-C maintains sorption capacity at relatively high level (same order 
of magnitude than Chito). Fig. 3 also shows the effect of pH on Li(I) 
sorption at a higher temperature (i.e., 50 ± 1 ◦C). The optimum pH is not 
influenced by the temperature, remaining close to 2–2.5. However, the 
maximum sorption capacity significantly decreases at T: 50 ◦C compared 
with 20 ◦C: 8.2 vs. 11.7 mmol Li g−  1. This is a first indication of the 
exothermic nature of Li(I) sorption. Physical sorption is frequently 
associated with exothermic characteristics. 

Figure S11a and Section C.1. (in SI) show that the pH hardly varies 
with metal sorption. The slope of the log10 plot of the distribution ratio 
(D = qeq/Ceq, L g−  1) vs. pHeq significantly varies with the sorbent 
(Figure S11b). The slope for Sulfo-C is close to + 1; this is consistent with 
the ion-exchange of one proton with one Li+. On the opposite hand, for 
Chito the slope is reduced (close to + 0.38); the sorption mechanism is 
different (consistently with FTIR and XPS characterizations). 

3.3.2. Uptake kinetics 



sorbents, and the global mass transfer (though at the expense of lower 
sorption capacities). 

3.3.3. Sorption isotherms and thermodynamic parameters 
The sorption isotherms summarize the distribution of the solute be

tween liquid and solid phases at equilibrium for increasing concentra
tions, under the same experimental conditions (including pH and 
temperature). Fig. 5 shows the comparison of sorption isotherms at pH 2 
for Chito (at T: 20 ◦C) with the profiles for Sulfo-C at T: 20, 30, 40, and 
50 ◦C. Again, the good superposition of experimental curves demon
strates the reproducibility of sorption tests. As expected from previous 
results, the sorption efficiency strongly increases with the sulfonation of 
the precursor, and significantly decreases with the increase of the tem
perature for Sulfo-C. The superiority of Sulfo-C may be explained by 
acid-base properties (Section 3.1), the diversity, and reactivity of func
tional groups (Section 3.2.). Lithium is classified among the hard acids 
according the HSAB principles [30]. Therefore, the cation has a marked 
preference for hard bases (i.e., higher affinity for O-bearing ligands than 
N-bearing ligands).

The experimental profiles have been modeled using the Langmuir,
the Freundlich, the Sips, and the Temkin equations. Table 2 reports the 
Freundlich parameters for the sorption isotherms, while those values for 
the other equations are summarized in Table S6. The comparison of R2 

and AIC values allows discarding the Langmuir, Sips and Temkin 
equations; Figure S13 shows the Langmuir fits of experimental profiles, 
which fail to correlate the isotherms in the highly-curved sections. This 
conclusion may be partly explained by the fact that the saturation of the 
sorbents is not reached even with a residual concentration as high as 
60–68 mmol Li L-1. The power-type expression of the Freundlich equa
tion accounts for the unsaturated shape of the isotherm. Another 
explanation may be associated to the coexistence of two types of reactive 
groups, as observed through the study of interaction modes (Section 
3.2.). In order to address this hypothesis, the Langmuir Dual Site (LDS) 
equation was tested for fitting experimental data [31]: 

qeq =
qm1 × b1 × Ceq

1 + b1 × Ceq
+

qm2 × b2 × Ceq

1 + b2 × Ceq
(1) 

where (qm1, b1) and (qm2, b2) are the Langmuir parameters for 
sorption sites S1 and S2, respectively (with mmol g− 1 and L mmol− 1 

units, respectively). 
The parameters and the statistical indices are reported in Table 2 

(together with Freundlich modeling, Fig. 5a). Though the LDS equation 
fits less accurately the experimental profiles than the Freundlich equa
tion, the quality of the correlation is globally better than with those of 
the other equations. Fig. 5b displays the LDS fitting of experimental 
profile. The coexistence of different reactive groups with different af
finity for Li(I) is illustrated by the large variation in the bLi coefficients. 
The sites S1 are characterized by high qm,L1 values and very low bL1, 

while the sites S2 show lower qm,L2 values (2–3 times) but much higher 
affinity coefficients than for S1 sites (85–244 times). S1 sites are probably 
associated with amine groups, while S2 sites are assigned to sulfonic 
groups (almost irreversible/rectangular isotherm). Section C.2. (in SI) 
reports complementary analysis of the effect of temperature on the 
relative contributions of the two types of reactive group; apparently the 
contribution of amine groups increases with temperature (Figures S14- 
S15). 

Tran et al. [32] recently commented that the Freundlich constants 
cannot be used for calculating thermodynamic parameters using the 
van’t Hoff equation due to the inappropriateness of units. Herein, the 
van’t Hoff equation was individually applied to the two terms of the 
Langmuir dual site equation (i.e., bL1 and bL2). Lima et al. [33] pointed 
out the importance to convert the affinity coefficient of the Langmuir 
equation to make it dimensionless before applying the van’t Hoff 
equation [32]. 

ΔG
◦

= − RTlnK0
Eq (2a)  

ΔG◦

= ΔH◦

− TΔS◦ (2b)  

lnK0
Eq = −

ΔH◦

RT
+

ΔS◦

R
(2c) 

Keq
0 is the standard thermodynamic equilibrium constant (dimen

sionless), where in the case of Langmuir equation gives: 

K0
eq = bL ×

C0
Li

γLi
= b0

L,i (2d) 

With CSorbate
◦ (1 mol L-1) and γSorbate (dimensionless) are the unitary 

standard concentrations of sorbate and the activity coefficient of sorbate 
in solution, respectively. Frequently, in the studies on sorption pro
cesses, the concentration range is limited enough to consider that the 
activity of the sorbate is close to the unity. The maximum residual 
concentration in Fig. 5 reaches 70 mmol Li L-1; this makes the approx
imation inappropriate. The activity coefficient was evaluated close to 
0.874 (using Eq. (2e)). 

ln(γLi) = − 0.509z2
Li

̅̅
I

√
,withI =

1
2
∑

i
z2

i ci (2e)  

ln
(

bL ×
C0

Li

γLi

)

= −
ΔH◦

RT
+

ΔS◦

R
(2f) 

The enthalpy changes are systematically negative as a confirmation 
of the exothermic nature of Li(I) sorption onto Sulfo-C (Table 3). In 
addition, the order of magnitude of ΔH◦ is relatively low (i.e., − 13/-21 
kJ mol− 1), meaning that the uptake proceeds through physisorption. 
The entropy changes are also systematically negative: the global 
randomness of the system decreases with Li(I) sorption and the sorption 

Sorbent Chito Sulfo-C  
Temperature 20 20 60 

Model Parameter Run # 1 2 1 2 1 2 

Exp. qeq.exp. 1.685 1.800 12.2 12.2 8.09 8.45 
PFORE qeq.1 1.770 1.916 13.2 12.9 8.32 6.68  

k1 × 102 3.47 2.96 2.58 2.64 8.94 8.75  
R2 0.968 0.981 0.962 0.990 0.982 0.979  
AIC − 170 − 177 − 107 − 128 − 131 − 130 

PSORE qeq.2 2.175 2.409 17.1 16.5 9.36 9.75  
k2 × 103 16.3 11.9 1.36 1.50 12.8 12.2  
R2 0.942 0.960 0.939 0.975 0.940 0.939  
AIC − 163 − 168 − 102 − 118 − 116 − 116 

RIDE De × 1013 7.79 6.69 4.69 4.55 18.1 17.5  
R2 0.947 0.961 0.933 0.971 0.959 0.958  
AIC − 160 − 162 − 96 − 108 − 118 − 118 

Units: q, mmol g− 1; k1, min− 1; k2, g mmol− 1 min− 1; De, m2 min− 1. 

Table 1 
Modeling of uptake kinetics for Li(I) removal using Chito and Sulfo-C sorbents.   



is enthalpy-driven. 
Table 4 compares the sorption properties of Chito and Sulfo-C sor

bents with alternative sorbents recently characterized in the literature. 
The functionalized sorbent is ranked among the most efficient, at least in 
terms of maximum sorption capacity although the affinity coefficient 
(bL) remains relatively low compared with, for example, Lewatit TP207 
[14], MnO2 and ion sieves [34,35] or spinel Li4Mn5O12 sorbent [36]. It is 
noteworthy that most of the existing literature focuses on Li recovery 
from neutral or alkaline solutions; this makes the strict comparison 
relatively difficult since the current work considers lithium sorption 
from acidic solutions (i.e., pH 2). The closest experimental conditions (at 
pH 3 and above) were reported by Cicek et al. [19] using an 

aminomethylphosphonic resin: the maximum sorption capacity reached 
2 mmol Li g− 1 and the affinity coefficient was reported close to 0.0003 L 
mmol− 1; i.e., significantly lower than the values reported for Sulfo-C. 

3.3.4. Sorption mechanism 
The different data collected from FTIR and XPS analyses (and pHPZC 

determination), the study of pH effect leads to the identification of 
different modes of interaction with Li(I) cations. Indeed, the coexistence 
of free amine groups (and hydroxyl groups) and sulfonic groups (grafted 
onto the biopolymer) opens the possibility for lithium to interact with 
NH2 groups (XPS analysis showed that amine groups are not totally 
engaged in crosslinking with GA), –OH, and –SO3H. XPS analysis 
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showed also that the environments of O-bearing and N-bearing groups 
are affected by lithium binding (O-Li, and N-Li signals). The interactions 
of lithium with sulfonic groups may involve direct ion-exchange 
mechanism but also interactions associated with the tautomerization 

of sulfone groups. This is also shown in the FTIR analysis through (a) the 
decrease of the relative intensity of OH and NH groups and/or (b) shifts 
in the wavenumbers following lithium sorption. Since the sorption is 
enhanced at pH lower than the full deprotonation of the sorbent, this 
means that the cation exchange properties of the sorbent are engaged in 
Li+ uptake (via Li+ exchange with H+ from OH, NH and SO3H groups) 
and tautomerization of available π bonds of sulfonic moieties. Scheme 2 
shows tentative modes of interaction between functional groups and 
lithium cation. 

3.3.5. Competitor effects and sorption selectivity 
The sorption performance may be affected by the complexity of the 

solution, including the effect of ionic strength. A very abundant litera
ture deals with lithium recovery from brines [14,37]. Figure S16 focuses 
on the impact of NaCl on the sorption properties of Li(I) using Sulfo-C. 
The optimum pH remains close to 2–2.5 (Figure S16a); however, the 
sorption capacity progressively decreases with the concentration of the 
salt: from 11.7 mmol Li g− 1 (as the reference) to 4.57 mmol Li g− 1 in 5 M 
(Na,Cl) solution. The strong impact of ionic strength is frequently 
associated with ion-exchange mechanisms. In seawater, the Na,Cl salt 
concentration is around 0.5 mol kg− 1, the sorption capacity (at pH ≈2) 
for 1 M Na,Cl solution remains as high as 10.87 mmol Li g− 1 (loss lower 
than 7%). This means that the sorbent remains highly selective against 
Na+ (even with an excess as large as 63 times). In Figure S16b, the 
distribution ratio, D = qeq/Ceq (L g− 1), linearly varies with the concen
tration of Na,Cl in the solution (or ionic strength of the solution, 
neglecting the contribution of LiNO3). 

Complementary tests were performed on multi-component equi
molar solutions (i.e., 1 mmol L-1), at different pH values for optimizing 
the selectivity of Li(I) sorption using Sulfo-C sorbent. The selectivity 
coefficient (SCLi/Me) for Li(I) against other metal ions is defined as the 
quotient of distribution ratios: 

SCLi/Me =
DLi

DMe
=

qLi × CMe

CLi × qMe
(3) 

Fig. 6a reports the SC values for Li against selected competitor metal 
cations for different pH values. On the opposite hand, Fig. 6b reports the 
separation properties for the same system with the addition of oxalic 

Sorbent Chito Sulfo-C 
Temperature 20 ◦C 20 ◦C 30 ◦C 40 ◦C 50 ◦C 

Model Parameter      
Experiment qm,exp. 4.87 19.86 17.92 15.69 13.72 
Freundlich kF 0.608 7.73 5.62 4.89 4.07  

nF 2.03 4.28 3.68 3.59 3.43  
R2 0.991 0.984 0.986 0.990 0.987  
AIC − 78 − 26 − 28 − 44 − 38 

Langmuir 
dual site 

qm,L1 15.9 21.6 16.2 15.1  

bL,1 0.0371 0.0121 0.0145 0.0099  
qm,L2 9.04 8.25 7.79 7.85  
bL,2 5.51 2.956 1.693 0.843  
R2 0.992 0.991 0.994 0.993  
AIC  − 14 − 17 − 31 − 28 

Units: Units: q, mmol g− 1; bL, (L mmol− 1)nS; nS, dimensionless; kF, mmol1-1/nF L- 

1/nF g− 1; AT, L mol− 1; bT, J kg mmol− 2. 

Table 3 
Thermodynamic parameters for Li(I) sorption using Sulfo-C sorbent at pH0: 2 – 
Individual contributions of Sites S1 and S2 (deduced from Langmuir dual site 
modeling).  

Sites S1 S2 

Parameter ΔH◦ ΔS◦ ΔG◦ ΔH◦ ΔS◦ ΔG◦

20 − 13.08 –32.1 − 3.05 − 21.12 − 40.4  − 8.48 
30  − 2.73  − 8.07 
40  − 2.41  − 7.77 
50  − 2.09  − 7.26 
R2 0.715 0.996 

Units: ΔH◦ and ΔG◦, kJ mol− 1; ΔS◦, L mol− 1 K− 1. 

Table 4 
Comparison of Li sorption properties of Chito and Sulfo-C with literature.  

Sorbent pH time qm,exp. qm,L bL Ref. 

Ion-sieve 8 1440  –  3.75 148 [34] 
Ca-alginate beads 7 1440  0.031  0.081 3 × 10-5 [41] 
K-birnessite 5–7 60  0.332  0.399 0.0024 [42] 
MnO2 ion-sieve 10 -a 3.05  3.13 32.6 [35] 
Spinel Li4Mn5O12 9.74 600  0.859  0.815 139.5 [36] 
Polyacrylamide/MnO2 ion-sieve 10.1 1800  2.64  2.95 8.60 [43] 
Spinel H1.1Li0.08Mn1.73O4.05 12 720  –  7.20 0.00085 [44] 
Imprinted crown ether/macroporous membrane 9 150  3.96  4.35 0.417 [45] 
Aminomethylphosphonic resin > 3 15  –  1.97 0.0003 [19] 
Multi-wall carbon nanotube 6 30  –  2.00 0.059 [46] 
Ion-imprinted mesoporous sorbent 7 240  1.80  2.32 5900 [47] 
Lewatit K2629 (sulfonic) resin 7.84b 30  –  0.265 0.750 [14] 
Lewatit TP207 (imino-diacetic acid) resin 7.84b 30  –  0.366 16.9 [14] 
Photo-responsive Li-ion imprinted polymer/C3N4 7 30  3.28  7.30 0.035 [48] 
Ti-intercalated LiMnO2 composite c 5760  –  3.16 0.347 [49] 
Mo-doped/TiO2 sieve 12d 1200  11.5  12.0 0.0212 [50] 
H4Mn5O12 nanotubes 12 120  5.33  5.43 0.887 [51] 
Spinel LiMn2O4 nanofiber 11 1440  4.97  4.81 2.46 [52] 
K marxianus yeast 9 5  –  0.788 0.389 [53] 
Sulfonated cellulose beads 10 60  2.31  2.31 – [54] 
Phosphorylated hazelnut shell 5.8 6  0.792  1.11 0.402 [55] 
Chito 2 90  4.87  6.58 0.037 This work 
Sulfo-C 2 120  19.9  19.9 0.284 This work  

a : fixed-bed column experiment; 
b : sea-water reverse osmosis brine; 
c : Li-spiked sea-water; 
d : simulated brine; 

Table 2 
Modeling of Li(I) sorption isotherms using Chito and Sulfo-C sorbents at pH0 2 – 
Parameters of Freundlich and Langmuir dual site equations (only for Sulfo-C 
sorbent).   



acid (at 1% concentration, w/w). Indeed, the addition of oxalic acid was 
frequently reported for improving the separation of Li(I) from other 
cations [16,38,39]. This is explained by the preferential complexation of 
heavy metals by oxalate (compared with lithium). 

The SCLi/Me values are strongly influenced by the equilibrium pH. 
Consistently with the high sensitivity of Li(I) removal to the pH (opti
mum sorption at pH 2–2.5 for Sulfo-C), the highest selectivity for Li 
against other metals is obtained at pH close to 2. The selectivity at pH 2 
(in absence of oxalic acid) may be ranked according to: 

Fe(III) (35.8) ≫ Zn(II) (22.7) > Mg(II) (20.0) > Ca(II) (16.4) > Ni(II) 
(15.4) > Al(III) (14.4). 

In the presence of oxalic acid, the selectivity slightly increases 
(except for Fe(III) where the SCLi/Fe is almost doubled) but the ranking is 
weakly affected (larger variations reported for Ca(II), Al(III) and Ni(II)): 

Fe(III) (69.3) ≫ Zn(II) (28.2) ≈ Mg(II) (28.1) > Al(III) (21.4) ≈ Ca(II) 
(20.9) > Ni(II) (16.6). 

The presence of oxalate that complexes metal cations limits their 
availability for being sorbed onto Sulfo-C and their ionic affinity for 
binding groups (especially sulfonic groups). Therefore, the competitor 
effect of these cations is reduced and the selectivity coefficient for Li(I) 
increases with the presence of oxalic acid; this is more specifically 
observed for Fe(III) ≫ Mg(II) > Zn(II) > Al(III) ≈ Zn(II) ≫ Ca(II) ≫ Ni 
(II), consistently with the ranking of the stability constant of metal- 
oxalate complexes [40]. 

Section C.3. (in SI) shows complementary analysis of competition 
effects (including the variation of distribution ratios with pH, 
Figure S17). This allows clearly illustrating the optimum separation of Li 
(I) from other cations at pH 2. Some correlations are also reported (in
Figures S18-S19) between the selectivity coefficients and the intrinsic
physico-chemical properties of metal ions (Table S7). These SC values
cannot be directly correlated to specific criteria; however, the metals
were grouped (as doublets) regarding their respective impacts on
competitor effect mainly through criteria such as hydrated radius and
solution-phase electronegativity.

3.3.6. Metal desorption and sorbent recycling 
Figure S20 compares the kinetic profiles for Li(I) using 0.2 M HCl 

solution for Chito (loaded at T: 20 ◦C) and Sulfo-C (loaded at T: 20 ◦C 
and 50 ◦C). The eluent is highly efficient: lithium is completely desorbed 
within 30 min of contact (under selected experimental conditions). It is 
noteworthy that the desorption kinetics is significantly faster for Sulfo-C 
sorbent loaded at T: 20 ◦C than for the other systems; indeed, 15 min are 
sufficient for total metal desorption. 

Fig. 7 compares the sorption and desorption efficiencies for Chito 
and Sulfo-C along 15 and 18 successive re-use cycles, respectively. First, 
for the two sorbents, the desorption remains highly efficient (around 
100%) at each step, using 0.2 M HCl solution. The comparison of the 
sorption efficiencies shows that for Sulfo-C the performance remains 
remarkably stable: the loss remains close to 10% at the 18th cycle, 
contrary to Chito that loses about 43% at the 15th cycle. Surprisingly, 

Scheme 2. Tentative mechanisms of Li(I) sorption onto Sulfo-C.  

Fig. 6. Effect of pH on the selectivity coefficient (SCLi/metal) for metal sorption 
from multi-component equimolar concentrations using Sulfo-C sorbent – 
without (a) and with oxalic acid (1%, w/w) (b) (C0: 1 mmol L-1; SD: 1 g L-1; 
Time: 10 h; v: 210 rpm). 
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(a) Li extraction exceeds 90%,
(b) Fe (the most abundant heavy metal in Li-ion batteries) is weakly

leached (around 60%), 
(c) other heavy metals are efficiently leached (efficiency varies be

tween 88% and 98%). 

3.4.2. Treatment of acid leachate 
Figure S22 reports the effect of pH on the sorption capacities of Sulfo- 

C for selected metals in absence (Fig. S22a) and presence of oxalic acid 
(Fig. S22b). Consistently with their relatively high proportions in the 
leachates, the highest sorption capacities are reported for Li(I)≫Fe(III)≈
Al(III)≫>≫Co(II) > Mn(II) > Ni(II) > Cd(II) in absence of oxalic acid. 
The introduction of oxalic acid slightly changes the ranking for the trace 
elements according Li(I)>>Al(III)≈Fe(III)>>>Ni(II) > Co(II) > Mn(II) 
≈Cd(II). It is noteworthy that consistently with the sensitivity of Li(I) 
sorption onto Sulfo-C to pH, the sorption capacity reaches a maximum at 
pHeq 2–2.5, while for the other elements the sorption capacity contin
uously increases with pH. Obviously, derived from these results, the 
highest selectivity for Li(I) recovery is obtained in this specific pH range 
(i.e., pH 2–2.5). This conclusion is confirmed by Fig. 8. The highest SCLi/ 

metal values are systematically obtained at pHeq 2.28 (in absence of oxalic 
acid) according: Al(III)(85.7) >> Fe(III)(60.6) > Ni(II)(56.4) > Mn(II) 
(53.0) >> Co(II)(26.5) >> Cd(II)(10.6). The introduction of oxalic acid 
changes the order of selectivity coefficients at pHeq 2.17 according: Fe 
(III)(74.6) ≈ Al(III)(72.8) >> Co(II)(34.7) > Mn(II)(27.0) >> Ni(II) 
(9.7) >> Cd(II)(2.6). It is noteworthy that the presence of oxalic acid 
moves the optimum pH value for the separation of Li(I) from Co(II) to pH 
1.07 (SCLi/Co reaches 61.4). Table S8 summarizes the values of the main 
criteria (i.e., Ceq, sorption efficiency, qeq and distribution ratio) for the 
different metal ions at pHeq ≈ 2.2. Oxalic acid enhances the sorption 
properties of Sulfo-C for Cd(II), Ni(II) and Mn(II) (to a lesser extent). On 
the other hand, the recovery of Co(II), Mn(II), and Li(I) is slightly 
reduced (while Al(III) is hardly affected). These trends are comforted by 
the plots of the concentration factor (CF = qeq/C0, L g− 1) appearing in 
Figure S23. These data allow observing: 

(a) optimum concentrating effect of Li(I) at pH 2–2.5 (greater
without oxalic acid), the concentrating effect increases with the pH for 
other metals, 

(b) the second metal showing the highest concentrating effect is Cd
(II), 

(c) the presence of oxalic acid reinforces the concentrating effect of
Ni(II) (and slightly reduces the values of CF for the other metal ions). 

Section C.5. provides a complementary analysis of cadmium sepa
ration from battery leachate, since cadmium shows an atypical behavior 
compared with other divalent cations (Figures S23-S24). The addition of 
oxalic acid increases the selectivity of the sorbent for Cd(II) at pH ≈ 3.4 
against other divalent cations. However, these conditions do not allow 
efficiently separating cadmium from lithium. 

Despite the complexity of leachate composition (compared with 
synthetic pure solution – Fig. 7), the sulfonated sorbent shows good 
stability for Li(I) recovery (and complete metal desorption along 15 
cycles) (Fig. 9): the loss in sorption efficiency does not exceed 15% at the 
15th cycle. This is a little higher than the loss observed at the 15th step for 
synthetic pure solution (i.e., 8.6%). The presence of other metal ions 

Fig. 8. Effect of pH on the selectivity coefficient (SCLi/metal) for metal sorption 
from battery leachate using Sulfo-C sorbent – without (a) and with oxalic acid 
(1%, w/w) (b) (SD: 1 g L-1; Time: 10 h; v: 210 rpm). 
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Fig. 9. Sorption and desorption efficiencies for the recycling of Sulfo-C sorbent 
for Li(I) recovery using Li-ion mobile phone batteries – effect of oxalic acid 
addition (Sorption, C0: 9.33 mmol Li L-1; SD: 1 g L-1; time: 5 h; pH 2.28 – 
Desorption, 0.2 M HCl eluent; SD: 2.5 g L-1; time: 2 h; water rinsing between 
each step). 

the functionalized material reveals remarkably more stable than the 
precursor, which may be either chemically modified or degraded along 
recycling steps. Indeed, the stability in desorption performance means 
that the loss in sorption efficiency is not associated with the accumu-
lation of the metal onto the sorbent (and its progressive saturation). 

Section C4 (in SI) compares different eluents for testing the possi-
bility to separate the metals through specific desorption. None of the 
tested eluents succeeds in separating the metals loaded on Sulfo-C 
(samples collected from studies on multi-component equimolar solu-
tions) (Figure S21). Hydrochloric acid solution is the most efficient (but 
non-selective). Oxalic acid is highly efficient for releasing competitor 
ions (due to complexing effect) but not selectively (10% of lithium is co- 
desorbed). 

3.4. Application to metal recovery from waste battery 

3.4.1. Acidic leaching 
Table S2 shows the composition of the acidic leachate, which is 

characterized by the presence of three major elements: Li (≈40.0%), Al 
(≈30.9%), and Fe (≈22.2%), counting for 93.1% of total metal content. 
Valuable traces are constituted of Co (≈2.5%), Ni (≈1.9%). The 
remaining (≈2.5%) is formed of other heavy metals. Compared with the 
contents of metals in the batteries (as derived from the analysis of 
mineralized batch), these data show that: 



4. Conclusion

The characterization of sulfonated chitosan by elemental analysis,
FTIR, and XPS spectroscopy clearly shows the effectiveness of the 
functionalization. The sulfonation drastically increases the sorption of Li 
(I): from 4.9 mmol Li g− 1 (for Chito) to 19.9 mmol Li g− 1 (for Sulfo-C). 
Apparently both amine groups (weak) and sulfonic groups (strong) are 
involved in Li(I) binding; this makes the sorption isotherms better fitted 
by the Freundlich and Langmuir dual site equations. The strong affinity 
of sulfonate groups for Li(I) is the major contributor to metal sorption, 
especially at low metal concentration, while amine groups have lower 
affinity. The sorption is fast; 60 min are sufficient for reaching equilib
rium. However, the contribution of resistance to intraparticle diffusion 
cannot be neglected. The kinetic profiles are fitted by the pseudo-first 
order rate equation. Increasing the temperature speeds up the kinetics 
but decreases the sorption capacity. Lithium sorption is exothermic. 
Metal desorption is highly effective using 0.2 M HCl solutions and the 
sorption efficiency of Sulfo-C is maintained at high level for at least 18 
cycles of sorption and desorption. In acidic solutions (i.e. pH 2–2.5), the 
sorbent is highly selective for Li(I) against selected alkali-earth and 
heavy metals; the selectivity is enhanced at this pH when oxalic acid 
(1%, w/w) is added to the solution. These results are confirmed in the 
processing of acidic leachates (produced from Li-ion mobile battery). At 
pH 2–2.5, the sorbent is selective to Li(I) against other heavy metals. At 
pH ≈ 3.4, the sorbent is selective for both Li(I) and Cd(II); however, the 
addition of oxalic acid causes in this case a loss in the selectivity of the 
sorbent for Cd(II) against Ni(II). 

Sulfo-C sorbent appears very promising for the recovery of Li(I) from 
acidic complex solutions such as acidic leachates of batteries. The 
recycling of Sulfo-C for 12 successive sorption/desorption cycles shows a 
relatively limited decrease in performances: desorption remains close to 
100%, while at the 15th cycle the decrease in sorption efficiency does not 
exceed 15%. The presence of large excess of NaCl affects the sorption 
performance; however, the sorbent maintains relatively high capacities 
even in concentrations of Na,Cl as high as 1 M. This preliminary result 
shows that the sorbent could be also applied to metal recovery from 
brines. For practical applications, the small size of micron-size particles 
would make the processing complex (in terms of solid/liquid separa
tion). Obviously, this limits the application of the sorbent in fixed-bed 
columns. It would be necessary applying this sulfonation process onto 
hydrogel chitosan beads. An alternatively could consist in functional
izing magnetic/chitosan composites (for batch processing). 
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