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In this study, pristine cellulose was functionalized by the phosphorylation reaction to make it suitable for lithium
separation. After characterization studies of the synthesized adsorbent with SEM, EDX, FTIR, TGA and XPS, the
effects of various parameters on the lithium uptake capacity of the adsorbent were examined. The analysis of
equilibrium data by several adsorption models showed that maximum adsorption capacity of the adsorbent was found
to be 9.60 mg/g at 25 °C by the Langmuir model. As initial concentration and contact time increased, adsorption
capacity also increased, however, mild temperature (25-35 °C) and pH (5-6) were better for the adsorption of lithium.
80% of lithium adsorption within three minutes proved the fast kinetic nature of the adsorbent. A 99.5% desorption
efficiency of lithium was achieved with 0.5 M H,SO,, among HCI and NaCl with different molarities. Phosphorylated

cellulose was shown to be a favorable adsorbent for the recovery of lithium from aqueous solutions.
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INTRODUCTION

Lithium has been recognized as an important
raw material in the last decade due to its wide use
in many applications, such as rechargeable
batteries (market share: 35%), glasses and
ceramics (market share: 32%), light aircraft
alloys, medicinal drugs, thermonuclear fusion, air
purification, electrode welding paints, additives
for lubricating greases and cement."” Especially
since the 1990s, large battery applications in
lithium ion batteries, such as electric vehicles and
stationary  storage systems, have gained
significance in terms of continuous improvement,
cost and energy savings.” Therefore, there is a
growing interest in lithium and lithium sources
worldwide. Also, it has been noted that the
recovery of lithium from several saline waters,
such as geothermal water and seawater, which are
known to be large sources of lithium, is less
costly than its recovery from rocks as a result of
mining.*® Apart from technologies such as
solvent extraction,”® solar evaporation,9 co-
precipitation,’” and membrane processes,'""?

adsorption and/or ion exchange methods with
lower operating costs can be considered as the
most suitable methods for the recovery of lithium
from diluted aqueous sources. Some inorganic ion
exchange materials with superior
physicochemical properties (e.g., large specific
surface area, high adsorption and ion exchange
capacity, mechanical stability, and layer structure)
exhibit extremely high selectivity for lithium ions.
Various studies have been carried out for the
recovery of lithium from seawater using different
types of inorganic adsorbents.””"® Among these
adsorbents, A-MnQO, adsorbent is the most studied
on 6.5’15_25

The synthesis and development of novel
functional low-cost adsorbents with large
capacity, high selectivity, as well as high
adsorption rate, still greatly attract interest for
both the removal of hazardous materials and the
recovery of valuable minerals from water.
Specifically, adsorbents derived from a natural
polymer are the most preferable ones due to their
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being environmentally benign  materials.*
Cellulose is the most widely available natural
polymer that accounts for about 35-50% of the
plant materials in the world.”” It is a linear
syndiotactic homopolymer composed of D-
anhydroglucopyranose units (AGU), which are
linked together by B-(1—4)-glucosidic bonds. The
hydroxyl groups at both ends of the cellulose
chain behave differently. Bridging and ring
oxygen atoms are mainly involved in
intermolecular and intra-molecular interactions,
such as hydrogen bonding and degradation
reactions.

Zhou et al® used glycidyl methacrylate and
sulfosalicylic acid to modify cellulose and
obtained a new adsorbent CGS (i.e., cellulose
modified with glycidyl methacrylate and
sulfosalicylic acid) for the removal of crystal
violet (CV). So far, Yue et al.* synthesized and
characterized a cellulose based adsorbent
prepared by grafting amino-terminated
hyperbranched polymer (NH,-HBP) and beta-
cyclodextrin (B-CD) onto cotton fibers for the
removal of anionic and cationic dyes. In addition
to the removal of textile dyes, cellulose-based
adsorbents synthesized by different esterification
methods for cellulose modification, using various
chemical reagents and pollutant binding groups
for the removal of different heavy metals, were
also reported in the literature.” ™
Phosphorylation is one of the modification ways
for cellulose. The grafting reaction of phosphorus
compounds to cellulose can be carried out by
several routes: with trivalent (III) or pentavalent
(V) phosphorus reagents, by direct or indirect
bonding of phosphorus functions to cellulose,
using cellulose or cellulose derivatives as
substrates, with or without catalysts, in
heterogeneous  or  homogeneous  reaction
environment, etc. Phosphorus derivatives, such as
POCl;, H;PO,, and P,Os, are the most utilized
phosphorylating agents for pentavalent
phosphorus. These reagents, usually leading to
anionic cellulose phosphates, show lower
esterification  reactivity than the similar
derivatives of trivalent phosphorus and cause
higher degradation of the cellulose substrate. This
drawback 1is partially overcome if urea is
introduced in the phosphorylation system as a
catalyst.*** Phosphate groups are known to show
excellent chelating properties. Thus, phosphated
polysaccharides were used as metal-chelating
polymers, as cation exchange materials and for
the treatment of polluted wastewater.® For
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example, phosphated chitosan and cellulose were
used as adsorbents for uranium or for various
transition metals and lanthanide ions.*”* On the
other hand, novel functionalized -cellulose
microspheres have also been developed by
different synthesis routes and functional groups
for efficient lithium ion separation. Chen er al.*
recently synthesized cellulose-based microspheres
containing crown ether groups (named as MCM-
g-AB15C5) by pre-irradiation-induced emulsion
grafting of glycidyl methacrylate (GMA),
followed by the chemical reaction between the
epoxy group of grafted polymer and 4'-
aminobenzo-15-crown-5 (AB15C5), which
showed maximum adsorption capacity of 12.9
mg/g. Another cellulose microsphere adsorbent
with sulfonic acid groups (named as CGS) was
prepared by the pre-irradiation-induced emulsion
graft polymerization of glycidyl methacrylate
onto cellulose microspheres through subsequent
sulfonation and protonation, which exhibited
adsorption capacity of 16.0 mg Li*/g-adsorbent.”
Tang et al’' developed and investigated a
renewable and recyclable hydrogen manganese
oxide (HMO)-modified cellulose film toward the
extraction of lithium from lithium-containing
aqueous solutions. They found that the
HMO/cellulose film exhibited a higher Li*
adsorption capacity (21.6 mg/g HMO) than the
HMO/polymer (e.g., poly(vinyl chloride) or
poly(vinylidene fluoride)) films.

In this paper, we aimed to obtain a low-cost
and novel lithium selective adsorbent by attaching
phosphorous  functional groups to pristine
cellulose. To the best of our knowledge, no
studies have been reported in the literature
regarding the synthesis of lithium selective
adsorbents from cellulose. Recently, Cicek ef al.”
studied the lithium selectivity of this functional
group using chelating resins  containing
aminomethylphosphonic acid for lithium removal

from water. Moreover, Suflet et al.”® pioneered
the  synthesis and  characterization  of
phosphorylated cellulose by reacting

microcrystalline cellulose in molten urea with
phosphoric acid.*® The synthesized functional
adsorbent was characterized and evaluated for its
potential to recover lithium from aqueous solution
in terms of various parameters, such as adsorbent
dosage, initial concentration of Li, contact time,
temperature, pH and common ion. The isotherm
of the adsorption process was studied using
Freundlich, Halsey, Langmuir, Redlich—Peterson
and Temkin models. Thermodynamic parameters



were calculated, and desorption of lithium was
achieved successfully. The adsorbent exhibited
quite rapid sorption of lithium.

EXPERIMENTAL
Materials

Microcrystalline cellulose, di-Ammonium
hydrogen phosphate, hydrochloric acid (37%), lithium
chloride, ortho-phosphoric acid (85%), potassium
chloride, sodium chloride, sodium hydroxide, sulfuric
acid (95-97%) and urea were purchased from Merck.
Other reagents were all of analytical grade.

Synthesis of the adsorbent
Conditioning of the cellulose

In order to activate hydroxy groups in cellulose
prior to the phosphorylation reaction (that is, the
NaOH treatment breaks the van der Waals and
hydrogen bonds between cellulose molecules, which
causes more hydroxy groups to become exposed to
H;PO, in the second step of the process) as reported in
the patent,53 10 M NaOH solution (100 mL) was added
to microcrystalline cellulose (10 g) and the mixture
was stirred at room temperature (25 °C) for 2 h. Then,
10 M HCI (100 mL) was added to the mixture to
neutralize the solution and to precipitate cellulose.
After that, the mixture was washed with excess water
and filtered to remove the alkali. Finally, the residue
was dried at 70 °C for 6 h and was ground in a mortar
and pestle.
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Binding of functional groups to cellulose
(phosphorylation reaction)

The phosphorylating chemical solution prepared by
dissolving phosphoric acid (0.15 mol), diammonium
hydrogen phosphate (0.2 mol) and urea (1 mol) in
water (150 mL) was added to previously NaOH treated
cellulose (10 g). After thoroughly mixing the mixture
thus prepared, it was allowed to stand at room
temperature (25 °C) for 1 h, and next, the water
content was evaporated, and the residue completely
dried at 105 °C for 18 h. The mixture was then heated
to 150 °C and it was allowed to react at this
temperature for 2 h based on the reaction mechanism
given below in Figure 1. After that, the reaction
product was washed with excess water and dried at 70
°C for 6 h and finally was ground in a mill to give
functionalized cellulose.™

Characterization of the synthesized adsorbent

The surface morphology of the materials was
examined by SEM equipment (Quanta 250 SEM).
Before taking SEM photomicrographs at an
accelerating voltage range of 3.0-5.0 kV, the free
surfaces of the materials were coated with thin layers
of gold. The elemental analysis obtained by EDX
combined with the SEM method gave information on
whether the expected functional groups were
effectively attached to the cellulose matrix, or not.
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Figure 1: Proposed mechanism for cellulose phosphorylation with H;PO, in the presence of urea

A Shimazdzu FTIR-8400S spectrophotometer was
used to record the changes in the bond structures of
pristine cellulose and phosphorylated functional
cellulose by IR spectra within the range of 4000-400
cm_l, with a resolution of 4 cm™ and 24 scans per
sample. The IR spectra were recorded in a solid state
using the KBr pellet method, in which pellets of ca. 2
mg of cellulosic samples were prepared by mixing
with ca. 150 mg of spectroscopic grade KBr.

The measurable differences in the thermal stability
and heat capacity of pristine and phosphorylated
materials were determined by TGA equipment
(Setaram). Thermograms were obtained by heating the
samples from 30 °C to 1000 °C, in a dynamic heating

regime, under nitrogen with a constant heating rate of
5 °C/min.

Quantitative elemental analysis was performed by
XPS (Thermo Scientific, Nexsa) having 180°
hemispherical analyzer-128 channel detector for C, O,
P and Li elements based on the changes in the bond
energies in the molecule. The elements were scanned
in the range of 0.0-1350.0 eV, using monochromatic
Al Ka X-rays (1486.68 eV), with a pass energy of 30
eV and scan number of 3.

Batch adsorption experiments

A series of experiments were performed to
determine the lithium adsorption performance of
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phosphorylated functional cellulose in model Li
solution, based on preliminary studies of lithium
adsorption, showing that 24 h is adequate to reach
adsorption equilibrium for batch treatment. To observe
the effect of adsorbent dosage, various amounts (0.1-
0.5 g) of phosphorylated functional cellulose were
placed in plastic bottles that contained 25 mL of LiCl
solution (Li*: 10 mg L") at different mass/volume
ratios, and the solutions were shaken at ambient
temperature (25 °C) at 180 rpm. The effects of the
initial concentration of lithium ions and temperature on
the adsorption process were determined via LiCl
solution (25 mL) at various concentrations (10-100 mg
L") and a constant mass of phosphorylated functional
cellulose (0.3 g), under shaking at various temperatures
(25, 35, 45 and 55 °C). For the effect of pH,
experiments were carried out at various pH values (2-
6) using LiCl solution (Li*: 10 mg L") and 0.3 g of
phosphorylated functional cellulose at 25 °C. The
selectivity of the phosphorylated functional cellulose
was investigated using 25 mL of the adjusted model
solution (Li*, K* and Na* each 10 mg L) at ambient
temperature as well. All the experiments were repeated
twice, and average values were reported with error bars
as standard deviation.
The adsorption capacity and recovery percentage of
Li were calculated by the following equations,
respectively:
_ (CO B Ce)V
) m M
R=2""C 100
Co @
where ¢, is the unit adsorption capacity at equilibrium
(mg/g), R is the recovery percentage of Li, Cy and C,
are the initial Li concentration (mg/L) and Li
concentration at equilibrium (mg/L), respectively. V is
the volume of Li solution (L), and m is the dry weight
of the adsorbent (g).

Adsorption kinetics

For kinetic tests, the adsorbents with various
dosages (3.0-5.0 g/L) were contacted with 750 mL of
10 mg L' Li containing solution at 25 °C. To
investigate the effect of contact time on the recovery of
lithium, sampling was done periodically in the time
interval of 0-120 min.

Desorption and regeneration of the phosphorylated
functional cellulose

Saturated adsorbents obtained from the adsorption
experiment via 100 mg L™ Li* and 10 g/L adsorbent
dosage were regenerated using 0.5 M, 1.0 M and 2.0 M
of NaCl, HCl and H,SO, as regenerants by 25 mL
solvent/0.3 g solid ratio and at 25 °C, similarly to the
method applied in the batch lithium adsorption
experiments. After regeneration, concentrated Li can
be recovered by evaporation of the spent solution in Li
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salt forms and further purification steps can be
considered.

Analysis of Li and other cations

After each experiment, the adsorbents were
separated from the solution by filtration. The filtrate
was diluted as necessary and the concentrations of
cations in the filtrate were determined by an ICP-OES
instrument (Agilent Technologies, 5110).

THEORETICAL BACKGROUND
Adsorption isotherms

Equilibrium data were analyzed by the Freundlich,
Halsey, Langmuir, Redlich-Peterson and Temkin
models using the non-linear regression technique.

The Langmuir theory assumes that adsorption
occurs at specific homogeneous sites inside the
adsorbent and that once a lithium ion occupies a site,
no additional adsorption can occur there. In other
words, there is no transmigration of adsorbate in the
plane of the surface, resulting in uniform energies of
adsorption onto the surface.”*”> The Langmuir model™®
is expressed as follows:
qo = Qmax KL Ce

e
1+K,C, 3)

where Qu.x (mg/g) is the maximum adsorption
capacity and K (L/mg) is the Langmuir constant
related to the affinity of the binding sites.

The essential characteristics of the Langmuir
isotherm is also expressed by a dimensionless constant
calgsd equilibrium parameter or separation factor, Ry,
as:

R,

1
1+K,C, @

The parameter R, describes the shape of the isotherm
as follows:

e R; =0irreversible,

e (0<Rp<1favorable,

e R; =1 linear,

e R; > 1 unfavorable.

The Freundlich model is an exponential equation
assuming that as the adsorbate concentration increases,
the concentration of the adsorbate on the adsorbent
surface also increases. According to this theory, the
stronger binding sites are occupied first, and the
binding strength decreases with an increasing degree of
site  occupation, corresponding to sorption on
heterogeneous surfaces or surfaces supporting sites of
varied affinities.**”’ The Freundlich model is given as
follows:*®

e = KFCel/n (5)

where Ky ((mg/g) (L/mg)”“) and n are Freundlich

constants for adsorption capacity and adsorption

intensity of the adsorbent, respectively. The value of n

also describes the adsorption characteristics as follows:
® 1< 1 unfavorable adsorption,



* 1n = 1 no interaction between the adsorbed
species means homogenous adsorption,
e n> | favorable adsorption.

The Redlich-Peterson (R—P) model compromises
between the Freundlich and Langmuir systems. This
three-parameter model has the advantages of both
models.”” The R—P model™ is represented as follows:

_ KRP Ce

1+ (aC,)P (6)
where Kgrp (L/mg) and (L/mg)ﬂ are R-P isotherm
constants, whereas £ is the exponent which lies
between 0 and 1. The R-P model has two limiting
cases, when f = 0, the R-P model transforms to
Henry’s law equation, whereas when f = 1, the
Langmuir model results.

The Temkin isotherm considers explicitly the
adsorbent—adsorbate interactions by a factor. Due to
these interactions, the heat of adsorption of all the
molecules in the layer decreases linearly as coverage

. 57 . 60 -
increases.”’ The Temkin model”™ is expressed as
follows:

q. = (RT/bp)In(AC,) o)

where B = RT/b, which is the Temkin constant related
to the heat of sorption, whereas A (L/mg) is the
equilibrium binding constant related to the maximum
binding energy. R (8.314 J/mol K) is the universal gas
constant and T (K) is the absolute solution temperature.

The Halsey isotherm is used to evaluate multilayer
adsorption at a relatively large distance from the
surface and this model verifies the heteroporous nature
of the adsorbent.®’ The Halsey model® can be defined
as:

qe

InKy — InC,
q. = exp ()
H (3

where Ky and ny are Halsey isotherm constants.

Adsorption thermodynamics

The effect of temperature on lithium adsorption
onto the phosphorylated functional adsorbent was also
explained in terms of thermodynamic parameters. In
this context, adsorption thermodynamics means
obtaining thermodynamic parameters, including free
energy changes (AG°), standard enthalpy changes
(AH®) and entropy changes (AS°) associated with the
adsorption process to deduce the adsorption
mechanism.®”’

AG® is the basic criterion of spontaneity. If the
value of AG® is negative, the reaction occurs
spontaneously at the given temperature. The AG® value
can be expressed by Equation (9) and the relationship
between AG®, AH® and AS° by Equation (10):

AG® = AH° — TAS® (10)

Other thermodynamic parameters (AH® and AS°) of
the adsorption process can be determined from Van’t
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Hoff’s Equation (Eq. 11) by plotting 1/T versus InK,
for different temperatures.
Ink AH® 4 AS°
Mfe RT R (11)
The equilibrium constant (K.) obtained in the
isotherms (usually in L mg') must become
dimensionless before applying in the Van’t Hoff
equation. In this sense, Lima et al.** recommended a
conversion of the best fitted isotherm constant
(Kisotherm) into the dimensionless K, as in Equation (12)
described below:
_ (1000Kisotherm MWadsarbate )[Adsorbate]o

‘ 14 (12)
where vy is the coefficient of activity (dimensionless),
[Adsorbate]0 is the standard concentration of the
adsorbate (1 mol L™). MW gwmae i the molecular
weight of the adsorbate (g mol™). 1000 stands for
converting L mg™" into L g".

RESULTS AND DISCUSSION
Characterization of the synthesized adsorbent

Figure 2 shows the SEM images of pristine
cellulose, NaOH treated cellulose, phosphorylated
functional  cellulose and lithium-adsorbed
phosphorylated functional cellulose, respectively,
taken at 5000x magnification to observe the
changes in the morphological structure of the
materials.

The morphological structure of pristine
cellulose (Fig. 2(a)) changes as it is processed,
especially when compared to the lithium-selective
adsorbent  (Fig. 2(c)) obtained by the
phosphorylation reaction. When the same
magnification images are compared, it is seen that
the Li adsorbed functional adsorbent (Fig. 2(d))
transforms to a more porous structure and pristine
cellulose has a more fibrous structure. On the
other hand, Figure 3 shows the elemental
mapping of the phosphorylated functional
adsorbent and the results of EDX.

As a result of mapping, it was observed that P
(blue) element was homogeneously added to the
structure of phosphorylated functional cellulose,
as well as C (red) and O (green) elements, coming
from the structure of pristine cellulose. The
presence and distribution of the P element at the
scanned point indicates that the functional group
is homogeneously located throughout the
material. In addition, the weight percentages of
atoms (37.98% C, 52.58% O, and 9.44% P) from
the elemental analysis with EDX showed that
functionalization was also successful.
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Figure 2: SEM images (magnification 5000x) of: (a) pristi
(c) phosphorylated cellulose and (d) lithium-loaded phosphorylated cellulose
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Figure 3: (a) C, O and P elemental mapping for phosphorylated cellulose; (b) EDX results

390



—— Pristine Cellulose

Cellulose derivatives

---- Fuctionalized Cellulose

Transmittance (%)

3950 3550 3150 2750

1950 1550 1150 750 350

Wave number (cm™)

Figure 4: FT-IR spectra of pristine cellulose and phosphorylated cellulose

The FTIR spectra of pristine cellulose and
phosphorylated functional cellulose-based
adsorbent synthesized in this research are given in
Figure 4 to compare the changes in the structure.
In the literature, it is known that compounds
containing the P-OH group have a medium to
strong wide band at 1040-910 cm™ due to the P-O
stretching vibration. Therefore, the wavenumber
seen around 1028 cm™ indicates the presence of
the P-O bond. The band of P-O-P symmetric
stretching vibrations is manifested in the interval
780-850 cm™, so that the peak around 827 cm
verified the existence of this structure. However,
the peak around 914 cm™ showed the bands of P—
O-P antisymmetric stretching vibrations. It is also
known that there is a strong P=0O bond in the
range of 1350-1150 cm™'. The peak at ca. 1242
cm’ is attributed to the presence of this structure.
The 1402 cm™ peak shows the presence of weak —
OH acid group. Moreover, in the range of 3200-
3600 cm™', the OH stretching vibration band
became more asymmetric owing to the
introduction of more acidic OH groups of
phosphoric acids into the polymer.°>*® Hence,
these peaks clearly revealed that the
phosphorylated functional adsorbent has been
successfully synthesized.

Figure 5 shows the thermogravimetric analysis
(TGA) thermograms and differential weight loss
thermograms (DTG) for pristine cellulose and
phosphorylated functional cellulose. A minor
weight loss of 1.32% around 100 °C in the graph
of pristine cellulose could be attributed to the loss
of adsorbed and bound water molecules. On the
other hand, the major weight loss was 74.4% due
to the decomposition of glycosidic bonds (C-O-
C) at about 368 °C. At the final decomposition

temperature, i.e. 1000 °C, only 11.67 wt% of char
remained. Compared to the unmodified pristine
cellulose, the presence of phosphorus in the
functional cellulose caused earlier dehydration of
cellulose into char formation and a strong
reduction in the decomposition temperature of
cellulose. The 3.6% weight loss of functional
cellulose at about 100 °C could be attributed to
water molecules adsorbed by binding, as in the
case of pristine cellulose. The initial weight loss
thereafter was at around 200-250 °C, and it is
evident that the phosphoryl groups have increased
the thermal decomposition reaction of the
cellulosic polymer (and consequently the heat
resistance of the material is reduced), but the
carbonization (and hence flame resistance) has
significantly increased instead. The weight loss of
38.1% at a temperature of about 870 °C indicates
that the phosphorous functional group was
decomposed, and it is known in the literature that
cellulosic  materials containing phosphoryl
compounds have flame retardant properties.®” At
the final decomposition temperature of the
functional cellulose (1000 °C), 55.4% by weight
remained.

Figure 6 illustrates analyses of the survey scan,
including the main atoms labelled on it. Since
cellulose is a large molecule, Cls and O1s spectra
were deconvoluted into several peaks. The peak at
134.21 eV, suggesting the new bond involving the
atom P, was observed for phosphorylated
functional cellulose, in contrast to the pristine
cellulose.

Estimating the local surface compositions of
phosphorylated functional cellulose and the
interactions of functional groups with loaded
lithium is of high interest for understanding the
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origins of its interesting separation property.
Because the surface heterogeneities related to
functionalized cellulose show little to no long-
range structural order, diffraction-based
techniques are generally not able to distinguish
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and identify surface functional groups. By
comparison, analyses of the survey scan (Fig. 6)
of lithium-loaded adsorbent enable near-surface
elemental compositions of C, O, P, and Li
moieties to be determined.
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Figure 5: TGA and DTG thermograms of (a) pristine cellulose, and (b) phosphorylated functional cellulose
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Figure 6: Analyses of survey scan for (a) pristine cellulose, (b) phosphorylated functional cellulose, and
(c) lithium-loaded phosphorylated functional cellulose

There are no lithium secondary peaks to assist
in confirmation and the Lils peak has very low
sensitivity. Therefore, it was difficult to
confidently assign the Lils peak to low
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concentrations. A large number of scans (50) was
needed to acquire the Lils spectrum. In a survey
scan XPS spectrum of lithium loaded adsorbent,
the signals at 287, 533, 134, and 55 eV are



attributed to the binding energies of C 1s, O 1s, P
2p and Li 1s electrons, which can be better
determined by the high resolution XPS spectra
depicted in Figure 7. Spectral deconvolution of
these signals yields near-surface elemental
compositions of C, O, P, and Li atoms, which
were 43.63, 43.32, 6.63 and 6.41 atom %,
respectively. According to the crosslinking
structure of phosphorylated cellulose and its
combined stoichiometry (Fig. 1), a P/Li atom ratio
of approximately 1.03 obtained from XPS
measurements is consistent with the structure,
indicating the presence of these phosphorous
moieties on the adsorbent surfaces because one

Li" is exchanged with H" in the functional group
0

11

Cellulose derivatives

and the expected ion exchange mechanism is
given in Equation (13):

Adsorption studies
Effect of adsorbent dosage

The adsorbent dosage is an important
parameter to estimate the required amount of
adsorbent for a specified initial concentration of
adsorbate.®® The effect of adsorbent dosage on the
lithium recovery by phosphorylated functional
cellulose is shown in Figure 8. Adsorbent dosage
was varied from 4.0 to 20.0 g L™'. The results
showed that the lithium percentage separation
increased with increasing adsorbent dosage due to

increasing availability of functional sites.
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Figure 7: High-resolution XPS spectra acquired at room temperature for lithium-loaded phosphorylated functional
cellulose with binding energies (BE, eV) that correspond to P 2p and Li 1s electrons
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The maximum static adsorption of lithium
onto phosphorylated functional cellulose was
achieved for an adsorbent-to-solution ratio of 4.0
g L™ and was found to be ca. 2.50 mg g”' for 10
mg L' of initial solution concentration. The
optimum adsorbent dosage of 12.0 g L™ was
obtained for ca. 94% of lithium separation, in
which above 12.0 g/L. adsorbent dosage, the
sorption equilibrium for lithium was reached and
no further considerable increase was observed
beyond this point as maximum removal was
achieved. Therefore, the adsorbent dosage of 12.0
g/L. was chosen for subsequent experiments.

Effect of pH
pH plays a significant role on the adsorption of

any substance depending on both the chemistry of
adsorbate and the functional group attached to the
matrix. The adsorbent in the present work
contains the phosphoric acid group, which is
triprotic, meaning that it has three acidic protons
available to donate, with pKa values of 2.16, 7.21
and 12.32, respectively. The separation of lithium
from aqueous solution with pH ranging from 2 to
6 by adsorption onto phosphorylated functional
cellulose is illustrated in Figure 9. Relatively less
separation was observed at pH 2 as expected.
However, as initial pH increased up to 6, the
separation efficiency of lithium reached about
90% under specified conditions. As the effect of
pH on the separation of lithium from aqueous
solution by phosphorylated functional cellulose in
the investigated pH range was minor, the sorption
studies have been performed in the pH range of 5-
6, which is the original pH of the LiCl solution.
Beyond the initial pH of 2, the final pH values
were found as ca. 6.6 for all other initial pH (3, 4,
5, 6 and even 8, despite not reported). For better
understanding the effect of pH on the adsorption
of lithium by phosphorylated cellulose, the point
of zero charge (PZC) value of this adsorbent was
also determined as 6.75, meaning that the
adsorbent’s surface was positively charged at a
solution pH below 6.75. This causes competition
between protons and lithium ions for adsorption
locations, as well as the repulsion of lithium ions,
resulting in the reduction of lithium adsorption.
The lower the pH goes below pHpyc, the greater
the density of positive ions on the surface of
phosphorylated cellulose will be, which in turn
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allows for less adsorption. This is confirmed by
low lithium separation at a highly acidic pH of 2.

Effect of common ions

Other cations, such as Na" and K*, present in
the aqueous solution can compete with Li* for the
same adsorption sites, obviously the coexistence
of other ions inhibits the lithium adsorption and
decreases the adsorption capacity. The effect of
common ions is illustrated in Figure 10. Although
the simultaneous presence of other cations in the
solution reduced slightly the separation efficiency
of Li from 94% to 87%, compared to the
efficiency achieved in the solution with only
lithium under the same conditions, the overall
adsorption capacity of the phosphorylated
functional cellulose was improved. This
phenomenon is due to a shift in the equilibrium
towards the formation of the adsorbent—adsorbate
complex with increasing concentration of the
adsorbate.

Selectivity coefficients were calculated as
follows:”
ab = @ I'?]b

B[4 (14)
where brackets stand for concentrations in both
liquid and solid phases, and the bar indicates the
solid phase; a is the selectivity coefficient of B*
over A" for the ion exchange reaction, and a and b
are the valency of the ions.

Selectivity  coefficients, affand a:fi of
phosphorylated  functional cellulose  were
calculated as 0.43 and 0.61, respectively. Since
those values are smaller than unity, among mono-
valent ions, it can be said that the synthesized
adsorbent has more affinity towards lithium.

Effect of initial concentration and temperature

The effects of the initial lithium concentration
and temperature on the uptake of lithium onto
phosphorylated functional cellulose are depicted
in Figure 11. An increase in initial concentration
resulted in a corresponding increase in adsorption
of lithium on the adsorbent. The rise in adsorption
capacity with initial concentration can be
conducted with the rise in the possibility of
collisions between the adsorbent and the
adsorbate.
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Figure 11: Adsorption isotherms for lithium at various temperatures using phosphorylated functional cellulose

The phenomenon is due to the acceleration of
an originally driving force, i.e., concentration
(basically chemical potential) difference, which
may lead to enhanced adsorption. As temperature
increased, the adsorption of lithium on
phosphorylated functional cellulose decreased.
This behavior indicates that the adsorption of
lithium onto this adsorbent is an exothermic
process, so that higher temperature will worsen
the affinity of lithium ions to be adsorbed on the
active sites of the adsorbent, as confirmed by the
negative value of adsorption energy obtained
from Van’t Hoff’s equation.

It is important to establish the most suitable
correlation for the equilibrium curves to optimize
the design of an adsorption system.”’ Several
isotherm models, such as Freundlich, Halsey,
Langmuir, Redlich—Peterson and Temkin models,
were used to describe the adsorption behavior and
adsorption process of phosphorylated functional
cellulose at various temperatures. The non-linear
regression technique was applied by MATLAB®
software to determine the parameters and
adequacy of these models. All the correlation

coefficients, R%, sum of squares of error (SSE)
and the constants obtained for the models are
tabulated in Table 1.

Although it was difficult to distinguish, at
moderately lower temperatures (i.e., 25 °C and 35
°C), the experimental data agreed better with the
Langmuir isotherm, with a relatively higher R*
value of 0.997 and lower SSE value of 0.06.
However, as the temperature increased to 45 °C
and 55 °C, the adsorption behavior was fitted
better to the Freundlich isotherm model,
according to the higher R® of 0.999 and much
lower SSE, ranging between 0.01-0.02.

Based on the Langmuir model assumption,
monolayer maximum adsorption capacities (Qax)
were determined as 9.60, 9.95, 11.26 and 12.60
mg/mg at 25, 35, 45 and 55 °C, respectively. As
the temperature increased, the Langmuir constant
(Kp) related to the affinity of binding sites
decreased. All the dimensionless separation
factors (Ry) calculated for phosphorylated
functional cellulose at various temperatures and
initial lithium concentration were between 0 and
1, indicating the shape of the isotherm as
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favorable for lithium adsorption. For example, as
the initial concentration increased from 10 to 100
mg L', the Ry values decreased from 0.645 to
0.149 and from 0.746 to 0.225 at 25 and 55 °C,
respectively. These results revealed that
adsorption was more favorable at higher
concentration and lower temperature.

The Freundlich isotherm was wused for
encompassing the exponential distribution of
active sites and their energies and the surface
heterogeneity.”! The value of Kp, which is a
constant related to temperature and a measure for
adsorption capacity, decreased from 0.7728 to
0.4498 as the temperature increased. Besides, a
decrease in it values from 1.6753 to 1.4026 with

Table 1

the temperature increase suggests a decreasing
trend of the adsorption intensity. Because the rise
in temperature caused a rise in the kinetic energy
of lithium ions in the solution, hence, there
occurred sharper competitions for the limited
adsorption sites and strong repulsions among the
lithium ions resulted in a decrease of adsorption
intensity. The magnitude of the exponent # also
verifies the favorability of adsorption. The results
show that lithium is favorably adsorbed by the
phosphorylated functional cellulose due to the
values of n being greater than unity at all
temperatures, which is in great agreement with
the findings regarding to the Ry values.

Various isotherm model constants and correlation coefficients for adsorption of lithium on prepared phosphorylated
cellulose at 25°C, 35°C, 45°C and 55°C

25°C 35°C 45°C 55 °C
Langmuir
Qumax 9.60 mg/g 9.95 mg/g 11.26 mg/g 12.60 mg/g
K. 0.0529 L/mg 0.0466 L/mg 0.0359 L/mg 0.0305 L/mg
R’ 0.997 0.997 0.995 0.993
SSE 0.0619 0.0688 0.1086 0.1495
Freundlich
K 0.7728 mg/g (L/mg)'"™  0.7124 mg/g (L/mg)"™  0.6276 mg/g (L/mg)'™  0.4498 mg/g (L/mg)'"
n 1.6753 1.6216 1.5311 1.4026
R’ 0.990 0.998 0.999 0.999
SSE 0.2356 0.0357 0.0117 0.0241
Temkin
A 0.856 L/mg 0.821 L/mg 0.6942 L/mg 0.5868 L/mg
B 1.7426 1.732 1.8425 1.7559
br 1.422 kJ/mol 1.479 kJ/mol 1.436 kJ/mol 1.554 kJ/mol
R’ 0.963 0.959 0.952 0.923
SSE 0.8441 0.8946 1.1099 1.6321
Redlich-Peterson
Kgp 0.505 L/mg 0.834 L/mg 1.1216 L/mg Not determined
o 0.0523 (L/mg)” 0.254 (L/mg)" 1.0296 (L/mg)”
B 1 0.591 0.458
R’ 0.997 1.000 1.000
SSE 0.0618 0.0055 0.0040
Halsey

Ky 1.5399 L/g 1.733 L/g 2.0408 L/g 3.067 Lig
ny -1.6753 -1.6216 -1.5311 -1.4026
R’ 0.990 0.998 0.999 0.999
SSE 0.2356 0.0357 0.0117 0.0241

Despite having relatively lower R values, the
Temkin model indicated that positive values of by
(1.422, 1.479, 1.436 and 1.554 kJ/mol) for all
temperatures correspond to exothermic adsorption
of lithium onto phosphorylated cellulose, where
br = AQ = -AH. Given that those values are all
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less than 8 kJ/mol, the interactions between the
adsorbate and the adsorbent are weak and
therefore the adsorption mechanism taking place
here is merely that of ion exchange.”

At 25 °C, the R-P model transformed into the
Langmuir isotherm, since B was found to be



exactly 1. However, as the temperature increased,
the value of B decreased and lied between O and 1.
Lower B values mean their isotherm curves are
milder than those of the Langmuir isotherm
equation,”” as can be seen in Figure 11.

The Halsey isotherm is valid for multilayer
adsorption and the fitting of the experimental data
to this model attest the heteroporous nature of the
adsorbent.”* The high correlation coefficients for
this model can be attributed to the heteroporous
nature of phosphorylated cellulose, parallel to
fitting more the Freundlich isotherm.

Adsorption thermodynamics

The thermodynamic parameters for
phosphorylated functional cellulose at 298, 308,
318 and 328 K are listed in Table 2, indicating the
effect of temperature on the adsorption process.
The negative values of AG’ at all temperatures
show that the adsorption of lithium onto the
adsorbent was spontaneous and
thermodynamically favorable, indicating
increased randomness at the adsorbent-solution
interface during the diffusion of lithium on the
functional groups of cellulose. Therefore, the
adsorbates have the tendency to stay in the
stationary phase rather than in the mobile phase.
The values of AH” and AS” were obtained from
the slope and the intercept of the linear plot of
InK. vs. 1/T respectively, as in Figure 12. AH’
was found to be -15.532 kJ/mol and the negative
value verified the exothermic nature of
adsorption, which was also supported by the
result that the adsorption of lithium decreased
with the increase in temperature. The absolute
value of AH’ less than 40 kJ/mol” showed that
there is an ionic interaction between the
phosphate moiety and the Li ion. A negative value
of AS” was attributed to a decrease in randomness
at the solid-liquid interface during the adsorption
of lithium.

Table 2

Cellulose derivatives

Adsorption kinetics

Adsorption kinetics is useful to describe the
rate of lithium uptake on the phosphorylated
functional  cellulose, which reveals the
equilibrium time by means of the effect of contact
time. The adsorption kinetic behavior of this
adsorbent at various adsorbent dosage is depicted
in Figure 13. The adsorption rate was found to be
quite rapid initially, immediately slowing down
and then reaching the equilibrium for lithium
adsorption onto this adsorbent. An 80% lithium
adsorption within 3 minutes with 5 g/ of
adsorbent dosage proved the quite fast kinetic
nature of the adsorbent. Therefore, the adsorption
kinetics analysis by some empirical kinetic
models, such as pseudo-first order, pseudo-second
order, intraparticle diffusion or Elovich model,
could not be done because of difficulties in
sampling less than 1 minute. Hence, observable
data could not be collected to find the related rate
constants or rate determining step proposed by
Weber and Morris.”

Desorption of lithium and regeneration of the
adsorbent

Desorption of Li from phosphorylated
functional cellulose using HCI, NaCl and H,SO,
at different concentrations (0.5-2.0 M) is shown in
Figure 14. The lowest desorption efficiency was
observed as ca. 76% when 2.0 M NaCl solution
was used, whereas a 99.5% desorption efficiency
of lithium was achieved with 0.5 M H,SO,. On
the other hand, the desorption of lithium was
almost in close proximity and above 90% at all
concentrations of HCl. These results indicated
that elution of lithium and the regeneration of the
adsorbent can be easily done using acid solutions,
especially with low concentration diprotic acids.

Thermodynamic parameters for adsorption of lithium on phosphorylated functional cellulose

T (K) AG° (kJ/mol) AH® (kJ/mol) AS° (J/mol.K)
298 -14.640
308 -14.806
318 -14.596 -15.532 -2.776
328 -14.610
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Figure 13: Effect of adsorbent dosage on adsorption
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Figure 14: Desorption of Li from phosphorylated functional cellulose using different eluents at different concentrations

CONCLUSION

The present study showed that the synthesized
cellulose-based phosphorylated functional
material is a promising low-cost adsorbent to be
utilized in the recovery of lithium from aqueous
solutions. The adsorbent was synthesized by the
reaction of cellulose with phosphorus acid in
molten urea and characterized by SEM, EDX,
FTIR, TGA and XPS to confirm its functionality.
The results for the adsorption behavior of lithium
on phosphorylated functional cellulose showed
that the optimum adsorbent dosage to recover
lithium from an initial concentration of 10 mg/L
was 12.0 g adsorbent/L-solution, with a removal
efficiency of ca. 94%. There was no considerable
influence of pH on the adsorption of lithium over
the pH range studied. The simultaneous presence
of other cations, such as Na" and K, in the
solution reduced slightly the separation efficiency
of Li from 94% to 87%, compared to the
efficiency in the solution with only lithium under
the same conditions. However, the adsorbent
exhibited higher affinity towards lithium among
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others. The adsorption of lithium was found to
increase with increasing initial concentration, but
it decreased as the temperature increased due to
the exothermic nature of lithium adsorption on
this adsorbent.

A few isotherm models were applied. The
results indicated that the adsorption isotherm
models fitted the data in the order:
Langmuir=Freundlich>Halsey>Redlich-Peterson>
Temkin. The maximum lithium uptake capacity
was estimated as 9.60 mg/g at 25 °C, which was
higher than that of magnetic lithium ion imprinted
polymer (4.07 mg/g)’® and ion-sieve manganese
oxide (8.5 mg/g),”” but comparable with
commercially available Lewatit TP 260 resin
(13.65 mg/g).”> Thermodynamic analysis revealed
that the adsorption of lithium on phosphorylated
functional cellulose was spontaneous, exothermic,
and with the tendency of decreased randomness.
The kinetics of Li separation is quite fast and in
three minutes it reached equilibrium. Moreover,
the Li loaded phosphorylated functional cellulose
can be easily regenerated with 0.5 M H,SO,



solution and the spent solution can be further
evaporated to recover lithium from it.

As a future perspective, the output of the study
provided an insight into the possibility of
obtaining promising low-cost adsorbents from
various lignocellulosic biomass wastes, which
may have high cellulose content, and opens the
way to lithium recovery from real water sources,
such as geothermal water. The studies are in
progress and will be published in the near future.
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