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ABSTRACT

In this work, sorption study focused on the lithium removal from water by resins. Adsorption of
lithium on activated carbon is limited, but the usage of ion exchange resin has yielded better cor-
relations with the isotherms of Freundlich, Langmuir, Dubinin-Radushkevich and Temkin. In this
work, sorption of lithium, from aqueous solutions was investigated; with strong acidic typical
cationic Na* form (Armfield) and weak acidic cationic resin H* form (Lewatit CNP 80). Optimum
sorption conditions were studied with pH and temperature effect, resin dose, lithium concentration
and contact time. The optimum conditions for sorption of lithium were found as 0.1 g/L resin dose,
50 ppm lithium solution, at pH 6, 20°C temperature and 90 min contact time. Comparing the correla-
tion coefficients, sorption of lithium with weak acidic resin fits better than the strong acidic resin.
Langmuir model and pseudo-second-order kinetics describe that the adsorption of lithium by weak

acidic cationic resin fits better.
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1. Introduction

The environmental effects of metals that are found in
nature are in different forms and highly variable. Over the
decades, compounds that are used extensively expended in
industrial applications have accumulated in the water and
have unpredictable negative consequences. Lithium is in the
class of alkali metals and is widely available in the earth’s
crust. Lithium and its compounds have been widely used in
different applications, for example; lithium is the main mate-
rial in production of lithium carbonate that is used to treat
mania [1]. Lithium and its compounds have been extensively
expended in ceramic, glassware, batteries, lubricant pro-
duction, and alloy hardeners. Because of its relative trans-
parency to neutron, Li has been used as a coolant in nuclear
power plants. Water containing 1.7 mg/L lithium is called
“Crazy Water” because of its relaxing and therapeutic effect.
Lithium can be found in high concentrations in surface water
resources and it is non-biodegradable. Although lithium has

low environmental toxicity, it is not a nutritional mineral
for plants and at elevated overdose it is toxic [2].

Due to the recent developments of electrical motive
devices, lithium demand and consumption has incremented
exponentially, thus the price of lithium [3]. The average con-
centration of lithium is about 0.006% in the earth’s crust,
while in seawater it is reported to be about 0.17 mg/L [4].
For this reason, extracting lithium from seawater can be a
possible solution to supplement the ever-increasing demand
of lithium. The separation of lithium from the aqueous
solution provides both public health benefits and economic
benefits. Different approaches have been applied in recov-
ery of lithium from aqueous solution, and these include
extraction [5], chemical precipitation [6], electrochemical
[7], nanofiltration [8], accumulation with microorganisms [9],
electrodialysis [10], ion exchange [11] and adsorption [4,12].

Of these, adsorption process is mostly preferred due to
the regeneration of adsorbent, low sludge formation, low
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operating costs, effective and easy process. Consequently,
a number of lithium sorption studies with active carbon
adsorption or adsorption with ion-exchange resin have been
investigated. These include amberlite [13], nano-crystal MnO,
[14], manganese (III) oxide nanopowder [4,15], strongly
acidic, hydrogen form ion-exchange resin [16], aluminosili-
cate MCM 41 [17], activated carbon [17]. These studies have
demonstrated removal and/or recovery efficiencies for the
lithium ion of the adsorbent and ion exchangers in differ-
ent types. However, it has been found that light metal ions
such as amberlite, lithium ion (Li*), and a strong acidic cation
exchange with Na" and H* are suitable for aqueous solution
recovery and that the exchange with Na*ion has a higher ion
exchange capacity [13,17]. The capacity of the ion-exchange
resin depends mainly on the functional group, cationic form
and pore structure.

The use of cationic resin in recovery of lithium has not
been fully explored. Therefore, in this study, the use of ion
exchange resins in lithium adsorption; optimum conditions
for pH, resin dosing and contact time were determined.
The Freundlich, Langmuir, Dubinin-Radushkevich and
Temkin equations were used to fit the equilibrium isotherms.
Pseudo-first and pseudo-second order equations were used
for describing the sorption process.

2. Materials and methods

The ion-exchange resins used in the study were selected
according to their cationic and porosity properties. As
commercial names, Lewatit® CNP 80 ion-exchange resin
has properties of weak acidic, H* form, macro-porous, and
acrylic-based cationic ion exchange resin whereas the other
resin is called as Armfield; a typical commercially strong
acidic cationic resin and Na* form. The properties of these
ion-exchange resins are given in Table 1.

In experimental studies, synthetic lithium solutions was
prepared with analytical pure Li,CO, (Sigma-Aldrich Chemie
GmbH, Sigald, 554-13-2) in distilled water. First, batch studies
were carried out pH values 2, 4, 6, 8 and 10, resin doses 0.1,
0.2, 0.5, 1 and 5 g, temperatures 20°C, 30°C, 40°C and 50°C
and 10, 25, 50, 75 and 100 ppm lithium concentrations. To
adjust the pH of the solution, 0.1 M H,SO, and 0.1 M NaOH
were used. The effect of each condition is determined while

Table 1
Properties of ion exchange resins studied

holding the other variables constant. In experimental studies,
100 mL of 50 ppm Li(I) synthetic solution was put in 250 mL
conical flask and 0.1-5.0 g various resin doses was added.
Solutions were shaken in an incubator shaker at 160 rpm at
predetermined optimum removal times. The temperature
throughout the batch studies was first kept at 20°C. Sorption
studies were first focused to research on optimum resin dose
and sorption time, then the temperature and pH variation
effects were studied. Sorption studies showed that the most
effective removal capacity was at 20°C temperature and at
pH 6. After this point, study was carried out at 20°C tempera-
ture and at pH 6. At the end of shaking, the samples were
filtered and the concentration was resolute by Dionex ion
chromatography ICS 1100 with Degas, Chromeleon SE. For
determination of Li*, Na’, K* and Ca*, an analytical column
CS16 and Guard column CG16 (both 3 x 50 mm) and CSRS-I
(2 mm) suppressor in a chemical mode were expended.

10 mmol methanesulfonic acid was used as an eluent at
flow rate of 1.0 mL/min. 25 pL injection volume was selected
for all detections. Peak identification was confirmed based
on a match of ion chromatograph retention times and stan-
dard samples. Limits of detection were determined as mean
of three times standard deviation of the field blank value
and the value corresponded to a range of 0.021 to 0.083 ng/L
for cations. Limits of quantification were between 0.063 and
0.252 ng/L for cations. The ion exchange capacity at time ¢,
g, (mg/g), was calculated using the following formula:

(C,-C)Vv

. M

q,=

where C, (mg/L) is the lithium concentration of liquid phase
at any time, C, (mg/L) is the initial lithium concentration of
the lithium in solution. Vis the volume of the solution (L) and
W is the mass of ion exchanged resin (g). At equilibrium, g,
(mg/g) was calculated using the formula:

(C,-C )V

W @

9. =

where C; and C, (mg/L) are initial concentration and the
concentration of lithium ion at equilibrium, respectively.

Properties Ion exchange resins
Weak acidic cationic resin Strong acidic cationic resin
(Lewatit CNP 80) (Armfield)
Appearance Yellow white, opaque beads Amber, clear spherical beads
Structure Macro porous Gel cross-linked
Functional group -COO- -50;
Ionic form H* Na*
Bulk density, g/L 750 780-880
Total capacity, eq/L 43 1.9-2.0
Bead size, mm 0.4-1.6 0.315-1.25
Stability at pH range 0-14 69
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V is the volume of aqueous lithium solution and W (g) is the
amount of ion exchange resin.

3. Results and discussion
3.1. pH effect

Fig. 1 shows the pH effect on resins sorption capacity.
Initial values about lithium concentration, process tem-
perature and resins amount were 50 ppm, 20°C and 0.1 g,
respectively.

From Fig. 1, ion exchange capacity is very low at pH 4
and increases maximum capacity at pH 6. This is related to
the competition of hydrogen and lithium ions during the
sorption of resins at around neutral pH values. However,
over pH 6, the ion exchange capacity decreases because
of the precipitation of lithium.

3.2. Temperature effect

Fig. 2 shows the variation of temperature effect on res-
in’s sorption capacity. Removal capacity of lithium is higher
at low temperatures nearly 20°C. Along with the increasing
temperatures, removal capacity decreases by decomposition
of resin.

3.3. Lithium ion concentration effect

In Figs. 3 and 4, the effect of lithium concentration can
be observed over time on the sorption capacity with Lewatit
CNP 80 and Armfield resins. As the concentration of lithium
is increased, the equilibrium capacity also increases. The
adsorption rate is higher in the first 20 min, after that which
the rate increases steadily. This attributed to the fact that, at
the beginning, they are readily available sites for sorption.

3.4. Equilibrium studies

The equilibrium curves of the lithium cation sorption
with Lewatit CNP80 and Armfield resins are shown in
Figs. 5 and 6, respectively. In the Lewatit CNP80 sorption,
the isotherm increases with the increase of C, and g, at the
beginning and it becomes linear afterwards. This suggests
that the ion-exchange resin has an increased capacity for lith-
ium ions. For a typical cationic resin, curve of isotherms by
the experimental data reveals a poor capacity. This indicates
that Armfield resin does not have a suitable sorption capac-
ity for lithium ions. The adsorption isotherms of lithium
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Fig. 1. Effect of pH on resins sorption capacity.

are investigated using Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich.

3.4.1. Freundlich isotherm

In heterogeneous systems, usually Freundlich isotherm is
applied [18-21]. The Freundlich equation can be written as:

1

q,=K,C! 3)

If we linearize the equation:
1

logg, =log K, +—logC, 4)
n

K, and n can be defined as Freundlich isotherm con-
stants and exponent, respectively. K, and 7 can be calculated
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Fig. 2. Effect of temperature on sorption capacity of CNP80
H form resin.
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Fig. 3. Effect of resin (Lewatit CNP 80) capacity with initial
lithium concentration.
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Fig. 5. Isotherms of lithium sorption on Lewatit CNP80 resin.
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Fig. 6. Isotherms of lithium sorption on Armfield resin.

from the log of g, and C,. Freundlich isotherm constants and
correlation coefficients are given in Tables 2 and 3.

3.4.2. Langmuir isotherm

Langmuir isotherm can be expressed as below and has
much of applications on sorption processes [22,23]:

K,C
=t 5
e 1+4,C, ©)
This expression can be linearized as:
C
G 1,ac ©6)
9. K. K

g, (mmol/g) is the amount of adsorbed lithium per unit
weight of adsorbent and C, (mmol/L) is the unadsorbed
lithium concentration in solution at equilibrium. K| is the
Langmuir equilibrium constant where the K, /a, defines the
theoretical monolayer saturation capacity, Q, Therefore,
a,/K, and 1/K, can be found from graphic of C/g,to C, line of
slope and interception, respectively.

Table 2

The Langmuir constants 2, K, Q, and the correlation
coefficients are listed in Tables 2 and 3 for the lithium-
Lewatit CNP80 and Armfield system. Figs. 5 and 6 show
the Langmuir isotherm and its experimental data. The
monolayer saturation capacity, Q,, is 93.45 mg/g. In all cases,
the Langmuir isotherm correlation coefficients fit better
than the other isotherms applied in this study (Fig. 5).

3.4.3. Dubinin—Radushkevich isotherm

Very similar to Langmuir isotherm, The Dubinin-
Radushkevich isotherm have also applied for metal ion and
acid dye sorption on surfactant and activated carbon, respec-
tively [24,25]. The Dubinin-Radushkevich equation can be
described as:

9, =q,e" (7)

Alinear form of equation is:

Ing, =Ing,, —Be* (8)

q,: is the monolayer capacity of Dubinin-Radushkevich
(mmol/g), B: a constant related to sorption energy and e: the
Polanyi potential and can be described as below:

s-RTln[1+1J 9)
CL’

where R is the gas constant (8.314 J/mol K) and T is the abso-
lute temperature. The constant 3 gives the mean free energy.
E can be calculated from the equation below and means by
transferring to the solid surface from solution, defined as
sorption of the sorbate molecule when it is transferred to the
surface of the solid from infinity in the solution and can be
computed [24,25].

oL (10)

N

Tables 2 and 3 give the Dubinin-Radushkevich constants
that are calculated from the data of plot in Figs. 5 and 6,
respectively. In addition, the correlation coefficient has
been determined in Tables 2 and 3. The data of isotherm are
the lowest of all applied isotherms. Hence, the Langmuir
equation fits better than the other applied isotherms of
Freundlich, Temkin and Dubinin—-Radushkevich equations
(Fig. 5). Analysis of mean free energy shows that adsorption
was favoured since E < 8 kJ/mol [12].

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherms constants for Lewatit CNP 80 sorption

Langmuir Freundlich Temkin Dubinin—Radushkevich
Q,(mg/g) b (L/mg) R®  K.(L/g) n R? B(mg/g) A(L/mg) R* ¢, (mg/g) P  EkJ/mol R’
93.45 0.05 0.992 4.88 1.27 0975 21.91 1.72 0.823 45.46 1.73 0.54 0.792




106

Table 3

S. Giineysu / Desalination and Water Treatment 177 (2020) 102108

Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich isotherms constants for Armfield sorption

Langmuir Freundlich Temkin Dubinin-Radushkevich
Q,(mg/g) b(L/mg) R K.(L/g) n R? B (mg/g) A(L/mg) R? q,(mg/g) B EKJ/mol R?
-69.93 -0.02 0.82 0.011 0544 085 30.15 8.85 0.825  46.55 2740 0.135 0.782

3.4.4. Temkin isotherm

The Temkin isotherm can be calculated from the equation
below [24]:

RT
=—In(AC 11

9. == In(AC,) (1
Linearized form of the equation is as below:
q, =ﬂlnA+ElncE (12)

b b
where
% =B (13)

By Eq. (12), the sorption data analysed easily. Hence,
A and B constants can be calculated from a plot of g, to
In C,. Temkin isotherm constants are given in Tables 2 and
3, and Fig. 5. The Temkin correlation coefficient is given
in Table 2, where the values are in the middle of Dubinin—
Radushkevich and Freundlich values. Therefore, the Temkin
isotherm fits better than the Dubinin—-Radushkevich and
Freundlich (Fig. 6).

3.5. Kinetic studies

In Fig. 2 sorption of lithium increases by the time until
at the end of equilibrium time of 90 min. The initial lithium
concentration and temperature never changes the equilib-
rium time in this study. For the purpose of examining the
mass transfer and chemical reactions of adsorption process,
a kinetic model has to be analysed. Transportation of absor-
bates into the adsorbents in batch reactors have been widely
applied and defines for the models of homogeneous surface
diffusion model, pore diffusion model, and heterogeneous
diffusion model [26,27]. The large number and array of dif-
ferent functional groups on the Lewatit CNP80 ion-exchange
resin imply that there are different types of adsorbent-adsor-
bate interactions, thus a need to identify a suitable kinetic
isotherm.

3.5.1. Pseudo-first-order model

Pseudo-first-order equation gives the sorption kinetics
[26,28,29]. The differential equation is the following;:

d
S _k (q,-4,)

0t (14)

By editing Eq. (14) with the initial conditions g, = 0 at
t=0and q,=gq, at t =t, it becomes:

log| —L— |- K, (15)
q,-q,) 2,303
Eq. (15) can be linearized as:
kl
log(q, —q,) =logq, -5t (16)

2.303

where g, is the amount of lithium adsorbed and g, is the
amount at equilibrium time (mmol/g). The equilibrium rate
constant of pseudo-first-order adsorption is defined as k,
(1/min).

A plot of linearized form of kinetic model about adsorp-
tion can be shown in Fig. 7. The first-order rate constant,
k, and equilibrium adsorption density, g, were calculated
from the slopes and intercepts of plots of log (7,-4,) vs.
time. In addition to this, the experimental data diverged
from the data calculated by equations. Correlation coeffi-
cients of the results are listed in Table 4. The correlation
coefficients for the kinetic model at studied concentrations
show nominal values. According to kinetic model values
calculated, g, was out of standard range of value. This
means that sorption system is not fitted to the first order
model.

3.5.2. Pseudo-second-order model

The adsorption kinetics may also be calculated by a
pseudo-second-order equation [26,29,30]. The differential
equation is given below:

dq 2
—r=k(a.- (17)
=5\ q:)
dt ¢
Pseudo - first order kinetic model 510mgL
2 25mg/L
#50mg/L
; + 75 mg/L
? 1 ¥100 mg/L
= (3
o *
2

|l

contact time. minute

-1

Fig. 7. Linear pseudo-first-order model for the sorption kinetics
of lithium onto Lewatit CNP80.
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Table 4
Kinetics for lithium sorption onto Lewatit CNP80 resin

C, mg/L q, mg/g Pseudo-first-order Pseudo-second-order

k, R? k, R?
10 8.085 0.02878 0.5726 0.00857 0.9853
25 19.524 0.04398 0.9021 0.00246 0.9931
50 36.094 0.03339 0.9125 0.00141 0.9898
75 50.885 0.02602 0.9161 0.00111 0.9820
100 75.265 0.01819 0.9951 0.00042 0.9163

Integration of Eq. (17) by the boundary conditions gives:

LR +k,t (18)
(2.-9.) a.

Eq. (18) can be linearized as:
1.1 —+ 1 (19)
9 k4. 4.

where k, is determined as the equilibrium rate constant of
kinetic model (g/mmol min).

k, and g, that are the constants of model were calculated
from the slopes and intercepts of plots t/g, vs. time. Fig. 8
shows a plot of t/q, vs. t, which shows a good agreement of
experimental data with the second-order kinetic model for
different initial lithium concentrations. Table 4 gives the
results obtained from the second-order kinetic model plot.
The correlation coefficients (R?) for the second-order kinetic
model calculated were greater than 0.9163 for all adsorptions
studied. The g, values obtained, also fit very well with the
experimental data. These indicate that the lithium sorption
studied, shows a good adaptation to pseudo-second-order
kinetic model.

3.6. Competition of sorption in other ions presence

Fig. 9 shows that sorption in competition with K*, Na’,
Mg" and Ca* ions 0-20-50 and 100 mg/L of solutions mixed
with 50 ppm lithium solution.

3.7. Regeneration of resin

Regeneration is the key of applicability of the adsorption
system. In this study, after calculating the optimized condi-
tions of adsorption, regeneration of resin was investigated.
Regeneration of resin is usually made with HCl or NaClO
chemicals [31]. In this study, because of being a very com-
mon agent and having efficient advantages, HCl was used for
regeneration. Fig. 10 shows that during regeneration cycles,
adsorption capacity of resin was decreased due to cycles.
Regeneration of resin was carried out in five cycles after each
adsorption study. 1 M HCI was used for regeneration and
after five cycles of regeneration, structure of resin was increas-
ingly decomposed and this decreases the adsorption capacity.
This can be explained by the use of highly oxidative chemical
HCI, which might have a damage on resin surface [32].

®10mg/L
25mg/L

+50mg/L
75 mg/L

£100 mg/L

15 4

Pseudo - second order kinetic model

T T T T T T T T ]
10 20 30 40 50 60 70 80 90 100
contact time. minute

Fig. 8. Linear pseudo-second-order model for the sorption
kinetics of lithium onto Lewatit CNP80.
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Fig. 9. Competition of sorption with Na*, K*, Ca™ and Mg* ions.
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Removal Rate

40%
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Fig. 10. Effect of regeneration cycle with HCI.

4. Conclusion

In the present study, sorption capacity of two different
types of commercial resins has been investigated. Weak
acidic cationic resin as commercial name Lewatit CNP80
resin favoured the lithium sorption against the strong acidic
resin known as Armfield.
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Temperature effect on the sorption in this study was also
studied. Temperatures between 20°C and 50°C are studied,
lower removal capacities at higher temperatures are observed
because of a decomposition of resin. The highest removal
capacity was calculated at 20°C temperature at which the
study was carried out.

The isotherms of Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich were applied and the sorption of
resins and constants was given in Tables 2 and 3. It is clear
that Langmuir model describes the Lewatit CNP80 sorption
system better than Armfield system.

Pseudo-first and second-order kinetics calculated only
for Lewatit CNP80 system and kinetics proved the best cor-
relation of the experimental data studied.

Overall, for practical desorption and recycling studies
were run, with 1 M HCl and for five cycles, structure of resin
was increasingly decomposed and this decreases the adsorp-
tion capacity.
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