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ARTICLE INFO ABSTRACT

Keywords: This study evaluated the possibility of recovering lithium from brines by ion-exchange procedures. Three

Lithium commercial ion-exchange resins were studied: K2629, TP207 and TP208.

Ion exchange Different tests have been carried out with artificial solutions and real brines. In addition, tests were carried

Brines out for Li elution, regeneration of the resins and reuse of the regenerated resins.

Recovery Sorption kinetics of lithium retention onto the three resins were studied and experimental data fit to the
pseudo-second order kinetics model. Equilibrium sorption data were analysed by the Langmuir, Freundlich,
Temkin and Dubinin-Radushkevic approaches. Langmuir isotherm model best described the process. The order
of retention capacity of the amendments was TP207 > K2629 > TP208.

Recovering Li from brines was possible with ion exchange resins. In solutions containing only Li, the three
resins studied had high retention yields (> 95%). The presence of other ions in solution negatively affects the
behavior of the three resins studied.

Regarding desorption, yields obtained ranged 73.8% - 89.8%, reaching the highest (> 80%) using 4 M HCl as
eluting solution. Regenerated resins showed similar yields to those obtained when the resin is used for the first
time.

1. Introduction Li is obtained mainly from two natural sources: the spodumene

mineral, double silicate of Al and Li (LiAISi»Og) associated with quartz,

The demand of Li has greatly increased in the last decades due to its mica and feldspar, and the natural brines of the salt lakes and geysers,

applications in large-capacity rechargeable batteries, light aircraft al- mainly in the form of double sulphates of Li and K (KLiSO4) and other

loys, cosmetics and pharmaceuticals applications. Furthermore, it is salts. Currently, brines provide the highest production at the lowest cost

expected to continue growing in the future because of new applications, [2-4] by evaporation of water and the subsequent precipitation of some
such as fuel for nuclear fusion [1]. lithium compound.
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If seawater is not considered, existing reserves of Li will be in-
sufficient to cover the demand for this metal in the future. So, research
is beginning to focus on extracting Li directly from seawater, where it is
estimated at approximately 2.5:10'* kg, or through brines generated in
seawater desalination plants with reverse osmosis technology. The
latter is interesting because of the large number of existing plants, their
foreseeable growth and the fact that brine is more concentrated than
seawater. This technology allows obtaining large quantities of Li and
other valuable metals and, thus, helps the economic profitability of
desalination brine management, which generates a significant en-
vironmental impact in the areas surrounding its discharge.

The incorporation of selective extraction technologies to the current
desalination systems is challenging due to the low concentrations, the
limited selectivity of the extractants and the complexity of the brine
matrix. For this purpose, materials with high operating capacity and
selectivity are required to avoid competition within alkaline and alka-
line earth cations maintaining low operating costs. The main existing
technologies for this purpose are: liquid-liquid extraction, ion ex-
change, leaching, precipitation, adsorption and electrochemical pro-
cesses. At present, the processes for extracting Li from seawater and
desalination brines are mainly based on membrane technologies, ad-
sorption and ion exchange, although research on liquid-liquid extrac-
tion was carried out decades ago. Initially, the behavior of zirconium
phosphate (Zr3(PO4)4) was investigated and currently it is intended to
extract the Li through various compounds of manganese oxide (MnO5),
a substance with a very high selectivity towards Li. The Lithium re-
covery from brines by membrane and/or electrochemical processes are
relatively novel technologies becoming very important [5-11].

The most studied processes to recover Li from seawater require
manufacturing a solid material morphologically modified with a Li
solution that creates the active sites with greater selectivity for the Li.
Research found has been divided according to the starting material with
which the solid is manufactured: manganese oxides, aluminum com-
pounds, exchange resins and other solids (Table 1).

- Recovery through contact with modified resins. Several patents
have been found, dealing with the modification of anion exchange
resins by contact with aluminum compounds. It involves the im-
pregnation of an ion exchange resin with AlCl; and ammonia. After
the impregnation, it is contacted with a Li halide (LiX) to form a Li
aluminate, and subsequently heated until LiX-2 AI(OH)3 is formed.
Then, the LiX is removed from the solid and the modified resin al-
lows the selective Li recovery in the presence of other elements such
as Na, Ca, Mg, K and/or B. There are no substantial differences
between the following patents, having even the same name [28-33].
Recovery through contact with commercial resins. Few studies
on the recovery of lithium by conventional ion exchange resins have
been published [37].

Most of these processes have been designed for natural brines, and
there are not many studies on metal recovery from industrial effluents.
In this work, the recovery of lithium from synthetic solutions and from
real brines the brine of a seawater desalination plant using reverse
osmosis have been studied. With this aim, three low cost cationic ion
exchange resins have been used. The influences of the contact time, the
amount of lithium in the brines and the presence of an interfering

Table 1
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element of great importance such as sodium have been studied. With
these experimental data, It has been determined the load kinetics that is
adjusted to the lithium retention with each type of resin, the equili-
brium isotherms that best define the retention of lithium by the resins
and a mathematical model has been developed that allows predict li-
thium retention in brines with different concentrations of Li and Na.
The optimal conditions for elution of lithium and regeneration of resins
have also been studied. Summing up, this work deepens in the knowl-
edge about the retention of lithium from cationic and low cost resins
from brines.

2. Materials and methods
2.1. Introduction to the experimental design

In this research, 5 different types of experiments were performed to
analyze the capacity of three type of resins to capture Li in synthetic
and real brines: kinetic studies, equilibrium studies, the elution and
reutilization, effect of Na content studies and Li retention from real
brines. Experiments, together with their operating conditions are de-
tailed in Table 2.

In each test, 50 mL of synthetic brines (containing Li and/or Na) and
resin were placed in 100 mL flasks and maintained in contact using a
rotary shaker at 25 °C. Different synthetic brines/resin ratios, and dif-
ferent Li and/or Na contents were varied throughout the study. After
the contact, resin and solution (raffinate) were separated using a
membrane filter (0.45um) and the resins were washed twice with
distilled water. Raffinates were analysed for Li content using Li reten-
tion efficiency (R) and capacity (Q) that were calculated according to
Eq. (1) and Eq. (2). The loaded resin and eluting solution were con-
tacted as described in sorption stage.

(Cb - C;).loo
Co @

0 (@) _(G-C)V
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R (%) =

where Cgp and C, (mg L~ 1) are the Li content in the solution initially and
at equilibrium, respectively, V (L) is the volume of solution, and W (g) is
the resin mass. The elements in the solution were analysed using an
ICP-OES Agilent 5100.

Synthetic brines were used and prepared by dissolving weighed
amount of LiCl and NaCl in ultrapure water, i.e. type 1 water (Merck
Millipore, Germany). All other used chemicals were of analytical grade.
A real sea-water reverse osmosis brine collected in a desalination plant
located in Almeria (Spain) was also used. Its composition is described in
Table 3. The compositions of the different synthetic solutions are shown
in Table 2.

Resins Lewatit K2629, TP 207 and TP 208 were obtained from
Lanxess (Germany). Its characteristics are given in Table 4. Lewatit TP
207 and TP 208 are macroporous cation exchange weakly acidic resins
with chelating groups for the selective removal of metal cations from
solutions. Compared to Lewatit TP 207, TP 208 resin has a hetero-
dispersed bead size, a modified polymer structure and a modified
substitution grade of the imino-diacetate groups. Lewatit K2629 is a,
macroporous, polymer-based strongly acidic resin.

Technologies for the recovery of Li by adsorption in morphologically altered solid materials.

Lithium adsorption sorbents

References

Sorbents based on manganese oxide

Sorbents based on activated alumina and aluminum compounds
Modified resins

Sorbents based on zirconium phosphate from zirconium oxide
Commercial resins

([12]; [13,14]; [15]; [16]; [17]; [18]; [19]; [201)
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Table 2
Experimental design.
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Resin mass Brine volume Brine content (mgL ') Contact time Temperature (°C) Elution
(€3] (ml) (min)
Li Na Eluting Time (h) Temperature (°C)
solution
Kinetics studies 1 50 10 0 1-1440 25 - - -
Equilibrium studies 1 50 0.5-50 0 60 25 - - -
Elution and reutilization 1 50 10 0 60 25 HClI3M, 4M 24 25
Effect of Na content 5-100 100-10,000 1440 25 - - -
Retention from real brines 1, 10, 20 50 0.6 15,300 1440 25 - - -
Table 3 5= (Qeexp - Qecal)z
Composition and properties of sea-water reverse osmosis brine Xe= Qecal 6)

collected in Almeria (Spain) desalination plant.

Property Value
Conductivity at 25 °C 73 mS cm ™!

pH 7.84

Alcalinity 445mg CaCO; L™!
Chloride 28.7gL™!

Sulfate 4.60g SO, L1
Sodium 15.3gL7!
Lithium 0.60mgL~!

2.2. Kinetics studies

The kinetics tests were carried out by a batch technique according to
the method described in Section 2.1. The obtained results were ana-
lysed using the pseudo-first and pseudo-second order kinetic equations.
Pseudo-first-order kinetic model fits when sorption is driven by mass
concentration gradient. The pseudo-second-order rate reaction is
mostly concerned with the amount of metal on the adsorbent's surface
at equilibrium [38]. The differential and integral forms of both models
are shown in Egs. (3) and (4).

e}
B2 — k(@ - Q) log(@. - Q) = 10g Q. — vt -
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a QT Tl T ©)

where Q, and Q. are the amount of Li retained by each resin at any time
t and at the equilibrium time respectively, calculated according to Eq.
(2). k; (min™") and k, (gmg~'min~') are the equilibrium rate con-
stants of the pseudo-first-order and pseudo-second-order Kkinetics
models respectively. If the retention rate is defined as H = Q./t [39],
when t approaches 0, H (meqg~'h™!) is the initial Li retention yield
(Eq. (5)).

H=lk-Q’ (5)

The integral forms of both models were used for the analysis of the
kinetics and characteristic parameters determination [40]. Based on the
results, the orders of reaction were determined. The linear plots of the
models were made and k; and k, were obtained from the slopes. The
values of k; and k, and the experimental and estimated values of Q. are
given with the determination coefficients of each model.

The suitability and precision of the kinetic models were tested by
the chi-square (x?) (Eq. (6)).

Table 4

Properties of the resins Lewatit K2629, TP207 and TP 208 [data from Lanxess].

2.3. Equilibrium studies

Equilibrium experiments were conducted by the batch method.
Kinetic studies indicated that 30 min of equilibration were sufficient to
attain the equilibrium.

The retention yields (R) and the loading capacities (Q.) at equili-
brium were calculated according to Eq. (1) and Eq. (2), respectively.
Results obtained were fitted to Langmuir, Freundlich, Temkin and
Dubinin-Radushkevic models of equilibrium in ion-exchange. Isotherm
models represent the equilibrium distribution of Li between the solid
and liquid phases and illustrate the type of interaction between the Li
ion and the resin in each case. The isotherm model can determine the
maximum sorption capacity and several thermodynamic parameters
that can be used for a better understanding of the sorption system.

Langmuir model describes quantitatively the formation of a mono-
layer adsorbate on the outer surface of the solid, and after that, no
further retention takes place [41] and it describes the adsorption onto a
surface containing a finite number of identical active sites. Langmuir
represented the Eq. (7).

11,1
Q Qu KQuC @)

where Q. is the equilibrium amount of Li retained per unit resin mass in
mg g !, Qu (mgg™") is the maximum capacity and K; (Lmg™ 1),
named Langmuir isotherm constant, and is related to the energy of
adsorption and to the affinity between Li and resin. The equilibrium
dimensionless constant, Ry, (Eq. (8)), is related to separation factor or
equilibrium parameter [42] and indicates the retention nature (un-
favorable if Ry, > 1, linear if R, = 1, or favorable if 0 < Ry < 1).

1

Rp=——
1+ (K. + Cp) ®

Freundlich model is commonly used to describe the adsorption onto
heterogeneous surface [43]. These data often fit the empirical equation
proposed by Freundlich (Eq. (9)):

Q= KFCeUF’ (C)]

where Ky is Freundlich isotherm constant (mg g_l) is referred to the
adsorption capacity. The exponent Fr is adsorption intensity, and 1/Fr
is a function of the strength of adsorption in the adsorption process
[44]. If Fr = 1 then the partition between solid and liquid phases is
independent of the concentration. If value of 1/Fr < 1, it indicates a

Resin Matrix Effective size Active group Tonic form Bulk density (gL~ ") Capacity (eq/L)
Lewatit K2629 Crosslinked polyestirene 0.55 mm Sulfonic acid H* 760 1.7
Lewatit TP 207 Imino-diacetatic acid Na* 720 2.2
Lewatit TP 208 Na* 740 1.8
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normal adsorption, and 1/Fr > 1 indicates cooperative adsorption
[45]. If 1/Fr lies between one and ten, this indicates a favorable sorp-
tion process [46].

The Temkin Isotherm (Eq. (10)) contains a factor assessing ad-
sorbent-adsorbate interactions. The model assumes that heat of ad-
sorption of all molecules in the layer would decrease linearly with
coverage [47]. It is characterized by a uniform distribution of binding
energies that was carried out by plotting the quantity sorpted Qe
against InCe and the constants were determined from the slope and
intercept [48].

Q= %ln(ATca .
where At is the Temkin isotherm equilibrium binding constant
(Lg™ 1, by is the Temkin constant, R is the universal gas constant
(8.314Jmol 'K~ 1) and T is defined equal to 298 K.
Dubinin-Radushkevich isotherm model (Eq. (11)) is generally ap-
plied to express the adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface [49,50].

Qe = Qs eXP(—KadEZ) an

where Qs is the theoretical isotherm saturation capacity (mg g™ '), Kaq
is the Dubinin—Radushkevich isotherm constant (mol®kJ ~2) and ¢ is the
Dubinin-Radushkevich isotherm constant (Eq. (12)).

€ =RT ln(l + i)
C

e

12)

2.4. Elution and reutilization studies

Loading efficiency was calculated by mass balance (eq. 13), and
eluting efficiency was calculated according the following expression:

CseVs 100

= G- ) a3

where c; is the Li content in the stripping solution after elution, Vs is
the stripping solution volume (L), Vg is the working solution volume
(L), ¢, and c. are the initial and equilibrium Li content of solutions (in
loading step), in mg L™,

For reutilization experiments, resins were loaded and eluted under
the experimental conditions showed in Table 2. After the elution, resins
were carefully washed with water and each type of resin was divided in
two identical parts, conditioned according to provider: one half to H
form (using HCl) and the other to Na form (using NaCl). Once re-
generated, the conditioned-resins were contacted with working solu-
tions under the conditions described in Table 2. New sample of each
resin were included in reutilization tests for comparative purposes.

2.5. Effect of Na content studies

The response surface methodology (RSM) technique based on a five-
level, two-variable central composite rotatable design (CCRD) was
employed. The Stat-Ease Design-Expert (version 9.0.6.2) software was
used for experimental design and response surface design and analysis.
The space of interest was defined by the following ranges: Na initial
concentration: 100-15,000 (mg LY, and Li initial concentration:
0.5-100 (mg L~1). The CCRD consisted of a total of 13 experiments for
each resin (Fig. 1). Table SI-1 shows the design matrix. For statistical
calculations experimental conditions are expressed in coded terms. The
coded values of actual parameters could determinate by Egs. (14) and
(15).

. Li actual content — 50
Li coded content =

30 14)
Na coded content = Na actual content — 5000
3500 15)
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Fig. 1. Central composite rotatable design model.

where Li and Na coded contents are the “normalized” Li and Na con-
tents in coded terms (adimensional), respectively. The actual Li and Na
content of solutions are expressed in mg L™,

The experimental data were fitted by a polynomial equation (re-
sponse surface) in order to determine the relationships between factors
and the response variables. The predicted responses in the model are
retention and capacity. First or third order polynomial equations are
suggested too. Description is analogous. The quality of fit polynomial
model was expressed by R? and the F-test model examined its statistical
significance. The response surface mathematical models predicted the
optimum Li retention conditions with each resins in solutions con-
taining Li and Na.

3. Results and discussion
3.1. Kinetic studies. Effect of contact time

Experimental Li loading capacity of each resin was plotted as a
function of contact time and it was observed that the loading capacity
increased with time in all cases (Fig. 2). Two loading zones for the three
resins are appreciated, a fast one (for the first 5min), and then a very
slow one (up to 20 min). Increasing time from 5 to 20 min, the retention
increased only from 82.5% to 97.9% for TP 208, from 96% to 98% for
TP207 and from 80% to 95% for K2629. The first loading zone could
correspond to the stages of surface retention and diffusion within the
pores of the resin, and would be very fast thanks to the small size of the
Li. In the second charging zone, the controlling mechanism could be the
diffusion of Li to the resins, due to the low concentration of Li in so-
lution after the first 10 min of contact.

The coefficients of determination (R%) obtained for the pseudo-first
order model are lower than those obtained for the second order-models,
indicating that the pseudo-second order kinetic equation described
better the sorption process (Table 5). The high values of R? indicated
that the models described successfully the Li retention onto the studied
resins. Moreover, the experimental capacity values (Qe.exp) are in
agreement with the calculated values of sorption capacities from the
second-order kinetic equation (Qe.ca1)-

Values of x? are low for the three resins: 7.810 > for K2629,
351073 for TP207 and 9.510* for TP208. So the pseudo- second
order kinetic model determined in this study can be considerate sui-
table and precise. In all cases equilibrium was achieved after 30 min, so
the Li content at 30 min were used for k; and k, determination. As it is
shown in Table 5, the fastest retention of Li is attributed to TP 208 (the
highest rate constant), and the slowest for K2629. Compared to TP 207
and TP 208, K2629 showed lower initial rate (H) of ion exchange be-
tween resin and aqueous solution, which in agreement with k, values.
The theoretical capacity at equilibrium sequence is TP
207 > K2629 > TP 208, but the values are quite similar, which is in
agreement with the experimental values of capacity. The sequence of
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Fig. 2. Li retention yields and capacities at equilibrium during the first 30 min of contact for the resins TP 207, TP 208 and K2629.

theoretical capacities is quite similar to the order of capacities reported
by the manufacturer.

Taking into account both criteria (R? and Xz), results indicated that
pseudo-second order was more suitable for the Li retention onto K2629,
TP 207 and TP 208 resins. The better fit of the pseudo-second-order
suggest that resins-Li main interaction is controlled by chemical sorp-
tion, and the retention rate depends more on the availability of the
active sites than the concentration of Lithium in solution [51-53].

3.2. Equilibrium studies. Effect of initial Li concentration

The sorption data obtained were fitted to the different equilibrium
models and the obtained linearized equations are summarized in Table
SI-2.

If the three resins are compared, for low concentrations of Li
(<5mgL™ 1), the distribution coefficient is much higher for the case of
resin K2629 than in the case of resins TP 207 and TP 208, which show
values similar to the distribution coefficient. When the concentration of
Li is higher than 10 mg L™, the distribution coefficient is similar for the
three resins. Therefore, if the solution has a low Li content, the K2629
will retain more Li than the TP 207 and TP 208 resins. From 10 mg Li
L™, the behavior of the three resins will be similar.

Isotherm constants of Langmuir, Freundlich, Temkin and Dubinin-
Radushkevic were obtained from the slopes and intercepts of linearized
form of models. Constants and values of determination coefficients are
shown in Table SI-2 and Table 6.

Although all models represent satisfactorily the adsorption process
(showing high determination coefficients), it seems that the Langmuir
and Freundlich isotherms (R? > 0.946) give a better fit than Temkin
and Dubinin-Radushkevic models (R? < 0.919) for the three resins. So
an analysis for both Langmuir and Freundlich models were performed
for comparative reasons.

From the data calculated in Table SI-2, the Langmuir separation

Table 5

factor (Ry) is > 0 but < 1 in all experiments, indicating that equili-
brium sorption is favorable for the 3 resins. For the 3 resins, R de-
creased when Li content increased, so the retention is favored at high Li
contents. If the 3 resins are compared, TP 207 show a less Ry. The
maximum monolayer coverage capacity (Qy) from Langmuir model
was achieved by TP 207 (2.536mgg ™ !). The maximum K, is also
achieved with the resin TP 207. Therefore attending the Langmuir
parameters, TP 207 is the resin showing more affinity with Li ions (the
lowest Ry, and the highest K, and Qyy).

Regarding the Freundlich constants (Table SI- 2), as the 3 resins
shown values of 1/Fr < 1 (0.559-0.657), the sorption of Li* into 3
studied resins are favorable. The smaller value of (1/Fr) for resin K2629
indicated a stronger bond between Li and resin, but the values are quite
similar.

Due to the determination factors of three resins values and the
characteristics of resins (homogeneous sites), Langmuir model is pre-
ferred for describing the interaction between Li and resins TP 207, TP
208 and K2629. Therefore, the retention correspond to a mono-
molecular layer of Li* onto homogeneous sites within resin surfaces.

The relative position of the lines on the graph (Fig. 3) is an in-
dication of the retention capacity of Li onto each resin. The lower the
curve on the Y-axis, the more retained Li per unit mass of resin. It can
be seen that the behavior of the TP 207 and TP 208 resins are very
similar to each other, and slightly worse than that of the K2629 resin.
This difference is accentuated at lower Ce, as was determined by ana-
lyzing the value of Kq.

3.3. Elution and reutilization studies

Samples of 50 mL of synthetic solution with 10mgL~' Li were
contacted with 1g of resin, as described in previous sections. After
contact, resin and solutions were filtered and resin was contacted with
50mL of HCl, 3M and 4 M. The elution of lithium was 89.8% for the

Model parameters of ion-exchange kinetic models for Li retention onto TP 207, TP 208 and K2629 resins.

Resin Qe.exp (Mg/100 g) First order Second order

Qe-cat (mg/100 g) ky (min™") R? Qe-cat (mg/100 8) k (gmg ™ 'min~") H = k;Qe? R?
K2629 48.95 83.91 0.0762 0.9596 52.72 0.0600 208 0.9943
TP 207 48.95 31.70 0.1311 0.9826 53.04 0.1249 460 0.9997
TP 208 49.10 7.43 0.0892 0.7768 50.67 0.2168 844 0.9989

R coefficients of determination; Qe-exp: €xperimental capacity values; Qe.cq: calculated capacity values; H: initial rate of ion-exchange; k; and k; are the first and

second order kinetics constants.
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Table 6
Parameters from equilibrium models.
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Langmuir model Freundlich model

Dubinin-Radushkevic model Temkin model

Qum K, R? Kp Fr R? Qs Kap R? Ar br R?
(mgg™" (Lmg™h (mgg™" (mol”kJ~?) Lm~'g™h
K2629 1.84 0.108 0.997 0.936 1.79 0.968 1.40 0.168 0.896 425 5714 0.862
TP 208 1.23 0.325 0.990 0.702 1.68 0.946 1.29 0.240 0.849 19.7 4628 0.882
TP 207 2.54 2.434 0.988 0.828 1.52 0.968 1.17 0.232 0.854 21.2 5692 0.919

R;: Langmuir separation factor; Qy: maximum monolayer coverage capacity from Langmuir model; Fr: Freundlich isotherm constant; Qs: theoretical isotherm
saturation capacity; Kap: Dubinin—-Radushkevich isotherm constant; Ay: Temkin isotherm equilibrium binding constant; by: Temkin constant.

resin K2629, 80.4% for TP 207 resin and over 84.9% for TP 208 resin
(Table 7). The best option to recuperate the Li retained in the resins is to
employ 4 M HCI for TP 207 and K2629, but for TP 208 the elution yield
is slightly higher using HCl 3M than 4 M. Both molarities are higher
than indicated by the manufacturer. After elution, resins were condi-
tioned according to the manufacturer to H form and Na form. Once
regenerated they were contacted with synthetic solutions under the
same conditions as in the previous case.

After regeneration, the retention yields of K2629 are quite similar to
obtained with fresh resins (Table 8). It has been proven that the K2629
resin can be regenerated to H-form or Na-form, and in both cases it still
allows the recovery of Li with high capture yields (Table 8). In the case
of TP 207 and TP 208, the regenerated resin behavior is similar to
obtained with fresh resins when they are regenerated to Na-form, but
not in H-form (Table 8). In this case, the performance of Li capture
decreases drastically. This is in accordance with the recommendations
of the manufacturer (R = 40.3%).

3.4. Effect of Na content studies by response surface methodology

Tests were performed with Li and Na bearing aqueous solutions
(Table 9). In the multivariable design of experiments, a set of experi-
ments were performed with each resin and the relationship between the
variables (Li and Na contents in coded terms) and responses (R and Q)
was studied using regression models 10. Statistical parameters and
analysis of regression parameters for the predicted response quadratic
model are shown in Tables SI-3, SI-4 and SI-5. R models for the studied
resins and Q for TP 208 were significant. Mathematical equations for
significant models are shown in Table 10.

The average Li retention yield by the resin K2629 is 62.7%.
Experimental capacities varied from 0.16mgg~' to 3.24mgg .

25

Table 7
Elution tests experimental results.
Retention yield  K2629 TP 207 TP 208
98.0% 98.0% 98.4% 98.4% 98.8% 98.8%
Eluting solution HCI3M HCI4M HCI3M HCI4M HCI3M HCl4M
Eluting yield 83.6% 89.8% 73.8% 80.4% 87.1% 84.9%
Table 8
Reutilization tests experimental results with fresh and regenerated resins.
K2629 TP 207 TP 208
Lithium retention yield with fresh resins 98.0%  98.4% 98.8%
Lithium retention yield with regenerated Resin (in H  97.9%  52.2% 40.3%
form)
Lithium retention yield with regenerated Resin (inNa  97.8%  98.1% 98.2%
form)

Compared with the results obtained with Li-bearing solutions without
Na, experimental yields and capacities decreased significantly, in-
dicating that although Li can be recovered with K2629 resin, even in
presence of Na, larger scale operation will be difficult, since the capa-
city of the resin is very low in the presence of large amounts of sodium.

The stat-Ease Design expert was used for ANOVA analysis of the R
(for K2629 resin) model (Fig. 4). The statistical significance of the
model was checked by an F-test. The model-F value of 6.31 and the
probability value (Prob - F < 0.0136) implies that the model is sig-
nificant (significant models has prob-F < 0.05) (Table SI-3). Adequate
precision compares the range of the predicted values to the mean

20 r

15
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1/Qe (g'mg™)

@ K2629 X TP207 ATP208

60 80 100 120

1/Ce (L'mg-")

Fig. 3. Linearized Langmuir isotherms for K2629, TP 207 and TP 208 resins (Q. capacity at equilibrium; c.: lithium content at equilibrium).



F. Arroyo, et al.

Desalination 468 (2019) 114073

Table 9

Experimental lithium retention yields (R) and capacity (Q) obtained for K2629, TP 208 and TP 207 in the CCRD experiments.
Run Coded variables K2629 TP 208 TP 207

Li Na R (%) Q (mgg™h R (%) Q(mgg ™" R (%) Q (mgg™")

1 1 1 64.5 0.65 89.5 0.90 90.5 0.91
2 1.414 0 62.8 1.57 86.8 2.17 88.0 2.20
3 -1 1 49.2 1.23 50.4 1.26 68.0 1.70
4 0 0 64.0 1.60 87.6 2.19 88.2 2.21
5 0 0 64.8 3.24 86.7 4.34 86.0 4.30
6 0 0 61.4 2.45 80.4 3.22 80.5 3.22
7 0 0 62.2 1.56 88.0 2.2 89.0 2.23
8 0 0 66.5 2.66 89.6 3.59 89.5 3.58
9 1 -1 62.6 1.57 86.6 2.17 88.2 2.21
10 -1 -1 65.2 1.63 87.4 2.19 88.8 2.22
11 0 —1.414 67.6 1.69 89.6 2.24 90 2.25
12 0 1.414 59.0 0.59 84.0 0.84 85 0.85
13 —1.0.414 0 65.2 0.16 80.0 0.20 87.2 0.22

Table 10 results, the model was considered adequate.

Predicted models for lithium retention yields (R) and capacity (Q) for each resin
(RSM).

Resin Response Predicted model R?
K2629 R (%) 62.71-3.28 Na + 1.00 Li + 4.48LiNa 0.678
TP 208 R (%) 83.69 + 5.59 Li — 5.25 Na + 9.98Li'Na 0.670
Q(mgg™") 3.13-0.52 Na +0.20 Li - 0.086 Li Na — 0.742
0.81-Li*-0.76 Na*
TP 207 R (%) 86.12 + 2.61 Li - 3.20 Na + 5.17 Li Na 0.630

Na: Na content in coded terms (adimensional); Li: Lithium content in coded
terms (adimensional).

prediction error. The signal to noise ratio of 9.202 indicated an ade-
quate signal. A value > 4 is desirable for a good model and indicates
the predicted model could be used to navigate the design space. The
correlation coefficient (R?) shows how the model accounts for the re-
sponse. A value of 0.8 is desired for the good fit of the model. In this
model, R? is 0.678 for Lithium retention. The “Lack of fit tests” com-
pares the residual error to pure error from replicated design points. A
significant lack of fit suggests there may be some systematic variation
unaccounted for the hypothesized model. In this model a “lack of fit”
not significant was determined by ANOVA analysis. Based on the
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Final mathematical equation is a linear model (Table SI-3), in which
the most significant factor is the Na content (linear coefficient: — 3.28),
much more influencing than the Li content (linear coefficient: +1),
confirming that the performance is very sensitive to the concentration
of Na. Na content affects negatively to Li retention, probably because
Na moves the equilibrium to the opposite direction to the desired for
the retention. In the middle of the range of study, the Li yield is 62.71
(independent term). In the range of study, Na is an important para-
meter, and retention could vary from 58% when Na content is the
highest, to 70%, when Na content is the lowest (Fig. 4). Regarding to
the Li loading capacity of K2629, the software suggest a not significant
model. For this reason, the model is not shown.

In the case of TP 208 resin (Fig. 5, Table SI-4), experimental values
of Li retention are in the range: 50.4%-89.6% (mean Li retention is
83.6%). The mathematical models of the retention is significant (Table
SI-4) and there is a 1.32% chance that an F-value this large could occur
due to noise. This model can be used to navigate the design space. In
coded model, the Na content affected adversely to retention. It is a
linear model, and the influence of Li and Na is almost similar (coeffi-
cients +5.59 and —5.25), so Li affects positively and Na negatively.
The performance decreased in the case of solutions containing Na, the

90
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2500 500 20

Fig. 4. RSM for lithium retention yield onto K2629 resin.
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Fig. 5. Response Surface for lithium retention yield onto TP 208 resin.

higher Na, and the lesser retention yield. Comparing the results ob-
tained in solutions without Na, both performance and capacity have
lower values.

Regarding the Li loading capacity, the Model F-value of 4.02 implies
there is 4.87% chance that an F-value this large could occur due to
noise. So, the model is considered as significant. Model can be used to
predict the TP 208 Li retention capacity. Experimental capacities varied
from 0.20 to 4.34mg g-1 (mean capacity is 0.48 mgg™1).

Mean lithium retention yield onto TP 207 resin is 86.25% and the
experimental capacities varied from 0.22 to 4.30 mg g~ '. The experi-
mental lithium retention yields are in the range: 68.0%-90.5%. The
Model F-value of 5.11 implies the model is significant and it showed an
adequate signal precision (7.646), so the model can be used in the range
of study. In the case of TP 207 resin, according to the mathematical
model, the positive influence of lithium concentration is similar to the
negative Na influence (—2.61 and —3.20, respectively), in the range
studied (as it was said for TP 208).

Regarding to the Li loading capacity of TP 207 (Fig. 6, Table SI-5),

Lithium retention (%)

Li content (mg/L)

90 1000

the software suggest a model not significant (F-value = 3.46), and it
cannot be used to navigate the design space (adequate preci-
sion = 4.525).

If results are compared with the experimental results with solutions
without Na, both performance and capacity vary within the same
ranges. The lithium retention yield decrease from 83% to around 68%.

According to the experimental results and to the RSM model, TP 207
and TP 208 show a better Li sorption behavior than K2629 in the
presence of Na. If the performance and capacity values are compared
for the same concentrations of Li with and without the presence of Na in
the solution, the low yield can be seen for the three resins due to the
presence of Na in solution: the decrease is more important in the case of
resin K2629 than in the case of resins TP 207 and TP 208. The ex-
perimental capacities also decrease for the three resins studied due to
the presence of Na in solution. This means that although the resins
allow to recover Li from this type of solutions, the operation with real
brines, in which the concentration of Na will be much higher than that
of Li will be difficult, because the need for resin will be very high, which

7000

5000

3000

Na content (mg/L)

Fig. 6. Response Surface for lithium retention yield onto TP 207 resin.
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Fig. 7. Lithium retention (R, %) and capacity (Q, mg g-!) for each resin with real brines.

hinder the viability of scaling this process.

3.5. Li retention from real brines

The tests were performed with samples of 50 mL of real brines and
different amounts of resin (1 g, 10 g and 20 g). Li retention yield is in
the range 30%-55% and 52%-80%, depending on the type of resin and
the amount(Fig. 7).

In these tests TP 208 shown the maximum Li retention efficiency
and loading capacity, and the lowest Li retention and loading capacity
are shown for K2629. The capacities are below 10 *mgg~ . The ca-
pacity obtained in studies with TP 208 resin is slightly higher than with
TP 207 and K2629. Both the yield and the capacity suffer a very im-
portant decrease with respect to the tests with synthetic solutions, due
to the presence of other ions in the real brine (besides Li or Na). That is,
there are other elements competing with the Li for the active sites of the
three resins. It is necessary to add a lot of resin to keep the yield above a
certain value; this causes the capacity to decrease drastically.

The Li retention yields are lower than predicted by the mathema-
tical models developed in Section 3.4, i.e. the predicted performance is
much higher than the experimental performance in the case of real
brines due to the presence of high concentrations of interfering ele-
ments. Taking into account the brine composition, Mg and Ca are
considered the main interfering ions. To evaluate this issue, some ex-
periments have been carried out with a modified brine to which 99% of
Ca and Mg have previously been eliminated. To do that, the necessary
amount of sodium carbonate to precipitate Ca was added and pH was
increased to 11.5 with NaOH, removing Ca as CaCO; and Mg as Mg
(OH),. The concentration of Li after Mg and Ca precipitation is de-
termined to be 0.52 mg.L. 1.

The experiments were carried out by contacting 1 g of each type of
resin with 50 mL of the modified brine. Then they have been main-
tained in contact for 24 h to ensure equilibrium. After the contact, resin
and liquid solution were separated and the Li concentration not re-
tained by resins was measured (Table 11).

The Na and Li contents of modified brines were replaced in the
mathematical models calculated in Section 3.4 (Table 11) in order to

Table 11
Results obtained in experiments with modified brines.

predict the Li retention yields. While the predicted retention values are
higher than the experimental ones, the difference is much smaller when
the Mg and Ca ions have been removed. Therefore, it can be concluded
that by eliminating Ca and Mg, the Li retention is possible from the
generated brines in desalination facilities; although it is necessary to
take into account the partial abatement of Li due to the method of
elimination of Mg and Ca.

4. Conclusions

This study shows that it is possible to recover Li from brines with ion
exchange resins. For solutions in which there is only Li, the TP 207, TP
208 and K2629 resins have high retention yields (> 95%). When, in
addition to Li, there is Na in solution, the retention performance is low,
especially in the case of resin K2629. This tendency is much more
marked in the case of using brines with other elements in solution. The
resin most affected by the competitive effect of other ions in solution is
K2629. The Lewatit K2629 resin is therefore very effective when used in
solutions where there is no Na, or the concentration of this element is
low. In other cases, it would be preferable to employ the TP207 or
TP208 resins to retain Li from brines. It is also possible recovering Li
from the brines generated in desalination facilities using the three
studied resins if Ca and Mg are previously eliminated. in this case, the Li
lost due to the method of elimination of Mg and Ca should be con-
sidered.

Regarding kinetics, the fastest retention of Li is attributed to TP208
and the slowest to K2629. The theoretical capacity sequence is found to
be TP207 > K2629 > TP208, but the three values are quite similar.
Results indicated that the models obtained for pseudo-second order
were more suitable for the Li retention onto K2629, TP207 and TP208
resins. The better fit of the pseudo-second-order suggest that resins-Li
main interaction is controlled by chemical sorption, and the retention
rate depends more on the availability of the active sites than the con-
centration of Li in solution.

Langmuir separation factor (R;) varied from 0 to 1 in all experi-
ments, indicating that lithium sorption is favorable for the 3 resins. Due
to the determination factors of three resins values and the

Modeled Li retention yield  Initial Li content

Li content at equilibrium

Experimental Li retention yield Experimental/modeled Li retention

(%) (mgL™1) (mgL™1) (%) yield
K2629  30.5 0.52 0.39 25,0 0.82
TP 207 26.1 0.52 0.40 23.1 0.88
TP 208 44.9 0.52 0.31 40.4 0.90




F. Arroyo, et al.

characteristics of resins (homogeneous sites), Langmuir model is pre-
ferred for describing the interaction between Li and resins TP207,
TP208 and K2629. Therefore, the retention correspond to a mono-
molecular layer of Li onto homogeneous sites within resin surfaces.

Regarding desorption, yields ranged 73.8%-89.8%, achieving the

highest (> 80%) when using 4 M HCl as eluting solution. It is possible
to reuse regenerated resins with high yields, similar to those obtained
when the resin is used for the first time.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.desal.2019.114073.
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