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ARTICLE INFO ABSTRACT

Keywords: Lithium, highly demanded for its use in the battery industry, among other applications, has become a vulnerable

Lithium commodity due to shortages in traditional sources. Although it is found in low concentration in SWRO brines,

ZWBO. concentrates this waste represents a new source of this raw material. Based on previous studies in which Li* extractions
ptimization

>95% were achieved, the optimal separation conditions of lithium from SWRO concentrates by solvent
extraction with DBMeTOPO and FDODeTOPO have been obtained for the first time. To this end, response surface
methodology (RSM) with a three-level central composite design (CCD) has been applied. Three process variables,
extractant concentration, basicity of the aqueous phase, and molar ratio between extractants, were evaluated
using statistical parameters and second-order regression models. The optimized variables achieved maximum
predicted extraction values of 99.7 % for DBMeTOPO and 100 % for FDODeTOPO, not found yet in the open
literature. Notably, for FDODeTOPO system the needed pH for extraction is reduced, and both systems require a
DBM:TOPO and FDOD:TOPO less than 1, a crucial consideration in terms of cost. This study opens new op-

Response surface methodology

portunities for lithium supply through desalination concentrates recovery.

1. Introduction

Over the past decades, the exponential increase in the world popu-
lation and technological advances have given place to rising consump-
tion of water, energy, and resources, in addition to waste generation [1].
To reduce the pressure on natural resources and generate sustainable
growth, the European Commission adopted the new Circular Economy
Action Plan (CEAP) in March 2020 [2]. This plan is one of the main
components of the European Green Deal, and one of the six priorities of
the Commission for the period 2019-2024 within the new European
agenda for sustainable growth [2]. EU waste policy attempts to support
the circular economy by extracting high-quality resources from waste
and wastewater to the extent possible. In this direction, during the
treatment of seawater in desalination plants, where volumes of around
79 million m® day ! are treated, concentrated wastewater streams
(brines) with high added value are produced [3,4]. These concentrates,
storing tons of minerals with almost all the elements of the periodic table
[5,6], are a source of natural and economic wealth. Mineral recovery
from brine rejected by seawater reverse osmosis (SWRO) desalination
plants is getting more and more attention among the scientific com-
munity, as it aims to provide a new supply of valuable materials,
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minimizing environmental damage produced by the exploitation of raw
materials and the generation of waste [7,8].

In the available literature, it is possible to find numerous studies on
the commercial recovery of the brines major cations (Na*, K*, Mg?* and
Ca®") in the form of NacCl, KCl, CaCO3 or Mg(OH), [9-12], including
patents and processes with high Technology Readiness Levels (TRL)
[13-15]. In contrast, there are very few examples of the recovery of the
minority elements that compose them [16]. Lithium is one of these el-
ements, with concentrations lower than 2mg L~! [17], significantly
lower than those values reported in the literature for other non-
conventional sources like salt lake brines of about 230-1500 mg L.
However, it is found in large quantities, if considering the amount of
SWRO that is generated globally [18,19]. Specifically in Spain, in the
Mediterranean Sea and Atlantic Ocean regions, currently a total of 437
desalination plants are producing freshwater, among them 35 are
considered large or medium-sized treatment facilities (>25,000 m?
day_1 of freshwater produced) [20]. This results in a flow of generated
concentrates of 25,000 m® day ! due to average recovery rate of 50 %
[21], so the potential amount of recoverable lithium from these con-
centrates would be up to 50kgday ' in each desalination plant,
amounting to at least 1750kgday ! in total for Spain. This figure
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highlights the significant potential of obtaining substantial amounts of
lithium from desalination plant concentrates, which is of great relevance
in a context where the demand for lithium is constantly increasing due to
its use in various strategic industries. In fact, global lithium consumption
in 2022 reached 134,000 tons, a remarkable 41 % increase over the
95,000 tons consumed in 2021, in response to strong demand from the
lithium-ion battery market and rising lithium prices [22-25]. It is in this
context, where arises the necessity to intensify research on the devel-
opment of efficient technologies for lithium recovery.

Until now, different studies have reported solvent extraction tech-
niques as a potential process for the separation of lithium from seawater
concentrates, due to the key advantages it offers, including its closed-
loop nature that allows the recyclability of the extractants, reducing
the need for constant replacement [9,26-28]. In previous works [29,30],
we investigated the synergistic effect in extraction systems containing
B-diketones and organophosphates. Through molecular simulation,
using density functional theory (DFT), the thermodynamic and equi-
librium parameters were determined for the previously selected
extractants mixtures to separate lithium from the majority cations pre-
sent in the brines Nat, KT, Mg?*, Ca?* and Sr?* [29]. It was observed
that the combinations DBMeTOPO and FDODeTOPO provided the best
selectivity results towards lithium. Subsequently, we conducted exper-
imental work to confirm their feasibility [30]. In terms of extractant
concentration, 0.06 M of DBMeTOPO (ratio 1:1) and 0.014M of
FDODeTOPO (ratio 1:1) were required to achieve high lithium separa-
tion rates. In both cases, lithium extraction above 95 % was obtained
under alkaline conditions (pH > 12 for DBMeTOPO and pH > 10 for
FDODeTOPO). The basic pH favors the tautomeric effect that occurs in
p-diketones (formation of enolate groups) and with it the lithium
extraction process [30]. Besides, it was demonstrated that by employing
these extractants mixtures, the rest of the cations present in brines were
not extracted, being obtained then selective separation of lithium from
desalination concentrates. These findings provided the best results in the
open literature related to the selective extraction of Li™ in complex
mixtures like SWRO desalination brines, in terms of selectivity and
extraction percentage. A step further in the processes of separation with
solvents entails the determination of the operating variables that make
the separation the best possible, that is, the optimization of the process.
For this, it is necessary to select the operation variables, and their value
ranges, that influence significantly the separation. In this work, taking
into account the previous experimental results, pH, extractant concen-
tration and the molar ratio between extractants have been selected
[29,30]. Given the large number of experiments that would be necessary
to carry out, Response Surface Methodology (RSM) has been used,
avoiding so, excessive time-consuming experimentation and costs,
reaching, besides, more reliable and accurate results.

The use RSM in the Design of Experiments (DOE) is a competent
method to reach optimum results with a minimum number of experi-
ments [31,32]. RSM is a very important tool used by researchers to
develop new processes, optimize performance, and improve the design
of new products [33]. It is applied to model building, assessing the ef-
fects of different factors (operation variables) and finding the optimal
conditions for the desired response through factorial design. Inside RSM,
the Central Composite Design (CCD) is the most employed tool used to
carry out the experiments design, as it is well suited for fitting a
quadratic surface, ideal for sequential experimentation, allowing a
reasonable amount of information to test for misfits without involving
an unusually large number of design point [31]. Several studies have
used RSM to optimize extraction processes. Dutta et al. [34] optimized
the recovery of copper from printed circuit boards using RSM to study
the effects of acid concentration, pulp density, temperature, and time,
validating their extraction method for maximum Cu®’ recovery
(99.99 %). Mohammad et al. [35] studied the optimization by RSM of
magnesium recovery from desalination brines through reaction with
ammonia, obtaining the optimal values of their study variables (brine
salinity, reaction temperature and ammonia to magnesium molar ratio),
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with a maximum rate of 99 % magnesium recovery. Katoozi et al. [36]
studied optimized zinc (II) solvent extraction using D2EHPA on a pilot
scale, considering the effect of pH, reaction time and extractant volume
ratio, achieving zinc extractions between 76 % and 93 %.

This research aims to optimize the selective lithium separation
conditions, researched in previous studies, using the tools RSM and CCD.
This optimization has been carried out using the combinations of
DBMeTOPO and FDODeTOPO as synergic solvents. Knowing that,
extractant concentration, pH and the molar ratio between both f-dike-
tones and TOPO are the main independent variables that influence
effectively the lithium separation, a design of experiments has been
performed for each solvent mixture in order to investigate the operating
factors and most relevant levels that influence the extraction efficiency.
These results are expected to provide the optimum operating conditions
to maximize the separation of lithium from desalination concentrates,
contributing to a sustainable approach to the desalination process of
seawater and, in the long term, to recover valuable metals from brines
and discharge low-salinity water, promoting a circular economy and
minimizing environmental impact.

2. Materials and methods
2.1. Materials and instruments

Lithium chloride (LiCl, >99 %) was obtained from Labkem (Spain).
Standard solution of 1000 mg/L of lithium was purchased from Agilent
(CA, USA). Deionized water was generated using a Milli-Q ultrapure
water purification system from Millipore. Ammonia (NHs, 25 %) was
purchased from PanReac AppliChem (Spain). Kerosene (ShellSol D70)
was obtained from Kremer (Germany). Extractants dibenzoylmethane
(DBM, 98 %) and trioctylphosphine oxide (TOPO, 99 %) were acquired
from Acros Organics (China and Japan respectively). Extractant
heptafluoro-dimethyloctanedione (FDOD, 95 %) was obtained from AA
Blocks (CA, USA). All reagents employed were of analytical grade and
were dissolved in deionized water.

For the measurement of the pH of the aqueous phase, a pH meter
(GLP 22, CRISON) was used. For the liquid-liquid extraction process, a
thermostatically heated magnetic stirrer (2mag) was employed. A Mi-
crowave Plasma-Atomic Emission Spectroscopy (MP-AES 4210, Agilent
Technologies) was used to determine concentration of cations in the
aqueous solution.

2.2. Experimental procedure

Given the selective extraction of Li" from model brines (containing
Na*, K*, Mg?*, Ca?* and Sr?") with the combinations of extractants
DBMeTOPO and FDODeTOPO previously tested [30], this study goes
one step further, with the aim to optimize the conditions of Li" sepa-
ration by considering only this cation in the aqueous phase. Therefore,
to prepare this phase, 2.88:10™* M of Li* (2mg L™}, the maximum
concentration found in SWRO concentrates [30]) was dissolved in ul-
trapure water. A specific volume of NH3 was added for pH adjustment of
the aqueous phase. For the organic phase, TOPO and DBM or FDOD were
mixed and diluted in kerosene at different concentrations and molar
ratios (see Table 1 for specifications). The mixture was heated at 70 °C
and shaken on a stirring plate until fully dissolved. Finally, it cooled to
room temperature. Both phases were mixed in glass bottles in the same
volume ratio (O/A = 1) and stirred at a speed of 500 rpm for 10 min at
room temperature. After phase separation, the Li* content of the
aqueous phase was diluted with ultrapure water and acidified with 5%
HNOg, for subsequent measurement by MP-AES. Fig. 1 shows a sche-
matic diagram of the experimental procedure.

The lithium extraction was defined as Eq. (1).

G —C,

0

Extraction (%) = -100 @
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Table 1
Levels of factors in the CCD of DBMeTOPO and FDODeTOPO combinations.
Levels
Factors Code -a -1 0 +1 +o
DBMeTOPO [Ext]/[Li*] () A 48.87 100.00 175.00 250.00 301.13
[NHz] (M) B 0.26 0.60 1.10 1.60 1.94
Xpem () C 0.33 0.40 0.50 0.60 0.67
FDODeTOPO [EXt]/[Li+] ) D 15.91 50.00 100.00 150.00 184.09
pH () E 9.16 9.50 10.00 10.50 10.84
Xurpop (-) F 0.096 0.26 0.50 0.74 0.904

Aqueous phase @

Organic phase

Salt content analysis
MP-AES

Fig. 1. Schematic illustration of the experimental procedure.

Where Gy is the initial concentration of Li* (mg L’l), and C, is the
equilibrium concentration of Li* (mg L™1), both in the aqueous phase.

2.3. Experimental design

RSM in combination with statistical analysis (five-level CCD) was
applied in order to describe the effects of the selected variables on the
lithium extraction efficiency. For each system, the experimental design
consisted of three factors (k) of order 3. The variables were coded ac-
cording to the ranges (levels) of values shown in Table 1 (-a indicates
low axial level; —1 low level; O the intermediate level; 1 high level; +a
high axial level of each factor). The axial points (—a and +a) were
calculated by the software from a distance of a =1.682 from center,
making the design rotatable. The design of the experimental runs, the
statistical analyses and the response and contour surfaces were carried
out using Minitab 20.4.0.0 software.

For DBMeTOPO system, the independent experimental variables
[Ext]/[Li*] ratio (A), molar concentration of NHs (B) and mole fraction
of DBM in the DBMeTOPO mixture (C) were selected. Based on the re-
sults obtained experimentally in the previous work, 2.88-10™* M of Li™,
pH >12 and 0.06 M of DBMeTOPO (ratio 1:1) [30], corresponding to a
[Ext]/[Li*] ~ 200, factor A values were selected from 48.87 (0.014 M)
to 301.13 (0.087 M). Due to very basic pH values were required to
obtain the highest lithium extraction, to simplify laboratory work and to
have levels with reasonable spacing between them, and thereby

facilitate calculating, as coded variable B, the NH3 concentration was
used, which varies between a minimum pH of 11.89 (0.26 M) and a
maximum of 12.5 (1.94 M). Finally, the mole fraction of DBM, i.e, the
ratio DBM/TOPO was studied. This variable had not been experimen-
tally evaluated, however, the literature shows studies that use different
solvent ratios as organic phase in order to reach the extraction maximum
of the solutes [37-41].

Similarly, for the FDODeTOPO system design, the independent var-
iables were [Ext]/[Li"], pH and mole fraction of FDOD, assigned as D, E
and F. The values for the levels were established based on experimental
results of the preceding study (2.88:107* M of Li", 0.014M of
FDODeTOPO (ratio 1:1) and pH >10, [30]); thus, ratios from 15.91
(0.005M) to 184.09 (0.053 M) were used for factor D, pH values be-
tween 9.16 and 10.84 for factor E, and a range of factor F from 0.096 to
0.904.

The experimental design points consist of 2X factorial points with 2k
axial points and Nc central points (six replicates of the center points)
[33], resulting in twenty runs as a complete set of experimental design.
The center points were used to determine the experimental error and the
reproducibility of the data. Each experimental run was conducted in
duplicate to assure the reproducibility. The experimental sequence was
randomized to minimize the effects of the uncontrolled factors. The
objective function was lithium extraction (Y). A quadratic equation
model able to predict the objective function as an approximation of the
mathematical relation between the independent variables was
employed:

i

k k-1
ﬂiiXiz + Z ﬂiniX/' @
=1

i<j

k
Y=+ > pXi+
i=1

Where Y is the value of the predicted response (lithium extraction
percentage), X; and X; are the coded values of the independent factors
(A, B, C for DBMeTOPO system and D, E, F for FDODeTOPO system) and
Bo, Bi» Pii and Py are the model coefficients. The combined effects of
variables were evaluated by an analysis of the variance (ANOVA). The
quality of the fit polynomial model was dominated by the coefficient of
determination of R?, and its statistical significance was checked by the F-
test in the same program. Model terms were evaluated by the P-value
(probability) with 95.0 % confidence level.

3. Results and discussion

In a first stage, quadratic model expressions that describe lithium
extraction were obtained for each combination of extractants as a
function of the selected variables (factors) using CCD. In a second stage,
these equations were used to obtain the response surfaces that predict
the behavior of the extraction process and the influence of each variable.
Finally, the optimal values that predict the best lithium extraction per-
centages were determined and experimentally tested.

3.1. Central composite design for lithium extraction
3.1.1. CCD for Li*«DBMeTOPO system

The CCD matrix of experiments, their experimental results and the
observed response values (predicted from the model) are enumerated in
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Table 2
Experimental coded values of the CCD and responses of the DBMeTOPO
extractants system.
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Table 3
Analysis of Variance (ANOVA) for Li* extraction using DBMeTOPO extractant
combination.

Levels of variable factors (coded) Li* extraction Response (%)

Runs [Ext]/[Li*] [NH3] Xpem Experimental +error ~ Predicted
(A) ® ©
1 +a 0 0 90.87 £ 0.68 91.77
2 0 +a 84.13+0.68 81.77
3 1 -1 1 87.64 +0.00 89.12
4 0 —a 87.02 +0.68 92.62
5 -1 -1 1 57.30 £0.00 56.09
6 0 0 0 87.98 +£0.68 91.73
7 -1 1 1 62.64 +0.81 64.30
8 0 0 0 87.98 £ 0.68 91.73
9 -1 -1 -1 70.22+0.79 68.12
10 1 -1 -1 95.51 + 0.00 89.99
11 0 0 0 94.23 £ 0.00 91.73
12 0 0 0 93.75+0.68 91.73
13 0 +o 0 92.86 +0.00 92.83
14 0 —a 0 75.77 £0.73 79.04
15 0 0 0 93.27 £ 0.00 91.73
16 —a 0 0 43.27 +£2.72 45.61
17 1 1 1 97.13+0.81 97.32
18 1 1 -1 97.70 £ 0.00 98.19
19 0 0 93.75+0.68 91.73
20 -1 1 -1 80.46 + 0.00 76.32

Table 2. The Paretto chart (Fig. 2a) shows that both the [Ext]/[Li"] and
[NH3] variables have a positive influence on lithium extraction;
increasing these variables results in an increase in extraction percent-
ages. The molar ratio [Ext]/[Li*] presents the greatest influence. On the
other hand, the Xppy fraction shows a significant but negative influence.

a)
A
e % i %[; t]/[L':]
(o0 i B: [NH;]
b) / Standardised effect
q R

0 2 4 6 8 10 12 14
Standardised effect

Fig. 2. Paretto chart of effects showing the significance of the linear and
quadratic effects for the DBMeTOPO system a) all the standardized effects and
b) excluding BC and AB interactions.

Model Sum of Degree of Mean F- P- Remarks
terms Squares  Freedom (DF) Square Value value
(Ss) (MS)
A* 2571.20 1 2571.20  196.02 0.0000 Significant
B* 229.54 1 229.54 17.50 0.0013 Significant
C* 141.95 1 141.95 10.82 0.0065 Significant
AA 956.90 1 956.90 72.95 0.0000 Significant
AC 62.15 1 62.15 4.74 0.0464 Significant
BB 60.60 1 60.60 4.62 0.0483 Significant
CcC 37.10 1 37.10 2.83 0.1184
Lack of fit 112.56 7 16.08 1.79  0.2695
Pure error 44.84 5 8.97
Cor total 4148.43 19
R’ 96.21
Adjusted 93.99
R2

* A: [Ext]/[Li*]; B: [NHsl; C: Xpem.

The quadratic effect of [Ext]/[Li"] (AA in the chart) also becomes sta-
tistically significant. The interactions between [Ext]/[Li"] and [NH3]
(AB) and that between [NH3] and Xpgy (BC) were the smallest effects
and did not exceed the significance limit, i.e. interactions that may occur
between these sets of variables do not influence Li" extraction. There-
fore, for a correct and simplified analysis, these variables were excluded,
resulting in a new Paretto chart (Fig. 2b), in which, finally the main
effects are found.

The main statistical parameters obtained from the analysis of vari-
ance (ANOVA) are listed in Table 3. The simplified regression equation
obtained from the analysis and based on the significant model terms are
shown (in their coded form) in Eq. (3).

Extraction (%) = 4.90 + 0.50-A 4 26.24-B 4 63.0-C — 0.0015-A> 4+ 0.37-AC
—8.20-B* — 160.40-C?
3)

As shown in Table 3, the adjusted determination coefficient of R? was
higher than 90, indicating the accuracy of the model to describe the
experimental data adequately [42]. This result has been obtained
excluding the least significant interactions, AB and BC. The complete
ANOVA table with all the resulting interactions can be found in the
supplementary material (Table S.1). The lack-of-fit test is designed to
determine whether the selected model is adequate to describe the
observed data or whether a more complicated model should be used.
Since the P-value for the lack of fit in the ANOVA table is >0.05 (0.27),
the model appears to be adequate for the observed data at the 95.0 %
confidence level, validating the significance of this model.

Fig. 3 shows the more relevant statistical plots that complement the
study of the regression model fit for lithium extraction with the
DBMeTOPO combination. Fig. 3a illustrates the plot of residuals versus
predicted residuals. The random distribution of the points confirms the
adequacy of the proposed model and proves the constant variance hy-
pothesis. Fig. 3b shows the normal probability (%) versus the residuals.
The normal distribution approaching a straight line indicates the accu-
racy of the model, as residuals that approach a straight line and
distribute the errors uniformly support the adequacy of the least squares
fit. Fig. 3c shows the experimentally observed responses versus the
values predicted by the model. It can be observed that all design points
were scattered along and very close to the diagonal line. This indicates
that the responses of the experimental results were well adjusted in the
range of variance compared to the predicted values determined from the
respective empirical models [33].
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a)
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Normal % probability
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Fig. 3. Statistical results of the CCD for Li* extraction using DBMeTOPO
extractant system of (a) Residual vs predicted response; (b) Normal probability
of residuals; (c) Observed vs predicted values.

3.1.2. CCD for Li*«FDODeTOPO system

In the FDODeTOPO extractants system, the three operating variables
that influence the Li* extraction efficiency, extractant to lithium con-
centration ratio, initial pH and FDOD molar ratio, have been optimized
based on CCD. The CCD matrix of experiments and the observed
response values are enumerated in Table 4. The Paretto chart for this
system (Fig. 4a) shows that the most statistically significant variable for

Table 4

Separation and Purification Technology 326 (2023) 124645

Experimental coded values of the CCD and responses of the FDODeTOPO
extractants system.

Levels of variable factors

Li* extraction (%) Response

(coded)
Runs [Ext]/[Li*] pH Xppop  Experimental +error  Predicted
(D) (E) ®)
1 -1 1 -1 87.50+0.00 103.52
2 1 -1 1 0.00+1.54 -11.71
3 -1 -1 -1 0.00+0.77 —0.23
4 1 1 -1 97.40 £0.74 94.90
5 0 0 0 53.54+1.43 44.84
6 0 0 o 93.94+0.00 79.89
7 0 0 0 52.53+0.00 44.84
8 -1 -1 1 0.00 £+ 0.00 6.80
9 -0 0 0 26.26 +1.43 21.49
10 0 0 0 45.96 +2.14 44.84
11 0 -0 0 0.00+2.26 —5.60
12 1 -1 -1 0.00 £0.00 15.38
13 0 0 +o 0.00+1.43 9.80
14 0 0 0 41.41+1.43 44.84
15 +a 0 0 0.00+2.14 -1.32
16 -1 1 1 58.33+0.00 47.26
17 0 +o 0 98.96 +£0.00 95.29
18 1 1 1 0.00 £+ 0.00 4.53
19 0 0 0 38.38+1.43 44.84
20 0 0 0 34.85+0.71 44.84
a) -
V
1
DD I
EF 7
.| .=
D 1 .
D: [Ext)/[Li*]
DF !
1 E: pH
DE | P
EE | F: Xrpop
FF 1226
1
0 2 4 6 8 10 12 14
Standardised effect
b)
E W/
A
F |
|
DD |
[l
n 7
EF I @+ | -
| D: [Ext]/[Li*]
D I
I E: pH
DF I
DE I F: Xroop
, 2.20
0 2 4 6 8 10 12 14

Standardised effect

Fig. 4. Paretto chart of effects showing the significance of the linear and
quadratic effects for the FDODeTOPO system a) all the standardized effects and

b) excluding EE and FF interactions.
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Table 5
Analysis of Variance (ANOVA) for Li" extraction using FDODeTOPO extractant combination.
Model terms Sum of Squares (SS) Degree of Freedom (DF) Mean Square (MS) F-Value P-value Remarks
D* 627.79 1 627.79 4.99 0.0471 Significant
E* 12288.44 1 12288.44 97.76 0.0000 Significant
F* 5929.11 1 5929.11 47.17 0.0000 Significant
DD 2311.26 1 2311.26 18.39 0.0013 Significant
DE 293.18 1 293.18 2.33 0.1549
DF 581.92 1 581.92 4.63 0.0545
EF 2002.50 1 2002.50 15.93 0.0021 Significant
Lack of fit 1189.59 5 169.94 3.16 0.1137
Pure error 288.44 5 57.69
Cor total 25416.96 19
R? 94.18
Adjusted R? 90.79

* D: [Ext]/[Li*]; E: pH; F: Xppop.

lithium extraction, with a positive trend, is pH. After that, the fraction
Xrpop is the second most influential variable on the extraction, but in
this case, it is negative; an increase in Xgpop would give lower results of
lithium extraction. The quadratic effect of [Ext]/ [Li™] also has a nega-
tive effect, but it is not very far from the limit, so its effect does not have
much relevance. The quadratic effects of pH (EE) and mole fraction (FF)
are the least statistically significant, so it was decided to exclude them in
the final analysis. Eliminating these variables, the final Paretto plot is
shown in Fig. 4b.

The main statistical parameters obtained from the Analysis of vari-
ance (ANOVA) are listed in Table 5. As shown in that table, the adjusted
determination coefficient of R? was 90.79 %, excluding the less signifi-
cant interactions (EE and FF). The complete ANOVA table with all the
resulting interactions can be found in the Supplementary material
(Table S.2). This result shows the adequacy of the model to describe the
experimental data. This model also exceeds the lack-of-fit test with a
value>0.05 (excluding EE and FF interactions increases to 0.11), vali-
dating the significance of the model with a 95.0 % confidence level. The
simplified regression equation obtained from the analysis and based on
the significant model terms are shown (in their coded form) in Eq. (4).

Extraction (%) = — 1484.18 +3.62-D + 150.13-E + 1302.69-F — 0.0049-D?
—0.24-DE —0.71-DF — 131.84-EF

(€3]

Fig. 5 shows statistical plots that complement the study of the
regression model fit for lithium extraction with the FDODeTOPO com-
bination, as was done with the previous combination. The random dis-
tribution of the points in Fig. 5a proves the constant variance hypothesis,
supporting the adequacy of the proposed model. The normal distribution
of the points nearing a straight line in Fig. 5b indicates the accuracy of
the model. It can be observed in Fig. 5c that all the design points were
scattered along the diagonal line, some closer and some further apart.
This is because the calculated model has a large number of coefficients
and these coefficients are likely to have high confidence intervals. As a
result, when trying to make predictions with the equation, high confi-
dence intervals are obtained.

3.2. Response surface methodology

Expressions (3) and (4), obtained in Sections 3.1.1 and 3.1.2, have
been used to create three-dimensional (3D) response surfaces and con-
tour plots with the aim to visualize how the variables behave with each
other and how they affect the response. The surfaces are plotted with

two variables on the abscissa and the % Li" extraction obtained on the
ordinates, keeping fixed the third variable at its central level value (0),
as is characteristic of this type of analysis.

3.2.1. RSM for Li"eDBMeTOPO system

Fig. 6 shows the response surfaces obtained when plotting Eq. (3). In
these plots, curvatures indicate possible interactions between the fac-
tors. The graphical representation of the model equation allows, on the
one hand, a more intuitive and visual prediction of the effect of each
variable in the system, and on the other hand, to determine the values of
the factors able to optimize Li* extraction. In Fig. 6a, it can be observed
that the Li" extraction response can change drastically depending on the
values of the independent variables. With a fixed value of Xpgy = 0.5,
the increase in [Ext]/[Li"] is very significant (black line, 3D Figure),
while an increase in [NH3] has a smaller effect. For a [Ext]/[Li"] = 50,
with low [NH3] (0.26 M) extractions of 33 % are achieved, and for high
[NH3] (1.94M) it reaches 47 %, low values for the desired level of
lithium separation. The maximum predicted extraction is 99.53 %, with
[Ext]/[Li*] =233.55 and a [NH3] =1.59M (dashed black lines, 2D
Figure). In Fig. 6b, the interaction of [NH3] and Xppgy appears to be weak
when [Ext]/[Li*] is fixed at 175, as evidenced by the response surface
having low slopes. The minimum extraction is 60.5 % when Xpgy = 0.70
and [NH3] = 0.1 M, while the maximum extraction, 95.4 %, is predicted
for Xppy = 0.40 and [NH3] =1.58 (black lines, 2D Figure). In Fig. 6c,
with a fixed [NH3] =1.1 M (pH of 12.12), low Li* extraction percent-
ages (below 20 %) are obtained at low [Ext]/ [Li*] ratios (from O to 30),
particularly for high values of Xpgy (from 0.5 to 0.7) (pink line, 3D
Figure). However, from a [Ext]/ [Li*] ratio of 200-260, higher lithium
extraction results are obtained, around 90 %, over the whole studied
ratio Xpppm, from 0.3 to 0.7 (black lines 3D and 2D Figures).

3.2.2. RSM for LiTeFDODeTOPO system

Similar to section 3.2.1., in Fig. 7 3D response surfaces and contour
plots of the FDODeTOPO extractant system are shown. Fig. 7a demon-
strates that, with a fixed value of Xgpop = 0.5, increasing the [Ext]/[Li*]
ratio does not necessarily result in an increased response (black line, 3D
Figure), but instead, the effect of pH is more pronounced (pink line, 3D
Figure). Li* extraction does not occur for a pH lower than 9.50,
regardless of the [Ext]/[Li"] ratio. However, it is possible to reach
100 % Li* extraction at pH close to 11 and [Ext]/ [Li"] ratios between 25
and 100 (dashed lines, 2D Figure). Fig. 7b shows that for [Ext]/
[Li*] =100, higher Li* extraction is predicted using the highest pH, 11,
and the lowest Xgpop values, O (intersection between black and pink
lines, 3D Figure), which means, that even with a small amount of the
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B-diketone FDOD, in synergy with the organophosphate TOPO, high
lithium extractions can be achieved. The optimal conditions for
achieving maximum extraction (100 %) are an Xgpop value of 0.26, and
a pH of 10.38 (dashed lines, 2D Figure), which means that an amount of
TOPO can be replaced by the effect of fluorine atoms from FDOD during
to the Lit extraction process [24]. Finally, Fig. 7c indicates that when
the initial pH is set to 10, the predicted lithium extraction responses are
low across all ranges of the other two independent variables studied,
especially for high Xgpop values (black line, 3D Figure). Maximum
extraction of 90% can be achieved at Xppop=0 and [Ext]/
[Li*] = 112.5, but working to initial pH value, 10, which is not the most
favorable for the system. As it has been possible to verify through this
analysis, the obtained regression models can be used to optimize the
conditions of lithium extraction using the combination of these f-dike-
tones and TOPO as extractant.

3.3. Lithium optimum separation using the predictive models

Once the models that describe the influence of each factor on Li™
extraction were obtained using the optimization function of the Minitab
software, the optimum values of each factor leading to maximum
extraction were determined. For the Li*eDBMeTOPO system, the
optimal values were [Ext]/[Li"] ratio of 232.33 (corresponding to an
extractant concentration of 0.067 M), NH3 concentration of 1.6 M
(equivalent to an initial pH value of 12.46) and Xpgy of 0.46. Table 6
shows the predicted Lit extraction percentage under these conditions
and the experimentally obtained results, being 99.70 % and 96.97 %
respectively, falling within the confidence interval of the model (95 %).
In comparison with the obtained previous results [30] shown in Table 6
(previous studies column), there are only minor differences. A slightly
higher pH value, from 12.2 to 12.46, and less than 0.5 Xppy, which is
lower than the 1:1 ratio used in the initial results, 0.46, in order to obtain
a Li" extraction too slightly higher, from 95.4 % to around 97 %.

For the Li*eFDODeTOPO system, the optimal values of the factors
have been calculated with the desired objective of achieving a response
of 100 %, resulting in the optimal conditions of [Ext]/ [Li*] ratio of
92.61 (0.027 M of extractant), initial pH of 10.38 and a Xgpop of 0.26. It
is worthy to mention that commercial FDOD is 58 times more expensive
than DBM, while TOPO is currently quite an affordable chemical
[43-45]. In this sense, the results of this study economically boost the
maturity of the process through the minimization of the reagent that is
used with TOPO. The predicted Li™ extraction with these conditions and
that obtained experimentally are presented in Table 6, being 100 % and
97.03 % respectively, falling within the confidence interval of the model
(95 %). The optimization results, in this case, differ more from the ob-
tained values in a previous study. A higher amount of extractant is
required, from 0.014 to 0.027 M. The required pH has been successfully
reduced to 10.38. Although it is still necessary to vary the pH further, as
these concentrates typically have a pH ranging between 8 and 8.5 [46],
the significant reduction in the pH adjustment required is an encour-
aging result. Notably, the FDOD:TOPO ratio is crucial, as a FDOD frac-
tion of 0.26 is optimal for the process versus the ratio 1:1 from previous
results. The Li" extraction is similar, from 98.7 % in previous studies to
97.0 %, but reducing the consumption of this p-diketone is a key
experimental factor as its market price is higher than that of TOPO.

The obtained results from both systems validate the reliability and
accuracy of the prediction and optimization models, thus the predicted
results were experimentally validated and found to be within the ex-
pected range, consistent with previous studies.
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Table 6

Separation and Purification Technology 326 (2023) 124645

Predicted and experimental responses of Li* extraction for validation of CCD designs using DBMeTOPO and FDODeTOPO. Comparison with results obtained in

previous studies.

DBMeTOPO

FDODeTOPO

Previous studies [30]

Optimal conditions obtained

Previous studies [30] Optimal conditions obtained

[Extractant] [M] > 0.06 0.07 > 0.014 0.027
Initial pH > 12.00 12.46 > 11.00 10.38
Xp-diketone =0.50 0.46 =0.50 0.26

Li" extraction rate (%)* 99.70 100.00
Li* extracted (%)** 95.40 97.00 98.70 97.00
95 % confidence interval 95.65-103.75 94.42-105.58

*RSM predicted value**Experimental value.

4. Conclusions

In this study, the optimal operation conditions which lead to
maximum separation of lithium employing the extractant combinations
DBMeTOPO and FDODeTOPO have been evaluated in low concentra-
tions (2mg L 1) ideal solutions. The study successfully used response
surface methodology (RSM) to analyze the effect of each operation
variable on lithium separation for both systems, as well as to predict the
maximum lithium extraction rate for a given operating conditions
(extractant concentration, basicity of the aqueous phase and molar ratio
between extractants).

For DBMeTOPO system, the variables [Ext]/[Li*] and [NH3] pre-
sented the most positive effects on extraction. The optimal extraction
conditions for the DBMeTOPO system were a [Ext]/ [Li*] ratio of 232.33
(0.067 M), a NH3 concentration of 1.60 M (pH of 12.46), and a Xpgy of
0.46, yielding a Lit extraction rate of 96.97 % (R? = 93.99).

In the case of FDODeTOPO, pH showed the greatest positive effect on
the extraction, followed by Xppop (with negative effect). The optimal
conditions reached were, a [Ext]/[Li"] ratio of 92.61 (0.027 M), a pH
value of 10.38 and a Xppop of 0.26, which lead to obtaining Li"
extraction rate of 97.03 % (R? = 90.79).

Comparing the predicted model results using RSM with the previous
experimental results for both systems, it is required an extractant con-
centration in the order of 102, whereas a higher amount of TOPO than
B-diketone is required (f-diketone:TOPO < 1). The reduction of the
B-diketones:TOPO ratio is significant due to the higher price of p-dike-
tones, particularly FDOD, so that allows for a reduction in the ratio while
achieving practically the same Li" extraction value, favoring the econ-
omy of the process.

In conclusion, this study presents an innovative and viable system for
extracting lithium from desalination concentrates. The application of
statistical analysis has proven to be a valuable tool, enabling the
reduction of the number of experiments required in the extraction sys-
tems. This approach not only enhances the efficiency of the process but
also contributes to the overall feasibility and practicality of the lithium
recovery method proposed in this research.
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