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Abstract: This paper shows the investigation for the optimal anion exchange membranes (AEM) sup-
porting the desorption step of the HCDI process. The chemical modification of PVDF by diethylene
triamine created the AEM. To confirm the ion-exchange character of materials, the chemical analysis
with FTIR, SEM, surface energetics, and transportation analysis were applied. Next, the investigated
membranes were applied for the sorption and desorption of lithium chloride. The specific sorptive
parameters were higher according to the incorporation of the nitrogen groups into polymeric chains.
Considering the desorption efficiency, membranes modified by four days were selected for further
evaluation. The application in the HCDI process allowed reaching the desorption efficiency at 90%.
The system composed of PVDF-DETA4 membrane was suitable for sorption 30 mg/g of salt. By
applying the PVDF-DETA4 membrane, it is possible to concentrate LiCl with four factors. The
anion exchange character of the developed membrane was confirmed by adsorption kinetics and
isotherms of chlorides, nitrates, sodium, and lithium. The prepared membrane could be considered a
perspective material suitable for concentration salt with electro-driven technologies for the above
reasons.

Keywords: poly(vinylidene fluoride); diethylenetriamine; lithium salt concentration; hybrid capacitive
deionization

1. Introduction

The hybrid capacitive deionization (HCDI) is an electro-membrane process dedicated
to selective removal species like ions in the minority at aqueous solutions [1]. The cell
of HCDI is built from selective cathode material like lithium spinel-type sorbent and a
composite anode made with activated carbon coated by anion exchange membrane [2].
Typically, as a cathodic material the sorbents like lithium–manganese–titanium oxide
(LMTO) [3], lithium manganese iron oxide (LMFO) [4], nickel hexacyanoferrate (NiHCF) [5],
manganese oxides [6], sodium manganese oxide (NMO) [7], lithium manganese oxides
(LMO) or made with activated carbon modified by inorganic oxides [8], silver [9] or
conductive polymers [10] are used. On the other hand, the composite anode electrode is
needed to reduce the re-sorption of co-ions during the discharging step [11]. As a result,
ions adsorbed are being removed from the selective electrode and, at the same time, are
being captured by the counter electrode.

In consequence, the desorption process is challenging to control. Therefore, the anion
exchange membrane should be applied to prevent this undesirable phenomenon. Hence,
the ion exchange membranes have the critical function of controlling the efficiency of ions
recovery. For lithium capturing, the primary cell of HCDI is comprised of lithium selective
adsorbent as the cathode and activated carbon electrode wrapped with the anion-exchange
membrane as the composite anode.
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Poly(vinylidene fluoride), PVDF, is a highly versatile polymer with an excellent balance
between its comprehensive properties and numerous applications. It has many advantages,
such as low permittivity, comprehensive frequency response, flexibility, low resistance loss,
easy fabrication, biocompatibility, and cost-effectiveness [12]. However, the PVDF has to
be modified as the functional membrane for electro membrane applications. Using some
chemical reactions, it is possible to obtain a wide range of functional membranes containing
functional groups that enhance the antifouling phenomenon and have pH-sensitivity or
ion-selectivity character [13]. Moreover, the PVDF polymer has a powerful ability to
substitute fluorine atoms into functional groups. Previously, the PVDF was modified by
ethylenediamine to produce an anion exchange membrane (AEM). The modification was
successful, and AEM with -NH2 anion exchange groups was developed. Consequently, the
modification of PVDF by an active agent with different amine groups should be investigated
to see the differences between EDA and DETA. The main objective of this study was
to obtain a PVDF membrane with good mechanical properties, chemically stable, and
a high concentration of anion-groups onto its surface. It was done by reacting PVDF
with diethylenetriamine (DETA). According to the chemical structure of poly(vinylidene
fluoride), the addition of DETA causes two reactions: (1) direct crosslinking via intrachain
dehydrofluorization and (2) indirect crosslinking via intrachain dehydrofluorization [14],
followed by the Michael addition [15]. In this paper, the method of preparation PVDF-DETA
membranes for lithium salt concentration via the HCDI process has been shown. The main
aim of the work was to find the synthetic paths of PVDF modification leading to obtaining
anion exchange membrane. The second objective was to evaluate the PVDF-DETA for
lithium extraction and concentration in the desorption step. In addition, the investigation
of adsorption kinetics and isotherms of chloride anions transportation through membranes
was conducted.

2. Materials and Methods
2.1. Materials

Poly(vinylidene fluoride) (PVDF) with a molecular weight of 180,000 g/mol and
diethylenetriamine (DETA) were supplied by Sigma-Aldrich. N, N-dimethylformamide
(DMF), chloric acid, lithium chloride, sodium hydroxide, and ethanol (96%) were purchased
from Avantor Performance Materials, Poland S.A. Deionized water (DI) was delivered from
RO Water Purification Systems Millipore (14.4 MΩ/cm2).

2.2. Membrane Fabrication

The PVDF was dissolved in DMF (96 h at room temperature) to obtain a homogeneous
solution with 15% wt. of PVDF. Then, the films of 0.20 ± 0.05 mm of thickness were cast
into a glass plate and dried overnight in a vacuum dryer. Next, the films were immersed in
DETA (100% concentration, 20 mL of volume) and kept for 1, 2, and 4 days. The prepared
anion exchange membranes were encoded PVDF-DETA1, PVDF-DETA2, and PVDF-DETA4.
After modification, membranes were rinsed with DI water and ethanol and kept in 40% wt.
an aqueous solution of ethanol.

2.3. AEM Characterization
2.3.1. Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM, Tescan Vega3 SB) was used to determine the
morphology of obtained PVDF-EDA membranes. All samples were gold-coated with a
7 nm thick layer.

2.3.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy in the range of 4000–400 cm−1 (Vertex 70 vac-
uum spectrometer equipped with the horizontal ATR device) was used to identify the
presence of amine groups into polymer films. For each analysis, 64 scans were collected. In
addition, the FTIR spectra were recorded for dry membranes.
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2.3.3. Surface Energetics

Contact angles of such probing liquids as water, formamide, and diiodomethane were
measured at 25 ◦C through goniometer PG-X (Fibro System AB). The results were given as
the average of 10 independent measurements for each liquid.

2.3.4. The Analytical Section
Water Uptake

Water uptake WH2O [
gH2O

g ] was determined from Equation (1):

WH2O =
(mw −md)

md
(1)

where mw is the weight of swollen membrane and md is the weight of the dry membrane.

Ion Exchange Capacity

Ion-exchange capacity (ZIEC) was estimated employing the acid-base titration method.
Membrane sample was placed into an Erlenmeyer flask, and 50 mL of 0.1 M NaOH solution
was added. The membrane was kept in the solution for 24 h at room temperature. After that
time, 10 mL of solution was taken and titrated with 0.1 M HCl solution. The ion-exchange
capacity ZIEC

[
mmol

/g

]
was calculated from Equation (2):

ZIEC =
(cb·vb − ca·va)

md
(2)

where cb and ca are the molar concentrations of the NaOH and HCl, respectively, vb is the
volume of NaOH taken for the titration, va is the volume of HCl used for the titration of the
NaOH solution, and md is the weight of the dry membrane.

Nitrogen Content

Kjeldahl’s method determined nitrogen content (ZN) after mineralizing the sample
(about 200 mg) in concentrated sulfuric acid with copper and potassium sulfates.

Diffusion Dialysis

The DD process was carried out in a two-compartment cell divided by a flat membrane
with the active area at 4.91 cm2. Each compartment was stirred by a magnetic bar rotating
at 200 rpm. The feeding (0.1 M HCl) and stripping (DI water) solutions, 35 mL each, were
placed on both sides of the membrane. The experiments were conducted for 30 min, and
flux, J (mole/m2 s), was calculated according to Equation (3):

J = −V
S
·dC

dt
(3)

where V is the volume of the compartment, S is the membrane’s effective area, and t is the
time of DD.

Fick’s first law expresses the mass transport through anion exchange membranes and
is given by J = κ∆C, where ∆C (mole/dm3) is the concentration gradient, and k (m/s) is the
rate mass transfer coefficient. Finally, after integration, the following expression was used:

ln
(

C
Co

)
= −k

(
S
V

)
t (4)

where Co (mole/dm3) is the initial concentration of HCl.
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2.3.5. HCDI Process
HCDI Configuration

A laboratory electrodialysis FT-ED-100-4, FumaTech, was used to study anion-exchange
membrane performances. The stack was composed of two parallel electrodes divided by
a polymeric spacer of 200 µm thickness. As a cathode, the lithium-manganese-titanium
oxide (LMTO) were mounted. The anode comprised an electrode made of activated carbon,
YP-50F, and covered by PVC-DETA anion-exchange membrane. The general scheme of
the HCDI cell is presented in Figure 1. The electrolyzer was biased by Multi-Range Pro-
grammable DC Power Supplies BK Precision 9201 and controlled by DC Electronic Load
BK Precision 8601. The tests were conducted under constant voltage (CV). In addition,
the CX-601 multimeter was applied to monitor the feed solution conductivity, pH, and
temperature. The used parameters of the HCDI process are shown in Table 1.
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Table 1. Parameters of the HCDI process.

General Parameters of HCDI

Acell Electrode geometric surface area 36 cm2

Φv Water flow rate 6 dm3/h

T Temperature 25 ◦C

Lch Thickness flow channel (100% open) 200 µm

M Number of electrodes calls 1 pair

Lel Electrode thickness 80 µm

According to Mohr protocol, the titration method determined the concentration of
chlorides [4]. The Kjeldahl procedure determined the concentration of nitrates to analyze
nitrogen in samples [16]. Finally, ion-selective electrodes were determined the sodium and
lithium concentrations from Elemetron S.A., Poland, and Metler-Toledo, Poland.

HCDI Calculations

Fundamental factors for the capacitive deionization process, like salt adsorption ca-
pacity (SAC), salt desorption capacity (SDC), average salt adsorption rate (ASAR), and
average salt desorption rate (ASDR), were calculated. The SAC determines the adsorbed
salt (represented by a single ion) per gram of applied active material (90% of total elec-
trode weight), while SDC represents the desorbed salt amount. When the amount of
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adsorbed/desorbed salt was normalized to the processing time, it showed the average salt
adsorption/desorption rate (ASAR/ASDR), a valuable metric for the process description.
The SAC, ASAR, and SDC, ASDR indicate the general adsorption/desorption capacity and
rate delivered from initial and final concentrations of ions or online according to the time
step. Furthermore, the adsorption and desorption operations were also performed without
an external electrical field. This case shows how the electrical potential/current influenced
charge/current efficiency and adsorption/desorption behaviors.

The simple RC (resistance–capacitor) circuit with measurements of current change
was applied to analyze the energy consumption and calculate the system capacity. First,
the energy consumption (EC) was computed from numerical integration of the current
versus time relationship and voltage. Then, the following metrics of energy normalized
adsorption/desorption of salt (ENAS and ENDS) in gram units per Joule of energy were
calculated. The next factor describing HCDI was electrical work in Wh per gram of
adsorbed/desorbed salt, and it was defined as a ratio of charge flow by the system during
the adsorption/desorption step with an electrical potential between electrodes divided by
the mass of adsorbed/desorbed salt.

2.3.6. Theoretical Background of Anion Transportation

The pseudo-first-order [17], pseudo-second-order [18], Weber–Morris intraparticle
diffusion [19] and Elovich models [20] were applied for the investigation of the adsorption
kinetics and transportation of chloride anions through developed anion exchange mem-
branes. On the other hand, the Temkin [21] and Harkins-Jura [22] models were applied for
adsorption isotherms.

Pseudo-First-Order Kinetic Model

The pseudo-first-order (PFO) rate expression of Lagergren and Annadurai and Krish-
nan in linear form is given as:

log(qe − q) = log(qe)−
k1t

2.303
(5)

With q the amount of adsorbed solute, qe its value at equilibrium, k1 the pseudo-first-
order rate constant and t the time. The pseudo-first-order kinetic constant and the theo-
retical qe based on pseudo-first-order kinetics can be obtained from the plot of log(qe − q)
versus t. The equilibrium adsorption density qe is required to fit the data, but in many cases,
qe remains unknown due to slow adsorption processes. In addition, in many cases, the
first-order equation of Lagergren does not fit well to the whole range of contact time and is
generally applicable over the initial stage of the adsorption processes.

Pseudo-Second-Order Kinetic Model

The pseudo-second-order (PSO) kinetics model can be rewritten in linear form as:

t
q
=

1
k2q2

e
+

1
qe

t (6)

The PSO kinetic constant and the theoretical qe by a type 1 PSO expression can be
calculated from the plots of t/q versus t. The PSO model is more likely to predict the
behavior over the whole range of adsorption and agrees with chemical sorption being the
rate-controlling step [23] which may involve valency forces through sharing or exchange of
electrons between ions and adsorbent.

Weber–Morris Intraparticle Diffusion Model

The intra-particle diffusion model based on the theory proposed by Weber and Mor-
ris [24] was used to identify the diffusion mechanism. According to this theory, the
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adsorbate uptake qe varies almost proportionally with the square root of the contact time,
t 1

2 rather than t. this model is given as:

qt = kid
√

t + C (7)

KID is the intraparticle diffusion constant (mg/g min0.5), and the intercept (C) reflects
the boundary layer effect. The kid values were calculated from slopes (kid) of the plots of qe
vs. t0.5 [25]. The intraparticle diffusion model describes adsorption processes, where the
rate of adsorption depends on the speed at which adsorbate diffuses towards adsorbent
(i.e., the process is diffusion-controlled) [26].

Elovich Model

The Elovich equation is given as follows [27]:

qt =
1
β

ln(αβ) +
1
β

ln(t) (8)

where α (mg/g min) is the initial sorption rate, and the parameter β (g/mg) is related to
the extent of surface coverage and activation energy for chemisorption. The kinetic results
will be linear on a qt versus ln(t) plot. It was suggested that diffusion accounted for the
Elovich kinetics pattern; conformation to this equation alone might be taken as evidence
that the rate-determining step is diffusion in nature and that this equation should apply at
conditions where desorption rate can be neglected.

Temkin Model

The derivation of Temkin adsorption isotherm assumes that the fall in the heat of
adsorption is linear. This sorption isotherm contains a factor that explicitly considers the
interaction between adsorbate and adsorbent. Due to interactions between adsorbent and
adsorbate, the heat of sorption of adsorbing ions in the layer decreases linearly with the
coverage of the adsorbent surface. Temkin isotherm takes into account the occupation of
high energetic sites at first. The linearized form of the isotherm is [27]:

qe =
RT
bT

lnAT +
RT
bT

lnCe (9)

where AT (L/g) and bT (kJ/mol) are Temkin constants related to equilibrium binding
constant (L/mol), which are related to the maximum binding energy and heat of adsorption,
respectively. These constants were calculated from the slope and intercept of the plot
qe vs. lnCe.

Harkins–Jura Model

The multilayer adsorption and the existence of the heterogeneous pore distribution in
the surface of the adsorbents are mainly described by Harkins–Jura isotherm model [28],
which is expressed as:

1
q2

e
=

BHJ

AHJ
− 1

AHJ
log Ce (10)

BHJ and AHJ are the Harkins–Jura constants; the value of BHJ and AHJ can be deter-
mined from the slope and intercept of the plot of 1/qe

2 vs. log Ce, respectively [28].

3. Results and Discussion
3.1. Membrane Characterization
3.1.1. Membrane Morphology

In Figure 2, the surface of PVDF-DETA membranes is presented. It could be noted that
the morphology has been changed during the amination time. The aggressive environment
(pKb ~ 11) could affect the polymer film in two ways. First, DETA damages the polymeric
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film abides the polymeric surface or accumulates with plugging pores. In the case of PVDF
modification, the membrane shows smaller pores than for pristine film. Therefore, it could
be suggested that on the PVDF surface, some aggregates were deposited. After 1 and 2 days
of modification, Pristane PVDF and membrane have a pore size between 0.5 to 6 nm. Only
membrane immersed for four days exhibits pore size under 1 nm.
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3.1.2. Membrane Chemistry

The FTIR spectra for pristane and modified PVDF-DETA membranes are presented in
Figure 3. At 11, the adsorption bands could be assigned to the secondary amine groups
(Figure 3B,C). However, the CH2 bending mode expected to appear at 1450 cm−1 was
found at 1440 cm−1. Therefore, the exposition of PVDF films to DETA resulted in dehy-
drofluorination and crosslinking of polymer matrix [29].
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FTIR in range 1800–1200 cm−1; (C) approximation of FTIR in range 3800–2500cm −1.

On that base, the expected mechanism of the PVDF modification followed the Michael
reaction [15]. During the reaction, some unsaturated bonds were created that caused the



Membranes 2022, 12, 103 8 of 18

addition of diethylenetriamine. The reaction between PVDF and DETA altered surface
character [29]. The mechanism of wrapping diethylene triamine into PVDF chains is
presented in Figure 4.
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content in PVDF films. The ZIEC is linearly dependent on the nitrogen content that resulted
in NH3

+ functionalities. The nitrogen content also affected water uptake (Figure 5C) so
that it grew exponentially with the increase of nitrogen amounts. This phenomenon is
associated with the hydration of amine groups. Figure 5D the correlation of nitrogen
content and Cl-flux. The flux of chloride anions increased exponentially with nitrogen
content. It seems this is associated with anion-exchange groups’ presence in the modified
PVDF films. Hence, the modification of PVDF by incorporating anion exchange groups
-NH3

+ from DETA turned PVDF films into anion exchange membranes (Figure 4).

3.1.3. Surface Energetics

The contact angles of DI water, DIM, and FA were performed to characterize the surface
energy and its components. Based on the results shown in Figure 5G, the polar component
(Figure 5F), dispersive component (Figure 5I), and total surface energy (Figure 5H) were
calculated. Wu’s protocol was applied to calculate dispersive and polar parts, and the van
Oss, Chaudhury, and Good procedure served to get the base component.

The polarity was calculated as a share of the polar component to total surface energy.
According to obtained data, the polarity reached a level ~50% after one day of modification,
and its value was stable over the additional time. This fact is associated with a similar
tendency to change total surface energy and its polar and dispersive components. Their
values were changed with the modification time with the plateau region after the four
days. Hence, further incorporation of amines into the PVDF chain did not affect either total
surface energy, polar or dispersive components, or polarity.

In summary, the PVDF films were successfully modified by DETA according to
Michael’s reaction. As a result, the properties of obtained membranes were directly associ-
ated with the nitrogen content.
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3.2. The Concentration of Lithium Salt by HCDI
3.2.1. Selection of PVDF-DETA Membrane

The next step for evaluating PVDF-DETA membranes was the selection of the best
AEMs for concentration LiCl in the HCDI process. The cell of HCDI was comprised
of LMTO active cathode material and a combined counter electrode made of activated
carbon active material covered by the investigated anion-exchange membranes. All of
the experiments were performed under the same conditions. The SAC values of the
investigated membranes were compared with the system without AEM. The data are
shown in Figure 6. The significant changes of SAC and ASAR were observed for various
types of applied membranes. The minimal SAC was reached by configuration with PVDF-
Pristane films. This fact was expected as the unmodified PVDF films had no ion-exchange
groups. The SAC of 2 mg/g suggests that even with the use of LMTO material dedicated
for lithium sorption, the critical parameter was connected to anion exchange membranes
that controlled the growth of resistance in the HCDI system. Thus, the AEM membranes
affected the system resistance, which decreased the sorption efficiency of HCDI. PVDF
membranes exhibit the linear relationship between SAC values and ion exchange capacity,
expressed as nitrogen content. The highest SAC value was determined for PVDF-DETA4.
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Figure 6. Modified Ragone plots for adsorption (A) and desorption (B) of LiCl salt, classical Ragone
plot for adsorption (C), the changing of the relative concentration of lithium chloride during adsorp-
tion (D), lithium chloride concentration released (E) during desorption, current efficiency (F) and
ENAS (G) for adsorption steps for investigated PVDF membranes. CLiCl,feed = 10 mM, CVads = 1 V,
CVdes = 0 V tads = tdes = 10 min, Vfeed = 0.1 dm3.

Despite the HCDI without AEM membranes having the highest sorption capacity,
desorption of accumulated salts was a complex phenomenon. The data is presented
in Figure 6B, where the modified Ragone plot compares the desorption ability of the
system that, without AEMs, initially desorbed salt performed the desorption, but after
~90 s, the backstream of released ions was observed. This phenomenon is also found in
Figure 6E. In the case of the presence of the AEM membranes, the salt concentration in the
desorption step raised slowly when the PVDF membranes blocked the co-ions entrance
to counter electrodes. The opposite situation is observed in the configuration without
ion-exchange membranes. Here, the re-sorption of cations into a nonblocked counter
electrode was observed. The effect disappeared when the PVDF membranes were attached
to the electrode. The highest impact on blocking the re-sorption of counter ions showed the
PVDF-DETA4 membrane.

The energetic aspects of sorption are presented in Figure 6C. The Ragone plot presents
the power and energy consumption during the charging step of the HCDI systems. The
highest energy consumption was detected for the system with unmodified membranes,
creating a non-conductive barrier. The highest current efficiency was achieved for HCDI
equipped with AEM membranes. However, the PVDF-DETA4 configuration exhibited
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an 11% lower value and reached 0.17. The rest membranes had higher current efficiency
than pristine PVDF that could be associated with ion exchange capacity and promotion of
sorption phenomenon. The last parameter, ENAS, shows how many grams of salt could be
absorbed per one Joule of energy. In this case, the highest ENAS was also detected for the
system without membrane, viz. 1.1 mg/J. The configuration with PVDF-DETA4 reached
0.9 mg/J.

3.2.2. Selection of HCDI Voltage Conditions

From the above data, the most promising AEM membrane for the HCDI process is
PVDF-DETA4. However, the optimal electrical conditions related to the charging step
should be found. We evaluated a different external voltage charge in constant voltage
to do it. The effects on SAC, energetical factors and kinetics of accumulation LiCl salts
are presented in Figure 7. With increasing external voltage, the SAC value (Figure 7A) is
raised from ~14 mg/g for U = 0.0 V to ~30 mg/g for U = 2.0 V and reached twice higher
sorption capacity than in configuration without external electrical fields. The relative
sorption (Figure 7C) increased from 0.08 mol/dm3 to 0.16 mol/dm3. The highest growth
of accumulation LiCl salt was achieved from U = 1.0 V to U = 2.0 V, where the sorption
changed by 17%. The energetical factors at the classical Ragone plot show that the highest
external applied voltage consumed the highest energy, and the SAC value took the highest
value at maximum U. The differences between U = 0.5 V and U = 2.0 V were about ~300%.

A similar tendency is visible in the ENAS parameter (Figure 7D), where the effective-
ness decreased over three times from 1.5 mg/J to 0.5 mg/J for U = 0.5 V and U = 2.0 V,
respectively. The nonlinear relationship was visible in the current efficiency (Figure 7E).
The highest value was observed for U = 1.0 V. This fact is related to the relatively high
sorption in U = 1.0 V and lower energetics requirements. The desorption efficiency (η)
was the next critical studied parameter (Figure 7F). Here, the η got the same value for
each electrical mode (~90%). This is connected with the ability of PVDF-DETA4 to stop
the resorption of co-ions during the desorption step. The concentration of salt raised in
desorption flux according to SAC tendency (Figure 7G).

3.2.3. The Concentration of LiCl by HCDI

The last investigated issue was to see a chance to concentrate LiCl salt in the desorption
step when the discharging process was performed against the concentration gradient. In
this case, the five cycles of concentration of LiCl were carried out. The data are presented
in Figure 8. Over five sorption cycles, the SAC was decreased from 29 mg/g to 23 mg/g,
making a 20% reduction of initial SAC. This is related to limited desorption efficiency and
decreasing SDC. The SDC fell from 22 mg/g to 11 mg/g in the first and fifth cycles. This
phenomenon is shown in Figure 8C, where the final concentrations of LiCl are presented.
The concentration raised from 0.005 mol/dm3 to 0.02 mol/dm3. Hence, the concentration
of LiCl increased four times concerning the initial one.

The further steps were not equal and were related to the limited sorption and desorp-
tion efficiency. The desorption efficiency decreased for further cycles of LiCl concentrating
reduced by 30% (Figure 8G). In the case of the ENAS parameter, their values for adsorption
(two-colored bares) show a decreased tendency. This fact is directly connected with a
decrease in SAC. However, the ENAS for desorption was raised and reached over three
times higher values. This showed the possibility to concentrate salt by HCDI. The last
parameter, current efficiency, was stable for the adsorption process and reached 0.1 to 0.13
for the first and fifth cycles.
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sorption (B), The changing of relative concentration of lithium chloride during adsorption (C),
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during desorption (G) for PVDF-DETA4 over various voltage in CV mode. CLiCl,feed = 10 mM,
tads = tdes = 10 min, Vfeed = 0.1 dm3, CVdes = 0 V.

3.2.4. Comparison with Other Techniques

To complete the analysis of concentration lithium salt by membrane techniques, the
comparison investigated PVDF-DETA membrane employed in HCDI with other mem-
branes process is necessary. The Comparison with typical techniques for concentrating
compounds is presented in Table 2. The forward osmosis (FO) with NaCl and MgCl2 as
draw solution for lithium concentration from brines was applied. Here, the commercial
membrane from cellulose triacetate (CTA) was used. A Li concentration of 12 g/L was
achieved after 30 h, five times higher than the initial feed solution [30]. Next, research
under FO was conducted on the application of composite PVDF membrane for lithium
concentration. FO is utilized to concentrate LiCl in the solution from 36 to 175 g L−1 with
an average water transfer rate of 0.450 L m−2 h−1 (LMH) at 85 ◦C [31]. Another idea comes
from R. Wang team. They applied pervaporation as a potential process for lithium con-
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centration. A specific PVDF composite with graphite oxide (GO) membrane was obtained.
Investigated membrane increased lithium concentration from 0.3 to 1.27 g/L (73% feed
volume reduction) [32]. In addition, the dialysis process was evaluated as a powerful tool
for Li concentration. Parades et al. developed a polymer inclusion membrane composed of
cellulose triacetate (CTA) and the carriers LIX-54-100 and Cyanex 923 and applied it for
Li concentration. This membrane successfully extracted and concentrated lithium from
natural seawater samples. The showed processes are compared with investigated PVDF-
DETA4 working in the HCDI process. Despite that, the ratio of concentrating Li during
forward osmosis, pervaporation, dialysis, and hybrid capacitive deionization was at the
same range between 385 to 700, the rate of concentration for PVDF-DETA4 in HCDI was
highest as achieved 0.53 g/h.
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Figure 8. Modified Ragone plots for adsorption (A) and desorption (B) of LiCl salt, classical Ragone
plot for adsorption (C), The changing of the relative concentration of lithium chloride during adsorp-
tion (D), ENAS (E), current efficiency (F), and desorption efficiency (G) for PVDF-DETA4 at U = 2 V
(CV mode) for cycles of lithium chloride concentration. CLiCl,feed = 10 mM, tads = tdes = 10 min,
Vfeed = 0.1 dm3, CVdes = 2.0 V. Two-colored bares are related to adsorption, one-colored bars are
related to desorption.
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Table 2. Comparison of other membrane processes for lithium concentration.

Process Type of Membrane
The Ratio of Li
Concentration
Increasing [%]

Time of
Process [h]

Rate of Concentration
[g/h] Ref.

Forward osmosis CTA membrane 410 30 0.41 [30]

Forward osmosis Composite PVDF
membrane 486 550 0.32 [31]

Pervaporation PP/GO membrane 385 120 0.0035 [32]

Dialysis CTA/Cyanex 923 and
LIX-54-100 387 30 0.21 [33]

HCDI PVDF-EDA24 700 1.6 0.18 [34]

HCDI PVDF-DETA4 400 0.16 0.53 This study

3.2.5. Transportation Phenomenon

The adsorption kinetics and isotherms are fundamental in explaining the interactives
between solutes and membranes and are crucial in designing the ion-exchange behavior of
membranes. Considering the ion exchange nature of investigated membranes, comparing
anions and cations transportation across the membrane is a critical parameter that will
define transported spices’ preferences. According to the nucleophilic substitution mecha-
nism of fluoric atoms by diethylene triamine, primary and secondary amines’ appearance
into anion exchange membrane is visible. To confirm the anion-exchange character of
the investigated membrane, the PVDF-DETA4 was chosen for transportation chlorides,
nitrates as anions representants and sodium and lithium as cations representants. In order
to investigate the kinetics of sorption, pseudo-first-order, pseudo-second-order equations,
and Weber–Morris and Elovich models were applied. To evaluate the adsorption isotherms,
the Temkin and Harkin-Jura models were chosen. The experimental data with fitting
models are presented in Figure 9. Additionally, the calculated parameters of PFO, PSO,
WM, Elovich, Temkin and Harkin-Jura models are summarized in Table 3. The PFO model
fits well for chloride and nitrate transportation reached 121.4 and 40.4 mg/g with R2

at 0.963 and 0.943, respectively. During sodium and lithium, PVDF-DETA4 transported
only 2.20 and 3.50 with R2 at 0.658 and 0.888, respectively. A good correlation with the
PFO model during chlorides and nitrates shows a reversible reaction between anions and
anion-exchange groups like primary and secondary amines [35]. Based on these facts,
the permselectivity of Cl−/Na+ and Cl−/Li+ for PVDF-DETA4 reached 0.9516 and 0.955,
respectively. Those factors directly confirmed the anion-exchange behavior of investigated
PVDF-DETA4 membrane. Considering the PSO results, the R2 correlation for all species
was high and got over 0.9. This behavior suggested that both ion types could be accumu-
lated on the membrane surfaces where the sorbate and functional groups had a main role
in transportation.

The Weber–Morris intraparticle diffusion model describes the influence of solid struc-
ture and its interaction with diffuse species on the transport rate across the membrane.
Intraparticle diffusion is a transport process involving the movement of species from the
bulk of the solution to the solid phase. The KID describes the intraparticle diffusion co-
efficient in mg/g min0.5. As shown in Table 3, the highest value of KID was obtained for
chloride and nitrate transportation. On the other hand, based on Elovich fitting, the initial
sorption rate was the highest for chloride and nitrates with a neglected small amount of
sodium and lithium. In addition, the activation energy for chemisorption of chloride and
nitrated were the smallest. Finally, the evaluation related to fitting data to adsorption
isotherms was performed.
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Table 3. List of calculated parameters for PVDF-DETA4 membrane.

Model
Chlorides Nitrates Sodium Lithium

Adsorption Kinetics

PFO

qm (mg/g) 121.4 40.4 2.20 3.50

k1 0.0062 0.0014 0.001 0.0016

R2 0.963 0.943 0.658 0.888

PSO

qm (mg/g) 123.8 73.5 4.76 5.37

k2 0.0004 0.0012 0.2756 0.198

R2 0.968 0.909 0.987 0.934

WM

KID 5.55 3.26 0.177 0.215

C −10.47 −6.06 1.19 0.65

R2 0.984 0.969 0.844 0.943

Elovich

α 7.16 4.19 1.61 1.02

β 0.058 0.098 1.53 1.40

R2 0.751 0.748 0.908 0.828

Adsorption isotherms

Temkin

AT 245.6 470.4 493.3 486.2

bT 128.6 223.6 1121 1090

R2 0.692 0.700 0.952 0.914

Harkin-Jura

AHJ −0.128 −0.016 −0.004 −0.004

BHJ −0.150 −0.072 0.002 0.015

R2 0.362 0.388 0.758 0.613
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In this case, the Temkin and Harkin-Jura models were selected. Their fitting and
specific parameters are summarized in Figure 9 and Table 3, respectively. The Temkin
isotherms well fit all of the evaluated ions. The most crucial parameters are AT and bT,
which indicate maximum binding energy and heat of adsorption, respectively. The most
negligible binding energy was determined for chloride transportation, while for nitrated,
sodium and lithium AT reach around 480 L/g. Significant differences are observed for the
heat of adsorption. For chloride and nitrates, the bT was estimated at 128 and 223 kJ/mol,
while sodium and lithium were at 1121 and 1090 kJ/mol. Hence, the energetical parameters
required for sorption are over five times lower for anions than cations transportation.
The last investigated adsorption isotherms were the Harkins–Jura model. The HJ model
describes the multilayer adsorption and the heterogeneous pore distribution on the surface
of the adsorbents. The HJ model exhibits a low R2 correlation to the experimental data
for all evaluated ions. This means that the adsorption mechanism of chlorides, nitrates,
sodium, and lithium are related to monolayer fulfilling and can be linked with adsorption
on the surface without pores.

Considering the presented experimental data and analysis of adsorption kinetics and
isotherms, it can be concluded that the PVDF-DETA4 exhibits a significant behavior for
transportation anions like chloride and nitrates compared to sodium and lithium cations.
Moreover, the developed anion exchange membrane enhances the chloride transportation
of nitrates.

4. Conclusions

The presented research is related to preparing anion exchange membranes that can
be used for concentration salts during the desorption step. The following outputs can be
delivered:

• The modification of PVDF films by DETA runs according to Michael addition reaction
and leads to the creation excellent anion exchange membrane with a high amount of
chloride anions transportation.

• The best chemical and transportation properties were detected for PVDF modified by
DETA by four days.

• The PVDF-DETA4 membrane is suitable to block the co-ions effect during the desorp-
tion step and allow to reach the SAC around 30 mg/g.

• The PVDF-DETA4 membrane allows performing the desorption step with 90% of
efficiency.

• By applying the PVDF-DETA4 membrane, it is possible to concentrate the LiCl with
four times the factor.

• Based on adsorption kinetics and isotherms, the PVDF-DETA4 exhibits the enhanced
transportation of chlorides compared to nitrates, sodium, and lithium cations, which
directly state the anion exchange ability of the developed membrane.
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