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ABSTRACT: The increasing pressure for lithium resources from the electric vehicle and
nuclear energy industries means that new technologies to separate Mg** from Li" from salt
water are in demand. To address this need, we fabricated lithium pyrene squarate covalent
organic frameworks (Li-SQCOFs) to separate Mg®'/Li* mixtures from salt water. We
optimized the effect of the electrolyte and the amount of the adsorbent and then carried
out a kinetics study on the adsorbent recovery at various pH levels using both batch and
continuous flow adsorption methods. Li-SQCOF was found to have excellent selectivity for
solutions containing a mixture of Mg**/Li* ions. This work represents a unique path for
the separation of Mg**/Li" through direct adsorption using a covalent organic framework
(COF). The COF-supported ultrafiltration bed made in this study gave a Mg*" separation

flux of 60.5 h™! m~2%

Li* / Mg**
Mixture

100 % Li‘ag
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1. INTRODUCTION

The consumption of lithium resources is expected to rise rapidly
and continuously due to the growing worldwide market demand
for Li-ion batteries and nuclear power plants.' ™ The concern
over the depletion of lithium ores has prompted research into
lithium-ion recovery from a wide variety of sources.*”® When
compared to hard rock ore mining, Li-salt extraction from brine
is easier, more environmentally friendly, and less expensive.’
Recent efforts have been made to find efficient and scalable
methods to recover Li* jons from salt water; in particular, salt
water lakes in South Africa.”

The foremost challenge for recovering Li* ions from salt-lake
brines is separating them from Mg** ions, which have similar
properties like ionic radius and chemical reactivity.”'® The
techniques currently used for Li" mining from salt-lake brines
containing high Mg**-to-Li* ratios include calcination, adsorp-
tion, and extraction."’ Various membrane-based technologies
like membrane electrodialysis, reverse osmosis, liquid-based or
supported membranes, and nanofiltration methods have been
investigated to separate Mg>* and Li* ions from each other. The
current state-of-the-art methods for the separation of Mg>*/Li*
require large amounts of harmful and corrosive chemicals,
produce significant waste materials, and are energy-intensive
throughout the process.'”~"* Finding a sustainable solution to
separate the two similar ions while using less solvent and
producing less waste is desirable.

Covalent organic frameworks (COFs) are a family of
polymeric porous and crystalline materials with high surface
area, chemical stability, and significant adsorption capabilities
that make them attractive in water decontamination applica-
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tions. COFs are synthesized from various molecular

building blocks, and the synthetic methods are designed to
generate specific structural attributes such as tunable pore sizes
and shapes.'” Further, COFs have been found to be excellent
adsorbent materials while maintaining their crystallinity and
porosity.”” The adsorption properties of COFs have made them
promising materials for gas separation”’ and molecular
separation in liquids.”> Most COFs have intrinsic pore sizes in
the range of 1—3 nm, which makes them suitable for dye
separation applications.”*~>* Applying the tenets learned from
dye separation technology and considering the tunable nature of
the pore size, the foundation for using COF membranes for the
removal of specific ions from water has been established.
Therefore, COFs have potential as primary components for
membranes for desalination.”®™>* Although membrane tech-
nology using COFs or MOFs has already shown great success in
separating Mg**/Li* mixtures,”” " big challenge remains for the
removal of small traces of Mg2+ in the resulting mixture of Mg2+ /
Li* from initial separations. The other challenges associated with
membrane technology are membrane fabrication and separation
conditions: the fabrication currently uses a tedious process to
monitor the porosity of the membrane; and the separation
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Scheme 1. Synthetic Scheme for the Lithium Pyrene Squarate Covalent Organic Framework (Li-SQCOF)
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conditions require precise control of the electric potential. Thus,
facile manufacturing of the separation materials, methods to
completely remove the Mg, specifically from Mg**/Li*
mixtures, and a simple process for selective adsorption of
Mg** are sought.

To address the need for a low-cost, low-energy, and
environmentally-friendly method for the separating of Li*
from Mg, we investigated the selective adsorption of Mg>*
from Li*/Mg®" mixtures with a lithium pyrene squarate COF
(Li-SQCOF) (Scheme 1). Our Li-SQCOF showed preferential
adsorption of Mg**, and we optimized the conditions for this
adsorption by studying the effects of the amount of COF
needed, types of electrolytes, solution contact time with the
COF, and the reusability for the adsorption at different pH levels
using both batch and continuous flow adsorption processes.

2. EXPERIMENTAL SECTION

2.1. Materials. Squaric acid (SA, 98%, Matrix Scientific), 1,3,6,8-
tetrabromopyrene (97%, Chemscene), n-butanol (n-BuOH, anhydrous
99.98%, Sigma-Aldrich), acetone (99.5%, Fischer Chemicals), o-
dichlorobenzene (DCB, 99%, Alfa Aesar), N,N’-dimethylformamide
(DMF, anhydrous 99.8%, Sigma-Aldrich), tetrahydrofuran (THF,
HPLC Grade, Tedia High Purity Solvents), lithium chloride (Fisher
Scientific, 99.9%), magnesium sulfate (98%, Sigma-Aldrich), hydro-
chloric acid (36.5—38.0%, Sigma-Aldrich), lithium hydroxide (98%,
Sigma-Aldrich), potassium chloride (KCI, ACS reagent, 99.0—100.5%,
Sigma-Aldrich), and sodium chloride (ACS reagent, >99.0%, Sigma-
Aldrich) were used as received. The synthesis of 4,4',4",4”-(pyrene-
1,3,6,8-tetrayl)tetraaniline (Py-TA) was carried out according to a
previously reported procedure.*”

Solid-state nuclear magnetic resonance (SSNMR) measurements
were made on a Bruker Avance-III-HD-ssS00 spectrometer (analysis
parameters: *C-CPMAS; relaxation delay-Ss; Scans-12k and 12 KHz of
magic angle spinning). Powder X-ray diffraction (PXRD) analysis was
done on a Bruker D8 powder diffractometer with nickel-filtered Cu Ka
radiation at 40 kV and 100 mA. For PXRD simulations, CrystalMaker
and CrystalDiffract software were used, CrystalMaker Software Ltd,
Oxford, England (www.crystalmaker.com). Field emission scanning
electron microscopy (SEM) was carried out using a Zeiss LEO 1550
FESEM, and transmission electron microscopy (TEM) was done on an
FEI/Thermo Fisher Titan Themis CryoS/TEM 60-300 kV. X-ray
photoelectron spectroscopy (XPS) samples were analyzed using a
Scienta Omicron ESCA-2SR with an operating pressure of ca. 1 X 10~°
Torr. Monochromatic Al Ka X-rays (1486.6 eV) were generated at 250
W (15kV; 20 mA) with photoelectrons collected from a 2 mm diameter
analysis spot. and Fourier transform infrared spectroscopy (FTIR) was
done on a Thermo Scientific Nicolet iNS and was used to analyze the
surface compositions of synthesized COF materials. Inductively
coupled plasma (ICP) atomic emission spectroscopy was carried out
on ICP-OES by Spectro Analytical Instruments, Inc, and the EPA 6010-
B method was used for analysis (https: //www.epa.gov/sites/default/
files/documents/6010b.pdf).

2.2. Synthesis of Li-SQCOF. The pyrene squaric acid-based COF
(SQCOF) was synthesized by following the synthetic procedures
reported with some modifications; details can be found in the
Supporting Information (Scheme 1).** To make the Li-SQCOF, the
dried SQCOF (200 mg) was treated with 10 mL of aqueous 0.1 M
LiOH for 6 h, followed by 30 min of sonication at 35 kHz. The bright
orange solid was then filtered and washed with water until the filtrate
was pH neutral.

2.3. Separation of Cations. Stock solutions, 500 mg L™" of each
Mg** and Li*, were prepared by dissolving MgSO,-7H,0 (2.54 g, 10.3
mmol) and LiCI'H,O (2.18 g, 36.0 mmol) in S00 mL of deionized
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Figure 1. (a) SEM image for the morphology of SQCOF in the eclipsed conformer, (b) HRTEM image of SQCOF, (c) PXRD patterns of SQCOF, Li-
SQCOF, and after Mg** capture (Mg-SQCOF) along with the simulated PXRD pattern, and (d) CP/MAS *C NMR spectra of SQCOF; THF was

used to wash the product during purification.

water (18.2 MQ2 cm deionized with a Milli-Q IQ 7000 Ultrapure Water
System). Different dilutions of Mg**, Li*, and Mg**/Li* mixtures were
made in deionized water.

Batch separations were carried out in a test tube. Solid SQCOF or Li-
SQCOF (~1 to 30 mg) was added to the tube, followed by ~8 to 12 mL
of cation solutions. The tube was either shaken or sonicated for 30 min.
The solution was then filtered through a syringe filter (Whatman HPLC
syringe filter, 7 mm, Teflon/nylon, 0.2 ym), and the filtrate was
analyzed by ICP atomic emission spectroscopy.

Continuous flow adsorption separations were carried out using a 30
mm diameter filtration bed made on a Whatman filter paper (Spartan
30/0.22) with a 0.22 ym pore size. A water suspension of SQCOF or Li-
SQCOF (30 mg) was injected into the filter and allowed to settle on the
surface of the filter paper inside the syringe filter. An injection flow
pump (Fusion 200) was used to maintain a constant flow rate of 900 mL
h™". The estimation of both cations (Mg?* and Li*) was performed on
ICP atomic emission spectroscopy (Figure S2).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of SQCOF and Li-
SQCOF. The synthesis of SQCOF has been reported in the
literature, and its crystallinity was shown to be dependent on the
ratio of squaric acid to Py-TA.>* Further, Ding et al. reported
that using a 1:1 mixture of mesitylene and dioxane as the solvent
system exclusively formed the 1,3-isomer of the squaric acid
connector.” In the same report, they noted that when DCB/n-
BuOH was used as the solvent system, the 1,2-isomer was
produced. In our synthetic study, we used an excess of squaric
acid and DCB/n-BuOH as the solvent, and our SSNMR, FTIR,
and PXRD data indicate that we have exclusively produced the
1,3-isomer of the squaric acid connector (Figure 1).>* The
formation of the 1,3-isomer in our case is likely due to the slight
differences in our synthetic procedure, which include the

absence of water and lower reaction temperature. Other reports
where squaric acid is used as a connector also conflict. Some
report a 1,2-coupling product or a mono-substitution of the
squaric acid in the presence of water and the protic acid
catalyst,”* ™" while others suggest the 1,3-coupling®*’ and
some indicated the isomer formed was independent of the
solvent system entirely.*"** Therefore, because our experimen-
tal data most closely match that of the 1,3-isomer reported by
Ding et. al,, we are reasonably confident that is what we have
produced in our synthesis.

SQCOFs, before and after the Mg** adsorption activity, were
characterized by powder X-ray diffraction (PXRD) analysis. The
SQCOF before Mg** adsorption activity showed high
crystallinity and reasonably good chemical stability after Mg**
adsorption, which is evident from the PXRD patterns. The
PXRD simulation studies indicate that SQCOF has a P2/m
space group in a monoclinic crystal system (a =23.97, b = 36.06,
¢ =346 A, y = 91.46°) that is in good agreement with the
literature.” The simulated PXRD pattern has shown the
characteristic 20 peaks at 7.85, 9.58, 15.90, 21.87, 22.42,
23.33, and 24.02° values, which correspond to the miller indices
(hkl) 200, 220, 420, 001, 111, 201, and 221 respectively (Figure
Ic). The signal at 7.85 indicates that SQCOF retains its
crystallinity after the formation of Li-SQCOF and Mg-SQCOF.
The SEM image shows a fibrous network-type morphology for
the eclipsed conformer of SQCOF (Figure la), and the
HRTEM image indicates that the interlayer distance is 1.68
nm (Figure 1b) that belongs to the 020 face of the crystal unit
cell.

SSNMR "*C CP/MAS spectra confirmed the formation of the
1,3-isomer of the SQCOF structure (Figure 1d). The presence
of the SQ linker was confirmed by the peak at 187 ppm that
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Figure 3. (a) Mg** adsorption capacity of SQCOF and Li-SQCOF as a function of initial Mg?* concentration. (b) Freundlich adsorption isotherms for

SQCOF and Li-SQCOF.

Table 1. Adsorption Capacity (Q) of SQCOF for Mg>* and Li* in Salt Water Containing Variable Concentrations of Mg>* and Li*

SI. NO. starting conc. of Mg?* (mg L™") starting conc. of Li* (mg L™") Q for Mg** (mg g™') + St. Dev. Q for Li* (mg g™') + St. Dev.

1 50.00 3.30 + 0.16

2 50.00 0.15 + 0.04
3 50.00 50.00 3.60 + 0.11 0.12 + 0.04
4 50.00 5.00 3.37 +0.16 0.03 + 0.02
S 5.00 50.00 3.30 + 0.34 0.14 + 0.03
6 5.00 5.00 3.10 + 0.26 0.04 + 0.02
7 5.00 2.94 +0. 22

corresponds to the quaternary C of the carbonyl group C—O (h
in Figure 1d) and C—N carbons of the four-membered ring at
176 ppm (g in Figure 1d). The other aromatic carbons appear in
the range of 118—142 ppm (a, b, ¢, d, and f in Figure 1d). The
signals between 160 and 170 ppm confirm the 1,3-isomer, as the
increased symmetry of the 1,2-isomer would result in a loss of
signals between 160 and 170 ppm.

The FTIR spectra of SQCOF before and after the Mg**
separation activity shows the expected changes (Figure S3). The
band at 3304 cm™’, attributed to the hydroxyl groups in the
parent compound, disappears upon addition of Mg>* when the
protons are replaced with Mg**. The carbonyl stretch appears at
1700 and 1795 cm ™, and the C=C aromatic stretching at 1394
cm™!. The weak vibrations around 3250 cm™, attributed to N—
H stretching, are still present but less intense upon interaction
with the Mg>.

The specific surface area of SQCOF was calculated by
multipoint BET surface area analysis (Figure 2). The specific
surface area of SQCOF was 70 m® g~', whereas the value of
constant C for SQCOF was 185, which indicates the
microporous characteristics; C > 150 is considered micro-
porous.*’ The pore size distribution curve indicated the smallest
pore in the SQCOF as 19.4 nm. High surface area and porosity

are good indicators for its use as an adsorbent in batch, as well as
continuous flow, systems.

3.2. Mg?* Adsorption Activity. After the characterization
of the SQCOF and Li-SQCOF, the adsorption selectivity
toward Mg2+ was evaluated as a low-cost, low-energy, and
environmentally-friendly method for the separation of Li* from
Mg**. Using batch separation conditions, solutions of various
concentrations of Mg**, Li*, and mixtures of both were treated
with solid COF, and the filtrate was analyzed by ICP atomic
emission spectroscopy. The adsorption capacity of the SQCOF
for Li* and Mg*" under different concentrations of Li* and Mg**
was determined using the following equation**

— (Co — C)V

m

¢ 1)
where Q (mg g™"') is the adsorption capacity, C, (mg L™") is the
initial Mg** concentration, C (mg L™") is the remaining Mg>*
concentration in the supernatant, V (L) is the volume of the
initial solution, and m (g) is the amount of the adsorbent. The
adsorption capacity (Q) of SQCOF for Mg®" and Li" in separate
and mixed solutions of Mg?* and Li* shows that SQCOF
adsorption is highly selective toward Mg*" (Figure 3 and Table
1). Different concentrations were tested to check the adsorption
capacity of SQCOF in different concentrations as a preliminary
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Figure 4. Effect of the adsorbent (SQCOF and Li-SQCOF) amount on (a) Mg** adsorption and (b) Mg** adsorption in the presence of Mg>* (4.00
mg L) and Li* (50.00 mg L") in salt water; no remarkable change in Li* concentration was observed.

test. For the solutions of Mg ions, we found Q to be 2.94 mg
g 'for 5.00 mg L™" ion solutions and 3.30 mg g~ for 50.0 mg L™
ion solutions, indicating similar adsorption capacities. However,
low adsorption was observed for Li* (0.15 mg g~ for a 50.0 mg
L™" solution), which was further decreased for a 5.00 mg L™
solution of Li*. For the mixed ion solutions, Q; values of 3.60 mg
g~ for Mg** and 0.12 mg g~ for Li* were observed for the 50.0
mg L™! solution, which indicated the selectivity of the SQCOF
toward Mg*" ions. A similar pattern was observed for the lower-
concentration solution of the mixed ions (5.00 mg L™"). Q was
found to be 3.30 mg g~ for Mg**, and a slight amount of Li* was
captured by SQCOF.

Adsorption capacities of SQCOF were also calculated for
mixture solutions containing S0 mg L' Mg** and 5.00 mg L ™" of
Li* concentration and vice versa. For both mixture solutions,
selective removal of Mg** was observed (Table 1).

Due to the different binding affinities of Li* and Mg>" by
SQCOF, XPS analysis was used to evaluate the interaction
between Mg** ions and SQCOF. The coordination of Mg** by
nitrogen was confirmed by X-ray photoelectron spectroscopy
(XPS, Figure S4). Adsorption of Mg** is likely due to the
replacement of protons from the squaric acid connector along
with the coordination of nitrogen from the SQCOF backbone
(Scheme S1). The XPS spectra of SQCOF and Mg-SQCOF are
presented in Figures S4 and SS. The peaks for Mg-SQCOF were
slightly shifted to higher binding energies. The O atoms shifted
from 531 to 533 eV with the appearance of a shoulder around
536 eV, indicating two possible bonding interactions of oxygen.
The N atoms in Mg-SQCOF also show a higher energy shift
from 399 to 403 eV with a small shoulder around 398 eV.

To improve the adsorption of Mg**, SQCOF was treated with
LiOH to deprotonate the squarate linker and increase the
negative surface charge. The observed { potential for SQCOF
before LiOH treatment was 11.66 mV, whereas after treatment
with LiOH, the deprotonated Li-SQCOF exhibited a negative
surface charge of —35.33 mV. The adsorption capacity toward
Mg** after LiOH treatment was measured for Mg>*, Li*, and
Mg**/Li" mixed solutions. Li-SQCOF had more than twice the
adsorption capacity of SQCOF (Figure 3a).

3.3. Effect of the Mg?* Concentration on Absorption
Capacity (Q). An increase in Mg** adsorption capacity was
observed for the same mass of SQCOF and Li-SQCOF with
increasing concentration of Mg**(Figure 3). For SQCOF with a
1.27 mg L™! Mg** solution, the observed value of Q was 1.63 mg
¢!, which increased to 2.80 mg g~ for a 10.45 mg L™ solution.
A similar ratio between the two concentrations was also
observed for Li-SQCOF; however, Q was observed to be larger
for both solutions, where Q was observed as 3.88 mg g™ for the

1.27 mg L™" Mg** solution and 7.60 mg g~ for the 10.45 mg L™!
Mg** solution. This increase between the SQCOF and the Li-
SQCOF toward Mg*" indicated a greater efficiency for Mg**
removal by the Li-SQCOF. This rise in Q for both the
adsorbents (SQCOF and Li-SQCOF) with increasing concen-
tration of adsorbate (Mg’*) is in agreement with the Freundlich
adsorption isotherm (Figure 3b) model eq (2).%

X 1/n
— =KC
m ¢ ()

where x is the mass of Mg>*, m is the mass of COF (SQCOF or
Li-SQCOF), C, is the equilibrium concentration of Mg**, and K
and n are the constants. The value of K was found to be 0.0206
and 0.0204 for SQCOF and Li-SQCOF, respectively, whereas n
was calculated to be 3.92 and 8.97 for SQCOF and Li-SQCOF,
respectively. The higher value of n for Li-SQCOF indicates the
availability of more adsorption sites.** This increase may be
ascribed to hydrated ionic diameters of metal ions for alkali and
alkaline earth metals and the order of transport rate for them,
which is Li* <Na" <K* <Mg*". This order is the same as the
order of their ionic conductivity in infinite dilution. The higher
adsorption of Mg®" on Li-SQCOF rather than on the SQCOF
may be due to Mg*" acting as a better Lewis acid with a lower
transportation rate on the negative surface of Li-SQCOF in
compigison to SQCOF; Li-SQCOF is more selective toward
Mg™.

3.4. Effect of the Adsorbent Amount on Absorption of
Mg?*. Different masses of SQCOF and Li-SQCOF were used to
investigate the effect of the mass of the adsorbent on Mg** ion
removal at a constant concentration of 4.00 mg L™". A linear and
dependent relationship was observed for Mg** capture using
SQCOF and Li-SQCOF with respect to the amount of the
adsorbent used (Figure 4). Overall, Li-SQCOF showed a
steeper increase in the amount of Mg>* that was captured than
SQCOF. This increase in adsorption capacity observed for Li-
SQCOF is attributed to the increased substrate surface that is
available on Li-SQCOF. Mg** adsorption was higher for Li-
SQCOF due to the slower transport rate of Mg>" in the presence
of more substrate ions. Nearly 100% Mg** adsorption was found
using 10 mg of Li-SQCOF and afterward when the 4.00 mg L™
Mg** solution was used. This confirmed the high selectivity and
efficiency for the adsorption of Mg** at low concentrations.

3.5. Effect of lonic Strength and Other Cations on
Absorption of Mg?*. To evaluate the effect of different ions on
the adsorption of Mg**at the Li-SQCOF surface, a constant
concentration of Mg** (10.0 mg L") was treated with a constant
mass of the adsorbent (Li-SQCOF, 8.00 mg) in the presence of
variable concentrations of KCl and NaCl solutions. The
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Figure 5. Effect of (a) ionic strength of electrolytes and (b) pH of the salt solution on the adsorption capacity of Mg™*.

adsorption capacity was found to be 8.05 mg g~' for Mg** in the
presence of a 2.33 mg L ™' KCl solution, whereas in the presence
of NaCl, a maximum adsorption capacity for Mg** of 8.27 mg
¢! was observed for the 2.40 mg L™ solution, which slightly
decreased with increasing ionic strength of solution. At the
highest ionic strength (~140 mg ¢g™'), the minimum adsorption
capacity is 7.23 mg g~'. For both solutions, a slightly decreasing
linear trend was observed with the increasing ionic strength of
the adsorbate solution (Figure Sa).

3.6. Effect of pH. To evaluate the effect of the pH of the salt
solution on adsorption of Mg>* on the SQCOF and Li-SQCOF
surfaces, a constant concentration of Mg2+ was treated with a
constant amount of adsorbent (SQCOF and Li-SQCOF) at
variable pH levels (4.1, 5.4, 6.5, 7.9, 9.2, and 10.8). The pH of
the solutions was maintained by the addition of HCl and NaOH
as needed. A linear increasing trend was observed as the pH of
the solution was increased for both COFs; however, in the case
of Li-SQCOF, the adsorption capacity was higher to start, and it
increased more significantly than for SQCOF (Figure Sb). In
this case, the Q value increased from 3.70 mg g™ (at pH 4.1) to
4.50 mg/g (at pH 10.8). Here, the value of Q increased from
4.70 mg g~ (at pH 4.1) to 11.90 mg ¢”' (at pH 10.8). This
increase in adsorption capacity may be attributed to the
deprotonation of SQCOF at higher pH, which facilitates the
binding between Mg”* and the resultant SQCOF surface. It is
notable that the SQCOF at pH 10.8 is similar to the Li-SQCOF
at pH 4.1, indicating that the absorption of Mg** increases with
increasing deprotonation of SQCOF. The boost in the
adsorption capacity of Li-SQCOF at higher pH levels may be
due to its increased negative surface charge. At higher pH, the {
potential of Li-SQCOF increases significantly, while the {
potential of SQCOF approaches that of the Li-SQCOF at lower
pH levels (Figure 6).

3.7. Adsorption Kinetics. To evaluate the kinetics of Mg**
adsorption, Mg®* removal in the presence of Li* was evaluated
over time. Instant selective adsorption of Mg>" from the mixture
in the first minute was studied for SQCOF as well as Li-SQCOF
(Figure 7). For SQCOF, 2.2 mg g~ ' Mg** was adsorbed in 3 min,
and after 63 min, the adsorption increased to 3.4 mg g_l,
whereas in the case of Li-SQCOF, 4.99 mg g~' Mg** was
adsorbed within 1 min. After 3 min, 6.70 mg g~ was absorbed
with no further significant change. The 1 min Mg** adsorption
trend is attributed to the maximum population of Mg** ions that
could be absorbed onto the surface of Li-SQCOF. The slowing
and subsequent plateauing of Mg>* adsorption were attributed
to the decreased availability of surface sites.”® The adsorption of
Mg** on the SQCOF and Li-SQCOF surfaces followed the

20
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Zeta Potential (mV)
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Figure 6. { Potentials for SQCOF and Li-SQCOF as a function of pH.

pseudo-second-order (PSO) kinetic model by following eq
(3)'49

t 1 t

—=— + —

9 ki, g, 3)

where g, is the concentration of the adsorbate at time (), g, is the
equilibrium concentration, and k is the PSO rate constant. The
values of g, and k were calculated from the slope and intercept,
respectively, when t/q, is plotted against t (Figure 7b). The
values of k for SQCOF and Li-SQCOF were found to be 0.027
and 0.073 L mol™" s, respectively. The values of g, were found
to be 4.58 and 6.28 mg ¢! for SQCOF and Li-SQCOF,
respectively.

3.8. Desorption Kinetics. After evaluating the pH stability
of SQCOF via PXRD (Figure S6), the recovery of the adsorbent
was investigated by treating the used adsorbent with HCI
between runs to extract Mg>* and regenerate the adsorbent. The
Mg**-SQCOF was treated with HCI, keeping the pH constant at
pH 3.0, and the Mg*" release was quantified at different time
intervals. After 30 min, 1.80 mg L™' Mg*" was recovered from
Mg-SQCOF (21 mg, Figure 8a). The Mg®" release became
nearly linear after 30 min, and after 2 h, the optimal recovery of
SQCOF was achieved.

Desorption kinetics for SQCOF in HCl was also best
represented by the pseudo-second-order kinetic model (eq 3),
the rate constant for Mg** recovery from Mg-SQCOF was found
as 0.044 L mol™'s™" with an R* value of 0.9999 (Figure 8a), and
q. was calculated as 4.73 mg g~" in this case.

The samples of Mg-SQCOF produced from the adsorption of
SQCOF and Li-SQCOF were treated as two different types of
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Mg-SQCOFs, and both were treated with HCI at different pH
levels (Figure 8b). From the Mg-SQCOF derived from SQCOF,
we were able to recover 93% of the adsorbed Mg**, whereas from
the Mg-SQCOF from Li-SQCOF, only 81% of the adsorbed
Mg2+ was recovered. In both cases, the results indicate that lower

pH was more efficient for Mg®" stripping. Conversely, the
recovery of Mg** from Li-SQCOF was slightly less than that
from SQCOF, which may be due to the stronger interactions
between Mg** with the more negatively charged Li-SQCOF
surface.
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3.9. Adsorption and Desorption Studies in Continu-
ous Flow Conditions. After evaluation of the COFs with
respect to magnesium adsorption under batch conditions, we
extended our investigation to a continuous flow adsorption
system. The COF-supported ultrafiltration (CSU) bed for the
removal of Mg** from the Li*/Mg** mixture was made by
passing a suspension of Li-SQCOF (30 mg) through the
cellulose-based Whatman filter paper (Spartan 30/0.22, Figure
S2). The solid Li-SQCOF remained on the filter paper, and the
ion solutions were passed through the bed using an injection
flow pump. The continuous CSU of Mg** was monitored under
various conditions by the following parameters: Mg retention
(RMg)50 and separation flux (FMg). The separation flux is
modified from the permeation flux reported by Chen et al.”>' We
have introduced the concentration of the adsorbate and the mass
of the adsorbent terms to explain the adsorption under flow
conditions. Ry (%) and Fy, (m™*h™") are defined by eqs (4and
S).

CP
Ryg (%) =1 — - %100

T

(4)

ACxV

Fug = AxW st (5)

where C,, is the concentration (mgL™") of Mg*" in the permeate,
C, is the concentration (mg L™") of Mg** in the retentate, AC is
the change in the concentration of Mg** in the permeate before
and after filtration ((mg L™")), Vs the separation volume (L), A
is the effective area of the CSU bed (m?), W is the mass of COF
used, and t is the filtration time (h).

Two Mg2+ solutions, 22 mg L !and8 mg L~ ! were passed
through the CSU bed, and Ry, and Fy, were calculated and
plotted against the volume collected after the CSU bed (Figure
9a). For a concentration of 22 mg L™" of Mg**, Ry, was 69% at a
flux volume of 10 mL, while the Fy, value was 61 h™'m™2 In the
same way, the percent removal of Mg from the flux volume
decreased with the permeation of the solution as expected
(Figure 9b). At a lower starting concentration of 8 mg L™ Mg?*,
the Ryg was 88% at a flux volume of 10 mL, while the Fyg value
was 28 m 2 h™l,

After the adsorption of Mg*" in batch and continuous systems,
Mg-SQCOFs were individually subjected to flow desorption in
HCI (pH 2.0) to evaluate recovery. At an initial flow volume of
10 mL in both systems, 28 and 18 mg L™" Mg*" solutions were
recovered quickly, and complete Mg®" recovery was attained
after 50 mL of acid solution flowed through the system (Figure
9¢).

Li-SQCOF illustrated Mg*" adsorption capacity in the
continuous flow adsorption system (Figure 9d). Li-SQCOF
has shown 4.85 mg g~ Mg** adsorption capacity using a 10 mL
flow volume of Mg2+ solution, which increases to 8.52 mg g_1 at
a flow volume of 150 mL. A comparison of the Mg*" maximum
adsorption capacity (Qy.y) of SQCOF and Li-SQCOF for Mg**
in different conditions shows very significant and selective Mg>*
adsorption in the presence of Li*, Na*, and K* efficiently both in
batch and continuous flow systems (Figure S8).

Powder XRD of SQCOF and Li-SQCOF were taken after
Mg** adsorption and desorption activity cycles by breaking apart
the filter and completely drying the COF powders. The results
indicate that the SQCOF and Li-SQCOF retain their structure
after at least 15 runs and hence could be used for scaling up
treatments (Figure S7). A cycle SQCOF was considered as

charging with 0.1 M LiOH, followed by separation of mixed
Mg**/Li" solutions, and then discharging by treatment with
dilute HCl (Figure 10). SQCOF retains 96% of its initial

10
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Figure 10. Variation of Mg** adsorption capacity for Li-SQCOF with
recycling the activity; blue columns indicate the percentage of initial
adsorption capacity, whereas pink dots indicate the actual values of the
adsorption capacity (Q). All of the values are the average of triplicate
experiments.

adsorption capacity in the 2nd cycle, whereas it retains 94% of its
initial adsorption capacity after 15 cycles, which proves that
SQCOF is suitable for long-term use. The results of this study
were compared with the other technologies reported in the
literature, and SQCOF showed improved removal efhiciency of
Mg** from the Li*/Mg** mixture combined with a simple, low-
cost, low-energy, and environmentally friendly process (Table
S3).

4. CONCLUSIONS

We have synthesized a new COF, SQCOF, which is an active
porous material for selectively capturing Mg** from a mixture of
Li* and Mg** ions from water. SQCOF was synthesized by the
coupling of squaric acid and 4,4',4",4”-(pyrene-1,3,6,8-tetrayl)-
tetraaniline in an n-butanol/o-dichlorobenzene solvent mixture
at 85 °C for 7 days. SQCOF was deprotonated using lithium
hydroxide to form Li-SQCOF, and both the parent COF and the
Li COF are stable at high and low pH levels, retaining their
crystallinity with AA stacking. Both SQCOF and Li-SQCOF
were efficient enough for Mg** capturing; however, additional
negative charges on the Li-SQCOF surface at higher pH have
shown better efficiency to complete removal even in the
presence of negligible amounts of Mg**. It was also observed that
the adsorption capacity is dependent on key factors such as the
amount of the loaded adsorbent, solution ionic strength, and the
amount of the adsorbate. Further, SQCOF and Li-SQCOF are
reusable, and they retain their structure and crystallinity even
after the removal of Mg** with HCI in batch as well as flow
processes after 15 cycles. Li-SQCOF has shown very significant
and selective Mg®* adsorption in continuous flow systems with a
high Fy, value of 60.5 h™" m™ This investigation could open a
new window for designing covalent organic frameworks as a
sorbent for the removal of Mg** and purification of Li* from
natural salt-lake waters.
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