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The new adsorbent EDTA@PSV, which is a hierarchical porous
microsphere modified with ethylenediaminetetraacetic acid, has
demonstrated its effectiveness in extracting valuable metals. With
a high surface area of 665 m? g~! and a large porosity of 90%, it
exhibits significant potential for adsorbing Co?*, as supported by
density functional theory simulations and experimental results.

Introduction

The sustainable utilization of valuable metals in industry is
increasingly important due to metal resource scarcity and
higher pollution levels. In order to promote a circular
economy,” which emphasizes resource recovery and recycling
rather than wasteful consumption, it is crucial to extract
indestructible metal elements from waste. This way, we can
innovate and create new materials that align with sustainable
industrial practices. Several methods have been developed for
removing or recovering valuable metal ions from wastewater.
These include chemical precipitation,” chemical oxidation-
reduction,® electrochemical treatment,” and adsorption.>®
Among these methods, adsorption is the most effective, as it
generates less sludge and is more cost-effective than other
techniques.

In the field of adsorption techniques, a wide range of
adsorbents have been proposed, from activated carbon to
metal-organic frameworks and polymers.””® However, many of
these materials struggle to achieve satisfactory adsorption
capacities and rates. To address this issue, surface modification
of adsorbents with ligands such as ethylene diamine tetraacetic
acid (EDTA) has become increasingly popular.®'® EDTA pos-
sesses noteworthy chelating properties, thanks to its four
carboxylic acids and two amine groups, which allow it to form
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stable water-soluble complexes with various transition metal
ions, even at neutral pH levels. EDTA, which is a promising
candidate for improving adsorption performance, has been
widely used in industry and laboratory applications due to its
high sorption efficiency, selectivity, and sensitivity.""">

Cobalt is a valuable metal that is highly important in various
industrial and military applications.” It is classified as a
strategic metal asset by several countries and is included in
the European Union’s list of 34 critical raw materials."* This
highlights its scarcity as it only makes up 0.001% of the Earth’s
crust. Cobalt is usually obtained as a by-product of copper and
nickel refining, but its importance goes beyond traditional
uses. For example, it plays a crucial role in aerospace technol-
ogy where it is used to create superalloys that are essential for
aircraft turbine engines.'> Moreover, it is a key component
in cathode materials such as lithium cobalt oxide (LiCoO,)"
and lithium nickel manganese cobalt oxides (LiNi,Mn,,.
Co;_y,0,),"” which are used in lithium-ion batteries (LIBs)
that power a wide range of electronic devices such as computers
and communication equipment. Due to cobalt's criticality and
its higher required amount (5-10% w/w) in battery applications
compared to its natural availability, an efficient recovery
method from waste is essential. Recycling cobalt from indus-
trial waste streams can reduce the environmental impact of
mining, conserve resources, and ensure a stable supply for the
future. Furthermore, it is possible to utilize recycled metal-
adsorbent complexes to develop novel materials, such as cata-
lysts for organic pollution degradation'® or electromagnetic
wave absorption,’®?° thereby adding value to the recycling
process and contributing to environmental sustainability.

It has been suggested in the literature that chitosan beads
and silica gel can be used as adsorbents to recover cobalt ions
(Co** or Co*").*"** To improve their adsorption capability, it
has been recommended that these adsorbents be modified with
ligands like EDTA. Nevertheless, the adsorption efficiency of
the ligand-based adsorbent still remains insufficient and poses
a challenge in the field.”*** To address the issue, this study
proposes using a highly porous microsphere with a hierarchical
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pore structure as the adsorbent. The porous microsphere has a
substantial specific surface area and the presence of numerous
surface functional groups. It will be functionalized with EDTA
to enhance its ability to adsorb Co**. In this preliminary
exploration, the adsorption efficiency of the EDTA-modified
porous microsphere will be evaluated. Based on the analyses
including adsorption isotherms, X-ray photoelectron spectro-
scopy (XPS), kinetic studies, and simulations utilizing density
functional theory (DFT), the adsorption behavior will be
explained.

Experimental

The synthesis of poly(styrene-co-vinyl benzyl chloride) (PSV) and
the subsequent production of PSV porous microspheres,
namely @PSV, have been described in detail in our prior
research.”>® The @PSV was cross-linked by immersing it in hot
concentrated sulfuric acid (95%, Honeywell, Germany) at
120 °C for 1 h. This acid-treated product, called ac@PSV, was
rinsed with deionized water multiple times and then dried. The
amination process involved adding 0.1 g of ac@PSV to a
mixture of 30 mL ethylenediamine (EDA; 99%, Thermo Scien-
tific, Germany) and methanol (in a 1: 15 ratio) and allowing the
reaction to proceed under reflux at 80 °C for 7 h.***” The
resulting precipitate, called en@PSV, was washed with metha-
nol before drying in a vacuum oven at 30 °C for at least 24 h. For
grafting with ethylenediaminetetraacetic acid (EDTA), 0.1 g of
en@PSV was mixed with 0.5 g of ethylenediaminetetraacetic
dianhydride (EDTA-dianhydride; >98.0%, Aladdin, China) in
120 mL N,N-dimethylacetamide (DMAc; 99.5%, Echo, Taiwan)
and subjected to a reaction under reflux at 75 °C for 20 h.?®
After the reaction, the resulting product, EDTA@PSV, was
washed with DMAc, a saturated aqueous solution of sodium
bicarbonate (99.5%, Showa, Japan), and several rounds of
deionized water before final drying in a vacuum oven at 55 °C.

In the adsorption experiment, the aqueous solution of
cobalt sulfate heptahydrate (CoSO,-7H,0; 99%, Showa, Japan)
was used to model the Co>" in wastewater. Firstly, CoSO,-7H,0
was dissolved in water to create standard solutions with various
Co®" concentrations ([Co>']) of 200, 300, 600, 800, 1000, and
1200 mg L', and the pH of the aqueous solution was fixed at 6.
A calibration curve was created by measuring the absorbance
peak intensity of the aqueous solution in the visible light range
(wavelength: 350-800 nm) using a UV-Vis spectrometer (U-3010,
Hitachi, Japan). In the isothermal adsorption test, various
10 mL aqueous solutions with different [Co®"] were prepared
at a fixed pH of 6. Then, 20 mg of EDTA@PSV was added, and
the mixture was stirred at 25 °C for 24 h. After that, EDTA@PSV
was separated, and the concentration of non-adsorbed Co®" in
the filtrate was determined using UV-Vis. The amount of Co**
adsorbed was calculated based on mass balance. In an adsorp-
tion kinetic test, a 10 mL aqueous solution with a fixed [Co*'] of
1000 mg L~" was prepared, with pH fixed at 6. 20 mg of
EDTA@PSV was added, and the mixture was kept at 25 °C for
different time durations. The EDTA@PSV was then separated,
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and the non-adsorbed [Co*'] in the filtrate and the adsorbed
[Co**] onto EDTA@PSV was determined via UV-Vis adsorption
measurements.

The morphology and composition of the @PSV were ana-
lyzed using field-emission scanning electron microscopy (FE-
SEM; SU8010, Hitachi, Japan) and an energy-dispersive X-ray
spectrometer (EDS; EMAX, Horiba, Japan). Pore size was mea-
sured by a mercury porosimeter (Autopore IV 9520, Micromeri-
tics Instrument Co., USA). The surface area was measured using
the gas adsorption method (ASAP 2020, Micrometrics Instru-
ment Co., USA). Surface chemistry of various porous micro-
spheres was characterized using Fourier-transform infrared
spectroscopy (FT-IR; Vertex 80v, Bruker, Germany) and XPS
(PHI 5000 Versaprobe II, ULVAC-PHI, Japan). Notably, all
samples were stored in a nitrogen desiccator prior to analysis,
and the FT-IR spectrometer was continuously purged with N,
gas during measurements. Zeta potential was assessed using
the electroacoustic method (ZetaProbe, Colloidal Dynamics
Inc., North Attleborough, MA, USA), and a contact angle test
(FTA-1000B, First Ten Angstroms, USA) was also conducted. To
understand how EDTA@PSV interacts with Co>", we carried out
a simulation based on the DFT method using the DMol?
module within the Materials Studio 2020 software package.
The specific parameters for the numerical calculations are
listed in Table S1 (ESIf).

Results and discussion

The image displayed in Fig. 1a illustrates the morphology of the
synthesized @PSV, with particle size varying from 5 to 20 pm.
Each microsphere has evenly distributed pores throughout its
entire volume, as seen in the magnified image in Fig. 1b. The
pores are present in different sizes, as shown in Fig. 1c, with an
average large pore size of 3 pm, medium pore size of 300 nm,
and small pore size of 3 nm. The @PSV has a high porosity of
90%> and a high surface area of 665 m> g~ (Fig. S1, ESIY).
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Fig.1 (a) and (b) SEM images of @PSV with small (a) and large (b)
magnifications. (c) Size distribution of pores in @PSV. (d) Contact angle
measurement for @PSV.
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These characteristics, along with the hierarchical pores, make it
a potential adsorbent for metal ions. However, the @PSV is
hydrophobic and poorly wetted by water, as revealed in Fig. 1d,
where the contact angle is greater than 129°. This hydrophobic
feature may limit its practical use in aqueous systems. To be an
effective adsorbent for recycling valuable metals or removing
harmful heavy metals from industrial wastewater, the @PSV
should undergo surface modification with the potential ligand
EDTA to enhance its capability of attracting adsorbate.

Prior to modification with EDTA, crosslinking converted
@PSV to ac@PSV, resulting in improved structural and
thermal stabilities (Fig. S2, ESIT).>>*%° Next, the reaction of
the ac@PSV with amine yielded en@PSV,>**” which contains
-NH, groups and is capable of reacting with EDTA-dianhydride
to form EDTA@PSV.?**® The FT-IR spectra of @PSV, ac@PSV,
en@PSV, and EDTA@PSV are shown in Fig. 2a, with the
chemical structure of PSV displayed in the inset. For @PSV,
the absorption band centered at 3453 cm™ ' is usually asso-
ciated with O-H stretching, which corresponds to the hydroxyl
group. The benzene ring of @PSV shows vibrations that corre-
spond to the aromatic C-H stretch at 3026 cm™ ' and the
aromatic C—C stretches at 1600, 1498, and 1450 cm™*.*' The
absorptions at 2922 and 2847 cm™ ' are assigned to the C-H
stretches. The peaks at 1000-1200 cm™ " are assigned to the C-O
stretching and may belong to the -CH,OH or -CH,OC,H;
groups of @PSV. The peak at 1268 cm ™' could correspond to
the -CH,Cl wagging, and that at 695 cm™ " could be related to
the C-Cl stretch, both of which can correlate with the benzyl
chloride of @PSV.*"*? In the IR absorptions of ac@PSV, there is
a reduction in the intensity of the peaks related to benzyl
chloride, particularly the one at 695 cm ™. This suggests that
the crosslinking reaction may have taken place via the -CH,Cl
group.®® Additionally, there is an emergence of peaks that
correspond to the asymmetric S=O stretching of the SO; group
at 1173 and 1123 cm ™ * and the symmetric SO; vibrations at
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Fig. 2 (a) FT-IR spectra of various porous microspheres. Contact angle
measurements for (b) ac@PSV, (c) en@PSV, and (d) EDTA@PSV. (e) Zeta
potential curves of en@PSV and EDTA@PSV.
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1033 and 1005 cm™ , indicating the sulfonation of @PSV.
Moreover, the appearance of a new peak at 1682 cm ™" related to
the carbonyl (C=O0) vibration of conjugated ketones or alde-
hydes confirms the oxidation of some -OH groups of @PSV.

The FT-IR spectrum of en@PSV displays some similarities
with the spectra of @PSV and ac@PSV. However, a new peak
centered at 1630 cm™ " appears, which should be associated
with the N-H bending of a primary amine or the C=N of an
imine.** The broad band centered at 3442 cm™" is due to the
overlapping stretches of O-H and N-H. The multiple absorp-
tion peaks located between 1039 cm ™' and 1223 cm ™" corre-
spond to the C-N vibrations. All these observations confirm a
successful amination process. After reacting with EDTA-
dianhydride, the resulting EDTA@PSV shows IR absorptions
similar to en@PSV. This suggests that there might be some
amine groups that remained unreacted on EDTA@PSV.

Additionally, a broad band centered around 3000 cm ™' is
observed on top of the usual C-H absorption. This band is
typically attributed to the O-H stretch of a carboxylic acid
group.®® This finding indicates that the -NH groups from
en@PSV had reacted with the EDTA-dianhydride. Based on
the FT-IR characterization results, we proposed the potential
reactions that took place during the syntheses of ac@PSV,
en@PSV, and EDTA@PSV as outlined in Scheme 1. In
Scheme 1a, the reaction with concentrated H,SO, not only
caused PSV to crosslink but should have resulted in the
sulfonation of PSV and the oxidation of the carried -OH.
Additionally, apart from the amination, the ketone and alde-
hyde groups of ac@PSV may have undergone condensation
with ethylenediamine.***

During the contact angle measurement, it was observed that
the water-repelling nature of @PSV (Fig. 1d) changed after it
was converted to ac@PSV. As demonstrated in Fig. 2b, the
ac@PSV absorbs the dripping water upon contact, revealing its
higher hydrophilicity with a contact angle of nearly 0°. After
amination, en@PSV shows a different level of hydrophilicity,

a
cone. H,80, (i) crosslinking
<§ 100°C, 1h H CHy + H CH,0CH,
X(=Cl, OH, or OC,H,) ~ny
art of i X
PSVpstructure (ii) sulfonation é
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(iii) oxidation
07 "R(=Hor CH,)
b N2

W~ —> amination product
)
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ac@PSV \W/R(= HorCH)  onapsy N‘\/\NHZ i—» condensation product
o
COOH
EDTA N P
— \/\
NHz —5+c.20n N N” COOH

en@PSV EDTA@PSV

Scheme 1 Potential reactions occurring during the syntheses of (a)
ac@PsV, (b) en@PSV, and (c) EDTA@PSV.
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with an increased contact angle of 40°, as shown in Fig. 2c.
EDTA@PSV shows a slight improvement in hydrophilicity
compared to en@PSV, with a reduced contact angle of 33°, as
shown in Fig. 2d. Although the contact angles of en@PSV and
EDTA@PSV are similar, zeta potential measurements demon-
strate that they have distinct surface chemistries, as depicted in
Fig. 2e. At pH <8, en@PSV exhibits positive zeta potentials,
and there is no presence of an isoelectric point (IEP). The IEP is
the pH at which the positive and negative charge densities on a
particle surface are equal, resulting in zero net charge. On the
other hand, EDTA@PSV has an IEP of pH 5-6, meaning that its
surface is negatively charged at a pH greater than 5-6 and
positively charged at other pH values. Besides, EDTA@PSV has
a more negative zeta potential compared to en@PSV, making it
an effective electron donor and chelator. When the pH of the
solution is above 5, the negative zeta potentials of EDTA@PSV
should facilitate the attraction for metal ion adsorption.

It has been previously identified through FT-IR analysis that
EDTA@PSV contains several functional groups such as -CH,Cl,
-CH,OH, -CH,OC,H;, -SO;, -NH,, -N-C(—0)-, and the
-COOH and -NH- of EDTA, as depicted in Fig. 3a. EDTA@PSV
works as an adsorbent and the amount of Co>" adsorbed has
been estimated using UV-Vis spectroscopy (Fig. S3, ESIT).
Fig. 3b presents the adsorption kinetics of Co** onto
EDTA®@PSV at pH = 6 by measuring the adsorption amount
(g) as a function of mixing time. It is noteworthy that Co>*
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Fig. 3 (a) A schematic showing the possible functional groups present on

EDTA@PSV. (b) Adsorption amount of Co®* on EDTA@PSV obtained at
different mixing times at 25 °C. (c) and (e) Pseudo-first-order and (d) and (f)
pseudo-second-order kinetic plots for the Co?* adsorption on EDTA@PSY
at stage 1 (c) and (d) and stage 2 (e) and (f). Note: the initial concentration
of Co?* was 1000 mg L™* at pH 6 and 25 °C.
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remains soluble in aqueous solutions up to pH 7 (Fig. S4, ESIt). A
more alkaline solution will cause precipitation with OH ™, which can
disrupt the adsorption experiment. In Fig. 3b, an initial concentration
of Co®" at 1000 mg L' was used as an example, and it can be
observed that the adsorption process occurs in two stages. During the
first stage, the adsorption amount increases to over 70 mg g~ within
an hour. In the second stage, the adsorption continues to progress,
but at a slower rate until the amount reaches an equilibrium at a
plateau. Both stages were analyzed using the rate equations of
pseudo-first-order (Lagergren model as in eqn (1)) and pseudo-
second-order (Ho and Mckay model as in eqn (2)) models.”**® The
pseudo-first-order kinetic model assumes that physisorption limits
the adsorption rate, while the pseudo-second-order model considers
chemisorption as the rate-limiting mechanism.

d
== (e — ) @
dg

g - 0 @

where g, and g, are adsorption amounts at time ¢ and at equilibrium,
respectively, and k; and k, are the rate constant. To derive the linear
forms of the pseudo-first-order and pseudo-second-order models, we
integrate eqn (1) and (2) with the boundary conditions of g;=0 at¢=0
and g, = g, at t = t. These linear forms are given in eqn (3) and (4),
respectively.

In(ge — g¢) = Inge — kyt (3)

i — L + i (4)
q: que2 qe

During the analysis for stage 1, we generated plots of In(g. — g;)
vs. t and #/gq, vs. ¢, which are depicted in Fig. 3c and d, respectively.
By utilizing the slope and intercept derived from these plots, we are
able to calculate the adsorption parameters, including ¢., k;, and
k,. We repeated this process for stage 2 analysis and displayed the
results in Fig. 3e and f. We have compiled the adsorption para-
meters obtained from both analyses in Table 1 for comparison. Our
findings indicated that the pseudo-first-order and pseudo-second-
order models were both well-suited to the adsorption process in
stage 1, as demonstrated by the high R values. However, only the
pseudo-second-order model was capable of predicting a g. value
that corresponds with the observation (~75 mg g~ ') in Fig. 3b,
indicating that this kinetic model is more appropriate. Further-
more, the adsorption in stage 2 was exclusively fitted by the pseudo-
second-order model, which led to a reasonable g, prediction. Thus,
based on the above analysis, it is evident that the adsorption of

Table 1 Kinetic parameters obtained for the adsorption of Co®" on
EDTA@PSV

Pseudo-first-order model Pseudo-second-order model

qe ky ge ky
Stage (mgg™') (min™') R? (mgg™) (gmg 'min") R
1 42.49 0.053 0.996 78.13 0.101 0.995
2 11.81 0.034 0. 488 74.35 0.229 0.999

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Co”" onto EDTA@PSV obeys the chemically pseudo-second-order
kinetics.

Furthermore, the adsorption isotherm of Co** on
EDTA@PSV was measured to determine the g. of Co®" at
different equilibrium concentrations (C.) in the solution. The
results are displayed in Fig. 4a,. Initially, increasing C. leads to
an increase in g., and then the increase gradually levels off.
This suggests that the adsorption could be either monolayer
adsorption on homogeneous sites or multilayer adsorption on
heterogeneous sites. To confirm this, the adsorption data was
analyzed using the adsorption isotherm models of Langmuir,
Freundlich, Temkin, and Dubinin-Radushkevich, which are
described in eqn (5)-(8),>**’ respectively.

C_C K

5
e 9dm Gm ©)
1

Ing. =InKg +;ln Ce (6)
RT RT

ge =—I Ky +—InC, (7)
bt bt

Ing. = Ingm, — Kpgé® (8)
1

?:RT1n<1 +a> (9)
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where Kp is the Langmuir binding constant related to the
adsorption energy, Ky is the Freundlich adsorption constant
(mg g~ "), n is the heterogeneity factor that represents the bond
distribution with a value within 1-10 for a favorable adsorption,
Kr is Temkin isotherm equilibrium binding constant (L g™ '), bt
is the heat of adsorption (J mol™'), Kpg is the Dubinin-
Radushkevich constant (mol® k]2, ¢, is the theorical max-
imum adsorption capacity (mg g '), and ¢ is the Polanyi
potential described by eqn (9) where R is the ideal gas constant
and T is the absolute temperature (K). Fig. 4a; shows that all
four isotherm models are a good fit for the adsorption data.
Therefore, we further assessed the linearity of the relationships
between C./q. and C. using eqn (5), In(g.) and In(C.) using
eqn (6), g. and In(C.) using eqn (7), and In(g.) and &* using
eqn (8). Linearity measures how well the adsorption conforms
to a specific isotherm model. However, when we plotted In(g.)
against In(C.), ¢. against In(C.), and In(g.) against &> (Fig. S5,
ESI{), we obtained poor R? values of 0.699, 0.740, and 0.735.
This indicates that the adsorption of Co®** on EDTA@PSV
cannot be accurately described by the Freundlich, Temkin, or
Dubinin-Radushkevich isotherm. In contrast, a plot of C./ge
against C. shows a straight line with a high R* value of 0.991, as
shown in Fig. 4a2. This suggests that Co*" adsorption on
EDTA@PSV follows a monolayer Langmuir isotherm type,
which occurs through chemical interaction. The good fitting
result suggests that all the adsorption sites provided by

sord, b, Cis| (G 508.2 Nis| |d, Ots
70
60 = - |
7 3 3 3
50 /5 RS & oS
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Fig. 4 (a;) Adsorption isotherm of Co?* on EDTA@PSV at pH 6 and 25 °C. (a,) Langmuir isotherm linear plot for Co?* adsorption on EDTA@PSV. XPS
chemical state spectra of (by) and (b,) C 1s, (c1) and (c,) N 1s, and (d;) and (d,) O 1s of EDTA@PSV before (by), (c4) and (dy) and after (b), (c2) and (d,) Co?*
adsorption. Optimized structures of different complexes formed from Co®* interacting with distinct species related to the functional groups of (e) —Cl, (f)
benzene, (g) —OH, (h) —O-, (i) =NH, (j) —-COOH of EDTA unit, and (k) the entire EDTA unit grafted on EDTA@PSV, with their respective formation energies
indicated.
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EDTA@PSV are equally attractive to adsorb Co”" and do not
show significant discrimination in high and low affinities.
Using eqn (1), gn, can be determined from the reciprocal of
the line slope, which is 84 mg g~ * (Table S2, ESIt). This value
is higher than the values reported in the literature (usually 30-
60 mg g~ ),>>>* which could be attributed to the large surface
area, porous structure, and multiple functional groups present
on the EDTA@PSV surface, facilitating the trapping of the
adsorbate.

To investigate how EDTA@PSV interacts with Co>*, the XPS
spectra of EDTA@PSV were measured before and after Co>*
adsorption (Fig. S6, ESIT). The chemical state spectra of C 1s, N
1s, and O 1s are shown in Fig. 4b,, b,, ¢4, ¢, and d;, ds,
respectively. Prior to Co®" adsorption, the C 1s spectrum reveals
four peaks at 284.5, 285.7, 287.0, and 289.0 eV for C-C/C—C, C-
N, C-0O/C-Cl/O=C-N, and O=C-O, respectively, in Fig. 4b;.
After Co>" adsorption in Fig. 4b,, the peak corresponding to C-
C/C—=C remains almost unchanged at 284.5 eV, while those
corresponding to C-N, C-O/C-Cl/O—C-N, and O—C-O shift
to lower binding energies at 285.4, 286.5, and 288.7 eV,
respectively. These changes indicate that complexes between
EDTA@PSV and Co”* have been formed. This suggests that the
N and O atoms share their electrons with Co**, leading to an
increase in electron density at their adjacent C atoms.*® As a
result, the binding energy of the carbons is reduced. In Fig. 4c;
of the N 1s spectrum, the EDTA@PSV displays three peaks at
398.2, 400.0, and 401.5 eV. These peaks correspond to the C-N,
-NH,, and O=C-N(H)- species, respectively. After Co>" adsorp-
tion, all three peaks shift towards higher binding energies and
are now observed at 398.5, 400.3, and 402.2 eV, as shown in
Fig. 4c,. This indicates that these N-containing groups act as
electron donors in complex formation with Co*".

Prior to Co”* adsorption, Fig. 4d; shows the O 1s spectrum
of EDTA@PSV with multiple binding energies at 530.1, 531.0,
531.8, 532.8, and 533.7 eV. These peaks represent the O atoms
in SO;~, O=C/O=S, C-OH, C-0-C, and O-S, respectively.>*>°
The peak at 535.0 eV is more related to the sodium Auger peak
(Na KLL). After the adsorption of Co”*, the binding energies of
almost all O atoms have shifted to higher values, indicating
that these O atoms share their lone pair electrons with Co**.
This results in a decrease in electron density, leading to an
increase in the binding energy. Additionally, a new peak
appears at 528.8 eV, corresponding to the binding energy of
0-Co.*° This indicates that a chemical bond is formed between
Co®" and the —OH of the hydroxyl or carboxylic acid group. We
also observed a simultaneous decrease in the relative peak
intensities of O—C/O—S and C-OH to SOj, suggesting that
the functional group that forms a chemical bond with Co*" is
the carboxylic acid rather than the hydroxyl group. In other
words, the -COOH of the EDTA unit not only forms a complex
but also chemically bonds with Co*".

The XPS analysis revealed that the N- and O-containing
groups have a tendency to interact with Co**, but we need to
note that not all of these groups are part of the EDTA unit. That
is, other functional groups aside from EDTA may also exhibit
interactions with Co?>'. To confirm this, we conducted
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simulation calculations using DFT to determine the energy
variations (AE,qs) of these species before and after Co®* inter-
action. We simplified the calculations by modeling the func-
tional groups present on EDTA@PSV with those shown in
Fig. 4e-k. With the exception of the benzene ring (Fig. 4f) and
the EDTA-grafted unit (Fig. 4j and k), other species exhibit
AE,qs in the range of —25 to —65 kJ mol ™', which is similar to
the heat energy (—40 to —50 k] mol ") released from physical
adsorptions.*" The small value of AE,q in Fig. 4f indicates that
there is negligible interaction between the n electrons of the
benzene ring and Co>*. The high values of AE.qs obtained
in Fig. 4j (—388.4 k] mol™') (Fig. S7, ESIf) and Fig. 4k
(—451.8 k] mol ') suggest that the EDTA unit forms a complex
with Co** and uses its -COOH to bond with it. These values are
comparable to the amount of energy released during chemical
bond formation. Therefore, they are a primary mechanism
responsible for the chemisorption of Co”" onto EDTA@PSV as
determined by the earlier adsorption analyses. Additionally, the
DFT results suggest that other functional groups, aside from
EDTA, also contribute to the chemical affinity of EDTA@PSV
towards Co>" adsorption.

Conclusions

A new adsorbent material named EDTA@PSV has been created
by modifying a hierarchical porous microsphere with an EDTA
functional unit. This material demonstrates excellent adsorp-
tion properties for Co** ions when used in an aqueous environ-
ment. The original porous microsphere is hydrophobic, but
after the introduction of EDTA, it became hydrophilic with a
small contact angle of 33°. This change in surface properties
makes it an ideal material for extracting valuable metal ions
from an aqueous system. Furthermore, the EDTA@PSV carries
a negative charge when the pH is greater than 5, which can be
advantageous for attracting cationic metal ions. Most impor-
tantly, the EDTA@PSV contains various functional groups that
involve N and O, such as -OH, -NH,, -N-C(=0)-. These polar
functional groups are thermodynamically favorable to interact
with Co®" according to the DFT simulation results. In XPS
characterizations, it was discovered that EDTA@PSV exhibits
an electron-donation behavior during Co>* adsorption. This
means that the polar groups in EDTA@PSV increase their
chemical affinity for Co®>" adsorption. Kinetic adsorption ana-
lyses showed that Co®>" adsorbed onto EDTA@PSV through a
pseudo-second-order model, indicating a major chemisorption
behavior. This conclusion was further confirmed by the adsorp-
tion isotherm measurement, which demonstrated that the Co*"
adsorption on EDTA@PSV was better described by the
chemisorption-based monolayer Langmuir model, rather than
the Freundlich, Temkin, or Dubinin-Radushkevich model. It is
worth noting that the use of EDTA@PSV resulted in a high
adsorption capacity of 84 mg g ' for Co®>". This remarkable
adsorption capability can be attributed to the unique features
of EDTA@PSV, such as its large surface area, porous structure,
negative surface charge, and good affinity of the multiple

© 2024 The Author(s). Published by the Royal Society of Chemistry
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functional groups for Co”>'. Given its excellent adsorption
capacity, further investigations will be conducted to study its
adsorption potentials and selectivity for other metal ions in the
future.
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