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Devising a desirable adsorbent for efficiently selective capture of Ag(I) from wastewater has attracted
much attention but faced with huge challenges. Herein, a novel linear o-phenanthroline-based polymer
L-PRL was prepared via chemical oxidative polymerization for the adsorption of Ag(l). The maximum ad-
sorption capacity for Ag(l) by L-PRL is 325.8 mg/g at pH 0. In addition, L-PRL owes ascendant selectivity
for Ag(I) from aqueous solutions containing various interfering metal ions of Pb(II), Co(II), Ni(II), Cd(II)
and Fe(Ill). Multiple characterizations of FT-IR and XPS uncover that the N groups on L-PRL act as ad-
sorption sites to coordinate with Ag(I). Density functional theory (DFT) calculations further evidence the
mechanism that L-PRL is provided with the admirable adsorptivity and selectivity for Ag(I). It is mainly
attributed to the most stable complexes of L-PRL with Ag(I), which possesses shortest Ag-N bond length
compared with other heavy metal ions. Furthermore, 93.5% of initial adsorption capacity is reserved af-
ter four continuous regeneration cycles, indicating that L-PRL is equipped with superior recyclability and
durability, and L-PRL is capable of removing Ag(I) in low-concentration actual Ag(I)-containing wastewa-
ter completely. This study shed light on the rational design of polymer adsorbents and in-depth insight

into selective removal of aqueous Ag(I).
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selective capture of Ag(I) from complex industrial wastewater
to achieve the recycling and utilization of resources is the com-
mon goal of modern science and enterprises [1]. Various tech-
nologies including ion exchange resin, membrane filtration and ad-
sorption have been proposed to treat Ag(I)-containing wastewater
[2-6]. Among them, adsorption is considered the most economi-
cal and effective due to the low-budget, simple operation and sat-
isfactory property. Although multifarious adsorption materials in-
cluding porous graphene, chelating resins, metal oxides and bio-
sorbents with high adsorption capacity was developed, it was still
challenging to apply these adsorbents in selective removal of Ag(I)
[7-11]. Meanwhile, during the treatment of highly acidic actual Ag-
containing wastewater, plenty adsorbents were suffered from the
shortcomings of weak stability attributed to the inferior acid resis-
tance [12-14]. Exploiting promising adsorbents with acid stability
to achieve benign selectivity for Ag(l) is a feasible solution to fill
the gap in the field.
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Polymer materials have become a class of potential adsorbents
due to the high stability and task-specific endowed by grafting
functional groups into the networks [15-17]. Guiding by the theory
of hard and soft acids and bases, the presence of atoms with a lone
pair of electrons in the groups such as S and N possessed strong
affinity for some metal ions [18]. Among legion polymer adsor-
bents functionalized with representative S-containing groups such
as thiol, thioether and thiourea, the removal of majority heavy
metal ions including Pb(Il), Pd(II), Cu(Il), Hg(ll), Cd(Il) and trace
amount of Ag(l) was fulfilled in wastewater [19-22]. However, the
inferior distinguish ability of S-containing adsorbents to coordinate
with different metal ions may cause the significant decrease of
the selectivity of Ag(I). Encouragingly, Nowik-Zajac research group
demonstrated an array of calixpyrroles functionalized polymer in-
clusion membranes, which implemented efficient selective removal
of Ag(l) [23]. Yang et al. developed an adsorbent functionalized by
2-aminomethyl-pyridine to achieve selective recovery of Ag(I) [24].
Therefore, N-rich functional groups modified polymer adsorbents
with desirable integrated performance were preferred to exhibit
eminent selective removal of Ag(1).
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Fig. 1. (a) SEM images of L-PRL and L-PRL-Ag(I). (b) EDS spectrum of L-PRL-Ag(I).
(c) N, adsorption-desorption isotherms of L-PRL. (d) FT-IR of L-PRL and L-PRL-Ag(I).

The N-rich ligand o-phenanthroline is famous for the peculiar
metal ion chelating properties and extraordinary stability [25]. At
present, traditional preparation methods of polymers such as ther-
mally initiation and ring-opening polymerization usually led to low
exposure active sites [26]. Herein, a novel linear o-phenanthroline-
based polymer L-PRL was fabricated by the chemical oxidation
polymerization method with ammonium persulfate as the oxidant
(Scheme 1). Batch adsorption experiments have been conducted
to evaluate the performance of L-PRL capture of Ag(I), suggesting
that L-PRL was capable of admirable selectivity of Ag(l). Further-
more, the underlying selective adsorption mechanism of Ag(I) on
L-PRL has been disclosed based on characterizations of FT-IR and
XPS as well as density functional theory (DFT) theoretical calcu-
lations. The adsorption-desorption and practical experiments were
performed to content the actual application requirements of Ag-
containing wastewater.

The detailed synthesis, characterization and experiment sec-
tions of L-PRL were provided in Support information.

Scanning electron microscopy (SEM) was used to detect the mi-
croscopic morphology of L-PRL before and after Ag(l) adsorption.
As shown in Fig. 1a, the morphology of L-PRL showing a uni-
form size of granular aggregation state with large numbers of open
porous structure, and the porous structure with obvious changes
after adsorption illustrated that the Ag(I) was successfully cap-
tured on the L-PRL. Meanwhile, the distribution of Ag element on
the L-PRL-Ag(I) was characterized by energy dispersive spectrom-
eter (EDS) (Fig. 1b), the strong characteristic peak of Ag element
was observed also proved the L-PRL captured of Ag(l). The L-PRL
was subjected to Brunner-Emmet-Teller (BET) experiment for de-
tection of specific surface area and pore size distribution via N,
adsorption-desorption method (Fig. 1c). The L-PRL presented low
specific surface area (27.603 m?/g) and pore size (1.424nm) [27].
The functional groups of L-PRL were carried out by FT-IR spectrum
(Fig. 1d).

The spectra of L-PRL revealed the specific peak at 1504 cm™!
and 1419 cm~! corresponding to the vibrations of C=N and C-
N respectively [28,29]. And the two peaks presented a certain de-
crease after Ag(I) adsorption, which illustrated that N groups act as
binding sites.
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Considering the features that Ag(I) forms metal hydroxide pre-
cipitates at alkaline conditions, the effect of pH on the Ag(l) ad-
sorption capacity of L-PRL was carried out in the pH range of 0
to 5. As observed in Fig. 2a, the adsorption performance of L-PRL
for Ag(I) has been slightly increased with the decreased pH val-
ues, reaching the maximum adsorption capacity at pH 0. Gener-
ally, the high concentration of H* caused the deactivation of ad-
sorbents, resulting in significant decreased adsorption capacity. In-
terestingly, the as-formed L-PRL was equipped with the unique fea-
tures of superior acid resistance and acidity-enhanced adsorption,
which supported that L-PRL was qualified for potential of practical
application in acidic Ag(I)-containing wastewater. The adsorption
isotherms were carried out at the optimum condition of pH and
collected in Fig. 2b. It can be seen that the adsorption capacity of
L-PRL increased sharply with increased concentration of Ag(l) so-
lution, and the curve flattened out in the high concentration range
until reaching the maximum capacity of 325.8 mg/g. Meanwhile,
two classical isotherms adsorption models were employed to fit
the experimental data to explore the adsorption behavior [30]. The
correlation coefficient (R? = 0.991) of Langmuir model for L-PRL
is higher than that of Freundlich model (R? = 0.867), which sug-
gested that the adsorption sites of L-PRL are uniformly distributed
on the surface. Furthermore, the adsorption rate was evaluated in
Fig. 2¢, L-PRL enabled rapid capture of aqueous Ag(I), and the ad-
sorption equilibrium was reached within 20 min. In order to fur-
ther understand the process of Ag(I) adsorption on L-PRL, the data
of was fitted by the pseudo-first-order and pseudo-second-order
kinetic model, and the pseudo-second-order kinetic model exhib-
ited a superior correlation coefficient (R2 = 0.992), indicating that
chemisorption is the key step of rate-controlling in the capture of
Ag(l) [31].

To further clarify the adsorption mechanism of Ag(l) capture
on L-PRL, the atomic charges distribution of the L-PRL and H™-
protonated L-PRL were performed by Mulliken population anal-
ysis of DFT calculations. As presented in Fig. 3a, the regions of
N groups possessed a more negative electrostatic formula than
other regions in L-PRL, indicating N groups as the main adsorption
sites of capture of Ag(I) [32-34]. For the H*-protonated L-PRL, the
electrostatic formula of N groups became more negative than L-
PRL, which provided a strong theoretical support for the results of
acidity-enhanced adsorption capacity of L-PRL [35]. In addition, the
XPS spectra in Fig. 3b suggested that L-PRL consisted the C, O, and
N elements, and the new binding energy peaks of L-PRL-Ag(I) ap-
peared at 366.017, 372.084, 573.299, and 602.562 eV, corresponding
to electronic arrangements of 3ds,, 3dsp, 3p3p, and 3pyq), of Ag,
respectively, which confirmed that the successful capture of Ag(l)
on L-PRL [36-38]. The XPS spectrum of N groups before and af-
ter adsorption of Ag(I) was further ascertain the binding sites of L-
PRL capture of Ag(I). It can be seen that the XPS spectrum of N 1s
changed significantly and new peaks of 398.392 eV and 405.692 eV
were emerged after L-PRL coordinate with Ag(I), demonstrating
that peaks of the C=N bonds were evidently shifted to C-N and
Ag-N, which confirmed that N groups on the L-PRL acted as the
binding sites to capture of Ag(l) [39,40]. Considering the above ev-
idences of DFT and XPS, N groups dominates in the capture of Ag(I)
by L-PRL attributed to more negative electrostatic formula region,
which provided a strong interaction force for effective binding with
Ag(I).

The multiple metal ions including Cd(II), Co(II), Ni(II), Pb(II) and
Fe(Ill) were selected as competing ions to evaluate the selectivity
of L-PRL capture of Ag(l) (Fig. 4a). It showed that the adsorption
capacities of L-PRL for different metal ions displayed an apparent
selectivity ranking of Pb(Il) > Fe(Ill) > Ni(Il) > Cd(II) > Co(Il) in
the mixed solution without Ag(I). However, the adsorption capaci-
ties of interfering metal ions such as Pb(Il) was dropped more than
five times after adding Ag(I) into the mixture, and all of competing
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Fig. 2. (a) The effect of pH on the adsorption of Ag (I) by L-PRL. (b) Adsorption isotherms and (c) adsorption kinetics for Ag(I) on L-PRL.
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Fig. 3. (a) Atomic charges of L-PRL and protonated L-PRL by theoretical calculations.
(b) XPS spectra of L-PRL before and after Ag(I) adsorption.
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Fig. 4. (a) Selective adsorption of Ag(I) by L-PRL in the mixture of multiple inter-
fering ions. (b) The calculated bond length of Ag-N, Pb-N and Fe-N.

ions were far below the Ag(I), indicating that L-PRL exhibited dom-
inance of selectivity of Ag(I). Furthermore, the mechanism of favor-
able selectivity of Ag(I) was explored by DFT calculations. Consid-
ering structural characteristics of the L-PRL and unequal coordina-
tion numbers of different metal ions, diverse metal ions coordi-
nated with L-PRL in different manners [41]. The configurations of
complexes of L-PRL coordinate with disparate metal ions were an-
alyzed and the reasonable and most stable configurations of com-
plexes were obtained. As presented in Fig. 4b, the calculated bond
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Fig. 5. (a) Regeneration and recyclability of the L-PRL adsorbents. (b) Practical ap-
plications of L-PRL in the actul Ag(I)-containing wastewater.

length of Ag-N (2.34325A) is shorter than that of Pb-N (3.15837 A)
and Fe-N (3.38989A). According to the stability principle of com-
plexes, the shorter bond length of M-N demonstrated more stable
combination, which indicated that the complexes coordinated by L-
PRL with Ag(I) was the most stable [42]. Moreover, different spatial
localization of L-PRL with Ag(I), Pb(Il) and Fe(IIl) resulted in diver-
gence of complexation ability of L-PRL to coordinate with various
metal ions. The Ag(I) was provided with smaller steric hindrance
compared with Pb(II) and Fe(Ill), which endow the Ag(l) with the
prominent coordination preponderance to binding with L-PRL. As a
result, Ag(I) coordinate with L-PRL with higher sites utilization and
form the most stable complexes, which indicated that the ascen-
dant selectivity of L-PRL capture of Ag(I).

The recyclability and durability of L-PRL is critical to the prac-
tical application in Ag(I) removal, which has been evaluated by
the adsorption-desorption cycles regeneration experiments. Fig. 5a
showed the results of four cycles of the reusability of Ag(I) adsorp-
tion. It can be seen that only 0.6% decline of adsorption capacity
for L-PRL after two cycles, and 93.5% of initial adsorption capac-
ity of the L-PRL was reserved after four adsorption-desorption cy-
cles. In general, the removal efficiencies of Ag(l) after several cy-
cles for the regeneration of the L-PRL were all above 90%, indicat-
ing that the L-PRL was equipped with astonishing reuseability in
line with the concept of sustainable development and request of
practical applications. It was known that the composition of the
actual Ag(I)-containing wastewater was extremely acidic and par-
ticularly complex with multiple co-exist metal ions as the main
characteristics. Therefore, three different concentrations of 10, 100
and 1000 mg/L of actual Ag-containing industrial wastewater sam-
ples were collected from a smelter (Changsha, China) to determine
the Ag(l) removal performance of L-PRL in the practical process,
with the corresponding Ag(I) adsorption capacity exhibited in Fig.
5b. It was worth noting that Ag(I) was almost completely removed
from the low-concentration Ag-containing industrial wastewater.
All these results indicated that L-PRL provided great application
potentials in the capture of Ag(l) from wastewater.

In summary, a novel linear o-phenanthroline-based polymer L-
PRL was successfully synthesized by chemical oxidative polymer-
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ization. The obtained L-PRL adsorbent features a preeminent acidic
resistance, desirable removal performance remarkable adsorption
selectivity and in the capture of aqueous Ag(l), achieving a max-
imum adsorption capacity of 325.8mg/g at pH 0. Systematical
characterizations of FT-IR, XPS and DFT calculations certified the
N groups as binding sites to capture Ag(I), and elucidated that
the satisfactory selectivity of Ag(I) was owing to the most sta-
ble complexes formed by L-PRL with Ag(I). Furthermore, the L-
PRL still retained an adsorption capacity of 93.5% after four re-
generation cycles, and realized completely removal of Ag(l) from
the low-concentration Ag(I)-containing industrial wastewater. Our
study suggested that L-PRL as promising adsorbent presented great
potentials to deal with the puzzles of the restoration of acidic Ag-
containing wastewater.
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