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ABSTRACT: Mercury, lead, and cadmium are among the most toxic and carcinogenic heavy metal ions
(HMIs), posing serious threats to sustainability of aquatic ecosystems and public health. There is an urgent
need to rem®ve these ions from water by a cheap but green process. Traditional methods have insufficient
removal eff @ d reusability. Structurally robust, large surface-area adsorbents functionalized with
high-selggtiygiygadbimity groups to HMIs are attractive filter materials. Here, we report an adsorbent
prepared bywation of polyacrylonitrile (PAN), a nitrogen-rich polymer, giving rise to PAN-S
nanoparticlgf with 8clic m-conjugated backbone and electronic conductivity. PAN-S can be coated on
ultra-robust melamine (ML) foam by simple dipping and drying. In agreement with hard/soft acid/base
theory, N- and Sfcafitaining soft Lewis bases have strong binding to Hg*", Pb*", Cu®*, and Cd*", with
extraordina efficiency and performance stability. Furthermore, the used filters, when collected
and elecﬁo:/ biased in recycling bath, can release the HMIs into the bath and electrodeposit on
the counterf€lectrode as metallic Hgo, Pbo, Cuo, and Cdo, and the PAN-S@ML filter can then be reused at
least 6 times as new. The electronically conductive PAN-S@ML filter can be fabricated cheaply and holds

promise fo applications.

Keywo is acid; Electro-desorption; Metal recovery; Recycling; Drinking water filter
1 Introdugti

Heavy metal ions (HMIs) discharged from industrial processes (e.g. mining, steel, battery, electronic

circuit boalhtion, leather tanning, electroplating) and waste runoffs pose serious challenges for

aquatic ecq ustainability and public health. Mercury, lead, and cadmium HMIs are extremely

toxic, causing severe adverse effects on humans such as cancer, birth defects, mental retardation,

kidney daﬁ ge, as well as DNA damage from even trace level (ppb or ppt) HMIs exposure.'”!

IndustriWasingly strict regulations for wastewater disposal to reduce the environmental

impact of ﬂut HMISs still regularly exist in the natural environment and drinking water

sources, s n less-developed regions.”® Several technologies have been pursued for the

<
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elimination of HMIs from polluted water, including chemical precipitation,”*! solvent extraction,”'"’

U121 and osmosis.!'*! However, due to low removal efficiency, high treatment cost, and

ion exchange,
the prondondary pollutions, considerable work remains to be done. Especially when
treating wa @ ith relatively low HMI concentrations (US EPA limits are 0.002 mg (Hg)/L,
0.000 mg (Rb)ma005 mg (Cd)/L for drinking water, or equivalently 2 ppb (Hg), 0 ppb (Pb) and 5
ppb (Cd)), Mfﬁcacy envelope is often disappointing. Adsorption can have high uptake
capacity, g@od seldgtivity, and fast kinetics, and thus provides a promising mechanism for HMIs

" +1] Adsorbents that have been functionalized with matching metal-ion affinity

decontaminati
groups andftobmist gperation conditions (i.e. no stringent pH or post-processing requirements) are

prerequisit Pb*", Cu®’, and Cd*" are Lewis soft acids, and possess stronger-binding

U

compatibil ewis soft base groups e.g. RNC, R,S, RSH, and RS’, according to the hard/soft

acid/base (HSAB) theory."® Based on this, nitrogen and sulfur-containing groups have been

an

incorporated into organic/inorganic frameworks for Hg*", Pb*", Cu®", and Cd*" metal ion removal.l'’ >
The inorgaflic ents, mainly amine-rich functionalized carbon material and metal sulfides, can
[24-27]

be facil ized and display high uptake capacity in the adsorption of these HMIs.

However, the defi@iiencies of low adsorption pH value, formation of H,S gas, and the dissolution of

\]

active ¢ estrict its widespread utilization. Among the organic adsorbents,
thiol/thioether/pyridyl-based covalent/metal-organic frameworks show high uptake capacity for Hg*",
Pb*", Cu™, adsorption.”***! But due to high preparation cost, deterioration from pH

corrosion, or stability for reuse, thiol (-SH) containing COF or MOF are essentially unused

or

in any practical wastewater treatment. Polymer-based adsorbents derived from in-situ anchoring of

exogenous Wewis basic sites show comparative ease in preparation and fine control of the adsorbent

g

[3

structur eported D-limonene, canola oil, and dicyclopentadience inverse vulcanized

-E

S-containi ents have displayed easy preparation, large Hg*" adsorption capacity, and tonne

U

scale prod %91 However, it also shows poor desorption and recycling performance because of

A
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the strong affinity of the ionic bond formed between the heavy metal ions and the Lewis base sites.
Desorption is the reversal of adsorption, so strong adsorption is typically accompanied by
insigniﬁMﬁon, necessitating a compromise between adsorption and desorption (if no voltage
bias) for ap @ s, and this lack of reusability increases the lifecycle cost of filtration.
Unfortugatglysgighati vely little attention has been dedicated to the desorption of heavy metal ions,
which leadwmr reusability of the prepared adsorbents. Nanoscale adsorbent has been widely
studied an@ to obtain enlarged interfaces. The granulation or immobilization of the

nanoparticle adSorbent will also be important for practical applications.

In this ereport a highly porous, exceptionally stable, and easy-to-scale-up adsorbent
grafted on indEly produced melamine foam, and a corresponding electro-desorption method for
the eliminati ecovery of multiple metal ions from wastewater. The melamine (ML) foam
consists of -cell polymer fibers, and serves as support for PAN-S nanoparticles that are the active
componentm‘ﬁltration. The endogenous Lewis basic C-N, C=N, and exogenous C-S-S-C sites

were gener gh a simple thermal polymerization between polyacrylonitrile (PAN) and sulfur

terestingly, HMIs adsorption on PAN-S surface is selective, enabling the separation of
Hg**, Pb*" and Cd*" from the other metal ions. More importantly, the polymeric PAN-S
nanoparticle can be stably fastened onto the skeleton of melamine sponge, which can withstand the

filtration ﬂg of HMI-containing water. After adsorption, the used sponges can be collected from

various site oved to a central recycling bath, where the chemically adsorbed Hg**, Pb*", Cu™’,
and Cd*" m! be electrochemically desorbed, and reduced on the counter-electrode as metallic
Hg’, Pb’, G§* d° using electro-deposition, achieving the highest possible waste concentration.

Both thg and desorption processes are exceptionally robust, with almost no runoff or

performan* aegradation over 6 adsorption-desorption cycles. This decentralized absorption but
centralized recycli; and electrodeposition paradigm can greatly reduce the cost for drinking water

detoxification (Eig#l).
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quickly and efficiently, and the pass-through water with the HMIs concentration below 1.0 EPA can be supplied to the

village. @ML sponge can be collected and regenerated with intermittent renewable energy, e. g. solar
photovoltaics. -S@ML sponge was desorbed with electro-desorption method along with the metal deposition in the
cathode. The ad an be reused, and the metal can be recovered simultaneously.

2 Results and Discussion
Preparatih\f-s adsorbents and their metal ions affinity

PAN-S na @ s were fabricated by a thermal polymerization method using nitrogen-rich
polymer P matrix precursor and Sg powder as the S source (Fig. S1a). While pure PAN is an
insulat ized PAN gains cyclic conjugation as well sulfur chains grafted onto the polymer,
which mMs electronically conductive, a feature well exploited in lithium-sulfur

batteries.*"*"! Thenicromorphology and particle size of the prepared PAN-S powder is shown in Fig.

2a, and Fig. S1b igdicates connecting and binding between the nanoscale PAN-S particles of average
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size ~120 nm. The relatively low polymerization temperature ~300 °C permitted a reduced
graphitization of the PAN substrate to prevent shrinkage and particle isolation*’. The singly

cross—lin!cl PzN—S nanoparticles permit superior interface stability when used as adsorbent in an

Haeons S

The Iﬂ{ M 1mages in Fig. S1c confirmed the agglomerated morphology and the nanoscale size
of PAN-S particlgs. Poor crystallization of the PAN-S particles could be deduced from the irregular
lattice diffi & M-mapping images in Fig. 2a revealed uniform distribution of N and S on the

PAN-S na surface, which provide an abundance of active sites (e. g. C-N, C=N, and
C-S-S-C) fmon adsorption. The mass ratio of C, N, O, and S elements reflected from the
mapping re@ appropriately 41:17:4:38. The XPS scanning spectra (Fig. S2a) of the PAN-S
particle also that PAN-S mainly contains the elements C, N, O, and S, with a mass ratio of

approxima :16:2:35, corroborating the TEM-mapping results. The XPS spectrum of

high-resolmanning indicates confinement of S to C-S and S-S bonds (Fig. S2b). The binding
a .

energy pea 52 and 164.63 eV correspond to S2p;,, and S2p,,, orbitals in C-S bond, and the
binding eaks at 161.68 and 162.79 eV signal the existence of S2ps, and S2p;,, orbital in S-S
bonds.*>*] -S and S-S mass ratio calculated from the area in the high revolution S scanning

spectra was 3.32:1. In the PAN-S structure, the C-S and S-S groups tend to form a C-S-S-C covalent

bond, whic! Rromotes S anchor stability.[***

The hig @ on XPS scanning for N1s indicates that N exists in the form of C=N and C-N
otistrated by binding energy peaks at 399.96 and 398.18 eV, respectively (Fig. S2c).
47481 The ﬁding state of the N atom well matched its chemical configuration in the reported PAN-S

molecu@man spectroscopy of the as-prepared PAN-S nanoparticles is shown in Fig. S2d.

characteristi

<

The strong:istic peaks at 181 and 805 cm™ correspond to the C-S bond stretching, and the

at ~378 cm™ are ascribed to in-plane bending of the C—S bond. The S-S bond can
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be identified by the peaks at 926 and 1157 cm™, which are characteristic of the stretching of S-S bond
containing rings, and the strong peaks at 1200 to 1600 cm™ are characteristic of carbon-like materials

obtained by*pyrolyzing a polymer. Owing to the relatively low synthesis temperature, characteristic

@

on the RANgSgaaiagparticle surface provides an abundance of affinity sites for metal ions adsorption.

peaks for ¢ sulfur or poly(sulfur) can be found at 472 cm™. The abundance of N and S bonds

[49-52] s
The PA@Darticle displays outstanding affinity towards Hg*", Pb*", Cu**, and Cd*" ions, with
saturated a capacity of 158.43, 120.68, 86.73, and 36.87 mg/g, at solution pH of 7.0, 5.0, 5.0,

and 7.0, respectively (Fig. 2b). The uptake capacity of PAN-S was better than that of natural carbon,
biomass, and synt5tic clay adsorbents, though less than that of thiol (-SH) containing COF/MOF, and

individual ﬁﬁde materials.*® ** >4 For example, MoS, and ZnS nanoparticles have superior

reported sa dsorption capacities of 340 and 2000 mg/g. *>*%! However, thiol (-SH) containing
COF or M from structural vulnerabilities, and have a narrow solution pH range for

adsorption. ular, Hg*" is only adsorbed by the metal sulfide species under very acidic

conditi ~2.0-5.0), and generates H,S off-gas during the adsorption process. Continuous
leachin 10ons from the adsorbent will also occur, which results in inferior process stability.
From this standpoint, PAN-S has superior performance owing to a wide range of pH operating
conditions Sd excellent stability. The adsorption behavior of Hg*", Pb*", Cu®", and Cd*" metal ions on
PAN-S nan igle surface can be well-fitted with the Freundlich model, indicating a chemically

dominant i .

The effes of solution pH on metal ion removal efficiency was comprehensively explored, and the
results W Fig. 2¢c. The optimal solution pH for PAN-S metal ion uptake was appropriately
7.0, with u':formance of Pb*, Cu*", and Cd** dramatically increased in comparison with more

acidic or alikeeali nditions. The maximum removal efficiency for Pb**, Cu**, and Cd*" was 99.84%,
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99.66%, and 93.55%, respectively. A high Hg*" removal efficiency (>99.0%) was obtained in a broad
solution pH range of 1.0 to 12.0, though the optimal adsorption still occurred at pH 7.0, where the
removalMeached 99.99%. This is ascribed to the saturate-coordinated N and S groups in
PAN-S wi @N bior affinity with H, thus the S-Hg”" and N-Hg’" ionic bond can break down the

interactign beieeis N, S and H'. Furthermore, for the reason of the relative week affinity of N and S

2

[

groups wit ** and Cd*" ions, the solution pH dependence adsorption trends become
apparent. When th@adsorption occurred in a mixture, the Hg**, Pb*", Cu*", and Cd*" ions are
preferentially adsorbed with K, value 1666, 1653, 1631, and 1206, respectively. The K, values of

Hg*', Pb™", , Cd*" ions were much larger than those of Zn**, Ca®", Ni*", Mn*", Mg*’, Fe*", and

S

AT’ specie d K4 values are listed in Table S1), which indicates that PAN-S nanoparticles

U

capture Hg PCu”’, and Cd*" ions with high selectivity when treated with mixture wastewater

(Fig. 2d). e outstanding preferential affinity for Hg**, Pb>", Cu®", and Cd**ions can be ascribed to

N

the N and S function groups on PAN-S surface which possess stronger affinity for soft Lewis acid

HMIs. 73

d
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Fig. 2 SEM and TEM-¥happing images and the corresponding mass content of the prepared PAN-S nanoparticles (a),
adsorption capagii Hg®*, Pb*, Cu®*, and Cd** (b), adsorption performance at different solution pH (c), and K4 values

Ul

for various metal ions (d). Experimental condition: (b) PAN-S dosage 30.0 mg, volume of wastewater 50 mL, adsorption

A
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duration 24 h, temperature 25 °C (c) Metal ions initial concentration 2.0 mg/L, PAN-S dosage 30.0 mg, volume of
wastewater 50 mL, adsorption duration 2.0 h, temperature 25 °C; (d) Initial concentration 0.1 mg/L, solution pH=5.0, PAN-S
dosage 30.0 mg, volume of wastewater 50 mL, adsorption duration 2.0 h, temperature 25 °C

Prepara!n* o! FgN-S@ML sponge filter and their metal ions affinity

As structurQr the water filter, we use the open porous melamine foam (“Magic Eraser”).

A very Bci 1pping and drying process into PAN-S ink can accomplish the synthesis of the
PAN-S@ e (Fig. S3). Due to the recyclability of N-methyl-pyrrolidinone (NMP) solvent, the
process is @g and sustainable. After the coating of PAN-S (with dilute polyvinylidene
fluoride (P inder), the color of the white ML sponge changes to black. This indicates excellent
coverage o on the melamine skeleton (formaldehyde-melamine-sodium bisulfite copolymer)
and electro@lation. Interestingly, the PAN-S@ML filter (Fig. 3d) inherits the porosity and
skeletal structure of the parent ML sponge. The SEM images indicate that PAN-S nanoparticles

anchored og the ML sponge skeleton structure while retaining rich pores structures at the same time.

These pore es provide abundant channels for wastewater flow-through in the sponge filter. It
can be seen'tha surface of the PAN-S@ML filter is covered with uniform nanoscale PAN-S
particles® unique structure promises good metal ion adsorption kinetics on the PAN-S@ML filter
(Fig. 3e). ogen adsorption-desorption isotherms and the pore size distribution of different

sponge materials are displayed in Fig. S4. The BET surface area for the original sponge (Fig. S4a),

PAN-S@ML filter, and PAN-S@ML filter after Hg*" adsorption was 9.87, 9.64, and 7.98 m*/g,

respectively deftissindicates that the BET surface area has not increased after PAN-S attachment. The
pore size d shown in Fig. S4b indicates a decreased mesoporous structure after PAN-S
attachment 1 ions adsorption. From the above, it can be deduced that a percolating PAN-S
nanopagd surface will be formed. The adsorption on the PAN-S@ML filter surface can be

ascribed !olHe porous framework structure and exposed PAN-S nanoparticles.

-

<
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A self-made adsorption device with PAN-S@ML filter as packing material was constructed, and a
metal ion containing simulated wastewater batch treatment was conducted to evaluate the practicality
of the prop&eﬁirption scheme, with results shown in Fig. 3. As shown in Fig. 3f, when high
concentrat @ Pb**, Cu®", and Cd*" metal ion containing wastewater was treated in the first
cycle, the capiiiggeificiency was as high as 100.0%, 100.0%, 99.48%, and 99.23%, respectively. For

the subseq etitions, high concentration Hg*", Pb**, Cu®", and Cd*" metal ions containing

F

wastewategfCan stilh be purified to meet EPA limit for drinking water within a very short 320 s

SC

duration (Fig. , and c). The PAN-S nanoparticles provide an abundance of affinity sites for metal
ion adsorp h guarantees excellent HMI removal performance. Because a considerable

percentage sorbed metal ions are located on the surface of PAN-S@ML sponge, this platform

U

provides a chanism for the recycling of metal ions. The mass ratio of Cu on the PAN-S@ML

filter surfag€ reached 30.5% after 3 adsorption cycles (Fig. S5). As shown in Fig. S6, the mass ratio of

f

Hg, Pb, an on PAN-S@ML sponge surface after 3 adsorption repetitions was 26.2%, 34.3%, and

3.6%, respgcti he accumulated metal ions on PAN-S@ML filter surface have significant

d

potenti ion and reuse.

M

Author
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Fig. 3 Concen!ra!lon of Hg”" (a), Pb*" and Cd** (b), and Cu** (c) during the flow-through adsorption, the digital photo and

SEM images L sponge and PAN-S@ML filter (d), the illustration for PAN-S@ML filter the flow-through
adsorption m&thod HMIs remove (e), and Hg*", Pb**, Cu®*, Cd*" capture efficiency in the flow-through adsorption (f).

Experimental Hg*', Pb*, Cu®*, and Cd*" initial concentration ~ 5.0 mg/L, 3.0 mg/L, 60.0 mg/L, and 3.0 mg/L,
volume of the r 300 mL, adsorption pH 7.0, 5.0, 5.0, and 7.0, repeated 3 times.

Zero-valen recycling

An electroche method was explored for the desorption of Hg*", Pb>", Cu®", and Cd*" metal ions
from th L filter surface. The detailed illustration of the electrochemical desorption is

presented in Fig. 4a. When a cell voltage (constant voltage 5.0 V) is applied, the N-metal and S-metal
bonds fom‘hen the PAN-S and HMIs will be broken due to electrolytic polarization. The
desorbed @ _Cu”’, and Cd*" metal ions will then be transmitted to the cathode and deposited

as their corresponding zero-valent metallic form. A dilute 0.5 mol/L HNO; was used as electrolyte for

the dissolufion acceleration of Hg*", Pb*", Cu**, and Cd*" metal ions. The current used during the
electrocertion was quite small (0.08 A), and therefore, only a small amount of electric
power is 1 ring the desorption. The adsorption-desorption treatment was continuously

performed les, with amazing performance stability. An average capture efficiency for Hg*"

This article is protected by copyright. All rights reserved.
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was maintained at 97.72%, suffering only 2.28% attenuation in comparison with the first recycle at

100.0% (Fig. 4b).

The ¢ jon of SO;” and SO,> in the electrolyte was monitored to understand the S runoff
behavior d @ML filter desorption, with results shown in Fig. 4c. The concentration of
SO;* anﬂ 4 1n the electrolyte was low, even following 6 adsorption-desorption cycles, the outlet

SO,” and as still only 0.319 and 0.027 mg/L. This is significantly below the 250 mg/L sulfate
limit for S@public water systems. This result indicates that the S species in the PAN-S

frameworkmly anchored with almost no losses occurring during the electrocatalytic oxidation.
Hence, a staBfe alorption-desorption process for Hg”", Pb**, Cu**, and Cd*" metal ions on the

PAN-S@ML spon; can be realized. The mass content of Hg”", Pb*", Cu*", and Cd* metal ions on

PAN-S@M ¢ decreases dramatically to a very low level of 3.9%, 1.6%, 2.3%, and 0.3% after
the electro ical recycling treatment (Fig. S6 and S7), indicating high desorption efficiency.

Compared ingniﬁcant desorption performance obtained with direct 0.5 mol/L HNO; elution

for PAN-S nge Cu”" desorption, electro-desorption is an effective method to sperate HMIs
from P sponge surface (Fig. S8). The SEM images of the Ti cathode following the
electroca i®dcsorption (Fig. 4d and Fig. S9) show that elemental Hg’, Pb’, Cu’, and Cd’ was

obtained, which is the most compact and least hazardous waste form possible. Nevertheless, purifying

catchment s tailings dam wastewater containing significant amounts of organic matter (such as

humic matt@d be further explored.”

Auth
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Fig. 4 Detailggyi ion of electrocatalytic desorption (a), Hg" capture efficiency for the 6 cycles (b), the SO;* and SO,*
concentration in the e[&trolyte (¢), and Ti cathode surface after electro-desorption (d). Experimental condition: Hg*', Pb*",
Cu®", and Cdadiiti centration ~ 5.0 mg/L, 3.0 mg/L, 60.0 mg/L, and 3.0 mg/L, volume of the wastewater 300 mL,

adsorption pH 7.0, 5.0, 5.0, and 7.0, repeated 3 times. Adsorption-desorption cycle 6 times.

HMIs extraeti echanism

The extracanism for Hg*", Pb*", Cu®", and Cd** metal ions from water solution with PAN-S

red with XPS analysis, Raman spectroscopy, and TEM mapping. From the XPS

adsorb 0
spectra after the' 1@, Pb®", Cu®", and Cd*" adsorption, characteristic spectra for the metal species
were o S10). Specifically, the Hg 4f at 100.81 eV, the Pb 4f at 138.19 eV, the Cu 2p at

932.02 eV, and the Cd 3d at 418.30 eV. And the surface accumulation of Hg*", Pb*", Cu®’, and Cd**

metal ions en from the TEM mapping (Fig. 5d), which illustrates that metal ions were

_-N, C=N, and -C-S-S-C- bonds before and after metal ion adsorption as described in

adsorbed aj ulated on the surface of the PAN-S nanoparticles. There are dramatic changes
between the

XPS spectraMthe details of which are shown in Fig. 5 and Fig. S11.

After Hg aasorption, the binding energy peaks for C=N and C-N decreased from 399.96 eV and
398.18 eV to 399.5 eV and 397.84 eV, respectively, indicating the affinity between C=N, C-N and

0 ed with the C= inding energy change (-0.27 eV), the C- ond energy change
Hg2+[31&7d ith the C=N binding energy change (-0.27 eV), the C-N bond energy chang

This article is protected by copyright. All rights reserved.
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(-0.34 eV) was more significant, indicating that Hg*" has a greater affinity for C-N bonds than C=N
(Fig. 5a). The C-S-S-C group also experienced significant changes after Hg* accumulation, as shown
in Fig. 5b. Fhe binding energy peak of S 2p;,, from the C-S bond and the binding peak of S 2ps/, from
the S-S bo @ ally at 163.52 eV and 161.68 eV) greatly decreased, especially the peak of the
S-S bong. Hhesigagof the binding energy peak shrank dramatically to around half that of pristine

PAN-S, w e ascribed to the breaking of S-S bonds during Hg”" adsorption. The formation of

1

S-Hg bondgfcan b&lidentified from the S 2p;, and S 2p,,, binding energy peak at 161.90 eV and

C

163.91 eV.! ¢ affinity mechanism between PAN-S and Hg*" can be described as occurring due to

entrapmen “Bby C=N, C-N, C-S, and S-S via electrostatic affinity, with S-S bond breakage

S

resulting fi ger interaction between S and Hg*" during adsorption.

U

2+

The Hg® u®*, and Cd*" metal ions displayed different adsorption properties based on their

interaction nce with PAN-S nanoparticles. For Pb** adsorption, the binding energy peaks for

FX

C=N and .96 eV and 398.18 eV decreased to 399.70 eV and 397.89 eV.[** ®! The binding

d

energy pea 52 belonging to C-S and S-S bonds decreased from 163.52 eV and 161.68 eV to
163.28 42 eV. An insignificant decrease in the binding energy peak for S-S bond was

observed may indicate the affinity of S-Pb was not sufficient to break the S-S bond on PAN-S

M

framework. For Cu®" adsorption, change in the N 1s binding energy peak was also observed,

decreasing@fom 399.96 eV and 398.18 eV to 399.89 eV and 398.12 eV.1** Following Cd**

[

adsorption mding energy peaks for C=N and C-N increased slightly to 400.08 eV and 398.27

eV, and th nd can be found through S 2p;, and S 2p,,, scanning at binding energy peaks of

O

161.80 eV 578 eV 1] This provides obvious evidence for Cd*" adsorption by C=N, C-N, and

h

C-S-S- "Nevertheless, the C=N and C-N bond binding energy change was much smaller than

1

for Hg™', , and Cu”" adsorption. This can be ascribed to the relatively weak affinity between

PAN-S and Cd** agicompared with Hg*", Pb**, and Cu”*".

U

A
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The high-resolution XPS spectra for Hg 4f, Pb 4f, Cu 2p, and Cd 3d on the PAN-S surface is
displayed in Fig. S10a. The Hg 4f binding energy yields two peaks from Hg 4f;, and Hg 4f;,, at
100.81 eV 4.86 eV, as expected from the initial Hg +2 state. The Hg 4f;, spectrum is a
composite @ aks with binding energy of 100.38 eV and 100.98 eV, while the Hg 4fs,, spectrum
can be diyvidgdgiii@ewo distinct peaks 104.46 eV and 105.05 ¢V, which indicate the existence of
N-Hg and Mds, respectively’'. The observed Hg atom binding energy states correspond to N
and S bond€d Hg, @emonstrating that the C=N, C-N, and C-S-S-C functional groups have a strong
affinity for Hg . The Raman spectroscopy of the original PAN-S nanoparticle and after Hg*", Pb*",

Cu”", and Qd*#adsdrption (Fig. 5¢c) showed that the C-S and S-S peak on PAN-S surface decrease

obviously, jovides evidence of Hg2+, Pb**, Cu**, and Cd* adsorption on PAN-S surface.

a b

Inktensity (m.u.}
Intanslty (a.u.}

W 40 N8 ®e M7 %8 167 165 195 164 169 1R 161 180
Birding energy (aV) Einding energy (o)
i
Fig. 5 High reg@l#&e@pX PS spectra of N 1s (a) and S 2p (b) before and after metal ions adsorption, Raman spectroscopy of
original PA @ icles and after Hg**, Pb?*, Cu?", and Cd*" adsorption (c), and TEM-mapping images of PAN-S
nanoparticles @ , Pb?*, Cu**, and Cd*" metal ion adsorption (d). Experimental condition: metal ions concentration

10.0 mg/ IEV—S dosage 30.0 mg, volume of wastewater 50 mL, adsorption duration 24.0 h, and temperature 25
°C

Based omthe anglysis above, the mechanism for Hg2+, Pb*, Cu**, and Cd** metal ions adsorption

with PAN:rticles can be deduced: the soft base groups of C-N, C=N, and C-S-S-C have a

strong affing soft acid Hg”", Pb**, Cu®*, and Cd*" species. The proposed mechanism is

: This article is protected by copyright. All rights reserved.
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illustrated in Fig. S10c. The stronger the soft acid, the stronger the adsorption behavior; Hg*"

adsorption can also lead to the breakdown of S-S bonds in the C-S-S-C group.
Techno-ec and environmental sustainability

The conﬂ)oninti fgr PAN-S@ML sponge filter production are green and cost efficient. Cumulative

economic and and environmental sustainability were analyzed to evaluate the potential scalability

E

of the propgsed rption and electro-desorption method. The amount of PAN-S nanoparticle for one
batch packi 8.0 g, and the corresponding cost for the preparation of PAN-S and PAN-S@ML

sponge, thelcost offthe electrodes, and electricity costs were all calculated and the total cost was 30.37

$

US $. The i ost was listed in Table S2. Besides, in consideration of the recycling possibility of

U

NMP, the ilbe reduced in practical production. The initial Hg*", Pb*", Cu®’, and Cd**

concentrat scattered drinking water intake point for the rural villages was assumed to be 5, 5,

n

10, and 15 > and the discharge standard was 2, 0, 5, and 1300 ppb, respectively. The treatment
cost of the +, Cu’", and Cd*" contaminated surface/groundwater was 0.17, 0.47, 0.94, and
0.94U ich was low and competitive with the currently applied techniques (displayed in

Fig. S12). T culations prove the economic and environmental feasibility of the proposed

0

adsorpt ro-desorption method for HMIs elimination and recovery.

3 Conclus

I

In this wor @ e demonstrated a sustainable, affordable, and easily implemented adsorbent

preparation, a8 as an ultra-robust and stable electrochemical recycling strategy for the highly

efficient refhoval and recovery of Hg2+, Pb*", Cu?*, and Cd*' from wastewater. Our approach involves

g

the in-situ generatign of endogenous Lewis basic C-N, C=N, and C-S-S-C affinity sites on PAN-S

!

nanoparticﬁ immobilization of the prepared nanoparticle adsorbent on a mechanically robust

melamine imple thermal polymerization between polyacrylonitrile and sulfur powder were
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introduced for the preparation of PAN-S nanoparticle, which displayed extensive pH (1.0~12.0)
competence for Hg”" adsorption and selective adsorption for Hg*", Pb*", Cu®’, and Cd*" HMIs. A
facile dippfig and drying process could accomplish the stably fasten PAN-S onto the skeletal surface
of melami @ , the fabricated PAN-S@ML filter then inherited the porosity of ML sponge
permittige ghegdemgthrough of wastewater and interception of the HMIs with the exposed affinity

sites. The ficiency for Hg*", Pb*", Cu**, and Cd*" containing wastewater with initial

[

concentrati@h of 5%, 3.0, 60.0, and 3.0 mg/L was measured to be 100.0%, 100.0%, 99.48%, and

C

99.23%, and ¢ outlet are all met the US EPA requirement for drinking, with very low sulfur runoff.

And the mas #ftighf the accumulated Hg”", Pb*", Cu**, and Cd*" on the PAN-S@ML filter was as

S

high as 26. %, 3.6%, and 30.5%, respectively, indicating excellent usage of affinity sites. The

U

HMIs can ed from the wastewater and accumulated for significant recovery. Importantly, the

PAN-S@ ilter could be regenerated with an electrocatalytic desorption method, and metallic

N

states of Hg', , Cu’, and Cd° covered the surface of the counter electrode. Both the adsorption and

desorption e eptionally stable with nearly no attenuation after 6 cycles. The components for

d

PAN-S production are green and cost effective, which offer a sustainable and affordable

approach to the very of HMIs from wastewater and opens a promising avenue towards drinking

M

water t

4 Experi tal Section

[

PAN-S na @ e preparation: In a typical synthesis of the PAN-S nanoparticles, 6.0 g

polyacrylomififc (PAN, Sigma-Aldrich, USA) and 24.0 g sulfur powder (Sigma-Aldrich, USA) are

mixed and @round together. The powder is then sintered under argon atmosphere following a

i

three-st eatment procedure of: (1) heating from 20 to 300 °Cat a constant heating rate of

t

3.0 °Cmin, jmtain temperature at 300 °Cfor 10 h, (3) cool from 300 °Cto room temperature at a

U

A
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constant cooling rate of 3.0 °C'min. The as-prepared carbon polymer is then fully ground to obtain

decentralized nanoparticles. The yield of PAN-S nanoparticles is 28.3%.

PAN-S@meﬁlter fabrication: For the fabrication of the PAN-S@ML sponge filter, 0.8 g
polyvinyli ide (PVDF, Sigma-Aldrich, USA) was dissolved in 80 g N-methyl-pyrrolidinone
(NMP, glg a—xlgrlch, USA) with vigorous stirring for 4.0 h at a constant temperature of 80 °C. After

cooling to rogm f{emperature, PAN-S nanoparticles (8.0 g) were added to the NMP solution and

dispersed a -crosslinking slurry. Then the commercial ML foam (with exterior size of 60.0%

20.0%2.0 dipped into the slurry for 2.0 min, and air-dried to constant weight at 60 °Cin oven.

Bulk metallic wasfewater adsorption: The Hg*", Pb>", Cu®", and Cd*" adsorption capacity of the

HE

as-prepared nanoparticles and PAN-S@ML sponge was comprehensively investigated. The
optimum sQduti , selective affinities for Hg*", Pb>", Cu*", and Cd*" ions, and corresponding
saturated am capacities (¢) were obtained for PAN-S nanoparticles. Systematic flow-through

experiment onducted using a self-designed device (Fig. S13a) packed with PAN-S@ML

sponge, ich metal ion concentration (5.0 mg/L of Hg**, 3.0 mg/L of each Pb*" and Cd*", and 60.0

mg/L o

Feasibilitg of metal ion recovery from the PAN-S@ML sponge was explored using an

electrolyti on process with 150 mL 0.5 mol/L HNOs as electrolyte (Fig. S13b). Operational
details of t @ ental wastewater treatment and ion recovery method are shown in Fig. S1. The
optimum solution pH for Hg*", Pb**, Cu**, and Cd*" ion adsorption was investigated using 2.0 mg/L
initial ion d@ncentration, a 30 mg PAN-S nanoparticle dosage added to 50 mL simulated wastewater,
and 2.0 M duration at 25 °Cin a water bath shaker. For Hg*", controlled investigation of
pH-depend! tion was conducted for the pH range 1.0 to 12.0 in increments of 1.0. Similarly,

for Pb*", Citi d*", the pH range 1.0 to 8.0 was investigated in increments 1.0.

This article is protected by copyright. All rights reserved.
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Wastewater containing various metal ions, including Hg**, Pb**, Cu*", Cd*", Zn**, Ca*, Ni*", Mn®",
Mg*", Fe*', and AI*", was used to evaluate selective affinity for Hg*", Pb*", Cu**, and Cd*" ions. The
solutionp#ascontrolled to be 5.0, and initial concentration of each ionic species maintained at
100.0 pg/L @ ture is set aside for 24 h, then passed through a 0.22 gm filter membrane. The
result ofgihisgpieeess is then treated as the initial solution in the adsorption experiments. For the
adsorptionh:nts, a 30 mg dosage of PAN-S nanoparticles was added to 50 mL of simulated
wastewategffor a ddration of 2.0 h at 25 °Cin a water bath shaker. The affinity of PAN-S particles

towards hea ctal ions can be expressed in terms of the distribution coefficient (Ky, mL/g) as given
by the follmation:

U

=222 »

Ce

where ¢, aild c. are the initial and terminal metal ions concentrations, mg/L; V the total volume of the

[

solution, mL; the mass of the added PAN-S nanoparticles, g.

The saturdte orption capacity (q) of PAN-S nanoparticles for Hg>", Pb*", Cu*", and Cd*" ions
were inve using initial metal ion concentration wastewater prepared as 1.0, 2.0, 3.0, 4.0, 5.0,
10.0, 2 .0, 100.0, and 500.0 mg/L. It is worth noting that the solution pH was controlled at

different values for Hg2+, Pb*, Cu®’, and Cd*' adsorption because the ions have different

F

pH-depen ciation properties. The solution pH used for Hg*", Pb*", Cu*", and Cd*" ¢
measuremm .0, 5.0, 5.0, and 7.0, respectively, where the ¢ value has been calculated using the

following e :

! q= (co—ce)xXV (2)
H

M

Systemajhrough treatment with metal ion recovery experiments were conducted to evaluate

the applicalpidi

<

he proposed scheme. The self-designed flow-through adsorption and
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electrolytic-desorption devices were prepared with 3D-printed parts using polylactic acid plastics
(PLA). The as-prepared PAN-S@ML sponge was employed as filling material to fabricate a
flow-through adsorption device for the efficient treatment of high metal ion concentration wastewater
with initial dghcentration 5.0 mg/L, Pb>" and Cd*" 3.0 mg/L, and Cu*" 60.0 mg/L using 300.0 mL
solutiongyokiiagsdikow-through treatment was conducted 3 times under the same experimental
conditions.hcentration of different metal ions was determined with inductively coupled plasma
mass spect@ICP—MS, Agilent 7900, USA). And the highest standard solution for Hg*"
detection was ppb. It is worth noting that on account of the precipitation phenomenon that occurs
in high meWncentration solutions, control of pH in the flow-through device is vital. To that
end, the sp ribution of Hg*", Pb>", Cu’*, and Cd*"as a function of pH was calculated using the
software V! TEQ ver 3.1, assuming an ionic strength of 0.2 mol/L, and NOj concentration of

0.05 mol/I gltE results shown in Fig. S14. Based on the results from the species distribution

simulation, the controlled pH values for Hg2+, Pb*, Cu**, and Cd* flow-through adsorption were 7.0,

5.0, 5.0, a@pectively.

overy: Regeneration of the PAN-S@ML sponge filter was conducted using an

rocess in a self-designed PLA reactor. In this process, the used PAN-S@ML sponge
was packed in-between the electrodes, where graphite and titanium plate served as anode and cathode,

respectivel! The size of the electrode was 60.0 mm x 60.0 mm X 2.0 mm, and the distance between

anode and ¢ was 25.0 mm. The desorption treatment employed 150 mL of 0.5 mol/L
concentrati acid as the electrolyte, with voltage of 5.0 V, for a duration of 0.5 h. After
treatmemf formaldehyde and 2.0 mL of 0.1 mol/L ethylenediaminetetraacetic acid was
added t yte solution, and ion chromatography (IC, Thermo ICS-2100, UAS, with

AS1 l—HZ! *wn column) was employed to measure concentrations of SO;> and SO,

: This article is protected by copyright. All rights reserved.
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Material characterization: The morphology and the element distribution of the PAN-S nanoparticle
and PAN-S@ML filter before and after ion adsorption was observed by field emission scanning
electron#scopy (FE-SEM, ZEISS SUPRA 40, Germanely), high-resolution transmission electron
microscop? @ M, Tecnai G2 F20, FEI, USA), and X-Ray energy dispersive spectroscopy
(EDS-Mgppisagsduper X, FEI, USA). The specific surface area of the synthetic PAN-S@ML sponge
was deternhording to the Brunauer-Emmett-Teller (BET) model and the pore size distribution
was calculdted viathe Barrett-Joyner-Halenda (BJH) method using a micromeritics TriStar II Plus
surface area andlyzer (Micro, ASAP 2020, USA). The lattice structure, phase composition, and
surface gr ege recorded using X-ray diff raction (XRD, Bruker D8, Germany), and Fourier
transform i ectroscopy (FT-IR, Nicolet-460, USA), with changes in the chemical and
electronic j , S, and metal atoms detected using X-ray photoelectron spectroscopy (XPS,

K-Alpha, WSA). The cathode (Ti plate) before and after the electrolytic-desorption process was

comprehensively characterized using FE-SEM and EDS-Mapping methods.

Data availatil

Data are avai reasonable request from the authors, according to their contributions.
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Highly péro d functionalized filter prepared from cyclic m-conjugated backbone and electronic
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grafted on industrially produced melamine foam. Selective affinity of Hg”", Pb*",

conduc

Cu*", and C ieved. Chemically adsorbed metals ions can be electrochemically desorbed and

N

reduce electrode, which achieving highest possible waste concentration. Both adsorption
and desorption are exceptionally robust. This paradigm offers a sustainable and affordable approach

for HMIs r rom wastewater.
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