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Abstract

Cathodic persulfate (PS) activation mediated by solid-state Fe(ll) produced in situ in a
continuous manner has recently emerged as a powerful strategy to degrade organic
pollutants. Conversely, the use of single-atom catalysts (SACs) that is now widespread in
heterogeneous catalysis for water treatment has never been explored for the design of
superior electrocatalysts for PS activation. In this work, the pyrolysis of abundant
biopolymer chitosan mixed with an iron salt yielded abundant (15%) single-atom-metal
sites (FeN4) coordinated with a graphitic matrix. For the first time, PS activation at
cathodic Fe'-N-C moieties (Eonset ~0.65 V|RHE) is demonstrated to be highly effective
for the fast degradation of a model antibiotic like piperacillin, being totally removed even

in urban wastewater after 90 min at 20 mA cm.
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1. Introduction

The advanced oxidation processes (AOPs) based on sulfate radical (SO4*") have been
developed as an alternative to those based on hydroxyl radical (*OH), taking advantage
of the longer half-life combined with a high redox potential [1,2]. SO4*~ radical can be
generated by activation of persulfate (PS), namely peroxymonosulfate (PMS) and
peroxydisulfate (PDS), through multiple routes [3]. Among them, the electrochemical
activation of PS can be achieved by anodic or cathodic routes. The former has been more
widely investigated, focusing on finding high oxidation power anodes able to produce
*OH as mediator. Conversely, the cathodic route involves both the classical direct or *H-
mediated PS electroreduction, and the recently suggested Fe(ll)-mediated

electroreduction reaction (1) [4].
S208% + = Fe(Il) — = Fe(lll) + SO4*~ + SO4%- (1)

where = represents the solid state.

Iron-based nanoparticles have been proven as good electrocatalysts for this purpose,
since the Fe(ll) active centers may be continuously regenerated via electron transfer,
showing high effectiveness for PS activation during the degradation of organic dyes [4].
Nonetheless, the utilization efficiency of iron sites in nanoparticles is rather low due to
their relatively low area-to-volume ratio, thereby wasting most of the catalyst. To
overcome this issue, single-atom catalysts (SACs) are now receiving great attention for
water treatment [5]. SACs can be prepared by pyrolysis of carbonaceous precursors (e.g.,
metal-organic frameworks, polymers, biomass). The presence of N in the hydrocarbon
backbone facilitates a higher load of metal atoms and their complete dispersion and
stabilization [6,7]. The resulting M-N-C moieties (where M preferably accounts for a non-
precious metal) have been employed as electrocatalysts, but mainly in energy field. For
example, the oxygen reduction reaction (ORR) [6,8] with such catalysts requires lower
reduction overpotentials, thanks to the high electrocatalytic activity of the macrocycles
(i.e., Mg active sites) present in the resulting graphitized carbon matrix [9]. In contrast,
pyrolyzed M-N-C derivatives have not been explored as potential electrocatalysts for PS
electroreduction. More specifically, Fe-N-C moieties produced from abundant biomass
might be very appealing because of their non-toxicity and low cost [10].

The antibiotics are nowadays considered as one of the most important target organic
pollutants in all types of water [11], owing to their impact on superbacteria proliferation.

These drugs are highly persistent in the environment, becoming refractory to conventional



treatments in municipal facilities [12]. Among them, penicillin p-lactam antibiotics like
piperacillin (PIP) are widely administered for bacterial infections, thus being accumulated
in water as observed in Germany [13].

AOPs based on PS are effective to degrade antibiotic residues, and heterogeneous
iron-based catalysts suspended in the polluted solutions are excellent activators to trigger
the process [1,2,10]. Some SACs have also been tested [7,14], but their performance is
still limited because of the gradual oxidation of the metal active sites. Based on this, here
we demonstrate the feasibility of Fe-N-C moieties, synthesized from an abundant carbon
source like chitosan, to activate the effectively electrocatalytic transformation of PDS into
a species with higher oxidation power, as revealed by the fast degradation of the antibiotic
PIP.

2. Experimental section
2.1. Chemicals

Sodium sulfate (Na2S04), potassium hydroxide (KOH), sodium hydroxide (NaOH),
iron (1) sulfate (FeSO4) and chitosan were purchased from Merck. Piperacillin sodium
salt (C23sH26NsNaO-S) and Nafion® dispersion (5 wt.% in alcohol), as well as methanol
(CH30OH), and tert-butanol (C4H100) employed as radical scavengers, were acquired from
Sigma-Aldrich. Sulfuric acid solution (H2SO4, 95~98%), sodium persulfate (Na2S20s,
PDS), high purity glacial acetic acid (CHsCOOH) for HPLC, acetonitrile (CH3CN,
UHPLC grade), isopropyl alcohol (CsH7OH), potassium di-hydrogen phosphate
(KH2PO4) and anhydrous sodium hydrogen phosphate (Na2zHPO4) were obtained from
PanReac, Sodium hypochlorite (NaCIO) and N,N-diethyl-p-phenylenediamine sulfate
salt (C10H16N22H2S04) were acquired from Fluka. Ultrapure water was produced on a

Millipore Milli-Q system.

2.2. Synthesis of the catalyst

10 g of chitosan and 10% w/w of FeSO4 were added to 50 mL of ultrapure water, and
the mixture was stirred for 24 h at room temperature. Subsequently, the mixture was
filtered and dried at 80 °C for 12 h. The dry sample was weighted, and 10 mL of 10% w/v
KOH solution were added for each 0.4 g of the sample, stirred for 5 h at room temperature,
and dried at 80 °C for 12 h. Finally, the precursor was pyrolyzed in a tubular furnace, first
at 800 °C for 6 h under N2 flow. After this first pyrolysis step, the samples were washed
with 0.5 M H2SO4 solution at 80 °C for 14 h to leach all the metal ions and the uncoated



nanoparticles. Finally, the materials were pyrolyzed at 800 °C for 4 h in N2/NHs

atmosphere.

For comparison, an Fe-free catalyst (i.e., N-C sample) was synthesized following the

same procedure without adding the FeSOas salt. In addition, C-supported FesOas

nanoparticles were prepared as previously reported [4].

2.3. Catalyst analysis

The detailed information is provided in Text S1 of the Supplementary Material.

2.4. Degradation tests

The experimental procedures are provided in Text S2 of the Supplementary Material.

3. Results and discussion

3.1. Catalyst characterization

The different iron species present in the synthesized catalyst were elucidated by

Mossbauer spectroscopy. Fig. 1a shows the deconvoluted spectrum of the material,

recorded after the double-step pyrolysis process, and Table 1 summarizes the structural

parameters of each assigned species.
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Fig. 1 Characterization of the synthesized SAC: a room temperature Madssbauer
spectrum; b cyclic and linear voltammograms under different conditions in 0.05 M
Na2S0s4 solution, registered at the GC disk of an RRDE at @ = 0 rpm (inset: zoom); ¢



polarization curves obtained by LSV with the same RRDE (inset: K-L analysis, see Text
S1), in an Oz-saturated 0.05 M Na2SO4 medium without PDS; d number of electrons for
ORR determined by RRDE (GC disk, Ptring at E = 1.2 V vs RHE), and H202 selectivity.
All voltammograms and polarization curves were recorded at a scan rate (v) of 5mV s,

Table 1. °’Fe Mdossbauer analysis parameters of the synthesized SAC: Isomer shift (1S),
quadrupole splitting (EQ), full width at half maximum (FWHM), hyperfine magnetic
field (Hnr), and relative spectral area percentage of each component.

Assignment Signal IS/ EQ/ FWHM/  Hn/ Areal
mms! mms? mm s* T %
D1 Fe**N4/C (S=0)  Doublet 0.35 1.02 0.6* - 15
Singlet 0.21 - 0.6* - 5
a-Fe Sextet -0.05 0.02 0.5* 32.7 16
FexSy Sextet 0.71 0.2* 0.64 31.0 44
FesC Sextet 0.20 0.0 0.7* 21.4 20

* Fixed parameter.

The assignment reveals the presence of five different iron species, four of which
correspond to iron-based particles grown during the pyrolysis processes: a-Fe, y-Fe, iron
carbides, and iron sulfides. The generation of iron carbides and sulfides results from
combining the inorganic iron source with the carbon backbone at high temperatures,
resulting in particles covered by a graphitized carbon matrix. In addition, low spin M-N-
C moieties, i.e., FeN4/C (S = 0) (doublet, D1) sites inserted in the graphitized carbon
matrix are identified in the synthesized catalyst, accounting for 15% of the total iron
content. Their presence is expected to favour the massive interaction with PDS and its
activation during the degradation trials, in agreement with previous studies that reported
the high activity of the Fe-N-C species to promote the ORR and other inner sphere
electrocatalytic reactions [6].

To support the formation of FeNs sites, X-ray photoelectron spectroscopy (XPS)
analysis of the samples pyrolyzed in the presence and absence of FeSO4 was carried out.
The full spectra of both samples contain the bands corresponding to O 1s, N 1sand C 1s,
whereas the Fe 2p band is also present in the M-N-C sample (Fig. Sla). The high
resolution spectra of N 1s were fitted to five distinct N-containing groups, whose relative
abundance is summarized in Table S1. Both samples exhibited a high percentage of N-
pyridinic and N-pyrrolic groups (accounting for more than 55% of N), whereas in the Fe-
containing sample the abundant Fe-N-C moieties (37% of N) confirm that a SAC has
been produced.

Fig. 1b shows the voltammogram recorded for the SAC-modified working electrode

(i.e., glassy carbon (GC)) in the absence of PDS. A clear broad reversible faradaic process



can be observed in the region 0.6-0.7 V vs. RHE (inset figure), which can be associated
with the Fe(Ill)/Fe(ll) transition of the FeN4/C active sites detected by Mdssbauer
spectroscopy [6]. The catalytic activity of these sites towards the activation of PDS and
O2 by electron transfer was determined by linear sweep voltammetry (LSV), first for both
reactions independently (blue and red curves in Fig. 1b) and then in a mixture of PDS +
O2 (pink curve). The PDS and O: electroreduction are triggered at the same potential,
showing a similar onset potential (Eonset) close to 0.65 V vs. RHE. This phenomenon
occurs at a potential very close to the redox potential of the FeN4/C moieties, which means
that these actually behave as active sites for both reactions. Since the electroreduction
occurs in the presence of Fe(ll), both reactions follow an inner sphere mechanism, being
the adsorption of the analyte on the metal sites the first step. The LSV in the mixed
medium confirms this finding, since the Eonset matches with that of the single tests. This
suggests that PDS and O2 compete to become activated at the FeN4/C sites.

It is also important to elucidate the ORR mechanism, since the generation of H20: as
by-product in a 2 e~ + 2 e~ sequence could affect the performance of the PDS-mediated
degradation. Indeed, H202 may activate PDS to yield SO4°~, as well as react with Fe(ll)
to yield *OH according to heterogeneous Fenton’s reaction [4]. The number of electrons
transferred during the ORR has been calculated by Koutecky-Levich (K-L) equation (see
Text S1) in the region under mass transport control (0.2 V vs. RHE), at different rotation
rates. Fig. 1c shows that at high overpotential, the total number of electrons (3.8) is close
to the theoretical 4-e~ pathway for O2 reduction to H20, which allows discarding the
production of H20z2 in this potential range. To verify this finding, the H202 selectivity and
the number of electrons were determined from the disk and ring currents obtained with
the RRDE (equations (S1) and (S2)), as depicted in Fig. 1d. In the absence of PDS, at low
overpotentials (0.3 to 0.4 V vs. RHE), the ORR follows a 2 e~ + 2 e~ mechanism, with
H202 production close to 20% (n = 3.5). However, either at high overpotentials (below
0.3 V vs. RHE) or in the presence of PDS, the ORR follows a direct 4-e~ pathway, which

drastically minimizes the role of dissolved O2 in the degradation process studied below.

3.2. Piperacillin degradation

The removal of PIP was studied in 0.036 mM drug solutions, usually under N2
saturation at pH 6.0. Blank experiments in 0.05 M Na2SO4 medium are shown in Fig. 2a.
PDS alone (1 mM) or in the presence of suspended SAC (50 mg L) did not cause any
noticeable PIP degradation for 120 min, achieving only 5-7% concentration decay. PDS



is relatively stable at ambient temperature and its oxidation power is low [15], while the
low SAC content employed (selected to mimic the amount loaded in the cathode in
electrochemical tests performed below) is not able to activate PDS significantly.

Three blank electrochemical assays were then carried out as well in the absence of
SAC, using a cell comprising Pt anode and unmodified or modified GC cathode, at current
density (j) of 20 mA cm. Fig .2b shows the evolution of PIP concentration over time in
electro-oxidation (EO) treatments in Nz-saturated 0.05 M Na2SO4 + 1 mM PDS solution.
The use of unmodified GC only led to 25% degradation at 120 min. The modification of
GC with chitosan-derived carbon particles did not enhance the PIP removal, obtaining a
very similar concentration decay profile. This means that such carbon is not a good PDS
activator, and the contribution of adsorption process in subsequent trials can be neglected
as well. Fig. 2b also depicts the enhanced but still slow and partial PIP concentration
decay (58% after 120 min) when GC was coated with C-supported FesO4 nanoparticles,
synthesized as in previous research [4], thus requiring a better catalyst.

Fig. 2c presents the electrochemical tests performed with a SAC-modified GC
cathode. In EO process at j of 10 mA cm in the absence of PDS, only 21% degradation
was achieved, which can be explained by the low oxidation power of Pt anode, unable to
produce high concentration of adsorbed *OH. All subsequent electrolytic trials were made
with 1 mM PDS, evidencing the activation of PDS in all cases. At j = 10 mA cm™, 61%
and 65% removals were achieved at 120 min in O2- and Nz-saturated Na2SO4 medium,
respectively. The slower abatement in the presence of Oz can be attributed to the
competing adsorption in some of the FeN4/C active sites, as mentioned above.

The fastest removal of PIP in Na2SO4 medium was attained after 90 min at 20 mA
cm2 and pH 6, being slightly decelerated at pH 3.5 with total disappearance at 120 min.
Moreover, at 90 min, the leached iron at pH 6.0 determined by ICP-MS was below 40
ppb. Considering the poor oxidation power of Pt anode, the enhancement upon j increase
can be explained by the quicker PDS activation. In turn, the resulting active species can
yield *OH from reaction (2) [4]. Note that although SO4*~ formed from reaction (1) is
suggested to be the main active species, the M—N—C SACs have been recently manifested
to be effective for the activation of PS via nonradical pathway [16]. To gain further insight
into the oxidation mechanism, the optimal degradation trial (i.e., EO/PDS-SAC, at j of 20
mA cm and pH 6), was repeated in the presence of radical scavengers, as described by

some authors [17,18]. Fig. S2 confirms that SO4°*~ is the main reactive oxygen species



when using M-N-C catalyst, with a direct (30%) or indirect (i.e., *OH production via
reaction (2), 45%) contribution. Hence, 25% of degradation could be explained by the
action of O2*/*Oz and/or nonradical mechanism.

The slower PIP degradation at acidic pH agrees with the decline observed by other
authors. This has been associated with an excess of sulfate radicals produced, which

promote parasitic reactions (3) and (4) [19].

S04~ + H20 — SO4* + *OH + H* ()
SO4*~ + SO4*~ — S208%" 3
SO4*~ + S208%" — SO4* + S208™ 4)

Aiming to corroborate the good results, the viability of the SAC-mediated PDS
activation was evaluated in urban wastewater with the spiked drug. Usually, the oxidation
efficiency of a radical-based AOP system decreases due to the scavenging effect of
background inorganic anions and natural organic matter. Nonetheless, Fig. 2d illustrates
the high effectiveness of the system under study, with even faster PIP removal as
compared to the same trial in Na2SOa solution (Fig. 2c).

Complete disappearance occurred at 90 min, but following a quicker decay kinetics.
Such excellent performance can then be attributed to: (i) the production of active chlorine
(and chlorine radicals) upon oxidation of CI- by activated PDS [20]. This was verified by
detecting chlorine during the electrolysis of a 10 mM NaCl solution at 20 mA cm?; and/or
(ii) the aforementioned nonradical oxidation pathway attributed to M-N-C catalyst, being

less susceptible to parasitic reactions typically found in a complex water matrix.
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Fig. 2 Normalized PIP concentration decays during the treatment of 0.036 mM PIP
solutions (always with N2-saturated medium at pH 6.0, unless stated otherwise): a blank
tests in 0.05 M Na2SO4 medium; b different electrochemical trials, in 0.05 M Na2SO4
medium at 20 mA cm, using a modified or unmodified GC as cathode; ¢ similar tests,
but using a SAC-modified GC, at 10 or 20 mA cm; d PIP removal in actual wastewater
under the best degradation conditions. PDS always has a concentration of 1 mM.

Conclusion

To summarize, a powerful strategy for PS activation using abundant biomass waste
has been developed, based on cathodic SAC, overcoming the inefficiency of nanoparticle
electrocatalysts and suspended SACs. The excellent performance even in actual
wastewater opens the door to design SACs based on other MNa sites that might allow
decoupling the PS activation from 4-e- ORR, eventually boosting the degradation of the

organic pollutants.
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