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Ferrocenylselenoether and its cuprous cluster
modified TiO, as visible-light photocatalyst for the
synergistic transformation of N-cyclic organics and
Cr(vi)t

Zhuo Yang,? Jinshan Wang,? Aimin Li,°> Chao Wang,?® Wei Ji,*? Elisabet Pires, ©¢
Wenzhong Yang? and Su Jing @ *2

In this study, fcSe@TiO, and [Cu,l,(fcSe),],@TiO, nanosystems based on ferrocenylselenoether and its
cuprous cluster were developed and characterized by X-ray photoelectron spectroscopy (XPS), high-
resolution transmission electron microscopy (HR-TEM), energy dispersive X-ray spectroscopy (EDX), and
electron paramagnetic resonance (EPR). Under optimized conditions, 0.2 g L™ catalyst, 20 mM H,O»,
and initial pH 7, good synergistic visible light photocatalytic tetracycline degradation and Cr(vi) reduction
were achieved, with 92.1% of tetracycline and 64.5% of Cr(vi) removal efficiency within 30 minutes.
Mechanistic studies revealed that the reactive species "OH, "O,~, and h* were produced in both systems
through the mutual promotion of Fenton reactions and photogenerated charge separation. The
[Cu,ly(fcSe),l,@TiO, system additionally produced O, from Cu* and ‘O,”. The advantages of the
developed nanosystems include an acidic surface microenvironment provided by Se---H*, resourceful
product formation, tolerance of complex environments, and excellent adaptability in refractory N-cyclic

rsc.li/rsc-advances organics.

Introduction

Nitrogen-containing cyclic organics, N-cyclic organics in brief,
are among the most common functional compounds in bio-
logical, pharmaceutical, and material fields."” With the rapid
development of industry and global consumption, the N-cyclic
organics are continuously discharged into the environment.**
Due to their high stability and high chemical oxygen demand, it
is difficult to rely solely on degradation by microorganisms
under natural conditions.® These N-cyclic organics have become
major harmful pollutants in soil and aquatic ecosystems, which
have toxic effects on living organisms, including teratogenesis,
carcinogenesis, and mutagenesis.®® Simultaneously, the highly
toxic and non-biodegradable Cr(vi) is one of the most coexisting
toxic metals and can cause severe threats to the natural envi-
ronment and public health.'*** It is very significant to develop
environmentally friendly technologies to simultaneously
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transform N-cyclic organics and the coexisting toxic Cr(vi) from
complex ecosystems.

The common methods available to treat N-cyclic organics in
the environment include chemical oxidation,**® biodegrada-
tion"” and physical adsorption.*® As an approach of advanced
oxidation processes (AOPs), Fenton chemistry has gradually
shown the prominent prospect of industrial application in
wastewater treatment.>'** In Fenton chemistry methodology,
organic pollutants can be degraded by highly oxidative hydroxyl
radicals ("OH) produced by Fe(u) and H,O, reactions. To solve
the slow Fe*" recovery that inhibits the efficiency of Fenton
chemistry, the efficient redistribution of local electrons in the
catalyst system and/or the excess electrons generated under an
external field play an important role.>® Recently, the design of
heterogeneous photo-Fenton system based on semiconductors
has witnessed rapid development.* Ding and Wang demon-
strated a nanocomposite catalyst, Fe;0,@pB-CD/g-C3N,, that
enriched the photoinduced electrons to promote Fe(u) regen-
eration on the catalyst surface.”” Zhu et al. designed the electron
self-sufficient core-shell BiOCI@Fe(m)-BiOCl nanosheet pho-
tocatalyst to promote the Fe(m)/Fe(u) recycling in the photo-
Fenton reaction.”® In this regard, the most reported photo-
Fenton systems used inorganic iron salts as Fenton reagents,
which suffer from low stability, iron sludge formation, and
strict acidic pH limitation. Also, the charge-separation effi-
ciency is another key point for enhancing the photocatalytic
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Scheme 1 (a) In situ preparation and (b) photocatalytic transformation study of N-cyclic organics and Cr(vi) of fcSe@TiO, and [Cu,l,(fcSe),],
@TiO,.

performance. It is imminent to develop novel photocatalytic
nanoplatforms with features, such as suitable catalysts with
stable active metal sites, environmental benignity, high adapt-
ability, and resource regeneration.

Ferrocene is a sandwich-shaped organometallic compound
containing ferrous ion, owning the advantages of kinetic
stability, easy modification, biocompatibility, and redox capa-
bility. Ferrocenyl compounds have been confirmed as efficient
Fenton reactors,**® and the visible absorption bands of ferro-
cene allow the photo-promoted Fe(u)-Fe(m) redox pair recycle
through the Fenton reaction to improve "OH release.””* Alter-
natively, stable copper(r) clusters based on selenoethers can
effectively enhance photocatalytic performance.>** These
systematic studies have prompted us to further investigate the
applications of ferrocenyl derivatives in waste water treatment.
In the current study, we sensitized TiO, with ferrocenylsele-
noether fcSe and its cuprous iodide cluster [Cu,l,(fcSe),], as
heterogeneous photocatalysts (Scheme 1). Choosing Tetracy-
cline (TC) and Cr(vi) as template reactions, the obtained
fcSe@TiO, and [Cu,I,(fcSe),],@TiO, were applied in the visible
light photo-Fenton simultaneous efficient transformation at
neutral aqueous solution. The two nanosystems were further
proved to possess excellent adaptability in the degradation of
seven representative N-cyclic organic contaminants, that are,
antibiotics Ciprofloxacin and imidazole, textile dyes Toluidine
Blue, Methyl Orange, Methylene Blue, Malachite Green, and
Basic Violet. The innovations of two photocatalytic nano-
systems, fcSe@TiO, and [Cu,l,(fcSe),],@TiO, in this study are:
(1) Fenton reaction inhibited the recombination of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

photogenerated charges; (2) the effective recycling between
ferrocene ([Fe**(n°-CsH;),]) and ferrocenium ([Fe**(n*-C;sHs),))
pumped by photoexcited TiO,; (3) the incorporation of sele-
nium atoms in nanosystems lead to an acidic microenviron-
ment for efficient Fenton reaction in neutral aqueous solution.

Experimental section
Materials

All starting materials were analytical-grade reagents and
purchased from Aladdin or Source Leaf and used without
further purification unless otherwise specified. TiO, was
commercial P25 (75% anatase, 25% rutile). 1,2,3-Triselena[3]
ferrocenophane feSe; (fc = [Fe(n’-CsHy)(n*-CsHy)]) was
prepared according to the literature methods.*

Characterization

"H NMR spectra were recorded on a Bruker DRX spectrometer
(400 MHz) at room temperature. The ESI-mass spectra were
determined by a Micromass Quattro II triple-quadrupole mass
spectrometer and analyzed using the MassLynx software. The
single-crystal X-ray diffraction measurement was performed
using a Bruker SMART APEX II CCD diffractometer. Trans-
mission electron microscopy (TEM, Hitachi HT7700), high-
resolution transmission electron microscopy (HRTEM, JEOL
2100F), and energy-dispersive X-ray (EDX) spectroscopic anal-
ysis were performed to gain the structure information. The
elemental analysis and oxidation state study of the samples
were carried out by X-ray photoelectron spectroscopy (XPS, PHI

RSC Adv, 2024, 14,1488-1500 | 1489
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5000 VersaProbe), and the binding energies were corrected for
specimen charging effects using the C 1s level at 284.8 eV as the
reference. UV-vis diffuse reflectance spectroscopy (UV-VIS DRS)
was performed on a PerkinElmer Lambda 950 UV/vis/nir spec-
trophotometer with BaSO, as a reference. FT-IR spectroscopy
was performed using a Fourier transform infrared spectrometer
with KBr as a reference. Inductively coupled plasma emission
spectrometer (ICP) experiments were performed on an Agilent
7900 ICP-MS. Brunauer-Emmett-Teller (BET) results were ob-
tained on an ASAP 2460. Electron paramagnetic resonance
(EPR) analysis was performed using Bruker A300. Malvern
Zetasizer Nano ZS90 was used to determine the zeta potentials
and the hydrodynamic diameters of liposomes.

The visible light source is a Xenon Lamp MC-PF300C
coupled with a power meter (MC-PM100C) for photo-Fenton
reaction, purchased from Beijing Merry Change Technology
Co., Ltd, and equipped with a 420 nm filter to filter out UV light.
Gaseous products in photocatalytic degradation were measured
by gas chromatography (GC-9790plus, FULI) with a flame ioni-
zation detector (FID) and a thermal conductivity detector (TCD).
The liquid products were measured by ion chromatography
(Dionex Aquion Rfic), LC-MS (MSQ PLUS/U3000), and HPLC
(Agilent 1260).

Preparation of L0, fcSe, fcSe@TiO,, and [Cu,l,(fcSe),],@TiO,

As shown in Scheme 2a, 1,1"-bis((4-carboxybenzyl)seleno)
ferrocene fcSe was synthesized via a similar route described
by us previously.?” The detailed synthetic procedures, "H NMR
and MS spectra of the compounds, crystal structure and crystal
data and structure refinement details of L0 and fcSe are
provided in ESI (Fig. S1-S5 and Tables S1, S2t). The data for LO
(CCDC 2216502) is available from the Cambridge Crystallo-
graphic Data Center via https://www.ccde.cam.ac.uk/.
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The stepwise in situ self-assembly of feSe and [Cu,l,gese)2)n
on the TiO, P25 surface as shown in Scheme 2b.

fcSe@TiO,. The TiO, P25 (0.07 g) was dispersed in 50 mL
dichloromethane solution of feSe (0.2 g, 0.34 mmol). After
sonication for 30 min, the mixture was refluxed for 24 h. The
precipitate was collected by centrifugation, then washed with
dichloromethane (3 x 10 mL) and dried under vacuum to
obtain fcSe@TiO,.

[Cu,I,(feSe),],@TiO,. Cul (0.07 g, 0.37 mmol) was dissolved
in 50 mL acetonitrile solution, and fcSe@TiO, (0.10 g) was then
dispersed into the solution. The mixture was let to react at room
temperature for 24 h in the dark. The precipitate was collected
by centrifugation, then washed with acetonitrile (3 x 10 mL)
and dried under vacuum to obtain [Cu,I,(fcSe),],@TiO,.

Photocatalytic activity evaluation

In the photocatalytic degradation experiment, TC (20 mg L™ %),
Ciprofloxacin (20 mg L"), Toluidine Blue (20 mg L"), Methyl
Orange (20 mg L"), Methylene Blue (20 mg L"), Malachite
Green (20 mg L"), Basic Violet (20 mg L"), and imidazole
(1 g L") were selected as model N-cyclic organic pollutants to
represent the antibiotics and textile dyes in the industrial
wastewater, respectively. The initial pH of the reaction system
was adjusted by 1 mol L' NaOH or HCI solution.

In the photocatalytic reaction, 0.010 g catalyst was added
into 50 mL aqueous solution containing the target N-cyclic
organic. After stirring for 40 min in the dark at room tempera-
ture, 100 pL of 30 wt% H,0, was added, and at the same time,
the visible light photo-Fenton reaction was started. During the
photo-Fenton reaction, 3.0 mL sample was collected from the
suspension at an interval of 5 min and immediately filtered
using 0.45 pym membrane filters.

The concentration of most of the target N-cyclic organics was
detected by the UV-vis absorption intensity, and the detection
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Scheme 2 Synthetic routes of (a) fcSe, (b) fcSe@TiO, and [Cu,l,(fcSe),],@TiO,.
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wavelengths for TC, CIP, TB, MO, MB, MG and BV were 357 nm,
279 nm, 640 nm, 463 nm, 664 nm, 617 nm, and 585 nm,
respectively. The concentration of imidazole was detected by
HPLC with ZORBAX Eclipse Plus C18 column and acetonitrile as
eluent (0.8 ml min~" flow rate).

The degradation efficiency was calculated using eqn (1):

Degradation Efficiency (%) = (%) x 100 )]
0

C, was the initial concentration, and C, was the N-cyclic organic
concentration during the reaction.

The apparent rate constant k of catalysts was estimated by
a pseudo-first-order kinetics equation (eqn (2)):

—In (C£0> =kxt (2)

In the reactive specie scavenger experiments, the scavengers
used were 1.0 mM 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPOL) for "0, ", carotene for '0O,, and isopropanol (IPA)
for 'OH and ammonium oxalate (AO) for h, respectively. ks
represents the apparent rate constant k of catalysts in the above
scavenger experiments, that is, kr when using TEMPOL, k¢
when using carotene, k; when using IPA, and k, when using
AO.* The fractional contribution of different reactive species R
is calculated by equation (eqn (3)):
R = K,
Kt + Kc + K1 + Ka

(3)

The photoreduction of Cr(vi) to Cr(m) was analyzed using
a pretreatment method of solvent extraction separation and
enrichment combined with ICP analyses.
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The conversion rate of CO and HCOOH was calculated by
equation (eqn (4)):

Heosmeoon (%) = L1co Tt Mmcoon) 4 @
nz c

Ngo is the molar amount of CO and nycoon is the molar amount
of HCOOH in the degradation products, and ny is the total
carbon molar amount in N-cyclic organic.

Results and discussion
Characterizations of fcSe@TiO, and [Cu,l,(fcSe),],@TiO,

The X-ray photoelectron spectra (XPS) confirmed the successful
assembly of fcSe and [Cu,l,(fcSe),],, on the surface of TiO, P25
(Fig. 1a). In the high-resolution XPS Spectra of fcSe@TiO,, stable
Fe 2p state (Fig. 1b) was obtained with the binding energy values
at 708.2 and 721.2 eV, revealing Fe>* species of the ferrocene unit;
the Se 3d was fitted to the peak with a binding energy value of
55.9 eV (Fig. 1c); the energy separation 5.7 €V of the Ti 2p doublet
peaks, Ti 2p3/, (458.5 V) and Ti 2p;, (464.2 eV), perfectly agrees
with the characteristic signals for TiO, Ti*" state described in
literature works (Fig. S61).>>** In the high-resolution XPS spectra
of [Cu,I,(fcSe),],@TiO,, as well as the similar Fe 2p, Se 3d, and Ti
2p spectra, the confirmed Cu 2p spectrum (Cu 2p3/, 933.1 eV and
Cu 2pys, 953.8 eV) (Fig. 1d) and I 3d spectrum (I 3ds,, 620.1 eV
and I 3d;/, 631.0 eV) (Fig. 1e) indicated the successful incorpo-
ration of Cul.***** Transmission electron microscopy (TEM)
images suggest that the construction of feSe@TiO, and [Cu,I,(-
fcSe),],@TiO, maintained the overall dimensions or morphology
of TiO, nanoparticles with a diameter of 20 nm (Fig. S7, S8t and
2a-c). The high-resolution transmission electron microscopy

fcSe@TiO, fcSe@TiO,
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(a) XPS survey spectrum of fcSe@TiO, and [Cusl,(fcSe),],,@TiO,, high-resolution XPS spectra of (b) Fe 2p and (c) Se 3d in fcSe@TiO,, (d) Cu
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(HR-TEM) of [Cu,],(fcSe),],@TiO, in Fig. 2a-c shows a coated
layer with approximately 5.00 nm thickness on the TiO, surface;
well-defined lattice fringes in substrate TiO, with the lattice
spacing was estimated to be ca. 0.325 nm, these are equal to the
lattice parameter in the (110) facet of anatase TiO,.*® [Cu,l,(-
fcSe),],@TiO, was also analyzed using Scanning TEM (STEM)
coupled with energy dispersive X-ray spectroscopy (EDX) to
confirm the presence of Ti, Cu, Fe, I, and Se, which suggests the
successful preparation of core-shell nanoparticles [Cu,l,(-
fcSe),],@TiO, (Fig. 2d and 2e-i). The quantitative mapping
analysis manifested that the molar ratio of Cu/Fe = 2.0 far
exceeded the bulk molar ratio of Cu/Fe = 1.0 measured by ICP,
suggesting that the content of Cu decreased from the exterior to
the interior. In the FTIR spectra of fcSe@TiO, and [Cu,l,(-
fcSe),],@TiO, (Fig. S97), the C=O0 stretching vibration is at
1677 ecm ', as well as asymmetric and symmetric stretching
bands of the carboxylate anion (COO™) due to the splitting of
carboxylate groups when complexed with surface Ti centers, v,g
at 1600 cm ' and vg at 1424 cm '* The value of Av, =
176 cm™' in the current two nanosystems suggests fcSe is
chemically adsorbed on the TiO, surface through the bidentate
bridging form,*® which further facilitates electron transfer
between ferrocene and TiO, surface.****

The relative BET specific surface areas of fcSe@TiO, and
[Cu,1,(fcSe),],@TiO, were found to be 36.1 m* ¢ and 48.3 m”
g~ (Fig. $107), slightly decreased from that of pure TiO, (54.2
m® g'), indicating that the surface modification did not
produce holes and cavities.

1492 | RSC Adv, 2024, 14, 1488-1500
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(a—c) TEM and HRTEM images, (d) EDX-mapping spectrum and (e—i) elemental mapping image of [Cu,l,(fcSe),],@TiO,.

The UV-vis diffuse reflectance spectra (DRS) of feSe@TiO,
and [Cu,l,(fcSe),],@TiO, in Fig. 3a revealed the broad and
strong visible absorption, primarily attributed to the presence
of the ferrocene moiety.”>*° Tauc plot was applied to calculate
the band gap energy E, via the Kubelka-Munk method (Fig. 3b
and S11t1), giving 2.3 eV for feSe@TiO, and 2.2 eV for [Cu,I,(-
fcSe),],@TiO,. The introduction of feSe and [Cu,l,(fcSe),],
significantly decreases the E, of free TiO, (3.2 eV) and increases
the visible light absorption, owing to the potential to accelerate
the photocatalytic reaction.

Visible light photocatalytic degradation of TC

The photocatalytic activities of fcSe@TiO, and [Cu,I,(fcSe),]-
2@TiO, on TC degradation were initially evaluated by the
degradation of TC (20 mg L™ ') under the role of each constit-
uent, including visible light (2 > 420 nm), H,0, (20 mM) and
catalysts (0.2 g L™"). As shown in Fig. 4a and calculated by eqn
(1), according to the decreased adsorption of TC at 357 nm, the
TC degradation efficiency (93.1%) was obtained by fcSe@TiO, +
H,0, + Av within 30 min, exhibiting a significant enhancement
as compared with TiO, + H,0, + hv (67.8%) and fcSe + H,0, + hv
(23.8%). Calculated by eqn (2), the apparent rate constant k
value of fcSe@TiO, + H,0, + Av was 0.064 min ™', 2 times of TiO,
+ H,0, + v (0.033 min~ ') and 8 times of fcSe + H,0, + hv
(0.009 min~") (Fig. 4b).

Without visible light irradiation, feSe@TiO, +H,0,, TC

removal efficiency decreased to 46.8% with k = 0.011 min ™,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suggesting that visible light could significantly promote Fenton
chemistry by providing photogenerated electrons in the
recovery of Fe(u) from Fe(m). As for the photocatalytic process
without H,O, addition (fcSe@TiO, + hv), 45.7% TC degradation
was observed, indicating that H,0, is not the only source of
reactive species. The system of v + H,O, could hardly degrade
TC, illustrating the vital role of feSe@TiO,. Therefore, three
constituents (visible light, H,O,, and fcSe@TiO,) are indis-
pensable for this photo-catalytic process and their interaction is
responsible for the efficient degradation of TC. Similar results

© 2024 The Author(s). Published by the Royal Society of Chemistry

were obtained for [Cu,l,(fcSe),],@TiO, (Fig. 4¢c and d). The TC
degradation efficiency (91.3%) and k = 0.062 min~ " were ob-
tained by [Cu,I,(fcSe),],@TiO, + H,O, + hv within 30 min.

We next moved on to screen different factors influencing the
TC degradation efficiency by the two studied nanosystems,
including catalyst dosage, H,O, concentration, and initial pH
on TC degradation (Fig. 5). In the three studied catalyst dosages
(01 gL 0.2 gL, and 0.3 g L"), the best TC degradation
efficiency was found to be 93.1% for feSe@TiO, and 91.3% for
[Cu,I,(fcSe),],@TiO, at 0.2 ¢ L' dosage (Fig. 5a and d). As
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Fig. 5 TC Degradation rate under different initial conditions. (a) Catalyst dosage, (b) H,O, concentration and (C) initial pH in fcSe@TiO, system
(blue line). (d) Catalyst dosage, (e) H,O, concentration, and (f) initial pH in [Cu,l,(fcSe),],@TiO, system (red line).

shown in Fig. 5b and e, 10 mM/20 mM/30 mM H,O, concen-
trations were studied, the TC degradation efficiency showed no
significant enhancement for fcSe@TiO, (from 92.2% to 93.1%)
and medium enhancement for [Cu,l,(fcSe),],@TiO, (from

83.4% to 91.3%). These agree with literature works, excessive
H,O, can cause oversaturation of the reaction sites and result in
the scavenging of "OH.*>"**

a —— b ——
Effect of coexisting ions Effect of coexisting ions

CreTC 92'3 k26 Na*+TC CI+1C 2 0.4 Na™+TC
Cr,0,2+TC 92.1 Cr,0,%+TC 89.

3.1 K'+TC 6.1 K+TC
$0,2+TC 91.9 SO2+TC as.e]

p3.2 NH,"+TC 9.0 NH,'+TC
HCO,+TC 87.1 HCO, +TC 90.
H,PO,+TC  71. pa-1 16 H,PO,+TC 751 13 1c

0 50 100 50 0 0 50 100 50 0

Degradation efficiency of fcSe@TiO, (%) Degradation efficiency of [Cu,l,(fcSe),],@TiO, (%)

o

fcSe@TiO,
93.1

[Cu,l,(feSe),],@TiO,
913

100 | 100
92.1 89.2

80

64.5

60 - 60 |

%

41.2

[R5
5%

X
5
X

%

3%
850500008
RXXXX
BRXXX
»’o’o'o:oﬁ

v,v..,v,
botetatetetets!
0% %% %
0200 %% %
0%% % %%
LR

Removal efficiency (%)
Removal efficiency (%)
04

2

20+ 17.4 20+

5
00:
o
2
ool

s

o
R
0‘::0
X XX
R
o
2

Cr(V1) TC+Cr(VI) TC TC+Cr(VI)
Fig. 6 Effect of coexisting ions on the degradation of TC in (a) fcSe@TiO, (blue) and (b) [Cu.l,(fcSe),],@TiO, system (red). Synergetic photo-
degrade of TC and photoreduction of Cr(vi) in (c) fcSe@TiO, (blue) and (d) [Cu,l,(fcSe),],@TiO, system (red). Experimental conditions: TC

concentration = 20 mg L%, H,O, concentration = 20 mM, catalyst dosages = 0.2 g L2, initial pH = 7.
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Fig.7 Effects of different scavengers on the photo-catalytic degradation rate of TC in (a) fcSe@TiO, (blue), (b) [Cu,l,(fcSe),],@TiO, system (red)
and (c) collective results in bar graph. The according pseudo-first-order kinetic curves (d) in fcSe@TiO, system (blue), (e) [Cu,l,(fcSe),],@TiO,
system (red) and (f) the fractional contribution of different reactive species R in the bar graph. Experimental conditions are 25-30 °C, pH =7,

catalyst dosage = 0.2 g L%, H,O, concentration = 20 mM.

It is known that most reported Fenton systems are limited by
strict acidic pH requirements.* However, our two catalysts have
much wider pH tolerance. The Z-average hydrodynamic diam-
eters and zeta potentials of fcSe@TiO, and [Cu,],(fcSe),],@TiO,
at pH = 3, 5, 7, and 9 were obtained from dynamic light scat-
tering (DLS) measurements (Table S3t). The larger Z-average
hydrodynamic diameters and more positive zeta potentials were
obtained in an acidic solution. The results of the study indi-
cated that fcSe has the ability to form Se--- H' bond, which may
effectively create an acidic microenvironment that could
potentially enhance the Fenton reaction. As shown in Fig. 5¢
and f, the degradation efficacy of TC was maintained around
90% under acidic or neutral conditions, pH = 3, 5, 7. Under
alkaline conditions, pH = 9, TC rates decreased to 70.5% for
fcSe@TiO, and 73.1% for [Cu,l,(fcSe),],@TiO,, which is due to
electrostatic repulsion and the additional decomposition of
H,0,.* So, the following studies are all based on the optimal
conditions, which are 0.2 ¢ L™" catalyst and 20 mM H,0, and
initial pH = 7.

In actual wastewater systems, it is inevitable that various
ionic species exist and pose a negative effect on the photo-
catalytic performance of the catalyst."**” Herein, five different
anions Cl~, Cr,0,>~, HCO;~, H,PO, ", SO,>~ and three different
cations K, Na', NH," at a concentration of 10 mM, were
selected to study their influence on TC degradation. It was
found that in the feSe@TiO, system, Cl~, Cr,0,%>", SO,*~ and
K', Na', NH," showed negligible effect on TC degradation
(Fig. 6a); the same phenomena was observed for Cr,0,°7,
HCO;, Na*, NH," in the [Cu,l,(fcSe),],@TiO, system (Fig. 6b).
A significant inhibiting effect was observed in the presence of
H,PO,, the TC degradation efficiency decreasing to 71.9% for

© 2024 The Author(s). Published by the Royal Society of Chemistry

fcSe@TiO, and 75.1% for [Cu,l,(fcSe),],@TiO,, which was
attributed to the H,PO,  scavenger of ‘OH and/or the attach-
ment to the surface of TiO,.**** The introduction of CI™ slightly
inhibited the degradation of TC (79.8%) in the [Cu,I,(fcSe),]-
2@TiO, system, which can be due to the less oxidizable "Cl and
‘CIOH™ formed from CI™ and "OH.* Therefore, it is delightful to
find that fcSe@TiO, and [Cu,I,(feSe),],@TiO, have good toler-
ance of most coexisting inorganic anions and cations, so no pre-
treatment is needed to remove them before the photo-
degradation of TC wastewater.

We then further explored simultaneous photodegradation of
TC and reduction of Cr(vi). Under neutral conditions, 92.1% of
TC and 64.5% of Cr(vi) removal efficiency were achieved with
fcSe@TiO,, and 89.2% of TC removal and 41.2% of Cr(vi)
reduction efficiency with [Cu,I,(fcSe),],@TiO,, along with
unchangeable efficient degradation efficiency of TC (Fig. 6¢ and
d). Moreover, the presence of TC degradation increased the
Cr(vi) reduction rate 3.76-fold in fcSe@TiO,/H,0,/hv system and
3.72-fold in [Cu,],(fcSe),],@TiO,/H,0,/hv system. According to
the reported studies,'®* three aspects could interpret the good
synergetic activity: (1) the reduction of Cr(vi) benefits from the
acidic microenvironment obtained from Se in fcSe; (2) the
photogenerated electrons effectively reduce Cr(vi); (3) TC
degradation consumes reactive species and suppresses the re-
oxidation of Cr(i).

The reusability and stability of feSe@TiO, and [Cu,l,(-
fcSe),],@TiO, catalysts were investigated by successive TC
degradation and Cr(vi) reduction processes (Fig. S121). The
catalytic performance for TC degradation remained invariant
during the initial four successive cycles, then was slightly
reduced to around 88% in the fifth cyclic run. The same
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phenomena were observed for Cr(vi) reduction. From the rele-
vant characterizations of feSe@TiO, and [Cu,l,(fcSe),],@TiO,
catalysts after the fifth degradation process, no obvious change
in the size or shape of nanoparticles was observed in TEM
images (Fig. S13 and S147), while FTIR spectra indicated phys-
ical adsorption on the surface of the photocatalysts which may
slightly decrease the catalytic performance (Fig. S15t). The
leaching of Cu and Fe concentration was a key issue related to
the stability of nanocatalysts. Our ICP analyses revealed low
concentrations of leachable iron in the solutions in comparison
to literature reports;*>>* after five cycles, only 0.048 mg L' of
fcSe@TiO, (1.46% of 3.28 mg L™ ') and 0.009 mg L' of [Cu,-
I,(fcSe),],@TiO, (0.30% of 3.10 mg L™ '). Leachable copper in
the solution after five cycles is 0.141 mg L™ " of [Cu,I,(fcSe),]-
@TiO, (3.98% of 3.55 mg L™ '). Based on the ICP analysis, it is
not surprising to find the increased stability of [Cu,I,(fcSe),]-
2@Ti0, compared to feSe@TiO,.

The photocatalytic removal efficiency of TC of fcSe@TiO,
and [Cu,l,(fcSe),],@TiO, were compared with the reported
catalysts in the literature works (Table S41). Considering the
catalyst dosage, the irradiation time and interfering ions, our
two catalysts exhibited excellent degradation ability of TC
(93.1% and 91.3%) under the conditions of low catalyst dosage
(0.2 g L"), short reaction time (30 min), and good tolerance of
most coexisting inorganic ions. Moreover, it was worth noting
that good synergetic redox photocatalytic activity of the photo-
degrade of TC and photoreduction of Cr(vi) to Cr(um). In
summary, all these results demonstrated that fceSe@TiO, and
[Cu,L,(feSe),],@TiO, are efficient and stable photocatalysts,
with potential industrial applications. Although various copper
compounds have been studied as efficient H,O, activators in
Fenton-like reactions,”° [Cu,l,(fcSe),],@TiO, catalyst system
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shows no
fcSe@TiO,.

significant improvement as compared with

Mechanism study

To study the reactive species generated in the two heteroge-
neous photo-catalytic systems, radical trapping experiments
were firstly performed by employing different scavengers, iso-
propanol (IPA) for "OH, ammonium oxalate (AO) for h*, TEM-
POL for 'O,  and carotene for 'O, respectively.® In the
fcSe@TiO, system (Fig. 7a), the TC degradation efficiency
decreased from 93.1% to 84.6% by IPA, 81.8% by AO, 78.7% by
TEMPOL, and 89.0% by carotene. In the [Cu,l,(fcSe),],@TiO,
system (Fig. 7b), the TC degradation efficiency decreased from
91.3% to 73.4% by IPA, 69.4% by AO, 76.2% by TEMPOL, and
76.9% by carotene. From the collective results of the above
degradation rates under various scavengers (Fig. 7c), combining
the fractional contribution R of each active specie calculated
from first-order rate constant (), eqn (3) (Fig. 7d-f), it can be
indicated that "OH, ‘O,” and h' were responsible for TC
degradation in the feSe@TiO, system, while additional 10,
existed in the [Cu,l,(fcSe),],@TiO, system.

The spin-trapping EPR experiment with 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was performed to attest the genera-
tion of 'OH and ‘O, radicals in the two systems, singlet oxygen
sensor green (SOSG) was selected as 'O, probe through the
change of the intense fluorescence emission centered at 525 nm
due to the cycloaddition reaction with '0,.* As depicted in
Fig. 8a-f, no obvious signals were detected in the dark. After
5 min of visible light irradiation, the characteristic peaks of
DMPO-'OH and DMPO-'O,  adducts were observed, respec-
tively. feSe@TiO, system displayed 2.0 times and 1.2 times
higher DMPO-'OH and DMPO-'O," intensities signals than

5 = 5 = J
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Fig.8 EPR spectra of (a) DMPO-"OH, (b) DMPO-"O," and (c) fluorescence change of SOSG in response to 1O, generated using fcSe@TiO, (blue
line). EPR spectra of (d) DMPO-"OH, (e) DMPO-"O,~ and (f) fluorescence change of SOSG in response to 'O, generated using [Cusl,(fcSe),]-
~@TiO, (red line). Experimental conditions are 25-30 °C, pH = 7, catalyst dosage = 0.2 g L™, H,0O, concentration = 20 mM.
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those in the [Cu,l,(fcSe),],@TiO, system. Thus, it could be
concluded that feSe@TiO, is able to generate a higher concen-
tration of ‘OH and ‘O, radicals than [Cu,l,(fcSe),],@TiO,,
which is in congruence with their different removal efficiencies
in the first five minutes as shown in Fig. 4a. In fcSe@TiO,
system there is no significant change of SOSG fluorescence
emission near 525 nm before and after illumination, implying
the absence of 'O,; while in [Cu,l,(fcSe),],@TiO, system the
significantly enhanced emission indicated 'O, produced. When
the "O,~ scavenger TEMPOL** was added into the [Cu,l,(-
fcSe),],@TiO, system, the fluorescence intensity of SOSG in
response to 'O, decreased sharply to about 8.0%, indicating the
generation of 'O, from "0, (Fig. S161).

According to the results of reactive species capture, EPR, and
0, detection, we infer that feSe and [Cu,I,(fcSe), ], on TiO, tune
the generation of reactive species through photogenerated
charge and the photo-Fenton process further affect the

OH O OH_O
OH|
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pathways in TC photocatalytic degradation, and finally deter-
mine the degradation rate.

To further reveal the photocatalytic degradation pathways of
TC, the intermediates and final products formed during the
5 min, 10 min, and 30 min process were analyzed through GC
and LC-MS, and chemical structures of the corresponding
degradation products are summarized in Table S5.1 Based on
the observed m/z peaks and related literature, probable degra-
dation pathways are presented in Scheme 3.°>°*

In the fcSe@TiO, system, three possible initial degradation
pathways were generated by the independent attack of ‘O, ",
'OH, and h'. For pathway I, TC molecule underwent 1,3-
dipolar addition of double bond to give I1 (m/z = 461) (blue
part in Scheme 3), due to the attacks of 'O, . After that,
compound I1 was further demethylated to form compound 12
(m/z = 433) with loss of both methyl groups in the amino
moiety. Through the dehydration-oxidation induced by h*,

o
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Scheme 3 Proposed photo-Fenton degradation pathways of TC in fcSe@TiO, and [Cu,l,(fcSe),],,@TiO, system.
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pathway II was dealcoholization on methylcyclohexan-1-one to
give I3 (m/z = 427) (yellow part in Scheme 3); I3 was oxidatively
degraded, and removed the methyl groups on the dimethyl-
amine. Then, a series of ring opening and the side chain
degradation to obtain 14 (m/z = 353); I3 could also be converted
into 15 (m/z = 337) by deamidation along with the ring
opening. In pathway III, 16 (m/z = 417) intermediate was
generated through demethylation of the dimethylamino group
when TC reacted with "OH (red part in Scheme 3). Subse-
quently, 17 (m/z = 447) was formed by ring opening and
deamination of the compound I6.

The significant difference in the [Cu,l,(fcSe),],@TiO, system
was that there only existed pathway II and III. As electron-rich
functional groups, double bond, amide group and dimethyla-
mino group in TC molecule were more vulnerable to the attack
of electrophilic *O,. Therefore, compound I7 was much easier to
generate when 16 was attacked by '0, in pathway IIL

The TC stepwise degradation goes through ring opening,
decarboxylation, dealcoholization and dealkylation processes,
and finally, to form HCOOH, CO, CO,, H,O, NO; . Conversion
rate Ncosmcoon Was then calculated by eqn (4), to give 7.2% in
fcSe@TIO, and 6.1% in [Cu,l,(fcSe),],@TiO, (Table 1). The yield
of CO and HCOOH was low under visible light irradiation, which
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meant the selectivity of TC to these products was poor. When
white light was applied, much-enhanced transformation of TC to
CO and HCOOH (22.8%) was found in fcSe@TiO,.

Based on the above analyses, the proposed degradation
mechanism of TC over feSe@TiO, or [Cu,l,(feSe),],@TiO, cata-
lysts is presented in Fig. 9. Firstly, visible-light irradiated
fcSe@TiO, or [Cu,L,(fcSe),],@TIiO, to produce photoexcited e~
and h'. The h* in the valence band (VB) is directly involved in the
degradation process and H' evolution from H,O. At the same
time, a Fenton-like reaction between the ferrocene group and
H,0, released 'OH and ferrocenium group; in this step, Se could
form hydrogen bonds with H' to form an acid microenvironment,
which further improves the efficiency of the photo-Fenton reac-
tion. Then, the O-Ti bonds between fcSe and TiO, surface allow
part e~ migration to promote the reduction conversion of ferro-
cenium ([Fe**(n’-CsH;),])/ferrocene ([Fe”'(n*-CsHs),]). Mean-
while, the remaining electrons accumulated in the CB could
effectively reduce Cr(vi) and react with O, to form reactive ‘O,
radicals.®** The redox cycle between different valence states Cu'/
Cu" could also contribute to the generation of 'O, from "0, .%
These processes benefit the inhibition of the recombination of
e /h", and produce reactive species (h", "OH, ‘0,” and '0,) for
synergistical transformation of TC and Cr(vi).

Table 1 Evaluation of fcSe@TiO, and [Cu,l,(fcSe),],@TiO, in the degradation of TC under different irradiation light®

Visible light (2 > 420 nm)

White light

fcSe@TiO, [Cu,I,(fcSe),],@TiO, fcSe@TiO, [Cu,1,(feSe),],@TiO,
Removal efficiency (%) 93.1 91.3 97.4 96.2
Neosticoon (%)° 7.2 6.1 22.8 7.4

“ Experimental conditions are 25-30 °C, pH = 7, catalyst dosage = 0.2 g L
Nco+ncoon Was calculated by eqn (4).

fcSe@TiO, @
-0,7, “OH, h*

Reactive Species Generation

~1 H,0, concentration = 20 mM. ? Conversion rate of CO and HCOOH

[Cu,lx(fcSe),],@TIO,
'02-1 'OHy 102; h*

* Electron-hole Pairs

(h * Fenton Chemistry
fc + H,O, —> fc* + -OH + OH-

0y 5
G f f
ct + e —> fc

“ htht * Secondary ROS

‘OH +H* h+ 1 o2+ e —> .02-

H,O +h* —> H*

Cu
'Oz' — > 102

| fcSe@TiO, 1> e
[Cu,ly(fcSe),],@TIO, 1> e + h*

+ h*

+ -OH

Fig. 9 Proposed TC degradation mechanism in fcSe@TiO, and [Cu,l(fcSe),],@TiO, system.
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Screen the application scope of N-cyclic organics

A distinguished system in water treatment is expected to have
widespread applicability in the degradation of different pollut-
ants. We then evaluated feSe@TiO, and [Cu,],(fcSe),],@TiO, in
the degradation of seven representative N-cyclic organic
contaminants. As shown in Table S6,7 the degradation effi-
ciency in the fcSe@TiO, system within 30 min was 86.2% for
Ciprofloxacin, 93.9% for Methylene Blue, 94.2% for Toluidine
Blue, 92.0% for Pigment Green, 92.3% for Basic Violet, 17.1%
for Methyl Orange, and 16.6% for imidazole; while in the
[Cu,L,(feSe),],@TiO, system, 64.9% for Ciprofloxacin, 41.4% for
Methylene Blue, 88.9% for Toluidine Blue, 93.7% for Pigment
Green, 86.2% for Basic Violet, 16.0% for Methyl Orange and
25.9% for imidazole, respectively. Within these studied
organics, only Methyl Orange and imidazole showed very low
degradation efficiency, possibly due to the stable bonds in small
molecular structures. Resourceful HCOOH and CO were found
in final products with the conversion rate nco+ncoon from 3.0%
to 20.8%. These demonstrated that as-prepared feSe@TiO, and
[Cu,I,(feSe), ], @TIO, possessed excellent adaptability to various
N-cyclic organic pollutants.

Conclusions

Two novel visible light photocatalysts, feSe@TiO, and [Cu,I,(-
feSe), ], @TiO,, were successfully constructed to achieve efficient
simultaneous transformation of refractory N-cyclic organic
contaminants and Cr(vi) reduction under neutral conditions.
Within just 30 minutes, 92.1% of TC and 64.5% of Cr(vi)
removal efficiency were achieved with feSe@TiO,, 89.2% of TC
removal and 41.2% of Cr(vi) reduction efficiency with [Cu,l,(-
fcSe),],@TiO,. Mechanistic studies inferred that fcSe and
[Cu,I,(feSe),], on TiO, tune the generation of reactive species
through photogenerated charge and photo-Fenton process. The
Fenton reaction inhibited the recombination of the photo-
generated charges; meanwhile, the efficient photogenerated
electrons could accelerate ferrocenium/ferrocene reduction
conversion in the Fenton cycle. Se atom can also form interac-
tions with H, thereby providing an acidic microenvironment,
which would be the key factor for the acidic Fenton reaction,
acidic Cr(vi) reduction, and H' evolution from H,O over a hole
in the valence band. The two nanosystems exhibited good
tolerance towards most coexisting inorganic anions and
cations, as well as stability after five cycling runs. This study
provides an efficient and practical approach for visible light
photocatalytic transformation of N-cyclic organics and Cr(vi)
under mild reaction conditions, with resourceful products,
complex environment tolerance, and wide adaptability in
wastewater treatment.
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