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MULTI-CORE SHELL NANOPARTICLES FOR EFFICIENT
REMOVAL OF NITROPHENOLS FROM CONTAMINATED
STREAMS

Abstract. This study aims to investigate the application of multi-core shell
nanoparticles in heterogeneous Fenton processes for efficient removal of specific
nitrophenols (2 and 4-nitrophenol) from contaminated wastewater. The synthesis of
superparamagnetic magnetite (Fes0.) was achieved through solution combustion synthesis
(SCS) using a citric acid and iron nitrate solution. The mFe;O4@C catalyst was obtained via
an adapted Stober procedure. The material was characterized to identify specific chemical
compositions related to the formation of the multi-core shell desired architecture. The carbon-
coated catalyst exhibited superior performance compared to the bare core catalyst, leading to
notable increases in the removal of 2-NP and 4-NP. Moreover, the decomposition of H,0,
was significantly enhanced, indicating the system's potential in efficiently breaking down
hazardous compounds. The findings of this study highlight the tremendous potential of the
system as a highly effective and viable alternative for the efficient cleansing of contaminated
streams polluted with 2-nitrophenol and 4nitrophenol.
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Introduction. In recent years, industrialization and urbanization have led to a
significant increase in pollution, posing a severe threat to the environment and
human health [1-5]. Among the pollutants, nitrophenols, known for their toxic and
potentially carcinogenic properties, are commonly found in wastewater from
industries like pharmaceuticals, pesticides, and dyes [6-9]. However, traditional
wastewater treatment methods often fail to effectively remove nitrophenols due to
their complex nature and resistance to degradation. Therefore, there is a pressing
need for innovative technologies to tackle this environmental challenge [10-14].
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One promising approach is the use of multi-core shell nanoparticles in
catalytic wet peroxide oxidation (CWPOQ) processes. This method involves
generating highly reactive hydroxyl radicals (:OH) to degrade organic pollutants
[15-19], with multi-core shell nanoparticles acting as catalysts. These nanoparticles
have a well-defined structure consisting of a central core and an outer shell. The core
stores catalytic species, while the shell provides stability and surface modification
capabilities. Studies also reported an increase in the activity of the catalyts towards
organic pollutants removal due to the activity of the carbon layer in the process. In
this regard, there is a synergistic effect occurring by the carbon coating, that is both
protecting the core against leaching and increasing the activity of the nanomaterial
[20].

This study aims to investigate the application of multi-core shell nanoparticles
in heterogeneous Fenton processes for efficient removal of specific nitrophenols (2
and 4-nitrophenol) from contaminated wastewater. The research will focus on
synthesizing and characterizing the multi-core shell nanoparticles and discuss the
removal results obtained. By advancing our understanding of multi-core shell
nanoparticles' utilization in heterogeneous Fenton processes for nitrophenol
removal, this research seeks to develop more efficient and sustainable wastewater
treatment strategies. The outcomes of this study have the potential to pave the way
for novel nanotechnology-based solutions to address the pressing challenges
associated with nitrophenol contamination.

Conditions and methods of research. Chemicals and apparatus.

The following reactants were used in this study: iron (I11) nitrate nonahydrate
(99%, Sigma Aldrich, Germany), citric acid monohydrate (98.8%, WWR Chemicals,
Belgium), ethanol absolute (99.8%, Fischer Chemical, South Africa), tetraethyl
orthosilicate (TEOS, 98%, Fluka Chemika, Germany), 1,3-benzenediol (99%, Alfa
Aesar, USA), methanal (37-38% wt.%, PanReac, Spain), ammonia solution 28 - 30%
(Merck, Germany), sodium hydroxide (98.73%, Fisher Chemical, U.K.). Potassium
bromide (>99 wt.%, Sigma Aldrich) was used to prepare pellets for Fourier
transformed infrared analysis. Paracetamol (98 wt.%, Alfa Aesar), hydrogen
peroxide (30% wi/v, Fischer Chemical), titanium (IV) oxysulfate (99.99% w/v,
Sigma Aldrich), sulfuric acid (98% v/v, Labkem), sodium sulfite (98 wt.%, Panreac),
acetonitrile (99.9% v/v, Fisher Scientific), and orthophosphoric acid (85% v/v,
Fisher Chemical) were used in CWPO runs and analytical techniques.

Preparation of multi-core shell nanoparticles

The synthesis of superparamagnetic magnetite (FesO.) nanoparticles was
achieved through solution combustion synthesis (SCS) using a citric acid and iron
nitrate solution. The process involved heating the solution, followed by washing and
drying the resulting product. The carbon-based multi-core shell architecture was
developed in multiple stages: coating, carbonization, and etching. In the coating
stage, a mixture of magnetite, distilled water, ethanol, resorcinol, and ammonia
solution was stirred, and then formaldehyde and tetraethyl orthosilicate (TEOS) were
added. The mixture was stirred and washed, resulting in the formation of the resin
coated magnetite. For the carbonization step, the resin coated nanoparticles were
annealed under a nitrogen atmosphere at various temperatures. In the final step, the
nano particles were treated with a sodium hydroxide solution to remove the silica
content, washed, and dried. The resulting material was denoted as mFe;0.@C.
Overall, the synthesis involved a combination of solution combustion synthesis,
coating, carbonization, and etching steps to produce the desired core-shell
nanoparticles [21].
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Characterization techniques

The characterization techniques were performed according to reported in
previous studies [22, 23]. The morphology of the nanoparticles, including their
multi-core shell architecture and size were examined using Transmission Electron
Microscopy (TEM) with a JEOL JEM 2100 operating at 200 kV. Fourier-transform
infrared spectroscopy (FT-IR) was conducted on sample pellets prepared with KBr
using a Perkin Elmer FT-IR spectrophotometer UATR Two to study the
functionalities present in the samples. N> adsorption-desorption isotherms at 77 K
were obtained using a Quantachrome NOVATOUCH LX* adsorption analyzer to
analyze the textural properties of the nanoparticles. These characterization
techniques provided valuable insights into the structural, chemical, and magnetic
properties of the nanoparticles.

Liquid-phase oxidation experiments

The CWPO (catalytic wet peroxide oxidation) experiments were conducted
using a 250 mL round-bottom flask with 2-nitrophenol and p-nitrophenol with 50
mg L concentration. The temperature and pH were controlled, and the stoichiometric
amount of hydrogen peroxide was added (696 mg L™). The catalyst was added after
the system was stirring for 5 min to achieve homogeinity, and this was marked as
the beginning of the reaction. Samples were taken at specific time intervals for
analysis. The concentration of pollutants and its oxidized intermediate products was
measured using an HPLC system. H,O, concentration, total organic carbon (TOC)
was determined using TOC-L analyzer. The presence of iron leaching was assessed
using atomic absorption spectroscopy. Overall, these analytical techniques provided
valuable information about the reaction progress and the formation of byproducts
during the CWPO process.

Results and discussion. Characterization of multi-core shell nanoparticles.

The core-shell structure of the developed nanoparticles was verified through
representative transmission electron microscopy (TEM) images, shown in Figure 1.
In the magnetic core, highly ordered crystalline domains were clearly observed,
indicating the presence of a multi-core structure formed by smaller magnetite
nanoparticles. The particle size was determined using ImageJ software (17.7 + 4.2
nm) to be below the threshold for single-to-multi-domain transition, consistent with
the observed superparamagnetic properties of the sample. The results confirm the
amorphous carbon composition of the shell, as evidenced by the distribution of C
throughout the shell region. Furthermore, the Fe and O spatial distribution is limited
to the core volume, confirming the presence of an iron oxide core. The Si element is
randomly distributed throughout the inorganic magnetic core, indicating interstitial
occupation. To further support these findings, a quantitative EDX analysis was
performed across the multi-core shell structure, as depicted in Figure 1 (b). The
density of C was observed to be higher within the shell thickness compared to the
core. On the other hand, the elemental density of Fe, O, and Si was localized
exclusively within the core, with no presence detected in the outer carbon shell.
These results, in conjunction with the structural and magnetic findings, solidify the
confirmation of the multi-core shell structure of the nanoparticles.

Figure 2 displays the adsorption isotherms of N> at 77 K for the bare core and
final sample, along with the results obtained for BET surface area, pore volume and
pore diameter. According to the IUPAC classification of N, adsorption isotherms,
these isotherms belong to type 1V, characterized by a hysteresis loop commonly
observed in mesoporous materials. The hysteresis loop observed in this study
corresponds to type H4, indicating the presence of narrow slit-like pores. Each
adsorption isotherm includes information on the textural properties of the materials.
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Comparing the SBET results obtained for the material reveals a significant increase
in surface area, from 35 m? g* in the bare core to 265 m? g%, which is ascribed to the
removal of silica during the etching procedure. The removal of silica is fundamental
to achieve the multi-core shell architecture since the removal of the intresticial silica
between the cores will promote the increase in the catalyst active sites. Other studies
have also reported a similar behavior for synthesis of hybrid catalysts following the
adapted Stober procedure.
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Figure 2. Ny isotherms, BET surface area and total pore volume for bare core (a)
and mFe,O;@C (b).
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To gain insights into the chemical bonds within the material's structure and
their correlation with the synthesis treatments, Fourier-transform infrared
spectroscopy (FT-IR) analysis was conducted. This analysis aimed to investigate the
effects of functionalization on the surface properties of the material. Figure 3
illustrates a comparison of the FT-IR spectra obtained for bare core and final
nanoparticles. The presence of magnetite was discerned from the absorption bands
observed at 564 cm™. Additionally, specific bands at 1632 and 3436 cm™ were
identified, corresponding to the bending and stretching vibrations, respectively, of
the surface hydroxyl (-OH) groups present in the carbon-based shell. These
observations provide valuable information about the nature of the chemical bonds
and the impact of functionalization on the material's surface.

Fe;0,
mFe;0,@C
= J— f
< T
=
S
Q
(=)
o
[
E
£
(%2}
o
s Q) g
= It = =} >
] [S) - ]
o O T — 2
) g a9 3
Q < ) g
NS =33
o =
g oﬁg
“ <+
T

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FT-IR results for bare core and final nanoparticle.

Nitrophenols removal in simulated matrix

The results obtained for H,O, decomposition and pollutant removal are
depicted in Figure 4. The results of the study demonstrated that pollutant removal by
adsorption is not significant since after an 8-hour duration, FesO, as an adsorbent
achieved a modest removal of 3.1% for 2-NP and 5.6% for 4-NP. However, when
mFe;04@C was used as the adsorbent, the removal increased to 6.4% for 2-NP and
9.1% for 4-NP. Interestingly, the oxidation results depicted in Figure 1 provided
valuable insights into the performance of the catalysts. The carbon-coated catalyst
(mFe;0,@C) exhibited superior performance compared to the bare core catalyst.
After 8 hours, the removal of 2-NP increased by an impressive 17.7%, while 4-NP
removal showed a notable enhancement of 10.1%. Moreover, the decomposition of
H20. was significantly improved, with a remarkable increase of 35.8% compared to
the bare core catalyst. This enhanced activity of the carbon-coated catalyst can be
attributed to the presence of the carbon surface derived from carbon coating process.
The findings strongly suggest that oxidation reactions play a pivotal role in the
removal of pollutants from the system. Furthermore, the increased adsorption and
pollutant removal observed with the carbon-coated catalyst highlight the need for
further investigation to determine if the degradation process was also influenced by
changes in the catalyst's affinity with the pollutants, potentially due to alterations in
lipophilicity caused by the carbon coating.
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Figure 4. Concentrations of (a) 2-NP, (b) 4-NP, and (c) H,O, throughout oxidation
reactions. Lines are only used to guide reading the removal trends. Operating
conditions: 80 °C, pH 3.5, Cnp = CPnp = 50 mg- L2, Co%hizoz = 696 mg L2, Cear =
2.5g L

Conclusion. In conclusion, the findings of this study highlight the tremendous
potential of the system as a highly effective and viable alternative for the efficient
cleansing of contaminated streams polluted with 2-nitrophenol and 4-nitrophenol.
By combining mFe;0,@C catalysts with oxidation reactions, the system
demonstrated remarkable capabilities in removing pollutants from the environment.
The significant enhancement in pollutant removal observed through the utilization
of mFe;0,@C catalysts underscores their effectiveness as a powerful tool in
environmental remediation. The carbon-coated catalyst exhibited superior
performance compared to the bare core catalyst, leading to notable increases in the
removal of 2-NP and 4-NP. Moreover, the decomposition of H,O, was significantly
enhanced, indicating the system's potential in efficiently breaking down hazardous
compounds. These results lay a solid foundation for future exploration and
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development of the system for a wide range of environmental remediation
applications. The remarkable pollutant removal capabilities of mFe;0.@C catalysts
in combination with oxidation reactions pave the way for the implementation of this
approach in real-world scenarios. Continued research and development in this area
hold immense promise for addressing the challenges posed by contaminated streams
and promoting sustainable and effective solutions for environmental cleanup.
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AppwuaHo C. Cunbea?l, Xoce /1. fAuac ge Tyecra?, Xengep T. lomec?

1 Monmarbe 3epmmey opmansirel (CIMO), BpazaHca noaumexHuKansiK UHCMumymel,
bpazaHca, NMopmyzanua
2XUMUANBIK HIHE 3KOA02UAMbIK mexHoao2uanap gakyasmemi, ESET,
Peli XyaH Kapsoc yHusepcumemi, Mocmonec, VicnaHus

NACTAHFAH AfbIHAAPAAH HUTPOGEHONAAPADI
TUIMAI XXOIKO YLWIH Ken AA4POJ1bl KABbIKLLUA/Ibl HAHOBO/1LLEKTEP

AHpatna. byn 3epTTeyaiH, MakcaTbl NacTaHfaH afblHAbl Cy/fap4aH  apHaibl
HUTpodpeHonaapAabl (2 xaHe 4-HUTpodeHoN) TUIMAI ok YLWiH PeHTOHHbIH, reTeporeHai
npouecTepiHAe Ken Aaposbl KabbiKwanbl HaHobenWweKTepai KongaHyabl 3eptrey 60bIn
Tabblnaapbl. CynepnapamarHUTTiK MarHeTuTTiH, (Fes04) CUHTE3i IMMOH KbIWKbIbl MEH TEMIP
HUTPaTbIHbIH, epiTiIHAICIH KoNgaHa oTbipbIn, epiTiHAiHI KaFy agicimeH (SCS) cuHTesgenai.
MFe304@C KaTanusatopbl beliimaenren LUtebep TexHMKackl apKpblabl anbiHAbl. MaTepuan
Ken Aaposibl KAObIKTbIH, KaXKeTTi apXMTEKTypacblH KasbiNTacTblpyfa OalNaHbICTbl HAKTbI
XUMUANBIK ~ Kypampapabl aHblKTAay YWiH cunaTranfaH. KemipTerimeH KanTanfaH
KaTanunsaTop e3eri *KOK KaTa/IM3aTOPMEH Ca/ibICTbIPFAHAA *KOFapbl OHIMAiNIKTI KepceTTi, byn
2-NP kaHe 4-NP KoWbl/yblHbIH, alTap/biKkTan ecyiHe oakengi. CoHbimeH KaTtap, H20:
biAblpaybl anTap/bIKTalk KywenuTingi, 6yn KayinTi KocbinbicTapAblH Tvimai 6eniHyiHaeri
JKYMeHiH, aneyeTiH KepceTteadi. byn 3epTTeyaiH HaTwKenepi 2-HutpodeHon KoaHe 4
HUTPOdEHONMEH NaCTaHFaH NacTaHFaH Cy afblHAAPbIH TUIMAI Ta3apTyAblH XKOFapbl TUIMAI
KaHe emiplieH 6aniamachl peTiHAe KYMeHiH opacaH 30p a/1eyeTiH KepceTei.

TipeK ce3sgep: Ken Aaponbl KAabblK, HaHOOeNWeKTep, KAaTa/IMTUKA/bIK blaFanabl
ACKblH TOTbIFY.
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AppmaHo C. Cunbsal, Xoce J1. Anac ae Tyacra?, Xenpep T. lomec!

1 LleHmp paccnedosaruli 8 MoHmaHse (CIMO), lMoaumexHuyeckuli uHcmumym bpa2aHcel,
bpazaHca, NMopmyzanua
2d)cmyﬂbmem XUMUYECKUX U 3Kos102u4eckux mexHonoz2ul, ESET,
YHusepcumem Peli XyaH Kapnoc, Mocmonec, UcnaHus

HAHOYACTULbI C MHOTOAZEPHOM OBOJ/IOYKOM ANA 3GPEKTUBHOIO YOANEHUA
HUTPO®EHO/10B U3 3ATPASHEHHbIX MOTOKOB

AHHOTaumsa. Llenblo AaHHOrO MCCNefOBaHWA ABAAETCA M3yYeHUMEe NPUMEHEHUA
HaHOYacTUL, C MHoOroazepHoir 06O0NI0YKOM B reTeporeHHbix npoueccax PeHToOHa Ans
apdeKkTuBHOro ypaneHva cneumduyeckux HutpodeHonos (2 u 4-nutpodeHona) us
3arpsA3HEHHbIX CTOYHbIX BoZA. CWMHTE3 cynepnapamarHutHoro marHetuta (FesOs) 6bin
OCYyLLECTB/IEH METOAOM CUHTE3a METOAOM CXUraHua pacteopa (SCS) ¢ ucnonbsosaHmem
pacTBopa IMMOHHOW KUCNOTbI M HUTpATa »Kenesa. Katanmsatop mFes0s@C 6bin nonyyeH ¢
NMOMOLLbIO aAanTMPoBaHHOM MeToamKn LLTebepa. MaTepuan 6bi1 OXxapakTepmnsoBaH gna
onpegeneHnsa KOHKPETHbIX XMMUYECKMX COCTaBOB, CBfA3AHHbIX C (GOpPMUpPOBaHMEM
Kenaemoln apxuMTeKTypbl MHorosgepHoh o6onouku. Katanmsatop € yrnepoaHbIM
MOKPbITUEM AEMOHCTPUPOBan 6osiee BbICOKME IKCMAyaTaLMOHHbIE XapaKTePUCTUKU MO
CpaBHEHMIO C KaTanunsatopom 6e3 cepAUEBUHbBI, YTO NPUBENO K 3aMETHOMY YBE/UYEHUIO
yaanenusa 2-NP un 4-NP. Bonee Toro, pasnoxeHue H202 66110 3HAUYUTENBHO YCUAEHO, YTO
YKa3blBaeT Ha NOTeHUMan cuctembl B 3GGEKTUBHOM pacLLENIEHUN ONACHbIX COEANHEHWNA.
Pe3synbTaTbl 3TOro mMccnenoBaHUMA MNOAYEPKMBAKOT OFPOMHbBIA MOTEHUMAN CUCTEMBI KakK
BbICOKOI()GHEKTUBHON M KU3HECNOCOOHON anbTepHaTMBbl ANA 3PPEKTUBHON OUMUCTKU
3arpA3HeHHbIX BOAOTOKOB, 3arpsA3HEeHHbIX 2-HUTPOdEHOI0M U 4-HUTpodeHo oM.

KnioueBble cnoBa: MHorosgepHas o060104Ka, HaAHOYACTMLbI, KaTa/iUTUYeCcKoe
B/Ia¥KHOE NEePOKCUAHOE OKUC/IEHME.
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