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Abstract

This paper demonstrates fine size-controlled swishaf superparamagnetic carbon-
encapsulated iron nanoparticles, by a supersoag jet assisted rapid, bulk-production
process, by manipulation of the pressure in thepgagollection chamber. Transmission
electron microscopy and small angle x-ray scattemeasurements confirmed the formation
of single-crystals with a narrow size distributitiayving core average size of 5.0 nanometer
and encapsulated by an ultrathin carbon coatingsdb-mbar pressure. VSM and Mossbauer
characterization established the nanocrystallddsetsuperparamagnetic in nature, with
saturation magnetization 67 emu/g and coercivd fie Oe. Controlled plasma heating
during synthesis led to the burning down of exttebon that resulted in further enhancement
of the magnetization of the product. Graphitizatdéithe encapsulating layers also enhanced,
which could successfully protect the metallic cfvoen oxidation, as well as improved its
cyto-compatibility. This purified sample could tokeal for targeted drugs delivery and water
treatment applications. Another sample was procegseugh controlled reaction with
oxygen, the as-synthesized sample having magnetpegies approaching that of the first
sample, which may be more attractive especiallyvater treatment processes because of the
simpler single-step processing of the material.



(Keywords: Carbon Encapsulated Magnetic NanopagjdPlasma processing,
Superparamagnetic properties, Mossbauer spectpsSomall Angle X-ray Scattering)

1. Introduction

Magnetic nanoparticles protected by encapsulatangon layers offer vast application
potential especially in the fields of biomedicinmelanvironmental engineering [1-3]. The
surface of a superparamagnetic nanoparticle cadmelded with drugs, which may be then
manipulated with an external magnetic field fogtted delivery to a cancerous tumor [1].
Superparamagnetic properties, in this case, enisat¢here is no dangerous aggregation of
particles inside the anatomical systems once thgnate field is removed. Carbon
encapsulated magnetic nanoparticles (CEMN) candoeemployed to detect cancerous cells
through magnetic resonance imaging and to killniaéignant cells through hyperthermia
using an alternating magnetic field [1]. Superfinagnetic particles have been highlighted for
application in water and wastewater treatment, wia¢éso superparamagnetism has been
pointed out as an essential property for efficrformance [2]. The very small coercive
field will allow easy separation of the magnetictdes from water by a small magnetic field,
while the shell will absorb the heavy metals arfteopollutants [4]. In CEMN, the protecting
carbon shell has the advantage of being light ilgltestable in physiological and high-
temperature environments, biocompatible, whichlzaeasily functionalized to carry drugs
over its surface. Various technigues have been iggdle synthesis of CEMN such as
chemical vapor deposition [5], pyrolysis [6], comrsban [7], DC thermal plasma synthesis
[8], arc discharge synthesis, [9], pulse lasediation [10] and RF plasma torch [11]. Plasma-
assisted methods, in general, have the advantagdloproductivity and fine crystallinity of
the product materials [8].

Size-controlled synthesis is the vital issue heeeause CEMN smaller than the
corresponding domain sizes (15 nm for iron) onlymamonstrate superparamagnetic
behavior [12-16]. It is therefore important to i®eato synthesize smallest sizes with an
essentially narrow dispersion, because the pradagtdemonstrate the smooth variation of
their magnetic properties with size only when ingdiixal samples are synthesized with
sufficiently narrow size distribution. Nanopartisieith poly-dispersed sizes have a larger
tendency to aggregate with each-other [17]. A #ime distribution favors dispersion stability
that may be an important issue for all the intengi@glications with this nanomaterial [18].

In a previous communication, we had demonstratathsgis of CEMN by an expanded
thermal plasma assisted process, where averagargizgze distribution were controlled
simply by manipulation of the ambient pressurenm$ample collection chamber [8]. The
average particle size and corresponding coerodldsiwere seen decreasing continuously
upon lowering the chamber pressure. However, qooreding to the minimum pressure of 20
mbar the coercive field was more than 50 Oe, wisaiot strictly considered as the
characteristic of the superparamagnetic matenahis communication, we have attempted
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the further reduction of CEMN sizes by enhancirg\thcuum pumping capability of the
experimental system and carried out elaborate ctaarzation of the product nanocrystals.
Along with Transmission Electron Microscopy (TEM)e have used the technique of Small
Angle X-ray Scattering (SAXS) for measurement & slize distribution of the product, where
the later has the advantage of being more acchesmi@use sampling is done over a much
larger volume of the sample.

The intended use of CEMN in biomedicine will ineaty lead to direct interaction with
humen and other living systems. Therefore, we detbte cyto-compatibility of the

synthesized materials in the wide range (0.2 t0 hflg/ml) against mouse fibroblast cell line
L929, using MTT (3-(4, 5-Dimethylthiazol-2-YI)-2-Biphenyltetrazolium Bromide) assay to
examine its suitability for the intended biomediapplications. The University of Warsaw,
Poland group who pioneered plasma synthesis oboaghcapsulated iron nanoparticles, also
had first initiated biocompatibility studies foretin product nanomaterials [19]. I.P. Grudzinski
et al., had undertaken an elaborate study, using differghlines like human melanoma,
mouse melanoma and human dermal fibroblast, anddifferent assays [20]. In another
significant study, the same author explored cytiatoesponse of the murine glioma cells
using surface functionalized carbon encapsulatednanoparticles. The results suggested
that the toxic response depends on the amountaiahomaterial administered and especially
on the surface functionalization of the

encapsulated powders [21].

2. Experimental
2.1. Supersonic thermal plasma assisted reactor configuration and synthesis of CEMN

A segmented DC plasma torch assisted experimezdatar was used for the synthesis
experiments (Fig.S1, supplementary materials), ekaperfine particles nucleate during
supersonic expansion cooling of the plasma jetrigmtecursors through a converging nozzle
into a bottom vacuum chamber, details of whicheualable elsewhere [22]. To reduce
ambient pressure in the sample collection chambéndr, a high throughput roots vacuum
pump (EH 4200 backed with an E2M 275 rotary vacyuump) was employed in this
experiment, which produced 0.8 mbar pressure. Amgasinjected at the cathode at 20 liters
per minute (Ipm) using a digital mass flow conteol{Alborg make), and plasma operated at
150 Amp current (8.7 kW). Using a Tubular furnaegdcene (Fe(gH1o, Spectrochem, 98%
purity) vapor was injected into the plasma at 3Xgf8 minutes, carried by 5 Ilpm hydrogen.
The product powders were deposited on all expoadd mside the chamber and produced a
thick coating within a few minutes of operation. #sithesized samples (designated as
CEMN-AS) were collected from a substrate kept distance of 120 mm from the reactor
nozzle, where it deposited at a rate of 3.36 ¢dh¢brresponds to a yield of 10.6 %. Total
power consumed during synthesis is 4.123 kWh (thalyitorch, pumps, water cooling, etc:
31 kW*0.133 h = 4.123 kWh) for the production o#87g sample. Thus the energy consumed
per one gram of the product is 9.2 kWh. Parts efsdumples were purified by aqua-regia,



prepared by mixing three parts of hydrochloric agith one part of nitric acid by volume.
Raw samples were mixed with the acid and kept fipaer which it was diluted with

distilled water and filtered. The residue in theefi paper was first washed with distilled water
and then with acetone into a beaker. Samples weeei®d to the bottom of the beaker with a
permanent magnet and excess acetone was discaMued,was then dried in vacuum, and
stored for later characterization. The final pedfiis designated as CEMN-P. The purification
yield was found as 40%.

2.2. Nanomaterial characterization methods

For morphological and compositional analysis ofgshmples, we used a JEOL, JEM 2100
HRTEM system (200 kV) and an FEI, Tecndif30, S-Twin TEM (300 kV) equipped with a
Gatan imaging filter (model 963). The later had=aergy Dispersive X-ray (EDX)
spectroscope attached for elemental analysis. Bterral phases and the degree of
crystallinity of the carbon were deduced by X-rafffaction (XRD, Rigaku TTRAX-III,

5kW, A=1.5406A, B-range: 20° to 60°, step: 0.02, at a scan ratedss") and Laser
Mirco-Raman (LabRam HR, Horiba-Jobin Yvon, Argogsdsa 488 nm) techniques. Small-
angle x-ray scattering (SAXS) measurements werewlgertaken in transmission geometry
at micro and nano focus x-ray scattering (MiNaX8&ainline PO3 of PETRA Ill synchrotron
radiation source, Hamburg, Germany (13 keV X-r&EATUS 1M detector). This also
provided size information in addition to the HRTEMr fitting the SAXS experimental data,
the iron core was modeled as covered by a carbelh $he data was analyzed by SASFIT
software, by taking the spherical iron core to havegnormal size distribution with average
size and width of distribution taken as fitting gaaeters. The electron density of carbon shell
and its width were taken as other fitting paranset€he magnetization (M-H loop) of the
sample at room temperature and the temperaturexdepee of magnetization at the constant
applied magnetic field of 500 Gauss were studiedibgating sample magnetometer (VSM,
Lake Shore 7410). The different iron-containing ggsawere explored at room temperature
and at 5K, by Mossbauer spectroscopy in transnmiggometry at zero applied external
magnetic field, where a constant acceleration speeiter was used witiCo radioactive
source. Thermogravimetric analysis (TGA, STA720Ra¢hi, performed in oxygen, heated
up to 800 C at the scan rate of/Bin) was also performed to estimate the carborneras of
samples.

2.3 Measurement of the cytotoxicity of the product material

Thein-vitro cyto-compatibility tests were performed for thatbyesized CEMN samples on
mouse fibroblast cell line L929, using MTT (3-(4Dbmethylthiazol-2-YI)-2, 5-
Diphenyltetrazolium Bromide) assay, using procedutescribed previously [23]. The L929
cell line was cultured in Dulbecco’s modified Edglmedium with 10% fetal calf serum at
37°C at 5% C@ In order to perform the MTT assay,*k®lls/100 pl were seeded in each
well of 96 well culture plates and incubated withiaasying amount of sample powders (20,
40, 80, 160, 500 and 1000 pg) for 24 hours at 3Af@r the incubation period, media was
replaced with fresh 100 pl media containing 10fiNM& T solution (5mg/ml, PBS pH 7.4)
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and incubated for 4 hours at 37 °C. After 4 hohesrhedia was removed completely and 150
pul DMSO was added to each well followed by incutrafior another 10 minutes in order to
dissolve the formazan crystals. The absorbancadf well was recorded at 570 nm (Infinite
200 Pro, Tecan). The metabolic activity of livele@vas characterized by the formation of
formazan crystals. The OD values of positive cdr(tells incubated without samples) were
considered as 100% to compare with OD of the samptabated with synthesized samples.
The percentage of cell viability was calculatedvirthe ratiothe optical density (OD) values
of cells incubated with samples (Sample Intensity) OD values of the cells incubated
without samples (Control Intensjty

3. Reaults and discussions

3.1. Transmission electron Microscope (TEM) analysis
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Fig.1. () HRTEM image of the purified carbon-encapsuategnetic nanoparticles
(CEMN-P), TEM image of the same in the inset (bJEM images of C, Fe and
composite image (CEMN-P) (c) core size-distributbbthe same sample (CEMN-P).

HRTEM and TEM images (Fig.1a) of the purified saen{(CEMN-P) show single-crystal-like
superfine nanoparticles encapsulated by one otypioal layers of carbon. Energy filtered
TEM (EFTEM) (Fig.1b) imaging also reconfirms fornwat of core-shell structures, with an
iron core surrounded by carbon shells. The sangpeared to be perfectly homogeneous,
CEMN dispersed in a carbon matrix, but devoid of anreacted micron-sized particles. Size
distribution of the nanoparticles (CEMN-P) was damsted by considering total 507 numbers
of particles from 3 numbers of corresponding TEMmographs (Fig.1c), which gives the
average size of 5.5 nanometers. This is the smaltesfor CEMN synthesized by any
method to the best of our knowledge. Considerirgsihe distribution as Gaussian, the
corresponding standard deviation is estimatedsanh, which again is the narrowest
compared to our previous CEMN samples synthesizeglaively higher pressure [8]. Twin
planes or stacking faults are also seen in somleresslved HRTEM photographs, which are
suspected to beFe because such faults are usually observed ingt@aSes only [3].

3.2 XRD and Raman measurement

The as-synthesized CEMN sample contained littlelesi which was successfully eliminated
in the purified sample as confirmed by the corresiiag XRD pattern (Fig.2a). However,
continuing the previous trend, the XRD peaks agoniesl in the earlier work, vizo-Fe,

FeC, y-Fek-Fe(C) all merged together for this sample withghmeallest particle sizes so far.
The prominent SAED rings identified to be assodatith the following crystal planes
supported the same phase composition: (110) plaad-e/ (102) of FgC, (210) plane of

Fe;C and (211) ofi-Fe (figure not presented in the manuscript). Giylsttice inter-planar
distance was measured from HRTEM photographs &A2.0which also correspond to (110)
plane ofa-Fe or (102) plane of € (figure not presented in the manuscript). EDXfrored
that nanocrystallites were free from any impuritiggure not presented in the manuscript).
Raman measurements demonstrated that the ratie aftensity corresponding to the G
(1589 cm') and D (1346¢cm) Raman bandsdllp) were 1.02 and 1.5 for the as-synthesized
(CEMN-AS) and the purified (CEMN-P) sample respedlly (Fig.2b). The Raman spectra
were de-convoluted and the integral areas of theodeoluted G and D bands were taken into
consideration. The Raman spectra were first nomedlbefore calculation of integrated area
using Lorentzian fitting. The results indicate ttta carbon content of the purified sample
was better graphitized compared to our previougpéesr|8].
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Fig.2. (&) XRD and (b) Raman spectra of CEMN-AS and CERIEamples (c) fitted
SAXS data of CEMN-P (d) SAXS measured size distrdvuof particles (CEMN-P).

3.3. Small Angle X-ray Scattering analysis

The curve in Fig.2c gives fitting of SAXS experin@data (CEMN-P) that also led to the
determination of the size distribution of the coragnetic nanoparticles as depicted in Fig.2d,
with an average size of 5.0 nm and thickness o€#énkon shell as 0.2 nm. This is in
agreement with the previous HRTEM measurementshiea€EMN are covered with an
ultrathin graphene layer. Significantly, both of tmeasurements demonstrate that the size
distribution was skewed towards larger sizes. Thesmensity of carbon was measured
through simulation as 2.0 + 0.05 gm/ftm good correlation betweenpontent and the

mass density had been observed before for carbterials, that is available in the literature
[24]. In the present case, a mass density everrlthae that of graphite suggests a strorfg sp
content that is in qualitative agreement with tfafan results [24].

3.4 Vibrating sample magnetometer (VM) and Mossbauer spectroscopy analysis
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Fig.3. (a) VSM measured magnetic hysteresis loop of CEABNand CEMN-P at room
temperature, (b) thermo magnetization data show{d@nd ZFC curves for CEMN-P,

Mossbauer spectra for (c) CEMN-P at 300K (d) CEMB-# 300K, (e) CEMN-P at 5K
and (f) hyperfine field distribution for CEMN-P 8K.

The saturation magnetizatioMy) and coercive fieldH.) for the as-synthesized sample
(CEMN-AS) were measured by VSM as 57.7emu/g an8 Ok respectively, which enhanced
to 67 emu/g and 7.4 Oe for the purified partic€EMN-P, Fig.3a). To our knowledge, this is
the smallest coercive field measured for CEMN sgsitted by any method so far, which may
be conveniently termed as superparamagnetic miafénia zero field cooled (ZFC) and field
cooled (FC) curves depicted in Fig.3b show a dendbelow room temperature. From the
position of the peak in the ZFC curve, the blockieigpperature (BT), below which the
thermally induced spin fluctuation is frozen foetsingle domain particle, was calculated to
be 72 K. Low BT of the CEMN ensures its superpagmetic behavior under any
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physiological conditions. The superparamagnetianeadf the CEMN will allow its easy
separation/recovery under a low-gradient magnetid &is well as reusability. This endorses
its suitability for the various biomedical appliats i.e. targeted drug delivery and
hyperthermia etc. and environmental applicatiomswater and waste water treatment.
Important properties of these samples are recardédble 1.

Tablel
Saturation magnetization (Ms), coercive field (Hel)mnant magnetization (Mr) and other
important parameters of the CEMN samples.

Sample name Ms Hc M, Ratio of /Ip Average particle
(emu/qg) (Oe) (emu/qg) Size (nm)
CEMN-AS S57.7 11.7 0.96 1.02 Not available
CEMN-P 67 7.4 0.55 1.5 5.5 (TEM), 5.0 (SB)X

Room temperatur¥Fe Mossbauer measurements show a small collapskiet$or CEMN-P
(Fig.3c) and a predominant doublet for CEMN-AS (B@). The former converts into a broad
sextet at low temperature (5K), which actually desimtes superparamagnetic relaxation of
the sample at a relatively high temperature (Fig.Bee 5K Mossbauer data is fitted with the
distribution of hyperfine fields and the obtainggbérfine fields viz., 25.7 and 32.1 Tesla
reconfirm the presence of thesEeando-Fe phases and complete elimination of the iron
oxides (Fig.3f). One singlet and one doublet cqoesling to the nonmagnetye-e andy-

Fe(C) were also identified, which together werénestied to constitute about 9% of the total.
Of the remaining 91% that was magnetic, dHee phase was about 45%, while the rest was in
Fe;C phase. This is largely in agreement with the Maasr studies by Borysiuwgt al., who

had before identified large presence ofG-andy-Fekl-Fe(C) phases in addition éeFe, in
CEMN synthesized by arc plasma assisted proce8kes |

In this reactor configuration, the precursors endeeldn the plasma jet undergo uniform,
rapid cooling while supersonically expanding irfte tow-pressure sample collection
chamber, which ensures gas phase condensatiopeafisie particles with narrow size
distribution [22]. Carbon remains dissolved in irarhich subsequently segregates to the
surface forming complete encapsulation, as thegestaccelerate in the downwards direction
[8]. In this present experiment, in continuatiortlué trend seen before, the average size (and
coercive fields) of the magnetic core had decre&seher with reduction of pressure in the
sample collection chamber [8]. This is due to tlghér rate of cooling as experienced by the
precursors and less aggregation of particles atteleation as a result of the lower pressure in
the particle growth region. Moreover, the surfaadbon layer achieved in this experiment
was one of the thinnest reported so far, which avdsect consequence of the very small sizes
of the core patrticles. This is because the supedarticle had a very large specific surface
area, the total dissolved carbon, in this case,sufgcient for forming just one or two surface
layers only. However, they could provide sufficipnbtection both against oxidation and acid
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during the purification process. During water tneant by CEMN, the core magnetic
nanoparticle may act as the reducing agent fogenac as well as organic pollutants, where
an ultrathin protecting shell will ensure that teactivity of the metal does not get seriously
reduced [25]. However, in contrast to the trendeolsd before [8], the saturation
magnetization of the CEMN had enhanced further vattuction of pressure. This is due to
the efficient elimination of the background carbmatrix by the under-expanded plasma beam
configuration that formed in this lowest presswagime, which had engulfed the substrate and
burnt down the mixed carbon. This is supported @ATmeasurement which shows 54%
carbon in the CEMN-P sample (Fig.4) as comparéa®286 in the sample synthesized at 20
mbar pressure previously [8]. However, the substnaiating resulted in very small CEMN
growing into carbon nanotubes that may be considasea minor impurity in the product
nanomaterial (figure not presented in the manucfijne very small particles in the sample,
which usually does not get encapsulated, startexgaas classical catalyst nanoparticles, i.e.
catalyzing the growth of single-walled nanotubeseodeposited on the heated substrate.

110} /'N‘\ —— CEMN-P
’ % ---- CEMN-AS-0,: 0.5

e ena

.-
e

Carbon 54%

60 A A A A A A A A
100 200 300 400 500 600 700 800
Temperature (°C)

Fig.4. Thermo-Gravimetric Analysis for CEMN-P and CEMN-A%:0.5.

We had carried out few additional experiments twtifer reduction of mixed carbon by
controlled reaction with oxygen, by injecting ®@-situ in the vacuum chamber, at 0.5, 1, 2
and 5 Ipm respectively. Best results were achidoethe lowest @flow rate (0.5 Ipm),
whereMs of the as-synthesized sample (CEMN-AS83%) had enhanced to 67 emu/g
(H:=8.0 Oe), compared to 57 emulg£11.7 Oe) for CEMN-AS (Fig.5a). This must be due
to the further elimination of carbon, confirmedelaby TGA showing carbon reduced to 36%
for this as-synthesized sample (Fig.4).
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Fig.5. (a) VSM curve for as-synthesized CEMN samplesngection of oxygen into the
vacuum chamber at 0.5, 1, 2 and 5 Ipm (b) Variatiomagnetic saturation and coercive-
field with respect to oxygen injection at 0.5, Jar&d 5 Ipm.

In case of the corresponding purified sample (CERH»:0.5), the post-treatment of the
particles through agua-regia had converted thasearfyers into graphene-oxide (GO).
XRD (Fig.6a) of the sample shows GO peaks, Ramavhath confirms their reduced
crystallinity (Fig.6b), because of which the pwedisample did not have sufficient
stability. All other high oxygen flow rate procedssamples were badly oxidized with
inferior magnetic properties (Fig.6¢). Magnetic idwderistics of CEMN-AS-@0.5 were
comparable to CEMN-P, but it contained oxide impuphases. However, this sample has
the advantage of being processed by a single stee$s, hence may be most suitable for
water treatment like applications, which demantgya rate of production through a
relatively simpler process. The production ratéhefreactor used in this experiment was
3.36g/h. The minimum and maximum production yi@darted by M. Bystrzejewski et al
[13] in supplementary data is 7% and 50% respdgtidie maximum production rate
reported by them is 240g/h.
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Fig.6. (&) XRD of CEMN-P-Q:0.5, (b) Raman spectra of CEMN-R:@5 and (c)
XRD for as-synthesized samples on injection of @ymto the vacuum chamber at
0.5,1,2and5 lpm.

3.5 Measurement of cytotoxic properties

Bl CEMN-AS-0,0.5
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Fig.7. Cytotoxicity result for CEMN-P (0 Ipm £ and CEMN-AS-Q:0.5 (0.5 Ipm Q).
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The prospective use of the synthesized CEMN sample®logical context requires
understanding of their basic cyto-compatibility pedies. In case of CEMN, the outer carbon
layer will remain exposed to the immediate envirentbut most of the studies in the past
have concluded the graphitized nanocarbons to Istlyrlow toxic material in nature [26]. In
a recent study for arc plasma generated carborpsuleded Fe/Ni nanoparticles, X. faetcal.
reported that CEMN exert excellent cyto-compatipilipto 0.1 mg/ml concentration;
however significant cytotoxicity was observed baydnmg/ml concentration to human breast
adenocarcinoma cell-line [16]. In this paper, weestigated cyto-compatibility response of
the two most important CEMN samples, CEMN-P and GEANS-02:0.5 on mouse fibroblast
cell line L929 using MTT assay. Results are presbiti Fig.7, where the cell viabilities for
both of the nanomaterials were around 80% up teniyénl concentrations, indicating
sufficiently good cyto-compatibility. We testedethyto-compatibility of both the samples at
higher dosages up to 10 mg/ml concentrations asdrebd no further decrease in cell
viability. The superior cyto-compatibility of CEMN presumably due to the presence of the
outer carbon layer that fully envelopes the innetahparticles, which we know may be toxic
if remain exposed [26]. CEMN-AS-02:0.5 showed dlighigher cyto-compatibility than the
CEMN samples, consistently for different dose com@ions. It is reported that in contrast to
graphene, graphene-oxide is more hydrophilic inmeathat can be dispersed more easily in
water to form stable colloids, which in turn mayhance its biocompatibility properties [27].
This may explain the relatively better cytotoxioperties as demonstrated by the CEMN-AS-
0,:0.5 sample, because the surface of the same wesdinialized with oxygen atoms.

4. Conclusions

This paper reports on the synthesis of finest gadatcapsulated magnetic nanoparticles with
narrow size distribution, through simple controlofibient pressure in the sample collection
chamber, through a supersonic plasma jet assisigd high-throughput process. The size
control was translated into achieving superparamagCEMN with one of the smallest
coercive fields (7.4 Oe), which may be ideal fog&aed drugs delivery and water treatment
applications. The magnetic nanoparticles were liggdricapsulated by one of the thinnest
surface layers so far, comprised of just one orsheets of graphitized carbon. This could
successfully protect the core from oxidation/acdigiiication process and also curb the typical
toxic effect of the core metal particles. The uhma carbon will also ensure that effective
reactivity of the inner metal particles will reduaely marginally during water treatment
processes. An important observation was, in contoathe previous experiments, here the
saturation magnetization of the CEMN had enhana#d reduction of pressure. In this

lowest pressure regime, the highly under-expandkeshpa had engulfed the substrate and
burnt down the mixed carbon matrix, thus enhantuegeffective magnetic moment of the
synthesized nanomaterial. Another sample was psedesith controlled reaction with

oxygen in the sample collection chamber, with alnsawilar characteristics as the purified
sample reported above. However, this as-synthesiegble had the advantage of being
processed by a single step process, which maydaeiedly more attractive for water
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treatment applications. Both of the synthesizednaaterial samples exhibited satisfactory
cyto-compatibility properties.

Acknowledgements

We acknowledge Director, IPR for supporting threlof experiments. The first author
acknowledges University Grant Commission, New Ddfidia for a fellowship under Faculty
Development Program and Jagiroad College Authatagjroad, Assam (India) for their kind
support. She also specially acknowledges the XRilitfain the department of physics, IIT,
Guwabhati purchased under DST, FIST project. Weraekful to K. Deka (Tradesman B,
CIMPLE- PSI Laboratory, CPP-IPR) for his continudeshnical support. Support from DST,
New Delhi for an experiment at PETRA Il is thankjuacknowledged. This experiment was
financially supported under DAE XIlI five-year planojects (A30701-1 & I1).

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

Q. A. Pankhurst, J. Connolly, S. K. Jones, J. Dops@plication of magnetic
nanoparticles in biomedicine, J. Phys. D: Appl. 186 (2003) R167-R181.

X. Qu, P. J. J. Alvarez, Q. Li, Applications of m&chnology in water and wastewater
treatment, Water Res. 47 (2013) 3931-3946.

R. Sergiienko, E. Shibata, A. Zentaro, D. ShinddNakamura, G. Qin, Formation and
characterization of graphite-encapsulated cobalbparticles synthesized by electric
discharge in an ultrasonic cavitation field of lidj@thanol, Acta Mater. 55 (2007) 3671-
3680.

C.T. Yavuz, J. T. Mayo, W. W. Yu, A. Prakash, JFalkner, S. Yean, L. Cong, A. Kan,
H. J. Shipley, M. Tomson, D. Natelson, V. L. Colvirow-field magnetic separation of
monodisperse B®, nanocrystals, Science 314 (2006) 964-967.

Z. H. Wang, Z. D. Zhang, C. J. Choi, B. K. Kim, &tture and magnetic properties of
Fe(C) and Co(C) nanocapsules prepared by chemapalr\condensation, J. Alloys
Compd. 361 (2003) 289-293.

J. N. Wang, L. Zhang, F. Yu, Z. M. Sheng, Synthe$isarbon-encapsulated magnetic
nanoparticles with giant coercivity by a spray pyses approach, J. Phys. Chem. B 111
(2007) 2119-2124.

M. Bystrzejewski, A. Huczkoa, H. Lange, S. Cudzild, Kicinski, Combustion synthesis
route to carbon-encapsulated iron nanoparticlesnDRelat. Mater. 16 (2007) 225-228.
N. Aomoa, T. Sarmah, U.P. Deshpande, V. Sathe af\eBee, T. Shripathi, V. R.
Reddy, N.P. Lalla, A. Gupta, R. Gupta, D.N. Srieast R.K. Bordoloi, S. Sarma, A.
Srinivasan, M. Kakati, Plasma-assisted synthestadion encapsulated magnetic
nanoparticles with controlled sizes correlatednmath variation of magnetic properties,
Carbon 84 (2015) 24-37.

14



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. Borysiuk, A. Grabias, J. Szczytko, M. BystrzegkivA. Twardowski, H. Lange,
Structure and magnetic properties of carbon endajgesliFe nanoparticles obtained by
arc plasma and combustion synthesis, Carbon 4@J2@E®3-1701.

J. B. Park, S. H. Jeong, M. S. Jeong, J. Y. KinKBCho, Synthesis of carbon-
encapsulated magnetic nanoparticles by pulsed ilmadration solution, Carbon 46
(2008) 1369-1377.

M. Bystrzejewski, S. Cudzito, A. Huczko, H. Lan@#, Soucy, G. Cota-Sanchez, W.
Kaszuwara, Carbon encapsulated magnetic nanogartml biomedical applications:
Thermal stability studies, Biomol. Eng. 24 (2003p5558.

W.K. Oh, H. Yoon, J. Jang, Size control of magneticoon nanoparticles for drug
delivery, Biomaterials. 31 (2010) 1342-1348.

M. Bystrzejewski, Z. Kéaroly Z, J. Szépvdlgyi J, lAuczko, H. Lange, Continuous
synthesis of controlled size carbon-encapsulatednanoparticles, Mater. Res. Bull. 46
(2011) 2408-2417.

I. Morjan, F. Dumitrache, R. Alexandrescu, C. FeeaR. Birjega, C.R. Luculescu, .
Soare, E. Dutu, G. Filoti, V. Kuncser, G. ProdariCNPopa, L. Vékas, Laser synthesis of
magnetic iron—carbon nanocomposites with size digrdrproperties, Adv. Powder
Technol. 23 (2012) 88-96.

M. Bystrzejewski, O. Labeq W. Kaszuwara, A. Huczko, H. Lange, Controlling th
diameter and magnetic properties of carbon-encageiiron nanoparticles produced by
carbon arc discharge, Powder Technol. 246 (2011%.7-

X. Fang, X. Cheng, Y. Zhang, L.G. Zhang, M. Keidaingle-step synthesis of carbon
encapsulated magnetic nanoparticles in arc plasih@atential biomedical applications,
J. Colloid Interface Sci. 509 (2018) 414-421.

M. Dickinson, T.B. Scott, The application of zeralent iron nanopatrticles for the
remediation of a uranium-contaminated waste eftluérHazard. Mater. 178 (2010) 171-
179.

D. Zhang, S. Wei, C. Kaila, X. Su, J. Wu, A. B. KiaD. P. Young, Z. Guo, Carbon-
stabilized iron nanoparticles for environmental eglilation, Nanoscale 2 (2010) 917-919.
M.J. Wozniak, P. Wozniak, M. Bystrzejewski, S. CilmlzA. Huczko, P. Jelen, W.
Kaszuwara, J.A. Kozubowski, H. Lange, M. Leonowidiz,Lewandowska-Szumiel,
Magnetic nanoparticles of Fe and Nd-Fe-B alloy esaéated in carbon shells for drug
delivery systems: Study of the structure and irttéwa with the living cells, J. Alloys
Compd. 423 (2006) 87-91.

I.P. Grudzinski, M. Bystrzejewski, M.A. Cywinska, Kosmider, M. Poplawska, A.
Cieszanowski, A. Ostrowska, Cytotoxicity evaluatadrcarbon-encapsulated iron
nanoparticles in melanoma cells and dermal fibstbla). Nanoparticle Res. 15 (2013)
1835.

I.P. Grudzinski, M. Bystrzejewski, M.A. Cywinska, Kosmider, M. Poplawska, A.
Cieszanowski, Z. Fijalek, A. Ostrowska, Comparatymtoxicity studies of carbon-
encapsulated iron nanoparticles in murine glionks,c€olloids Surf., B 117 (2014) 135-
143.

15



[22]

[23]

[24]
[25]
[26]

[27]

M. Kakati, B. Bora, U. P. Deshpande, D. M. PhaseSathe, N. P. Lalla, T. Shripathi, S.
Sarma, N. K. Joshi, A. K. Das, Study of a superstimermal plasma expansion process
for synthesis of nanostructured i hin Solid Films 518 (2009) 84-90.

A. Hasan, G. Waibhaw, S. Tiwari, K. Dharmalinganthukla, L.M. Pandey,
Fabrication and characterization of Chitosan, polyhpyrrolidone and cellulose
nanowhiskers nanocomposite films for wound heating) delivery application, Journal
of Biomedical Materials Research Part A 105 (2(391-2404.

S. Ravi, P. Silva, S. Xu, B.X. Tay, H.S. Tan, Wilne, Nanocrystallites in tetrahedral
amorphous carbon films, Appl. Phys. Lett. 69 (1998).

S.C.N. Tang, I.M.C. Lo, Magnetic nanopatrticles: dfgml factors for sustainable
environmental applications, Water Res. 47 (2013)328632.

J. Liu, L. Cui, D. Losic, Graphene and graphenelexs new nanocarriers for drug
delivery applications, Acta Biomater. 9 (2013) 98857.

I. Dulinska-Molak, A. Chlanda, J. Li, X. Wang, My8trzejewski, N. Kawazoe, G. Chen,
W. Swieszkowski, The influence of carbon-encapsdaton nanoparticles on elastic
modulus of living human mesenchymal stem cells emadchby atomic force microscopy,
Micron (2018). (In press, accepted manuscript)

16



Supplementary M aterials
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Figure S1: The segmented plasma torch assistedieygeal nanoreactor

system.
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Controlled plasma synthesis of C encapsulated superparamagnetic nanoparticles.
Small angle X-ray scattering confirms 5 nm size and ultrathin carbon coating.
VSM measures 67 emu/g saturation magnetization and 7.4 Oe coercive field.
Controlled plasma heating at low pressure burns-off extra carbon.

Nanomaterias likely to be ideal for biomedical and environmental applications.



