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Abstract Magnetic cobalt nanoparticles coated with

a thin carbon shell were produced by means of a

scalable method based on hydrogen reduction synthe-

sis. The presence of oxidized groups on the surface of

the carbon shell enabled the reaction with alkoxysil-

anes bearing amino and thiol reactive functions under

mild conditions, and therefore the formation of a thin

functional silane layer which holds the potential for

further modification in consideration of specific

applications, e.g., in the separation and catalysis

fields. The magnetic nanoparticles bearing surface

thiol groups were also used in metal adsorption tests.

These nanoparticles could efficiently adsorb not only

gold from a chloride salt aqueous solution, but also

several other metals when incubated in a thiocyanate-

leached solution obtained from crushed printed circuit

boards. The combination of a scalable production

method with a simple and versatile surface modifica-

tion strategy opens up a wide array of potential

industrial applications in the fields of separation,

sensing, and biomedical devices.

Keywords Carbon-coated magnetic nanoparticles �
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Introduction

Magnetic nanoparticles (MNPs) are increasingly used

as adsorbents and carriers of different compounds in a

wide range of applications since they can be easily

separated and collected from solution with a strong

magnet. With the newest developments in nanotech-

nology, various types of MNPs with large surface area

and high number of surface active sites have been

synthesized. Aggregation of MNPs is prevented by

surface modification, and interactions with the target

substances to be bound are ensured by conjugating

specific reactive functional groups on the particle

surface.
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Such MNPs as Fe3O4 (magnetite) and c-Fe2O3

(maghemite) have been of great interest due to their

super-paramagnetic properties (Villani et al. 2013;

Zhang et al. 2013). However, bulk ferrite displays a rel-

atively low saturation magnetization (Ms B 92 emu/g).

Furthermore, after the functionalization of nanosized

ferrite particles, the distance between the metal cores

increases and magnetic separation efficiency decreases

significantly (Sun et al. 2005). In contrast to ferrites,

carbon-coated cobalt has a much higher Ms from 141 up

to 150 emu/g (Forsman et al. 2013).

Cobalt is known to be an allergen. In order to avoid

the release of cobalt from the solid state to the liquid

phase and to protect the particle surface from oxidation

and thereby from decrease of Ms, cobalt particles can be

coated with carbon coatings, which can be further

functionalized with binding sites having different

degrees of selectivity for specific applications.

MNPs have been widely studied for the preparation

of magnetic nanocomposites (Behrens 2011), in the

field of nanomedicine for e.g. drug delivery, biomed-

ical diagnostics, and therapeutics (Yan et al. 2013;

Jedlovszky-Hajdú et al. 2012; Baldelli Bombelli et al.

2014), and have been extensively employed as

supporting media and active sites for catalysts,

allowing the easy access of reactants as well as

convenient catalyst recovery (Zhu et al. 2010). Recent

advances in the area of iron oxide and magnetic core–

shell nanoparticles include for instance the develop-

ment of advanced magnetic resonance imaging and

near-infrared agents, also involving novel preparation

methods such as microfluidic synthesis (Song et al.

2011; Seo et al. 2006, 2012, 2013).

MNPs have shown great potential also for environ-

mental detection and remediation, where surface-

functionalized magnetic adsorbents allow effective

sensing and removal of pollutants from water due to

their large surface area and small diffusion resistance

(Liu et al. 2011). Increasing environmental and health

concerns in particular have drawn attention to the

separation of heavy and precious metals from indus-

trial effluents. For example, iron oxides have been

used for extraction of environmental pollutants (Lin

et al. 2010) and dyes from water solutions (Rocher

et al. 2008).

There are numerous studies reporting covalent

binding of very diverse molecules on carbon coatings

through different strategies: a few examples include

aryl species (Schumacher et al. 2012), norbornene tags

(Schätz et al. 2010), positively charged polymer

brushes (Zeltner et al. 2012), nitroxyl radicals (Schätz

et al. 2008), and chloro, nitro, and amino groups

(Grass et al. 2007). Physisorption of thin polymer

layers on carbon shells of MNPs has also been

reported (Fuhrer et al. 2010). Carbon-coated Fe3O4

MNPs have been modified with chitosan to extract

polycyclic aromatic hydrocarbons (PAHs), perfluori-

nated compounds, and phthalate esters from water

(Zhang et al. 2010).

Silanes are often used for stabilization and func-

tionalization of MNPs, since they form a dense layer

which can be covalently linked to metal oxide surfaces

under mild conditions. In addition, they are commer-

cially available with a wide range of functional end

groups, allowing a versatile chemistry for further

modification (De Palma et al. 2007). Recovery of

metals and adsorption of different organic substances

by silane-modified magnetic particles have been

previously reported (Kraus et al. 2009; Wu and Xu

2005; Zhang et al. 2011), and MNPs have been

synthesized with dual functional amino and thiol

moieties for the recovery of Pb2? and Mn2? (Guo et al.

2010). In addition, magnetite nanoparticles modified

with different silanes such as alkyl or aminopropyltr-

iethoxy silanes have shown potential as immobiliza-

tion media for biocatalysts (e.g., lipases) enabling

efficient recovery and recycling of the catalysts

(Kanimozhi and Perinbam 2013; Wang et al. 2012).

It was shown that polymer-modified carbon-coated

cobalt nanoparticles (Co@C NPs) can be used for

effective adsorption of gold from dilute water solu-

tions (Schumacher et al. 2012; Rossier et al. 2010). In

these works, however, some of the particles produced

by flame-spray synthesis showed defects on the carbon

surface, resulting in cobalt leakage and requiring

separation of leaked cobalt before further processing

steps (Schumacher et al. 2012).

In the present work, the carbon coating of magnetic

cobalt nanoparticles was carried out by a hydrogen

reduction method which has been scaled up in our

facilities to a production range of about 2 kg per day

(Hokkinen et al. 2014). The carbon shell of these

cobalt nanoparticles fully prevented cobalt release into

water at neutral pH, and contained oxidized moieties

which allowed their facile surface functionalization

with different organic alkoxysilanes, thus enabling a

versatile surface chemistry for further modification.

Finally, we show here that the Co@C NPs modified
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with a silane containing a thiol group could achieve

metal adsorption from both model aqueous gold

solutions and thiocyanate-leached solutions prepared

from crushed electronic circuit boards.

Beside the fact that their production process is very

economical and scalable, the Co@C NPs used in this

work are advantageous since each of their three

components, i.e., magnetic core, protective shell, and

functional groups, are all highly performing, yet are

joined smoothly as one functional unit. The magnetic

Co core has a high magnetic moment which leads to

efficient separation of the particles. The carbon

coating is very thin (about 2 nm) and therefore adds

very little mass to the particles, while still protecting

them to a large extent against oxidation and leakage

even in mildly acidic solutions. Finally, the surface of

the particles can be effectively modified, thanks to the

presence of reactive oxidized functions, thus allowing

in principle the introduction of specific functionalities

in sight of sensing, catalytic, and separation

applications.

Experimental section

Nanoparticle production

The particle production method is described in detail

by Koskela et al. (2011). The synthesis of the

nanoparticles has been performed using a single-piece

quartz reactor. The precursor powder CoCl2 was fed

by a powder feeder to a heated evaporation column

composed of porous alumina pellets kept at a temper-

ature of 800 �C, which maximizes the evaporation

area of the precursor. The evaporated precursor was

carried along a nitrogen gas flow to the reaction zone,

where hydrogen gas was fed to the metal chloride–

nitrogen mixture at 950 �C.

The carbon coating on the cobalt nanoparticles was

obtained by feeding an ethene–nitrogen mixture to the

reaction zone together with hydrogen. The ethene

(C2H4) content was 0.92 mol- % in the reaction zone,

where it decomposed to methane (CH4), ethane

(C2H6), and carbon (C). The reaction was incomplete,

and over 50 mol- % of the ethene remained unreacted.

The metal surface catalyzes the decomposition reac-

tion and the formation of the carbon layer, which

suppresses further growth of the metal nanoparticles

and controls the average diameter of their cores. The

flow was then quenched with room temperature

nitrogen gas, and Co@C NPs were collected on PTFE

filter bags. The carbon-coating method is discussed in

detail in Forsman et al. (2013), together with a full

characterization of the particles including TEM and

XRD analyses. The ethene degradation method has

been proved in these prior experiments to produce a

thin graphitic coating on the particles.

Before further use and functionalization, residual

CoCl2 was first repeatedly washed from the Co@C

NPs with de-ionized water purged with nitrogen, and

then dried under nitrogen gas flow at room

temperature.

In order to verify the stability of the particles for

storage and shipping and to investigate the possible

release of Co, a series of tests were performed by

leaving the Co@C NPs in an aqueous environment for

variable amounts of time. The washed Co@C NPs

were dispersed in 10 ml Milli-Q water purged with

nitrogen. The release of cobalt ions from the purified

Co@C NPs was studied for three different release

times of 1, 7, and 35 days.

Surface functionalization of Co@C NPs

3-aminopropyltriethoxysilane (APTES) and 3-mer-

captopropyltrimethoxysilane (MPTS) were used as

modifying agents as described below.

For APTES modification, the effect of pre-treat-

ment by UV/ozonation was also studied. 150 mg of

Co@C MNPs was treated for 10 min in a UV/ozone

chamber (ProCleaner Plus, BioForce Nanosciences)

immediately before the functionalization with the

silane. A 100-mg aliquot of pre-oxidized or non-pre-

treated Co@C MNPs was dispersed into 10 ml of a

10 % (v/v) solution of APTES in ethanol and treated

for 4 h in an ultrasonic bath, while keeping the

temperature below 40 �C. After the sonication, the

particles were washed twice with 5 ml of ethanol and

then dried overnight in an oven at 50 �C. The same

procedure was used to carry out MPTS modification,

without any pre-oxidation and with 1-h reaction time.

Particle characterization

Scanning electron microscopy (SEM, Merlin� by Carl

Zeiss NTS GmbH) was used to characterize the

washed particulate materials for particle size, mor-

phology, and elemental composition using an energy
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dispersive X-ray detector (EDX) coupled to the SEM.

The surface area of the particles was determined using

the Brunauer–Emmett–Teller (BET, Micromeritics

TriStar3000) gas sorption measurements method. For

a more specific chemical composition study of the

particle surface, high-resolution X-ray photoelectron

spectroscopy (XPS, AXIS Ultra by Kratos) analysis

was carried out using monochromatic Al Ka irradiation

at 100 W. The data were analyzed with CasaXPSTM.

The cobalt concentration within the release test solu-

tions after magnetic separation of Co@C NPs was

determined by ion chromatography–mass spectroscopy

(ICP-MS, Perkin Elmer NexION).

The quantity of free amino groups on the surface of

APTES-modified Co@C NPs was determined with the

ninhydrin assay, using glycin as a standard reference

(Chen et al. 2009). The optical density was measured

on a UV–Vis spectrometer (UV/VIS Shimadzu 2600)

at 570 nm wavelength. The density of amino groups

thus measured (120 nmol/mg of particles) was later

used also as an approximate estimation of the surface

density of thiol groups on MPTS-modified particles.

Both APTES- and MPTS-modified samples were

analyzed with SEM-EDX and XPS as well.

Metal adsorption experiments

Gold adsorption experiments in solution were per-

formed with MPTS-modified particles, using both

large (20:1) and small (3:1) molar excess of gold ions

with respect to the estimated surface thiol groups. In

the first test (large gold excess), 20.0 mg of MPTS-

modified particles was incubated overnight with 10 ml

of an aqueous solution containing 16.8 mg of HAuCl4.

In the second test (small gold excess), 20.0 mg of

MPTS-modified particles was incubated with 2 ml of

an aqueous solution containing 2.4 mg of HAuCl4 for

3 h. In both cases, the samples were recovered by

magnetic separation, washed three times with Milli-Q

water, and dried overnight in an oven at 105 �C.

A leached thiocyanate solution obtained from

crushed circuit boards was also used as a test sample

for recovering metals with the MPTS-modified Co@C

NPs. Leaching was carried out in a continuously

stirred tank reactor using Fe3? as an oxidation agent.

The complex precursor was sodium thiocyanate, and

the pH was brought to a value of 2–3 with sulfuric acid

(Kähäri 2013). A 100-mg aliquot of MPTS-modified

Co@C NPs was kept in 1.5 ml of the thiocyanate-

leached solution for 3 h. The solution was analyzed

with ICP-MS before and after incubation and mag-

netic separation of the particles. The particles were

washed three times with ethanol and dried overnight in

an oven at 50 �C before SEM-EDX analyses.

Results and discussion

Preparation of the magnetic particles

The structure and composition of the Co@C NPs

prepared by hydrogen reduction synthesis method

were first studied by electron microscopy. The SEM

image of the Co@C NPs after washing shown in Fig. 1

displays particles with an average primary diameter of

29 ± 9 nm. The specific surface area of the particles,

as measured by the BET analysis, was 25.5 m2/g. This

result is in good agreement with the theoretical value

of 23.2 m2/g, calculated from size distribution data

gathered from SEM images for pure Co@C NPs with

average diameter of 29 nm, confirming the accessi-

bility of the particle surface even in a dry state.

The SEM-EDX maps shown in Fig. 2b–c, together

with the XPS data (Table 1), demonstrate the presence

of both oxygen and carbon on the particle surface. The

high-resolution XPS spectrum of Co 2p (Fig. 3a)

indicates that most of the oxygen came from Co

oxides, as testified by the presence of a broad Co 2p

component at 781.9 ± 0.3 eV as opposed to the sharp

metallic Co 2p component at 778.9 ± 0.2 eV. It

should, however, be noted that the ratio of metallic

Fig. 1 SEM micrograph of the washed Co@C NPs (scale bar

100 nm)

2606 Page 4 of 11 J Nanopart Res (2014) 16:2606

123



and oxidized cobalt compounds in the Co 2p spectrum

showed significant variability between different mea-

surement spots, with the highest cobalt oxide content

observed in the case shown in Fig. 3a. Together the

XPS and SEM results suggest a somewhat uneven

oxidation of the washed particles. A relevant portion

of the oxygen content was, however, associated also

with the oxidation of the carbon shell. In fact, fitting of

the C 1 s peak in Fig. 3b revealed the presence of

several carbon components assignable to different

oxidation states, i.e., C–C (67.2 %), C–O (17.4 %),

C = O (5.6 %), and COO (9.7 %). The presence of

these components indicates that the native carbon shell

covering the MNPs features a number of oxidized

sites, likely including C–OH groups which may be

exploited for reaction with alkoxysilanes.

In order to verify the efficiency of the carbon shell to

prevent cobalt leakage in solution under conditions

relevant for particle storage and shipping, ICP-MS tests

were performed to assess the Co content in Milli-Q

water samples incubated with the Co@C NPs for

variable times (1, 7, and 35 days). The maximum

average value obtained in the series corresponded to

0.72 wt% of the Co@C NPs used for the incubation

(Table 2). This small value is probably related to the

presence of traces of residual Co@C NPs not collected

during the magnetic separation step, or to experimental

error in the ICP analysis method, rather than to leakage

of Co ions in solution or dissolution of cobalt oxide,

which is not expected to occur under the neutral or

Fig. 2 SEM-EDX a base image, and elemental mapping for b oxygen, c carbon, and d cobalt content of the surface of the washed

Co@C NPs (scale bar 5 lm)

Table 1 Atomic concentrations from parallel XPS analyses

for washed, APTES- and MPTS-modified Co ? C NPs. (I) and

(II) denote different areas of the samples

Atomic concentrations (%)

O

1 s

C

1 s

Co

2p

N

1 s

Si

2p

S

2p

Zn

2p

Cl

2p

Co ? C NPs

(I)

33.1 32.2 31.7 1.8 1.1

Co ? C NPs

(II)

28.9 36.4 32.2 1.7 0.8

Co ? C NPs

APTES (I)

16.7 46.6 31.1 3.0 2.6

Co ? C NPs

APTES (II)

16.5 47.3 31.8 2.3 2.2

Co ? C NPs

MPTS (I)

24.9 53.4 8.0 7.8 5.8

Co ? C NPs

MPTS (II)

25.6 53.0 7.7 8.0 5.7
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slightly acidic conditions expected for Milli-Q water,

where the pH typically drops to about 5.5 over time due

to CO2 absorption. It appears, therefore, reasonable to

conclude that the graphitic carbon shell does effectively

protect the cobalt nanoparticles under these conditions.

Surface functionalization of the magnetic

nanoparticles

Achieving control over the surface chemistry of the

MNPs holds the potential to perform further modification

to enable a great number of different applications, for

example in the fields of separation, imaging, catalysis, or

biomedical devices. Since the carbon shell of the Co@C

NPs showed to possess a number of potentially reactive

oxidized sites, we introduced amino and thiol groups on

the surface of the particles by treatment with APTES and

MPTS. The functionalization is expected to occur by

means of a condensation reaction between the hydroxyl

groups present on the oxidized carbon shell and the

silanols generated by hydrolysis of the alkoxysilanes.

Therefore, we investigated also the possibility to increase

the reactivity of the particle surface through a mild

oxidation pre-treatment performed by ozonation, which

may generate additional oxidized moieties including

hydroxyl groups. The SEM images revealed that the size

and morphology of the APTES-modified Co@C NPs

remained quite unchanged both for the non-pre-treated

and the ozone-pre-treated particles (Fig. S1 in Supporting

Information), which displayed sizes of ca. 30 nm. The

morphology of these particles was not significantly

affected either by the pre-oxidation or by the silane

treatment, indicating that the carbon shell could withstand

the operating conditions and that the deposited APTES

layer was very thin, possibly monomolecular. The

successful modification of the nanoparticles with APTES

was demonstrated by EDX analyses, which showed a

rather homogeneous distribution of the silane over the

surface of the particles (Fig. 4 and S2 in Supporting

Information). The EDX detected rather similar low

amounts of Si within the two samples (around 0.7 wt% for

non-pre-treated, and 0.9 wt% for pre-treated particles),

confirming the hypothesis of a very thin silane layer on

the particle surface and suggesting that although the

Fig. 3 XPS high-resolution data on the washed Co@C NPs for

a Co 2p and b C 1 s regions, and on the silane-treated NPs for

c Co 2p and d C 1 s regions

Table 2 Cobalt content in release test solutions after specific

release times, as measured by ICP-MS

Co ? C

powder

(mg)

Release

time

(days)

Residual

Co in solution

(mg/l)

Co(solution)/

Co(solid)

(average wt%)

2.0 1 1.7 0.72

1.9 1 1.4

1.9 1 1.1

2.1 7 1.0 0.6

1.9 7 1.3

2.0 7 1.3

1.9 35 1.1 0.61

2.2 35 1.4

0 (blank) – 0.6 –
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pre-oxidation seems to slightly improve the particle

reactivity toward surface modification, it is possible to

obtain satisfactory results even without preliminary

ozonation. Therefore, all subsequent work was carried

out without this pre-treatment.

Rather similar results were obtained for the MPTS

modification, showing that the Si and S distribution on

the surface of the particles was quite homogeneous

(Fig. S3 in Supporting Information), and that also in

this case, a thin silane layer was deposited.

The density of the accessible surface amino

groups on APTES-modified Co@C NPs was deter-

mined quantitatively by the ninhydrin assay, which

yielded a coverage of 120 nmol/mg. XPS analysis

further confirmed the formation of the silane layers

on the surface of the nanoparticles. Nitrogen and

sulfur from amino and thiol groups were detected

clearly, as shown in Table 1. One apparent difference

between the APTES- and MPTS-modified samples

lies in the fact that the latter featured significantly

higher carbon, oxygen, and silicon content, which

can be associated with a slightly thicker silane layer,

as well as with an incomplete hydrolysis of the

methoxy groups in the MPTS-modified sample. This

is consistent with the presence of a particularly

strong C 1 s component at 287.0 ± 0.2 eV (Fig. 3d),

and with the shorter reaction time employed during

the functionalization of Co@C NPs with MPTS,

when compared to APTES.

It should be noted also that in the MPTS-function-

alized samples, a sharp feature was observed at

780.0 ± 0.2 eV in the Co 2p high-resolution peak

(Fig. 3c). This appears to be associated with cobalt-

sulfur interactions rather than with the presence of

cobalt oxide, since the same feature was not observed

in the APTES-modified sample. The onset of such a

signal likely arises from traces of Co compounds

present as impurities in the sample.

The results, here, described show that it was

possible to modify the surface chemistry of the

Co@C NPs through simple silane coupling under

mild preparation conditions. The functional groups

introduced can be exploited for further modification;

the particles modified with amino groups are promis-

ing intermediates in this sense, while the MPTS-

modified Co@C NPs could be used either for further

modification or even as such for metal adsorption, with

gold being an ideal candidate.

Metal adsorption tests

We verified the ability of both unmodified and MPTS-

modified Co@C NPs to collect gold from aqueous

solutions containing either large or small excess of

HAuCl4 with respect to the thiol groups coverage. The

density of exposed thiol groups was assumed to be of

the same order as the surface coverage of amino

groups derived for APTES-modified particles. In all

cases, the solutions became completely discolored,

suggesting that all the gold was extracted from the

aqueous phase; this was not observed in control

experiments performed in the absence of any magnetic

particles. When a ca. 20-fold molar excess of gold was

used, the EDX elemental mapping showed that gold

was indeed adsorbed on both the unmodified and the

MPTS-modified Co@C NPs (Fig. 5), but in a rather

inhomogeneous manner. The high-resolution SEM

images (Fig. 5c, f) showed the presence of gold

crystallites, assembled into structures up to 2 lm in

size, which were rather similar in both samples. It

appears that the nanoparticles initiate the nucleation of

gold which assembles into crystallites when present in

Fig. 4 SEM a image and EDX elemental mapping of b cobalt and c silicon for APTES-modified, non-pre-treated Co@C NPs (scale

bar 1 lm)
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high quantities. The similarity of the results observed

for non-modified and MPTS-modified MNPs may be

due to the presence of oxidized moieties on the carbon

shell of pristine particles.

However, differences in behavior were observed

when a significantly smaller excess of gold (ca. 3-fold)

was used. In this case, the gold was adsorbed more

homogeneously on the surface of the MPTS-modified

Co@C NPs than on the non-modified particles, as

testified by the presence of fewer high gold concen-

tration regions in the SEM-EDX images (Fig. 6). The

high-resolution SEM images (Fig. 6c, f) showed fewer

large gold crystals on the silane-modified particles,

suggesting that they were covered with a thin and

homogeneous layer of adsorbed gold. This result is

likely due to a higher affinity for gold of the thiol

groups when compared to the oxidized carbon shell of

the pristine particles; so that on MPTS-modified

Co@C NPs, the binding of gold to free thiol sites

can compete more efficiently with the growth of

crystallites on sites where gold is already adsorbed.

The metal adsorption capabilities of the MPTS-

modified Co@C NPs were tested also by incubation in

a thiocyanate-leached solution obtained from printed

circuit boards, and by analyzing the metal contents of

the solution by ICP-MS before and after incubation

(Table 3). The amount of dissolved cobalt increased

significantly, corresponding roughly to 4 wt% of the

particles used during the incubation. This seems to

indicate that some Co leakage occurred under the

acidic conditions of the test (pH 2), although the

particles could still be magnetically separated from the

solution and their SEM images did not show particular

signs of damage (Fig. S4 in Supporting Information).

This small Co leakage may be due to the presence of a

minimal portion of particles with an imperfect carbon

coating, making them more susceptible to oxidation

and dissolution under these conditions; in any case,

overall, this result confirms the good efficiency of the

carbon shell in protecting the vast majority of the

particles even in significantly acidic environments.

When comparing the metal concentrations before

and after incubation, the ICP-MS analyses indicated

that the thiolated MPTS-modified Co@C NPs adsorbed

most effectively Au and Cu, as expected. Moderate

adsorption of Sn and Al occurred, while little to no

affinity was observed toward Mn and Ni. The sample

solution contained high amounts of Fe, of which 1–2 %

was apparently adsorbed on the NPs. Although the

values for iron are affected by a high experimental

uncertainty, this element could be clearly observed by

SEM-EDX measurements on the recovered MPTS-

Fig. 5 SEM-EDX images and Au mapping (b, e) of non-modified Co@C NPs (a, b, c; scale bars: a, b = 10 lm, c = 2 lm) and of

MPTS-modified Co@C NPs (d, e, f; scale bars: d, e = 5 lm, f = 200 nm) incubated with a 20-fold excess of gold
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modified Co@C NPs, along with most of the other

highly adsorbing metals (Fig. S5 in Supporting Infor-

mation). The thiol group binds strongly to metals like

gold or mercury, but as a soft ligand it might also form

complexes with a variety of other metals, like nickel,

tin, manganese, or iron, with the stability of the metal-

thiol complexes following that of the corresponding

metal sulfides. Therefore, the binding of gold is rather

strong but not fully selective, and smaller portions of

other metals may also be adsorbed by complex

formation. However, in the present case, the moderate

adsorption of metals other than gold and copper can

also be due to exposed silanol groups left by a non-

quantitative condensation of the hydrolyzed MPTS,

and potentially also by the presence of small areas of

the oxidized carbon shell of the nanoparticles remained

accessible even after silane functionalization.

The EDX analyses indicated that metal adsorption

onto the particles occurred rather homogeneously. The

degree of selectivity of this system is expectedly limited,

and could in principle be increased by further function-

alization with other chemical functions or with biomol-

ecules able to achieve more selective metal binding.

Conclusions

We have reported the preparation of magnetic cobalt

nanoparticles protected with a thin carbon shell by means

of an easily scalable method. The carbonaceous

Fig. 6 SEM-EDX images and Au mapping (b, e) of non-modified Co@C NPs (a, b, c; scale bars: a, b = 5 lm, c = 1 lm) and of

MPTS-modified Co@C NPs (d, e, f; scale bars: d, e = 5 lm, f = 2 lm) incubated with a 3-fold excess of gold

Table 3 Metal concentrations in leached thiocyanate solutions before and after incubation with MPTS-modified Co ? C NPs, as

measured by ICP-MS

Al Au Co Cu Fe Mn Ni Si Sn

Before incubation (mg/ml) 23 16 14 19 8,700 30 1,700 14 230

After incubation, sample I (mg/ml) 20 3.8 2,800 1.9 8,600 30 1,700 15 110

After incubation, sample II (mg/ml) 12 1.8 3,100 0.5 8,600 29 1,700 15 38

Measure uncertainty (%) 25 30 15 20 20 20 25 25 20

Adsorbed metala (lg) 10 20 n/a 27 150 1 0 n/a 234

a Amount of metal adsorbed by 100 mg of particles upon incubation with 1.5 ml of leached solution, as estimated from the metal

concentrations in solution before and after incubation
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protective layer effectively prevents cobalt leakage in

neutral aqueous solutions, and features oxidized chemical

sites which enable the modification of the particle surface

chemistry by silane coupling under mild conditions. This

versatile method could be used to introduce different

functionalities on the surface of the Co@C NPs with a

simple and relatively inexpensive procedure, potentially

providing a great number of applications e.g. in the fields

of separation, catalysis, and sensing. The APTES-

modified Co@C NPs, in particular, have a great potential

for further modification, including introduction of

(bio)molecules for highly specific binding or detection

of target compounds. Finally, we showed that both

pristine and MPTS-modified particles can be used

already as such for the adsorption of metals from solution,

even exceeding their theoretical maximum binding

capacity in the case of gold adsorption. The MPTS-

modified particles, in particular, could be used to adsorb

gold as a homogeneous thin layer under moderate metal

excess conditions, and allowed successful adsorption of

several different metals from a thiocyanate-leached

solution obtained from crushed printed circuit boards.

The development of MNP-based applications has

been suffering from the lack of affordable metallic

nanomaterials. To meet this challenge, we have

recently developed a large scale pilot reactor based on

hydrogen reduction synthesis process, which is

expected to allow the convenient synthesis of nanom-

aterials with high production rates and week-long

continuous operation in the future. With such synthesis

process, the price of the carbon-coated nanomagnets is

expected to be sufficiently low e.g., for separation of

precious metals, thereby making the overall process

more economically viable; experiments in this sense are

currently being carried out in our laboratories and will

be the object of a future communication.
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