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Abstract
Single-crystal 15 nm size magnetite nanoparticles were synthesized and coated with Yerba Mate (Ilex paraguariensis) extract 
to evaluate their use as versatile antioxidant magnetic nanoadsorbents. The obtained particles, Mnp@YM, were found to 
be composed of a crystalline magnetite core surrounded by a shell composed of Fe3O4, FeO, and Fe2O3 oxides. YM extract 
resulted an effective protective coating for Mnp incorporating surface carboxylates, phenols, and organic N groups which 
improve the particles stability in aqueous suspensions. Mnp@YM antioxidant capacity (1.8 µM Trolox equivalent per 0.1 mg 
YM coating contained in 1 mgL− 1 particle suspension) is of the order reported for polyphenols. SO

4

⋅− scavenging rate con-
stant (1.5 × 104 g− 1 L s− 1) is within the diffusion controlled regime for 15 nm spherical nanoparticles with homogeneously 
distributed reactive sites. Mnp@YM reversibly adsorbs MB with maximum adsorption of 50 mg g− 1. As a consequence of 
these capacities, Mnp@YM resulted effective in preventing MB oxidation by peroxodisulfate.

Graphical Abstract
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1  Introduction

Due to their magnetic properties, size, shape, and biocompat-
ibility, magnetite nanoparticles, Mnp, have attracted growing 
interest in several areas spanning from biological and medi-
cal applications to environmental remediation [38]. Mnp are 
susceptible to air and water oxidation [35] leading to the 
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formation of a mechanically unstable and chemically active 
outer layer composed of Fe2O3 and FeO(OH) [12]. Thus, sta-
bilization by surface coating is an important issue in applica-
tions development of Mnp. In particular, adsorption of natural 
polymers [13], humic acid [20, 45] and bioorganic wastes [23] 
showed Mnp enhanced stability and improved capability as 
adsorbent of metal ions and organic trace pollutants.

Ilex paraguariensis, familiarly known as Yerba Mate (YM), 
is an interesting coating natural material to expand Mnp 
applications. YM represents an important economic activ-
ity in several South American countries as YM leaf extracts 
are intensively consumed as infusions and used in the for-
mulation of foods. High concentrations of tannins, saponins, 
methylxanthines, and flavonoids provide a significant amount 
of phytochemical compounds to the herb [18] while the high 
content of bioactive polyphenolic compounds as caffeic, 
quinic, caffeoylquinic, feruloylquinic, and dicaffeoylquinic 
acids, quercitin and rutin are responsible for YM antioxidant 
properties [5, 7].

Antioxidants counteract oxidation processes by several 
mechanisms as free radicals and molecular singlet oxygen 
scavenging and chelation of metal ions capable of accelerating 
oxidation. Incorporation of natural antioxidants in magnetic 
matrices is of technological interest as they could be easily 
removed by application of a magnetic field thus overcoming 
oxidation and polymerization drawbacks in the long-term [11]. 
Among the magnetic supports used, mainly FeO nanoparti-
cles synthesized using Amaranthus spinosus leaf extracts were 
reported to show abilities as antioxidants and as photocatalyts 
[27].

In this study, we report the preparation and characterization 
of YM extract-coated magnetite nanoparticles in an attempt to 
design a novel magnetic nanoparticle with an active adsorbing 
surface and efficient antioxidant activity. The nanoparticles 
radical scavenging capacity was evaluated using both, the 
stable 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid 
(ABTS+•) radical standard and the highly reactive SO

4

⋅− radi-
cal anion (ε0 = 2.6 V). Adsorption capabilities were evaluated 
using the cationic dye methylene blue (MB) as a probe.

MB in low doses has many safe uses in medicine and 
biology [15]. However, its extensive use in industrial pro-
cesses leads to colored and contaminated discharge effluents. 
Removal of MB from wastewater by low-cost adsorbents is 
regarded as superior to other techniques when water re-use 
is required [Rafatullah et al. 30].

2 � Materials and Methods

Reactants and standard equipment and methods used for 
characterization purposes [FTIR, IR-ATR, XRD, HRTEM, 
TGA, DLS, UV–Vis, Raman, and Zero Point pH (pHPZC)] 
are described in the Online Resource pages 2–5.

2.1 � Synthesis of YM‑Coated Magnetite 
Nanoparticles

Briefly, 6.1 g of FeCl3·6H2O and 4.2 g of FeSO4·7H2O 
were dissolved in 100 mL of ultrapure H2O under con-
tinuous stirring and heating to 90 °C. Magnetite was co-
precipitated by the addition of 10 mL of a 25% amonium 
hydroxyde solution, followed by the addition of 50 mL 
YM extract to obtain a suspension of YM-coated magnet-
ite nanoparticles. The suspension was maintained under 
constant heating and stirring for ca. 30 min. The precipi-
tate was separated from the mother liquor by application of 
a magnetic field from a laboratory magnet bar of c.a. 2500 
GS, washed several times with deionized water, dried at 
70 °C under vacuum, and stored in dark-colored flasks. For 
the preparation of magnetite nanoparticles with no coating 
(Mnp), the same procedure was applied except that the 
50 mL YM extract was replaced by pure water.

YM extracts were prepared upon addition of 1 L of 
ultrapure water to 10  g YM and left in contact under 
continuous stirring for 1 h at 70 °C. To obtain different 
coating coverage, the YM extract was either used “as 
obtained” or 40% diluted with ultra-pure water. The sol-
ids thus synthetized are named Mnp@YM10 and Mnp@
YM4, respectively. As will be discussed latter, the number 
in the particles name stands for the % w/w of YM extract 
per g particle.

2.2 � Experimental Methods

ABTS+• scavenging experiments were performed by 
an Spectrophotometric Assay [42] described in Online 
Resource pages 6–7. SO

4

⋅− radical anion scavenging 
experiments were performed by time-resolved Laser Flash 
Photolysis experiments (LFP) described in the Online 
Resource page 8.

Adsorption studies were conducted in batch experi-
ments at 25 ± 2 °C as described in Online Resource page 
9. Adsorption isotherms were obtained plotting the weight 
in mg of adsorbed MB per g particles, x/m (mg g− 1), ver-
sus MB solution equilibrium concentration, Ce (mg L− 1).

Experiments on the protecting effect of Mnp@YM10 
against MB oxidation by peroxodisulfate in aqueous solu-
tions were conducted at 25 ± 2 °C. Experimental details 
are described in the Online Resource page 10.
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3 � Results and Discussion

3.1 � Particle Characterization

HRTEM micrographs of Mnp and Mnp@YM10, see 
Online Resource page 11, clearly depict the individual 
irregular round-shaped magnetite nanoparticles. The 
15 ± 1 nm size crystalline particles show plane spacing of 
ca. 2.5 Å, in line with those of d311 planes of magnetite. 
Mnp and Mnp@YM10 saturation magnetization at 300 K 
are of 59.0 and 55.4 emu/g [25], respectively, in line with 
reported values for similar sized magnetite nanoparticles 
[9]. The observed magnetic properties allowed the easy 
extraction of the particles from suspension by application 
of a magnetic field from a laboratory magnet, as shown in 
the Graphical Abstract.

XRD diffractograms of all the particles (see Online 
Resource page 12) show diffraction peaks at 2θ = 30.4, 35.5, 
43.5, 53.8, 57.2, and 63.0 characteristic of magnetite (Pow-
der Diffraction file, JCPDS no. 85-1436). Mnp and Mnp@
YM10 crystallite domain sizes of 15 and 12 nm, respec-
tively, are estimated employing Scherrer equation and con-
sidering peak broadening at 2θ = 35.5, a shape factor of 0.9, 
and 0.154056 nm as the wavelength for Cu Kα1 X-ray radia-
tion. The coincidence between the crystallite size obtained 
by XRD and the nanoparticle Feret diameter observed by 
HRTEM suggest a single crystal particle.

The FTIR spectrum of Mnp, see Fig.  1 inset, shows 
adsorption peaks at 555 and 640 cm− 1 characteristic of Fe–O 
stretching as well as broad bands in the 1640 and 3440 cm− 1 
regions due to δH–O–H and νOH vibrations of lattice and 
physisorbed water molecules. Mnp also shows a small band 
at 1460 cm− 1 attributed to adsorbed carbonate. Aside from 

the characteristic Fe–O bands, the spectrum of Mnp@YM10 
evidences bands at 3440 and 1640 cm− 1 also observed for 
Mnp. However, the intensity ratios of these bands with 
respect to that of FeO (I3440/I555 and I1640/I555, respectively) 
are between 3 and 2.6 times bigger for Mnp@YM10 than 
for Mnp. Thus, the contribution of YM components to the 
3440 and 1640 cm− 1 bands in the FTIR spectrum of Mnp@
YM10 is supported. The intense asimetric broad band with 
maximum absorption around 3440 cm− 1 may be attributed 
to HO while N-H groups may contribute near 3200 cm− 1. 
The 1640 cm− 1 broad band may be atributed to carbonyl 
stretching as in xanthines [17] and in carboxylate-metal 
monodentated complexes [16].

The FTIR-ATR spectrum (see Fig. 1) being mainly sensi-
tive to surface molecules, show the already described bands 
centered at 3440–3200 and 1640 cm− 1 and more defined 
bands at ca. 1550 and 1380, attributed to free carboxylates 
in hydroxybenzoic acids and in bidentate metal complexes, 
respectively [16, 44]. However, plant polyfenols were also 
reported to show phenolic HO vibrations around 1385 cm− 1 
[40]. Bands at 1100 and 1025 cm− 1 are characteristic of 
cathecolate complexes with transition metals [4] and aro-
matic C–C, and of C–O single bond streching, respectively. 
The intensity of these bands increase with the YM coverage. 
Altogether, IR data supports the formation of chelate struc-
tures between carboxyl and phenolic groups of YM compo-
nents and surface Fe ions on Mnp@YM10.

The Raman spectra of Mnp and Mnp@YM10 (see the 
Online Resource pages 13–14) show a broad strong signal 
at 663 cm− 1 and a weaker one around 330 cm− 1 assigned 
to phonon modes of magnetite. Peaks at 235, 420, and 
1360 cm− 1 may be ssociated to the contamination with 
hematite [37]. However, care should be taken when assign-
ing these species to the original material, since even under 
10 mW laser power irradiation and 30 s acquisition time, 
magnetite undergoes facile laser-induced phase changes to 
hematite and maghemite phases [21]. YM extract contribu-
tion to Mnp@YM10 Raman signals at ca. 1100 cm− 1 (CCO 
stretching modes of carbonyls) and 1360 cm− 1 (C–N vibra-
tions) cannot be discarded [17].

Mnp TGA curve (Fig. 2) shows 1.5% mass loss between 
120 and 450  °C due to adsorbed ions and phase trans-
formations of the magnetite structure at temperatures of 
550–650  °C, in agreement with literature reports [34]. 
Mnp@YM4 and Mnp@YM10 curves show total mass loss 
of ca. 4 and 10%, respectively, in the temperature range 
200 °C < T < 500 °C attributed to the loss of organic matter 
[34].

The XPS spectra of Mnp and Mnp@YM10 depict the 
main lines for Fe, O, C, and N. Deconvolution of O1s peaks 
(see Figure S7 of the Online Resource) of both particles 
show 75% contribution of a band at 530.0 eV characteristic 
of O atoms in iron oxide environments [29] and a minor 
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Fig. 1   ATR-FTIR spectra of Mnp@YM4 (blue lines) and Mnp@
YM10 (red lines). Inset FTIR spectra of Mnp (black lines) and 
Mnp@YM10 (red lines). (Color figure online)
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contribution at 532.8 eV indistinctly attributed to organic 
oxygen and adsorbed water. Fe2p signals depict Fe2p3/2 and 
Fe2p1/2 regions and clear distinguishable satelites (see Fig-
ure S8 of the Online Resource). The 2p3/2 and 2p1/2 peaks 
and satellite with BE of 711.5, 724.9, and 719.5 eV are char-
acteristic of Fe2O3 while those with BE at 710.1, 723.3, and 
714 eV are typical of FeO and Fe3O4 [43]. Since Mnp and 
Mnp@YM10 show similar ratio of the 710.1 and 711.5 eV 
signals area, the contribution of surface Fe(II) and Fe(III) 
oxides remain independent on the YM coating.

The N1s signals of Mnp and Mnp@YM10 show the con-
tribution of bands at 400.0 and 401.5 eV assigned to organic 
nitrogen and positively charged nitrogen [29, 36], respec-
tively, as depicted in Fig. 3.

Taking the experimental sensitivity factors relative to 
the different elements and considering mainly iron oxides 
contribution to O, approximate surface compositions of 
Fe1O1.5N0.2 and Fe1O1.4N1 are estimated for Mnp and Mnp@
YM10, respectively. While both particles show surface oxide 
composition in line with a mixture of Fe(II) and Fe(III) 
oxides, a more N-rich coating is observed for Mnp@YM10. 
C-composition was not analyzed due to adventitious carbon 
contamination.

The obtained Mnp pHPZC = 7.3 is in line with literature 
reports [20, 39] describing magnetite as an amphoteric sur-
face capable of specifically absorbing H+ and OH− leading 
to Fe–OH2

+ and Fe–O− surface charges. Mnp@YM4 and 
Mnp@YM10 pHPZC values are 6.7 and 5.4, respectively. 
Considering that IR, Raman, and XPS data indicate that phe-
nols, carboxylic acids, and N–H are among the major groups 

of YM extracts bound to magnetite, YM-coated magnetite 
might be capable of specifically absorbing H+ and OH− lead-
ing to NH+, O−, and COO− surface charged groups causing 
surface charge reversing at lower pHs.

The average hydrodynamic particle size distribution 
determined by DLS measurements of Mnp, Mnp@YM4, and 
Mnp@YM10 in aqueous suspensions are 355 ± 75, 340 ± 60, 
and 162 ± 5 nm, respectively. These values being several 
fold-times higher than the individual particle sizes visulized 
by TEM support the formation of large particle agglom-
erates in water. The smaller hydrodynamic size observed 
for Mnp@YM10 agglomerates suggests that these particles 
form more stable suspensions than Mnp@YM4 and Mnp; 
also in agreement with the decreasing ξ potencial values of 
− 32 ± 1, − 7.5 ± 3, and 4 ± 1 mV observed in aqueous sus-
pensions of pH 7 for Mnp@YM10, Mnp@YM4, and Mnp, 
respectively.

3.2 � Radical Scavenging and Antioxidant Properties

ABTS+• radical absorbance is depleted by addition of 
Mnp@YM10, see Online Resource page 6, following a 
pseudo first order law kinetics which reflects the low mobil-
ity, diffusion, and aggregation of the antioxidant nano-
particles. To obtain radical scavenging activities (RSA%) 
representing the antioxidant capacity of the particles with 
independence of kinetics, the time dependent RSA% curve 
was well fitted to an exponential rise to maximum function, 
as shown in Fig. 4a Inset. Obtained fitting parameters are 
depicted in Table S1 of the Online Resource.

Figure 4a shows the linear relation between RSA% and 
the concentration of particles. From the slope of these 
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lines, RSA% of 17.5 is observed per mg L− 1 of Mnp@
YM10. The Trolox Equivalent Antioxidant Capacity, 
TEAC, is of 1.8 µM trolox per mg L− 1 Mnp@YM10. 
Considering that 10% of the particle mass is due to the 
organic coating and that magnetite itself is not exposed 
to ABTS+• (vide infra), a TEAC of 1.8 µM trolox may be 
assigned to the scavenging activity of the 0.1 mg YM coat-
ing contained in 1 mg particles. Reported values between 
180 and 550 µmol trolox/g dried YM extract [41] are well 
below that found here. However, polyphenols present in 
YM extract, as epicathechine and quercetin show TEAC 
values of 1.25 and 2 µM trolox per 0.1 mg L− 1, respec-
tively,,[32] on the order of the values observed here for 
YM coatings. Therefore, a high content of polyphenols in 
Mnp@YM10 is inferred from these experiments.

YM-coating scavenging activity of SO
4

⋅− radical ani-
ons was evaluated by analyzing the decay rates of SO

4

⋅− 
generated by peroxodisulfate anions absorption of a pulse 
of 266 nm light in the presence and absence of Mnp and 
Mnp@YM10 (see Online Resource page 8). The kinetic 
analysis of SO

4

⋅− traces over three half-lives could be well 
fitted to a simultaneous first and second order decay law 
(see equation S3 of the Online Resource) as shown in 
Fig. 4b, in agreement with the well-known reactions of 
SO

4

⋅− [33]. The reaction rate constant for the second order 
process is in line with that reported for the bimolecular 
recombination of SO

4

⋅− radicals, while the first order com-
ponent, kapp, corresponds to the reactions of the radical 
with peroxodisulfate anions (of identical concentration 
in all the experiments) and with Mnp or Mnp@YM10. 
SO

4

⋅− decay in the absence and in the presence of Mnp 

and Mnp@YM10 yield kapp = 2100 ± 500, 2200 ± 300, and 
11,200 ± 900 s− 1, respectively.

Identical kapp values observed in the absence of nanopar-
ticles and presence of Mnp indicates that the reaction rate 
constant of Mnp with SO

4

⋅− is < 200 g− 1 L s− 1. Also, the 
reaction between Mnp dissolved Fe2+ and SO

4

⋅− 
(k(Fe2+ + SO

4

⋅−) = 4.6 × 109 M− 1 s− 1 [8]) does not contribute 
to SO

4

⋅− decay. Thus, [Fe2+] < 0.05 µM in the presence of 
1.0 × 10− 2 M S

2
O

8

2 is estimated. On the other hand, a rough 
estimation of the absolute rate constant for the reaction 
between Mnp@YM10 and SO

4

⋅− radicals taking the differ-
ence in kapp values in the presence and absence of 0.6 g L− 1 
Mnp@YM10 yields kSO⋅−

4
−Mnp@YM  = (1.5 ± 0.5) × 104 

g− 1 L s− 1. It should be noted, as will be discussed later, that 
particle agglomeration at the concentration used in these 
experiments may preclude the accessibility of SO

4

⋅− radicals 
to the particles surfaces inside the agglomerates. Conse-
quently, the obtained kSO.−

4
− Mnp@YM may be a lower limit to 

the ideal situation where no agglomerates are formed.
Considering Mnp size, the density of bulk magnetite, and 

the 10% weight organic coverage, an average mass of 
1 × 10− 17  g per Mnp@YM10 is obtained (see Online 
Resou rce  page  16 )  and  u sed  to  e s t ima te 
kSO.−

4
− Mnp@YM = (9.5 ± 3) × 1010 M− 1 L s− 1 per molar concen-

tration of reactants.
An estimation of the diffusion-controlled rate constant 

between solution SO
4

⋅− radicals and the surface of a spheri-
cal particle yields kSO.−

4
− Mnp@YM ~ 11 × 1010 M−1 s−1, as 

described in Online Resource page 16. The coincidence 
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between predicted and experimental values strongly suggest 
that the reaction between SO

4

⋅− radicals and the YM coating 
is diffusion-controlled and that the distribution of YM reac-
tion sites along the particle surface is homogeneous.

3.3 � Application of NPs as Nanoadsorbent

Figure 5a shows that MB adsorption isotherms obtained 
from adsorption and desorption experiments in aqueous 
solutions of pH 7 and 25 °C for each particle type are coin-
cident; thus revealing reversible adsorption processes. The 
one-adsorption site Langmuir model (see Eq. S5 of the 
Online Resource) fits MB adsorption isotherms with regres-
sion coefficients r2 ≥ 0.975. The affinity coefficient, KL, and 
the maximum adsorption capacity, b, of MB adsorption on 
Mnp, Mnp@YM4, and Mnp@YM10 are KL= 0.53 ± 0.07, 
0.43 ± 0.07, 0.38 ± 0.06 Lg− 1 and b = 12.8 ± 0.7, 30 ± 2, and 
50 ± 2 mg g− 1, respectively. While KL values show a small 
decreasing trend with the amount of YM contained per gram 
particle, b values linearly increase with the YM content as 
depicted in Fig. 5a inset. The similar order of magnitude 

observed for KL values might indicate reversible adsorp-
tion processes of alike nature, as may be the case for an 
adsorption mechanism dominated by electrostatic forces. In 
fact, most reported MB adsorption processes on a variety 
of different substrates involve electrostatic interactions [1, 
2, 6, 28]. Values of b obtained for Mnp@YM10 are in line 
with those reported for humic acid-coated magnetite nano-
particles [45].

An increase in adsorption with increasing pH is 
observed for all the particles in the range from 4 to 10, see 
Fig. 5b, where the adsorption capacity trend Mnp < Mnp@
YM4 < Mnp@YM10 is maintained. Considering that MB 
remains positively charged (pKa 3.8) in the pH range stud-
ied and that the nanoparticles may become more negatively 
charged with increasing pH due to the ionization and/or pro-
teolytic reactions of YM (COOH and OH) and magnetite 
(FeOH) surface groups [39], the contribution of electrostatic 
interactions to the adsorption mechanism is inferred. How-
ever, the contribution of specific adsorption, as interaction 
with surface hydroxyls, at the lower pHs cannot be neglected 
[28].

For a given initial MB concentration, the removal effi-
ciency per g particle decreases with the increase in the con-
centration of either Mnp@YM10, Mnp@YM4, and Mnp, 
as depicted in Fig. 5c. A similar trend is also reported for 
MB adsorption on natural adsorbents [6]. The observed 
higher particle agglomeration with increasing suspended 
mass may be a cause for the reduction of the accessible sur-
face for MB adsorption per gram particle, as suggested for 
other nanoparticle systems [2, 24]. In fact, agglomerated 
surface charged colloids may show superposed double lay-
ers inducing the diminution of adsorbed surface charges in 
the internal surfaces between particles [19] thus limiting the 
available surface sites for adsorption to the external surface 
of the agglomerates.

3.4 � Application of YM‑Coated Magnetite 
Nanoparticles as Oxidation Inhibitor 
of Adsorbed Sustrates

Peroxodisulfate activation, either thermally [26] or by inter-
action with Fe2+ from magnetite [3] is known to produce 
highly oxidative SO

4

⋅− radical anions which in turn are 
capable of initiating MB degradation [14]. In fact, aque-
ous solutions containing 40 mg L− 1 MB and 1.0 × 10− 2 M 
Na2S2O8 at 25 °C, either in the absence or presence of 0.6 
gL− 1 of Mnp, showed the diminution of MB concentration 
in solution, [MB]e, with the reaction time (see Fig. 6). In 
the absence of nanoparticles, [MB]e diminishes to ca. 24% 
after 3 h, in agreement with the occurrence of a low efficient 
S
2
O

8

−2 thermal activation [26]. Addition of 6.0 gL− 1 of Mnp 
to these solutions causes a faster [MB]e diminution reaching 
ca. 85% after three hours, thus stressing the contribution of 

0 5 10
0

25

50

Ce (mg L-1)

m (g L-1)
0.0 0.5 1.0

x/
m

(m
g 

g-1
)

0

30

60

90

pH
4 6 8 10

%
A

ds
or

pt
io

n

0

40

80

x/
m

 (m
g 

g-
1 )

 

A

B

wYM/g
0.00 0.04 0.08

b 
/ m

g 
g-

1

0

20

40

C

Fig. 5   a MB adsorption isotherms in aqueous solutions of pH 7 and 
25 °C obtained for experiments with 0.6 gL− 1 suspensions of either 
Mnp@YM10, Mnp@YM4, or Mnp. Black, blue, and red symbols 
stand for Mnp, Mnp@YM4, and Mnp@YM10, respectively. Closed 
and opened symbols stand for adsorption and desorption experi-
ments, respectively, and lines stand for the fitting of the data to the 
one-adsorption site Langmuir model. Inset Linear dependence of b 
with the YM content per gram of particle (wYM/g). b % adsorption of 
MB from a 0.6 gL− 1 nanoparticle suspension of varying pH contain-
ing 40 ppm MB. c Effect of the particle mass, m, on the removal effi-
ciency per g particle (x/m) of a 40 ppm MB solution at pH 7.0
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an efficient magnetite-induced S
2
O

8

−2 activation process. 
Addition of 0.6 gL− 1 of either Mnp@YM4 or Mnp@YM10 
shows [MB]e depletion to ca. 56 and 24%, respectively, after 
3 h reaction. The latter results strongly support an inhibi-
tion effect of YM towards MB degradation when compared 
to Mnp. The coincident [MB]e depletion rates observed for 
particle-free and Mnp@YM10 experiments suggests that 
thermal activation of S

2
O

8

−2 is the main mechanism taking 
place in both experiments. Moreover, considering that MB 
reversibly adsorbs to the particles and assuming that S

2
O

8

−2 
does not affect the particles adsorption capacity, a total MB 
concentration taking into account solution and adsorbed MB 
of ca. 9% after 3 h reaction is estimated for experiments 
with Mnp@YM10 (see Online Resource page 10). The latter 
value being smaller than that of particle-free experiments 
further emphasizes the role of adsorption in the prevention 
of MB oxidation. Altogether, the obtained results indicate 
that 10 mg of YM coating per 100 mg magnetite are able to 
effectively inhibit magnetite S

2
O

8

−2 activation due to two 
main mechanisms: YM efficient SO

4

⋅− radical scavenging 
activity and/or formation of a protective layer isolating the 
magnetite core from S

2
O

8

−2 interactions.

4 � Conclusions

YM extract-coated magnetite nanoparticles of 15 nm size 
were obtained in an environmentally-friendly, low cost, 
efficient, one-pot synthesis procedure. The particles are 
composed of a crystalline magnetite core surrounded by a 
shell of magnetite and Fe2O3 oxides forming chelates with 
YM-components containing carboxylic acid groups and phe-
nols and a high content of organic N. YM-coating is capable 
of specifically absorbing H+ and OH− leading to a higher 

content of surface charges than Mnp. As a consequence, 
particle agglomeration is reduced with increasing YM con-
tent and more stable homogeneous aqueous suspensions are 
formed.

The particles are easy to operate and show radical scav-
enging abilities and reversible adsorption capacity for posi-
tively-charged dyes. Radical-scavenging sites are homogene-
ously distributed along the particle surface and their trolox 
equivalent antioxidant capacity compares well with that of 
YM-polyphenols. These capacities play a role in the nano-
particles use as protective scavengers towards the oxidation 
of molecules in oxidative media, as observed for methylene 
blue in Na2S2O8 solutions. Possible potential applications 
of YM-coated magnetite nanoparticles as nanoantioxidants 
and nanoadsorbents include food process engineering,[10] 
polymer industry, diesel additive,[22] and waste water treat-
ment, [31] among others.
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