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A B S T R A C T

Magnetic nanocomposites with low Ni content (nominal 1wt%) were produced by a process involving thermal
treatments of Ni-exchanged zeolite precursors of different type and investigated by XRPD, TEM and dc mag-
netic techniques. Ni-rich nanoparticles of size in the 10–80nm range (depending on parent zeolite and thermal
treatment) are observed at zeolite grain boundaries and/or surfaces, while a fraction f0 of Ni2+ ions are present
inside the grains. The blocking temperature of nanoparticles is above room temperature. At high temperatures
(75K≤T≤300K) the sample magnetization is dominated by nanoparticles; below, the paramagnetic signal of
Ni2+ ions begins to be observed. A new procedure of magnetic data analysis is proposed and applied to find the
residual ionic fraction f0 in the two limit cases of full/no quenching of the orbital momentum on Ni2+ ions; f0
turns out to be in the range 1.5–14.5%, depending on type of parent zeolite and thermal treatment. The tem-
perature behavior of the high-field magnetization in the 2–300K range and the variation of room-temperature
magnetization are both explained taking into account the ionic and nanoparticle fractions estimated using the
proposed method. Clustering of weakly interacting Ni2+ ions appears at low temperature in the sample with the
highest ionic concentration.

© 2019

1. Introduction

Magnetic nanocomposites obtained from zeolites of different type
and consisting of a dispersion of transition metal (TM=Fe, Co, Ni)
nanoparticles into an aluminosilicate matrix are the subject of active re-
search in view of prospective, multifaceted applications including water
remediation [1–3], treatment of pollutants [4–8] catalysis [9–12] and
biomedicine [13,14].

These nanomaterials can be prepared through various different
methods [15]. A technique recently proposed by some of us [16–19]
is based on a smart, scalable process encompassing two simple opera-
tions: Fe2+, Co2+, or Ni2+ exchange of commercial zeolites followed
by thermal treatment under a reducing atmosphere at relatively mod-
erate temperatures (500–850 °C). This simple and rather inexpensive
process typically results in a dispersion of magnetic nanoparticles into
a prevailingly amorphous silica and alumina ceramic matrix deriving
from the collapse of TM-exchanged zeolites by effect of furnace treat

∗ Corresponding author. INRIM, Strada delle Cacce 91, 10135, Torino, Italy
E-mail address: g.barrera@inrim.it (G. Barrera)

ments. Magnetic metal-ceramic nanocomposites obtained in this way
were already successfully used in the Escherichia Coli DNA separation
[20], in pesticides removal from water by adsorption [21] and in the
production of simulated moon agglutinates [22], obtaining encouraging
results.

Explaining the magnetic properties of these nanocomposites is often
a challenge because of their complex structure and morphology [23,24].
Recently, a detailed picture of magnetism in some metal-ceramic mate-
rials has been achieved by combining the results of magnetic measure-
ments with the information about structure, composition and morphol-
ogy [23].

Nanocomposites containing low (1–5%) fractions of magnetic metals
are interesting for two orders of reasons: from the fundamentalist's view-
point, a limited amount of exchanged magnetic ions may result in dif-
ferent end products and/or magnetic properties with respect to more in-
tensively exchanged zeolites; furthermore, low TM contents can be func-
tional in some applications such as DNA separation and water remedia-
tion [20,21].

This paper is devoted to study the magnetic properties of zeolitic
materials obtained starting from A/X zeolites and containing a low
nominal fraction of exchanged Ni ions (≅ 1wt%). The magnetic be-
havior of the samples is interpreted by exploiting the information

https://doi.org/10.1016/j.jallcom.2019.152776
0925-8388/© 2019.
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about their structure and morphology. The magnetization is viewed
as the sum of two concurrent magnetic contributions, from Ni-rich
nanoparticles and from Ni2+ ions dispersed in the zeolite matrix, giv-
ing rise to a ferromagnetic and a paramagnetic signal, respectively. Field
Cooled and Zero Field Cooled (FC/ZFC) low-field magnetization curves
are dominated by the magnetic response of interacting nanoparticles. An
ad-hoc technique of magnetic data analysis is introduced and applied in
order to accurately estimate the amount of exchanged Ni belonging in
each magnetic phase.

The present study shows that a careful analysis of magnetic mea-
surements supported by the knowledge of chemical composition, struc-
ture and morphology can be particularly effective to get insight into fine
chemical/compositional details of magnetic nanocomposites containing
low amounts of magnetic species, which are typically beyond the sen-
sitivity limits of standard characterization techniques such as X-ray dif-
fraction and TEM image analysis.

2. Materials preparation

The studied magnetic metal-ceramic nanocomposites were prepared
as follows: the parent A (Sigma Aldrich) and X (Carlo Erba) zeolites were
contacted with a 0.00170 and 0.00143M [Ni2+] solution, respectively,
at a wt. solid/liquid ratio of (S/L)=1/100, at room temperature and
contact time (t)=2h. The solid was separated from the liquid by filtra-
tion, and was subsequently washed in distilled water, dried for about
one day at 80 °C, and stored for at least 3 days in an environment with
about 50% relative humidity to allow water saturation of the zeolites.
Cation-exchange operations have been described in Refs. [25–27]. In
this case, a single exchange with the [Ni2+] solution was done for both
parent zeolites.

The Ni2+ exchanged A and X zeolites were submitted to thermal
treatment in a reducing atmosphere (obtained by a flow of a 2% vol.
H2–Ar mixture) under the following conditions:

1) Heating from room temperature up to 735 °C (15 °C/min heating
rate) and subsequent isothermal treatment for 12min. After switch-
ing the heating system of the furnace off, the sample was cooled
down to room temperature within the furnace (samples referred to
as NiA735C-12min and NiX735C-12min).

2) Heating from room temperature up to 750 °C (15 °C/min heating
rate). As soon as the temperature of 750 °C was attained, the heating
system of the furnace was switched off and the sample was cooled
down to room temperature within the furnace (samples referred to
as NiA750C-0min and NiX750C-0min).

As known, the above process leads to the formation of Ni-rich mag-
netic nanoparticles in the zeolite structure [19,23].

3. Characterization techniques

Atomic absorption spectrophotometric (AAS) measurements were
done using a PerkinElmer Analyst 100 apparatus [28,29] on materials
dissolved in a 40wt% HF and 14wt% HClO4 aqueous solution, with the
aim to determine the Ni2+ and (residual) Na+ contents of Ni-exchanged
A and X zeolites [28,29].

X-Ray Powder Diffraction (XRPD) measurements were performed at
the beamline XPRESS, Elettra synchrotron, Italy. Samples were ground
and high purity α-Al2O3 was added (10wt%) as internal standard to
carry out the amorphous phase quantification using the combined Ri-
etveld and reference intensity ratio (RIR) method [30]. Final pow-
ders were packed into borosilicate glass capillaries and collected in De-
bye-Scherrer geometry. Diffraction intensities were recorded from 1.65°
to 28.35° 2θ by an image plate MAR345 with a wavelength of 0.4957Å.
Dioptase software [31] was used to integrate collected images, while
data analysis was performed using GSAS package [32] with EXPGUI in-
terface [33].

Transmission electron microscopy (TEM) images were obtained us-
ing a JEOL 3010-UHR instrument operating at 300kV and a FEI-TECNAI
instrument operating at 120kV, both equipped with a LaB6 filament. To
obtain a good dispersion of the sample particles, the powders were ei-
ther briefly contacted with the lacey carbon Cu grids, resulting in the
adhesion of some particles to the sample holder by mere electrostatic in-
teractions or by dispersing the powder in ethanol and drop it on carbon
Cu grids.

Magnetic hysteresis loop of all samples have been measured in the
temperature range 5–300 K and in the field interval −70 - +70 kOe
by means of a SQUID magnetometer subtracting all diamagnetic signals
from the zeolitic host matrix and the sample holder. FC/ZFC magneti-
zation curves were measured between 2 K and TMAX =300K using the
same setup under a field of 50Oe with a heating rate of 6K/min.

4. Results

4.1. Chemical composition

According to AAS chemical analysis, the Ni2+ exchanged zeolite
A sample contains 0.30 meqg−1 Fe2+ and 5.18 meqg−1 Na+, and the
Ni2+ exchanged zeolite X sample contains 0.43 meqg−1 Fe2+ and 4.31
meqg−1 Na+. The corresponding cation equivalent fractions were calcu-
lated to be: xNi =0.05 and xNa =0.95 (Ni2+ exchanged zeolite A sam-
ple), and xNi =0.09 and xNa =0.91(Ni2+ exchanged zeolite X sample).

The weight percentage of Ni in the final nanocomposites were cal-
culated on the basis of the Ni2+ content of the exchanged zeolites, con-
sidering the final nanocomposites as completely dehydrated materials.
Such weight percentage turned out to be α0* = 1.03 and α0* = 1.68 wt
% in nanocomposite samples derived from A and X zeolites, respectively,
as reported in Table 1, first column.

4.2. Structural characterization

4.2.1. XRPD
Three samples (Ni-exchanged A zeolites treated at 735 and 750 °C

and Ni-exchanged X zeolite treated at 750 °C) were analyzed and the
respective amorphous content determined. Diffraction patterns are re-
ported in Fig. 1.

Structures of the original Ni-exchanged zeolites were used to fit the
patterns of the thermally-treated samples. Only reflections belonging

Table 1

Sample J=1 J=4

α0
a

α0 f0 χ 2 α0 f0 χ 2

NiA735C-12min 0.0103 0.00905 0.056 4.09×10 −5 0.00872 0.025 1.99×10 −4

NiA750C-0min 0.0103 0.00885 0.065 4.48×10 −4 0.00846 0.025 6.79×10 −4

NiX735C-12min 0.0168 0.01290 0.045 3.46×10 −4 0.01257 0.015 5.21×10 −4

NiX750C-0min 0.0168 0.01180 0.145 1.53×10 −3 0.01074 0.055 3.31×10 −3

a From chemical composition analysis.
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Fig. 1. Observed (black lines) and calculated (red lines) diffraction patters and final difference curve (blue line) from Rietveld refinements of samples NiA735C-12min (a), NiA750C-0min
C° (b) and NiX750C-0min (c). Tick marks refer the different phases: green: α-Al2O3 standard; cyan: NiA (a and b) and NiX (c). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

to the two zeolites and the internal standard (α-Al2O3) were observed.
Indeed, despite TEM analysis shows the presence of Ni-rich particles
(vide infra), their amount is not sufficiently high to be detected by the
XRPD. Amorphous phase was quantified as equal to zero (estimated
standard deviation: ±1wt %) in all the investigated samples. This indi-
cates that the thermal treatment does not result in thermal collapse of
the microporous zeolite structure and therefore does not induce amor-
phization of Ni-exchanged zeolites, differently what observed in samples
containing a larger amount of Ni [23].

4.2.2. TEM analysis
Typical TEM images of Ni-exchanged A/X zeolites after thermal

treatment are shown in Fig. 2. The parent zeolite structure appears to
be virtually unaffected by thermal treatment, in agreement with the ev-
idence provided by XRPD. Frequency histograms are shown as insets.
Generally speaking, Ni-rich nanoparticles larger than 10nm occur in
large assemblies at zeolite grain boundaries and/or surfaces, as expected
considering that the small diameter of zeolite pores prevents the forma-
tion of large particles inside the grains; however, homogeneity and size
distribution of nanoparticles are different from sample to sample.

In particular:

- sample NiA750C-0min is characterized by homogeneous nanoparticles
(Fig. 2a and b) with sizes distributed in the range 10–35nm (Fig. 2c).
Mean nanoparticle size: 15.0nm, mean magnetic volume: 3950nm3

- sample NiA735C-12min shows a similar homogeneous distribution
(Fig. 2d and e) with a small tail in the 40–60nm range (Fig. 2f); mean
size: 16.5nm, mean magnetic volume: 4955nm3.

- in sample NiX750C-0min many zeolite grain boundaries are not dec-
orated with nanoparticles (Fig. 2i); most nanoparticles are regularly
distributed in the 10–25nm range (Fig. 2g and h) but a significant
fraction are in the range 40–70nm (inset of Fig. 2i; a single large
nanoparticle is shown in Fig. 2h); mean size: 17.5nm, mean magnetic
volume: 9429nm3;

- sample NiX735C-12min is similarly characterized by many zeolite
grain boundaries not decorated with nanoparticles (Figure 2n); most
nanoparticles are in the 10–40nm range (Figure 2l,m) with a rare oc-
currence of larger particles (inset in Figure 2n); mean size: 18nm,
mean magnetic volume: 7730nm3.

The differences observed in homogeneity and size distribution in
the two families of samples derived from A/X zeolites are presumably
related to the different structure of the parent materials. Likewise, in
nanocomposites obtained by the same method and containing higher
amounts of either Ni or Fe [22] a different size distribution of the metal
NPs was observed in the nanocomposites obtained from either A or X
zeolite.

4.3. Magnetic measurements

The hysteresis loops of two samples representative of all studied
materials are shown in Fig. 3. The insets show details of the loops
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Fig. 2. Typical TEM images (a,b) and particle size distribution (c) of sample NiA750C-0min; (b–d): the same for sample NiA735C-12min; grain surfaces with (g,h) and without (i) nanopar-
ticles and particle size distribution (inset in panel (i)) of sample NiX750C_0min; (l-n and inset of panel (n)): the same for sample NiX735-12min.

Fig. 3. Magnetic hysteresis loops measured in two representative samples between 5 and 300K in the field interval ±70kOe. Insets show in detail the changes of shape, coercive field and
magnetic remanence at three temperatures (colors as indicated in the main frames). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

at low fields. In both cases, the loops measured between 100K and room
temperature are characterized by a fully saturating behavior; however,
an unsaturating contribution appears below about 75K and becomes
increasingly larger with reducing the temperature. This effect is best
viewed by plotting the magnetization at H=70kOe (M70kOe) as a func-
tion of temperature, and corresponds to the upward change of slope ob

served in Fig. 4 for the same two samples (symbols). The reported
curves are representative of all studied materials.

Generally speaking, the measured hysteresis loops are compatible
with the presence of a substantial contribution from nanoparticles that
saturates well below 70kOe. However, the low-temperature behavior
indicates that a residual fraction of loaded nickel has not been in
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Fig. 4. Symbols: magnetization at H=70kOe (M7 kOe) as a function of temperature for the
same samples as in Fig. 3. Full/dashed Lines: fitting curves obtained using Equation (4)
with J=1 and J=4, respectively (see text for details).

cluded in nanoparticles and is present as Ni2+ ions dispersed in the host
matrix, giving rise to a paramagnetic contribution. A similar residual
fraction of magnetic ions was previously detected in materials derived
from zeolite precursors loaded with a larger amount of Ni (15%) [23].

An antiferromagnetic phase with random anisotropy axes could, in
principle, be responsible for the non-saturating magnetization trend ob-
served at low temperatures; however, this cannot explain the down-
ward curvature observed at low T in the high-field M(H) curves, which
originates from the non-linear behavior of the a paramagnetic signal
when the field is high enough and the temperature sufficiently low
[34]. Moreover, the disappearance of the non-saturating signal in

the high temperature limit is another fact pointing to a paramagnetic
rather than antiferromagnetic effect.

The FC/ZFC curves of all materials are shown in Fig. 5 (left panel)
after normalization to the value reached by the ZFC curve at
TMAX =300K. Because of the low applied field (50Oe), these curves
reflect the magnetic behavior of nanoparticles, the response from the
ionic fraction being negligible even at the lowest investigated tempera-
ture. Generally speaking, all curves do not display the typical features
expected from small superparamagnetic nanoparticles, i.e., a maximum
of the ZFC curve occurring around the blocking temperature TB, and
an equilibrium region where FC and ZFC curves become merged [35].
In the present case, the ZFC curves display no maximum and the FC/
ZFC curves always are separated, a small yet real gap between them oc-
curring even at, the highest temperature reached in our measurements
(TMAX) as clearly shown in the top right panel of Fig. 5.

The two Ni-exchanged A zeolites exhibit a similar behavior, as well
as the two Ni-exchanged X zeolites. In all cases, the shape of the curves
is dictated by non-negligible interparticle interactions, expected for the
nanoparticle assemblies put in evidence by TEM analysis. Interactions
and large magnetic volumes (see previous Section) concur to determine
TB values well above TMAX. As a matter of fact, the FC/ZFC curves of
Ni-exchanged X zeolites appear to be flatter and featureless. This is pre-
sumably related to both a higher magnetic volume and a higher inter-
particle interaction, which derives from the higher inhomogeneity of
nanoparticle distribution in space observed in the two samples obtained
from X zeolite, where nanoparticles (basically similar in number to the
A zeolite samples) are nevertheless present on a smaller number of grain
surfaces/boundaries.

In fact, FC/ZFC curves of large, multidomain magnetic particles and/
or strongly correlated nanoparticle aggregates are basically featureless
[36–39]. When particles larger than 35nm are not present, as in sample
NiA750C-0min, the ZFC curve displays some curvature; such a feature is
somewhat smoothed out in sample NiA735C-12min where a few 60-nm
particles exist.

The gap between FC and ZFC curves at TMAX is explained by a re-
cent model based on a rate-equation approach [38] when the maximum
measurement temperature TMAX is below blocking temperature, as in the
present case.

Fig. 5. Left panel: Normalized FC/ZFC curves measured in all studied samples. Upper right panel: detail of the high temperature region showing the gap between room-temperature mag-
netization values measured after completion of the ZFC and the FC curves. Lower right panel: low-temperature behavior of FC (open symbols) and ZFC (full symbols) curves of sample
NiX750C-0min.
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Both FC and ZFC curves measured on sample NiX750C-0min show
a low temperature anomaly consisting in the increase of FC magnetiza-
tion below about 15K and a minimum of the ZFC curve around 8K, as
shown in the bottom right panel of Fig. 5. Such an effect, not appearing
in the other three samples, is very similar to the low-temperature anom-
alies measured in materials derived from zeolite precursors loaded with
≈15% nickel [23], which were ascribed to the clustering of weakly in-
teracting Ni2+ ions present in the matrix by effect of a ferrimagnetic in-
teraction. The effect displayed by sample NiX750C-0min is much smaller
than in materials loaded with a higher amount of Ni; the reason why the
effect is not observed in the remaining three samples will be explained
later.

The temperature dependence of the coercive field (Hc) is reported in
Fig. 6 for all studied materials. Both samples obtained starting from A
zeolites exhibit a very small coercive field Hc (<10Oe) at room tem-
perature and a steep increase with decreasing T, up to values of about
550Oeat 5K.

Such a behavior is compatible with the presence of nanoparticles
with size in the 10–35nm range. On the contrary, both samples obtained
starting from X zeolites display a coercive field of about 200Oeat room
temperature and a weaker increase with decreasing T up to values of
350–380Oeat 5K, as expected in samples where large, multi-domain
particles coexist together with smaller, single-domain nanoparticles.

These results indicate that the magnetic properties of the two sam-
ples obtained starting from A zeolites significantly differ from those of
the other two samples; on the contrary, materials derived from X zeo-
lites of the same type exhibit a closely similar behavior. This means that
magnetic properties are more affected by the structure of the host mate-
rial than by thermal treatment.

The magnetic analysis clearly shows that the Ni-rich nanoparticles
observed by TEM are characterized by a ferromagnetic-like behavior up
to room temperature, indicated by fully saturating M(H) curves at high
fields (see Fig. 3). This leads us to exclude the presence of a dominant
fraction of Ni oxides in nanoparticles, because its antiferromagnetic con-
tribution [40,41] would result in a linear increase of the room-temper-
ature M(H) curve at high fields, which is definitely not observed. On
the other hand, magnetic measurements cannot exclude the presence

Fig. 6. Coercive field as a function of temperature for all studied samples.

of a nickel hydride phase, which may be characterized by a ferromag-
netic behavior in nanoparticles [19]; however, it was shown that such
a phase is either absent (in Ni-loaded X zeolites) or almost negligible
(in Ni-loaded A zeolites) in materials produced by the same prepara-
tion process [19]. Therefore, it is suggested that the Ni-rich particles ob-
served by TEM in the studied samples are basically composed of ferro-
magnetic, metallic Ni, as in the case of nanocomposites prepared with a
larger amount of loaded Ni [23].

4.4. Determining the ionic fraction

The data reported in Fig. 4 put in evidence the contribution of a
Ni2+ ionic fraction responsible for the increase of M70kOe at low temper-
atures. In materials derived from zeolite precursors loaded with a much
larger amount of nickel [23] a specific procedure was conceived to get
a figure of the residual ionic fraction f from combined analysis of struc-
tural and magnetic data. In the present case, the weak magnetic signals
prevent us from directly applying the same procedure. However, a rea-
sonably accurate estimate of f can be obtained on the basis of a few sim-
plifying assumptions according to a self-consistent procedure outlined
here.

The high-field magnetization M70kOe at the lowest temperature at-
tained in the measurements (Tmin =5K) is assumed to be the sum of in-
dependent contributions from Ni-rich nanoparticles and Ni2+ ions:

(1)

where N is the total number (per gram of loaded zeolite) of Ni atoms/
ions present in the material and f is the fraction of paramagnetic Ni2+

ions (0≤ f≤1). This assumption is supported by the fact that Ni-rich
nanoparticles and residual Ni2+ ions are expected to be present in dif-
ferent regions, the latter being assumed to penetrate the zeolitic grains.

The term MNP(Tmin) in Equation (1) represents the magnetic contri-
bution of nanoparticles, α is the actual fraction of nickel with respect to
the host zeolite (expected to be close to the nominal value), is the
intrinsic magnetization of magnetic nanoparticles (per gram of Ni). We
take here emu/g as in the particles present in zeolites contain-
ing ≈15% Ni [23,42]. Such a value is appropriate also in the presence
of a fraction of ferromagnetic nickel hydride, because it has been exper-
imentally shown that in nanoparticles the intrinsic magnetization of this
compound is basically the same as the one of metallic Ni [19].

The product is the amount of Ni contained in the nanopar-
ticle phase. It should be noted that and are proportional because

where =9.746×10−23 g is the mass of a single atom/ion
of nickel.

The second term of Equation (1) represents the contribution of para-
magnetic ions of total angular momentum J and magnetic moment

, BJ being the Brillouin's function at H=70kOe. The exact
degree of orbital momentum quenching of Ni2+ ions determines their
magnetic behavior. Actually, the degree of quenching is not known, al-
though there are strong indications of incomplete or nearly complete or-
bital-momentum quenching in Ni2+ ions embedded in zeolite materials
[23,43,44]. As a consequence, we have resolved to separately apply the
procedure to the two extreme cases of no quenching (J=4, g4 =5/4)
and full quenching (J=S=1, g1 =2) in order to establish the limits of
validity of the results.

In Equation (1) the unknown is f; however, the total content of
Ni ) can be viewed a priori as an ill-known variable close to the
value obtained from the chemical composition analysis. The procedure
envisaged here to simultaneously obtain f and α from magnetic mea-
surements makes use of the quantities defined in Fig. 7 (left panel),
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Fig. 7. Left panel: definition of the quantities used in the model (Equations (2) and (3)). Right panel: behavior of the A(f), B(f) functions defined in Equations (2) and (3) using α as a
free parameter (see text).

i.e., the experimental value of M70kOe (Tmin) and the estimated value of
the magnetization of nanoparticles, MNP (Tmin).

The latter quantity is obtained as follows: at high temperatures
(T>100K) the experimental M70kOe(T) curve is dominated by the con-
tribution from nanoparticles, the magnetic signal from paramagnetic
ions being negligible there. The curve which fits the high-temperature
magnetization (dashed red line in Fig. 7, left panel) is extrapolated
down to Tmin and the corresponding value is taken as a reasonable esti-
mate of MNP (Tmin). As a consequence, the ionic contribution at Tmin is
just .

Using f as a free parameter, a starting guess of α is done. The follow-
ing quantities are defined:

(2)

(3)

In both Equations for a given choice of J (equal to either 1 or 4) all
parameters excepting f and α are experimentally known and fixed. One
looks for a single value f0 such that . When such a con-
dition is fulfilled the two addends appearing in the last expression of
Equation (1) become identically equal to the experimental values.

Both A(f) and B(f) are linear functions of f and cross the horizontal
axis when f is varied between 0 and 1, as shown in the right panel of Fig.
7 for some values of α, in the case of full orbital-momentum quenching
(J=1).

For a generic value of α the two zeros of A(f), B(f) occur at different
values of f, as shown in the same Figure (dashed, dotted and dash-dot-
ted blue lines), so that the corresponding values of α are not acceptable.
However, the zero of A(f) moves towards higher f values with increasing
α, the opposite being true for the zero of B(f); by suitably changing α, it
is possible to find a value α0 such that the two zeros become coincident
(f= f0; red lines in Figure M5). The (f0,α0) pair corresponds to the solu-
tion.

The procedure is repeated for all materials and for the two limit val-
ues of the total angular momentum, J=1 and J=4. The results are re-
ported in Table 1.

Table caption: Total Ni fraction α0 and fraction of residual Ni2+ ions
f0, as obtained applying the procedure described in the text. The lim-
iting cases of J=1 and J=4 (full quenching/no quenching of the or-
bital angular momentum of Ni ions) are separately treated. The quan-
tity χ2 is the Chi-square parameter resulting from fits of the high-

field magnetization M70kOe (T) to the theoretical curves obtained using
the corresponding α0 and f0 values.

The following conclusions can be drawn: a) for both values of J, α0 –
as determined from magnetic measurements - turns out to be in satisfac-
tory agreement with the results of chemical composition analysis (Table
1, first column); it is confirmed that the total nickel content in samples
obtained from X zeolites is slightly larger than in the ones obtained from
A zeolites; the largest ionic fraction is found in sample NiX750C-0min,
for both choices of J. All values of f0 are systematically smaller when
J=4. As anticipated, the values of α0 and f0 given in Table 1 should
be merely viewed as indicative rather than definitive, because they have
been obtained under two limit assumptions about the degree of orbital
quenching of Ni2+ ions. In any case, a good agreement between the pre-
sent results and experimental data is found by plotting the sample mag-
netization at T=300K as a function of the product α0 (1- f0), i.e., the
fraction of Ni contained in the nanoparticles. Note that at room temper-
ature the contribution of the ionic fraction is basically zero. The experi-
mental data, shown in Fig. 8, are fitted by a linear law passing through
the origin. The differences between the α0 (1- f0) values obtained in the
two limit cases J=1 and J=4 are so small that the points are almost su-
perimposed. The slope of the fitting straight line is equal to 33.96 emu/
g, indicating that the saturation magnetization expected at 300K in an
ideal material entirely composed of Ni nanoparticles would be close to
34 emu/g, a quite reasonable value taking into account that the same
quantity for bulk Ni is about 54 emu/g [34] and that Ms is always sig-
nificantly lower in nanoparticles than in bulk materials [45].

It is possible to further check the adequacy of the data reported in
Table 1 by fitting the experimental values of M70kOe(T) reported in Fig.
4 to the law:

(4)

over the entire temperature range, using the values of Table 1 for f0
and α0. The fitting curves are shown by red full/dashed lines (for J=1
and J=4, respectively) in Fig. 4. Generally speaking, for both limit
values of J the theoretical curves explain the experimental behavior of
M70kOe(T). The same agreement is found in the two samples not shown
in Figure. However, the fitting curves with J=1 apparently reproduce
the experimental data more accurately. This conclusion is substanti-
ated by the smaller χ2 parameter systematically exhibited by the curves
obtained using J=1 (see Table 1). It is suggested that the residual
Ni2+ ions found in these materials exhibit a significant, albeit incom
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Fig. 8. Room-temperature magnetization measured in all studied samples plotted as a
function of the fraction of Ni contained in the nanoparticles for both degrees of quenching
(J=1,4).

plete quenching of the orbital momentum, in line with previous findings
[43,44].

The present analysis indicates that the annealing treatment has weak
or no effects on the ionic fraction in samples obtained from A zeo-
lites, whereas samples obtained from X zeolites are more significantly
affected. The residual ionic fraction turns out to be substantially higher
in sample NiX750C-0min than in all other materials. This result explains
why the low temperature anomaly in the FC/ZFC curve (Fig. 5, bot-
tom right panel) is observed in this sample only. A closely similar anom-
aly was already detected in samples containing 15% Ni [23], and in-
terpreted in terms of low-temperature clustering of weakly interacting
Ni2+ ions. In the present samples, the few paramagnetic ions can be fig-
ured out as mainly non-interacting; however, when f0 is sufficiently high
as in sample NiX750C-0min, magnetic interactions among ions begins
to play some role. Using the procedure of analysis and the interpreta-
tion scheme developed elsewhere [23], it is possible to single out the
response of magnetic clusters created at very low temperature by ferri-
magnetic interaction among ions; the result is reported in Fig. S1 of the
Supplementary Material. The analysis shows that magnetic clusters in
sample NiX750C-0min gradually lose their identity above 30K, as found
in materials derived from zeolite precursors containing ≈15% Ni [23];
however, the blocking temperature of these clusters is very small (below
2K, as proven by the absence of a maximum in the subtracted ZFC curve
of Fig. S1) so that the mean energy barrier height arising from magnetic
interactions is much smaller than in materials with a higher Ni content.

The quantitative results about the fractions of Ni ions and of Ni-rich
nanoparticles reported in Table 1 are based on a self-consistent analy-
sis of magnetic data; an accurate cross-check of the method's valid-
ity by comparison with other experimental methods is made particu-
larly difficult by the sensitivity limits of the conventional techniques of
structural analysis, which prevent one to draw reliable conclusions in
this case, because of the very low amount of loaded Ni. Specific ad-
vanced techniques could be envisaged, such as spin-dependent spectro-
scopic techniques or atomic resolution HRTEM, which would be able
- under particular conditions and in accurately prepared samples - to
resolve single atoms in a structure, thus allowing one to get indepen

dent information about the fraction of Ni ions in the zeolitic cage.
However, these techniques are expected to provide unambiguous results
when applied to systems compositionally/morphologically much sim-
pler than the present nanocomposites.

5. Conclusions

Magnetic nanocomposites based on A/X zeolites loaded with a small
amount of Ni (≅ 1wt%) have been obtained by making use of a process
involving ionic exchange of parent zeolites with a [Ni2+] solution, fol-
lowed by thermal treatments.

Ni-rich nanoparticles in the 10–80nm range appear after thermal
treatment at the boundaries/surfaces of zeolite grains; however, a frac-
tion of exchanged Ni2+ ions still remains inside grains. It has been
shown that:

a) the distribution in space and size of nanoparticles is significantly af-
fected by the type of parent zeolite, a more homogeneous distribu-
tions being found in A zeolite;

b) magnetic nanoparticles are interacting and their blocking tempera-
ture is well above room temperature;

c) the relative amount of Ni present as ionic fraction (f0) can be deter-
mined by exploiting an ad-hoc method of analysis;

e) the experimental high-field M(T) curves are better fitted assuming
full quenching of the orbital momentum of dilute Ni2+ ions.

f) when the concentration of residual magnetic ions is large enough,
magnetic clusters appear at very low temperature by effect of weak
interactions among ions.

The present work shows how magnetic measurements supported by
structural/morphologic observations may allow one to study elusive
compositional details in weakly loaded magnetic nanocomposites where
standard characterization methods may not be able to provide clear in-
formation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jallcom.2019.152776.
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