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Magnetic nanocomposites composed of superparamagnetic magnetite nanoparticles in a pectin matrix were synthesized by an
in situ coprecipitation method. The pectin matrix acted as a stabilizer and size control host for the magnetite nanoparticles
(MNPs) ensuring particle size homogeneity. The effects of the different reactant ratios and nanocomposite drying conditions on
the magnetic properties were investigated. The nanocomposites were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), Fourier-transform
infrared (FT-IR) spectroscopy, and superconducting quantum interference device magnetometer (SQUID). Superparamagnetic
magnetite nanoparticles with mean diameters of 9 and 13 nmwere obtained, and the freeze-dried nanocomposites had a saturation
magnetization of 54 and 53 emu/g, respectively.

1. Introduction

Superparamagnetic nanocomposites are an important class
of advanced materials with possible applications as mag-
netic drug carriers, hyperthermia local inductors for cancer
therapy, magnetic cell separators, biological sensors, and
magnetic resonance imaging [1–4]. For these applications, it
is oftennecessary that the nanocomposites are biocompatible,
nontoxic, and biodegradable [5]. Important developments
have been reported in the synthesis of drug targeting deliv-
ery systems, in which particles of metal oxides (mostly
maghemite, 𝛾-Fe

2
O
3
, or magnetite, Fe

3
O
4
) are embedded

in biocompatible and biodegradable polymeric matrices [6,
7]. For such practical uses of MNPs, the particle sizes,
magnetic properties, and surface properties are of great
importance. These properties are reported to be influenced
by the synthesis method employed [8].

Magnetite nanoparticles with particle sizes less than
20 nm (less than the domain size for that material) are
regarded as superparamagnetic as each particle is composed
of a single magnetic domain [9]. Such superparamagnetic

particles display a distinct magnetization curve with no
coercive and remanent responses when placed in a magnetic
field, a required and important magnetic property in most
biomedical applications of magnetic particles [10, 11].

Typically, magnetisation values for superparamagnetic
iron oxide nanoparticles (SPIONS) range from 30 to
50 emu/g, while higher values (e.g., 90 emu/g) have been
observed for bulk materials [12]. Factors contributing to
the magnetisation value of SPIONS include the size of the
particles (with the highest emu/g to volume ratio occurring
for particles in the 6–20 nm particle size range), the spacing
between the nanoparticles (where coatings such as silica
separate the magnetic domains, allowing each individual
magnetite particle to act independently and thus enhancing
the net magnetism per gram), and the crystalline structure
of the iron oxide. It is therefore essential to use a method of
SPION production that generates particles with one or more
of the above characteristics [12].

In the coprecipitation synthesis there are two main
processes involved. The first is a short single burst of nucle-
ation, followed by growth of the nuclei. The precipitation
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methodprovides an advantage because large quantities can be
synthesised; however, problems arise from the wide particle
size distribution [12, 13].

The coprecipitation method is simple, cost-effective, and
the nanoparticles obtained are hydrophilic. The particle sizes
are controlled by coating with pectin. The polysaccharide,
pectin, is an inexpensive, nontoxic product extracted from
citrus peels or apple pomace. Basically, it consists of a polymer
of 𝛼-D-galacturonic-acid units with 1→ 4 linkages [12, 14].

In this paperwe report an in situ coprecipitation approach
for the synthesis of magnetite nanoparticles in a cheap
polymer matrix (pectin). The effect of stoichiometric ratio of
magnetite to pectin on the properties of the nanocomposites
also presented. The important influence of the drying condi-
tions (air- and freeze-drying) on the saturationmagnetisation
of the pectin-coated magnetite nanoparticles is highlighted.

2. Materials and Methods

2.1. Materials. Ferrous and ferric chloride (99.9% pure),
pectin with degree of esterification of 76%, and ammo-
nia solution were purchased from Sigma Aldrich. All the
chemicals were of analytical grade and used without further
purification. Distilled water purified through a Millipore
system was used as the solvent.

2.2. Experimental. The requiredmass of pectin was dissolved
in 200mL of water under stirring. The reaction flask was
degassed by the flow of nitrogen gas for 30 minutes and set
under inert atmosphere.The appropriate masses of ferric and
ferrous salts were dissolved each in 30mL distilled water,
degassed as above, and added to the pectin solution, which
resulted in a brown gel. Water (40mL) was used to transfer
the remaining iron solutions,making a net volume of 300mL.
The masses used for each sample are shown in Table 1. The
reaction solution was left under a gentle flow of nitrogen for
a further 10 minutes, after which an excess of ammonium
hydroxide (1.5M) solution was added as the precipitating
agent. The pH of the solution rose from 2.5 to 11, and the
solution became black indicating the formation of magnetite.
The nanocomposites were rinsed several times with distilled
water until the pH dropped to approximately 7. Each sample
was divided into two portions; one set was air-dried and the
other set freeze-dried.The syntheses were conducted at room
temperature.

2.2.1. Characterization. FTIR spectra of pectin and pectin-
magnetite nanocomposites were recorded on a PerkinElmer
Spectrum 100-FT-IR spectrometer from 400 to 4000 cm−1 at
10 scans per run. The crystallinity and phase purity of the
nanocomposites formed were determined by powder X-ray
diffraction (pXRD) on a Bruker D8 Advance Diffractometer
using a CuK𝛼 radiation source (𝜆 = 0.15406 nm, 40 kV and
40mA). Scans were taken over the 2𝜃 range from 10∘ to
80∘ in steps of 0.01∘ at room temperature using open quartz
sample holders. The morphology of the nanocomposites was
determined by scanning electron microscopy on Jeol-Jem
2100 electron microscope. Energy dispersive X-ray detector

coupled to the SEM provided information on the chemi-
cal composition of the nanocomposites. Transition electron
microscope (TEM) images were recorded on a Jeol JSM
7500F electron microscope. The particle size distributions
were determined from the TEM images using the imageJ
software.

The magnetic properties of the nanocomposites were
measured by SQUID magnetometer on the powder samples.
The saturation magnetisation was measured at variable mag-
netic field at a constant temperature of 300K.

3. Results and Discussion

All four samples of PIO-1 and PIO-2 had an even black colour
after drying, but the PIO-3 sample had a mixture of black
particleswith brownbeads of varied sizes (the beads appeared
to be poorly formed aggregates of iron-oxide clusters, and this
sample was not further characterised).

3.1. Powder X-Ray Diffraction (XRD). Figure 1 shows the
pXRD patterns of PIO-2 (blue, PIO-2A and PIO-2F) and
PIO-1 (red, PIO-1A and PIO-1F) nanocomposites. The
diffraction peaks indicating formation of other compounds
are not observed. The diffraction patterns have well defined
peaks and indicate that the samples are crystalline. The
diffraction peaks are indexed as (220), (311), (400), (422),
(440), and (511) crystal planes, corresponding to a cubic
unit cell of magnetite [15], and they match the inverse-spinel
structure ofmagnetite (space group of Fd3m, JCPDSCard no.
79 - 0417). The coprecipitation of maghemite is excluded by
the absence of the (210) and the (110) peaks, which in the case
of maghemite are present and at slightly higher intensities
than the (111) peak.Thediffraction peaks of PIO-2 are broader
than those of PIO-1, indicating the finer nature and smaller
crystallite sizes of the particles.

The average particle sizes were calculated using the
Scherer equation [15]:

𝐷
ℎ𝑘𝑙
=
𝑘𝜆

𝑏 cos 𝜃
, (1)

where 𝐷
ℎ𝑘𝑙

is the average particle size; the equation uses the
corrected reference peak width at angle 𝜃. 𝜆 is the X-ray
wavelength, 𝑏 is the corrected width of the XRD peak at half
height, and 𝑘 is the shape factor, which is approximated as 0.9
for magnetite [15]. Interestingly, the particle sizes of PIO-1A
and PIO-1F, PIO-2A and PIO-2F were found to be the same,
meaning the drying conditions had no effect on the particle
sizes. The calculated values are summarised in Table 2.

The inter-planer spacing (𝑑
ℎ𝑘𝑙
) of the (311) diffraction was

calculated using [16]

𝑑
ℎ𝑘𝑙
=
𝜆

2 sin 𝜃
. (2)

The calculated 𝑑
ℎ𝑘𝑙

values for PIO-1 and PIO-2 were found
to be 2.533 Å and 2.528 Å, respectively. Comparing these
values to the standard values for magnetite (2.532 Å; JCPDS
no. 19-629) and maghemite (2.518 Å; JCPDS no. 39-1346),
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Figure 1: X-ray diffraction patterns of PIO-2 (blue, PIO-2F-left and PIO-2A-right) and PIO-1 (red, PIO-1F-left and PIO-1A-right).

Table 1: Reactant ratios and synthetic conditions.

Sample Ferric chloride (g) Ferrous chloride (g) Pectin (% w/v) Starting pH Ending pH
PIO-1A, PIO-1F 7.8 3.0 0.3 2.5 11
PIO-2A, PIO-2F 7.8 3.0 0.5 2.5 11
PIO-3A, 7.8 3.0 0.8 2.5 11
PIO: “pectin iron oxide,” A for air-dried samples, F for freeze-dried samples.

Table 2: Estimated particle size and particle size distributions.

Sample Average particle size (nm) from pXRD Particle size distribution (nm) from TEM
PIO-1 nanocomposites 13 5–18
PIO-2 nanocomposites 9 7–13

we can conclude that only magnetite is present in the
nanocomposites.

The lattice parameters of the (311) diffraction were deter-
mined by Bragg’s Law [16]:

𝑑
ℎ𝑘𝑙
=

𝑎

√ℎ2 + 𝑘2 + 𝑙2
. (3)

They were found to be 8.401 and 8.384 for PIO-1 and PIO-2,
respectively. The calculated values were found to be closer to
the standard value of magnetite (8.391; JCPDS no. 79-0417)
than those of maghemite (8.347).

3.2. Fourier-Transform Infrared Spectral Characterization (FT-
IR). The FTIR spectrum of pectin (Figure 2) has a broad
band at 3253 cm−1, which can be attributed to the ](O–
H) stretching vibration of the hydroxyl group. The intense
peak for pectin at 1750 cm−1 is characteristic of the carbonyl
](C=O) stretching vibration of an ester. The bands at 1680,
1385 cm−1 are characteristic of asymmetric and symmet-
ric stretching of the carboxylate group [16]. The band at
1010 cm−1 in pectin is assigned to the C–O bending vibra-
tion. This band is substantially reduced in intensity in the
nanocomposites. The FTIR spectra of pectin and the coated
magnetite nanocomposites are similar to those reported in
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Figure 2: FT-IR spectra of pectin, PIO-1 and PIO-2 nanocompos-
ites.

the literature [16–18]. The presence of peaks due to pectin
in the nanocomposites supports the fact that pectin actually
coats the magnetite.

In addition to the pectin peaks seen on the FT-IR spectra
of the nanocomposites, there are two new and distinct bands
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Figure 3: SEM image of PIO-2F.

Figure 4: TEM images of PIO-2F.

Figure 5: TEM images of PIO-1F.

at 1580 and 1408 cm−1. These bands can be attributed to the
symmetric and asymmetric carboxylate-metal (COO-Fe)
linkage [15–19]. The wavenumber separation, Δ, between the
]as (COO–) and ]s (COO–) IR bands can be used to dis-
tinguish the type of the interaction between the carboxylate
head and the metal atom. The Δ(1580−1408 = 172 cm−1) was
ascribed to bridging bidentate, where the interaction between
the COO– group and the Fe atom is covalent [20, 21].

3.3. Electron Microscopy. The SEM image in Figure 3 (PIO-
2F shown as an example) shows that the polymeric nature
of the pectin remained intact during the synthesis. There is

no agglomeration of the particles indicating that the pectin
coated the magnetite nanoparticles. The estimated mean
particle diameter (Table 2) measured from the TEM images
is found to be consistent with the XRD results. The effect
of the drying method on the nanocomposite can be seen in
the TEM images, where the air-dried samples exhibited some
shrinkage, observed as tearing of films (Figures 6 and 7).
Figures 4 and 5 show more uniformity of pore size, shape,
and distribution, suggesting less/more uniform shrinkage of
the nanocomposite during freeze-drying. While many of the
particles are coated in pectin (see Figure 4), nanoparticles
were also clearly found on the surface of both PIO-1A and
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Figure 6: TEM images of PIO-2A.

Figure 7: TEM images of PIO-1A.

Polymer 0.3 air-dried
T = 300K

40

30

20

10

0
0.0 0.5 1.0 1.5 2.0 2.5

Field (T)

M
(e

m
u/

g)

Figure 8: Magnetization curve of PIO-1A measured at 300K.
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Figure 9: Magnetization curve of PIO-1F measured at 300K.
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Figure 10: Magnetization curve of PIO-2F measured at 300K.
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Figure 11: Magnetization curve of PIO-2A measured at 300K.

PIO-1F. This outcome is attributed to the high magnetite to
pectin ratio, especially in PIO-1A and 1F.

3.4. Magnetic Studies. The magnetic properties of nanopar-
ticles are highly dependent on the particle size. In order
to have superparamagnetic nanoparticles the nanoparti-
cles must have a mean diameter of less than 20 nm. For
superparamagnetic nanoparticles to have a high saturation
magnetization, the agglomeration of these particles after
synthesis must be overcome. Figures 8, 9, 10, and 11 show the
magnetic susceptibility of the nanocomposites at a constant
temperature of 300K under varying magnetic fields. It is

Table 3: Saturation magnetization values for the nanocomposite.

Sample Saturation magnetization (emu/g)
PIO-1A 31
PIO-1F 53
PIO-2A 46
PIO-2F 54

observed that the samples rise to maximum magnetisation
very rapidly, and this observation is similar to that of super-
paramagnetic nanocomposites at room temperature reported
in the literature [16, 19]. This indicates that the particles can
be controlled by an external magnetic field.

The interparticle distance is an important factor that
affects the saturation magnetization values of magnetic
nanoparticles as the strength of the magnetic moment inter-
action depends on the interparticle distance [10]. This is
evident in the results presented in Table 3, as both PIO-1F
and PIO-2F have the highest saturationmagnetization values
of 53 and 54 emu/g, respectively, in spite of the difference
in the magnetite to pectin ratios. This can be attributed to
the fact that, during the freeze-drying process, there was
less shrinkage in the polymer cage hosting the nanoparticles
than in the case with the air-dried particles. The air-dried
nanocomposites show a drop in the saturationmagnetization
values; this is due to the shrinkage of the polymer host during
drying, reducing the interparticle distance. This results in
an increased interparticle magnetic moment interaction and
a consequent decrease in the total magnetization [22, 23].
Comparing the saturation magnetization values of PIO-1A
and PIO-1F, the net difference is 22 emu/g which is greater
than the difference of 8 emu/g, for PIO-2A and PIO-2F. This
outcome shows that the saturation magnetization does not
only depend on the drying conditions but also on the reactant
ratios, as PIO-1 nanocomposites have a higher magnetite to
pectin ratio compared to the PIO-2 nanocomposite.

From Table 4 we see that the magnetisation values for
PIO-1F and PIO-2F with pectin coating are higher than the
values found in the literature for air-dried samples. There
is a significant drop in magnetisation values of the air-
dried nanocomposites, compared to that of pure magnetite
nanoparticles; this is due to the formation of magnetic dead
layer by pectin at the domain boundary wall of MNPs [16].
This drop in magnetisation is not observed in our work,
especially for the freeze-dried samples.

Further work on the application of these nanoparticles to
the treatment of disease is on-going, but early results using
simple turbidity measurements in water medium show that
these nanocomposites do not agglomerate indicating the suit-
ability of this polymer coating for biomedical applications.
Gels may also be used for producing free-standing films
and coatings, opening up the possibility of fabricating more
robust components.

4. Conclusion

We report the synthesis of nanocomposites of superpara-
magnetic magnetite nanoparticles in a pectin matrix with
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Table 4: Magnetisation values for magnetite nanocomposites obtained from different precursors under different synthesis conditions.

Precursors Synthesis
method Coating agent Drying method Morphology Size (nm) 𝑀

𝑠
(emu/g) References

FeCl3⋅6H2O,
FeCl2⋅4H2O,
HCl

Coprecipitation
with NH4OH

Lauric acid — Spherical 9.4 43 [24]

FeCl3⋅6H2O,
FeSO4⋅7H2O,
OA, UA

Coprecipitation
with NH3

Pectin Air Spherical 250–600 32.7 [17]

FeCl3⋅6H2O,
FeCl2⋅4H2O

Coprecipitation
with NH3

Pectin Oven dry Spherical 77 59.2 [18]

FeCl3⋅6H2O,
FeSO4⋅7H2O,
NaOAc

Coprecipitation
with KOH Sodium citrate Air dry Hexagonal 6 42.5 [25]

Fe(NO3)3⋅9H2O,
FeSO4⋅7H2O

Coprecipitation
with NH3

Pectin Air dry Spherical 50–200 46.2 [16]

FeCl3⋅6H2O,
FeCl2⋅4H2O

Coprecipitation
with NH4OH

Pectin Freeze dry Cubic 5–18 53 This work

FeCl3⋅6H2O,
FeCl2⋅4H2O

Coprecipitation
with NH4OH

Pectin Freeze dry Cubic 7–13 54 This work

OA: oleic acid; UA: undecylenic acid;𝑀𝑠: magnetisation; NaOAc: sodium acetate.

high saturation magnetization of 53 emu/g and 54 emu/g and
demonstrate the dependence of the magnetic property of
these nanocomposites on the drying conditions and reactant
ratios. The particle size and homogeneity were controlled by
the presence of the pectin.Thus a facile in situ coprecipitation
synthetic approach of magnetite-pectin nanocomposite at
room temperature has been demonstrated. Freeze-drying is
routinely used for the production of fruits, vegetables, and
pharmaceutical products. The combination of the facile pre-
cipitation method and freeze-drying presents the possibility
for producing large quantities of SPION-based composites
with better control over properties. Such nanocomposites
have promising biomedical and environmental applications.
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