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Abstract

Magnetic nanoparticles such as magnetite have been studied intensively for their unique
properties that are susceptible to a magnetic field, ready to coat with silica and able to
modify with a variety of functional groups. The magnetite-silica core-shell system offers
flexibility for extensive modification. The magnetic core is also important in the separa-
tion by the use of a magnetic field. The shell, meanwhile, is needed for protection of the
magnetic core and further modification. Functional groups at the surface shell are critical
in the reaction with target precious metal ions during application. In this contribution,
we will have a comprehensive look at the preparation, characterization, and use of the
magnetite core-shell modified with functional groups as a magnetic adsorbent. After
adsorption, the materials together with the ions can be recovered by the use of magnet
before further separation and purification.

Keywords: magnetic nanoparticle, recovery, silica, precious metal, adsorption,
desorption

1. Introduction

Magnetic materials that are paramagnetic, ferrimagnetic, and ferromagnetic have received
much attention because of their unique properties especially ready to modify and nontoxic
[1, 2]. Magnetite (Fe,O,), one of many magnetic materials, is widely investigated for possible
magnetic resonance imaging, sensor, and adsorbent. Magnetic nanoparticles typically consist
of a magnetic core, a coating, and, in some cases, surface active modifiers.

The magnetite nanoparticles have a high surface area that yields numerous active sites.
However, preparation of Fe,O, nanoparticles is problematic since it can agglomerate, which
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leads to the decrease in the active sites. Coating with organic or inorganic surfactants is one
way to avoid the particle agglomeration. The organic surfactants act as capping agents, but
at times, they can give bigger particle size. Inorganic capping agent such as silica (SiO,) has
exceptional physical and chemical properties. 5iO, is chemically stable in acidic solution
and tuneable for modification. Coating of Fe,O, nanoparticles with SiO, will also avoid the
agglomeration and protect them from dissolution in acidic solution. SiO, will cover the sur-
face of each Fe,O, nanoparticle to form Fe,O,/5iO, nanoparticle core-shell system [3].

Morel et al. have coated Fe,O, particles with SiO, to form core-shell having nanometer scale
with an average diameter of 49 nm [4]. The success of Fe O,/SiO, core-shell nanoparticle for-
mation depends on the size of magnetite. However, stirring with the magnetic bar during
the preparation causes condensation and agglomeration of the particles. The nonmagnetic
mechanical stirring method was chosen for the preparation of Fe,O, nanoparticle [5].

Many researchers used thiol group as an adsorbent for [AuCl,]” ion with a better performance
[2, 3, 6-9]. We have reported on the synthesis of the Fe,O,/SiO, nanoparticle core-shell modi-
fied with a thiol group. The Fe,O,/SiO, nanoparticle core-shell preparation was performed
by applying nonmagnetic stirring method. For improving adsorption capacity, modification
with thiol group has been conducted. The thiol groups are of the soft bases.

On the other hand, the [AuCl,]" ions are classified as weak acid species, thus provided specific
interaction with each other based on Pearson’s hard-soft acid-based concepts [10]. The adsorp-
tion kinetics, adsorption capacity, and interaction model for the adsorption of [AuCl ] ion in
solution by Fe,O,/SiO, nanoparticle core-shell adsorbent are reported. A recent review of the
matter can be found elsewhere [11].

Figure 1 shows the schematic architecture of the magnetite-silica-functional groups. The core
is magnetite to function as the important part for separation. The shell is silica, which can pro-
tect the magnetite from dissolution especially when it contacts with an acidic environment.
Modification of the silica surface can be realized by silanization to give functional groups
having an important function to react with the metal cations. The functional group must have
a strong bond with the surface via complex formation.

MPTS

J\N’\SH

SH

SH

Figure 1. Step-by-step of Fe,O,@SiO, core-shell preparation and functionalization [3].
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Figure 2. Image of simplified recovery technique of spent magnetic material after adsorption of precious metals [3].

Recovery of the magnetic material is key in the process following the adsorption. The spent
adsorbent can be separated using a magnetic field. Figure 2 shows how the used magnetic is
separated by the external magnetic field. The magnetic adsorbent that has a high content of
rare metals can be subject to dissolution and further separation. It is important to state that in
the industrial purpose the powerful electromagnet system can be applied to do the job. In the
purification, there are many possible green purification processes of metallurgy, starting from
electrochemical separation to blast furnace.

2. Preparation of Fe O,

Magnetite is commonly prepared by co-precipitation of Fe(II) and Fe(III) salts with suitable
bases. Sodium hydroxide and ammonia are both commonly used in the preparation of
magnetite. There are many bases that can be used to help control the size and the shape
of the particles. Magnetite nanoparticles can be prepared in the presence of carboxylate
such as laurate, palmitate, linoleate, and so on. The addition of surfactant helps reduce the
particle size and control the shape. The required shape is usually spherical with a diameter
of the nanoscale.

For co-precipitation methods, the size, shape, and composition of the resulting nanoparticles
very much depend upon the following [12]:
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a. The type of precursors’ salts used, for example, chloride, sulfate, perchlorate, or nitrate
b. The Fe*/Fe® ratio

¢. The mixing orders

d. The mixing rates

e. The reaction temperature

f. The pH value
g. The ionic strength of the media

The remaining issue is that magnetite nanoparticles are easily oxidized to maghemite, so this
method is often used to obtain nanoparticles of magnetite and maghemite with the small
size of 4-20 nm. Griittner et al. have listed the size, coating, heating behavior, and magnetic
properties of some iron oxide nanoparticles produced by this method [13]. Nanoparticles
are produced by this method range in size from 4 to 45 nm. For fixed-synthesis conditions,
the quality of the magnetite nanoparticles is very reproducible. Although co-precipitation is
unquestionably the easiest process and highly scalable, it is not without issues. Controlling
the shape is not easy, and the nanoparticles can be more varied in size than that produced in
some other methods [12].

Precursors for the Fe(Il) include ferrous sulfate, ferrous nitrate, and ferrous chloride. Some
use ferrous acetate and ferrous oxalate. The most used precursor is ferrous sulfate. For the
Fe(Ill), we can use ferric chloride, ferric nitrate, and so on. Ferric nitrate is used a lot. Ferric
acetate and ferric oxalate are also commonly used as Fe(IlI) precursors.

The Fe(II) to Fe(IlI) molar ratio must be controlled strictly at 1:2. Therefore, the concentration
of the starting material must be fixed. The oxidation of the Fe(II) ion must be contained by
controlling the atmosphere by the use of inert atmosphere. During the co-precipitation, the
nitrogen gas must be kept flowing to reduce possible oxidation process. Other noble gases
could be used, which give a better magnetite product.

There are various ways to prepare Fe,O, nanoparticles, such as hydrothermal synthesis
[14], co-precipitation [15], microwave irradiation [16], oxidation of Fe(OH), by H,O, [17],
and microemulsion [18]. The Fe,O, nanoparticles synthesized by a hydrothermal method
in the presence of sodium sulfate have a particle size of 160 nm [14]. Among various ways
to prepare Fe,O,, hydrothermal is one of the simple methods because it gives unique char-
acters. The shape and size of nanoparticles have a good homogeneity and high degree of

crystallinity [19].

The widespread method to produce Fe,O, is by co-precipitation of Fe*/Fe** solution mixture
with a molar ratio of 1:2 in alkaline solution [15, 20]. The reaction for Fe,O, formation by co-
precipitation method is shown in chemical Eq. (1). Although this method is well known for
synthesis Fe,O,, the molar ratio of reactant, pH, and temperature still need attention to get the

proper size and morphology [15]:

Fe? +2Fe® + 8OH > Fe, O, +4H, O (1)
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Microwave irradiation might be a promising method in processing materials due to its thermal
and nonthermal effects. Microwave synthesis has the advantages of short reaction time, small
particle size, and narrow size distribution. Aging under microwave irradiation in short period
yields Fe,O, nanoparticles with complete crystalline structure than those aged for 7 days at
room temperature [16]. Yu et al. used H,O, as an oxidizing agent to construct nano-sized super-
paramagnetic Fe,O, powders with the size of 8-10 nm. The Fe(OH), precipitates were partially
oxidized to generate ultrafine Fe,O, nanoparticles in the presence of surfactants [17]. Work on
the control of the size of magnetite-silica via sol-gel method has also been reported [21].

Some researchers use capping agent to control crystal growth during Fe O, nanoparticle forma-
tion. Co-precipitation technique was used to prepare magnetite nanoparticles with diameter
around 35 nm using 0.90 M NaOH solution as the precipitating agent and trisodium citrate as
a capping agent. The precursors are ferric and ferrous chloride salts with predetermined Fe*'/
Fe* molar ratio. The diameter of silica-coated magnetite nanoparticles synthesized by Stober
method was about 50 nm. Due to an electrostatic interaction between the Fe*/Fe*" ions of the
Fe,O, NPs and trisodium citrate surfactant, a stable magnetic fluid containing dispersed Fe,O,
NPs was produced [22]. A green and facile method for synthesis of magnetite nanoparticles
was proposed [23]. Nano-sized polyhedral particles were synthesized by heating an aqueous
solution of Fe*’, Fe**, and urea at 85°C. The use of PVA in the synthesis system gives spherical
magnetite nanoparticles with loose structure, unaggregated. The size of the microspheres can
be tuned by changing the concentration of PVA. Upon addition of acetic acid to the system
with PVA, microspheres with looser structure were produced. The size of the microspheres
can further be tuned by changing the concentration of acetic acid. The co-precipitation of Fe*
and Fe* in aqueous solutions under ultrasound irradiation results in smaller Fe,O, NPs with
a narrow size distribution (4-8 nm) than that produced without ultrasound irradiation [4].
Diethylene glycol (DEG) is also possibly used to control the particle size as reported earlier.
This surfactant takes an important role in the preparation of magnetite/zinc oxide hybrid
material [24].

3. Coating of Fe O, with SiO,

The next step is coating magnetite with silica (Si0O,). It is usually performed via silanization
reaction. The functional group that is ready to bond to iron oxide is methoxy silane (CH,-
O-Si-) or ethoxy silane (CH,-CH_-O-Si-). After the reaction, it forms a covalent bond of Fe-O-5i
leaving the end group remains free. The leaving group is methane and ethane. The reaction is
better to be done in an organic solvent. The silane group may have a spacer of long ethylene
chain (-CH,"). The ending of the silane may be carboxylic, an amine group, hydroxyl, and so
on. The surface of the silica has different accesses to the organic functional groups [25].

For example, modification by the use of 3-mercaptopropyltrimethoxysilane (3-MPTS) [3]
reaction is depicted as a chemical reaction (2). For further surface modification, we can use
other silanization compounds [3]:

Fe3 04@Si02 [(OH)3]n + n(C H3 0)3 Si(C Hz)3 SH—>
Fe,0,@Si0,[(0),],Si(CH:),SH +3nCH, OH

()
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Iron oxide is not stable in acidic condition. After coating with silica, the magnetite core is usu-
ally stable in the acidic solution. It will come readily with a proton to give its corresponding
ion either Fe* or Fe*. Dissolution of the magnetite will make the core-shell system unstable
and break the bond between Fe-O-Si. To make sure that the magnetite is not dissolved in the
acidic solution, we can test it by the use of an acid such as hydrochloric acid or nitric acid. The
concentration of total iron as Fe** or Fe’* can be an indicator if the magnetite is still strong. If
high concentration of Fe*" is found in the solution, we can say that the magnetite structure is
collapsed and even broken down.

The visual indication can be seen from the color of the dispersion of Fe,O,@SiO, core-shell.
The solution of Fe’* in the solution is pale yellow. If the dispersion color is pale yellow, it can
be concluded that magnetite does dissolve. The color is getting dark when the more magne-
tite dissolved in the dispersion. A combination of atomic absorption spectrometry and visual
observation helps us make sure the magnetite core is still strongly intact.

Fe,O,/SiO, core-shell nanoparticles were obtained by dispersing Fe,O, into the mixture solu-
tion of 80 mL of ethanol, 20 mL of deionized water, and 1.0 mL of concentrated aqueous
ammonia solution (28 wt.%). After this, the mixture solution was homogenized by ultrasoni-
cation for 30 min to form a uniform dispersion. Subsequently, a certain amount of tetraeth-
oxysilane (TEOS) was added dropwise into the solution with vigorous stirring. After stirring
at room temperature for 6 h, the product was separated with a magnet bar, washed with
deionized water for three times, and dried in vacuum at 50°C for 12 h. A series of SiO,@Fe O,
particles were prepared with 1-9% SiO, content [26].

The silica coating used on a core particle has several advantages. The essential advantages
of the silica coating compared with another inorganic (metal or metal oxide) or organic coat-
ing are as follows: It reduces the bulk conductivity and increases the suspension stability of
the core particles. Also, silica is the most chemically inert material available; it can block the
core surface without interfering in the redox reaction at the core surface [27]. There are two
methods for coating Fe,O, with silica, by acidic hydrolysis of silicate in aqueous solutions and
the modified Stober process [4, 28].

The Stober method consists of the alkaline hydrolysis of tetraethyl orthosilicate (TEOS) in
ethanol/water mixture in the presence of Fe,O, NPs [28]. The Stober process is applied to the
classic sol-gel process [29]. The Stober synthesis has the advantage of being easy to scale up for
commercial applications and the possibility to effortlessly transfer the nanoparticles into aque-
ous solutions [30]. Some methods that lead to the synthesis of Fe,O,/SiO, are shown in Table 1.

About the modification and application of magnetic materials, a coating of Fe,O, by the use
of various materials has been reported elsewhere. TiO,@Fe,O,, TiO,@Fe,O,@chitosan, and
methyl pyrazolone-functionalized TiO,@Fe,O,@chitosan were prepared for photocatalytic
degradation of dyes [32]. They found that the core is important for separation and the shell is

an active catalyst. The degradation of dye using these catalysts can reach up to 98-99%.

Thioctic acid-modified silica-coated magnetite nanoparticles, RS-SR-NH-SiO,@Fe,O,, have

34
been prepared, and its ability for the recovery of Au(Ill) in aqueous solutions was evaluated

[31]. The Au(Ill) adsorption capacity of the produced adsorbent is about 25 mg/g. The possible
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Core Shell

Method Precursors Method Basic reagent
Wet chemical reaction FeCl, N,H, Sol-gel TEOS

Wet chemical reaction FeCl, FeSO, Hydrolysis Na,SiO,

Wet chemical reaction FeCl,, FeSO, Hydrolysis Commercial SiO,
A chemical reaction in FeCl,, FeSO, Sol-gel reaction in microemulsion = TEOS
microemulsion

Table 1. Methods for synthesis of Fe,O, coated with SiO,.
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Figure 3. Possible interaction between RS-SR-NH-5iO,@Fe,O, and au(III) ions [31].

interaction is shown in Figure 3. Another study shows the success of recovery of gold from
copper anode slime by means of magnetite nanoparticles [33]. The surface of magnetite was
also modified with oleic acid, methyl methacrylate, and ethylenediamine (EDA-MMA-OA@
Fe,O,) giving the adsorption of indium of about 54 mg/g [34].

An interesting example of functionalization of Fe,O, is by the use of dithiocarbamate, and
it is applied as a magnetic nano-adsorbent for recovery of precious metal nanoparticles by
contacting the nano-adsorbent with Au, Ag, Pd, or Pt hydrosols [35]. The magnetic particles
are very efficient for Au due to strong affinity of sulfur-containing groups at the magnetite
surfaces with this metal. Since Au colloids are used in laboratory and industrial contexts, the
material could have an impact on the development of nanotechnology to recover precious
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metals like Au [35] and Ag. Another trial is modification using chitosan and EDTA. It shows
more selective for the quasi-precious metal of Cu than Cd and Pb [36].

4. Surface functionalization of Fe O ,@5i0 X

In reaction (1), we can see the steps of surface modification of Fe,O,@SiO, core-shell to form
Fe,0,@Si0O,-X, where X is a functional group. The layer of 5iO, was usually coated on the sur-
face of Fe,O, using the Stober method. The prepared Fe,O, nanoparticles were used as cores
and dispersed in ethanol, and it was added to a three-neck round-bottom flask in ethanol and
deionized water. The solution of the concentrated ammonia solution was added. After 15 min,
TEOS was added dropwise in 10 min. The mixture was allowed for mechanical stirring for
8 h to perform the silica coating. The produced Fe,O,@SiO, was separated and washed with
deionized water and ethanol [37].

Direct modification by the use of organic compound is also studied, without first modifica-
tion by silica. Magnetic nanoparticles modified with third-generation dendrimers followed by
ethylenediaminetetraacetic acid (EDTA) were prepared and tested for their performance for
recovery of precious metals that are Pd(IV), Au(Ill), Pd(Il), and Ag(I) in the aqueous system
[38]. It is interesting that high valence Pd(IV) and Au(III) exhibit relatively better adsorption
efficiency than that of Pd(II) and Ag(I) with lower valence. It suggests that the adsorption of
precious metals by this type of materials modified with EDTA is a function of valence. When
the competing ion such as Zn(II) presents, the adsorption efficiency of the adsorbent for all
four precious metals, which are Pd(IV), Au(IIl), Pd(Il), and Ag(I), reduces much.

Magnetite nanoparticles could be directly modified with an organic compound of oleic acid.
Iron oxide surface possibly bonds to carboxylic end of lauric acid [21]. However, this method
of functionalization might not produce an acid-resistive magnetic adsorbent. The bond
between lauric acid and magnetite could be easily damaged when the acidic solution is used.
Therefore, the magnetite modified with lauric acid may find application in biological systems
since both lauric acid and magnetite are biocompatible.

Silane compound such as (3-aminopropyl)trimethoxysilane (APTMS) could be used to coat
magnetite nanoparticles. The product can be described as Fe,0,@SiO,-CH,-NH, Further sur-
face modification by alginate gives Fe,O,@SiO,-CH,-NH, -AA. The alginate forms the outer
shell of the magnetite by electrostatic interaction with amine [39]. Figure 1 shows a step-by-step
extension of magnetite coating and functionalization. Silica coating will allow further function-
alization via silanization, extension (additional of the spacer), and functional group attach-
ment. The functional groups should be free to bond the metal ion either by an ionic or covalent
coordination bond. Directed functional groups allow selective reaction with certain cation.

5. Characterization

Characterization of the magnetite can be done by at least five methods, which are vibrating
sample magnetometer, powder X-ray diffraction, electron microscopy, elemental analysis,
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and infrared (IR) spectroscopy. The vibrating sample magnetometer (VSM) can reveal the
magnetic properties of the magnetic materials. The microscopic images can be obtained com-
monly by the use of scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM). Nanomaterials are best to characterize by TEM
and AFM. The IR spectroscopy is useful to detect the functional groups present on the mag-
netite surface. The IR spectroscopy is one of the methods to make sure that functionalization
of the surface is successful.

For elemental analysis, a nondestructive energy dispersive X-ray spectrometry (EDS) can be
used to estimate the chemical composition. The SEM is usually equipped with EDS system.
The EDS results may lack precision and accuracy; however, it can detect the chemical com-
position in situ. The destructive methods such as atomic absorption spectrometry, UV-Vis
spectrometry, and so forth may be used in place of EDS method. The destructive methods are
usually not of choices for this type of materials.

One major analytical method in the magnetite characterization is powder X-ray diffraction.
Figure 4 shows the XRD patterns of Fe,O, and Fe,O,/SiO, solid nanoparticle core-shell. The
Fe,O, diffraction patterns have five main peaks at 20 values of 30.1°, 35.5°, 43.3°, 57.1°, and
62.5°. The Fe O, has a cubic system as confirmed by JCPDS Card No. 88-0315. The magne-
tite phase can be detected with certainty by XRD. However, when it is coated with silica,
the intensity of the XRD peaks will be much diminished since silica is an amorphous solid.
Further decrease in the XRD is expected after organic modification on top of the silica layer.

The FT-IR could also be useful for more characterization of magnetic materials. It can offer
details of the bond between the core, the shells, and the surface modifiers. Here is the example,
the FT-IR spectra of Fe,O, and Fe,O,/SiO, nanoparticle core-shell are presented in Figure 5.
Both spectra have a broad peak at 586 cm™. The peak is attributed to the Fe-O stretching
mode of magnetite. The peak at 3400 cm™ is due to the O-H stretching mode. The sharp peak
at 1100 cm™ can be attributed to the Si-O-Si stretching mode. The Si-O bending vibration
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Figure 4. XRD patterns of Fe,O, (top) and Fe,O,/SiO, nanoparticle core-shell modified with a thiol group (bottom) [3].
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Figure 5. FT-IR spectra of resulted Fe,O, (a), Fe,O,/SiO, nanoparticle core-shell (b), and Fe,O,/SiO, nanoparticle core-
shell modified with a thiol group (c) [3].

mode of the silanol group is seen at 964 cm™. It indicates that the silica has coated well the
outer surface of Fe,O, particles [3]. The surface modification of Fe,O,/SiO, nanoparticles by
thiol groups can give a better interaction with [AuCl,]" ions in the solution. The FT-IR spectra
of the Fe,O,/SiO, nanoparticle core-shell after modification with thiol group are shown in
Figure 5. The peak at 686 cm™ is attributed to the C-S bending vibration mode. The peak at
near 2570-2590 cm™ is attributed to the stretching vibration mode of S-H. The S-H stretching
vibration mode is not usually detected [2]. The band at around 2850-2900 cm™ is due to the
stretching vibration of C-H of methylene. This result suggests that the surface modification of
Fe,O,/5i0, nanoparticle core-shell is successful.

Figure 6. TEM image of Fe,O,/SiO, nanoparticle core-shell [3].
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Figure 7. EDX spectra of Fe,O,/SiO, nanoparticles modified with thiol group [3].

The covering of Fe,O, nanoparticle core-shell by using silica does not only protect the magnetite
core from dissolution in acid but also control the agglomeration of Fe, O, particles. Silica acts
as a capping agent for each Fe,O, nanoparticle to form Fe,O,/SiO, core-shell. Figure 6 shows
the TEM images of Fe O,/SiO, nanoparticle core-shell. The Fe,O,/SiO, nanoparticle core-shell
has a size of approximately 10-20 nm. The size of Fe,O,/SiO, core-shell can be observed. These
results prove that the synthesis of Fe,O,/SiO, nanoparticle core-shell is successful.

In situ analysis of adsorbent is preferable to understand the chemical composition of the
product without a change in its nature. Figure 7 shows the EDX spectra of modified Fe,O,/
SiO, solid nanoparticle core-shell. The sulfur content is 1.32% (w/w). It suggests that thiol
group is present on the surface of Fe,O,/SiO, nanoparticle core-shell material. It confirms the
FT-IR spectra. The modification of Fe,O,/SiO, solid nanoparticle core-shell by 3-MPTS will
give free thiol groups on the nanoparticles” surface. The thiols are expected to form covalent
coordination bond with the target ion.

The EDX may also give details of atomic mapping across the sample, especially that of the
functional group. For example, sulfur atom in the thiol group is mapped by the EDX method
nicely. Functional groups such as amine, thiol, sulfonate, and phosphate may be better
detected by EDX rather than destructive methods such as UV-Vis spectrophotometry.

6. Adsorbent performance

Table 2 shows a comparison of adsorbent performance for adsorption of precious metals
especially gold and palladium [3, 38]. The first two rows show the adsorption performance of
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Adsorbents Adsorption capacity (mg/g) Reference
Au(III) Pd(I) Ag(D

Magnetite nanoparticles/thiolated 115 — — [3]
Magnetite nanoparticles/dendrimer 3.58 2.71 — [38]
Magnetite nanoparticles/thiourea 1185 111.6 — [40]
Magnetite nanoparticles/chitosan 709.2 — 226.5 [41]
Magnetite nanoparticles/chitosan 59.5 — — [42]
Primary amine-lignin 384 40.43 — [43]
Ethylenediamine-lignin 606.76 22.66 — [43]

Table 2. Comparison of adsorption capacities (q, ) of some adsorbents for selected precious metals from aqueous
solution. Data presented here are based on the Langmuir isotherm.

magnetic material modified with thiol and dendrimers. It shows that functionalization of the
magnetite is very important to increase the adsorption capacity. Thiol group on the surface
of magnetite produces high affinity toward Au(IIl). As we know, thiol can strongly react with
gold to form a covalent bond. However, the adsorption capacity of magnetite is still far below
that of adsorbent produced by the use of lignin as a precursor.

An adsorbent of magnetic nanoparticles modified by thiourea for effective and selective
adsorption of precious metals like gold(Ill), palladium(II), and platinum(IV) in aqueous acid
solution has also been reported. It needs contact time of less than 30 min to reach maximum
capacity. Its maximum adsorption capacity of precious metals as determined by Langmuir
model was 43.34, 118.46, and 111.58 mg/g for Pt(IV), Au(Ill), and Pd(Il), respectively, at pH 2
and 25°C [40]. The adsorption is selective for Au(Ill) even in the presence of high concentra-
tions of interfering ion Cu(Il). The recycling was achieved by the use of a solution contain-
ing 0.7 M thiourea and 2% HCI. The result of the adsorption—-desorption test shows that the
adsorbent is reusable for the recovery of precious metals.

In general, the adsorption capacity of the magnetite-based adsorbent can reach up to
118.46 mg/g, which is very promising. It may still be less than that of lignin derivatives. For
chitosan-modified magnetite, it even can reach the capacity for gold(Ill) of 707 mg/g [41].
The core-shell-modifier based adsorbent may not have such a high adsorption capacity. The
modification step was done through the reaction between chitosan and polymeric Schiff’s
base of thiourea/glutaraldehyde in the presence of magnetite.

After adsorption test, desorption of the adsorbed cation must also be examined. Complete
desorption of the adsorbed cation indicates a better adsorbent performance. In most cases, the
acids can desorb adsorbed ion from the surface. The desorption process may use strong acids
such as HCl, H,SO,, and HNO, The cation is believed to form complex coordination bonds
with the surface, and leaching them is difficult.

On the other hand, application of concentrated acid solution may damage the structure of
adsorbent. Therefore, mildly acidic solutions are usually employed to release the cation from



Surface Modification of Fe;0, as Magnetic Adsorbents for Recovery of Precious Metals
http://dx.doi.org/10.5772/intechopen.79586

the adsorbent’s surface. People use a complexing agent to release the adsorbed metal cations.
Thiourea and EDTA are of important environmentally friendly complexing agents.

Thiourea solution in 1 M HCl was employed to liberate [AuCl,]" ions that had been adsorbed
by the material [3]. Thiourea has a better affinity than that of thiol and amine groups. It can
form a complex ion with [AuCl,]™ ion to dissolve back into the solution. According to the
HSAB theory, both thiol and [AuCl,]” ion are among the weak bases. A strong coordination
bond forms between thiourea and [AuCl,] ion.

Figure 8 depicts the curve of desorption of [AuCl ] ion by thiourea in 1 M HCl solution at
various concentrations following adsorption by the magnetite modified with a thiol group.
Dilute thiourea solution can only desorb 43 mg/g [AuCl,]" ion of initially adsorbed 68 mg/g
or 60% of the total [AuCl ] ions bond to the surface. Figure 9 displays schematic adsorption

451
40+

351

w
o
1

25+

20+

Desorbed AuCl, ion (mg/g)

15 - "

0 10 20 30 40 50 60 70 80 90
Thiourea Concentration in 1 M HCI (mg/L)

Figure 8. Profile of [AuCl,]" ion desorption by HCl/thiourea at various concentration [3].
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of [AuCl,]” ion by magnetite modified with a thiol group and desorption. The desorption is
done by applying thiourea in HCl solution. The concentration of the thiourea is low. The thiol
group may form a covalent coordination bond with [AuCl ] ion on the adsorbent surface.

7. Summary

Modified magnetic adsorbents have been synthesized and used in the recovery of precious
metals from aqueous solutions. Among the magnetic materials, magnetite is studied widely.
Surface modification of nanoscale magnetite core is crucial to have a better adsorption capac-
ity, stability, and turnover. The key issues of the magnetic adsorbent include size and shape
of the core, choice of surface modification, adsorption capacity, stability, and recyclability.
The size of the magnetite core is also better if it is in the nanoscale rather than in micron
scale. It will improve the contact between pursued ions and adsorbent surface. The surface
modification must have a good affinity toward certain precious metal cations. Many research-
ers attempt to combine adsorption capability and magnetic properties of the magnetite-based
adsorbent for certain metal recovery from the solution. Selective adsorbents are also of interest
for separation of precious metals from a complex system such as industrial waste. Adsorption
selectivity is highly considered for complex matrices. Magnetite core has low stability in
strongly acidic aqueous media. Coating with silica has two advantages, for protection against
the acidic environment and a binding site for further functionalization. A suitable modifica-
tion of the magnetic particles by coating or functionalization using inorganic components or
organic molecules is usually needed.

The synthesis of magnetite as the core material has been established. The use of salts of Fe(II)
and Fe(IIl) with careful stoichiometric calculation is a must. The pH of the magnetic forma-
tion should also be controlled, either by the use of sodium hydroxide or ammonia solution.
In many cases, ammonia can give better homogeneous particles. It may be better to add a
stabilizing agent for reducing aggregation of the magnetite nanoparticle and improve the
stability of the colloid. Coating of magnetite with silica has also been well understood. TEOS
and TMOS are the main choices for the outer shell of the magnetite, although sodium silicate
may work. Silica is a preferable coating since it is resistant to acid and base, which will protect
the magnetite core.

The final surface modification is functionalization of the silica with ligands that will strongly
bind the cations. The end of the modification chain must have a special interaction with the
cations, especially through coordination bonds. The functional groups could be an amine,
carboxylate, thiol, sulfonate, amide, hydroxyl, and so on. Based on reagent availability, the
functional groups determine the selectivity toward certain precious metal cations.

The release of the adsorbed metal cations after being concentrated in the adsorbent can be
realized using acids and strong complexing agents. The acids are usually not desirable since
they can cause the magnetite core to dissolve. Dissolution will damage the structure of the
magnetite, which may not be possible to reuse. Complexing agents such as thiourea and
EDTA can give a better option to minimize the damage to the magnetite-based adsorbents.
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Purification of the recovered metals may be done through well-known processes.
Electrochemical process is the best choice of metallurgy. Other methods by the use of chemi-
cal reduction could also be selected. In the large scale, we can consider blast furnace combined
with a redox reaction. One important point to consider, the use of environmentally friendly
reprocessing of the metals must always be prioritized.

8. Future recommendation and direction

The conventional metal reprocessing uses chemicals that are not environmentally friendly.
The magnetite-based adsorbents offer technology that can reduce the application of toxic
chemicals. The adsorbents give the possibility to reduce, reuse, and recycle for a few times.
The magnetic core of the adsorbent is also readily synthesized with environmentally benign
precursors. The coating with silica protects against acid and base media during application
and recycle. The silica coating can also facilitate the attachment of the functional groups,
which is critical in the modification step.

The current advanced electronic devices utilize the precious metals in their important compo-
nents. The waste of electronic devices grows rapidly along with an increase in smartphone and
PC use. Computer parts like processors, memories, motherboards, hard drives, and CD/DVD
drives contain gold and other precious metals such as silver, palladium, and so on. The conven-
tional gold recovery process uses cyanide ions for complex ion formation and electrolysis. The
current technology attempts to recover gold and other precious metals from computers’” and
smartphones” components by utilizing magnetite nanoparticles. The new magnetic materials
are effective yet environmentally friendly to recover precious metals. The magnetic adsorbents
could also be the future of reclaiming precious metals from the waste of the other industries.

In the magnetic adsorbent development, the magnetite core could be possibly substituted
with other oxides of transition metals such as manganese, cobalt, or nickel if they maintain
strong magnetic characters. However, silica is the main choice for easy coating of the mag-
netic core, which also helps protect the magnetic core from dissolution in the acidic and basic
media. The presence of the ligands on the surface of the magnetite-silica core-shell is critical
for adsorption process. The environmentally safe polymers and simple molecules may be
used to facilitate coordination bond with the target cations. The desorption process must be
done using suitable solutions. The solution for desorption should leave the adsorbent in good
shape for further reuse and turnover. The present technology available for purification of the
recovered metals may apply electrochemical, chemical, and thermal processes.

Symbols and abbreviations

AFM atomic force microscopy

APTMS aminopropyl trimethoxysilane
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DEG
EDTA
EDA-MMA-OA
EDX
JCPDS
MPTS
NPs
PVA
9e
SEM
TEOS
TEM
VSM
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Roto Roto

diethylene glycol

ethylenediamine tetraacetate

ethylenediamine, methyl methacrylate, and oleic acid
energy dispersive X-ray spectroscopy

Joint Committee on Powder X-ray Diffraction Standards
mercaptopropyltrimethoxysilane

nanoparticles

polyvinyl alcohol

maximum capacity of adsorbent (mg/g)

scanning electron microscopy

tetraethyl orthosilicate

transmission electron microscopy

vibrating sample magnetometer
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