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Abstract

(3-Aminopropyl) triethoxysilane (APTES) modified magnetic graphene oxide was synthesized and applied in the adsorption
of three heavy metals, Pb(I), Cd(II) and Ni(II) from aqueous solution. An approach to prepare magnetic GO was adopted by
using (3-aminopropyl) triethoxysilane (APTES) as a functionalizing agent on magnetic nanosilica coupled with GO to form
the Fe;0,@8Si0,-NH,/GO nanocomposite. FT-IR, XRD, BET, UV, VSM, SAXS, SEM and TEM were used to characterize
the synthesized nanoadsorbents. Batch adsorption studies were conducted to investigate the effect of solution pH, initial
metal ion concentration, adsorbent dosage and contact time. The maximum equilibrium time was found to be 30 min for
Pb(II), Cd(II) and 60 min for Ni(II). The kinetics studies showed that the adsorption of Pb(II), Cd(II) and Ni(II) onto Fe;O,@
S10,-NH,/GO followed the pseudo-second-order kinetics. All the adsorption equilibrium data were well fitted to Langmuir
isotherm model and maximum monolayer adsorption capacity for Pb(II), Cd(II) and Ni(IT) were 13.46, 18.58 and 13.52 mg/g,
respectively. The Fe;0,@Si0O,—NH,/GO adsorbents were reused for at least 7 cycles without the leaching of mineral core,
showing the enhanced stability and potential application of Fe;0,@SiO,—~NH,/GO adsorbents in water/wastewater treatment.
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1 Introduction

The widespread contamination of clean water resources
by toxic, non-biodegradable heavy metal ions occurs from
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manifold anthropogenic activities [1, 2]. The most common
heavy metals found in contaminated surface, ground and
industrial wastewater include, lead, mercury, chromium,
arsenic, cadmium, zinc, copper and nickel [3-5]. Most of
these heavy metals are carcinogenic and negatively impact
human health even when present in very small concentra-
tions [6, 7]. According to the World Health Organization
(WHO) standards, the maximum permissible limits in
drinking water for Pb(II), Cd(IT) and Ni(II) are 0.01 mg/L,
0.03 mg/L and 0.07 mg/L respectively [8—10]. A variety
of wastewater treatment methodologies, including precipi-
tation, reverse osmosis, ion exchange and adsorption have
been investigated as potential remediation techniques. The
adsorption process tops the list of these techniques largely
because of simplicity of design, low-cost adsorbents and
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regenerability of the adsorbents. The growing need for the
development of effective, environmentally- friendly and
cost effective nano-sized adsorbent materials for the adsorp-
tion of heavy metal ions during wastewater treatment has
drawn much attention in the scientific research fields [11].
Therefore, the synthesis and application of nanocomposites
consisting of graphene oxide (GO) and magnetic nanoparti-
cles gained great attention in the previous decade [12]. The
hydrophilic GO exhibits unique physicochemical properties
and high surface area due to oxygen moieties on its basal
planes and edges. GO has been explored and functionalized
for use as an adsorbent in water/wastewater treatment pur-
poses. Studies have shown the presence of a variety of func-
tional groups such as epoxy (C—O-C), hydroxyl (-OH), car-
boxyl (<COOH) and carbonyl (C=0) on the surface of GO
which affords further modification and eventually promotes
covalent bonding of desired organic groups on GO surface
[8, 13—15]. Although GO has good adsorption properties, it
still faces post-treatment recovery and long separation time
challenges because of its great dispersion in aqueous solu-
tion which results in the formation of stable colloidal sus-
pensions. Furthermore, the layers in GO aggregate due to
strong inter-planar interactions leading to reduced metal ion
adsorption capacity. Magnetic graphene oxide nanocompos-
ites possess a combination of magnetic properties and high
surface area. Therefore, the inclusion of low toxicity, highly
magnetic and biocompatible magnetic nanoparticles intro-
duces the advantage of easy separation, wherein the mag-
netic nanoadsorbent can be separated easily in the presence
of an external magnetic field [16—18]. In a previous study,
Fe;0, was incorporated with GO/polyethylenimine (PEI), to
obtain RGO/PEI/Fe;0,. The nanocomposite showed a high
removal ability on Cr(VI) through adsorption and reduction
and excellent magnetic collectability from aqueous solution
[19]. A novel functional and magnetic hybrid nanocompos-
ite comprising of graphene oxide (GO)-wrapped magnet-
ite (Fe;0,) nanoclusters (Fe;0,@GO) by electrostatically
driven co-assembly was reported. The nanocomposite was
shown to exhibit maximum adsorption capacities of 131.10,
34.50 and 39.95 mg/g for methylene blue (MB), rhodamine
B (RhB) and methyl orange (MO), respectively [16]. An
efficient 2-mercapto-5-phenylamino-1,3,4-thiadiazole
(2-MPATD) modified magnetic graphene oxide was also
reported and the nanocomposite were successfully used for
the preconcentrative determination of inorganic mercury,
Hg(II) ions in water and seafood samples [20]. Accord-
ingly, the aim of this study was to comparatively evaluate
the adsorption and quantification of Pb(II), Cd(I) and Ni(II)
ions in aqueous solution by applying (3-Aminopropyl) tri-
ethoxysilane (APTES) functionalized magnetic graphene
oxide (MGO). APTES possess nitrogen-containing func-
tional groups that have a strong coordination ability with
heavy metal ions. Hence, modification of MGO with APTES
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enhances stability and improves other properties such as
selective adsorption of metal ions from aqueous solution
[21]. To the best of our knowledge, there are no previous
literature studies on the comparative adsorption of the heavy
metals Pb(II), Cd(IT) and Ni(II) using APTES functional-
ized magnetic graphene oxide (MGO) nanocomposites. The
investigated adsorption and desorption behaviour of syn-
thesized nanocomposite material showed that the adsorbent
materials were influenced by changes in pH and metal ion
concentration. The metal ion adsorption on the Fe;0,@
Si0,-NH,/GO adsorbent followed the order Pb(IT) ~ Cd(II)
" Ni(II) due to the presence of functional groups that have a
high affinity for Pb(IT) and Cd(II) compared to Ni(Il) ions.

2 Experimental
2.1 Materials and Chemicals

Graphite powder, ammonia solution, conc. H,SO, (98%),
H,0, (30%), KMnO, powder, NaNO, ferric chloride hydrate
(FeCl;-6H,0), ferrous chloride tetrahydrate (FeCl,-4H,0),
(3-Aminopropyl) triethoxysilane (APTES), tetraethyl ortho-
silicate (TEOS), Ethanol and NH,OH (25 wt%) were pur-
chased from Sigma Aldrich, South Africa. Metal ion salts,
Pb(NO;),, Cd(NO3), and NiSO,.6H,0 were purchased from
Sigma Aldrich, S.A. All other chemicals in analytical purity
were used as supplied without further purification. Distilled
water was used for the preparation of the metal ion stock
solutions.

2.2 Synthesis of Fe;0, MNPs

Fe;0, nanoparticles were prepared from the iron salts fol-
lowing the chemical coprecipitation method with minor
changes [22]. Accordingly, FeCl;-6H,0 (12.54 g) and
FeCl,-4H,0 (5.86 g) were dissolved in 300 mL deionized
water in 500 mL three-necked flask under an inert N, atmos-
phere at 40 °C using a magnetic stirrer. Thereafter, 50 mL
ammonium hydroxide, NH,OH (25 wt%) was added gradu-
ally into the iron mixture solution under vigorous stirring at
an elevated temperature of 60 °C. The reaction temperature
was raised to 80 °C and the mixture stirred at pH 10.0 for
2 h. After 2 h, the precipitated dark brownish Fe;O, nano-
particles were magnetically separated using an external mag-
net and washed six times with deionized water and ethanol,
then dried in a vacuum oven for 12 h.

2.3 Synthesis of GO

The synthesis of GO was conducted following the Modi-
fied Hummers’ method with minor modifications [23, 24].
Graphite powder (3.2 g) and NaNO; (3.2 g) were added into



Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:2235-2248 2237

98% H,SO, (140 mL) in an Erlenmeyer flask (800 mL), in
an ice-bath (* 10 °C) with constant stirring. After stirring
the mixture for 4 h at this temperature, KMnO, (18.5 g)
was gradually added to the suspension under stirring for 1 h
below 15 °C. To the crude mixture, 300 mL distilled water
was gradually added, and the mixture stirred for 2 h. The
temperature was raised to 35 °C under constant stirring for
2 h. Subsequently, 60 mL of a H,0, (30%) aqueous solu-
tion was added, and the mixture changed colour from dark
brown to yellow. The resulting mixture was centrifuged at
4400 rpm for 20 min and then washed repeatedly with 5%
HCI solution and then deionized water several times until a
neutral pH value of the gel-like substance. After centrifuga-
tion the gel-like substance was vacuum dried at 70 °C to
give GO powder.

2.4 Synthesis of Fe;0,@Si0,-NH,

The synthesis of Fe;0,@SiO,-NH, was done through a
reflux method [25] with slight modifications. 2.5 g of the
Fe;0,@Si0, was dispersed in 100 mL of anhydrous toluene
in an ultrasonicator for 30 min. To the dispersed Fe;0,@
Si0,, 1.5 mL APTES was gradually added. The mixture was
refluxed for 6 h at 80 °C under an inert nitrogen atmosphere.
The final product was washed three times with ethanol and
distilled water, dried in a vacuum oven at 70 °C to obtain
Fe;0,@Si0,-NH,.

2.5 Synthesis of Fe;0,@Si0,-NH,/GO
Nanocomposites

The cross coupling of Fe;0,@Si0,-NH, and GO through
a covalent bond formation (amide bond) was conducted by
modifying a previous method [3]. 1.5 g GO was dispersed
in 350 mL of deionized water in a 500 mL conical flask and
ultrasonicated for 1 h. To the GO/water dispersion, 0.5 g of
N-(3-dimethylamino propyl)-N-ethyl carbodi-imide hydro-
chloride (EDC) and 0.3 g N-hydrosuccinimide (NHS) were
added and the mixture vigorously stirred for 2 h. To the
mixture, 3.5 g of Fe;0,@SiO,~NH, dispersed in water/tolu-
ene (2:1) was gradually added under rigorous stirring. The
reaction mixture was stirred and further refluxed at 110 °C in
a preheated oil bath for 1 h and heated in a Teflon-lined auto-
clave for 2 h at 150 °C, cooled and magnetically separated.
The final product (Fe;O,@SiO,-NH,/GO) was washed with
water several times and dried for 48 h at 60 °C.

2.6 Adsorption Experiments

In this study, equilibrium adsorption of Pb(Il), Cd(II) and
Ni(II) on Fe;O,@Si0O,~NH,/GO was conducted out in poly-
ethylene tubes containing 30 mL of aqueous solution. Vari-
ous metal ion concentrations and pH values with a constant

temperature of 25 °C, using an orbital shaker operating at an
agitation speed of 150 rpm were applied. Serial dilutions of
the 1000 mg/L stock solutions of metal salts Pb(NO;), for
Pb(II), Cd(NO;), for Cd(II) and NiSO, for Ni(II) were con-
ducted respectively. The initial concentrations of the three
heavy metal ions were from 10 to 50 mg/L. 30 mg Fe;0,@
Si0,—NH,/GO were weighed into each polyethylene tube
containing 30 mL of aqueous solution for adsorption stud-
ies. To study the effect of pH values, the aqueous pH was
adjusted to the desired range by making use of 0.1 M HCI
and 0.1 M NaOH solutions. After magnetic separation and
filtration, the solution was analysed for metal ion concen-
tration and ion adsorbed on the adsorbent at equilibrium
time using inductively coupled plasma mass spectrometry
(Nexion 350D ICP-MS/HDC system, Perkin Elmer). The
amount of metal ion adsorbed on Fe;0,@Si0,-NH,/GO
adsorbent at equilibrium time, g,, was calculated following
the equation:

q,=V(C,~C,)/m (1)

where C, is the initial concentrations (mg/L) of the metal
ion, C, is the concentrations (mg/L) of metal ion in solution
after the adsorption, V is the volume of solution (L), and m
is the mass (g) of Fe;0,@Si0,-NH,/GO.

The percentage ion removal was calculated using Eq. 2;

Removal rate (%R) = 100 x (C, —C,)/C, )

where C, is the initial concentration of dye solution (mg/L)
and C, is the final concentration (mg/L) after the adsorption
process.

The adsorption capacity was calculated from the mass
of the adsorbent and the volume of the metal ion solution
using Eq. 3;

Adsorption capacity, q(mg) = V x (C,_C,)/m 3)

where m is the dose of adsorbent (mg) and V is the volume
of the metal ion solution (L).

2.7 Regeneration and Reusability Studies

Desorption experiments were conducted by mixing 30 mg
of the Fe;0,@Si0,-NH,/GO material containing adsorbed
metal ions, Pb(II), Cd(II) and Ni(II) with 30 mL 0.1 M
HNOj;. The mixture was shaken for 3 h at 180 rpm at room
temperature and magnetically separated through the appli-
cation of an external magnetic field. The adsorbent mate-
rial was rinsed with de-ionized water and dried overnight
at 60 °C and reused for the adsorption studies. This proce-
dure was repeated 7 consecutive times. The concentration
of metal ions in the filtrate was determined by using the
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inductively coupled plasma mass spectrometry (ICP-MS)
(Perkin Elmer).

2.8 Adsorbent Characterization

The crystalline structure and phase purity of the nanopar-
ticles were identified using the X-ray diffraction (XRD)
patterns recorded using Rigaku Smart Lab X-Ray Dif-
fractometer at room temperature using Cu-Ko radiation
(A=0.154059 nm) operated at 45 kV and 200 mA in the
20 range of 5-80° and a scan speed of 2°/min. Small-angle
x-ray scattering (SAXS) spectroscopy was performed with
SAXS Spectrometer from Anton-Paar, South Africa. The
X-ray scattering spectra were plotted with a SAX drive
software. GIFT software was used to Fourier transform the
scattering data to obtain the pair distance distribution func-
tion (PDDF) and size distribution spectra. A Lambda 650S
UV-Vis spectrophotometer (Perkin—Elmer) was used for
UV-Vis measurements. Magnetic properties were measured
using the Vibrating Sample Magnetometry at room tempera-
ture (VSM). The surface morphologies of the synthesized
materials were obtained on a JOEL JSM-7800F Field Emis-
sion Scanning Electron Microscope (FESEM) coupled with
Thermo Scientific Ultra dry EDS detector. High-resolution
transmission electron microscopy (HRTEM) images of pow-
ders were taken using a Tecnai TF20 at an acceleration volt-
age of 200 kV. The zeta potential was measured at various
pH with Malvern Nanosizer ZS (Malvern, UK).

3 Results and Discussion
3.1 FTIR Analysis

Fe;0,@S10,-NH,/GO nanocomposite were synthesized
through an immediate bioconjugation that involved the for-
mation of amide bonds between amine groups of APTES
and the carboxyl functionality of GO. The functionalities in
the nanomaterials were confirmed through FTIR measure-
ments shown in Fig. 1.

Fe;0, clearly reveals the presence of a strong band at
576 cm™! corresponding to the stretching vibration of the
Fe-O [26]. The other two bands observed at 1642 and
3449 cm™! arises due to Fe~OH bending and O-H stretch-
ing vibrations from the adsorbed water molecules on the
silica shell. The coating of Fe;O, nanoparticles with silica
and further modification with an amine group showed peaks
at 1087 cm™" and 459 cm™! which were a result of asymmet-
ric stretching vibrations of the Si—O-Si bond, the symmet-
ric stretching of Si—~O-Si, and the bending vibration of the
Si—OH bond, respectively [27]. The C—H stretching vibra-
tion of the hydrocarbon chains from APTES was depicted
by the peak at 2357 cm™!. The reaction of amino group from
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Fig.2 UV spectra of the nanocomposites GO and Fe;0,@SiO,-NH,/
GO

Fe;0,@8Si0,-NH, and the carboxyl functionality from the
GO nanosheets through an amide bond formation resulted
in the formation of Fe;0,@SiO0,—~NH,/GO (Fig. 1). The
new and characteristic band at 1628 cm™! corresponds to
the amide carbonyl group ((CONH) which confirms the
successful covalent bonding of the Fe;O,@SiO,-NH, to
the GO nanosheets. The band at 3449 cm™! and 3442 cm™!
showed that the synthesized adsorbents have suitable sur-
faces for hydrogen bonding interactions [28]. Oxygen func-
tional groups in GO confirmed by characteristic bands at
3442 cm™' (O-H stretching vibrations) and at 1084 cm™!
(C-O stretching vibrations).

3.2 UV-Vis Spectra for the Nanocomposites

The UV-Vis spectra for GO and Fe;0,@Si0,-NH,/GO
(Fig. 2) shows the maximum absorbance peaks at A,
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248 nm and 253 nm, respectively. These two spectra con-
firmed the successful synthesis of GO and its presence in the
Fe;0,@Si0,-NH,/GO nanocomposite. The characteristic
peak of GO observed at 248 nm, originate from the 1 — n*
transitions that occur in aromatic C—C and C=C bonds found
in sp* hybrid centres of GO [29, 30]. Fe;0,@Si0,-NH,/
GO spectrum showed typical results due the presence of
dominant and characteristic groups of GO in the nanocom-
posite, therefore the major peak observed at 253 nm can be
attributed to the n—n* transitions of the C=0 bonds in sp*
hybrid domains.

3.3 VSM Measurements

The magnetic properties of Fe;0, and Fe;0,@SiO,—~NH,/
GO were measured by VSM at room temperature (Fig. 3).
The hysteresis loops showed ferromagnetic behaviour of the
synthesized nanocomposites. Magnetic saturation values are
68.5 and 29 emu/g for Fe;O, and Fe;0,@Si0,-NH,/GO,
respectively. Data analysis of the saturation magnetization
values revealed a decrease from 68.5 to 29 emu/g. This trend
indicated the influence of silica coating on the surface of
Fe;0, and subsequent amino functionalization (Fe;0,@
Si0,-NH,/GO) on the magnitude of magnetic saturation.

The degree of saturation magnetization showed the
favourable extent of magnetic separation of the Fe;0,@
Si0,—NH,/GO adsorbent from aqueous solution when an
external magnetic field is applied.

3.4 XRD Analysis

The XRD results (Fig. 4), show that the phase structure of
GO in Fe;0,@8Si0,-NH,/GO nanocomposites becomes
amorphous from the hybridization. Furthermore, the domi-
nant diffraction peaks at 20 =35.6°, 43.3°,57.0° and 62.6°
in Fe;0,@Si0,-NH,/GO can be assigned to (311), (422),
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60 -
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Fig.3 Magnetic hysteresis loops of Fe;O, and Fe;0,@SiO,-NH,/
GO measured at room temperature

A Fe3;4@8i02-NHZIGO
m ” N Fe304@Si02-NH2

Intensity (a.u)
(1.
(31 f
o)
o

20 (degrees)

Fig.4 XRD spectra of Fe;0,, GO, Fe;0,@8Si0,~NH, and Fe;0,@
Si0,-NH,/GO

(511) and (440) crystal planes of Fe;O,4, respectively. These
characteristic peaks are in agreement with the JCPDS card
(19-0629) [31]. Also, the intense peak (311) shows the order
and growth of crystalline planes follows a similar diffraction
pattern to that of Fe;0, core with no significant changes,
except for the decrease in peak intensity of Fe;0, from the
formation of amorphous structure of silica coating on the
Fe;0, nanoparticles. The structural arrangement, oxida-
tion degree and phase purity of the nanocomposites were
observed from the XRD data. The average particle size (L)
of Fe;0, nanomaterial estimated from breadths of reflection
of the (311) peak at 20=35.6° according to the Scherrer
equation was 13.5 nm.

KA
_ﬂcos9 )

where K is the shape factor usually assigned as 0.9, A is the
wavelength used (1.54 06), and p is the full width at half-
maximum (in rad) of the diffraction peak. The respective
peak intensities of spectra in (Fig. 4) do not exhibit wide-
spread topological structural variation from the composition
of pure Fe;O, upon coating and functionalization showing
that the magnetic nanoparticle phase in most samples (with
exception of GO) has the dominant mass contribution. Lit-
erature studies confirmed that the XRD diffraction peak at
20=11.6° can be assigned to (002) [32].

3.5 SEM Analysis

The surface morphologies of the synthesized materi-
als were examined by field emission scanning electron

@ Springer
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Fig.5 SEM of a Fe;0,, b Fe;0,@Si0,, ¢ Fe;0,@Si0,~NH,, d GO and e Fe,0,@Si0,~NH,/GO

microscopy (FE-SEM, JEOLJSM-7000F) as shown in
Fig. 5a—e. FE-SEM results for Fe;O,, (Fig. 5a) show the
aggregated and semi-spherical Fe;O, particles because of
strong magnetic dipole—dipole attractions between par-
ticles [33]. Slight changes were observed in the surface
morphology for the silica coated Fe;0,@Si0O, (Fig. 5b)
and amino functionalized magnetic nanosilica (Fe;0,@
Si0,-NH,) nanocomposites. After functionalization,
there was an observed increase in the surface rough-
ness (Fig. 5¢). The GO image (Fig. 5d) shows a sheet-
like structure of synthesized GO, with rough and regular
external surfaces decorated with wrinkles. These wrinkles
are loaded with reactive oxygen functional groups [34].
Fe;0,@Si0,-NH,/GO adsorbent material (Fig. 5Se) shows
a rough external surface due to the attachment of amino
functionalized magnetic nanosilica (Fe;O0,@SiO,—-NH,) on
the surface of GO sheets through amide bond formation
(—CONH). The presence of amide bonds ensures the stabil-
ity of the Fe;0,@Si0,-NH,/GO nanocomposite material.
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3.6 TEM Analysis

The internal morphology of the nanocomposites Fe;0,,
Fe;0,@Si0,-NH,, and Fe;0,@SiO0,-NH,/GO (Fig. 6a—c)
were studied using HRTEM and showed the spherical shape
of the magnetic nanoparticles with an average particles size
ranging from 12 to 18 nm [35]. The Fe;O, nanoparticles
(Fig. 6a) showed enhanced particle aggregation compared
to the silica coated and amino functionalized magnetic nano-
silica, Fe;0,@Si0,-NH, (Fig. 6b). Image] software was
used to calculate the average particle size by measuring the
diameters of 100 nanoparticles each of Fe;0, and Fe;0,@
SiO,—NH, nanoparticles, respectively. The amino function-
alized magnetic nanosilica were successfully deposited on
the surfaces of GO sheets through amide bond (-CONH)
formation as shown in Fig. 6e. Fe;O0,@Si0O,-NH, nanopar-
ticles are attached onto the GO sheets, where characteristic
wrinkles are present. The wrinkles are widely dispersed in
areas with abundant oxygen groups (Fig. 6¢). The distri-
bution curves (Fig. 6d, e) showed the average particle size
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Fig.6 TEM of a Fe;0,, b Fe;0,@SiO,—NH, and ¢ Fe;0,@SiO,~NH,/GO and particle size distributions for d Fe;O, and e Fe;0,@SiO,-NH,

of 13.5 nm for Fe;O, nanoparticles and 17 nm for amine
functionalized magnetic nanosilica, Fe;O,@SiO,—NH,, con-
firming the presence of additional material embedded on the
magnetite core.

3.7 BET N, Adsorption-Desorption Analysis

The N, adsorption—desorption isotherms curves of Fe;0,
nanoparticles and Fe;0,@SiO,-NH,/GO nanocomposite are
shown in Fig. 7. These isotherms were measured at 77 K.
The measured BET surface areas of the Fe;0, nanoparticles
and Fe;0,@Si0,-NH,/GO adsorbent material were 19.76
and 34.48 m%/g, respectively. Therefore, the microporous
Fe;0,@Si0,-NH,/GO adsorbent showed a specific surface
area (34.48 m%/ ) due to APTES functionalization, total pore
volume (5.84 cm?/g) and average pore diameter (19.58 nm)
compared to less porous Fe;O, (Table 1). Adsorbents with

80
- [ ]
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w
& 604
A |
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& 40 -
8 I
3\ [ ]
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Fig.7 Nitrogen adsorption—desorption isotherms of Fe;O, and
Fe;0,@8Si0,-NH,/GO nanocomposite at 77 K
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Table 1 Experimental data on textural properties of Fe;O, and
Fe,0,@Si0,-NH,/GO

Magnetic material Specific surface Pore Total pore
area gy (m%/g')  diameter  volume
(nm) (em™ g)
Fe;0, 19.76 32.24 2.96
19.58 5.84

Fe,0,@Si0,-NH,/GO  34.48

a high surface area and porous structure usually show an
increased adsorption capacity for the target adsorbates.

The BET specific area, pore diameter and total pore
volume indicated the presence of mesoporous Fe;0,@
Si0,-NH,/GO adsorbent material since its pore diameter is
less than 50 nm. This therefore indicates that the adsorption
of Pb(II), Cd(II) and Ni(IT) from aqueous solution will be
greatly enhanced following the increased pore volume and
large surface area of Fe;0,@SiO,-NH,/GO. The reduction
in pore diameter with increase in surface area and pore vol-
ume is characteristic with literature studies [36, 37].

3.8 SAXS Analysis

Small-angle X-ray scattering (SAXS) measurements were
used to confirm pore morphology, particle size distribution
and architecture within the nanocomposites [38]. The results
from the SAXS analyses of Fe;0,@Si0,-NH,/GO were
Fourier-transformed, using the GIFT software, into a pair
distance distribution function (PDDF) as presented in Fig. 8.
The material exhibited a characteristic dumbbell shaped
PDDF spectrum at the beginning, with maximum radii of
10.17 nm and 44.64 nm. Unsymmetrical shape of its PDDF
indicates a great deal of aggregation of smaller particles.

10.17 nm [-#— Fe,0,@S5i0,-NH./GO|
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Fig.8 Small-angle X-ray scattering (SAXS) spectrum showing of
Pair-distance distribution function (PDDF) for Fe;0,@Si0,-NH,/GO
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3.9 Adsorption Experiments
3.9.1 Zeta Potential Measurements

The zeta potential measurements were conducted on the
Fe;0,@Si0,-NH,/GO adsorbent within a pH range of
3-11 (Fig. 9). Very low pH conditions increased protona-
tion of functional groups on GO sheets and amine groups of
the adsorbent to give -NH;* active sites [39]. The resulting
electropositivity of Fe;0,@Si0,-NH,/GO reduced the rate
of adsorption and subsequently the Pb(II), Cd(II) and Ni(IT)
removal efficiency. The isoelectric point was found for ~ pH
4.8, therefore, Fe;0,@Si0,—~NH,/GO possesses a negative
charge <4.8 and possess a positive charge >4.8.

3.9.1.1 Effect of Solution pH The pH is a key factor to be
evaluated in the adsorption process that occurs between
adsorbent and adsorbate particles. Furthermore, the surface
binding sites on the adsorbent will be exposed more effec-
tively for adsorbing the adsorbate depending on the acidic or
alkaline nature of the media [40]. pH affects the adsorption
process by influencing the level of protonation of the func-
tional groups on the adsorbent surface and alters the surface
charge of the adsorbent [41]. The metal removal efficiency
increased with increasing pH until weak acidic to neutral
pH range (Fig. 10a). The optimum pH for the removal of the
metal ions were pH 6 for Ni(Il) and 7-7.5 for both Cd(II)
and Pb(II). The maximum percentage removal efficiencies
were 69.92% for Pb(Il), 66.57% for Cd(II) and 56.59% for
Ni(Il), respectively. The pH of natural water is usually in the
neutral range [42]. From the pH studies, the Fe;0,@Si0,@
NH,/GO adsorbent showed metal ion adsorption affinity in
the trend Pb(Il) * Cd(II) * Ni(II). At low pH values (* 7),
there will be great competition for the negatively charged
active sites on the adsorbent between the positively charged

3
,
14
=
E0D
= 11 \-
s
g2
=8 _—
£ -3 .\.\
@
N, ] \
5
'6 T T T T
2 4 6 8 10 12

pH

Fig.9 Zeta potential measurements for Fe;0,@Si0,-NH,/GO
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divalent metal ions and the hydrogen ions in solution, there-
fore, the following species of Pb(II) exist in solution Pb(II),
Pb(OH)*, Pb(OH),, Pb(OH);~ and Pb(OH),>~ [43—45].
At alkaline pH ranges (>7), there were other Pb(Il) spe-
cies in solution, among them being Pb(OH)* and Pb(OH),.
Accordingly, the negatively charged adsorbent surface elec-
trostatically attracted Pb(Il) in a selective way [46]. Various
species of Cd(II) exist in solution and their proportions dif-
fer depending on the solution pH, among them are Cd(II),
Cd(OH)*, Cd(OH),, and Cd(OH); with the Cd(Il) being
the dominant species at acidic pH values. The Ni(Il) spe-
cies in aqueous environment were shown to be dependent
on pH changes. At different pH values, the Ni(II) exists
as Ni(OH)*, Ni(OH),>~, Ni(OH);"and Ni(OH),°, with the
Ni(I) and Ni(OH)"as the predominant species at low pH
ranges [47].

3.9.1.2 Effect of Initial Metal lon Concentration The
effect of initial metal ion concentration in the adsorption
of PbI), Cd(Il) and Ni(Il), onto Fe;0,@Si0,-NH,/GO
was studied from 10 to 50 mg/L at a pH of 7-7.5 for Pb(I)
and Cd(II) and pH 6 for Ni(Il). The concentration stud-
ies showed a favourable initial concentration of 10 mg/L

(Fig. 10b) for all the three metal ions. From Fig. 10b, the
adsorption increased at a low metal ion concentration due
to a good number of binding sites on the Fe;0,@SiO,—
NH,/GO adsorbent, reaching 97.5%, 92.5% and 81.3%
for Pb(II), Cd(II) and Ni(Il), respectively [48]. Further
increase in initial metal ion concentration had no effect
on the adsorption due to saturation of binding sites on the
adsorbent surface [4].

3.9.1.3 Effect of Adsorbent Dosage The influence of adsor-
bent dosage on the adsorption of the metal ions Pb(II),
Cd{D) and Ni(II), ranging from 10 to 50 mg at room tem-
perature and constant initial metal ion concentration was
investigated (Fig. 10c). There was an increase in percentage
removal for metal ions with increase in adsorbent dosage
due to the availability of more adsorption sites on the adsor-
bent for metal ion adsorption [45]. This increase in trend
reached an equilibrium point at 40 mg of adsorbent dose for
Pb(II) and Cd(II), while a constant trend in the adsorption of
metal ions with increase in adsorbent dosage was shown for
Ni(II). The functional groups on the synthesized Fe;O,@
Si0,-NH,/GO adsorbent showed selective adsorption for
Pb(II) and Cd(II) ions compared to Ni(II) ions.
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3.9.1.4 Effect of Contact Time The effect of contact time
of adsorption properties of Fe;O,@SiO,—~NH,/GO adsor-
bents was investigated. Figure 10d shows the results of the
influence of contact time (10, 30, 60, 120, 240 min) on the
removal efficiency of Pb(Il), Cd(Il) and Ni(Il). Maximum
removal for Pb(II) and Cd(II) were attained within 30 min
contact time, while Ni(II) took 60 min to reach maximum
removal. This was due to the availability of more adsorp-
tion sites on the Fe;0,@Si0O,—NH,/GO surface at the initial
stages. Further increase of contact time did not influence
the adsorption of metal ions much because the adsorption
sites were already saturated [49]. This was evidenced by
the decrease in removal efficiency with increase in contact
time from 60 to 240 min. The decrease in removal efficiency
with increase in time showed that once the saturation point
is reached, further increase in time could no longer influ-
ence the adsorptive performance properties of the adsorbent
material.

3.9.2 Comparative Adsorption

The comparative adsorption data (Fig. 11) for the metal
ions Pb(Il), Cd(II) and Ni(II), on Fe;0,@Si0O,, Fe,0,@
Si0,-NH, and Fe;0,@Si0,-NH,/GO showed var-
ied degrees of affinity for Pb(II), Cd(II) and Ni(II) ion
adsorption. All the three synthesized adsorbents showed
increased metal ion adsorption with increase in the initial
pH until circumneutral range. Furthermore, the acidic pH
promoted protonation of functional groups on the adsor-
bent, while the alkaline pH promoted metal ion precipita-
tion, therefore, the circumneutral pH favoured metal ion
removal from aqueous solution [42, 50]. The removal
efficiency of the metal ions by adsorbents occurred in the

100 +

80 4

60

40

Removal efficiency (%)

20

FedO4m 5102 FedO4@5i02-NH2 Feldd ®@502-NHV'GO

Adsorbent

Fig. 11 Comparison of removal efficiency of Pb(II), Cd(Il) and Ni(II)
by Fe;0,@Si0,, Fe;0,@SiO,~NH, and Fe;0,@SiO,-NH,/GO
adsorbents. Initial concentration of 10 mg/L; adsorbent dose: 30 mg;
Vol: 30 mL; pH 7-7.5 for Pb(II), Cd(II) and pH 6 for Ni(II) at room
temperature
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order Pb(I) * Cd(II) * Ni(II) confirming enhanced chela-
tion for Pb(II) compared to Cd(II) and Ni(II) ions. The
increase in binding sites on the adsorbent surface increased
in the order: Fe;0,@SiO, * Fe;0,@Si0,-NH, “ Fe;0,@
Si0,-NH,/GO due to presence of more functionalities.
Therefore, Fe;0,@Si0,—-NH,/GO exhibited better adsorp-
tion performance for Pb(II), Cd(II) and Ni(II) ions than
Fe;0,@Si0,-NH, and Fe;0,@Si0,. From the results,
amino groups from APTES and different functionalities
on GO played the major roles in the removal of Pb(II),
Cd(II) and Ni(II) ions through chelation.

3.9.3 Regeneration and Stability of Adsorbent

The reusability and stability of an adsorbent are critical
factors in the wastewater treatment process. Therefore, the
adsorption capacity and level of desorption of the adsor-
bent under favourable conditions provides information on
the potential regeneration and reusability of the adsorbent
[25]. The results of this investigation showed the suitabil-
ity of the Fe;0,@Si0,~NH,/GO adsorbent for the adsorp-
tion of both Pb(II) and Cd(II) ions compared to Ni(II) ions.

The adsorbent material Fe;O0,@SiO,-NH,/GO showed
a steady decrease in removal efficiency from 97.5, 92.5 and
81.3% for the metal ions Pb(II), Cd(II) and Ni(II), starting
from their first absorption—desorption cycle until the seventh
cycle (Fig. 12). This decrease was ascribed to the decreasing
adsorption sites on the adsorbent surface due to corrosive
effect of the 0.1 M HCl used during desorption [51]. A close
assessment of the adsorption—desorption cycles showed
some reusability, chemical stability, and great application
potential for Fe;O,@Si0,-NH,/GO adsorbent in metal ion
removal processes from water/wastewater.
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Fig. 12 Removal efficiency of Pb(Il), Cd(II) and Ni(II) on Fe;O0,@
Si0,-NH,/GO adsorbents after 7 repetitive cycles
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3.9.4 Adsorption Isotherms

To investigate the equilibrium concentration of a solute on
the surface of an adsorbent to the concentration of the solute
in the liquid, at a specific temperature, both Langmuir and
Freundlich adsorption isotherms (Fig. 13a, b) were applied.
The Langmuir adsorption isotherm describes the forma-
tion of a monolayer adsorbate on the outer surface of the
adsorbent material [52]. Langmuir isotherm only holds true
for monolayer adsorption onto a surface containing a finite
number of identical sites. The model assumes uniform ener-
gies of adsorption onto the surface and no transmigration of
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Fig. 13 a Langmuir isotherm and b Freundlich isotherm for adsorp-
tion of Pb(Il), Cd(II) and Ni(II) Fe;0,@SiO,—NH,/GO

adsorbate in the plane of the surface. Langmuir isotherm is
represented by the following equation:

1/qe = 1/Q0+ 1/Q0KLC€ (5)

where C, is the equilibrium concentration of adsorbate
(mg/L), g, is the amount of metal adsorbed per gram of the
adsorbent at equilibrium (mg/g), Q, is the maximum mon-
olayer coverage capacity (mg/g) and K; is the Langmuir
isotherm constant (L/mg).

The values of ¢, and K; were calculated from the
slope and intercept of the Langmuir plot of C, versus Ce/
q, (Fig. 13a). The Langmuir isotherm (R)? values were
0.99956, 0.99461 and 0.98876 for Pb(II), Cd(II) and Ni(Il),
respectively. Furthermore, the equilibrium parameter R;,
which is a dimensionless constant known as the separation
factor or equilibrium parameter expresses the essential fea-
tures of the Langmuir isotherm.

R = L

"7 1+ (14K, Co) 6)
where C is the initial concentration, K; is the Langmuir
constant related to the energy of adsorption. The R; value
indicates the adsorption nature to be either unfavourable if
Ry > 1, linear if R; =1, favourable if 0 <R; <1 and irrevers-
ible if R; =0. In this study, the R; values of Pb(II), Cd(II)
and Ni(II) were 0.0727, 0.1003 and 0.2033, respectively.
Therefore, the adsorption nature was favourable with Lang-
muir isotherm for all the three metal ions since their values
were within the range 0° R, 1.

The Freundlich isotherm focuses on the adsorption on a
heterogeneous surface of the adsorbent material [53]. The
data for the Freundlich isotherm is often represented by the
empirical equation:

1/n

q.=K;(C,) @)

where K is the Freundlich isotherm constant (mg/g), n is the
adsorption intensity, C, is the equilibrium concentration of
adsorbate (mg/L) and g, is the amount of metal adsorbed per
gram of the adsorbent at equilibrium (mg/g). The Freundlich
isotherm for this study (Fig. 13b) coupled with the results
from Table 2 showed the unfavorability of this isotherm for
the results of this study. The constant K, is an approximate
indicator of adsorption capacity, while 1/n is a function of

Table 2 Adsorption model data

! Metal ions Langmuir Freundlich
for the adsorption of Pb(II),
Cd(I1) and Ni(II) ions by q,, (mg g) K, (mg/L) R’ n K(mg/g) R?
Fe;0,@8Si0,-NH,/GO under
initial concentration 10 mg/L, Pb(II) 13.46 1.276 0.99956 4.14989 6.84195 0.90481
contact time 30-60 min, at Cd(ID) 18.58 0.797 0.99461 3.13195 7.92885 0.9713
room temperature and pH 5-7.5  nj;p 13.52 0.292 0.98976 2.60688 3.84911 0.85191
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the strength of adsorption in the adsorption process. K and
n are parameters characteristic of the sorbent-sorbate system,
which must be determined by data fitting and whereas lin-
ear regression is generally used to determine the parameters
of kinetic and isotherm models [49, 54]. The value of the
adsorption intensity (n) is very indicative. Therefore, when
1/n <1 (normal adsorption), 1/n” 1 (cooperative adsorption),
while n=1, depicts zero concentration effect on the partition
between the two phases.

3.9.5 Adsorption Kinetics

The investigation of adsorption kinetics unveils the adsorp-
tion mechanism and the relationship between contact time
and adsorption amount of metal ions Pb(Il), Cd(II) and
Ni(II) (Fig. 14a, b). In this study, metal ion adsorption
studies were investigated for both the pseudo-first-order
and pseudo-second-order kinetic models of the kinetic pro-
cess of the adsorption Pb(II), Cd(II) and Ni(II) by Fe;0,@
Si10,-NH,/GO using Eqgs. 8 and 9 [55]:

log (qe-qt)

= = Fon
0.5 J & cd(ln)
a & Nifll)
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Time (min)
60
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Fig. 14 a Pseudo-first order and b Pseudo-second-order kinetics for
the adsorption of Pb(II), Cd(II) and Ni(II) ions by Fe;O,@SiO,—-NH,/
GO
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| » kit

og(q, —q,) =logq, — 50303 ®)
And

t/q, = 1/q’k, +1/q,. )

where k; (min~!) and k, (mg mg/min) are rate constants, g,
and g, are the amounts of heavy metal ions, Pb(II), Cd(II)
and Ni(II) adsorbed at equilibrium (mg/g) and time ¢ (min),
respectively. The exact values of log (q, —q,) (Fig. 14a and t/
q, (Fig. 14b) can be calculated from the experimental results
and plotted against contact time, ¢ (min).

The data for the kinetic models shown in Table 3 for
Pb(II), Cd(II) and Ni(Il), showed the linear regression
coefficients (R?) of the pseudo-second-order kinetic model
to be, R*=0.99998 for Pb(II), R*=0.9965 for Cd(II) and
R?=0.99916 Ni(II), respectively.

These values were much higher than the R? values of the
pseudo-first-order kinetic model. The calculated ge values
of the pseudo-second- order equation (Table 3) for all the
three heavy metals Pb(II) (4.924), Cd(II) (4.312) and Ni(Il)
(4.895) closely matched the experimental qe values. The
results confirmed that pseudo-second-order model can bet-
ter-fit the removal process of Pb(II), Cd(II) and Ni(II) ions
by Fe;0,@8Si0,~NH,/GO adsorbent and the rate-controlling
mechanism involved chemisorption processes.

4 Conclusions

The Fe;0,@Si0,-NH,/GO nanocomposite was synthesized
through a reflux reaction for the comparative removal of
Pb(II), Cd(II) and Ni(II) ions from aqueous solution. Experi-
mental results revealed pH dependence for the removal effi-
ciency of the metal ions aqueous solution, with Ni(II) at pH

Table 3 Kinetic parameters for the adsorption of Pb(Il), Cd(II) and
Ni(Il) ions by Fe;0,@SiO,—NH,/GO under initial concentration
10 mg/L, contact time 30—-60 min, at room temperature and pH 5-7.5

Kinetic parameters Heavy metal ions

Pb(II) Cd(n Ni(Il)

Pseudo first-order

k;(min~") 1.504x10° 1.8x107 1.6625x107

G et (ML) 1.78587 1.95583 1.3311

R? 0.37726 0.4819 0.35068
Pseudo second

order

k, (g/mg/min) 2.7675%107" —5.1185x 1072 3.434964 x 1072

Qe (ML) 4.92368 431220 4.89524

R? 0.99998 0.9965 0.99916
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6, Pb(Il) and Cd(II) at pH 7-7.5. Enhanced performance
of Fe;0,@Si0,—-NH,/GO was shown in the adsorption of
metal ions, wherein removal efficiencies were observed to
be 97.5%, 92.5% and 81.3% for Pb(II), Cd(II) and Ni(II),
respectively. Both Pb(II) and Cd(II) ions were adsorbed far
much better to the binding sites on Fe;0,@Si0,-NH,/GO
compared to Ni(II). The magnetic adsorbent could be sepa-
rated from solution through the application of an external
magnetic field. The experimental results showed that the
adsorption nature favoured Langmuir isotherm for all the
three metal ions, wherein the Langmuir isotherm (R)? values
were 0.99956, 0.99461 and 0.98876 for Pb(1I), Cd(Il) and
Ni(II), respectively. Equilibrium adsorption data showed the
pseudo-second order as the best fit and that chemisorption
mechanism was involved. The prepared Fe;O,@SiO,—NH,/
GO showed stability and reproducibility after 7 cycles. The
presence of amide bonds between amino groups and car-
boxylic groups enhanced the stability of the nanocomposite.
The synthesized nanocomposite is a promising adsorbent for
application in water/wastewater remediation.
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