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Abstract Surface functionalized magnetic nanoparti-
cles represent a potentially highly valuable new suite
of technologies for the selective recovery of metals from
the aqueous phase, due to their ability to be manipulated
and then recovered using an externally applied magnetic
field. Tonic liquids are ideal candidates for such surface
functionalization for a range of reasons, including their
enhanced selectivity, low water consumption, and high
chemical stability. Herein the removal of Ag" onto
[MTESPIm]"[CI]” on Fe304@SiO, has been investigat-
ed as a function of pH, exposure time, nanosorbent
concentration, and type of stripping agent. The Ag*
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removal was recorded to fit the Langmuir isotherm
indicating monolayer formation, with a saturation ca-
pacity of 23.69 mg/g. Optimum conditions for the se-
lective removal of Ag" in preference to Cu”* and Pb**
were recorded at pH 3, exposure time ranging between 0
and 15 min, and at the highest nanosorbent dose tested
(80 mg nanosorbent/10 mL of adsorbate solution) More-
over, thiourea outperformed both HNO; and HCI for the
stripping of sorbed Ag", with optimum efficacy at
0.6 M. Overall, the results indicate that
[MTESPIm]*[CI]” on Fe;0,@Si0O, is a highly adapt-
able and efficient agent for the selective recovery of Ag
from the aqueous phase.

Keywords Selective silver recovery - Ionic liquid - Iron
oxide nanoparticle - Surface functionalization - Soft
donor

Introduction

As the global population continues to expand, demand
for modern products and services which use silver (Ag),
including electronic equipment, catalysis, antibacterial
agents, jewelry, water filtration media, etc., will almost
certainly continue to increase (Sahan et al. 2019;
Taillades and Sarradin 2004; Butterman and Hilliard
2005). Moreover, Ag is listed within the EU 27 critical
raw materials, and currently exhibits an “end-of-life
recycling input rate” of only ~14% (Butterman and
Hilliard 2005). Therefore, in order to overcome this
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urgent and burgeoning problem, new technology is
required for the enhanced recovery of Ag from our
waste materials and end-of-life products (Avarmaa
et al. 2019). A key challenge associated with this, how-
ever, is that such waste is typically chemically complex
and mixed with a wide range of ancillary metal(loids)/
materials. It is therefore clear that the development of
increasingly efficient, selective and cost-effective Ag*
recovery process is highly beneficial.

To date, much research and development has been
conducted on the removal of Ag ions from the aqueous
phase including solvent extraction (Daubinet and Kaye
2002), ion exchange (Virolainen et al. 2015), chemical
precipitation (Ahlatci et al. 2016), and solid phase ex-
traction (Abdolmohammad-Zadeh and Javan 2015;
Karimi et al. 2012). Solid phase removal media have
often been preferred due to the simplicity of their appli-
cation, their often low disposal costs, and often high
removal efficacy (Abdolmohammad-Zadeh and Javan
2015). Within such applications, nanoparticles, defined
as particles which exhibit at least one length < 100 nm,
have received great interest due to their superior surface
area and commensurate high reactivity with the aqueous
phase. Such materials are also able to be suspended in
the aqueous phase as a stable colloid and can therefore
be utilized in various next-generation applications in-
volving in situ subsurface metal immobilization or re-
covery (Crane and Scott 2012). Magnetic nanoparticles
have also received particularly high interest due to their
additional ability to be manipulated and then recovered
from the aqueous phase using an externally applied
magnetic field (Dupont et al. 2014; Filippousi et al.
2014; Hufschmid et al. 2015). Additional important
properties for nanosorbents include stability across a
wide pH range, high and rapid ion extraction efficacy,
facile ion stripping efficacy, and low synthesis cost
(Crane et al. 2019). In recent years, a number of studies
have emerged on the development of such nanotechnol-
ogy for Ag removal from the aqueous phase. For exam-
ple, Jalilian and Taheri (2018) reported that nanoscale
Fe;0,@8Si0,@Ti0,@ Ag™-imprinted 2,4-diamine-6-
phenyl-1,3,5-triazine demonstrated a higher distribution
ratio and selectivity coefficient than the non-imprinted
analogue in the selective extraction and
preconcentration of Ag”. Extraction efficiency, howev-
er, was reported to significantly diminish at pH 3. The
synthesis of a Ag" imprinted 3-(triecthoxysilyl)propane-
1-thiol tethered to Fe;0,@8Si0,@TiO, was reported
and it was determined that the nanosorbent exhibits
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relatively high selectivity, at room temperature, for
Ag" from aqueous solutions also containing Li*, Co?",
Cu?*, and Ni** (Yin et al. 2017). While this work has
been proven as successful at bench scale, its efficacy for
industrial scale application remains largely unquantified
and research on this topic (and in particular on the use of
low-cost reagents and industrially scalable processes) is
currently lacking. In a separate study, the combination
of 5-amino-2-thiol-1,3,4-thiadiazole and sodium dode-
cyl sulphate tethered by their condensation onto Fe;O4/
Al,O3, was reported to extract Ag* selectively, rapidly
and quantitatively even in the presence of several order
of magnitude greater concentrations of Zn**, Bi** and
Pd** (Karimi et al. 2012). Finally, the nanosorbent
Fe;0,@Si0,@(1E,1'E)-1,1"-(pentane-1,5-diylbis(2,1-
phenylene))bis(N-(3-(trimethoxysilyl)propyl)methani-
mine) was recorded to selectively remove Ag* in pref-
erence to Pb>" and Cu®* (Banaei et al. 2015).

Tonic liquids (ILs) are defined as compounds which
are entirely ionic. Such chemicals therefore often exhibit
unique properties including little or very low volatility,
low melting point, thermal stability, and tunable
hydrophilicity/hydrophobicity (Zhou et al. 2012;
Seddon et al. 2000). For example, 1-methyl-3-[(3-
trimethoxysilyl)propyl] imidazolium chloride
([MTMSPIm]*[CI] ) was anchored onto Mn;0,@SiO,
nanoparticles and observed to demonstrate high selec-
tivity, reusability, and efficiency for extraction and
preconcentration of ultratrace concentrations of Ag+
(i.e., 60 ng/mL) (Abdolmohammad-Zadeh and Javan
2015). A key shortcoming, however, was that the
nanosorbent was also not ideally suited for magnetic
recovery applications due to the significantly lower
magnetization saturation of Mn3O4 compared with
Fe;04 (Ozkaya et al. 2008).

Herein we have built on the work of
Abdolmohammad-Zadeh and Javan (2015) by combin-
ing the proven selectivity of the ionic liquid
[MTESPIm]*[CI]” for Ag" recovery with the superior
magnetic responsiveness of Fe;0,@8Si0,. While
Fe;0,@Si0, @[MTESPIm][CI]” (Fig. 1) has been ap-
plied in various different applications to date (e.g., catal-
ysis, medicine, printing (Qian et al. 2017; Sajjadifar et al.
2019; Yang et al. 2011; Wei et al. 2013; Azgomi and
Mokhtary 2015; Garkoti et al. 2017; Zhou et al. 2012)),
to the best of our knowledge, this is the first study which
has investigated its potential application for Ag" uptake.
The aim of this work was therefore to investigate the
behavior of Fe;0,@Si0,@MTESPIm]*[CI]” towards
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Fig.1 Core-shell iron oxide/imidazolium-based ionic liquid com-
posite nanosorbent (Fe;0,@SiO, @[ MTESPIm]*[CI]")

Ag* across a range of fundamental constraints (namely,
pH, contact time, nanosorbent dose, Ag* recovery effi-
cacy by different stripping agents) in order to understand
Ag" removal kinetics and mechanisms and thereby de-
termine optimal application conditions.

Experimental details
Chemicals

FeS04.7H,0 (99%), FeCl;.6H,0 (97%), NH,OH (25%
v/v), tetracthyl orthosilicate (99%), N-methylimidazole
(99%), 3-Chloropropyltriethoxysilane (97%), thiourea
(99%), and toluene (99.5%) were purchased from Sigma
Aldrich. HCI (37%), HNO; (70%), AgNOs (99%),
NaNO; (99%), and NaOH pellets (97%) were pur-
chased from Fisher Scientific. Cu(NO3),.3H,O (99%)

and Pb(NO3), (99%) were purchased from Acros
Chemicals. Ethanol absolute (99.8%) was purchased
from VWR. All chemicals were used as received with-
out further purification.

Equipment and characterization

All 'H and '>C NMR spectra were recorded at room
temperature on Bruker Advance spectrometers. Fourier
transform infra-red (FTIR) spectra were recorded on
Bruker Alpha Platinum-Attenuated Total Reflectance
IR spectrometer. X-ray diffraction (XRD) data were
collected on a Panalytical Empyrean X-ray diffractom-
eter employing a Co K« radiation at 40 kV and 40 mA.
Transmission electron micrographs were captured by
means of the JEOL 2100+ machine operating an accel-
eration voltage of 200 kV from samples prepared on a
copper EM grid. X-ray photoelectron spectroscopy
(XPS) data were collected on the Kratos AXIS Ultra
DLD spectrometer and take off angle of 90° was used
with Al(mono) X-ray source. Metal concentrations were
measured by means of a PerkinElmer 5300DV Induc-
tively Coupled Plasma Optical Emission spectropho-
tometer (ICP-OES). Thermogravimetry analyses
(TGA) were undertaken by means of a Metler Toledo
DSCI-STAR at a scan rate of 10 °C/min on samples
placed inside 70-pL alumina pans under a nitrogen
atmosphere from 25 to 900 °C. Magnetization versus
field data were recorded on a Quantum Design MPMS
5S SQUID magnetometer at 300 K. Finally, the pH of
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FeCls.6H,0 NHiOH (56 6 _ NHOH
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Scheme 1 Schematic diagram depicting the stepwise synthesis of [MTESPIm]" [CI]” on Fe;0,@SiO,
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the adsorbate solutions was monitored using the Hanna
HI 8424 portable pH meter.

Synthesis of the ionic liquid immobilized
on silica-coated Fe;O4 nanoparticles

The synthesis of the ionic liquid-modified silica-coated
Fe;0,4 nanosorbent was achieved over four steps
(Scheme 1). In the first step, the magnetic core (nano-
scale Fe;0,4) was prepared following Naka et al. (2008).
Briefly, FeCl;.6H,O (5.41 g, 0.02 mol) and
FeS0O,4.7H,0 (2.78 g, 0.01 mol) were dissolved by
stirring in deionized H,O (300 mL) at 50 °C and under
a nitrogen atmosphere. NH,OH (8.52 mL, 13.20 M,
0.11 mol) was then added to the iron salts solution and
stirred at 1200 rpm for 30 min. The resultant black
precipitates were then separated from the aqueous phase
using an externally applied magnetic field. The solids
were then washed with H,O (100 mL % 3) and ethanol
(50 mL x 3). The nanoscale Fe;O4 solids were then
dried at approximately 300 mbar at 70 °C for 2 h. The
SiO, coating was prepared following the method report-
ed by Fan et al. (2016). Briefly, to a stirred suspension of
Fe;04 (0.4 g) and TEOS (0.36 g) in dry ethanol (3 mL)
at 50 °C was added a mixture of NH4OH (0.66 mL,
13.20 M), ethanol (1.2 mL), and H,O (0.58 mL). The
reaction was left to stir for 8 h at 50 °C under a nitrogen
atmosphere and at the end of which the product suspen-
sion was left to cool to room temperature. The solids
obtained were separated with an externally applied mag-
netic field, washed with H,O (25 mL x 3), and finally
dried at 300 mbar and 70 °C to give Fe;0,@SiO, as a
black solid. In the next step, the ionic liquid, 1-methyl-
3-[(3-triethoxysilyl)propyl] imidazolium chloride
([MTESPIm]*[C1] "), was accessed following a protocol
previously reported by Abdolmohammad-Zadeh and
Javan (2015). Hence, a mixture of N-methylimidazole
(4.8 mL, 0.06 mol) and 3-chloropropyltriethoxysilane
(9 mL, 0.04 mol) was refluxed at 90 °C under a nitrogen
atmosphere and for 96 h, after which the crude product
was left to cool to room temperature (21 °C). The crude
product was then washed with dry diethyl ether
(200 mL x 3) and dried at 300 mbar (and at room
temperature) to yield the ionic liquid, [MTESPIm]*
[CI]". Yield: 10.27 g (53%), 'H NMR (300 MHz,
DMSO-dg) 6 9.35 (s, 1H, NCAN), 7.80 (d, J=6.0 Hz,
2H, NCHCAN), 4.16 (t, J=6.5 Hz, 2H, CH,CH,N),
3.87 (s, 3H, CHNCHs;), 3.74 (q, J=6.5 Hz, 6H,
CH;CH,0), 1.81 (m, 2H, CH,CH,CH,), 1.14 (t, J=
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6.5 Hz, 9H, CH;CH,0), 0.51 (t, J=6.5 Hz, 2H,
SiCH,CH,CH,). '*C NMR (75 MHz, DMSO-d¢) &
136.7 (NCHN) 123.6 (NCHCHN), 122.2 (NCHCHN),
57.8 (CH,CH,0), 51.0 (CH5CH,N), 35.7 (CHNCH3),
23.7 (CH,CH,CH,), 18.2 (CH5CH,0), 6.7
(SiCH3;CH3), m/z (ESI) [M + Na]" 348. Finally,
Fe;0,@8Si0, on [MTESPIm]" [Cl]” was synthesized
following the method of Chen et al. (2014). Briefly,
the Fe;0,4,@8Si0O, (1.5 g) was dissolved in toluene
(300 mL) and sonicated in an ultrasound bath at room
temperature for 10 min. Meanwhile, the ionic liquid
(15.40 g) was dissolved in toluene (100 mL) and soni-
cated at room temperature for 10 min. This ionic liquid
solution was then added to the Fe;0,@SiO, and the
mixture was refluxed at 120 °C for 48 h under a nitrogen
atmosphere. After 48 h, the reaction mixture was left to
cool to room temperature, the solids were separated
using an externally applied magnetic field, and the su-
pernatant was decanted. The residual solid was washed
with deionized H,O (250 mL x 2) and ethanol
(250 mL x 3) and finally dried at 300 mbar (and
70 °C) to yield Fe;04,@8Si0, @ MTESPIm][CI]".

Determination of particle diameter

Particle diameter was evaluated using the Scherrer equa-
tion as defined below:

K\
BCosf ’

T =

where 7=particle diameter, K = Scherrer constant for
spherical particles (0.94), A\ =wavelength of X-ray
source, 6 = Bragg (diffraction) angle of the most intense
peak, and 3 =broadening of half width at maximum
intensity (FWHM) of the most intense peak.

Determination of magnetic nanoparticle surface
coverage

The surface coverage of magnetic nanoparticle was
evaluated using the equation defined below:

W X dpe, N
No.of molecules per nm’® = > re0, X I X 2? )
M(1-W) x 3 x 10

where W is the weight loss of sample, dre304 1S the
density of the Fe;0,4 = 5.17 g/lem’, N, is the Avogadro’s
constant= 6.022 x 10?3, M is the molecular weight of
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the ligand, and r is the radius of the composite
nanoparticle.

Determination of sorption isotherms

The sorption isotherm governing the removal of Ag*
was predicted by means of three isotherm models, Lang-
muir, Freundlich, and Temkin, using data generated
from exposing 10 mg of the nanosorbent
(Fe;0,@8Si0, @[MTESPIm]*[CI]") to 10-mL aqueous
solutions containing varying Ag* concentrations (4 to
90 mgL ") in 0.023 M NaNOs at pH 3 for 15 min at
room temperature. Equations representing the sorption
isotherms are
Langmuir isotherm:

1 .c
Qe QmKL Qm7

where C., Q. Om, and K| are the equilibrium Ag*
concentrations (mgLfl), the amount of Ag™ on the
nanosorbent (mgg '), the maximum capacity of the
nanosorbent (mgg '), and the Langmuir adsorption con-
stant (L/mg), respectively.

Freundlich isotherm:

1
logQ, = logK s + - logCt,

where Q. and C, have been described above and Ky and

n are Freundlich constants related to maximum sorption

capacity (mg/g) and heterogeneity factor (mg ).
Temkin isotherm:

0, = BlnAr + BInC,

At (Lgﬁl) and B (Jmol ') are Temkin constants relat-
ed to the binding constant and heat of sorption,
respectively.

Ag" removal studies

For the control study, a 500-mL aqueous solution
containing 1-mgL™" Ag* in 0.023-M NaNO; was
prepared from a 500-mgL " stock solution. Afterwards,
20 mg of Fe3;04, Fe;0,@Si0,, and
Fe;0,@Si0,@[MTESPIm]"[CI]” were each exposed
to 10 mL of the Ag" aqueous metal solution at pH 1
inside 30-mL plastic screw cap vials. After 45 min, the
solids were magnetically separated in about 2 min and
the supernatant was removed using a plastic syringe and

prepared for metal content determination by ICP-OES.
The batch experiments used to investigate the optimum
conditions for the selective removal of Ag*™ onto
Fe;0,@Si0, @[MTESPIm]*[CI]” were conducted by
exposing 10 mg of the nanosorbent to a 10-mL aqueous
solution containing Cu?*, Ag*, and Pb** each at
2 mgL ™" in 0.023-M NaNOj at an initial pH of 3 unless
otherwise stated. The pH of the metal aqueous solutions
was adjusted to the desired pH using a few drops (typ-
ically between 1 and 10) of dilute 0.001-M HNOj; or
NaOH. For initial pH study, pH of adsorbate solution
was varied from 1 to 5. For the contact time study,
contact time was varied from 0 to 90 min. For
nanosorbent dose study, amount of nanosorbent used
was varied from 5 to 80 mg. All batch studies were
undertaken in triplicates and at room temperature.

The metal removal efficiency was determined by the
equation:

Ci—C¢

%RE = x 100,

where % RE is percentage removal efficiency and C;
and Cr (in mgLfl) are the initial and final metal ion
concentrations, respectively.

The selectivity factor was determined using the fol-
lowing equations (Shamsipur et al. 2014):

Ag*
KAg*/ = Kg/[n 9
Mn+ Kd
K. — (Ci_Cf)V
d me '

K is distribution ratio, C; and Cy are initial and final
metal ion concentrations, respectively (in mgL ™), v is
the volume of aqueous solution in mL, and m is the mass
of nanosorbent (in mg).

Ag" stripping efficiency studies

For the stripping efficiency study, Ag*-impregnated
Fe;0,@Si0O, @[MTESPIm]*[CI]” nanosorbents were
washed with deionized H,O and magnetically separated
after which it was contacted with 5 mL of stripping
agent (HCI, HNO; or thiourea) inside screw-capped
plastic vials for 1 h. Thereafter, the nanosorbent were
magnetically separated and the supernatant stripping
agent solution was carefully withdrawn using a plastic

@ Springer
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Fig.2 XRD spectra of Fe;0, nanoparticles (Co K source wave-
length = 1.790955 A, voltage =40 kV, current=40 mA). The
associated d-spacings are 2.96, 2.52, 2.09, 1.71, 1.61, and
1.48 A for peaks recorded at 20: 35.24, 41.58, 50.69, 63.24,
67.57, and 74.52 degrees, respectively

100

syringe. The stripping agent solution was made up to
10 mL by adding deionized H,O and the metal content
was determined again by ICP-OES. The experiments
were undertaken in triplicates. The stripping efficiency
of Ag™ by a stripping agent was determined following
the equation:

Ce
%SE = — x 100
(Y C 5

1

where % SE is percentage stripping efficiency, C, rep-
resents the concentration of Ag* recovered by the strip-
ping agent (Ag* concentration in the stripping agent
solution), and C; represents the initial Ag*

Fe,0,@Si0,@
[MTESPIm]*[CI]”

Transmittance (a.u.)

(a)
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

100 ~
98 1
;\? Fe;0,@SiO,
< 96+
S
2
Q@ 94+
=
92- _
Fe,0,@Si0,@
[MTESPIm]*[CI]
90 T

400 600 800

Temperature (°C)

200 1000

Fig. 4 TGA thermograms for Fe;O, (black), silica-coated Fe304
(red), and ionic liquid-modified silica-coated Fe;04 nanoparticles
(green) (atmosphere, nitrogen; heating rate, 10 °C/min)

concentration, respectively (concentration of Ag® in
nanosorbent prior to stripping).

Results and discussion

Physical and chemical characterization
of [MTESPIm]*[CI]” on Fe;0,@Si0,

XRD spectra of the black powder obtained after the
treatment of FeSO, and FeCl; with aqueous ammonia
is presented in Fig. 2 and attributed to be that of Fe;O4
(Naka et al. 2008; Sun et al. 2007). The average diam-
eter of the Fe;O, particles evaluated by the Scherrer
equation (Puig et al. 2012) was found to be 10.0+
0.3 nm.

Fe,0,

Fe,0,@Si0,

Intensity (a.u.)

Fe,0,@Si0,@
[MTESPIm]*[CI]”
(b) T T T T
1200 1000 800 600 400
Binding energy (eV)

200 0

Fig. 3 (a) FTIR and (b) XPS spectra of Fe;0, (black), Fe;0,@Si0, (red), and Fe;0,@Si0,@[MTESPIm]*[CI]™ (green)
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Fig. 5 (a, c, e) Transmission electron micrographs of (a) Fe;O,,
(c) silica-coated Fe;Oy, and (e) ionic liquid-modified silica-coated
Fe;0,4 nanoparticles. (b, d, f) Histograms showing size distribution

The chemical compositions of the different nanopar-
ticles synthesized were identified by means of FTIR and
XPS. FTIR spectra of all three nanoparticles (Fig. 3a)
contain a peak at 554 cm™' which was attributed to the

100

Fez04

passe—o—t—o—e—e—0
-

*'Fe;0,@Si0,

P e B

50 - &
Fe304@Si02@
[MTESPIm]*[CI]”

ch
E ~ 1min
s
S

-50 - [ e o S -cf...‘..nt“
——a—s—0—0—0—" --r"".’./
T=300K
-100 . . ) .
60 40 20 0 o a0 e
H (kOe)

Fig. 6 Magnetization curves for Fe;0, (black), silica-coated
Fe;04 (Fe30,@Si0,) (red), and ionic liquid-modified silica-coat-
ed Fe;04 nanoparticles (Fe;0,@Si0,@[MTESPIm]*[CI]")
(green) (Inset: separation of Fe30,@SiO,@[MTESPIm]'[CI]”
from deionized water using a magnet)

19.3:3.0 nm| "[(f) 18.5%3.1 nm

(o)
!

Number of particles
N S

18 20 22 24 14 16 18 20 22 24
Particle size (nm)

Particle size (nm)

of (b) Fe;04, (d) silica-coated Fe;0,, and (f) ionic liquid-modified
silica-coated Fe3O4 nanoparticles

Fe-O vibrations in Fe;0,4 (Abbas et al. 2014). The peaks
in the 1000-1200 cm ™ region of the Fe;0, spectrum
(Fig. 3a) are attributed to the C-O bonding derived from
the residual ethanol that survived the Fe;O,4 drying. This

100
<
X 804
(@)
C
9
O i
£ 60
(0]
S 404
o)
g
o 204
0 L eemmessss. Sy .
Fe304 Fe30,@Si0p  Fe304@Si0@
IMTESPIm]*[CI”
Nanosorbent

Fig.7 Extraction efficiencies of Fe;0y, silica-coated Fe;O4 nano-
particles (Fe;04@Si0,), and ionic liquid-modified silica-coated
Fe;04 nanoparticles (Fe;0,@SiO, @ MTESPIm]*[CI]") for Ag*
extraction from aqueous solution. (conditions: [Ag*], =1 mgL ™,
volume = 10 mL, pH = 1.0, contact time =45 min, temperature =
RT, nanosorbent dose =20 mg)
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Fig. 8 (a) Langmuir, (b) Freundlich, and (¢) Temkin sorption isotherm plots for the removal of Ag* by the ionic liquid-modified silica-
coated Fe;0,4 nanosorbent (pH = 3, time = 15 min, nanosorbent dose = 10 mg)

residual solvent was considered of minimal impact on
the Fe;0, structure and chemistry because the subse-
quent SiO, coating step was also carried out using
ethanol. The spectrum for Fe;0,@SiO, contains an
intense peak at 1069 cm ' (attributed to the Si-O-Si
stretching vibrations) and suggesting that SiO, has been
attached to Fe;O,4 (Abbas et al. 2014; Sajjadifar et al.
2019). While the spectra of the Fe;0,@Si0O, and the
Fe;0,@8Si0,@[MTESPIm][CI]” may look identical,
the low intensity peak at 1558 cm™ ' (attributed to the
C=N stretching vibration in [MTESPIm]*[CI]") slightly
differentiates them, indicating that the ionic liquid
(IMTESPIm]*[C]] ") may have been linked to the
Fe;0,@Si0, (Kim et al. 2007).

XPS spectra (Fig. 3b) corroborates our interpretation
of the FTIR data. For example, photoelectron lines
representing Fe 2p and O 1 s at 725/710 and 533 eV,
respectively, can be observed in the survey spectra of all
three nanoparticles (Sun et al. 2007). Furthermore, the
spectra of the Fe;0,@Si0, is clearly different from that
of the Fe;0,4 with the presence of the extra photoelec-
tron peak at 106 eV, representing Si 2p and confirming
that SiO, has been chemisorbed onto the Fe;0,4. Moreover,
the spectra of the Fe;0,@Si0,@[MTESPIm]*[CI]”
(Fig. 3b (green)) also contains a photoelectron line corre-
sponding to Si 2p in addition to those at 400, 284.8, and

Table 1 Langmuir, Freundlich, and Temkin isotherm parameters
for the removal of Ag* by the ionic liquid-modified silica-coated
Fe;0,4 nanosorbent (Fe;0,@Si0,@[MTESPIm]*[C1]")

Langmuir Freundlich Temkin

On K R Kg n R* B Ar  R?
(mg/g) (L/mg) (mg/g) (J/mol) (L/g)
2369 0.15 0.87 870 6.04 048 2.70 16.80 0.32
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199 eV which are attributed to N 1s, C 1s, and Cl 2p,
respectively. This confirms the chemical bonding of the
ionic liquid to the Fe;0,@SiO, (Korin et al. 2017; Sun
et al. 2007). Lastly a C 1s photoelectron line was also
recorded in all samples at 284.8 eV which is attributed to
adventitious carbon (Munho Kim et al. 2017; Miller et al.
2002).

The difference in the surface compositions of the
nanoparticles was further highlighted by differential
weight loss patterns recorded using TGA (Fig. 4). The
weight loss of 4% for the Fe;0,4 nanoparticle between
180 and 570 °C was attributed to the loss of trapped
H>O molecules, residual ethanol in the Fe;O, lattice,
and perhaps adventitious carbon as well (Khoobi et al.
2015). As expected, the silica-coated Fe;0,4 nanoparti-
cles (Fe;0,@8Si0,) remained stable losing only 3% in
the entire experimental temperature range. The ionic
liquid-modified silica-coated Fe;0,4 nanoparticles
(Fe;0,@8Si0, @[ MTESPIm]*[CI]") lost only 9% of
their weight, which is attributed to the decomposition
of the ionic liquid coating (Xu et al. 2013). The surface
coverage of the ionic liquid coating on the Fe;0,@SiO,
was determined to be approximately 2 molecules/nm>.

Analysis using TEM confirm that the Fe;0, are spher-
ical and aggregated with an average particle diameter of
(13.5+2.8) nm (Fig. 5 a and b). Such aggregation of bare
Fe;0, nanoparticles is not uncommon and attributed to
electrostatic and/or magnetic attraction (Ditsch et al. 2005).
The difference between the particle diameters obtained
using XRD [(10.0+0.3) nm] and micrograph [(13.5+
2.8) nm] of Fe304 was attributed to error associated with
manual sizing of the particles from the TEM micrograph.
As expected, the Fe;0,@Si0, (Fig. 5c¢) and
Fe;0,@Si0, @[MTESPIm]*[CI] ™ particles (Fig. 5¢) are
bigger than the Fe;0O, particles with average diameters of
19.3+3.0 (Fig. 5d) and 18.5+3.1 nm (Fig. 5f),
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Fig. 9 Effect of pH on (a) efficiency and (b) selectivity of Ag*
removal from simulated mixed metal aqueous solution by the ionic
liquid-modified silica-coated Fe;O4 nanosorbent ([M"*]=

respectively, noting that these diameters are identical con-
sidering their errors. The aggregation observed for the
Fe;0,@Si0, (Fig. 5¢) particles has been attributed to the
increase in ionic strength of the reaction medium as a result
of the hydrolysis and condensation of the TEOS (Philipse
et al. 1994). On the other hand, aggregation observed for
the Fe;04@Si0, @[MTESPIm]*[CI]™ particles (Fig. 5¢)
may have been caused by intermolecular electrostatic at-
traction between surfaces bearing the ionic liquid. Based
on the diameters of the Fe;0,4 and the Fe;0,@Si0,, the
average thickness of the silica layer, which appear as gray
fringes in the TEM image (Fig. 5c), is estimated to be
approximately 6 nm.

The small particle diameters recorded (all <20 nm)
indicate that all three nanoparticles are likely to be
superparamagnetic (Wahajuddin and Arora 2012;
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nanosorbent dose = 10 mg)

Neamtu and Verga 2011). Indeed, this inference was
confirmed from the magnetization curves (Fig. 6a) where
all three nanoparticles exhibited superparamagnetic behav-
ior (Mahdavian and Mirrahimi 2010; Salviano et al. 2018).
Any coercivity is too small to measure and a hysteresis of
around +20 Oe was observed in the data close to zero
magnetization, which is likely to be due to the magnetic
field being trapped in the superconducting solenoid. As
expected, the Fe;0,4 has the highest saturation magnetiza-
tion (M;) of 77.6 £0.1 emu/g. The M; of the Fe;0,@SiO,
and the Fe;0,@Si0, @[MTESPIm]*[CI] are not signifi-
cantly different with values of 50.99+0.01 and 50.3 +
0.1 emu/g respectively, showing that the magnetic re-
sponse of the Fe;0,@8Si0, is not significantly reduced
after the surface modification. The lower M, for
Fe;0,@Si0, and Fe;0,@Si0,@[MTESPIm]*[CI] is
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Fig. 11 Effect of nanosorbent dose on (a) efficiency and (b)
selectivity on Ag" removal from simulated mixed metal aqueous
solution by the nanosorbent Fe;0,@SiO, @[MTESPIm]*[CI]”

attributed to the surface modifications by nonmagnetic
materials, silica and the ionic liquid ((MTESPIm][CI]"),
respectively (Chen et al. 2014). Notwithstanding, the nano-
particle Fe;0,@Si0, @[MTESPIm]*[CI]” can be quickly
separated from an aqueous solution in about 1 min
(Fig. 6 inset).

Control study
The control study was undertaken to establish the ionic

liquid, [MTESPIm]*[CI], as the agent responsible for the
Ag" removal. From the control study, it was observed that

100
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Stripping agent

Fig. 12 Relationship between stripping agent type and concen-
tration in the stripping of Ag* from impregnated
Fe;0,@Si0, @[MTESPIm]*[CI]” nanosorbent (volume of acid =
5 mL, contact time = 1 h, temperature = RT)
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(conditions: [M™]=2 mgL ™", volume =10 mL, pH = 1.30, con-
tact time = 45 min, temperature = RT)

the Ag* removal increased in the order as follows: Fe;0,
[(3.4£0.6)%] <Fe;0,@SiO, [(5.8+1.5)%]<
Fe;0,@Si0, @ MTESPIm]*[CI]” [(94.4+0.4)%)], with
Fe;0,@8Si0, @ MTESPIm]*[C]]” demonstrating the
highest removal efficiency (Fig. 7). The quantitative re-
moval of Ag" by the Fe;0,@SiO,@[MTESPIm]"[CI]”
may be attributed to the preferential binding of the soft
N-donor in the ionic liquid [MTESPIm][CI] to the soft
Ag" acceptor (Pearson 1968). Going forward, the nano-
particle Fe;0,@Si0,@[MTESPIm]*[CI]” was employed
for the investigation of the optimum conditions for the
removal of Ag".

Adsorption isotherms

Figures 8 a—c display sorption data plotted against the
Langmuir, Freundlich, and Temkin isotherms. The
Langmuir isotherm provided the best fit, with an R*
value of 0.87 compared with 0.48 for Freundlich and
0.32 for Temkin (Table 1). This indicates that Ag*
removal proceeded predominantly via chemisorption with
the formation of a monolayer on [MTESPIm|"[CI]” and
with a saturation capacity of 23.69 mg/g. This agrees with
Fig. 7 where the removal of Ag*® onto Fe;O, and
Fe;0,@8Si0, was comparatively much lower than that
observed for Fe;0,@Si0, @ MTESPIm]*[CI]™ and there-
fore suggests that the majority of Ag" sorption occurred
onto the ionic liquid. This therefore provides strong evi-
dence that [MTESPIm]*[CI]” on Fe;0,@SiO, is a poten-
tially reusable agent for Ag* removal.
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Effects of initial pH, contact time, and nanosorbent dose
on the efficiency and selectivity of removal Ag*
by the nanosorbent Fe;0,@Si0, @[ MTESPIm]*[CI]”

The effect of initial pH, contact time, and nanosorbent dose
on the removal efficiency and selectivity of the nanosorbent
Fe;0,@Si0, @[MTESPIm]*[CI]” for Ag" removal in the
presence of the competing ions (Cu®* and Pb**) were
investigated by exposing it to aqueous solutions containing
low concentrations (ca. 2 mgL ") of Cu®*, Ag*, and Pb>".
The choice of Cu®* and Pb** as competing ions was in-
formed by the knowledge that Ag" usually coexists with
Cu** and Pb*" in ores and mine tailings (Crane et al. 2017).
Also, low concentrations of Ag*, Cu®*, and Pb** were
employed in this study because it typically exists in very
low concentrations in such repositories of interest.

Effect of initial pH

It was observed that Ag* removal efficiency by
Fe;0,@Si0, @[MTESPIm]*[CI]” was pH dependent with
highest removal (99.2% =+0.8) observed at pH 3 (Fig. 9a).
Quantitative removal of Ag" at this pH (pH 3) has been
explained by the hard/soft acid/base (HSAB) rule (Pearson
1968). This explanation also helps to understand the quan-
titative recoveries of Ag* at lower pH (pH 1 =95.5+0.7%;
pH 2=97.7+0.7%) (Fig. 9a) and also provides clear evi-
dence that Fe;0,@SiO,@[MTESPIm]*[CI] is stable at
such low pH conditions.

Selectivity for Ag* over Cu?* and Pb>* by
Fe;0,@Si0, @[MTESPIm]*[CI]” was also recorded
to be pH dependent, with highest selectivity for Ag*
(over both Cu®* and Pb**) observed at pH 3 (K"
cut=2272.3 and Kag e, " = 928.7) (Fig. 9b). Selec-
tivity for Cu** was higher than Pb* over the pH range
investigated, which is counterintuitive given the fact that
Cu®* is softer than Pb>*. This is also unlikely to be
related to differential precipitation as Pb and Cu chlo-
rides or hydroxides because both are highly soluble at
the pH range investigated. It could be related, however,
to the average pore size of the nanoparticles (the ionic
radius of Pb** is bigger than Cu®*: 1.27 vs. 0.72 A), but
this hypothesis could not be verified because the pore
size of the nanoparticles were not measured.

Effect of contact time

Optimum contact time for Ag™ removal by
Fe;0,@Si0, @ MTESPIm]*[CI]” was investigated by

varying the contact time from 0 to 90 min. A duration of
0 min refers to the condition when the nanosorbent is
separated immediately after it is exposed to the metal-
bearing solution. This magnetic separation process usually
takes approximately 60 s.

No significant difference in Ag* removal effica-
cy was recorded for contact times 0-90 min, with
the highest and lowest extraction efficiencies being
96.1+0.7% (75 min) and 94.9+0.7% (0 min),
respectively (Fig. 10a). This observation was at-
tributed to sufficient availability of surface sites on
the nanosorbent, enabling rapid and near-total re-
moval (noting even at 0 min 94.9% of Ag* was
removed) (Lasheen et al. 2014; Beigzadeh and
Moeinpour 2016).

The selectivity factor of Ag* over the interfer-
ing ions (Cu?* and Pb**) worsened as a function
of the contact time. Highest selectivity for Ag*
over Cu®* and Pb** were observed at 0 and
15 min, respectively (Fig. 10b), which suggests
that such Ag* selective removal is kinetically con-
trolled. The lowest selectivity factor of Ag™ over
Cu®* and Pb** were observed at 90 min, indicating
that exchange of metals between the nanosorbent
and the adsorbate may be occurring after the ther-
modynamic equilibrium has been reached, with the
implication that allowance for a lengthy contact
time reduces the selective extraction of Ag™.

Effect of nanosorbent dose

Optimum dose determination is important in order to
understand how cost-effective the removal of Ag" by
Fe;0,@Si0, @[MTESPIm]*[CI]” could be. As expected,
Ag" removal was recorded to increase with increasing
nanosorbent dose (Fig. 11a), namely, 87.0+£0.3% at
5 mg and then 99.5+0.1% for 80 mg and attributed to
an increase in the number of sorption sites available.
Selectivity for Ag* over the interfering ions (Cu** and
Pb**) was also found to be dependent on nanosorbent
dose, with highest selectivity recorded for the highest
nanosorbent dose tested (80 mg) as follows: K, A{;/Cu2+ =
4119.9 and KAng/szJr =2250.9 (Fig. 11b). The reason for
this remains unclear. Therefore, in practical terms,
the highest selectivity for Ag* can be achieved by
using as much of the nanosorbent
Fe;0,@Si0, @ MTESPIm]*[CI]” as would be commer-
cially possible.

@ Springer
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Effect of type of stripping agents

Efficient recovery of the sorbed metal ion is an impor-
tant factor to also consider. Therefore, the effect of the
type of the stripping agent on the efficiency of Ag*
recovery was investigated by exposing the aqueous
solutions containing Ag* sorbed onto
Fe;0,@8Si0, @[MTESPIm]*[CI]” with three different
stripping agents as follows: HCI (0.6 and 3 M), HNO;
(0.6 and 3 M), and thiourea (0.6 M), noting that 3-M
thiourea could not be prepared due to its limited solu-
bility in H,O. Such stripping agents were selected due to
their known thermodynamic efficacy for Ag* recovery
(Vojoudi et al. 2017; Kazemi et al. 2015; Shimojo and
Goto 2004; Abdolmohammad-Zadeh and Javan 2015).

Predictably, the highest percent stripping efficiency
(% SE) of 85.4 4+ 1.3% was observed for 0.6-M thiourea
and this was attributed to the preference of the soft S-
donor atom in thiourea for the soft Ag" acceptor
(Fig. 12) (Pearson 1968). HCI (when at 3 M) was
recorded to strip more Ag" than 3 M HNO; (HCl=
59.54+5.5% vs. HNO3 = 30.9 + 3.4%), which is likely in
part attributed to the formation of the anionic complex
AgCl{ at high Cl concentrations (Abdolmohammad-
Zadeh and Javan 2015); however, this difference was
not recorded when the acids were applied at 0.6 M.

Conclusion

Surface functionalized magneto-responsive nanoparti-
cles are a new class of materials which have received
much interest in recent years for their potential utility as
next-generation agents for the recovery of metal(loid)s
from the aqueous phase. Herein, [MTESPIm]*[CI] on
Fe;0,@Si0, was prepared and characterized using
FTIR, XPS, TGA, TEM, and SQUID, which confirmed
that the nanomaterial exhibited a well-constrained com-
position, physical structure and particle size distribution,
in addition to a high saturation magnetism of 50.3 +
0.1 emu/g which indicates that the nanomaterial is high-
ly amenable for its transport and recovery from the
aqueous phase using an externally applied magnetic
field. TGA results recorded a surface coverage of
[MTESPIm]*[CI]” on the Fe;0,@SiO, of approximate-
ly 2 molecules/nm?. The [MTESPIm]*[CI]” on
Fe;0,@8Si0, was found to be highly efficient and se-
lective for Ag* removal from solutions also containing
Cu?* and Pb**, with optimum efficiency and selectivity

@ Springer

recorded at pH 3, with an exposure time of between 0
and 15 min. Fitting of the Langmuir isotherm indicated a
monolayer coverage of Ag” on the nanosorbent, with a
saturation capacity of 23.69 mg/g. Thiourea (0.6 M) was
the most effective Ag" stripping agent, which is attrib-
uted to the preference of the soft S-donor atom in thio-
urea for the soft Ag" acceptor. Overall, the results con-
firm that [MTESPIm]*[CI]” on Fe;0,@SiO is a highly
effective, versatile, and selective agent for the removal
of Ag from the aqueous phase and is therefore well
suited for multiple future applications in both wastewa-
ter treatment and mining sectors.
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