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echanism for selective adsorption
of Au(III) on an ionic liquid adsorbent by grafting
N-methyl imidazole onto chloromethylated
polystyrene beads†

Xin Kou, Bowen Ma, Rui Zhang, Miaomiao Cai, Yong Huang and Ying Yang *

To recover Au(III) from an acidic chloride-containing solution efficiently, an ionic liquid absorbent (CMPS-IL)

was synthesized by grafting N-methyl imidazole onto chloromethylated polystyrene beads (CMPS). The

adsorption capacity, selectivity, and reusability were systematically evaluated by a series of adsorption

experiments. The maximum adsorption capacity reached up to 516.5 mg g�1 at 318 K. The adsorbent

can selectively recover Au(III) from binary system solutions with a higher separation factor bAu/M (104–

106). Moreover, the adsorption–desorption cycles (7 cycles) showed that the CMPS-IL maintained

a stable adsorption performance and high adsorption efficiency. Finally, the adsorption mechanism of

CMPS-IL for Au(III) was investigated by SEM, TEM, XPS, and FT-IR, then proposed with a combination of

electrostatic interactions and d–p interaction between imidazolium and AuCl4
�. This study provides an

easily-prepared and economical adsorbent for Au(III) with high selectivity and large adsorption capacity

to boost its practical applications.
1. Introduction

In the 21st century, the age of electronic information, gold plays
an increasingly signicant part in many elds, especially for
electrical and electronic equipment. The electronics industry
consumed about 300 t of gold a year (246 t in 2009 due to
worldwide economic adversity).1 With gold concentrations in
Waste Electrical and Electronic Equipment (WEEE) estimated to
be 25–350 times that of primary sources (1–10 g per ton Au)2,3

(i.e., 300–350 g t�1 for mobile phone handsets4 and 250 g t�1 for
the printed circuit board of a PC5), WEEE is regarded as an
important secondary gold resource. Processes for secondary
gold production oen involve renery processes in which the
gold ions must be recovered from acid leaching solutions.6

WEEE also contains various base metals (Cu (20%), Fe (8%), Sn
(4%), Ni (2%), Pb (2%), Al (2%) and Zn (1%)) that will go into
leaching solutions together.7 This inspired research into selec-
tive adsorption aiming in developing low-cost adsorbents which
could recover Au(III) from complex solution.

Ion-exchange and adsorption are among the most suitable
renery methods, especially for low concentration of gold
existed solutions in the practical industrial process.8 The eld
of metal separation with ionic liquids-materials is a booming
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20348
one and a number of studies have demonstrated that ionic
liquids-materials represented high adsorption capacities for
metal seperation.9–15 A lot of typical carriers for IL, such as
metal organic frameworks (MOFs),16 nanomaterials17,18 (nano-
silica, nanospheres, nanotubes, nanowire), biopolymers,19,20

and traditional polymers21 are reported in recent years. An
ionic liquid modied MOF sorbent was synthesized and used
for removal of chromium ion from aqueous media by A. Nas-
rollahpour.16 The sorption was maximum for the initial pH of
2.0 at 285.71 mg g�1. Mohamed E. Mahmoud17 has reported
supported hydrophobic ionic liquid on nano-silica for
adsorption of lead which had excellent metal capacity values
toward Pb(II) sorption, extraction and removal of Pb(II) from
strongly acidic as well as other aqueous solutions (pH 1–7).
Dong et al.19 has synthesized a series of imidazolium-based
ionic liquid modifying cellulose microsphere as Au(III) adsor-
bents and conrmed that ion exchange certainly occurred
during adsorption by XPS analysis. In 2018, our group21

synthesized a N-methylimidazolium-based poly(ionic liquid)
with maximum adsorption capacity of 158.774 mg g�1 for
Au(III). As competitive alternatives, MOFs, nano materials, and
biopolymers have been certied to be promising carriers.
Nevertheless, the high cost of them does not make it possible
for large-scale industrial applications. Moreover, the size of
adsorbents should also be considered, which related to the
ltration properties of adsorbents. In any case, a facile, low-
cost, and user-friendly approach to achieve high-efficiency
This journal is © The Royal Society of Chemistry 2020
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adsorption for valuable metals with excellent selectivity is
a crucial but unsettled issue.

Inspired by the previous work, mesoporous cross-linked
chloro-methylated polystyrene (CMPS) beads, which is
a widely employed macromolecular support of thermal stability
and economic applicability to continuous processes,22 were
used as a support to prepare an absorbent with high adsorption
capacity, high selectivity, and low cost in present work. The
effects of the dosage of CMPS-IL, pH value and disturbing ions
on the recovery of Au(III) were systematically studied. The ther-
modynamics and kinetics of adsorption were carried out in
detail. The adsorption mechanism was further investigated by
SEM, TEM, FT-IR, and XPS.

2. Experimental
2.1 Reagents and materials

Cross-linked chloro-methylated polystyrene (CMPS) beads (0.7–
1 mm) were bought from Energy Chemical Reagent Co., Ltd.
Dissolving 1 g of gold in aqua regia prepared initial aqueous
solutions of HAuCl4 which tested by atomic absorption spec-
troscopy (AAS). A solution of 50 mg L�1 Au(III) was prepared aer
dilution of the initial aqueous solution. The binary ion stock
solutions were prepared by dissolving metal chlorides in
distilled water: FeCl3$6H2O, NiCl2$6H2O, CoCl2$6H2O, 2CdCl2-
$5H2O, and CuCl2$2H2O. All the other reagents were of analyt-
ical reagent grade.

2.2 Synthesis of the CMPS-IL

2.48 g (30.2 mmol) of N-methyl imidazole and 10 g of CMPS
beads were reuxed with 4.60 g of KOH as catalysts in 180 mL of
acetonitrile at 70 �C for 72 h. The solid products were ltered
and repeatedly rinsed with distilled water to neutral at room
temperature. Then the products were dried in vacuum at 35 �C
for three days and the dark yellow beads (CMPS-IL) were ob-
tained. The preparation route was described in Scheme 1.

2.3 Batch adsorption studies

40 mg of CMPS-IL and 50 mL of Au(III) solutions (50 mg L�1)
were applied to extraction experiments in sealed conical asks.
Experiments of adsorption isotherm were proceeded at the
Au(III) concentration range from 50–2800 mg L�1 0.1 mol L�1

HCl or 0.1 mol L�1 NaOH was used to tune the pH value. For the
adsorption kinetic texts, CMPS-IL (120 mg) and Au(III) solution
(50 mg L�1, 150 mL) were shaking for a specied time (5–180
min) at pH level of 2.0. 1 g L�1 of Fe(III), Cu(II), Co(II), Ni(II) and
Scheme 1 Preparation route of the CMPS-IL.

This journal is © The Royal Society of Chemistry 2020
Cd(II) were chosen as the competitive metal ions to investigate
the selectivity of CMPS-IL.

The recovery percentage (%) and adsorption amount qe (mg
g�1) were obtained as follows:

Recovery ð%Þ ¼ C0 � Ce

C0

� 100 (1)

qe ¼ ðC0 � CeÞ
m

� V (2)

where C0 and Ce (mg L�1) represent the initial and equilibrium
concentrations of Au(III); V (L) is the volume of the aqueous
phase; m (g) is the dose of CMPS-IL.

The separation factor (bAu/M) can be calculated from the
following equations:

bAu=M ¼ Qe; Au

Ce; Au

�
Qe; M

Ce; M

(3)

where Qe is the amount of metal adsorbed at equilibrium per
unit weight of adsorbent (mmol g�1); Ce is the equilibrium
concentration of metal ions in solution (mmol L�1).
2.4 Characterization

Elemental analysis of C, N and H was performed on a VarioEL
elemental analyzer. FT-IR measurement was recorded on
a NEXUS 670 spectrometer using KBr. SEM images were taken
with a eld-emission scanning electron microscope (JEOLJSM-
6701F). Metal ion solution (Au(III), Fe(III), Cu(II), Ni(II), Cd(II),
and Co(II)) were determined by AAS (AA240, Edinburgh Instru-
ments; ame: acetylene and air; ow rate: air-10 L min�1,
acetylene-1 L min�1; wavelength: Au-242.8 nm; Fe-248.7 nm;
Cu-324.8 nm; Ni-352.5 nm; Cd-228.8 nm; Co-240.7 nm). DSC
curves were obtained by differential scanning calorimeter
(NETZSCH200F3). Thermogravimetric (TGA) tests were con-
ducted on a Shimadzu TG 60 thermogravimetric analyzer under
a N2 dynamic atmosphere (50 cm3 min�1) in the temperature
range of 25–800 �C, with a heating rate of 10 �C min�1. X-ray
photoelectron spectroscopy (XPS) measurements were recor-
ded on an AXIS Ultra X-ray photoelectron spectrometer (Kratos
Analytical-A Shimadzu Group Company, Japan), using mono-
chromatic Al-Ka radiation as the excitation and choosing C 1s
(284.6 eV) as the reference (Kratos, UK). The morphologies of
symbols were carried out by means of a eld-emission scanning
electron microscope (Fe-SEM, NOVA NanoSEM 450). Scanning
transmission electron microscope (TEM) images were obtained
using Tecnai F30 transmission electron microscope (Philips-
RSC Adv., 2020, 10, 20338–20348 | 20339
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FEI, Holland). The surface area (SBET) was estimated by Bru-
nauer–Emmett–Teller (BET) method. The total pore volumes
(Vtotal) were evaluated from the liquid volume of N2 at a relative
pressure (p/p0) of 0.99.
3. Results and discussion
3.1 Preparation and characterization of the CMPS and
CMPS-IL

Fig. 1(a) showed the FT-IR spectra of CMPS, CMPS-IL and Au(III)
loaded CMPS-IL. Compared with the original CMPS beads, the
characteristic absorption bands of C–Cl at 668 cm�1 and
1263 cm�1 disappeared,23 and there emerged some new char-
acteristic adsorption bands for CMPS-IL. Evidence of the pres-
ence of the imidazole group was that characteristic imidazole
ring peaks existing at 1577 cm�1 (imidazole ring bending),
1387 cm�1 and 1347 cm�1 (N–C/C–C stretching), 1158 cm�1 (in-
plane ring C–H bending).24

The N2 adsorption–desorption isotherms were used to
investigate specic surface area and porous structures of the
CMPS and CMPS-IL in Fig. 1(c) and (d). The BET surface areas of
CMPS and CMPS-IL were 60.39 m2 g�1 and 4.86 m2 g�1; pore
volume also became smaller than that before modication (0.35
Fig. 1 (a) The FT-IR spectra of CMPS (blue), CMPS-IL (red) and Au(III) load
adsorption–desorption isotherm and pore size distributions of CMPS an

20340 | RSC Adv., 2020, 10, 20338–20348
cm3 g�1 and 0.02 cm3 g�1), which might be caused by the
introduction and hydration of imidazole.25 As shown in
Fig. 1(b), the CMPS-IL samples experienced a weight loss of less
than 7% in the temperature range from 80 to 150 �C, which
supported complete dehydration. TGA curves in Fig. 1(b)
showed that CMPS-IL was stable below 200 �C.

3.2 Extraction studies

3.2.1 Effects of initial pH and CMPS-IL dosage on adsorp-
tion. The removal rate of Au(III) at different pH values (1.0–6.0)
at 25 �C was presented in Fig. 2(a). The extraction efficiency was
not too different when the pH was varied from 1.0 to 3.0 (98.74–
99.23%). The adsorption efficiency sharply decreased over the
pH range 4.0–6.0, which was by reason of the formation of
chloride–hydroxide complexes of Au(III) and the competition
between OH� and AuCl4

�/AuCl3(OH)�.26,27 Considering a prac-
tical application scene, the pH value was chosen at 1.0 and it
was used in the following experiments. The effect of CMPS-IL
dosage (range 0.3–0.9 g L�1) on adsorption of gold was shown
in Fig. 2(b). The result concluded that the CMPS-IL dosage of
0.8 g L�1 was suitable for 50 mg L�1 of Au(III).

3.2.2 Adsorption kinetics. Fig. 3(a) presented the adsorp-
tion kinetic data at different temperature, representing that
ed CMPS-IL (black); (b) TGA curves of CMPS and CMPS-IL; (c and d): N2

d CMPS-IL.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Influencing factors of extraction efficiency of Au(III): (a) pH; (b) CMPS-IL dosage.
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adsorption capacity increased as contact time increased. Within
the rst hour, Au(III) was rapidly adsorbed on the surface of
CMPS-IL, and the adsorption amount reached 51.4 mg g�1 (298
K). Then the adsorption rate gradually slowed down, when the
adsorption amount reached 57.1 mg g�1 (298 K) at 2 h, the
amount of adsorption was no longer increasing, reaching
equilibrium adsorption capacity. It can be clearly seen that
higher temperature favors CMPS-IL adsorption of Au(III).

The adsorption kinetic data was investigated with pseudo-
rst-order (eqn (4)) and pseudo-second-order (eqn (5)) as
follows:

ln(qe � qt) ¼ ln qe � k1t (4)

t

qt
¼ 1

k2qe2
þ t

qe
(5)

where qe (mg g�1) and qt (mg g�1) represents the extraction
capacities of Au(III) at equilibrium and time t (h), respectively. k1
Fig. 3 (a) Adsorption kinetics of CMPS-IL for Au(III) at different temperatu
Morris model.

This journal is © The Royal Society of Chemistry 2020
is the rst-order rate constant at equilibrium (h�1). k2 is the
second-order rate constant at equilibrium (g (mg h)�1).

Table S2† summarized the kinetic parameters at different
temperatures. The higher R2 showed that the pseudo-second-
order model was more suitable to describe the kinetic process
suggesting that chemisorption had the stronger inuence on
the adsorption of the Au(III).28 In addition, the experimental
data of the extraction capacities were 58.71 mg g�1, 60.92 mg
g�1 and 65.98 mg g�1 corresponding to 298 K, 308 K and 318 K,
which were closed to the calculated values of 64.52 mg g�1,
66.27 mg g�1 and 71.33 mg g�1 based on the pseudo-second-
order model. According to Fig. 3(c), even though the linear
correlation between square root of time and qe was good, the
plots did not pass through the origin, which indicated that
intraparticle diffusion may be involved in the adsorption
process but it may not be the controlling factor in determining
the kinetics of the process.29
res; (b) pseudo-second-order model for Au(III) adsorption; (c) Weber–

RSC Adv., 2020, 10, 20338–20348 | 20341
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Fig. 4 (a) Adsorption isotherms of CMPS-IL towards Au(III); (b) Langmuir isotherms of Au(III) adsorption on CMPS-IL; (c) plot of ln Kc vs. 1/T based
Van't Hoff relation.

Fig. 5 Extraction behaviors of Au(III) from binary ion systems.
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3.2.3 Adsorption isotherms. The adsorption isotherm
indicates the relationship between the equilibrium concentra-
tion of the AuCl4

� in the solution at the equilibrium of
adsorption and how the adsorption capacity varies with the
adsorption concentration. The curves of initial Au(III) concen-
tration and adsorption amount at different temperature were
shown in Fig. 4(a) to ascertain the maximum adsorption
capacity of Au(III). Langmuir isotherm and Freundlich isotherm
were the commonest used isotherms to match the experimental
values. The models can be expressed as eqn (6) and (7).

Langmuir isotherm linear equation:30

C

qe
¼ 1

qmaxb
þ Ce

qmax

(6)

Freundlich isotherm linear equation:31

ln qe ¼ ln Kf þ 1

n
ln Ce (7)

where Ce (mg L�1) is the equilibrium concentration of Au(III), qe
(mg g�1) is the equilibrium extraction capacity, qmax is the
maximum adsorption capacity, and b is the adsorption equi-
librium constant related to the adsorption energy for Langmuir
isotherm model. Kf and n are Freundlich isotherm constants.

The corresponding adsorption parameters, along with
correlation coefficients, were listed in Table S3.† The maximum
extraction capacity for Au(III) was estimated to be 516.5 mg g�1

at 318 K. According to the higher correlation coefficient (R2 ¼
0.994 at 298 K, R2 ¼ 0.996 at 308 K, R2 ¼ 0.998 at 318 K), the
Langmuir adsorption isotherm which assumes that ideal
adsorption occurs with each adsorption site binding one
adsorbate molecule then forming a monolayer adsorption was
t better with the experimental data. Therefore, the mechanism
of the adsorption of Au(III) by CMPS-IL is presumed monolayer
adsorption and chemisorption and without interaction between
adsorbed species. Dimensionless separation factor (RL) which is
used to measure favorability of adsorption, was calculated using
eqn (8).
20342 | RSC Adv., 2020, 10, 20338–20348
RL ¼ 1

1þ bC0

(8)

where C0 is the initial metal concentration (mg L�1) and b is the
Langmuir parameter. The conditions RL > 1: unfavorable; RL ¼
1: linear; 0 < RL < 1: favorable; and RL ¼ 0: irreversible reported
in literature32 when compared with the calculated values of RL

(0.2535–0.0107 seen in Fig. S4†) revealed that the adsorption of
Au(III) on CMPS-IL was favorable and reversible.

3.2.4 Thermodynamics of Au(III) adsorption on CMPS-IL.
Thermodynamics parameters can determine the feasibility and
nature of the adsorption process. Gibbs free energy (DG),
enthalpy (DH), and entropy (DS) for the Au(III) adsorption
process were acquired by using the following equations:33,34

Kc ¼ qe

Ce

(9)

ln Kc ¼ DS

R
� DH

RT
(10)

DG ¼ DH � TDS (11)
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The effect of chloride ion concentration on Au(III) recovery
(conditions: pH ¼ 2, T ¼ 298 K).
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where R, T and Kc are the gas constant (8.314 J mol�1 K�1),
absolute temperature (K) and the thermodynamics constant,
respectively.

The enthalpy and entropy values were calculated from the
slope and intercept of the plot of ln Kc vs. 1/T.35 The calculated
thermodynamic parameters were listed in Table S3.† DG (kJ
mol�1) (298 K, �0.002; 308 K, �1.239; 318 K, �2.476) is
negative and the absolute value increases with the increase of
temperature, showing that the adsorption process is feasible
and spontaneous and high temperature is benecial to the
adsorption process. The positive values of DH illustrated that
the reaction between CMPS-IL and Au(III) was endothermic,
which was also consistent with the results of adsorption
kinetics.36 The positive value of DS (123.7 J mol�1 K�1) showed
that the sorption of gold was correlated to an increased
randomness.37 In addition, the absolute value of TDS is larger
than DH, which reveals that the adsorption of Au(III) is domi-
nated by entropic changes rather than the enthalpic
changes.38,39

3.2.5 Effect of diverse ions on the extraction of Au(III).
Usually, there is a certain concentration of Fe(III), Cu(II), Co(II),
Ni(II) and Cd(II) coexisting with Au(III) in an acid leaching solu-
tion of WEEE. The coexistence metal ions might distract with
the extraction selectivity of Au(III). To further study Au(III)
adsorption efficiency, interferences by coexisting ions were
tested. As shown in Fig. 5, the adsorption efficiency of Au(III) was
more than 95% in each binary ion system. Table S4† listed the
data of the separating coefficient (bAu/M) and extraction effi-
ciency (EAu), which obviously higher than many current adsor-
bents. As a result, the adsorbent had enormous potential to
extract Au(III) selectively from acid complex solution system in
the industrial process. The effect of Cl� concentration on
extraction efficiencies of Au(III) by CMPS-IL was described in
Fig. 6. The recovery efficiency for the Au(III) ions was slightly
decreased with increasing chloride ion concentration, however,
its values were above 95%.
Table 1 Characterization of different types of absorbents (chosen exam

Types of ion exchangers
Adsorption
capacity (mg g�1)

Selectivity
towards Cu, Ni (bAu/

Polyethylenimine modied
speciosa leaves powder

286–313 Cu: 695
Ni: —

Polystyrene-supported 3-
amino-1,2-propanediol

300.8 102–103

Aminomethyl pyridine
functionalized adsorbents
based on cellulose

315–517 687–829

Aliquat-336-impregnated
alginate capsule

191.92 —

Cellulose microsphere with
imidazolium-based ionic
liquid

454–735 —

D301 resin modied with
containing N/S functional
polymer

274–300 500–700

CMPS-IL 410–516 104–105

This journal is © The Royal Society of Chemistry 2020
Table 1 summarized Au(III) recovery on various adsorbents
reported in the literature. CMPS-IL exhibited high adsorption
capacity and excellent selectivity for Au(III) from mixed aqueous
solution, implying that CMPS-IL was of potential application
value in the practical industrial process for the extraction
separation and recovery of Au(III).
3.3 Recovery of Au(III) and reusability of CMPS-IL

The reusability of CMPS-IL was signicant for practical
application. Au(III) saturated CMPS-IL, which was prepared as
follows: 40 mg of CMPS-IL is added to 50 mL of Au(III) solution
(pH 2.0 and an initial concentration of 300 mg L�1), and the
mixture solution is shocked for 2 h under 298 K, is subjected
to adsorption/desorption cycles. It was observed in Fig. S4†
that 40 mg of Au(III) saturated CMPS-IL could be easily eluted
with 50 mL of the mixture of HCl–thiourea solution with
a desorption ratio of 99%. Fig. 7 showed the extraction and
ples) for adsorption of Au(III)

M)
Equilibrium
time (h)

Synthesis
method

Particle
size (mm) Reusability References

6 One step 200–300 7 40

12 One-step — — 41

12 Two steps 220 — 42

6 Three steps 3000 4 43

2 Two steps 200–300 — 19

5 Three steps 500–700 5 44

2 One step 700–1000 7 This work
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Fig. 7 Extraction and stripping cycles of CMPS-IL.
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stripping studies of CMPS-IL, the recovery percentage of Au(III)
was always more than 95% over 7 successive cycles, the results
indicated a relatively good reusability of CMPS-IL. Ionic
liquids are organic salts composed of asymmetric organic
cations and organic or inorganic anions with high thermal
and chemical stability and can therefore be used to recover
gold from highly acidic and high concentration chloride
systems.

3.4 Adsorption mechanism discussion

3.4.1 XPS analysis of CMPS-IL and Au loaded CMPS-IL. The
chemical composition of CMPS-IL before and aer adsorption
Table 2 The comparison of BE of KAuCl4 and sorbed gold on CMPS-IL

Au(0) Au(III) 4

Au salt (KAuCl4)
45 84.00 87.2 eV

Sorbed Au on CMPS-IL 84.00 87.39 eV
89.76 eV

Fig. 8 (a) The XP spectra of CMPS-IL before and after adsorption, (b) th

20344 | RSC Adv., 2020, 10, 20338–20348
was investigated by XPS. Au 4f XPS-peak-differentiation-
imitating analyses of the spectrum were applied to evaluate
the existence form of sorbed gold on CMPS-IL. The Au 4f peaks
(Fig. 8(b)) could be deconvoluted into three chemical state:
Au(0) at 4f7/2 84.00 eV and 4f5/2 87.85 eV, Au(III) with weak d–p
reaction at 4f7/2 87.39 eV and 4f5/2 91.31 eV and Au(III) with
strong d–p reaction at 4f7/2 89.76 eV and 4f5/2 93.39 eV.

Au(0) species were discovered in both Au salt (KAuCl4: Au(0)
4f7/2 84.00 eV, 4f5/2 87.65 eV) in the literature45 and sorbed gold
on CMPS-IL. The Binding Energy (BE) of sorbed Au(III) was
higher than that of Au salt (KAuCl4)45 summarized in Table 2,
which indicated a lower electron density at the Au center in
sorbed gold on CMPS-IL. That may be caused by the electrons of
the Au atoms in AuCl4

� being donated to the N atoms in the
imidazolium46,47 and forming p bonding when AuCl4

� and
imidazole ring were in a parallel position, which was also
conrmed by single-crystal structure analysis in our last
report.21 However, due to the steric hindrance effect, part of
AuCl4

� could not be in a parallel position with imidazole ring,
which weakened the d–p reaction. As a result, there appeared
two sets of peaks of Au(III): one was Au(III) with a weak d–p
reaction and the other was Au(III) with a strong d–p reaction.

The N 1s spectra in Fig. 9(a) showed two asymmetric peaks at
401.80 and 399.31 eV. They were assigned to the N atoms in the
imidazolium in ionic liquids48,49 and free N-methyl imidazole
impurities,50 respectively. Aer gold adsorption, part of N atoms
accepted electrons of the Au atoms, and BE decreased from
401.8 to 399.0. The BE of the N uninvolved reaction was
unchanged, which made N ls “doublet” in Fig. 9(b).

3.4.2 Morphology and structure analysis. The morphology
of CMPS-IL aer adsorption Au(III) was investigated by TEM,
f7/2 Au(III) 4f5/2

90.8 eV
(weak d–p reaction) 91.31 eV (weak d–p reaction)
(strong d–p reaction) 93.39 eV (strong d–p reaction)

e high-resolution XP spectrum of Au 4f.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03504a


Fig. 9 The XP spectra of the N 1s in CMPS-IL (a) before and (b) after adsorption.
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SEM, element mapping, and element distribution (Fig. 10). It
can be observed that the surface of CMPS was smooth and had
a lot of tiny cracks and pores (Fig. 10(a)). CMPS-IL owned
a rough, wrinkled surface and smaller cracks and holes
(Fig. 10(b)). There were several particles of different sizes
distributed on the surface of the CMPS-IL aer adsorption
clearly (Fig. 10(c)), and element mapping results veried that
stacks of Au element existed on these particles (Fig. 10(d)). In
high magnication TEM images of Fig. 10(g) and (h), the lattice
Fig. 10 The SEM images of (a) the CMPS, (b) the CMPS-IL, (c) the Au-loa
analyses of Au-loaded CMPS-IL. TEM images of Au-loaded CMPS-IL: (f) s
(g).

This journal is © The Royal Society of Chemistry 2020
fringe of 0.235 nm can be observed clearly, corresponding to the
d-spacing of the Au (111) plane,51,52 which indicated the exis-
tence of Au (0) species.

3.4.3 Infrared analysis. Also, the extraction mechanism of
CMPS-IL for Au(III) can also be proved by FT-IR spectra. The
enhancement of peaks at 1387 cm�1 and 1347 cm�1 aer
adsorption attributed to the characteristic peak of C–C/N–C
stretching in Fig. 1, which indicated an interaction between
AuCl4

� and imidazolium.
ded CMPS-IL. (d) Element mapping of the Au-loaded CMPS-IL, (e) EDX
cale bars ¼ 100 nm, (g) scale bars ¼ 5 nm, (h) partial enlarged detail of

RSC Adv., 2020, 10, 20338–20348 | 20345
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Fig. 11 The adsorption mechanism of Au(III) by CMPS-IL.
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In conclusion, the mechanism of Au(III) recovery by CMPS-IL
was considered a combination of electrostatic interactions,
strong and weak d–p interactions between imidazolium and
AuCl4

� exhibited in Fig. 11.
4. Conclusion

Our study presented a low-cost and highly selective ionic liquid
adsorbent (CMPS-IL) prepared in one step by graing N-methyl
imidazole onto CMPS beads, which could be used for gold
recovery from a complex system. The experiment results indi-
cated the CMPS-IL has an effective extraction effect on Au(III). The
Au(III) adsorption on CMPS-IL reached equilibrium within 2 h.
Kinetic data suggested a pseudo-second-order kinetic model for
Au(III) adsorption. The maximum monolayer adsorption capacity
of Au(III) by CMPS-IL was in the range of 410.9–516.5 mg g�1 at
298–318 K. In the binary ion systems (Fe(III), Cu(II), Co(II), Ni(II)
and Cd(II)), the CMPS-IL had an excellent selectivity for gold (b ¼
104–106). The XPS results suggested there were weak and strong
d–p reaction between AuCl4

� and imidazolium besides electro-
static interactions. Finally, the CMPS-IL would be a promising
gold absorbent for its high adsorption capacity, high selectivity,
and good cycle performance.
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