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AsDisperser solvents are commonly toxic and volatile organic solvents in industry, disperser-free strategy enjoys
the advantages of environmental benignity and cost control. In this work, 1-octyl-3-methylimidazole-2-thione
(OMImT), a neutral sulfur-bearing extractant with lowmelting point and negligible vapor pressure, was synthe-
sized and first utilized for the removal of Pt(IV) from hydrochloric acid medium by disperser-free precipitation
owing to its excellent hydrophobicity and low viscosity. Estimation for the removal performance of Pt(IV) by
disperser-free precipitation, in comparison with that by liquid-liquid extraction (LLE) with disperser cyclohex-
ane, was conducted on the effects of the dosage of OMImT and vibration time. Subsequently, variable influence
factors on the removal of Pt(IV) (e.g. phase ratio, HCl concentration, H+ concentration and Cl− concentration)
were also explored. Afterwards, the removalmechanismof Pt(IV)with OMImTwasfirst proposed and evidenced
to be a special neutral complexing mechanism via a combination of quantum-chemical calculations and experi-
mental measurements. At last, kinetic data were analyzed by kinetics fitting methods. In brief, OMImT is a highly
effective, environmentally benign and cost efficient candidate for the Pt(IV) removal.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

As an extremely valuable and strategic metal of platinum-group ele-
ments, platinum (Pt) is extensively employed in jewellery, catalysts,
electronic devices, pharmaceutical, fuel cells, and so on [1,2]. Owing to
its scarcity and industrial significance, recovering platinum from sec-
ondary sources (spent catalysts, chemical wastes, and electronic de-
vices) is environmentally and economically crucial. The recovery of Pt
is usually performed by leaching processes into an aqueous phase con-
taining substantial amounts of acids, normally above 1 M HCl [3–6],
where most platinum is oxidized as Pt(IV) and forms stable PtCl62− [7].

For recovering or refining platinum, liquid-liquid extraction (LLE) is
among the oldest techniques and still widespread up to now [6,8–10].
Nonetheless, LLE, which demands a substantial amount of toxic and vol-
atile organic solvent as disperser solvent, is expensive, labor-intensive
and environmentally unfriendly. To overcome the shortcomings men-
tioned above, extractants with bad water solubility and low viscosity
are necessary for dispersing utterly in the absence of disperser solvent.

Imidazole-2-thiones have attracted considerable attention due to its
wide applications in vulcanization accelerators, complexing agents,
rubber antioxidants, and high-speed photothermographic materials,
etc. [11–15]. However, few researches on the removal of metals from
aqueous solutions have been reported by 1, 3-disubstituted imidazole-
2-thiones [16–18], which are a kind of versatile catalysts [19]. 1-octyl-
3-methylimidazole-2-thione (OMImT) is a promising neutral sulfur-
bearing extractant for noble metal due to its bad solubility in water
(0.0057%), low melting point and negligible vapor pressure. Moreover,
our attention was arrested by its low-viscosity (12.2 cP, 298 K), which
makes it a potential candidate for dispersing completely in the absence
of disperser.

In this work, OMImT was synthesized and first employed for the re-
moval of Pt(IV) from hydrochloric acid medium by disperser-free pre-
cipitation and by LLE with low toxic disperser cyclohexane. For
comparison purposes on the removal performance of Pt(IV), the effects
of the dosage of OMImT and vibration time on the removal percentage
of Pt(IV) by disperser-free precipitation and by LLE were investigated.
Furthermore, variable influence factors on the removal of Pt(IV) (e.g.
phase ratio, HCl concentration, H+ concentration and Cl− concentra-
tion) by disperser-free precipitation and by LLE were explored. After-
wards, a special neutral complexing mechanism between OMImT and
Pt(IV) was first put forward and confirmed by experimental evidences
given by maximum metal loading experiments, FT-IR spectra,1H NMR
spectra, UV–vis spectra and elemental analysis. To support the
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Fig. 2. Extraction percentage of Pt (IV) as a function of the phase ratio of aqueous phase to
organic phase (RA:O). Experimental conditions: 5 mL 1.0 mM Pt (IV) solution, 6.0 M HCl;
nOMImT = 0.02 mmol.

Scheme 1. Synthesis of 1-octyl-3-methylimidazole-2-thione (OMImT).
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mechanism from a theoretical insight, quantum chemical calculations
based on density functional theory (DFT) were performed. The electro-
static potential (ESP) maps and average local ionization energy (ALIE)
maps of OMImT were calculated to verify the coordination of sulfur
atom with Pt(IV) theoretically. Then kinetics studies of the Pt (IV) re-
moval process were performed. At last, hydrazine hydrate was first
tested to reduce the OMImT-Pt complexes into platinum powders.

2. Experimental

2.1. Reagents

All reagents and chemicals were analytical grade and utilized with-
out further purification in this study. 1-octyl-3-methyl-imidazole ace-
tate salt ([OMIm]OAc, N 99%), was purchased from Shanghai Chengjie
Chemical Reagent Co., Ltd. (Shanghai, China). H2PtCl6·6H2O
(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was dissolved
in 1MHCl, whichwasdiluted for the feed solution. Sulfur and hydrazine
hydrate were procured from Tianjin Fuyu Chemical Reagent Co., Ltd.
(Tianjin, China). Regents (acetonitrile, sodium chloride, hydrochloric
acid, methylene dichloride, sodium bicarbonate) were from Kermel
Chemical Reagent Tianjin Co., Ltd. (Tianjin, China). Aqueous solutions
were prepared by deionized water in all the experiments.

2.2. Experimental procedures

2.2.1. Synthesis of 1-octyl-3-methyl-imidazole-2-thione
The 1-octyl-3-methylimidazole-2-thione (OMImT) was synthesized

according to the procedure reported in the literature [16]. The synthesis
procedure is displayed in Scheme 1. The mixture of [OMIm]OAc
(25.22 mol) and sulfur (28.06 mol) was stirred at 100 °C for 24 h. The
unreacted sulfur was filtered out after adding acetonitrile (30 mL),
and then acetonitrile was distilled under vacuum. The product was dis-
solved in methylene dichloride (50 mL). Deionized water and sodium
bicarbonate solution (5%) were utilized to wash the product three
times to remove unreacted [OMIm]OAc and acetic acid. At last, the
red-brown, low-viscosity liquid product was obtained after distilling
the methylene dichloride.
Fig. 1. The comparison of removal percentage of Pt (IV) (EPt (%)) by disperser-free precipitati
conditions: 5 mL 1.0 mM Pt (IV) solution, 4.0 M HCl (disperser-free precipitation) or 6.0 M HC
The FT-IR (depicted in Fig. 6) and 1H NMR (presented in Fig. 7) of
OMImTwere obtained. The results proved that OMImTwas successfully
synthesizedwithout any impurity. 1H NMR (400MHz, DMSO): δ (ppm)
= 7.18 (dd, J = 6.8, 2.3 Hz, 2H), 4.05–3.91 (m, 2H), 3.51 (s, 3H),
1.78–1.63 (m, 2H), 1.32 (t, J = 9.0 Hz, 10H), 0.91 (t, J = 6.9 Hz, 3H).
EI-MS, m/z = 227.16 (M++1).

2.2.2. Disperser-free precipitation or liquid–liquid extraction of Pt (IV)
All experiments were performed with initial Pt(IV) solutions con-

taining 1mMH2PtCl6 and 1–10MHCl at 298 K. A certain amount of ex-
tractant OMImT (ranging from 0.01 to 0.05mmol, dissolved in disperser
cyclohexane to constitute the organic phase OMImT/cyclohexane or
disperser-free) mixed with 5 mL initial Pt (IV) solutions in a centrifug-
ing tube, then achieved equilibrium after mechanical vibration in an el-
lipsoid shaker. As shown in Fig. 1b, as the precipitation or extraction
efficiency did not increase obviously after 60 min (disperser-free pre-
cipitation) or 10 min (LLE with disperser cyclohexane), thus 65 min
and 15 min are sufficient for the equilibrium respectively.

For the precipitation experiments, an orange suspension containing
fine particles of OMImT-Pt was formed. After a centrifuge at 12000 rpm
for 20min, the particles of OMImT-Pt are sediment in the bottom of the
centrifuge tube, and transparent aqueous solutions were acquired for
determining the concentration of Pt(IV). After drying, the precipitate
would transform to orange powders. As for the LLE experiments, the
clear and transparent aqueous phase, whichwas separated fromorganic
phasewith a centrifuge at 12000 rpm for 6min, was obtained for deter-
mining the concentration of Pt(IV).
on and that by LLE versus (a) the dosage of OMImT and (b) vibration time. Experimental
l (LLE); RA:O = 10 (LLE). (b) nOMImT = 0.02 mmol.



Fig. 3. The effect of HCl concentration on EPt (%). Experimental conditions: 5mL 1.0mMPt
(IV) solution, nOMImT = 0.02 mmol, RA:O = 10 (LLE).
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The precipitation or extraction percentage of Pt (IV) (EPt (%)) was
calculated according to the equation:

EPt% ¼ Cin;aq−Cfi;aq
� �

Cin;aq
� 100 ð1Þ

where Cin,aq and Cfi,aq (mM) are the initial and final concentration of Pt
(IV) in aqueous phase, respectively.

2.3. Analytical techniques

The concentration of Pt(IV) in aqueous phase was determined with
the help of a flame atomic absorption spectrometer (3150, Precision &
Scientific Instrument Shanghai Co., Ltd., Shanghai, China). The moles
of Pt(IV) in the disperser-free precipitate or the concentrations of Pt
(IV) in organic phase (LLE with disperser cyclohexane) were calculated
according to mass balances. Each experiment was performed 3–5 times
(relative standard deviation b3%) and the mean was taken.

OMImT-Pt complexes,which formedupon the precipitation reaction
of OMImT and excess H2PtCl6, were filtrated from the aqueous solution,
washedwith deionizedwater for 3 times, and thoroughly evaporated at
323 K and 2 × 104 Pa. With DMSO as a solvent, the 1H NMR spectra
(400 MHz) were recorded by a spectrophotometer from Bruker. FT-IR
spectra were detected between 200 and 4000 cm−1 on a Tensor27 in-
frared spectrometer from Bruker. The UV–vis spectra dissolved in etha-
nol were determined by a UV-9000 spectrophotometer from Metash.
The viscosity of OMImTwasmeasured by a Brookfield DV-II+program-
mable viscometer, and the temperature was set to 298 K via a water
bath. The solubility of OMImT in water was obtained via the external
standard method by high-performance liquid chromatography, accord-
ing to the procedure reported in the literature [17], at thewavelength of
253 nm with flow velocity of 1 mL/min. The high-performance liquid
chromatographywas carried out by a chromatograph (LC2000, TianMei,
Shanghai, China) equippedwith a Kromasil C18 column. General exper-
iments were conducted in duplicate, unless large differences showed.

2.4. Computational details

The geometries of OMImT were in ground state and were fully opti-
mized by density functional theory (DFT) under the M06-2X/6-311+
+g (d, p) level [20] via Gaussian 09 program package [21]. The optimi-
zationswere carried out in the gas phase or with the universal solvation
model (SMD) [22] of water and cyclohexane. The wave function analy-
ses here were performed by Multiwfn 3.5 [23,24] to obtain the electro-
static potential (ESP) and average local ionization energy (ALIE) on van
derWaals (vdW) surface. During the analyses above, followed by Bader
et al. [25], the vdW surface denotes the isosurface of ρ=0.001 e/bohr3.
The ESPmaps and ALIEmaps were generated and rendered by the VMD
1.9.3 program [26].

3. Results and discussion

3.1. Comparison of disperser-free precipitation and liquid-liquid extraction
for Pt (IV) removal

Oriented toward gaining some insight into the performance of
disperser-free precipitation for Pt(IV) removal with OMImT, a compar-
ative study on the dosage of OMImT and vibration timewas carried out
between it and LLE with disperser cyclohexane (Fig. 1). Given that the
comparison was conducted for evaluating the removal performance of
Pt(IV) through these two methods in industrial applications, the opti-
mum concentrations of HCl (see Fig. 3, 4.0 MHCl for disperser-free pre-
cipitation, 6.0 M HCl for LLE) were adopted separately.

As shown in Fig. 1a, the plot of removal percentage of Pt(IV) (EPt (%))
versus the dosage of OMImT by disperser-free precipitation almost co-
incides with that by LLE. For both curves, EPt increases dramatically
with increasing amount of OMImT from 0.01 to 0.02 mmol, and subse-
quently levels off against the amount of OMImT in the range of
0.02–0.05 mmol. It can be concluded that disperser-free precipitation
by OMImT is such a thermodynamically high-efficiency approach that
could achieve equal maximum of EPt (99.6%) with an identically slight
amount of OMImT (0.02mmol, nOMImT:nPt = 4:1) as LLE. It could be at-
tributed to the low viscosity of OMImT and resulting sufficient contact
of OMImT and Pt(IV). In addition, 0.02 mmol was chosen as the opti-
mum amount of OMImT for further experiments.

Fig. 1b shows that for LLE, after a rapid rise of EPt versus vibration
time in the first 10 min, the curve becomes flat with EPt remaining
about 99.6% thereafter. For disperser-free precipitation, the equilibrium
was approached after contacting for 60min and thus 65min is sufficient
for further experiments. The fact that it took longer to reach equilibrium
by disperser-free precipitation could be chalked up to the higher viscos-
ity of OMImT than cyclohexane, which was utilized as a dispersant in
LLE to accelerate the removal process kinetically.

On the basis of the above observations, disperser-free precipitation
is a superior technique for the removal of Pt(IV) with OMImT than LLE
owing to its high efficiency, environmental benignity and cost reduction
over acceptable vibration time.Meanwhile, owing to the high efficiency,
short vibration time and low toxicity of cyclohexane, LLEwith disperser
cyclohexane has industrial potential for the removal of Pt(IV) to some
extent.

3.2. Influence of the phase ratio on the liquid-liquid extraction of Pt(IV)

For LLE with disperser cyclohexane, the effect of the volume ratio of
aqueous phase to organic phase (RA:O) on EPt was studied. As shown in
Fig. 2, EPt retains about 99.6% when RA:O ranges from 1 to 10, and de-
creases rapidly after RA:O exceeds 10. Therefore, 10 is the optimum
value of RA:O for a balance between high extraction percentage and
large aqueous phase volumes.

3.3. Influences of HCl, H+ and Cl− concentrations on the removal of Pt(IV)

The effects of HCl, H+ and Cl− concentrations in the aqueous phase
on the removal of Pt(IV) were explored for confirming the optimum
acidity and the removal mechanism.

The influence of HCl concentration was researched over the range of
1–10 M HCl, and the results are shown in Fig. 3. For disperser-free pre-
cipitation, EPt is positively correlated with HCl concentration when the
concentration of hydrochloric acid varies from 1 M to 4 M, and levels
out at around 99.6% in the range of 4–10 M HCl. For LLE with disperser



Fig. 5. Themole ratio of OMImT to Pt (IV) removed (n(OMImT)/n(Ptrem)) versus themole
ratio of OMImT to Pt (IV) added at a constant initial concentration of Pt (IV). Experimental
conditions: 5mL 1.0mMPt (IV) solution, 4.0MHCl (disperser-free precipitation) or 6.0M
HCl (LLE); RA:O = 10 (LLE).

Fig. 4. The plot of EPt (%) versus (a) the concentration of Cl− and (b) the concentration ofH+. Experimental conditions: 5mL 1.0mMPt (IV) solution, nOMImT=0.02mmol, RA:O=10 (LLE).
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cyclohexane, the plot of EPt versus HCl concentration exhibits a similar
tendency except for the inflection point at 6MHCl. Accordingly, the op-
timum concentration of HCl are 4.0 M and 6.0 M for disperser-free pre-
cipitation and LLE with disperser cyclohexane, respectively.
Furthermore, as OMImT could retain high removal percentage of Pt
(IV) against the influence of HCl in a wide range, it is a superior candi-
date for removing Pt(IV) industrially [6].

For an in-depth understanding of the removal mechanism of Pt(IV),
the effect of H+ and Cl− were investigated separately. The effect of Cl−

concentration on the removal of Pt(IV) was explored at a fixed 2.0 M
HCl concentration, and the Cl− concentration varied from 2.5 M to
4.5 M by the adjustment of NaCl. As seen from Fig. 4a, EPt is independent
of Cl− concentration for disperser-free precipitation as well as LLE with
disperser cyclohexane. Subsequently, the influence of H+ concentration
was studied over the range of 2.0–4.5 M H+, and a fixed 4.5 M Cl− con-
centration was remained by the addition of NaCl. A positive correlation
between EPt and H+ concentration, which is suitable for disperser-free
precipitation as well as LLE with disperser cyclohexane, was presented
in Fig. 4b. As a consequence, it could be concluded that the removalmech-
anism of Pt(IV) involves the participation of H+ but the absence of Cl− for
disperser-free precipitation as well as LLE with disperser cyclohexane.

3.4. Removal mechanism of Pt (IV)

To demonstrate the removalmechanismof Pt(IV)with OMImT, con-
siderable efforts were made experimentally and theoretically.

To determine the coordination number of OMImT-Pt complexes in
the removal reactions, the maximum metal loading experiments
(Fig. 5) were conducted [27]. The concentration of Pt(IV) was main-
tained at 1 mM against the increasing dosage of OMImT. Given that
the removal mechanisms were investigated for the industrial applica-
tions, the optimum HCl concentrations (4.0 M HCl for disperser-free
precipitation, 6.0 M HCl for LLE) were adopted separately for each ap-
proach. The results are shown in Fig. 5. For both disperser-free precipi-
tation and LLE, themolar ratio of OMImT to Pt(IV) removed almost kept
constant three, when the molar ratio of OMImT to Pt(IV) added is less
than three. It suggests that OMImT-Pt complexes are in the same mole
ratio (3:1) at maximum loadings for both approaches. Besides, in com-
bination with the analogous removal behaviors of Pt(IV) discussed in
Section 3.3, it could be assumed that the removal of Pt(IV) with
OMImT by disperser-free precipitation and by LLE with disperser cyclo-
hexane follows the same mechanism.

To obtain the direct evidence of interactions between OMImT and Pt
(IV), FT-IR spectra were determined for OMImT and OMImT-Pt com-
plexes (Fig. 6). The vibration bands of OMImT are as follows: ring alkene
C\\H stretch, 3095 cm−1; aliphatic C\\H stretch, 2927 and 2857 cm−1;
ring C_C stretch, 1569 cm−1; –N–C=S group, 1459 and 1230 cm−1

[28,29]; C\\N stretch, 1408 cm−1. It is quite confusing that no apparent
shifts observed between OMImT and OMImT-Pt complexes washed by
water, except the negative shift from 1569 cm−1 to 1562 cm−1 related
to the C_C stretch in the imidazole ring. This unusual phenomenon is
against the prediction that nitrogen or sulfur atom of OMImT would
be the active site to interact with Pt(IV) on the basis of common
sense. However, it is found that many absorption bands related to the
imidazole ring changed obviously as long as the OMImT-Pt complexes
washed bywater and ethanol. In comparison with OMImT, its peaks as-
sociated with C_C shifted from 3095 cm−1 and 1569 cm−1 to
3101 cm−1 and 1555 cm−1, respectively; its peaks assigned to the –
N–C=S group also shifted from 1459 cm−1 and 1230 cm−1 to
1472 cm−1 and 1224 cm−1, respectively. Nevertheless, the aliphatic
C\\H peaks barely shifted owing to the weak interaction between Pt
(IV) and the alkyl side chains of OMImT. In addition, the absence of
peak at 343 cm−1 [30], which is assigned to PtCl62−, signifies that Pt
(IV) coordinated with the nitrogen atom or sulfur atom of OMImT. Tak-
ing steric hindrance into account, it is inferred that the sulfur atom of
OMImT would coordinate with Pt(IV) preferentially.

It is notable that the OMImT-Pt complexes were prepared by re-
peated precipitation reaction of OMImT and excess H2PtCl6, thus the
residue of unreacted OMImT is impossible, even if the OMImT-Pt com-
plexes washed only by water. It is speculated that the interesting phe-
nomenon mentioned above resulted from the special removal
mechanism. Moreover, the absence of peak at 348 cm−1 [30] signifies
the presence of highly symmetrical trans-Pt(OMImT)2Cl4, which
retained after washed by ethanol due to its low polarity. Thus, it is in-
ferred that the three OMImT molecules of per OMImT-Pt molecule
could be divided into two groups at a coordination/freer state ratio of



Fig. 6. FT-IR spectra of OMImT and OMImT-Pt complexes.
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2:1, and the groupwithweaker interaction between OMImT and Pt(IV),
whose FT-IR resembles that of OMImT owing to its freer state, could
mask the shifts from the other group with stronger interaction to a cer-
tain extent.

The 1H NMR spectra of OMImT and OMImT-Pt complexes by two
post-treatment methods further proved the speculation proposed
above. As seen in Fig. 7, the chemical shifts of hydrogen nuclei (δH,
ppm) in the aliphatic chain away from imidazole ring hardly changed.
For OMImT-Pt complexes washed only by water: A − A′(A″), 0.91 →
0.92; B − B′(B″), 1.32 → 1.32; C − C′(C″), 1.71 → 1.77; ΔδH =
0.00–0.06. For OMImT-Pt complexes washed by water and ethanol: A
− A‴, 0.91 → 0.85; B − B‴, 1.32 → 1.24; C − C‴, 1.71 → 1.72; ΔδH =
−0.08 − 0.01. Note, for OMImT-Pt complexes washed only by water,
that the δH related to H nuclei in the aliphatic chain near imidazole
ring or in imidazole ring could be divided into two groups with a peak
area radio of 2:1, and the δH values of the groupwith lager peak area ap-
proximate those of the OMImT-Pt complexes washed bywater and eth-
anol. The most significant changes of δH attributed to the H nuclei in
imidazole ring are as follows: F − F′ (G − G′), 7.18 → 7.64; F − F″(G
− G″), 7.18 → 7.74; F − F‴(G − G‴), 7.18 → 7.76; ΔδH = 0.46–0.58.
The evident changes of δH owing to the H nuclei in the aliphatic chain
Fig. 7. 1H NMR spectra of OMImT and OMImT-Pt complexes.
near imidazole ring are presented as following: D − D′, 3.51 → 3.76; D
− D″(D‴), 3.51 → 3.86 (3.88); E − E′, 3.98 → 4.05; E − E″(E‴), 3.98
→ 4.24 (4.23); ΔδH = 0.07–0.37. The data above also illustrate that
the two OMImT molecules of per OMImT-Pt molecule coordinated
with Pt(IV), while the rest onewas in a freer state with weaker interac-
tion. It also reveals that Pt(IV) has coordinated with the nitrogen atom
or sulfur atom of OMImT in imidazole ring, which coincides with the re-
sults of FT-IR analysis.

In order to gain theoretical insight into the extraction mechanism
and to identify the coordination sites of OMImTwith Pt(IV), the electro-
static potential (ESP) and average local ionization energies (ALIE) on the
vdW surface, which are complementary [31], were calculated. ESP on
the molecular surface can be utilized to understand and forecast
where Pt(IV) would incline to approach from afar, which is dominated
by long-range electrostatic interactions. As displayed in Fig. 8a, c and
e, the most electron-rich regions as well as the global minima of ESP
on the surface (−34.51 kcal/mol,−47.10 kcal/mol and−39.32 kcal/mol
for OMImT in the gas phase, in water, and in cyclohexane, respectively)
appear around the sulfur atom, thus it is sulfur atom that inclines to co-
ordinatewith Pt(IV). In addition, the lowest values of ALIE, which corre-
late with the locations of the least tightly bound and most reactive
electrons, can be employed to predict the preferred coordination posi-
tions with Pt(IV). As shown in Fig. 8b, d and f, the fact that the global
minima of ALIE on the surface (7.84 eV, 8.02 eV and 7.86 eV for
OMImT in the gas phase, inwater, and in cyclohexane, respectively) cor-
respond to the sulfur atom, also supports the conclusion that sulfur
atom has a higher reactivity toward coordination with Pt(IV). To sum
up, the coordination for the sulfur atom of OMImTwith Pt(IV) was ver-
ified theoretically via a combination of electrostatic potential maps and
average local ionization energy maps.

To demonstrate the species difference of OMImT-Pt complexes by
two post-treatment methods, UV–vis spectra of H2PtCl6, OMImT and
OMImT-Pt complexes (Fig. 9) were recorded. The absorption peak of
H2PtCl6 at 262 nm could be assigned to the presence of PtCl62− anions
[32]. We notice that the shape of the absorption peaks for OMImT-Pt
complexes washed by water and ethanol is quite different from that
washed only by water. Moreover, the wavelength of characteristic ab-
sorption peak for OMImT-Pt complexes washed by water is at 321 nm,
while that of OMImT-Pt complexes washed by water and ethanol is at
382 nm. It signifies that OMImT-Pt complexes by two post-treatment
methods were not the same species indeed and the speculations for
their molecular formulas were verified by elemental analysis. As tabu-
lated in Table 1, the elemental analysis data from OMImT-Pt complexes
washed by water and that washed by water and ethanol are consistent
with the corresponding results calculated for [Pt(OMImT)2Cl4]•
[OMImT•2HCl] and Pt(OMImT)2Cl4, respectively.

Taking the material conservation, charge balance and discussions
above into account, the neutral complexing mechanism of OMImT for
Pt(IV) removal in this work can be written as:

PtCl6½ �2− aqð Þ þ 2Hþ
aqð Þ þ 3 OMImT orgð Þ

¼ Pt OMImTð Þ2Cl4
� �

• OMImT•2HCl½ � orgð Þ

3.5. Kinetics of Pt (IV) removal

To gain insight into the removal process of Pt(IV) with OMImT kinet-
ically, the kinetic data were analyzed by kinetics fitting methods with
pseudo-first-order rate model and pseudo-second-order rate model [33].

Pseudo-first-order rate model and pseudo-second-order rate model
could be expressed by Eqs. (2) and (3), respectively:

ln qe−qtð Þ ¼ lnqe−k1t ð2Þ

t
qt

¼ 1
k2q2

e
þ 1
qe

t ð3Þ



Fig. 8. Electrostatic potential (ESP)maps on the vdW surface of OMImT (a) in the gas phase, (c) inwater, and (e) in cyclohexane. Average local ionization energies (ALIE)maps on the vdW
surface of OMImT (b) in the gas phase, (d) inwater, and (f) in cyclohexane. (Surface local minima andmaxima are characterized as green and orange spheres, respectively. The extrema at
backside/front side of the maps are symbolized by transparent/opaque spheres with green/black labels.)
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where qt (mmol/g) and qe (mmol/g) denote the removal capacity of Pt
(IV) at time t (min) and at equilibrium, while k1 (min−1) and k2 (g/
(mmol•min)) represent the rate constant of the pseudo-first-order
model and pseudo-second-order model, respectively.

Due to the pseudo-second-order model was better fit than pseudo-
first-order model in terms of higher correlation coefficients (R2), we
only show the plot of t/qt vs. t for the pseudo-second-order model
rather than the plot of ln (qe-qt) vs. t for the pseudo-first-order model
in Fig. 10. As pseudo-second-order model is more likely to speculate ki-
netic behavior of chemical reaction for the rate-controlling step [34], the
removal process of Pt(IV) with OMImT can be interpreted with “surface
reaction”model, supposing that the chemical reaction on the surface of
OMImT droplets is the slowest step in the whole removal procedure
[35]. The values of qe and k2 calculated from the slope and intercept of
the fitting plots t/qt vs. t are as follows: for LLE, qe = 1.09 mmol/g, k2
= 214.6 g/(mmol•min); for disperser-free precipitation, qe =
1.41 mmol/g, k2 = 0.049 g/(mmol•min).

3.6. Recovery of Pt (IV)

In order to recover platinum, OMImT-Pt complexes, which were ob-
tained by disperser-free precipitation or through evaporating



Fig. 9. UV–vis spectra of H2PtCl6, OMImT and OMImT-Pt complexes.
Fig. 10. Pseudo-second-order fitting plot for the removal of Pt (IV) with OMImT.
Experimental conditions: nOMImT = 0.02 mmol; 5 mL 1.0 mM Pt (IV) solution, 4.0 M HCl
(disperser-free precipitation) or 6.0 M HCl (LLE); RA:O = 10 (LLE).
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cyclohexane by LLE, were mixed with 1 mL 3.6 M N2H4·H2O solutions
and maintained at 333 K for 4 h. Black platinum powders and red-
brown OMImT organic phase were formed in this process. After the re-
duction reaction, the platinum precipitate was filtrated from liquid
phases and the two liquid phases (OMImT phase and aqueous phase)
were separated by centrifugation. The stripping percentage of Pt was
95.3%.

4. Conclusions

In this work, OMImTwas synthesized and employed for the removal
of Pt(IV) from hydrochloric acid medium for the first time. The perfor-
mance comparisons for Pt(IV) removal between disperser-free precipi-
tation and LLE with disperser cyclohexane on the dosage of OMImT and
vibration timewere carried out, which indicates that disperser-free pre-
cipitationwas a better approach for Pt(IV) removal than LLE owing to its
high efficiency, environmental benignity and cost reduction over viable
vibration time. Subsequently, the influences of phase ratio and HCl con-
centration on Pt(IV) removal were investigated for process optimiza-
tion, while those of H+ concentration and Cl− concentration were
explored for removal mechanism, which reveals that the removal
mechanism of Pt(IV) with OMImT involves the participation of H+ but
the absence of Cl−. Afterwards, a special neutral complexing mecha-
nism between OMImT and Pt(IV) was first proposed and illustrated by
experimental evidences from maximum metal loading experiments,
FT-IR spectra, 1H NMR spectra, UV–vis spectra and elemental analysis.
It was also found to be more robust with the support from ab initio
quantum-chemical studies, which validates the coordination of sulfur
atom with Pt(IV) theoretically. Moreover, the kinetic data were well
fitted by pseudo-second-order rate model, which implies that the
chemical reaction on the surface of OMImT droplets is the slowest
step in the whole removal process. At last, the Pt recovery can be
achieved by the reduction of hydrazine hydrate. In a word, OMImT is
Table 1
Elemental analysis of OMImT-Pt complexes.

Species C (%) H (%)

Calcd. Found Calcd.

[Pt(OMImT)2Cl4]•[OMImT•2HCl] 39.7 39.6 6.29
Pt(OMImT)2Cl4 36.5 36.6 5.62
an effective, nature-friendly and economical candidate for the removal
of Pt(IV).
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