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Abstract In the present study, a green chemistry based cloud point extraction (CPE) method has

been developed for the in situ synthesis and preconcentration of cetylpyridinium complexed hex-

aiodo platinum nanoparticles (Pt-I NP) from the leachate of spent automobile catalytic converter

using potassium iodide (KI) and assisted by a combination of cationic and non-ionic surfactants;

cetylpyridinium bromide (CPB) and Triton X-114, respectively. The process parameters such as

concentrations of hydrochloric acid, platinum, KI, sodium chloride, CPB, Triton X-114; incubation

temperature and complexation time on CPE were optimized. The synthesized nanoparticles were

characterized by UV–visible spectroscopy (UV–vis), transmission electron microscopy (TEM), X-

ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and zeta potential techniques.

The formation of Pt-I NP was followed with UV–vis. The XRD pattern established the tetragonal

crystal structure of the produced nanoparticles. The nanoparticles were spherical in shape and the

particle size obtained with TEM was about 5.6 nm. Further, the preconcentrated nanoparticles were

quantified by continuum source electro-thermal atomic absorption spectrometry (ET-AAS) and a

preconcentration factor of 25 was obtained for a reaction volume of 25 mL. The accuracy of the

developed method was confirmed by analyzing the certified reference materials such as CCRMP

PTM-1a (copper-nickel sulphide matte) and CCRMP PTC-1a (copper-nickel sulphide concentrate).

The current CPE protocol demonstrates advantages such as simultaneous synthesis and preconcen-
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tration; synthesis at micromolar concentration from metal scrap, higher nanoparticle recovery;

biodegradability and biocompatibility of the employed surfactants and dual solubility of the synthe-

sized Pt-I NP. Thus, the developed method can be applied for the separation, large scale synthesis

and preconcentration of Pt-I NP from various environmental and industrial wastes, in a single pot.

� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Platinum nanoparticles find their use in various fields such as

catalyst in industrial processes (Hosseini et al., 2013; Nguyen

Viet et al., 2010), fuel cells, gas sensor, chemiresistor sensor

(Hosseini et al., 2013; Li et al., 2010), hydrogen storage, elec-

trocatalyst (Nguyen Viet et al., 2010), mercury detection

(Tan et al., 2009), anticancer agent (Bendale et al., 2012) etc.

Earlier various chemical methods for the synthesis of platinum

have been reported in literature. They include shape (Nguyen

Viet et al., 2010) and size (Yamada et al., 2005) controlled syn-

theses for the production of platinum nanoparticles. These

nanoparticles were produced by reducing platinum halides or

anionic platinum chloride precursors with hydrogen (Lei

et al., 2014) borohydride (Hosseini et al., 2013; Nazar et al.,

2011), sodium citrate (Li et al., 2009), hydrazine (Soleimani

et al., 2014), ethylene glycol (Nguyen Viet et al., 2010); sono-

chemical reduction (Mizukoshi et al., 2001; Nakanishi et al.,

2005), hydrosilylation (Huang et al., 2004), atomic layer depo-

sition (Christensen et al., 2009) etc. While the platinum oxide

nanoparticles are produced under basic aqueous environment

by hydrolytic decomposition of platinum halides, in the pres-

ence of stabilizers including surfactants, polymers and ligands

(He et al., 2007).

Different protocols have been applied for separation and

preconcentration of nanoparticles such as liquid-liquid extrac-

tion (Hartmann and Schuster, 2013), magnetic fields, size-

exclusion chromatography, hydrodynamic chromatography,

counter-current chromatography, field flow fractionation,

density-gradient centrifugation, electrophoresis, selective pre-

cipitation, membrane filtration and cloud point extraction

(CPE) (Kowalczyk et al., 2011; Liu et al., 2012). But the time

consuming, labor intensive method of liquid–liquid extraction

is limited by the requirement of higher volumes of toxic

organic solvents and low enrichment factors (Hartmann and

Schuster, 2013). Among which, CPE has gained much atten-

tion of the researchers. This is mainly due to the high extrac-

tion efficiency, adsorptive preconcentration and

preconcentration factor; reduction in extractant loss, simple,

low cost, easy handling and less environmentally hazardous,

thus making it as a suitable method for separation and precon-

centration of nanoparticles from a variety environmental and

biological matrices (Liu et al., 2012; Nazar et al., 2011). The

method CPE has been used explicitly employed for the precon-

centration of various precious nanoparticles including gold,

silver and palladium (Hartmann and Schuster, 2013;

Kowalczyk et al., 2011; Liu et al., 2012; Nazar et al., 2011;

Wu and Tseng, 2011). However, there was no report in litera-

ture about the utilization of CPE for platinum nanoparticles.

Generally using traditional synthetic methods, it is difficult
to synthesize platinum iodide nanoparticles (Pt-I NP). In an
earlier study, employing single-walled carbon nanotubes as a
dual functional reaction vessel and template; Pt-I NP were pro-

duced (Stoppiello et al., 2017). In other reports, the additive,
iodide ion mediated shape controlled synthesis of platinum
nanocrystals was attempted in the presence of cetyltrimethy-

lammonium bromide (CTAB) (Li et al., 2018) and polyacrylic
acid (Yamada et al., 2005), as they bind strongly with platinum
than any other halide ions. In the present study, a simple CPE

method based on green chemistry was developed for the in situ
synthesis and simultaneous preconcentration of Pt-I NP from
spent automobile catalytic converter leachate samples using
potassium iodide and a combination of cationic and non-

ionic surfactants; cetylpyridinium bromide and Triton X-114,
respectively. In previous reports, the spent catalytic converters
samples were digested with aqua regia either by refluxing for

90 min (Yu et al., 2010) or in a closed microwave digestion
at an elevated temperature and pressure of 220 �C and 800
psi for 15 min (Reddy et al., 2013). However, most of these

reported hydrometallurgical protocols necessitate the presence
of extremely aggressive conditions such as highly acidic envi-
ronment and oxidizing agents including the application of
aqua regia. But, the utilization of highly corrosive aqua regia

makes the large scale recycling process less environment
friendly due to the formation of nitrosyl chloride that decom-
poses into noxious nitric oxide and chlorine gases. The detri-

mental effects of nitric oxide on biota and environment are
well known through the ozone layer depletion and acid rain
production. The aqua regia extraction also produces haz-

ardous nitrogen dioxide gas, a causative air pollutant of occu-
pational exposure. Also, it leads to the production of large
quantum of secondary chemical wastes (Jha et al., 2013a). Fur-

ther, the replacement of aqua regia with cyanide extraction is
left with limitations such as requirement of elevated tempera-
ture and pressure (200–250 �C and 10 bar), making the process
very much energy intensive (Jha et al., 2013a; Patel and

Dawson, 2015; Suoranta et al., 2015). This situation intrigued
us to develop an eco-friendly platinum extraction method from
the spent catalytic converter, as a potential alternative to both

aqua regia and cyanide extraction. Hence, an attempt has been
made by increasing the oxidizing power of HCl by the addition
of hydrogen peroxide during extraction. Among the strong

inorganic acids commonly used in the industries, HCl is less
corrosive and least hazardous, which is stable upon storage
at intermediate concentrations. The components of high oxida-

tion potential; Cl2 (aq) and HClO produced during the closed
leaching with HCl and H2O2 mixture aid in leaching of plat-
inum from the catalytic converter. Most importantly, the pro-
duced byproduct during the dissolution of platinum is water,

which is benign (Kizilaslan et al., 2009). The effect of different
parameters such as concentrations of hydrochloric acid, plat-
inum, potassium iodide, sodium chloride, cetylpyridinium bro-

mide, Triton X-114; incubation temperature and complexation
time on CPE was studied. The produced nanoparticles were
characterized by UV–visible spectroscopy, transmission elec-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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tron microscopy, X-ray diffraction, X-ray photoelectron spec-
troscopy and zeta potential techniques. Further, the precon-
centrated nanoparticles were quantified by continuum source

electro-thermal atomic absorption spectrometry (ET-AAS), a
technique that permits determination in small sample volumes
enriched with surfactants (Hartmann and Schuster, 2013).

According to the available information in literature, prob-
ably this is the first report where the CPE method is used for
the simultaneous in situ synthesis and adsorptive preconcentra-

tion of Pt-I NP from the catalytic converter leachate matrix. In
earlier reported methods, aqueous metallic solutions prepared
from pure platinum salts such as platinum halides or anionic
platinum chloride were used for the nanoparticle synthesis

(Lee et al., 2008; Lei et al., 2014). Whereas, the current method
utilizes the metal scrap i.e. spent catalytic converter as a matrix
for the synthesis of Pt-I NP. Also, it is a one pot method

wherein both synthesis and preconcentration occurs in the
same reaction vessel, thus reducing the number of steps. Fur-
ther, the synthesis was carried from leachate at a dilute metal

precursor concentration of micromolar platinum (250 ng/mL),
against the millimolar concentration used for most chemical
methods (Lei et al., 2014) . The nanoparticles produced by

chemical methods are very popular and the chemicals
employed for production are highly reactive, generate
unwanted by-products and cause potential environmental
and biological risks (Raveendran et al., 2003; Vigneshwaran

et al., 2006). Most importantly, Triton X-114, a non-ionic sur-
factant used in the current protocol is bestowed with virtues
such as (i) solubility in aqueous and most polar organic solvent

media, (ii) compatibility with other anionic, cationic and non-
ionic surfactants, (iii) biodegradability and (iv) biocompatibil-
ity (Company; Glembin et al., 2014). While the other employed

cationic surfactant, CPB is known to be biodegradable in the
environment (Verschueren, 1983). Interestingly, the preconcen-
trated nanoparticles in surfactant rich phase (SRP) exhibited

dual solubility, i.e. soluble both in aqueous and organic media.
The aqueous solubility property of the produced nanoparticles
can be used for various biological applications such as the syn-
thesis of platinum based anti-cancer drugs. The organic misci-

bility phenomenon of the nanoparticles can be exploited for
coating of Pt-I NP on automobile catalytic converters. Thus,
the proposed CPE protocol overcomes the limitations posed

by the other chemical methods by utilizing the platinum metal
scrap for the Pt-I NP synthesis and the preconcentrated
nanoparticles are readily available for applications. Thus, the

method adopts the basic principles of green chemistry
(Anastas and Warner, 1998).

2. Materials and methods

2.1. Materials

37% Hydrochloric acid (HCl), potassium iodide (KI), sodium
chloride (NaCl), xylene, methanol, 30% hydrogen peroxide
(H2O2) (E. Merck, Mumbai, India), chloroplatinic acid hex-

ahydrate, cetylpyridinium bromide (CPB) and Triton X-114,
(Sigma-Aldrich, Bengaluru, India) of analytical reagent grade
were used. Pt (IV) stock solution (1 mg/mL) was prepared by

dissolving the chloroplatinic acid hexahydrate in 10% (v/v)
HCl. The working standards were prepared by subsequent
dilutions of the stocks. All the solutions were prepared in ultra-
pure water obtained from a Milli-QTM water purification system
(Millipore, Bengaluru, India). 10% (w/v) stock solutions of
non-ionic (Triton X-114) and cationic (CPB) surfactants were

prepared in water and methanol, respectively. The spent auto-
mobile catalytic converters obtained from a local scrap recy-
cler were used for the nanoparticle synthesis. The converters

were sequentially cleaned with ultrapure water; methanol
and xylene, respectively for removing the dust and carbona-
ceous hydrocarbons deposited on the surface and then air

dried for 2 h. The cleaned catalytic converters were grounded
in a planetary ball mill and sieved to get 90 mm sized powders.
Accurately weighed 5 g of spent automobile catalytic converter
powder samples were transferred into a closed reagent bottle

and leached with 4 mL of HCl and H2O2 mixture (3:1 volume
ratio) at 70 �C for 60 min. The leaching was repeated twice and
after cooling the leachate was made to 20 mL with ultrapure

water. The procedural blanks were also maintained in a similar
manner.

2.2. CPE procedure for the synthesis and preconcentration of
Pt-I NP

An aliquot of catalytic converter leachate sample containing

platinum was taken in a polypropylene tube and 0.5 mL of
HCl was added. To this solution, 0.2 mL of 2% (w/v) of KI,
1 mL of 30% (w/v) of NaCl, 0.5 mL of 10% (w/v) CPB and
2 mL of 10% (w/v) of Triton X-114 were added. The volume

was made to 10 mL with ultrapure water and mixed well for
2 min. Then, the mixture was heated on a water bath at
70 �C for 40 min, which led to gravitational phase separation.

Then, 1 mL of brownish green coloured SRP formed at the
bottom of the tube was easily separated by decanting the bulk
aqueous phase, after cooling the solution in a refrigerator for

10 min. The viscosity of the SRP containing Pt-I NP was
reduced by dissolving it in 1 mL of methanol containing
20 ml of HNO3. The solution was made to 3 mL with water,

characterized for Pt-I NP and analyzed for platinum content
using continuum source ET-AAS. The process blanks were
also prepared and analyzed in a similar way. A schematic flow
chart showing the effect of different parameters on the synthe-

sis and preconcentration of Pt-I NP from catalytic converter is
given in Supplementary information (Sup. Fig. 1). Also, the
presence of other metals in the leachate and their effect on

the recovery of nanoparticles was studied.

2.3. Characterization and quantification of synthesized Pt-I NP

The UV–visible absorption spectra of the Pt-I NP solutions
were noted using Analytik Jena AG, Specord 200 Plus UV–vis-
ible spectrophotometer (Jena, Germany), at a wavelength

range of 250–600 nm. Before collecting the spectra, all the
solutions were diluted 10 times. The X-ray diffraction analysis
was conducted with a Rigaku, Ultima IV diffractometer
(Tokyo, Japan) using monochromatic Cu Ka radiation

(k = 1.5406 Å) running at 40 kV and 30 mA. The intensity
data for the nanoparticle solution deposited on a glass slide
was collected over a 2h range of 25-90� with a scan rate of

1�/min. The X-ray photoelectron spectroscopy analysis was
carried out with VG ESCA LAB MK II spectrophotometer
employing Al Ka as the incident X-ray source (1486.6 eV) of

photoelectrons and a hemispherical analyzer (150 mm diame-



In situ synthesis and preconcentration of cetylpyridinium complexed hexaiodo platinum nanoparticles 4597
ter) for data collection. The instrument was calibrated by mea-
suring the Au 4f7/2 binding energy at 83.9 eV and the binding
energy peak of C1s at 284.6 eV was used as an internal stan-

dard for correcting the in binding energy shift in peaks. The
size and shape of the nanoparticles were obtained with FEI
Tecnai 20 G2 S-Twin (Eindhoven, Netherlands) transmission

electron microscope, operating at 200 kV. The samples for
electron microscopy were prepared by depositing a drop of col-
loidal solution on a carbon coated copper grid and drying at

room temperature. The zeta potential of the produced
nanoparticles was assessed with a Malvern Zetasizer Nano
ZS90 (Malvern, UK).

The concentration of platinum in the dissolved SRP con-

taining Pt-I NP was determined by an Analytik Jena AG, Con-
tra AA 700 continuum source ET-AAS (Jena, Germany). A
transversely heated graphite tube, MPE 60 autosampler and

xenon short arc lamp in hot spot mode operated at 300 W as
a continuum radiation source were used. A high resolution
double monochromator consisting of a prism and an echelle

grating monochromator providing a spectral bandwidth per
pixel of ca. 2 pm at 200 nm was used. A linear CCD array
detector with a total of 588 pixels, of which 200 pixels were

used for the determination of dispersed radiation. The plat-
inum absorption was measured using the central pixel (CP)
1 ± pixels at a spectral interval of 6 pm. In all the stages,
argon gas of 99.99% purity was used as a purging gas at flow

rate of 250 mL/min, except during atomization stage. A spec-
tral line at 265.9450 nm was used for platinum quantification.
The standardized temperature programme for the platinum

determination is shown in Table 1.

3. Results and discussion

The conditions used in the current study on platinum leaching
from catalytic converter (5 g of powdered converter in 8 mL of
HCl + H2O2 at 70 �C for 2 h) were compared in terms of acid

concentration, pulp density, leaching temperature and reaction
time, with previous reports on the use of binary mixtures of
HCl and H2O2. In an earlier study carried out on platinum

recovery from scrap automotive catalytic converter, leaching
was carried out at 70 �C for 2 h with a pulp density of 50 g/
L using 10.9 M of HCl (Kizilaslan et al., 2009). In another
study, leaching was attempted at 65 �C for 3 h with a pulp den-

sity of 500 g/L employing 11.6 M of HCl (Harjanto et al.,
2006). While, in the present report the leaching was done at
70 �C for 2 h with a pulp density of 625 g/L using 9 M of

HCl. Thus, the study achieved platinum leaching at higher
Table 1 Standardized temperature programme used in con-

tinuum source ET-AAS for platinum determination in surfac-

tant rich phase after cloud point extraction.

Step Temperature (�C) Ramp (�C/s) Hold (s)

Drying 1 80 6 20

Drying 2 90 3 20

Drying 3 110 5 10

Pyrolysis 1100 300 10

Gas adaption 1200 0 5

Atomization 2200 1000 4

Cleaning 2400 500 3
pulp density with a lower concentration of acid at a compara-
ble leaching temperature and reaction time. In this study, we
have optimized the CPE parameters for the synthesis and pre-

concentration of Pt-I NP from the leachate of catalytic con-
verter. The effect of each variable process parameter such as
concentrations of HCl, KI, NaCl, CPB, Triton-X114, plat-

inum; incubation temperature and complexation time were
optimized. The concentration of other metals in the leachate
and their interference on the preconcentration of nanoparticles

is given in Supplementary information (Sup. Table 1).

3.1. CPE parameter optimization for quantitative synthesis and
preconcentration of Pt-I NP

3.1.1. Effect of HCl concentration

It is known that the acid concentration plays a critical role in

clouding, mixed micelle phase separation; dissolution of sam-
ple matrices and formation of stable and selective extractable
species (Meeravali and Jiang, 2008). Hence, the concentration

effect of HCl was studied in the range of 0.2–30% (v/v) at
250 ng/mL of platinum, 0.1% KI, 3% NaCl, 0.5% CPB and
1.5% Triton X-114 and the extraction recovery of Pt-I NP is

shown in Fig. 1(a). The recovery of nanoparticles increased
with an increase in HCl concentration up to 10% and
remained more or less same with a further increase in acid con-
centration. Hence, 10% of HCl at which 100% recovery was

noted was selected for further probing the effect of other
parameters. The acid concentration optimized in the current
study is comparable with previous study on preconcentration

and separation of ultra trace levels of Pt from road dust sam-
ples by CPE (Meeravali and Jiang, 2008). This could be due to
an increase in the concentration of charged species in the sur-

rounding micro-environment of the mixed micelles at higher
acidity (Meeravali et al., 2013). The optimized acid concentra-
tion of 1.2 M in the present report is comparable with 1 M HCl

used in the previous cloud point extraction work carried out
on microwave-assisted leaching of catalyst (Suoranta et al.,
2015).

3.1.2. Effect of platinum concentration

The effect of different concentrations of platinum on Pt-I NP
recovery was studied in the range of at 50–3000 ng/mL at 10%
HCl, 0.1% KI, 3% NaCl, 0.5% CPB and 1.5% Triton X-114.

The Pt-I NP extraction efficiency increased linearly with an
increase in metal concentration from 50 to 500 ng/mL and
100% recovery was obtained at 750 ng/mL and the trend

was continued up to 3000 ng/mL. Thus, the complete Pt-I
NP recovery was noted in the concentration range of 750–
3000 ng/mL, suggesting the application of the current method

for the extraction recovery of platinum over a broad range of
metal concentrations [Fig. 1(b)].

3.1.3. Effect of KI concentration

As an alternative to aqua regia and cyanide extraction, the
platinum group metals were recovered from the fuel cells using
KI leaching (Patel and Dawson, 2015). This has led us to study

the effect of KI on Pt-I NP synthesis. The extraction was car-
ried out in the concentration range of 0.01–0.6% (w/v) at
250 ng/mL of platinum, 10% HCl, 3% NaCl, 0.5% CPB and

1.5% Triton X-114. The metal extraction efficiency increased
with an increase in KI concentration and reached maximum



Fig. 1 The effect of different concentrations of various parameters on Pt-I NP recovery (%), (a) HCl (Conditions: 250 ng/mL platinum,

0.1% KI, 3% NaCl, 0.5% CPB and 1.5% Triton X-114), (b) platinum (Conditions: 10% HCl, 0.1% KI, 3% NaCl, 0.5% CPB and 1.5%

Triton X-114), (c) KI (Conditions: 250 ng/mL platinum, 10% HCl, 3% NaCl, 0.5% CPB and 1.5% Triton X-114) and (d) NaCl

(Conditions: 250 ng/mL platinum, 10% HCl, 0.2% KI, 0.5% CPB and 1.5% Triton X-114).
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at 0.2% and saturated beyond this concentration [Fig. 1(c)].
The KI is acting as a stabilizing agent for platinum by forming

hexaiodo platinate complex and other reducing species. So it
helps in the formation of charged Pt-I NP and in improving
the stability. Hence, the optimization of KI is critical in

improving the Pt-I NP synthesis.

3.1.4. Effect of NaCl concentration

The electrolyte, NaCl role as a salting out agent has been stud-

ied in the concentration range of 0.3–9% (w/v) at 250 ng/mL
of platinum, 10% HCl, 0.2% KI, 0.5% CPB and 1.5% Triton
X-114. The Pt-I NP extraction increased from 0.3 to 3% and

beyond which the extraction efficiency was decreased. The
optimum recovery (105%) was obtained at 3% of NaCl
[Fig. 1(d)]. The enhanced extraction in the presence of NaCl

is due to the surface charge neutralization of mixed micelles
with sodium ions, demonstrated by drastic increase in the
hydrophobic nature leading to a decrease in the clouding tem-
perature (Meeravali and Kumar, 2012).

3.1.5. Effect of CPB concentration

The concentration of cationic surfactant CPB in the range of
0.2–1% (w/v) on Pt-I NP recovery was studied at 250 ng/mL

of platinum, 10% HCl, 0.2% KI, 3% NaCl and 1.5% Triton
X-114. The recovery increased from 0.2 to 0.75% and reached
saturation at 1% with a recovery 104% [Fig. 2(a)]. Hence, an

optimized concentration of 1% CPB was selected for succes-
sive studies. Beyond this concentration (1.5–3%), no phase
separation was observed as it exceeds the critical micellar con-

centration of CPB. The results show that without CPB, the
clouding system acts as a non-ionic surfactant based CPE
due to the absence of electrostatic interacting sites in the

non-ionic extracting micelles. It is important to note that the
colour of the recovered Pt-I NP solution exhibits brownish
green colour which is distinguishable from the yellow colour
of the platinum iodo complex. It was noted that the intensity

of SRP solution colour is directly proportional to the concen-
tration of Pt-I NP present in the sample.

3.1.6. Effect of Triton X-114 concentration

The concentration of non-ionic surfactant is critical for the
quantitative extraction of analytes in CPE process and it deter-
mines the preconcentration factor and phase volume ratio

(Meeravali et al., 2010). Hence, the Triton X-114 micelles were
utilized for preconcentrating the synthesized Pt-I NP from
bulk aqueous phase into a small micelle rich phase in the pres-

ence of an electrolyte NaCl. The Pt-I NP recovery studies were
carried out in the concentration range of 0.2–2% (w/v) Triton



Fig. 2 The effect of different concentrations of surfactants, (a) CPB (Conditions: 250 ng/mL platinum, 10% HCl, 0.2% KI, 3% NaCl

and 1.5% Triton X-114) and (b) Triton X-114 (Conditions: 250 ng/mL platinum, 10% HCl, 0.2% KI, 3% NaCl and 1% CPB) on Pt-I NP

recovery.
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X-114 at 250 ng/mL of platinum, 10% HCl, 0.2% KI, 3%

NaCl and 1% CPB. The extraction efficiency was linearly
increased from 0.2 to 1.5% and reached saturation at 2% with
101% Pt-I NP recovery [Fig. 2(b)]. Hence, an optimal concen-

tration of 2% Triton X-114 was chosen. It should be noted
that in the absence of Triton X-114, only cationic micelle are
present in the solution and not able to show clouding and

phase separation phenomena due to the high repulsion
between the charged head groups. The recovery increased from
0.2 to 0.75% and reached saturation at 1% with a recovery

104% [Fig. 2(a)]. Hence, an optimized concentration of 1%
CPB was selected for successive studies. Beyond this concen-
tration (1.5–3%), no phase separation was observed as it
exceeds the critical micellar concentration of CPB.

3.1.7. Effect of incubation temperature and complexation time

The complexation of platinum metal and its efficient transfer

into micellar aggregates depend upon incubation temperature
and time (Meeravali et al., 2010). Hence, the effect of incuba-
tion temperature on Pt-I NP recovery was studied in the range
of 30–80 �C for 30 min at 250 ng/mL platinum, 10% HCl,

0.2% KI, 3% NaCl, 1% % CPB and 2% Triton X-114. The
optimum incubation temperature of the solution was found
to be 70 �C [Fig. 3(a)]. It is known that the high temperature

provides better dehydration of the micelles and also reduces
the volume of the SRP (Meeravali and Jiang, 2008). Further,
at this temperature and similar conditions the standardization

of incubation time was carried out between 10 and 60 min. It
was observed that the transfer of Pt-I NP is a slow process
and requires a minimum complexation time of 40 min for its
completion of reaction between analytes and solubilizing sites

of micelle. Thus, an incubation time of 40 min was chosen for
the present study [Fig. 3(b)]. It is evident from the observed
zeta potential value of +28.5 mV for the CPB micellar sample

solution, which was found to decrease to +12.3 mV in the
presence of Triton X-114. Also, the hydrophobicity of the
extracting species and the kinetics of their transfer into the

micelle aggregates during phase separation are key factors in
non-ionic surfactant based CPE methods (Meeravali et al.,
2013).
3.1.8. Optimization of furnace pyrolysis temperature

The optimization of furnace temperature program is necessary
for the determination of platinum using ETAAS. Hence, the

effect of furnace pyrolysis temperature on platinum absor-
bance signal at 100 ng/mL was carried out in the range of
800–1900 �C at an atomization temperature of 2200 �C with

an argon flow of 250 mL/min (Fig. 4). It was observed that
the integrated absorbance values were increased with an
increase in pyrolysis temperature from 800 to 1100 �C and a

further increase caused a decrease in the absorbance signal.
Thus, a pyrolysis temperature of 1100 �C was chosen for plat-
inum determination. In general, the utilization of higher pyrol-
ysis temperature reduces the background absorbance signal by

removing the major components of SRP, thereby increasing
the sensitivity of the analyte.

3.2. Characterization of Pt-I NP

3.2.1. UV–visible spectroscopy (UV–vis)

At optimized concentrations of 10% HCl, 0.2% KI, 3% NaCl,
1% CPB and 2% Triton X-114, the formation of triiodide ion
and Pt-I NP was followed using UV–vis at 250 ng/mL of plat-

inum (Fig. 5). The aqueous solution of catalytic converter lea-
chate showed a discrete absorption peak at 256 nm, indicating
the presence of Pt (IV) ions. In the solution containing HCl
and KI, the formation of yellow coloured triiodide ion (I3

�)
can be clearly observed from the two characteristic peaks at
289 and 351 nm (Balcerzak and Kaczmarczyk, 2001). Under
acidic conditions and in the presence of KI, the major, stable

iodoplatinate anion produced is hexaiodoplatinate (PtI6
2�). It

is due to the instantaneous formation of PtI6
2� at a lower

potential of 0.40 V, in comparison with other species such as

Pt4+ (1.15 V) and PtCl6
2� (0.657 V) (Jha et al., 2013b). The for-

mation of PtI6
2� in the presence of iodide is accounted from the

characteristic absorption peak at 495 nm (Balcerzak and
Kaczmarczyk, 2001; Mizukoshi et al., 2001). The ease of trans-

formation of platinum into iodide complex is routinely
employed for the spectrophotometric determination platinum
in the solutions of aqua regia digested catalysts (Balcerzak

and Kaczmarczyk, 2001). On addition of CPB, the colour of



Fig. 3 The effect of (a) incubation temperature and (b) complexation time on Pt-I NP recovery (%) at 250 ng/mL platinum, 10% HCl,

0.2% KI, 3% NaCl, 1% CPB and 2% Triton X-114.

Fig. 4 The effect of pyrolysis temperature on the absorbance of

platinum at 100 ng/mL of platinum, 10% HCl, 0.2% KI, 3%

NaCl, 1% CPB and 2% Triton X-114.

Fig. 5 The UV–vis absorption spectra of Pt-I NP synthesized at

optimized conditions of CPE (250 ng/mL platinum, 10% HCl,

0.2% KI, 3% NaCl, 1% CPB and 2% Triton X-114). Inset:

Colour of the solution (a) catalytic converter leachate, (b) acidified

KI, (c) acidified KI + Pt, (d) acidified KI + Pt + NaCl + CPB

and (e) acidified KI + Pt + NaCl + CPB+ Triton X-114.
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the solution containing Pt, KI and NaCl changed to dark
brown colour which could be due to the formation of

platinum-iodide-cetylpyridinium ion ternary ion association
complex (Kyzas and Bikiaris, 2014), resulting from the electro-
static interaction of anionic hexaiodoplatinate and cationic

surfactant (Meeravali et al., 2014). The appearance of dark
brown colour in the solution is confirming the formation of
hexaiodo platinum nanoparticles (Pt-I NP) arising possibly

from the charge transfer complex of hexaiodoplatinate with
CPB. This is further reflected in terms of shift in the triiodide
absorption maxima to 295 and 364 nm. Upon heating with
Triton X-114, the preconcentrated, stabilized nanoparticles

collected in the SRP were changed to dark green colour (Inset
of Fig. 5). The solution showed peaks at absorption maxima at
277 and 367 nm attributed to shift in absorption maxima of tri-

iodide. The mechanism involved in the formation of the Pt-I
NPs from the spent automobile catalytic converter powder is
shown in Fig. 6. It is known that the colour of the nanoparti-

cles depends upon the particle size, shape, interparticle dis-
tance, surface charge, composition, concentration and
surrounding environment. The colour of Pt-I NP synthesized
at variable concentrations of platinum, showing different col-

ours is given in Supplementary information (Sup. Fig.2). It is
significant to note that the preconcentrated nanoparticles were
soluble both in aqueous medium as well as organic solvent

methanol.

3.2.2. Transmission electron microscopy (TEM)

The TEM images of Pt-I NP synthesized at optimum condi-

tions of 250 ng/mL of platinum, 10% HCl, 0.2% KI, 3%
NaCl, 1% CPB and 2% Triton X-114 is shown in Fig. 7.
The generated nanoparticles were spherically shaped and the

size of the particles ranged from 4.0 to 7.4 nm. The average
particle size obtained from the corresponding diameter distri-
bution was about 5.6 ± 1.0 nm [Fig. 7(d)]. The selected-area

electron diffraction (SAED) pattern showed in Fig. 7(e) exhi-



Fig. 6 The mechanism involved in the formation of the Pt-I NPs from spent automobile catalytic converter leachate.

Fig. 7 The TEM image of Pt-I NP synthesized at optimized conditions of CPE, at (a) 50 nm scale, (b) micellar aggregates, (c) 10 nm, (d)

histogram showing the particle size distribution and (e) corresponding SAED pattern.
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bits concentric rings with intermittent spots, confirming the
crystallinity of the formed nanoparticles.

3.2.3. X-ray diffraction (XRD)

The difractogram of the preconcentrated Pt-I NP is shown in
Fig. 8. There were four well-defined characteristic diffraction
peaks at 27.6�, 32�, 45.9 and 53.1�, respectively, indexed to
reflections from (2 0 2), (2 2 0), (2 2 4) and (4 2 0) planes of

tetragonal crystal structure of dipotassium hexaiodoplatinate.
These values are in agreement with standard values (JCPDS
PDF card 01–076-2332). Thus, the XRD pattern further sub-

stantiates the highly crystalline nature of Pt-I NP observed



Fig. 8 X-ray diffraction pattern of Pt-I NP showing the

tetragonal crystal structure.
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from SAED pattern (Fig. 7). It is pertinent to note that the
absence of metallic platinum peaks in difractogram at 39.76�,
46.24�, 67.45, 81.29� and 85.71� indicates that the platinum
in nanoparticles is not reduced to elemental state but it is
indeed in Pt (IV) state (JCPDS PDF card 004–0802). The pres-
ence of Pt (IV) is confirmed from the presence of characteristic

absorption peak at 495 nm in UV–vis (Mizukoshi et al., 2001).

3.2.4. X-ray photoelectron spectroscopy (XPS)

The 4f spectrum for the Pt-I NP deconvoluted into two distinc-
tive peaks is shown in Fig. 9(a). The binding energies of Pt 4f5/2
and 4f7/2 were found at 74.28 and 68.68 eV, respectively, corre-
sponding to Pt (IV) state. Also, no 4f7/2 peaks at 71.1 and

72.82 eV indicating the absence of platinum in (II) and zero
valent states (Dablemont et al., 2008; Fu et al., 2001; Li
et al., 2015; Wu et al., 2014). Thus, the results further confirm

the findings of XRD. The spin orbit 3d spectral doublets of
Fig. 9 The XPS spectra of Pt-I NP showing the bind
metal iodide were found at 630.19 and 618.82 eV, correspond-
ing to 3d3/2 and 3d5/2, respectively (Reiller et al., 2006) [Fig. 9
(b)].

3.3. Analytical figures of merit

The preconcentration factor (PCF) is the ratio of Pt-I NP con-

centration in SRP to that of the initial aqueous phase. The
phase volume ratio (PVR) is defined as the ratio between final
volume of SRP to that of the aqueous phase. Both these fac-

tors depend upon the initial aqueous phase volume and added
diluents volumes to volume of SRP after phase separation
(Meeravali and Jiang, 2008). The PCF and PVR were calcu-

lated for the developed CPE method at optimized conditions,
by varying the sample volumes from 10 to 100 mL. It was
noted that with an increase in sample volume, there was a raise
in the SRP volume, leading to larger volumes of required dilu-

ents for efficient dissolution. The PVR decreased with an
increase in the sample volume and reached a plateau from 25
to 75 mL and further increased at 100 mL. The PCF for plat-

inum increases from 5 to 25, when the sample volume is
increased from 10 to 25 mL, remains saturated from 50 to
75 mL and decreased at 100 mL. Hence, the optimized sample

volume is 25 mL and the PVR and PCF were found to be 0.04
and 25, respectively (Fig. 10). It is significant to note that
around 94% recovery of Pt-I NP was obtained in the current
method at 1.28 mM concentration of platinum (250 ng/mL).

As there were no reports on the preconcentration of Pt-I NP
by CPE, we have compared the recoveries with earlier CPE
studies on gold and palladium nanoparticles. The recoveries

were found to be 52% and 50% for gold and palladium
nanoparticles, synthesized at millimolar concentration, respec-
tively (Nazar et al., 2011). The accuracy of the proposed pro-

cedure was validated by analyzing the certified reference
materials including CCRMP PTM-1a and CCRMP PTC-1a,
after closed acid leaching. The obtained values are in good

agreement with the certified values based on student t-test at
95% confidence level. The values obtained for various spent
automobile catalytic converter leachate samples are also given
ing energy of (a) Pt 4f region and (b) I 3d region.



Fig. 10 The effect of sample volume on the preconcentration

factor (PCF) and phase volume ratio (PVR) for Pt-I NP by CPE

method.

Table 2 Analytical results for the platinum determination in

certified reference materials and spent automobile catalytic

converter leachate samples using CPE.

Type of matrix Measured

value (mg/g)
Certified

value (mg/g)

PTM-1a 7.02 ± 1.3 7.29 ± 0.22

PTC-1a 2.8 ± 0.8 2.72 ± 0.11

Catalytic converter 1 656 ± 9.6 –

Catalytic converter 2 689 ± 3.1 –

Catalytic converter 3 782 ± 2.6 –

Catalytic converter 4 896 ± 6.1 –

Catalytic converter 5 1060 ± 7.2 –

Catalytic converter 6 1072 ± 8.3 –
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(Table 2). In literature, various nanomaterials such as carbon
nanotubes surface functionalized with amine (Zhang et al.,

2015), chitosan (Dou et al., 2019); and SiO2 hybrid materials
functionalized with amine and polyphenols (Huang et al.,
2018) are reported for the adsorptive preconcentration of Cu

metal ion.

4. Conclusions

A simple and novel cloud point procedure has been developed
for the simultaneous synthesis and preconcentration of Pt-I
NP from the catalytic converter leachate. In this single pot

method, the formation and preconcentration of 5.6 nm sized
Pt-I NP was noted at a diluted metal precursor concentration.
Thus, the current study paves a way for the synthesis of Pt-I
NP, which are inaccessible and difficult to produce in tradi-

tional methods (Stoppiello et al., 2017). Interestingly, the
demonstrated dual solubility of the preconcentrated Pt-I NP
makes them as ideal candidate for both chemical and biologi-

cal applications. They could find a variety of technological
applications such as anticancer drug synthesis, optoelectronics
(Evans et al., 2018), solving unknown protein structures
(Tanley et al., 2014), semiconductors (Pal, 2018) etc. Also,

the biodegradability of the employed surfactants and the uti-
lization of metal scrap in the present protocol follow the prin-
ciples of green chemistry. The developed method can also be

exploited for the synthesis and preconcentration of other plat-
inum group metals from electronic waste etc. Our current
objectives are oriented in this direction.

Appendix A. Supplementary material

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.arabjc.2019.10.008.
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