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ABSTRACT: The present work reports the novel phenomenon of spontaneous formation of gold microplates. The effect is observed as
a consequence of AuCl, , PtCI;~, PACI;, and ReO; sorption on the Dowex M4195 resin. Therefore an attempt to explain the phe-
nomenon mechanism is made. The research is covering sorption, kinetic and thermodynamic studies. The shapes of formed gold sin-
gle plates are determined. The uptakes of Au(IIl), Pt(IV), Pd(II), and Re(VII) tests have been conducted using a batch method from
single-component metals solutions in 0.1M HCI. The sorption-reduction phenomenon has been assessed by executed SEM, FTIR,
XRD, and XPS studies. The greatest sorption capacity, combined with reduction-coupled removal phenomenon, has been achieved
for gold (5.5 mmol Au-g~ ' at 9°C). Executed SEM and XRD analyzes prove formation of gold single crystals during present process,
furthermore reduction of rhenium is indicated by XPS analysis. Based on the obtained FTIR and Raman’s spectra, the reduction phe-
nomenon is probably followed by resins’ functional groups oxidation. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132,

42425.
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INTRODUCTION

Evolving human society and developing new technologies
cause growing amount of waste electrical and electronic equip-
ment (WEEE).! The UN Environmental Program estimates
that all over the world 20-50 million tons of WEEE a year is
generated, and its amount rise three times faster than any
other type of wastes.” In that circumstances management of e-
wastes recently became a serious problem that has been regu-
lated by New European Union Directive 2012/19/EU.”> Because
WEEE is a source of precious metals, recycling of that type of
wastes has to be proceeded with use of the most efficient
methods,” that could allow to recover any precious resources.
However, present recovery techniques suffer lack of
effectiveness.*

In recent few decades, applications of ion exchangers and che-
lating resins are the relevant concern of chemical industry.”
Because of multiple applications, functionalized resins are

widely used in waste water treatment,® drugs purification,” met-
als separation and recovery,®” and ion chromatography.'’

Recovery of precious metals on chelating resins is preferred over
ion exchange methods because of its efficiency.'' Chelating res-
ins reveal higher sorption capacity, rate of the sorption process,
selectivity of interfering ions, and sensitivity.” The phenomenon
is attributed to the donor atoms, present in the functional
groups of resins, which are able to coordinate metals ions."?

It has been recognized that coordinating abilities of the resins
allow proceeding sorption processes with great efficiencies even
if metals in solutions are present in trace and ultra-trace
amounts.'>'* On the other hand, it has been proven that vari-
ety of functionalities, involved into different supports,’>™"” have
abilities to reduce gold in its solutions. Furthermore, Chang-
mei'® has reported spontaneous reduction of Au(IIl) to Au(0)
nanoparticles on novel polystyrene-supported 3-amino-1,2-pro-
panediol chelating resin.

Additional Supporting Information may be found in the online version of this article.
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It has been recognized that, during reduction of Au(IIl) pro-
cess,'”” next to the gold nanoparticles, obtainment of gold
microstructures, especially microplates, is possible. Triangular
and hexagonal gold microplates have been widely investigated
due to their potential applications in medicine diagnostics, elec-
tronics, optics, etc.’’ In recent years, gold single plates were
obtained by reduction of Au(IIl) to Au(0).2"% The referred
processes were intentional, and most frequently the NaBH, as
the reducing agent was used.

The worldwide literature does not provide information about
spontaneous reduction of Au(IIl) to Au(0) during typical sorp-
tion process that results with obtainment of regular microplates.
The present paper presents the novel effect of unexpected,
unenforced and uncontrolled formation of gold microplates
with use of chelating Dowex M4195 resin. Furthermore reduc-
tion of ReO,, Re(VII), ion sings were observed. The sorption
of Au(Ill), Pt(IV), Pd(II) chlorocomplexes, and Re(VII) ion was
evaluated. Shapes of the obtained gold microplates were deter-
mined. The sorption studies were conducted from single-
component solutions in 0.1M HCl which contained Au(III),
Pt(IV), Pd(II) present as chlorocomplexes, and Re(VII)
occurred as perrhenate ion (ReO, ).

EXPERIMENTAL

In order to pretreat the Dowex M4195 resin for further proce-
dures, ion exchanger was placed in a glass ion exchange column.
1M HCI, distilled water, 1M NaOH and distilled water was
passed through the column, respectively, until the outflow
reached neutral pH. Next, the polymer was washed with 0.1M
HCl and 0.001M HCI, respectively.**

Reagents and Solutions

The evaluated Dowex M4195 resin was purchased from Aldrich
Chemical. All of the reagents used for characterization of the
Dowex M4195 resin were purchased from Avantor Performance
Materials Poland and used as received. Stock solutions for sorp-
tion studies were prepared by dissolving HAuCl,-3H,O (bought
from Avantor Performance Materials Poland), H,PtCls, H,PdCl,
(purchased from INNOVATOR), and NH4ReO, in 0.1M HCI
was acquired in Aldrich Chemical, respectively.

Methods and Materials

Characterization of the Dowex M4195. The centrifugation
technique has been applied to measure the 0.001M HCI regain,
that value is 0.87 g-g *.%°

The nitrogen content was determined as 8.15 mmol-g~ ' using
the Kiejdahl’s method,”® applied during studies referred in.*’
Then, ligand content (Z;), based on amount of nitrogen atoms
was calculated.

The content of Cl (2.43 mmol-g~') was determined using the
Schéniger’s method, that has been applied to polymers.?®

Hecker’s procedure was applied for determination of the anion
exchange capacity, Zy; (2.18 mmol-g ').%’

The obtained characteristic has been applied as reference values
during further studies on sorption of the noble metals and
rhenium.
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Table I. Applied Single-Component Solutions in 0.1M HCl

Initial concentration of metals (mmol-dm™3)
Solution Au Pt Pd Re
1 0.24 0.24 0.25 0.27
2 0.48 0.49 0.49 0.54
3 0.97 1.22 1.24 1.34
4 2.43 2.43 2.46 2.69
5 4.86 4.87 492 5.38

Specific solutions were named with use of number of the mixture (1-5)
and symbol of a metal that it contains (for example 1-Au).

Sorption of Au(IIl), Pt(IV), Pd(II), and Re(VII) Studies. Ini-
tial concentrations of used single-component solutions were
adjusted in order to obtain approximately 0.24-4.9 mmoles of
each metal per dm’. Specific solutions were named with use of
a solution number (1-5) and symbol of a metal that it contains
(for example 1-Au describes solution 1 with Au(IIl) complex).
Concentrations of used solutions are presented in Table 1.

Sorption ability of Au(IIl) (present as AuCl, ), Pt(IV) (present
as PtCléf), PA(II) (present as PdCLz;), and Re(VII) (present as
ReO, ion) was evaluated with batch method by contacting the
Dowex M4195 resin with specific metal solution in 0.1M HCI
in accordance to procedure previously presented in.>” Resin was
being shaken with specific solution for 48 h at 9, 30, and 50°C,
respectively. Next, the polymers were separated by filtration.
The concentration of the metals was determined with use of
Perkin-Elmer AAnalyst 200 atomic spectrophotometer.’® Con-
centration of Re was specified with use of UV/VIS spectroscopy
method.”’

Sorption value was calculated from the mass balance and the
initial concentration in the acidic solution. The distribution
coefficients (K) were calculated as the ratio of the amount of
metal adsorbed by 1 g of resin and the amount of metal
remaining in 1 dm® of solution after sorption.

The obtained data of Au(III), Pt(IV), Pd(Il), and Re(VII) sorp-
tion on the Dowex M4195 resin were applied to Langmuir’s and
Freundlich’s mathematical models, respectively:”'

(O OX 1
=—+

@ Qo Ki-Q

1
logq, =logK;+ - logC,

where C, is equilibrium of metal (mg-dm~>), g, is adsorption
capacity in equilibrium state (mg-g~'), derived from sorption
isotherms (Figures 1-3).

Parameters Q, (saturated sorption capacity on the resin,
mg-g~ '), and K; (the binding constant, dm®-mg~") were calcu-
lated by plotting C,/q. versus C, (Langmuir’s mathematical
model).

Parameters Ky (Freundlich’s parameter, mg~g_1) and n (dimen-
sionless Freundlich’s parameter) were calculated by plotting
logg. versus logC, (Freundlich’s mathematical model).
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Au, Pt, Pd, Re sorption

C,. mmol-dm®

Figure 1. Sorption (mmol-g~") isotherm from single-component solutions
in 0.IM HCI at 9°C.

To calculate thermodynamic parameters, the sorption isothermal
curves were obtained at 9, 30, and 50°C. In order to calculate
free energy (AG), enthalpy (AH), and entropy (AS) of the sorp-
tion, partition coefficient K (dm3-mg71) was varied with
change of temperature. K; parameter was calculated by plotting
C./q. versus C, (Langmuir mathematical model).’* Free energy
of sorption was calculated with use of equation:

AG=—RTInK;

where R is the gas constant (8.314 J-mol “K™!) and T is tem-
perature (K). Equation is equal to.*

L __AH L AS
T TRT TR

Values of AH (kJ-mol™") and AS (J mol K™ ') were calculated
from the slope and intercept of InK; versus 1. T~ ' plot.**?’

Due to the fact that kinetics of the sorption process is very
important factor from industrial point of view, kinetic studies
were proceeded. For this purpose, the Dowex M4195 resin, in a
swollen form, in amount equivalent to 0.018 mmol of ligand

Au, Pt, Pd, Re sorption
w

C,, mmol-dm®

Figure 2. Sorption (mmol-g~') isotherm from single-component solutions
in 0.1M HCI at 30°C.
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Au, Pt, Pd, Re sorption

C,. mmol-dm*

Figure 3. Sorption (mmol-g~') isotherm from single-component solutions
in 0.1M HCl at 55°C.

quantity was introduced into 20 cm’ glass bottles. Next, 10 cm’
of the solutions with initial concentrations of 1.46 mmol
Au-dm™?, 1.40 mmol Pt-dm ™, 2.46 mmol Pd-dm~>, and 0.54
mmol Re-dm > were added, respectively. Initial concentrations
of the applied solutions were calibrated in way that allowed
ensuring full occupation of the functionalities. The resin was
being contacted with proper solution for 1-48 h, respectively.
After specific time resin was separated by filtration, next con-
centrations of each metal was determined, and sorption
(mg-g~ ") was calculated.

The experimental data of Au(III), Pt(IV), Pd(II), and Re(VII)
uptake were applied to Lagergren’s, quasi-first-order, and Ho’s,
quasi-second-order mathematical models, respectively. The
interpretation of kinetic behavior was proceeded by calculating
34,35

kinetic parameters with use of Lagergren’s equation, in its

reduced form, and Ho’s equation, respectively:*°

ki
log (q.—q,)=logg. =~ -t

t 1 1

= 4.

9e kzqg 9e
where t (min) is time, g, (mg-g~") is sorption at equilibrium, g,
(mg~g71) is sorption in time f. Parameter k (min~ ') was calcu-
lated from slope of log(q—q, versus t plot. Parameter k,
(g-mmol ™~ '-min~") was obtained from intercept of /g, against t

Mechanism of the Sorption. The present process mechanism
evaluation was proceeded by determining energy activation that
was calculated with use of Arrhenius’ eq. (1) in its linear
form.**

Ink=InA+ — 2 (1)

RT

where k is constant rate from kinetic model which was applied
in kinetic studies, A (grmg '-min"") is temperature factor, R
(J-mol LK™ 1) is the gas constant, T (K) is temperature. Energy
of activation, E, (kJ-mol™"), was calculated from slope of Ink
versus 1-T~" plot.
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SEM, XRD, FTIR, Raman, and XPS Analyses. The morphology
of the Dowex M4195 resin, loaded with Au(III) and Re(VII)
was examined by scanning electron microscope JSM 5800LV
(SEM). The microscope was equipped with the JSIS 300 Oxford
X-ray (EDS) analyzer that made possible determination of the
average composition of the surface layer of the sample.

An X-ray powder diffraction method (XRD) was applied for
qualitative analysis of structures obtained during noble metals
sorption on the Dowex M4195 resin. For that purpose measure-
ments in the symmetric (/20 Bragg-Brentano geometry using a
Philips X’PERT system were done. The analysis procedure has
been previously presented in reference.’®

In order to reveal changes in a chemical structure of the Dowex
M4195 resin, the Fourier’s Transformation Infrared Spectros-
copy (FTIR) and Raman Spectroscopy were performed. The
FTIR spectra in KBr pallets were recorded using Perkin-Elmer
System 2000 spectrophotometer. Raman transitions
recorded using Bruker RFS100 spectrometer equipped with Nd
laser excitation.

were

X-ray photoelectron spectroscopy was executed on SPECS XPS/
AES/UHV System equipped with PHOIBOS 100 spectrometer
and SPECLAB software. X-ray source was generated using Mg
anode operating at 100 W (wide-range scan) and 150-250 W
(high-resolution spectra). (Although to avoid/minimize photo-
reduction effect during XPS experiments Au(IIl) spectra were
recorded in short time with relatively low power of anode 150 W).
The spectrometer energy scale was calibrated using Au(4f;,,), and
Re(4f;),) lines. Sample charging was compensated using an elec-
tron flood gun with 0.5 mA current and 0.1 eV energy. All spectra
were referenced to 284.8 eV (contamination carbon). The base
pressure in the UHV analysis chamber was below 5-10~ ' mbar.
The spectra were collected and curve-fitted by using the SpecsLab
software. A nonlinear least-squares fitting algorithm was applied
using peaks with a mix of Gaussian and Lorentzian shape and a
Shirley baseline.

RESULTS AND DISCUSSION

Sorption Studies

Results obtained during sorption tests from single-component
solutions allowed plotting sorption isotherms. All the curves of
Au(III), Pt(IV), Pd(II), and Re(VII) uptake are presented in the
Figure 1 (sorption at 9°C), Figure 2 (sorption at 30°C), and Fig-
ure 3 (sorption at 50°C), respectively.

Basing on calculated values of sorption, S (mmol-g '), we have
determined that affinity of the uptake of all metals, from single-
component  solutions  was as  follows:  Au(IIT)>P-
d(II)>Re(VII)>Pt(IV), respectively. Gold sorption achieved the
greatest values (5.0-5.5 mmoles of Au-g~"', Figures 1-3), and no
sorption isotherm plateau was observed, which could be caused
by observed gold microplates formation phenomenon, discussed
below.

Sorption capacity, Zy (2.18 mmol-g”') corresponds to the
ligand content Z; (2.72 mmol-g_l). In accordance to,”’ the
grade which the Dowex M4195 resins functional groups are
protonated to, in conditions applied, is two nitrogen atoms.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42425 (4 of 12)

Applied Polymer

SCIENCE

That corresponds to sorption capacities achieved in present
studies (Figures 1-3). Palladium (II) chlorocomplex was
uptaken with efficiency up to 3.4 mmoles Pd-g~' (Figure 3),
while Pt(IV) and Re(VII) were removed with much lower
amounts, 2.7 mmoles Pt-g~' and 2.7 mmoles Re-g~', respec-
tively. According to,”* in most of the processes where solvent
extraction is used, flat and square complexes AuCl,, PACI;~
ions are removed faster, than octahedral platinum complex
PtCl;~ and tetrahedral rhenium ion ReO; . At 30°C sorption of
Pd(II) reached 3.4 mmoles Pd~g_1 (Figure 2), that result was
similar to that received by Wolowicz and Hubicki in,*' where
the same resin and experiment conditions were applied.

The investigation revealed sorption of Re(VII) ion (ReO, ) ca.
2.7 mmoles Re-g~' (Figure 2) which was greater than on com-
mercially available for industrial solutions strongly basic Amber-
sep A920U resin (0.15 mmoles Re-g '),*? and lower than on
expanded-gel structure materials based on quaternized poly(4-
vinylpiridyne) (1VPJ4) from hydrochloric systems (4.4 mmoles
Re-g™").”” In order to verify character of the sorption on the
investigated Dowex M4195 resin, Langmuir’s and Freundlich’s
mathematical models were applied to the obtained sorption
isotherms.

Formation of Gold Microplates

Present research revealed absence of Au(IIl) sorption isotherms
plateau (Figures 1-3). Instead, after separating the beads of the
resin from solutions 4-Au and 5-Au (Table I), reduced gold in
its metallic form was present in solutions after sorption process
and on the surface of Dowex M4195 resin. According to
Mohammadnejad,”® reduction of Au(III) from hydrochloric
solution could be attributed to the existence of defect sites on
the silicate surfaces like surface of glass bottles used. However
this effect was not reported by Tuzen,'* who used the same
resin and much more less concentrated solution of gold (0.2 mg
Au-dm ™). That suggests that great concentration of gold in
used mixtures, could propagate reduction of gold, present as
AuCl, to its metallic, microparticle form. It has been recog-
nized, that some of the aromatic amines themselves** or those
involved into structure of block copolymers,'”* suspension
amine-functionalized copolymers,” and magnetic nanopar-
ticles,”® as well can have gold-reducing abilities in chloroaureate
solutions. All of the mentioned methods require additional
reducers, most commonly NaBH, is used.

Nevertheless, there is possibility that the functional bis(2-pyri-
dylmethyl)amine groups of the Dowex M4195 resin could
reduce Au(IIl) to metallic gold microplates without any addi-
tional action. That effect has not been previously reported in
the worldwide literature.

In order to identify shape of obtained gold structures, portion
of the solution 5-Au (Figure 5), that remained after sorption
process, was transferred onto slip cover and analyzed with use
of Zeiss Axio Optical Microscopy.

Figure 4 shows structures of observed gold particles that are
clearly regular (triangular and hexagonal). In reference to Boli-
setty,” the fact could suggest that “self-assembling” interactions
occurred between functional groups of the Dowex M-4195 resin

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42425
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Figure 4. Reduced gold microplates in remaining solution 5-Au.

and Au(III) complex.*” According to,*® the size of the formed
gold grain is dependent on the initial concentration of the metal
in the solution used at the beginning of the process. That could
be a reason why reduced gold was not observed after sorption
process from solutions 3-Au, 2-Au, and 1-Au (Table I). Phe-
nomenon of gold reduction makes evaluation of Au(IIl) sorp-
tion by the Dowex M4195 resin difficult. There is possibility,
that gold was not sorbed on the beads of the resin with the
largest amounts in comparison to other metals because high
sorption value was probably induced by reduction phenom-
enon. Absence of gold sorption isotherm plateau suggests that
reduction process was still in progress just before resin was sep-
arated (Figures 1-3).

In order to confirm that conclusion the gold plates were sepa-
rated by filtration from solution 5-Au that remained after sorp-
tion. Remaining, “clear”, solution was placed in a sealed glass
probe. After few days gold microplates were observed. Figure 5
displays reduced gold in filtrated and stored 5-Au solution. The
effect confirms that reduction of gold Au(III) was still going on
in the solution after sorption process even separated from the
Dowex M4195 resin. There is possibility that only short contact
of gold chlorocomplex AuCl, with functionalities of the Dowex
M4195 resin combined with reduction potential of Au(III)
(1.002 eV) was enough to begin the process.*

The parameters received by analysis of the sorption isotherms,
because of the issues discussed below, have been placed in the
Supporting Information for Review. Obtained data led draw our
attention to the phenomenon that is the subject of this paper.
Furthermore, as far as reduction of gold was clearly visible, the
anomaly of rhenium sorption would not be noticed if no sorp-
tion parameters analysis was proceeded. Therefore, even because

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

42425 (5 of 12)

Applied Polymer

CIENCE

of the reduction effect, the sorption models became not rele-
vant, it is necessary to briefly discuss them in order to reveal
the cause of the further actions.

As may be seen in the Supporting Information Table SI, the
correlation coefficients, R?, given by applying Langmuir’s model,
were found in values range 9.143-1.0000, and the dimensionless
Langmuir’s parameter, Ry, was found in range of 0.01-0.64 indi-
cating appliance of the processes with the Langmuir’s model.”!

The thermodynamic parameters were received by fitting nK;
(derived from Langmuir’s model) versus reciprocal temperature
1-T™". The positive values of AS provided in the Supporting
Information Table S2, observed during Pt(IV) and Pd(II)
uptake, suggest increasing randomness at the solid-liquid phase.
Negative value of entropy in case of Au(Ill) and Re(VII) sorp-
tion indicates, that some chemical reaction (which decreases
randomness) could occur during the sorption process (Support-
ing Information Table $2).°° In case of Au(Ill) uptake, men-
tioned reduction of Au(Ill) could explain the effect.”* The
entropy is followed by sorption free energy values, AG, that are
becoming more negative with increasing temperature during
Pt(IV) and Pd(II) uptake, indicating the rising spontaneity of
the process. The opposite effect is observed for Au(IIl) and
Re(VII) loading (Supporting Information Table S2).

As displayed in the Supporting Information Figures S2, S3, and
S4, sorption of Re(VII) and Pd(II) reached equilibrium within
8 h at 9, 30, and 55°C. Loading of Au(Ill) and Pt(IV) was
slower and equilibrium was achieved in 12 h. Uptake of Au(III)
and Re(VII) decreased with increase of temperature. The
obtained data were fitted to quasi-first-order and quasi-second-
order kinetic models, the received parameters are placed in the
Supporting Information Table S3. The correlation coefficients,
R?, obtained by applying experimental data to Ho’s model are
close to 1 and are higher than those received from Lagergren’s
model application. That means that quasi-second-order kinetic
model is better fit for present studies. Quasi-second-order rate
constant values, k,, are the highest in case of Re(VII) ion sorp-
tion at 9 and 30°C, which suggests that rhenium is sorbed more
rapidly than other metals at the investigated temperatures.

Figure 5. Reduced gold in filtrated and stored 5-Au solution.
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Figure 6. Plot of Ink, versus reciprocal temperature for sorption from
single-component solutions in 0.1M HCL.

The uptake of Re(VII) is an endothermic process, which means
that velocity of rhenium sorption should increase with increas-
ing temperature. Instead, the process decreases its rate. In order
to explain that phenomenon, an attempt to determine the
mechanism of the process has been made.

As a factor, that allowed to determine mechanism of the pro-
cess, energy activation, E, (kJ-mol ™ 1), was applied. In order to
calculate the energy activation the quasi-second-order kinetic
model was used.

Figure 6 shows plot of Ink, versus reciprocal temperature 1-T~".
Table IT displays calculated values of energy activation for each
studied metal.

Negative value of E, of Au(Ill) and Re(VII) sorption proves
that the higher temperature is the slower the process becomes
(Table I1).>" The value of activation energy (E,) of the gold and
rhenium sorption is negative (Au, Re, Table II). In general, the
phenomenon indicates, that increase of the temperature of the
sorption processes, increases the solubility of gold chlorocom-
plexes and rhenium ions. As the result, the forces between
adsorbates and solvent are stronger, than those between adsorb-
ate (Au, Re) and adsorbent (Dowex M4195).>?

As far as mentioned reduction of Au(IIl) to Au(0) to its crystal-
line form could explain why the gold sorption is exothermic, no
similar effect was observed during Re(VII) uptake. Nevertheless
value of E, (—38.83 kJ-mol~!, Table II) of ReO, ion uptake
was determined as negative. The negative values of activation
energy indicate only the multi-stage nature of the process, and
do not give any information about real elementary stages con-
stituting the mechanism of interactions. Hence, the calculated
kinetic parameters and activation energies does not provide an
appropriate information about the real mechanisms of the
Au(III) and Re(VII) sorption and reduction.

The applicability of the Langmuir adsorption model for the
Au(IIl) and Re(VIII) sorption-reduction does not revoke the
real multi-step character of the processes. In this connection,
the K; parameter is the empirical coefficient rather than the
equilibrium constant of the definitely specified reaction. The
Langmuir adsorption model implies the simple stoichiometry of
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interactions. Although, as far as the real overall reaction is more
complicated, the determination of the equilibrium constant
through fitting the experimental data by the Langmuir equation
becomes invalid. After that, the trustworthiness of the AH and
AS estimates raises doubts.

Reduction Phenomenon

Because of the issues raised above, the reduction phenomenon
has to be analyzed from different angle. In accordance to
Bard,*’ reduction potential of Au(III) and Re(VII) in acidic sol-
utions is determined as +1.002 and +0.415 eV, respectively.
That fact implicates the conclusion that if, in present studies,
“less negative potential” gold has been reduced to its metallic
form, there is high possibility of Re(VII) ion reduction as a
“more negative potential” metal. The same conclusion has been
made by Park® who proceeded different process of Au(Ill) and
Pd(II) reduction-coupled removal from hydrochloride solutions
using crosslinked chitosan beads.

In order to confirm the assumption that reduction of Au(III)
acted on the Dowex M4195 resin’s surface, images of the sam-
ples loaded with gold chlorocomplex (AuCl, ) and rhenium ion
(ReO, ) were captured. The investigation was proceeded using
Joel JSM5800LV scanning electron microscope equipped with an
energy-dispersive spectrometer (EDS).

Figure 7 displays SEM photographs of the Dowex M4195 resin
loaded with Au(IIl) (a, a’) and Re(VII) (b, b'). In the panels, a
and a’ (Figure 7) gold microplates can be observed on the sur-
face of the polymer bead; furthermore, panel a’ shows presence
of the metallic gold in the fracture of the bead of the resin.
Although there are no visible signs of the presence of the metal-
lic rhenium on the surface and fractures [Figure 7(b,b’)]. Never-
theless, the morphology of the surface of the Dowex M4195
resin loaded with gold [Figure 7(a’)] seems to be porous, while
there are no pores visible on a smooth surface of the resin after
sorption of rhenium process. As previously mentioned, basing
on the sorption isotherms (Figures 1-3) absence of the plateau
of the sorption of Au(IIl) isotherm was probably caused by the
constant reduction of gold to its metallic form that proceeded
even after separation from the resin bed. The SEM image [Fig-
ure 7(b’)] indicates, that rhenium ion Re(VII), loaded on the
Dowex M4195 could transform to the oxide form that prevent
access to the functional groups of the resin by filling up the
pores. That could be the reason why the sorption isotherms
(Figures 1-3) display plateau curve of the rhenium sorption.
Reduction of Re(VII) ion to its lower oxidation state, if
occurred, could be limited by accessibility to the surface of the
resin.

Table II. Energy of Activation

42425 (6 of 12)

Metal E, (kd-mol™1)
Au —29.92

Pt 22.47

Pd 36.23

Re -38.83
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Figure 7. SEM images of the Dowex M4195 resin loaded with gold (a, a’) and rhenium (b, b’).

Figure 8 displays the SEM/BSE picture of the single gold micro-
plate. Because of the clear material contrast it is possible to
measure its size that is placed between 13 pm in its narrowest
and 15 pm in its widest part. The determination of the thick-
ness of the microplate is difficult and requires a nano-tweezers
that are extremely rare. Therefore, we were unable to measure
that dimension. Although, we have attempted to capture TEM
images of the sample, unfortunately, the microstructures were
thick enough to be not transparent.

The attached to the equipment EDS allowed retrieving data
about elemental composition of the Dowex M4195 surface,
expressed with the atomic percentage. Figure 9 gives EDAX sur-
face analysis of the unsaturated resin (a) and loaded with gold
(b) and rhenium (c) as well. The data confirms the presence of
the Au and Re on the surface of the resin regardless to their
species distribution. After sorption of Au(IIl) significant
increase of the chlorine content is observed [Figure 9(b)].
Greater amount of the chlorine in sample loaded with gold (a)
could be caused by presence of the metal in the chlorocomplex
form (AuCl, ) while increasing content of oxygen in case of the
sample saturated with rhenium [Figure 9(c)] may be attributed
to the fact that Re exists in the form of its oxo species. Increas-
ing contribution of the oxygen observed on the surface compo-
sition of the resin loaded with gold [Figure 9(b)] suggests that

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
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reduction of the gold was followed by oxidation of the surface
of the resin. Furthermore, because of the rocketing value of oxy-
gen [Figure 9(c)], its presence in the sample loaded with

M4195 resin’s surface. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 9. EDAX analysis of the unsaturated Dowex M4195 resin (a), loaded with gold (b) and rhenium (c).

rhenium may be attributed not only to the ReO, ion and its
other species. There is possibility that oxidation of the resin sur-
face could occur during rhenium sorption as well. Furthermore,
there are some hard to define structures present on the zoomed
surface of the Dowex M4195 loaded with rhenium [Figure
7(b)]. In that circumstances reduction of Re(VII) could be
possible.

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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In order to prove or exclude presence of the metallic gold and
rhenium within the structure of the Dowex M4195 resin, the
XRD studies were performed. It has been done by registering X-
ray diffraction patterns (Cu K*=1.5418 A). The XRD patterns
of virgin and saturated Dowex M4195 resin recorded in the 20
range from 3 to 100° are shown in the Figure 10. The compari-
son of the experimental data with metallic gold standard pattern
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Figure 10. The XRD patterns of the Dowex M4195 resin

(card number: 04-0784) from ICDD database can be seen in
the Supporting Information Figure S5. The graph show, that the
obtained during present studies microstructures reveal the same
crystalline structure as the standard gold.

Characteristic peaks (Dowex M4195 Au, Figure 10) appearing at
20 =38.18° 44.38°, 64.58° 77.55°, and 81.71° are proving for-
mation of gold microstructures in the proceeded sample. Peak
positions indicate the presence of crystalline metallic gold. The
peaks correspond to the {111}, {200}, {220}, {311}, and {222}
lattice fringes of a facecentered cubic (fcc) structure. The unit
cell parameters for the standard are: a=0.4079 nm, cell
angle = 90°, Z= 4, and the space group is Fm3m.

Although, there was no metallic rhenium detected in the inves-
tigated, loaded with that metal resin (Dowex M4195 Re).
Although, previous considerations suggest that reduction of that
metal could occur, therefore further analyses were executed.

In order to verify if oxidation state of rhenium have changed
during sorption process, we have proceeded desorption of that
metal using the previously saturated Dowex M4195 resin, and
the best techniques based on our experience.”’
desorption reached only 50% which means, that most of the
uptaken rhenium existed in different than ReO, form (changed
its oxidation state), and, as the result could not be desorbed.

Determined

The FTIR analysis allowed determining changes in the structure
of the Dowex M4195 resin after sorption of Au(IlI) and Re(VII)
processes. Figure 11 gives recorded spectra in restricted range of
500-1800 cm™'. Strong bands at 1589 and 1569 cm™' (Dowex
M4195, Figure 11) correspond to the interactions in the pyri-
dine rings located in the bis (2-pyridylmethyl)amine functional
groups of the resin.>* After sorption processes that area has
been transformed, and new bands at 1610 cm ™' (Dowex M4195
Au, Figure 11) and 1614 cm” ' (Dowex M4195 Re, Figure 11)
appear. Those peaks correspond to the interactions between
nitrogen and oxygen atoms (N-O, N=0).’>® That fact suggests
that functional groups of the Dowex M4195 resin could be oxi-
dized during uptake of gold and rhenium processes. In order to
verify that suspicion, the unsaturated bis (2-pyridylmethyl)-
amine functional groups of the Dowex M4195 resin have been
transformed to the pyridine N-oxide derivatives with use of the
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Figure 11. The FTIR spectra of the Dowex M4195 resin.

method described in Ref. [57. Then, the FTIR spectra of the
oxidized resin have been executed. Recorded spectra (Figure 12)
display the same phenomenon as that, observed after sorption
of gold and rhenium. After oxidation process, strong bands at
1589 and 1569 cm ' (Dowex MA4195, Figure 11) have been
replaced by the new one at 1604 cm™ ' (Dowex M4195-Ox, Fig-
ure 12). Taking into account that fact, there is a possibility that
during sorption of Au(III) and Re(VII) functional groups of the
resin has been oxidized to the pyridine N-oxide derivatives.

The phenomenon was followed by reduction of gold which was
present in its metallic form in the structure of the resin [Figure
7(a)]. On the other hand, rhenium behavior is not so obvious,
there is a possibility that reduction of Re(VII) could lead to dif-
ferent, nonmetallic species. Appearance of the very strong band
at 909 cm™ ' (Dowex M4195 Re, Figure 11) has been previously
reported®® as indicator of the ReO; presence. That could mean
that rhenium has been reduced to the +6 oxidation state and
took the form of its oxide.

To further examine the phenomenon, the Raman’s studies have
been performed. Figure 13 displays recorded spectra of the
unloaded and loaded with rhenium Dowex M4195 resin and

100
—— Dowex Ox

80 ~

60 -

% T

40 -

20

N-O, N=0O
interactions

0 T ‘ -
1800 1600 1400 1200

1000 800 600
wavenumber [cm™]

Figure 12. The FTIR spectra of the oxidized Dowex M4195 resin.
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standard NH,ReO, as well. Strong bands at 1610, 1590, and
1570 cm ™' (Dowex, Figure 13) reveal, as the FTIR spectra (Fig-
ure 11), presence of the pyridine rings derived from the bis (2-
pyridylmethyl)amine functional groups of the resin.”® After
sorption of rhenium process, intensity of those peaks signifi-
cantly decreases and a new band, responsible for the N-O bonds
(assigned to pyridine N-oxide derivatives), at 856 cm ™' appears
(Dowex-Re, Figure 13).°° The corresponding phenomenon has
been observed in the recorded FTIR spectra (Figure 11). That
could mean that functional groups of the Dowex M4195 resin
has been partially oxidized during rhenium uptake process, and,
if so, some element had to be reduced. According to Biswas®
and Pikl®" strong bands at 962, 912, and 333 cm ' that
appeared after sorption of rhenium (Dowex-Re, Figure 13) cor-
respond to the stretching vibrations between rhenium and oxy-
gen in the ReO;. The same observation has been made by
Castriota et al.,®> who registered similar peaks in ReO; Raman’s
spectra. Although they® indicate that such bands can be also
generated by grouped in organized structures ReO, ions. Basing
on the attached to the Figure 13 NH,ReO, spectrum, that con-
clusion is applicable to the present studies. Bands assigned to
the ReO; (Figure 13, Dowex-Re) appears with different intensity
also on the standard spectrum (Figure 13, NH4ReO,). There-
fore, the executed spectra are not enough for determination of
the nature of the reduction of rhenium.

In order to definitely prove or exclude reduction of Au(III) and
Re(VII) it was necessary to determine elements and their oxida-
tion states on the loaded with gold and rhenium surface of the
Dowex M4195 resin. For that reason the XPS analyses were
employed. Figure 13 displays recorded XPS spectra of the
Dowex M4195 resin loaded with gold (b) and rhenium (c). Fur-
thermore, a survey scan of the both samples has been per-
formed [Figure 14(a)].

In the spectra, Au 4f [Figure 14(b)] doublet peaks 4f;,, 4fs,
(87.25 and 90.92 eV), responsible for Au(Ill), are dominating.
These energies have been previously assigned to the HAuCl,
used for the proceeded sorption process.’” Its amount, basing
on the proceeded XPS analysis has been estimated as 75.4% of
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Figure 14. XPS spectra of the Dowex M4195 resin saturated with gold
and rhenium; (a) survey scan, (b) resin loaded with gold, (c) resin loaded
with rhenium.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42425


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

the total amount of gold adsorbed on the surface of the Dowex
M4195 resin. In the area of lower energies [Figure 14(b)] peaks
at 84.2 and 87.87 eV, characteristics of the Au(0),, have been
distinguished.

These components do not cover in a satisfactory manner the
whole Au4f spectrum. It was necessary to take into account one
more area in the range of approximately 84-86 and 88-90 eV
that identification is not entirely clear: within that range, bonds
of both, Au(I) and A(0) are being detected: the effect is attrib-
uted to the fact, that the smaller particles of Au(0)gurface are, the
greater energy of their bonds is.°* To these forms, Au(I) and
Au(0)surfacer the binding energies 85.24 and 88.91 eV, respec-
tively, have been conventionally assigned. Ultimately, their con-
tent is estimated as 11.4% of Au(I) and 13.3% of Au(0)pu.

The results of the XPS analyses have been confronted with the
XRD, EDS, SEM, and digital-optical microscopy. It turned out,
that XRD tests did not reveal a presence of the Au(IIl) and
Au(I). Instead, great clusters of microplates and small amount
of green powder (assigned to the presence of the AuCl) are visi-
ble. That means that Au(IIl), adsorbed on the surface of the
resin, has been uptaken directly from a solution creating a dis-
persed amorphous phase. Moreover, partial reduction to the
Au(I) does not lead to greater dimensions of the Au particles as
well as arrangement of the gold structures. As the result the
Au(III) and Au(I) had not been detected during the XRD analy-
sis, instead, they have been recorded by XPS technique.

The crystallographic structure of the metallic gold causes, that it
is possible to detect it using the XRD method irrespectively of
their size. Although, progressive reduction of Au(III) to metallic
gold leads to an agglomeration of Au(0) particles significantly
understating the amount of metallic gold detected by XPS. For
instance, for applied simplified model of flat, homogenous Au(0)
microplates that thickness is set as 50 nm, the undervaluation
may be tenfold, while for microplates 100 nm thick the underval-
uation is estimated as 20fold. These values have been estimated
taking the inelastic mean free path way (IMFP) of fotoelectrons
Au 4f in Au, that kinetic energy is 1170 eV and A= 1.55 nm,
which means the maximum depth of sampling 3/~5 nm.*

Binding energies Re 4f;, and Re 4fs/, in the investigated sample
[Figure 14(c)] have been decreased, comparing to a reference
NH,ReO, (powder), by 0.7 eV and are being determined as
45.29 and 47.72 eV. That change is interpreted as reduction of
rhenium Re(VII) to Re(VI), that form, confronting with the
previous analyses, is probably ReOs.

Rhenium creates diversified oxide forms: ReO,, ReOs, and
Re,0- that binding energies rise with increasing oxidation state
of Re. According to the available database NIST, average binding
energies of these species, for electrons Re 4f;,, are: 43.03, 45.37,
and 46.65 eV, respectively.*®

In the authors’ own research binding energies Re 4f;,, for Re
immobilized on the Al,O; support were 43.0, 45.0, and 46.5 €V,
respectively. Although, that last value for bulk Re,O; was
slightly greater and amounted as 47.1 eV.*” Progressive reduc-
tion of Re(VII) in a form of Re,O, to ReO; and further to
ReO, was observed by another authors as well.®® They assigned
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to the ReO5 and ReO, energies of Re 4f;,, bonds, that values
were 45.5 and 42.5 eV, respectively.

Referenced literature data and own XPS analyses lend credence
to the conclusion that Re(VII) has been reduced to the Re(VI).
Furthermore, detail analysis of the Re 4f spectra [Figure 14(c)],
that is FWHM and required ratios of the 4fs,, and 4g;,, peaks
(4fs,:4f;,, = 0.75) suggests the homogenous form of Re, present
on the surface of the Dowex M4195 resin, which means that
Re(VII) reduced to the Re(VI) entirely. Moreover, no Re(IV)
has been observed.

CONCLUSIONS

The ability of the Dowex M4195 resin for reduction-coupled
noble metals sorption was evaluated. As side effect gold micro-
plates formation was observed.

Determined mechanism of the ReO, removal process, reduc-
tion potential value of Re(VII) ions, and executed analyses sug-
gest that reduction of rhenium to the +6 oxidation state
probably occurred during present studies.

Reduction of the Au(III) and Re(VII) was probably followed by
the oxidation of the Dowex M4195 resin’s functional groups to
the pyridine N-oxide derivatives.
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