Recovery of noble metal elements from effluents of the semiconductor industry as nanoparticles,
by dielectric barrier discharge (DBD) plasma treatment
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Abstract

The fabrication of semiconductor products for the microelectronic industry requires the deposition of
thin noble metal layers (e.g. Au-Sn and Pd) by means of processes involving fluid baths that contain
metal ions (e.g. electrowinning and electroless plating). After several cycles, the plating solutions are
used up and must be replaced, generating large volumes of discarded solutions containing precious
metals. The metals (Au and Pd) are recovered either by electrowinning, a slow batch process, or by the
use of toxic molecules (e.g. cyanides). This study demonstrates the possibility of using an atmospheric
plasma technology to recover Au and Pd from these solutions, which provides a faster and greener
process. Plasma discharges are generated at the surface of the solutions, causing ions to precipitate as
nanoparticles. The treatment (few minutes only) allows the recovery of >95% gold, and >60% palladium.
The process separates Au (NPs) from Sn ions (remaining in solution), as confirmed by elemental analysis

and XPS. Particle size distributions of the nanoparticles recovered through the process suggests that as-



synthesized nanoparticles could integrate value-added products (e.g. catalyst industry). Overall, the use
of plasma technology could open several possibilities for the recycling of metals contained in solutions

discarded from the semiconductor industry.

1 Introduction

The fabrication of several semiconductor products in the electronic industry requires the
deposition of a variety of metal layers on flat semiconductor surfaces.(Azmah Hanim, 2017) This is
usually achieved by means of precisely tuned electrochemical-based processes. Among the most frequent
metal thin films deposited onto semiconductor surfaces, figure Au, Au-Sn alloys, as well as Pd.(Azmah
Hanim, 2017; Datta and Osaka, 2005) As several of the plated metals are noble and costly, the
electrodeposition (or electroless) processes must be efficient, with yields allowing the consumption of a
large fraction of the noble elements dissolved in electrolyte solutions. Both electroplating and electroless
plating require electrolyte baths containing metal ions and other additives.(Osaka et al., 2006; Statista,
2017) Metal ions are reduced onto the surface of a substrate either by the application of an electric current
(electroplating) or, for electroless plating, by the use of reducing agents contained in the electrolyte baths
(e.g. hydrazine, hypophosphite, benzyl alcohol).(Azmah Hanim, 2017; Osaka et al., 2006; Vorobyova et
al., 2004) Electroless plating does not require electric current to reduce the metal ions; therefore,
electroless plating allows the fabrication of isolated metal patterns on insulating substrates.(Azmah
Hanim, 2017; Shacham-Diamand et al., 2015) On the other hand, electroless plating is associated with a
more complex control over the composition of the electrolyte baths and with higher operation costs

compared to electroplating.(Loto, 2016; Shacham-Diamand et al., 2015)



In both processes, the electrolyte solutions must be frequently refreshed. First, the concentration
in noble metal ions must remain above a certain threshold during the process. Then, the presence of
parasite, poisoning or competitive chemical species in the electrochemical baths can affect the plating
process.(Shacham-Diamand et al., 2015) In fact, large volumes of liquids containing noble metals and
toxic chemical species such as cyanides, must be periodically discarded by the semiconductor
industry.(Azmah Hanim, 2017; Frost et al., 2017; Shacham-Diamand et al., 2015) Disposing of these
large volumes of contaminated chemicals represents a real challenge for the industry. To recover the
precious metal contents from the discarded solutions, the semiconductor industries mainly use
electrowinning cells, which is a relatively slow batch process technology that is not very efficient at metal
ion concentrations below 10 mM.(Barbosa et al., 2001) The foils or plates of recovered metals are usually
contaminated by different metals in the baths, which requires further manipulations and separation
processes. In addition to this, the electrolyte solutions must be treated appropriately in order to attenuate
their toxicity (e.g. elimination of cyanides). Thus high costs are associated to the disposal of electrolyte
waste, and recycling the precious metals from these effluents is not straightforward. In the last few years,
alternative methods based on biotechnological approaches (e.g. using microbes, microalgae, etc.) have
also been studied in order to recover noble metals such as Au and Pd from synthetic solutions as
nanoparticles.(Ali et al., 2019; Luangpipat et al., 2011) However, further optimization of these novel
recovery techniques are required prior to their application for metal-bearing wastewaters. These would
certainly be restricted to the development of batch processes because of the time required for biological

reactions to occur in well-controlled conditions.

This article describes a new process based on atmospheric plasma technology, allowing for the

rapid extraction of precious metal ions from effluents discarded by the semiconductor industry. The



process does not use toxic chemicals such as cyanides, and it is much more rapid than electrowinning (a
few minutes only even with solutions containing less than 1 mM metal ions.(Bouchard et al., 2017;
Sauvageau et al., 2018) In recent years, plasma technology has entered various application fields, such
as water purification, surface treatments and nanoparticles synthesis (NPs).(Bouchard et al., 2015;
Brandenburg, 2017; Foster, 2017; Hijosa-Valsero et al., 2013a; Hijosa-Valsero et al., 2013b; Kim et al.,
2013; Kogelschatz, 2003; Kogelschatz, 2007; Kogelschatz et al., 1999; Saito et al., 2017) Atmospheric-
pressure plasma systems such as dielectric barrier discharge (DBD) reactors can treat relatively large
surfaces of solids and liquids (up to tens of cm?).(Bednar et al., 2013; Bouchard et al., 2017; Kong et al.,
2011) Recent works including from our team have reported the use of plasmas to synthesize Au, Pd, Pt
and Rh NPs from metal ion containing aqueous solutions, and more specifically with DBD plasma
reactors.(Bouchard et al., 2017; Koo et al., 2005; Lee et al., 2013; McKenna et al., 2011; Richmonds and
Sankaran, 2008; Sauvageau et al., 2018; Wang et al., 2015; Xu et al., 2012) By comparison to the
conventional techniques for noble metals extraction (e.g. cyanidation, electrowinning), plasma
electrochemistry could enable the rapid recovery of metals without the need to use additives, surfactants

or other potentially toxic compounds.(Koo et al., 2005; McKenna et al., 2011; Sauvageau et al., 2018)

In this study, electrolyte solutions typical of the electroless plating process in the semiconductor
industry for Au-Sn and Pd platings, were processed with a DBD plasma reactor (argon and hydrogen
plasma). The discarded solutions, typical of those discarded from the electroless plating batch processes
for Au + Sn and Pd coatings, were collected when the concentration of noble metal ions was too low to
pursue the electroless plating efficiently (9.4 - 12.7 mM). After plasma treatment, the electrolyte solutions
contain NPs which are separated from the residual electrolyte by centrifugation. A mass balance

assessment using elemental analysis is performed to measure the ion-to-NPs conversion yield. A



physicochemical analysis study is performed with XPS to demonstrate the high metal contents of Au and
Pd NPs generated by the process, as well as to identify the molecules and ions covering the surface of

NPs. Finally, a particle size analysis completes the results of the study.

2 Material and methods
2.1 Chemicals and precursor solutions

Two electrolytic solutions representative of the used-up fluids discarded after several cycles of
the electroless plating process, were collected and provided by an industrial partner. The first precursor
solution (Au-Sn) had a gold concentration of 2.5 g L! (12.7 mM Au(I); KAu(CN)»). It also contained tin
(Sn(II); 42.1 mM, 5 g L), potassium oxalate (50 — 100 g L), as well as ascorbic acid and hydroquinone
as additives in minor concentration. The second precursor solution contained Pd(IT) (1 g L''; 9.4 mM in
the form of palladium acetate; Pd(O.CCH3)2), hypophosphite (a reducing agent; 15 g L!), thiourea
(CH4N2S, a pH stabilizer), and iodine (to accelerate the metal deposition). These solutions feature
components and concentrations typically found in the plating processes used in the semiconductor
industry.(Azmah Hanim, 2017) Before insertion in the plasma process, the solutions were vortexed for

10 s.

2.2 Plasma treatment of Au + Sn and Pd-containing solutions

17 mL of each electrolytic solution were plasma-treated for 5 min, 10 min and 15 min. All
experiments were performed in triplicate. Plasmas were generated with a mix of Ar and H> (95% Ar:
99.9995%, Linde Canada; 5% H>: 99.999%, Linde Canada). The voltage and frequency used for the
experiments were 15 kV peak-to-peak and 25 kHz, respectively. The power of the resulting plasma

discharges was 40 W. The gas flow rate used for the syntheses was 100 mL min™!, for all experiments.



To limit the formation of pulsations at the plasma-liquid interface, a peristaltic mini-pump was used to
maintain the flow rate of solution at a minimum (0.5 mL s!). A detailed description of the plasma reactor
that was used for this study can be found in previous works.(Bouchard et al., 2017; Sauvageau et al.,

2018) The pH was measured at each step of the plasma-treatment process.

The plasma reactor used in this study features a dielectric barrier discharge (DBD).(Bouchard et al., 2017;
Sauvageau et al., 2018) An AC voltage is applied between two quartz cells (48-Q-5, Spectrosil Quartz,
Starna Cells) acting as cathodes and a solution containing metal ions acting as a liquid anode. The quartz
cells contain cooling water, on which a sinusoidal voltage is applied. The cooling water acts as a liquid
cathode and prevents overheating of the quartz cells. The cathodes and the anode are parallel, separated
by a 3-mm gap and isolated from each other. A constant gas flow is introduced perpendicularly between
the two electrodes. An electric field forms under the quartz cells, inducing the ionization of argon and
hydrogen atoms. Thus, after the accumulation of charges at the underside of the quartz cells acting as the

dielectric material, plasma microdischarges form by capacitive effect and are continuously annihilated.

The solution is first introduced in the reactor using a peristaltic pump and a silicone tubing system. All
experiments in this study were performed in a closed circuit; the solutions were thus recirculated under
the plasma discharges (11.25 cm?) about 2 times min!. The process flowchart of the plasma reactor can
be found in Fig. 1. Both electrolyte solutions were plasma-treated for 5, 10 and 15 min. NP nucleation
and growth was rapidly revealed through a strong color change occurring in the silicone tubing. After
plasma treatment, the solutions were recovered by pipetting and centrifuged to separate the synthesized
NPs from the unreacted ions. A fraction of the NPs formed a coating on the walls of the plasma reactor,

which was recovered with a cleaning solution of aqua regia for elemental analysis. The NPs pellet, the



supernatant and the cleaning solution were collected to perform materials characterization (NPs size

measurements, elemental analysis, etc.). This methodology is described in section 2.4.
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Fig. 1. a) Overview of the plasma treatment section of the plasma reactor and b) cross-sectional view of
the plasma treatment area.

2.3. Separation of NPs from unreacted ions

Immediately after plasma treatment, the NPs suspensions were centrifuged at 7000 RPM for 10
min. The obtained supernatant contained the unreacted ions, while the pellet contained the NPs
synthesized by plasma treatment. In previous studies performed at lower metal concentrations (I mM
Au)(Bouchard et al., 2017), we evidenced a ripening process (i.e. reduction of metal ions by chemical
species generated by the plasma discharges) taking place for at least 4 hours after end of the plasma
treatment. No evidence of a ripening process taking place in the supernatant solution was measured by
UV-vis in the present study, and therefore the supernatant was collected by pipetting in a separate 50-

mL centrifuge tube.

2.4. Digestion procedure and elemental analysis (MP-AES) of plasma-treated solutions
The metal ion —to NPs conversion yield was measured through a mass-balance assessment atomic
emission spectroscopy elemental analysis. The supernatant obtained after centrifugation (mainly

unreacted metal ions), as well as the NPs (pellet obtained after centrifugation) were separately digested



in aqua regia (HCl: VWR, 37%; HNOs: VWR, 70%; aqua regia: HCI/HNO; = 3/1) at 80 °C. The fraction
of NPs that remained on the walls of the plasma reactor after collection of the solution by pipetting, was
washed in aqua regia (20 mL, 80 °C), followed by rinsing in nanopure water (20 mL, Barnstead, 18.2
MQ). This fluid fraction was collected and measured in elemental analysis (referred to as the cleaning
solution). The digested samples were analyzed by microwave plasma atomic emission spectroscopy (MP-
AES 4100; improved flame and interface in the 4200 configuration). Fig. 2 summarizes the methodology

that was used to prepare the samples for the mass-balance assessment by elemental analysis.
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Fig. 2. Metal recovery mass-balance assessment: schematic representation for the separation of
synthesized nanoparticles from unreacted ions by centrifugation, followed by digestion with aqua regia
prior to MP-AES analyses.



2.5 Cleaning of the plasma reactor between the syntheses
After each synthesis, a solution of NaOH (20 mL, Sigma-Aldrich, ACS reagent, > 97%, pH = 12)
was recirculated in the plasma reactor in order to neutralize the remaining traces of aqua regia, followed

by a few liters of nanopure water (Barnstead, 18.2 MQ) until neutral pH was reached.

2.6 Transmission electron microscopy measurements (TEM)

After centrifugation of the plasma-treated solutions, the NPs pellet was sampled and nanopure
water (2 mL, Barnstead, 18.2 MQ) was added to the NPs. The NPs were dispersed in nanopure water
using an ultrasonic bath for 10 min. 5 pL of the diluted solution were deposited on a carbon-coated
copper TEM grid (300 mesh, Electron Microscopy Sciences), and imaged by TEM (120 kV, Jeol JEM-
2100F, LaBg filament). After TEM studies, the Image] software was used to analyze the average diameter

of the nanoparticles.

2.7 Dynamic light scattering measurements (DLS)

Prior to separation of the NPs from the unreacted ions by centrifugation, 40 pL of the plasma-
treated solutions were pipetted into polystyrene micro-cuvettes to measure the hydrodynamic diameter
of the synthesized NPs (Malvern Zetasizer Nano series, 173 ©, 25 °C). The refractive indices of gold and

palladium were set to 1.800 and 0.280, respectively.(CRC Press, 2007)

2.8 X-ray photoelectron spectroscopy (XPS)
A small fraction of the NPs pellet obtained after centrifugation was collected and nanopure water
(10 mL, Barnstead, 18.2 MQ) was added to the NPs. The NPs were dispersed in solution using an

ultrasonic bath for 10 min. The NPs suspensions were then purified three times by centrifugation (7000



RPM, 20 min), the supernatants containing the impurities, additives and remaining ions, were discarded.
Silicon wafers were cleaned prior to sample preparation with TL1 solution (a mixture of nanopure water
(120 mL, Barnstead, 18.2 MQ), H,O> (20 mL, Fluka Analytical, > 30% (RT)), and NH4OH (20 mL, ACS
reagent, 28.0 - 30.0% NHj3 basis)), followed by TL2 solution (a mixture of nanopure water (125 mL,
Barnstead, 18.2 MQ), H,O> (25 mL, Fluka Analytical, > 30% (RT)), and HCI (25 mL Anachemia, ACS
reagent, 37%)). The wafers were then quickly rinsed with nanopure water (Barnstead, 18.2 MQ) and
anhydrous ethanol, followed by drying with medical air. The samples were prepared with NPs (20 pL)
on these cleaned silicon wafers, and analyzed by XPS (PHI 5600-ci spectrometer, Physical Electronics
USA). Survey scans were performed on three different regions of the silicon wafer for the sample
obtained from the Au+ Sn solution. However, a single survey scan was performed on the sample obtained
from the Pd solution, due to a limited amount of product on the silicon wafer. High-resolution XPS scans
were performed for Cls, Ols, Au4f and Pd3d peaks. An aluminum X-ray source (1486.6 eV) was used
for the analyses, which were performed at 200 W for survey spectra and 150 W for high resolution
spectra. Both types of analyses were performed with a detection angle of 45° relative to the surface of
the samples. Atomic percentages were assessed by the Multipack software using Gaussian-Lorentzian

functions for curve fitting of the peaks, after adjustment of the main Cls peak to 285.0 eV.

3. Results and discussion

Electroless plating is a surface finish deposition process widely used in semiconductor packaging. It
allows for the fabrication of isolated metal patterns on insulating substrates with precise control over the
thickness and quality of the deposits.(Shacham-Diamand et al., 2015) A reducing agent in the electrolyte
bath (e.g. sodium hypophosphite, hydrazine, etc.) enables the chemical reduction of metal ions on the
substrates without the use of electrical energy.(Azmah Hanim, 2017; Baudrand and Bengston, 1995;

Shacham-Diamand et al., 2015)
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3.1 Metal ion conversion and elemental analysis for mass balance assessment

The characteristics of the precursor solutions and the plasma-treated solutions, such as pH and

color, can be found in Table 1. In all cases, the pH was stable at all times, regardless of the duration of

the plasma treatment. This is in agreement with the nature of the buffer solutions (e.g. potassium oxalate

in the Au + Sn solution). As depicted in Fig. 3, a strong color change was observed for all plasma-treated

solutions, from transparent to brown for the Au-Sn solutions, and from transparent to black for the Pd(II)

solutions. The quick color change of the solutions during plasma treatment was a good indication of a

strong conversion of Au(I) and Pd(Il) from ions into NPs. No obvious difference was noted in opacity

and color from t = 5 min to t = 15 min. Temperature increase in the fluids was inferior to 5 °C in all

experiments. The synthesized gold and palladium particles sedimented quickly after their synthesis, as

confirmed by DLS measurements (see in supporting information Fig. S1). This is expected for as-

synthesized surfactant-free metal nanoparticles.

Table 1. pH and color of the solutions before and after plasma treatment.

Solution Duration of  Initial pH Final pH  Initial color Final color
plasma
treatment
[min]
Au-Sn 5 3.5 3.5 Transparent Brown
10 3.5 3.5 Transparent Brown
15 3.5 3.5 Transparent Brown
Pd 5 8.0 8.0 Transparent Black
10 8.0 8.0 Transparent Black
15 8.0 8.0 Transparent Black

11



Fig. 3. a) Au-Sn precursor solution, b) Au-Sn solution plasma-treated for 15 min, c) Au-Sn NPs solution
after centrifugation, d) Pd precursor solution, ) Pd solution plasma-treated for 15 min, f) Pd NPs solution
after centrifugation.

3.2 Elemental analysis (MP-AES)

A mass balance assessment for the elemental recovery of gold, tin and palladium ions in the form
of NPs, was calculated from the MP-AES results. The mass of metal ions initially present in the precursor
solutions was compared with the mass of NPs recovered in the NPs pellet obtained after centrifugation.
The small fraction of NPs remaining on the walls of the plasma reactor was recuperated by aqua regia in
the cleaning solution. The method used to calculate the elemental recovery for gold, tin and palladium is
summarized in Fig. 4, whereas Table 2 presents the results of the calculations performed from MP-AES
data. Elemental recoveries for gold, tin and palladium can also be found in Fig. 5. Gold was recovered
in a percentage ranging between 95% and 100%, without significant differences between plasma
treatment times (5, 10, 15 min). In fact, after only 5 min, more than 95% of the ionic gold in solution
was already converted into NPs. The only difference between the three durations of plasma treatment
was the decrease of the standard deviation, from 8.90% at 5 min, to 4.31% at 10 min, and to 2.35% at 15
min. No indication of a ripening process, or further conversion of Au(l) ions into NPs after the end of
plasma treatment, was found in the supernatant. Overall, these results demonstrate that plasma recovery
is much more rapid than electrowinning for the recovery of Au from ionic solutions in the range 9 - 12

mM.
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Fig. 4. Calculation method for elemental recovery of gold, tin and palladium.

Table 2. Mass fractions of gold, tin and palladium, calculated from MP-AES results (n = 3 for each

duration of plasma treatment).

Element Duration Mass of Mean Mean Mean mass Mean elemental
of ions in recovered recovered of residual recovery +
plasma precursor massin  mass in ions in standard
treatment solution  NPs cleaning  supernatant deviation [%]
[min] [mg] pellet solution  [mg]

[mg] [mg]

Au 5 47.82 45.18 0.54 3.00 95.6 =+ 8.9
10 47.82 47.87 0.97 1.36 102.1 + 43
15 47.82 44 41 1.58 4.36 96.2 + 2.4

Sn 5 98.45 0.71 0.50 98.34 1.2 + 0.2
10 98.45 0.90 0.61 98.32 1.5 + 0.1
15 98.45 0.66 1.02 90.52 1.7 + 0.4

Pd 5 15.81 5.76 0.33 6.56 385 =+ 15.4
10 15.81 3.84 0.97 4.90 31.0 =+ 11.4
15 15.81 5.32 1.61 3.87 438 =+ 14.4
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Fig. 5. Elemental recovery of a) gold, b) tin and c) palladium for the plasma-treated solutions relative to

the mass of ions contained in the precursor solutions, calculated from MP-AES results (n = 3 for each
duration of plasma treatment).

Very small amounts of tin were recovered in the NP pellets (< 2%) regardless of the duration of
plasma treatment. Thus, Au(I) is reduced preferentially to Sn(II) and this suggests the possibility of using
plasma treatment as an alternative to cyanidation to selectively extract Au from ionic solutions containing
both Au and Sn. Although the exact chemical mechanisms controlling the reduction of metal ions into
NPs must be studied case by case (electrolyte dependent), it is assumed that the electrochemical potential
of the metal ions plays a major role in the mechanism.(Mariotti and Sankaran, 2010; Richmonds and
Sankaran, 2008) The respective standard electrode potentials for the conversion of Sn?* into Sn(s), and

for the conversion of Au(CN),™ into Au(s) are as follows (CRC Press, 2007):

Sn2* +2¢” 2 Sn(s) E°=-0.13V (1)

AUCN)> + ¢ 2 Au(s) + 2CN- E°=-0.60V (2)

Although other chemical reactions are necessarily involved in the plasma process, and in
particular through reactive oxygen and nitrogen species (Burlica et al., 2006; Hamaguchi, 2013; Kong et

al., 2011; Mariotti and Sankaran, 2010; Nosenko et al., 2009; Yukinori et al., 2012), the large difference
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between the standard electrode potentials for the two species must play a role in the very limited amount
of Sn recuperated in the form of NPs. Overall, these results demonstrate for the first time that plasma
electrochemistry can be used to selectively recuperate one metal ion from solutions containing many
metal ion species. The fact that gold can be pre-concentrated by plasma electrochemistry could open
possibilities for the replacement by plasma processes of certain metal extraction procedures involving

the use of highly toxic chemicals (e.g. cyanides).

For palladium, elemental recovery yields varied from 30% to 45%, with a relatively high standard
deviation (10% - 15%). No significant difference of palladium recovery was found between the durations
of plasma treatment. Nonetheless, palladium recovery reached 38% after 5 min of plasma treatment and
can reach up to 60% for 15 min of plasma treatment. No further evidence of NP conversion was found
after 15 min of plasma treatment, suggesting that a dynamic process takes place between Pd NPs
synthesis and dissolution. The nucleation rate and growth of metal nanoparticles could potentially be
further increased, by generating through the plasma more reducing metastable species in solution. These
would accelerate the reduction of metals ions. In addition, the continuous removal of synthesized NPs
during plasma treatment in such a batch process could limit the interaction of already-synthesized NPs
with reducing species, thus giving more opportunities for metal ions to be converted. Moreover, extensive
characterization of the plasma discharges and its related species could lead to a more refined
understanding of the complex mechanisms responsible for the reduction of metal cations. Ultimately,
this would result in an improved control over the conversion of the ions into nanoparticles. This calls for
further dedicated studies in order to achieve higher Pd(II) reduction yields. Nonetheless, for both gold
and palladium, evidences point to a massive reduction of Au and Pd metal ions into NPs by a few minutes

of plasma treatment only.
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A good reconciliation of masses of metals contained in the NPs pellet, the supernatant, the
cleaning solution and the precursor solutions was found for gold (< 10% variation) and tin (< 5%
variation). However, data reconciliation for palladium proved to be more difficult (~ 30% variation). The
standard deviation for elemental recovery of palladium (10% - 15%) is also much higher than for the

elemental recovery of gold (2% - 10%) and tin (< 0.5%).

3.3 Physicochemical analysis of nanoparticles by XPS

For the Au NPs synthesized from Au + Sn solutions, XPS results reveal the presence of carbon
(47.7%), nitrogen (21.6%), oxygen (9.1%) and gold (21.5%), and the absence of Sn and K (Table 3). The
latter two were present in the precursor solution in the form of tin ions and potassium oxalate, and their
absence confirms the selectivity of the plasma recovery process to certain types of metal ions, such as
gold. Table 4 presents the atomic percentages of each bands that were identified in high-resolution XPS
for the synthesized NPs.(Moulder and Chastain, 1992) The corresponding high-resolution spectra are
presented in Fig. 6 for both samples. In high resolution spectra (Table 4 and Fig. 6), the main band of the
Au4f7/2 peak is located at 84.37 eV (Au; 19.14%) and a secondary band is located at 86.63 eV (Au +
Sn; 2.36%).(Moulder and Chastain, 1992) The secondary band could be attributed to the presence of an
intermetallic between Au and Sn, despite the fact that Sn could not detected in the survey
spectra.(Moulder and Chastain, 1992) This small contribution is in agreement with the presence of 1.22
to 1.70% of the initial amount of Sn in the precursor fluid, detected in MP-AES sediments for the Au

NPs (Table 2).

The Cls peak evidenced for the Au NPs is divided into two bands, located at 284.76 eV (C-C, C-

H; 44.12%) and 287.14 eV (C-N, C-O-H; 3.61%). The C-N bond could be attributed to a certain fraction
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of cyanide, a residue from the electroless plating solution. For oxygen, a single band constitutes the O1ls
peak at 532.07 eV (C-0, 9.13%). The excess carbon (C-C bond) and oxygen (C-O bond) could be related
to atmospheric contamination of the Au NPs, or to remaining additives originating from the plating

solution (ascorbic acid: C¢HsOs, hydroquinone: CsHgOz).

Although a fraction of the very significant nitrogen contribution could be related to the cyanide
(CN) present in the precursor solutions, this peak cannot be attributed to aurocyanide complexes (e.g.
KAu(CN)»), since shifts on the Au4f7/2 peak corresponding to the Au(CN)," ion would correspond to
84.9 - 85.2.(Cook et al., 1989) In addition to this, the nitrogen contribution can only be partly attributed
to CN, as the total %C attributed to C-N and C-O-H bonds is not more than 3.61% in total. Because of
the relatively small contribution of O (9.13% in total), nitrogen does not seem to be attributed either to
nitrite (NO2") and nitrate ions (NOs3") that could be generated as a result of degradation of the CN™ ions
by the UV photons. The high levels of nitrogen apparently not associated to either C nor O, are most
probably associated with the presence of ammonium ions commonly used for pH adjustment in gold-

containing plating bath solutions (e.g. with ammonium hydroxide, NH4OH).(Azmah Hanim, 2017)

For the Pd NPs synthesized from Pd acetate solutions, the XPS results reveal the presence of
carbon (40.4%), nitrogen (7.5%), oxygen (16.6%), phosphorus (6.6%), iodine (6.0%), silicon (2.9%) and
palladium (20.1%). Phosphorus comes from the reducing agent hypophosphite, nitrogen from thiourea
(stabilizer). Iodine is an additive to the precursor solution to accelerate metal deposition, whereas silicon
is for the bare substrate on which the Pd NPs are deposited. The absence of sodium from the XPS
spectrum could indicate that sodium hypophosphite (NaPO:H>), an additive used during the electroless

plating process of Pd, was successfully discarded from the plasma-treated solution after centrifugation.
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However, the presence of phosphorus suggests that the sodium hypophosphite was degraded during

plasma treatment, in the form of phosphate or phosphonate.

In high-resolution spectra (Table 4, Fig. 6), the Cls peak is divided into two bands, located at
284.91 eV (C-C, C-H; 31.32 %) and 286.78 eV (C-N, C-O-H; 9.03%; from atmospheric contamination
and from acetate). Thiourea (CH4N>S) could be responsible for the C-N contribution. Thiourea acts as a
stabilizer for the Pd-based electroless plating solution used by the semiconductor industries. It also
preserves the pH of the electroless baths. For oxygen, three bands could be extracted from the Ols peak.
They can be found at 531.80 eV (C-0, 9.48%; mainly from atmospheric contamination and from acetate),
533.07 eV (N-O, 5.54%; possibly from NO;  or NO3 ions generated during the plasma process) and
534.61 eV (Si02, 1.55%; from the base substrate). Finally, the single contribution for Pd corresponds to

the synthesized Pd NPs, and no evidence of oxidation was found.

Overall, the results suggest that the purification procedure successfully removed some of the
impurities originating from the electroless plating effluents, such as tin, potassium and sodium. However,
further steps would be necessary in order to completely remove the remaining contaminants (e.g. cyanide,
hypophosphite degradation product, iodine, etc.), although the absence of ligands at the surface of the
synthesized NPs could make them useful for applications in the catalyst industry.(Maye et al., 2003;

Yang and Bao, 2017)
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Table 3. Chemical composition of the Au and Pd NPs synthesized from the plating solutions, extracted
from survey spectra obtained by XPS analyses.

Element

Atomic percentage [%]

Atomic percentage [%]

Au NPs (n =3) PdNPs (n=1)
C 47.7+4.0 40.4
N 21.6 £4.4 7.5
O 9.1+1.0 16.6
Au 21.5+£0.8 0.0
Sn 0.0+0.0 0.0
Pd 0.0+0.0 20.1
K 0.0+0.0 0.0
Si 0.0+0.0 2.9
P 0.0+0.0 6.6
I 0.0+0.0 6.0

Table 4. Atomic percentages determined from high-resolution XPS, for the Au and Pd NPs synthesized
by plasma treatment.

Sample Peak Binding energy [eV] Bond Area [%] Atomic percentage [%]
Au NPs Cls 284.76 C-C,C-H 923+24 44.1 £4.38
(n=3) 287.14 C-N,C-O-H 7.7£24 3.6+0.9
Ols 532.07 C-O 100.0 £ 0.0 9.1+1.0
Audf7/2  84.37 Au 95.6 £1.7 20.5+0.7
86.63 Au+ Sn 45+1.7 0.96 £ 0.03
Pd NPs Cls 284.91 C-C,C-H 77.6 313
(n=1) 286.78 C-N, C-O-H 224 9.0
Ols 531.80 C-O0 57.2 9.5
533.07 N-O 33.5 5.5
534.61 Si02 94 1.6
Pd3d5/2 335.63 Pd 100.0 20.1
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Fig. 6. High-resolution XPS spectra: Au NPs: a) Cls, b) Ols and c) Au4f; Pd NPs: d) Cls, e) Ols, f)
Pd3d.

3.4 Size measurements (TEM, DLS)

Both types of NPs were analyzed by transmission electron microscopy (Fig. 7). The TEM images
(Fig. 7 a, ¢) revealed a similar aspect for both types of NPs, spherical with some evidences of triangular
forms. Nanoparticles were present in the form of large agglomerates, as expected for Pd and Au NPs in
the absence of molecular surfactants. Isolated NPs were still observed for Au NPs, which could be due

to strong electrostatic repulsion induced by the ammonium ions present at their surfaces. The mean
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diameter of the synthesized Au NPs was 14.8 nm + 3.0 nm. Unfortunately, strong agglomerations were

found on the Pd NPs TEM grids and therefore no size distribution could be performed with this product.
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Fig. 7. a) TEM image of Au NPs synthesized by a 5-min plasma-treatment, b) corresponding size
distribution (n = 300 particles), and ¢) TEM image of Pd NPs synthesized by a 5-min plasma-treatment.

DLS measurements were performed on all solutions (see in supporting information Fig. S1),
which further confirmed the strong agglomeration state of the NPs. All the samples showed a
polydispersity index greater than 0.2 (PDI > 0.2), which indicates that the plasma-treated solutions are
not colloidally stable. This is in good agreement with the quick sedimentation of the particles that was
observed after recovering the solutions from the plasma reactor. In just a few minutes, most of the
synthesized particles were already accumulated at the bottom of their container. Rapid agglomeration
and efficient sedimentation would be an advantage for the rapid recovery of the synthesized particles

through e.g. centrifugation.

During the plasma process, the nucleation and growth of metal ions to nanoparticles depends on
numerous parameters, such as the area of the treated solution, the type of plasma used in the DBD, the
power of the discharge, the duration of the treatment, the pH of the solution, the presence of impurities,
and the nature of the reactive species induced in solution by application of the plasma

discharges.(Kortshagen et al., 2016; Lin and Wang, 2015; Mariotti and Sankaran, 2010; Ostrikov et al.,
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2011) Recent studies have reported that the metastable reactive oxygen and nitrogen species (ROS and
RNS) produced by the interaction of plasma discharges with the treated aqueous solutions could also be
involved in the reduction of metal ions to nanoparticles.(Burlica et al., 2006; Hamaguchi, 2013; Kong et
al., 2011; Mariotti and Sankaran, 2010; Nosenko et al., 2009; Yukinori et al., 2012) For instance, the
generation of reducing agents such as hydrogen peroxide (H20:), hydrogen radicals and hydroxyl
radicals has been associated with the nucleation of metal nanoparticles during plasma treatment of

aqueous solutions.(Saito et al., 2017)

In 2016, the finished semiconductor products market was estimated at 327 billion USS$, and about
6% of this market involved the production of at least one electroless plating part.(IC Insights, 2018;
Markets and Markets, 2016; Statista, 2017) On a yearly basis, this industry generates large volumes of
discarded fluids that must be treated either by toxic cyanides (for Au recovery) or by using the long,
relatively inefficient and largely non selective batch electrowinning process. Overall, the total metal
content in the discarded solutions is estimated to 40 million US$ per year.(IC Insights, 2018; Markets
and Markets, 2016; Statista, 2017) Therefore the plasma treatment technology could find advantageous
niche applications to accelerate the recovery process of precious metals contained in plating effluents,
while keeping the process greener (e.g. without cyanides). Gold and palladium recovered by
electrowinning and by cyanidation are usually converted in “dore” bars and sold at a fraction of the gold
and palladium value content to precious metal refiners.(Marsden and House, 2006) The present study
indicates that Au and Pd NPs generated by the plasma process contain high elemental ratios in Au and
Pd, respectively. In addition, the potential of these noble metal nanoparticles for catalytic applications
could be explored and this would turn the produced NPs into a high-value industrial product. However,

their use for applications in the catalyst industry would require further purification steps (e.g. additional
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centrifugation steps, filtration through membranes, chemical and thermodynamic ligand removal steps,
etc.), in order to decrease the percentages of oxygen and nitrogen observed in the XPS results, due to the
presence organic ligands at the nanoparticle surfaces. These strategies abound in the literature of catalysis
and in industrial practices in the field. They could be explored as an obvious next step. On the other hand,
dore bars could also be produced by sedimentation and melting of nanoparticles, should the purification
steps prove too costly for an economical production of high-purity nanoparticles for catalysis. The dore
bars, a high-value intermediate product in the refining steps of gold for jewellery and banking fields,
would still be of much higher purity and thus reach higher market values compared to conventional dore
bars produced through cyanidation and electrowinning.(Marsden and House, 2006) Overall, a complete

economic analysis of the plasma process and its following steps (purification, etc.) would be necessary in order to
identify the optimal application for these NPs (catalyst industry after purification, or smelting into dore bars if the

purification of the NPs proves to be too expensive).

A comprehensive comparative cost analysis between plasma technology, electrowinning and
cyanidation would be difficult to realize at this step, since the plasma reactor used in this study is for
laboratory use only (i.e. not optimized for pilot plant production). Moreover, the consumables and the
equipment involved in each process differ. However, the ratio between the energy consumption of the
plasma reactor and the recovered mass of gold and palladium, can be quickly estimated for both the
plasma process and electrowinning. By considering a scenario in which all noble metals in the fluid
would be recovered by plasma process in not more than 5 min (operating at 40 W), the total energy
consumption of the plasma reactor would be 3.33 Wh, for an electrical energy consumption of 73 kWh/kg
Au and 546 kWh/kg Pd produced, respectively. The electrical consumption ratio for electrowinning was
estimated to 112 kWh/kg Au for dilute Au solutions (5 mg L' Au), and this for several hours of

treatment.(Brandon et al., 1987) The energy consumptions of both technologies would be in the same
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range, and possibly less expensive for plasma extraction, a much more rapid alternative to
electrowinning. Plasma extraction does not require the use of cyanides, and the perspective of greener
Au extraction processes is of considerable interest in the precious metal refining industry.(Marsden and

House, 2006)

In the present study, a mixture of argon and hydrogen was used to ensure the recovery of noble
metals by plasma treatment. From the economic standpoint, the consumption of argon can prove
relatively costly, while the use of hydrogen needs to be well controlled in the industrial environment.
Therefore, the possibility to use nitrogen or air plasma could further increase the interest towards the
plasma extraction process, by significantly reducing operating costs and safety issues. Naturally, the
elemental recovery of noble metals could be affected by the metastable species generated in solution,

depending on the nature of the plasma discharges. Such aspects will be explored in dedicated studies.

Plasma-based recovery processes for noble metals could potentially be applied to different types
of effluents, with varying compositions, metal concentrations and pH. In fact, previous work from our
research group confirmed the possibility to synthesize Au NPs from synthetic solutions containing
Au(IIl) ions at a low concentration of 0.1 mM, while achieving high reduction yields
(99.81%).(Bouchard et al., 2017) Moreover, the results from this study demonstrated that Au NPs could
be synthesized from low pH (< 0.5) precursor solutions, while achieving moderate reduction yields
(56%). Therefore, gold ions present in various valence states (Au(I) or Au(Il)), concentrations and under
different pH conditions can be effectively reduced by species generated by the plasma discharges. Such
promising results suggest the application of the DBD plasma recovery process to a variety of wastewaters

and leachates.
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4 Conclusion

This study demonstrates for the first time the possibility to extract precious metals (Au, Pd) from
electrolyte baths used in the electroless plating process of the semiconductor industry, which produces
very large volumes of discarded solutions on a yearly basis. An atmospheric plasma process reduces
metal ions into Au and Pd NPs, which can be recovered by sedimentation and centrifugation. The process,
much more rapid and efficient than electrowinning, was also found to be selective to the gold ions present
in Au + Sn solutions. In fact, this study demonstrates for the first time the strong potential of plasma
technology for the selective extraction of one precious metal ion (e.g. Au) from solutions that contain
several metal ions species. The results suggest the possibility to replace cyanidation by plasma extraction
process to enable the production of higher-purity and thus higher value dore bars that could be sold by
the semiconductor foundries directly to precious metals refiners. The results from physicochemical and
particle size analysis also suggests the possibility of integrating the as-synthesized NPs as a high-value
product in e.g. catalysis technologies. Overall, the use of plasma technology could open several doors

for new hydrometallurgy-based recycling processes in the semiconductor companies.
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Supporting Information
Recovery of Noble Metal Elements from Effluents of the Semiconductor Industry as
Nanoparticles, by Dielectric Barrier Discharge (DBD) Plasma Treatment

Jean-Frangois Sauvageau and Marc-André Fortin*

In addition to the TEM studies, DLS analyses were performed on both NPs suspensions
in order to determine their hydrodynamic diameter. Immediately after completion of the plasma
treatments, aliquots from the solutions were collected for DLS measurements. Figure S1 shows
the DLS spectra that were acquired for both types of NPs suspensions. The DLS results clearly
show polydispersity and aggregation for both the Au NPs and Pd NP suspensions, which is
expected since no surfactant was used in this study to provide either electrostatic or steric

hindrance between the particles.
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Fig. S1. DLS spectra in intensity for a) Au NPs suspensions and b) Pd NPs suspensions. Both
spectra are indicative only, as Pdl confirm broad particle size distributions, with evidences of
agglomerations.
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