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Highly efficient recovery of ruthenium from
integrated circuit (IC) manufacturing wastewater by

Al reduction and cementation
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Ruthenium (Ru) is a rare-earth metal, which is employed widely in metal-processing industries. This study
recovered Ru from the wastewater of an IC foundry by cementation using metallic aluminum (Al) powder
as the sacrificial agent. Ru ions were efficiently reduced to the metal and coagulated with the derived
aluminum hydroxide flocs. Experimental parameters included the particle size of Al, molar ratio of Al to Ru,

initial Ru concentration and operation temperature. The recovery rate reached 99% under these conditions:

particle size Al powder = 88-128 ym, Al/Ru molar ratio = 2.0, initial Ru = 200 mg L™ temperature =
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338.16 K, reaction time = 120 min, stirring speed = 150 rpm. The cemented Ru over Al powder was

spherical with a rough surface. Kinetic modelling suggested that the diffusion of Ru through the ash layer
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1. Introduction

Ruthenium (Ru) is a rare-earth metal utilized in chemical and
electrical industries. Ru hardens the electroplating and sput-
tering RuPt and RuPd alloys in electrical contacts." Ru oxide is
used in thick-film chip resistors, which accounts for approxi-
mately 50% of Ru production.> Besides, Ru is an important
element in advanced high-temperature single-crystal superal-
loys for making jet turbine engines. Ru is also applied in
a variety of electrochemical,® optical,* medical,® catalytic,*” and
analytical chemistries.®* Therefore, the demand of Ru has
considerably soared. The average abundance of Ru in the
earth’s crust is only about 0.001 ppm,® thus there is a necessity
to develop Ru recovery technologies.

Ruthenium is also an unwanted by-product from spent
nuclear fuel, electronic materials, and olefin metathesis.'**>
Integrated circuit (IC) foundries or semiconductor fabrication
plants require a large quantity of Ru, especially for surface
coating. The effluent of IC manufacturing contains a high
concentration of Ru and needs to be treated before discharge.
So far, the recovery of Ru from IC foundry wastewater has not
yet been reported. Al cementation is simple, highly efficient
and cost-effective for the recovery of metals from wastewater.*®
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of Al powder controlled the reaction rate with an activation energy of 40.75 kJ mol™%. A brief cost analysis
demonstrated that the cementation of Ru yielded a profit of $0.180 per 0.1 m*-wastewater.

By contrast, the solvent extraction commonly used in the
recovery of metals in solution may have a limiting selectivity
and products with low purity.'* Besides, the evaporation
consumes more energy than cementation in dealing with the
considerable quantity of dilute solution.>*® In the Al cemen-
tation recovery of Ru, metallic Al acts as a reducing agent. The
Ru ions which are converted to metal are collected by the
derived-Al hydroxide by sweep flocculation as described by the
following equations:

Ru** + 3¢ © Ru, E = +0.704 V (1)

Al +40H™ < AIOH),” + 3¢, E° = —1.659 V (2)
The net reaction can be written as:

Al + 40H™ + Ru** — AI(OH),” + Ru, AE° =2363V (3)

Al(OH)s~ — Al(OH);) + OH™ (precipitation) (4)

Ru + AI(OH);(, = Ru-Al(OH);, (coagulation) (5)

During cementation, Ru can be deposited at cationic sites on
the surface of Al, whereas the dissolution of Al occurs at anionic
sites. The reaction within the Al/Ru system can be deemed
irreversible since the electro-motive force between Ru®" and Al
is high."” This work studied the recovery of Ru from wastewater
using aluminum (Al) powder. The effects of particle size of Al
powder, Al/Ru molar ratio, initial Ru concentration and
temperature on the removal rate of Ru were investigated. The
operation cost was analyzed to examine the economic feasibility
of Ru recovery.
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2. Materials and methods

2.1. Chemicals

Chemicals employed in this study include aluminum powder
(purity 99.5%, Qingdao Ocean Import and Export Co., China),
sodium hydroxide (Merck KGaA, Germany) and nitric acid (Sigma-
Aldrich, U.S.A.). A laboratory-grade RO-ultrapure water system
(resistance > 18.0 MQ) was used for DI water supply. All purchased
chemicals were of laboratory grade and used as received. Al powder
(purity 99.5%, from Qingdao Ocean Import and Export Co., China)
was used as the sacrificial agent for Ru*" ions removal. In order to
study of the effects of different particle sizes of Al powder on the
recovery, the powder was sieved into three fractions (as indicated
in Table 1) and then employed in recovery experiments.

2.2. Experimental procedures

Real wastewater collected from a local IC foundry was used for
experimental design. Metal composition in the effluent of Ru-
plating process under alkaline conditions (pH 8.67) includes
23.5 mg Ru per L, 2 mg Zn per L, 1.3 mg Fe per L, and 0.5 mg Ni
per L. The initial concentrations of 20-200 mg L' Ru were
spiked for cementation experiments. The low concentration of
impurity (e.g. Zn, Fe and Ni, which even are absent from EDS
analysis) in the wastewater benefits the recovery of Ru. Base
metals precipitate more easily than the noble metals and may
decrease the purity of Ru.”® The effluent was spiked with stan-
dard solution (Sigma-Aldrich Co.) to make up initial certain
concentrations of Ru (20-200 mg L") for cementation experi-
ments. Duplicate experiments were carried out in 500 mL
volumetric flasks at 301.16 K. The pH value of the solution was
adjusted using 1 M NaOH. During the experiment, the solutions
containing the coagulating agent (Al powder) were added slowly
into the Ru wastewater while stirring (150 rpm). Effects of Al/Ru
molar ratios, particle sizes of Al powder, initial Ru concentra-
tions and temperature on the cementation efficiency were
studied (Table 1). When the chemical reaction had finished, the
precipitate was allowed to settle down for 60 min, collected and
then dried under vacuum at 313.16 K for 24 h. The precipitate
next underwent subsequent solid characterization, while the
supernatant was analyzed for residual Ru content.

2.3. Analytical methods

The concentration of Ru and other elements in the solution was
determined using an inductively coupled plasma-optical

Table 1 Experimental design for cementation recovery of Ru

Parameters Values

149-177 pm (surface area 0.051 m® g,
PHp,c 9.3); 88-125 um (surface area
0.103 m* g%, pHp,c 9.2); 53-88 pm
(surface area 0.152 m* g%,

PHp,c 8.5)

0.5, 1.0, 2.0

20, 50, 100, 200

Particle sizes
of Al powder

Al/Ru molar ratios
Initial Ru
concentrations (mg L™%)

Temperature (K) 308.16, 318.16, 328.16, 338.16
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emission spectrometer (ICP-OES, ULTIMA 2000, HORIBA Ltd.,
Japan). Glassware and plastic sample containers for ICP anal-
ysis were soaked in 5% HNO; and oven-dried before use. The
ICP standard solutions were purchased from High-Purity Stan-
dards (Charleston, USA). The minimum detection limit (MDL)
of 0.0005 mg Ru per L was determined by tripling the standard
deviation from the analysis of seven samples with the same
concentration. The calibration curve was constructed with
a correlation coefficient (R*) of 0.9998. The mid-point checks
and spike recoveries ranged from 0.25% to 3.60%, and from
96% to 110%, respectively. The morphology, surface composi-
tion and crystallographic structure of Ru precipitate was studied
using the scanning electron microscope (SEM, JOEL JXA-840,
HITACHI S4100), the energy dispersive spectrometer (EDS,
LINKS AN10000/85S), and the X-ray diffraction (XRD, DX III,
Rigaku Co., Japan), respectively.

3. Results and discussion

3.1. Recovery of Ru by Al cementation

The Al powder with different particle size range of (53-88, 88—
125, and 149-177 pm) were applied to recover Ru in the solution
as shown in (Fig. 1a). Accordingly, the cementation efficiency
increases from 80.3% to 95.6% with decreasing the particle size
of Al powder from 149-177 um to 88-125 pum, because of the
increase in the specific surface area of Al (Table 1). However, as
the Al particle size declines to 53-88 um, the efficiency drops to
77.3%. The high surface area would accelerate the oxidation of
fresh metallic Al surface sites, deteriorating the Ru cementa-
tion."” Effect of molar ratio of Al/Ru (0.5, 1 and 2) on the recovery
of Ru is shown in (Fig. 1b). The recovery increases substantially
from 56.4% to 95.4% when the molar ratio is increased from 0.5
to 1; the ratio increased up to 2 slightly improves the efficiency
to 98.8%, which is simply attributed to the greater quantity of
active surface sites produced from higher dosage of Al for the
cementation reaction.

Fig. 1c presents the effect of initial Ru concentration (20 to
200 mg L") on the recovery of Ru using 88-128 um Al powder
under Al/Ru molar ratio of 2.0. The recovery efficiency of Ru
increases from 94.5% to 98.4% with increasing the initial Ru
concentration from 20 to 200 mg L™ ". The cementation rate of
Ru was insignificantly influenced by the selected initial Ru
concentrations. Whereas, the removal rate of Ru is subject to
the Ru adsorption on to the Al precipitates; more Ru left in the
solution would be in equilibrium with the adsorbed Ru species
over Al as higher initial Ru level was adopted. Effect of
temperature on the recovery of Ru are presented in (Fig. 1d).
Increasing the cementation temperature increases the recovery
efficiency of Ru. Although the adsorption reaction is normally
exothermic, the temperature would help breaking up the
passive oxide layer over the Al particle, improving the effective
contact between Ru and Al. The recovery of Ru is maximized at
98.5% in 120 min at 338.16 K. Consequently, the cementation of
Ru from the solution (initial [Ru] = 200 mg L") is optimized
under conditions: molar ratio of Al/Ru = 2.0, Al powder size =
88-128 um, temperature = 338.16 K, in 120 min and 150 rpm of
stirring speed.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Effects of (A) Al powder sizes (Al/Ru molar ratio = 1.5, [Ru] = 200 mg L™, T = 308.16 K and 150 rpm), (B) Al/Ru molar ratios (Al powder size
=88-128 um, [Rul = 200 mg L™%, T=308.16 K and 150 rpm), (C) initial Ru concentrations (Al/Ru molar ratio = 2.0, Al powder size = 88-128 um,
T = 308.16 K and 150 rpm), (D) temperature (Al/Ru molar ratio = 2.0, Al powder size = 88-128 um, [Rul = 200 mg L™* and 150 rpm) on the

cementation of Ru.

Adsorption and cementation have been employed for the
recovery of Ru from wastewater (Table 2). The adsorption can
achieve around 90% of Ru recovery, while the cementation
shortens duration for attaining the similar rate of Ru recovery.

Table 2 Summary of recovery technologies for ruthenium

Kwak et al (2013) and Ohta et al (2002) synthesized
polyethylenimine-modified bacteria,”® and alginate gel poly-
mer,” as adsorbents to adsorb Ru from acidic solution and
achieved a 90% recovery after 24 and 48 hours, respectively.

Methods

Conditions

Reclaiming efficiency Ref.

Cementation reaction

Adsorption

Adsorption

Biosorption

Cementation

Batch, a decorative ruthenium
plating workshop, 20 and 70 C,

50 mg zinc powder, 90 min

Batch, acetic acid waste solution
containing Ru, polyethylenimine
modified bacterial biosorbent, 24 h
Batch, Ru synthetic solution,
alginate gel polymers, 2.5 M HNO;,
2 day

Batch, industrial effluents,
Rhodopseudomonas palustris, 298.16
K and 338.16 K, 64 h

Batch, integrated circuit foundry's
wastewater, aluminum powder (88—
128 um), 2 h

This journal is © The Royal Society of Chemistry 2019

Ru: <75% at T = 298.16 K, Ru: >95% 20
at 7 = 338.16 K (add 1000 mg NacCl)

Ru: 90% at T = 293.16 K ([Rulinitial = 18

61.6 mg L)

RuNO3+: 90% at T'= 298.16 K 19

Ru: 42% to 72% (biomass) ([Rulinitial 33

=1800 mg L)

Ru: >99.4% at 338.16 K ([Rulinitial = This study
200 mg L)

RSC Adv., 2019, 9, 25303-25308 | 25305
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Fig. 2 Morphology of cemented Ru analyzed by SEM with magnification of (A) x50, (B) x20; (C) XRD pattern of cemented Ru; SEM and EDS

spectrum of cemented Ru with magnification of (D) x50.

Aktas et al. (2018), however, utilized Ru cementation from
electroplating wastewater and; accordingly, increasing temper-
ature from 293.16 to 343.16 K improved the Ru recovery from
75% to 95% after 90 min.”® In this study, with an initial Ru
concentration of 200 mg L™ *, about 99% of Ru was recovered at
338.16 K after 120 minutes.

62
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Fig. 3 Kinetics mechanism plots of the Arrhenius plot for the
cementation of Ru by Al powder.
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3.2. Characterization of the cemented Ru

SEM images (Fig. 2a and b) show that the surface cemented Ru
on spherical Al powder was roughly aggregated. XRD analysis
(Fig. 2c) evidences the Ru on Al is the metallic ruthenium (PDF. #
65-1863), indicating that the cementation was successfully con-
ducted via chemical reduction and deposition of Ru ions from IC
foundry's wastewater on to Al surface. Besides, from elemental
analysis (Fig. 2d) of EDS, the main constituents of the surface
include the cemented Ru, Al,O; and a small amount of phos-
phorus (0.35 + 0.05 mg g ') and sodium (2.25 + 0.02 mg g ).
Ru/Al composite has been studied as catalysts. Ru-doped meso-
porous Ni-Al oxides catalyst showed high catalytic activity for
selective CO methanation.” Meanwhile, Ru complexation was
functionalized into Al metal organic framework (MOF) for cata-
Iytic oxidation of alcohols.”” Currently, Ru recovered on Al powder
is being tested as a catalyst for the treatment of textile wastewater
and the results will be reported in future.

3.3. Kinetics of Ru cementation

The shrinking core model was employed to characterize the
cementation of Ru, in which the gas film diffusion, ash diffu-
sion and chemical reactions during Ru cementation were
considered. For gas film diffusion, the fraction of Ru (Xgy)
diffusing into the initial gas film layer of Al powder at time ¢
(min~") can be described with a rate constant k as follows:>***

This journal is © The Royal Society of Chemistry 2019
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Table 3 Cost-benefit analysis of cementation recovery of Ru
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Cost/revenue Used amount

Cost/benefit (USD)

Ref.

Operational cost:

Sodium hydroxide 0.5 kg $0.145 ($290 per ton)**

Aluminum powder 1.2 kg $2.58 (82150 per ton of aluminum powder, Qingdao
Ocean Import and Export Co., China)

Energy for cementation reaction 0.035 kW h nm~* $0.016 (Calculated as $0.16 per kW per h in Taiwan)

Energy for drying the sediment $0.032 (Calculated as $0.16 per kW per h in Taiwan)

Cost to treat wastewater effluent 100 L $0.152 ($1.52 per m >-wastewater, estimated based on
wastewater treatment cost in Taiwan)

Total operational cost $2.925

Revenue:

Revenue from Ru on aluminum 0.0023 kg $3.105 ($1.35 per g of ruthenium 5% on aluminum

powder precipitation powder, Akshar Noble Pvt Co., India)

Total profit gained per 0.1 m* — $0.180 This study

of integrated circuit (IC) foundry's

wastewater

Xpu = kt (6) 318.16-338.16 K, which yield activation energies of

In Ash diffusion, the diffusion of Ru through the ash layer at
time ¢ is estimated by:****

1 =301 — Xr)?? + 2(1 — Xgy) = kt (7)

Further, the chemical reaction model defined the Ru
removal as a function of time by:****’

1—(1— Xpo)'? =kt (8)

The experimental data in (Fig. 1d) fitted by the models using
eqn (6)—(8) was plotted in (Fig. 3). Generally, the data is better
fitted with the models at lower temperature according to higher
values of correlation coefficient (R*). Cementation of ruthenium
is a heterogeneous process which involves the interaction at the
solid-liquid interface. Thus, the reactant diffuses through
liquid and surface precipitate layers, at which the chemical
reaction occurs. This model defines the movement of the
reaction zone into the deep unreacted zone. After chemical
reaction, the diffuse zone becomes an ash layer which is
assumed to be inert.”® The results showed that shrinking core
model with diffusion through ash layer controlling process was
the most suitable model.> Similar conclusion was also reported
by other researchers.*® As a result, the ash diffusion model
better explains the mechanism of Ru cementation over the Al
powder than the rest of models.

The Arrhenius activation energy of cementation can be
resulted from the temperature dependence of the reaction rate
constant (k) according to:**

k= aexp(72) o)

where A is the frequency factor; Q (k] mol ') the reaction acti-
vation energy; R the gas constant; and T the absolute tempera-
ture. The values of In k& from the ash diffusion mechanism
against reciprocal of temperature in (Fig. 3) indicates two slopes
in the different temperature ranges of 308.16-318.16 K and

This journal is © The Royal Society of Chemistry 2019

40.75 k] mol ™" and 15.65 k] mol ™", respectively. Such a shift in
the activation energy is probably due to the change in the
reaction mechanisms. In other words, two consecutive
processes may control the reaction steps; at low temperature,
the diffusion-controlled process (which is strongly dependent
on temperature) predominates, while at high temperature the
chemically controlled process becomes significant (which is
slightly dependent on temperature). Therefore, the reaction-
controlling step between 308.16 and 318.16 K is the ash diffu-
sion highly sensitive to temperature. At 318.16-338.16 K,
consequently, the activation energy of chemical reaction is
40.75 k] mol ", On the other hand, the profit gained per volume
of IC foundry's wastewater was presumed to linearly rise with
increasing the chemical concentration (Table 3). A 0.1 m?
wastewater of IC foundry typically contains 0.0023 kg Ru. 0.5 kg
NaOH and 1.2 kg Al powder are required to recover 98.5% Ru
from the wastewater, resulted in a profit of $0.180 per 0.1 m’-
wastewater.

4. Conclusions

This study recovered Ru from the wastewater of IC foundry by
cementation using metallic aluminum (Al) powder as the
sacrificial agent. Ru ion was efficiently reduced as metal and
coagulated with the derived aluminum hydroxide flocs. Exper-
imental parameters included the particle size of Al, molar ratio
of Al to Ru, initial Ru concentration and operation temperature.
The recovery rate attained 99% under the conditions: particle
size Al powder = 88-128 pm, Al/Ru molar ratio = 2.0, initial Ru
= 200 mg L™, temperature = 338.16 K, reaction time =
120 min, stirring speed = 150 rpm. Kinetic modelling suggested
that the diffusion of Ru through the ash layer of Al powder
controlled the reaction rate with an activation energy of
40.75 kJ mol'. A brief cost analysis demonstrated that the
cementation of Ru yielded a profit of $0.180 per 0.1 m>-waste-
water. The method was found to be robust when applied in an
industrial scale treatment facility.

RSC Aadv., 2019, 9, 25303-25308 | 25307
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