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Abstract: The study investigated the feasibility of oxidative leaching rhenium in the presence of hydrochloric acid from machining waste
(grinding waste) derived from products made of ZhS-32VI, a nickel-based heat-resistant alloy containing rhenium. This was achieved through
agitation leaching process. The grinding waste fraction size of —0.071 mm, which accounted for the highest yield (49.2 wt.%), was utilized
in the experiments. The rhenium leaching process was conducted in two variations: in the first option, grinding waste was mixed with a
hydrochloric acid solution at ~100 °C, followed by the addition of hydrogen peroxide to the leaching solution after it had cooled; in the second
option, leaching was performed using a hydrochloric acid solution with the gradual addition of hydrogen peroxide solution. The highest degree
of rhenium leaching (91.0 %) was achieved in the first option. In this case, the initial concentration of hydrochloric acid was 8M, and the
molar ratio of the added reagents was v(HCI): v(H,0,) = 2.7 : 1.0. The kinetics of nickel leaching using a 6M hydrochloric acid solution at
70 °C, with a solid-to-liquid phase ratio of 1 g : 50 mL, was also examined. The analysis of the kinetic data, processed using the “contracting
sphere,” Ginstling—Brounshtein, and Kazeev—Erofeev models, indicates that the nickel leaching process occurs within the kinetic region.
Additionally, the kinetics of rhenium leaching from the solid residue obtained after the hydrochloric acid leaching of nickel from grinding waste
was investigated. Employing the same kinetic models to analyze the data, it was determined that the limiting stage of this process involves the
diffusion of hydrogen peroxide within the rhenium-containing solid residue.
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AuHoTauMA: B arutaiinoHHOM pexXuMe KMcciieIoBaHa BO3MOXKHOCTb OKUCITUTEIBHOTO BhIIETaYMBAHUSI PEHUST B IPUCYTCTBUU COJISTHOM
KHCJIOTHI U3 OTXOA0B MexaHW4eckoil 00padoTku (nutndorxonos) nusnenuii u3 Re-conepxaiiero xxaponpounoro criasa 2KC-32BU Ha oc-
HoBe Hukesst. Mcnonb3oBanu dpakuuio nutndorxonos —0,071 mm ¢ HaubonbiuM BeixogoMm (49,2 mac.%). [polecc u3BaeyeHus peHust
OCYIIECTBIISLIA B IByX BapMaHTaX: B MEPBOM — IILIM(MOTXOIbI KOHTAKTUPOBAJIM C PACTBOPOM COJISTHOM KMCIOTHI pu Temrnepatype ~100 °C,
MOCJIe OXJIAXIEHW S PACTBOPA BhINIEJaYMBAHMSI B HErO 100aBIISIIM PACTBOP MEPOKCUIA BOLOPO/IA; BO BTOPOM — BhIIeIauMBAHUE TTPOBO-
MU C TPUMEHEHNEM PAaCcTBOPA COJMSIHON KUCIOTHI C TOPLIIMOHHBIM J00aBJIeHNEeM pacTBOpa Nepokcuaa Bogopona. Haubonbiee 3Haue-
HUe cTerneHu ussnedeHus peHusi (91,0 %) HabOMATOCH TPU BhILEJaYMBAHU Y B IEPBOM BapuaHTe, HaYaibHasi KOHLIEHTPALMSI COJISTHOM
KUCJIOTBI cocTaBuiia 8M, MoibHOE cooTHoIEeHue fobasasieMmbx peareHToB — V(HCI) : v(H,0,) = 2,7 : 1,0. Beiyta n3yyeHa KWHETHKA BbI-
eTaYuBaHUsI HUKEJIST paCTBOPOM COJISTHOUM KucsoThl (6M) mipu temneparype 70 °C u cooTHomeHun $a3 mindoTXOl : pacTBOpP, paB-
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HOM 1 1 : 50 Mi1. AHaJIM3 06pabOTKM KMHETHYECKUX JaHHBIX C UCITOJIb30BAHUEM MOJeel «cxkumarolieicst cepbl», [mHcTiuHra—bpo-
yHirteiiHa 1 KazeeBa—EpodeeBa 1Mo3BoJisieT yTBEPKIaTh, YTO MPOIECC BhIIIETAYNBAHUSI HUKEJISI TPOTeKAaeT B KWHETUUECKOW 00JIaCTH.
WccrenoBaHa KMHETHKA BBIIIEIAYMBAHNUS PEHUs U3 TBEPAOTO OCTATKa COJSTHOKKCIOTO BBHIIIENaYMBAHMS HUKEIS U3 HIIU(OTXOMOB.
TTpumeHeHMe 1151 06pabOTKM TaHHBIX T€X K€ KMHETUUECKUX MOJIeJIei MO3BOJISIET BBIACINUTH 1UDDY3UI0 mepoKcKaa BOAOPOAa B PEHUICO-

JepXKaleM TBEPAOM OCTAaTKE KaK IJUMUTUPYIOLIYIO CTaAUIO.

Kiouesbie ciioBa: peHHfI, HUKEIIb, CYIIEPCITJIABhI, ].LIJ'II/I(I)OTXOZ[I)I, BhIIICIaYMBaHUE, COJIsIHAA KUCIIOTA, OKUCIUTEIDb, KWHETHUKA.
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Introduction

The annually increasing global demand for high-
tech materials, including rare elements, underscores the
importance of recycling secondary raw materials. One
such rare element is rhenium, which is extracted from
primary raw materials solely as a by-product [1; 2]. Rhe-
nium’s main natural sources encompass sulfide molyb-
denum and copper ores, polymetallic uranium ores, and
the fumarole gases of the Kudryavy Volcano on Iturup
Island [3]. Depletion projections for rhenium reserves
are on par with those for other non-ferrous and rare
metals, whose resources are anticipated to be depleted
within the next 100—110 years [2]. Consequently, it is
imperative to develop and enhance recycling technolo-
gies for rhenium.

According to forecasts [4], the demand for rhenium
in Russia is expected to reach 20 tons/year by 2032 and
35 tons/year by 2064.

The primary utilization of rhenium (78 %) oc-
curs in the production of superalloys used for aircraft
jet engines and turbines to generate electricity, where
rhenium plays a vital role as an alloying element [5; 6].
Nickel-based superalloys exhibit exceptional oxida-
tion resistance and mechanical strength. Substantial
enhancements in their mechanical properties at high
temperatures have been achieved through the careful
control of material structure, incorporating alloying
elements like rhenium, ruthenium, and hafnium [7;
8]. The addition of Re to these superalloys creates solid
solution strengthening of the matrix, significantly im-
proving heat resistance. However, it’s worth noting that
the cost of adding rhenium, for example, at 3 wt.% in
the CMSX-4 alloy, accounts for approximately 60 % of
the alloy’s total cost [9; 10].

Monocrystalline rhenium-containing superal-
loys based on nickel are predominantly employed [6;
10—12].

The total waste generated from rhenium-containing
heat-resistant nickel alloys, primarily consisting of dis-
carded parts from gas turbine engines, was estimated to
be 25—35 tons/year in the Russian Federation in 2012
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[13]. Assuming a rhenium content of 3 %, this amounts
to 0.75—1.0 tons/year of recoverable rhenium.

Existing technologies for processing waste form
nickel-based heat-resistant alloys can be categorized
into two groups: pyrometallurgical and hydrometallur-
gical [6; 14; 15]. Pyrometallurgical methods encompass
direct waste melting and oxidative thermal methods [16],
while hydrometallurgical approaches are based on elect-
rochemical processes (anodic dissolution) [12; 17] and
methods involving the decomposition of waste in acid
solutions. The choice of processing technology depends
on the type of raw material (solid parts or waste from
mechanical processing, such as grinding waste) and the
availability of specialized equipment like vacuum fur-
naces and electrolysis cells, among others.

Methods based on waste decomposition using acid
solutions can involve both the removal of the alloy base
and direct oxidative leaching to extract rhenium into
solution. Leaching agents like mineral acids and their
mixtures, in the presence of an oxidizing agent, can be
employed for efficient rhenium leaching. Nitrate pro-
cessing of multi-component alloys has proven effective
[14], although the presence of nitrate ions in solutions
can complicate subsequent sorption of rhenium. In a
separate study [18], rhenium was leached using “aqua
regia”. When sulfuric acid is used, it becomes possible
to leach the alloy base, nickel [19], followed by the addi-
tion of an oxidizing agent to isolate rhenium, or by using
a mixture of sulfuric acid with an oxidizing agent like
hydrogen peroxide for direct rhenium extraction into
solution [14].

The high content of nickel and cobalt in grinding
waste, both valuable non-ferrous metals, justifies the use
of hydrochloric acid leaching during their comprehen-
sive processing. In chloride environments, it’s possible
to separate these elements due to their similar chemical
properties, requiring fewer steps in the preparation of
the leaching solution [20].

The objective of this study is to establish the patterns
of oxidative leaching of rhenium using hydrochloric
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acid solutions from grinding waste derived from a rhe-
nium-containing nickel-based superalloy.

Research methodology

The focus of this study was the grinding waste de-
rived from the ZhS32-VI superalloy, which exhibits the
following elemental composition, wt.%: 1.5 Re; 9.0 Co;
8.5 W; 59 Al; 49 Cr; 4.0 Ta; 1.6 Nb; 1.0 Mo; 0.15 C;
0.02'V; 0.025 Ce, 60.0 Ni. The particle size distribution
of this waste material is summarized in Table 1.

The grinding waste with the highest weight frac-
tion (49.2 wt.%), specifically with a particle size of
—0.071 mm (as shown in Table 1), was selected for use
in the study.

The choice of this finer particle size is based on
its larger specific surface area and higher mass yield,
making it a preferred option for selecting a hydromet-
allurgical processing method. This method includes the
decomposition of waste using hydrochloric acid solu-
tions, in the presence of an oxidizing agent, specifically
a 30 % H,0, solution.

In order to ensure the purity of the grinding waste
and eliminate contaminants such as glycol, mineral oils,
lubricating additives, surfactants, corrosion inhibitors,
and rags, which may be present due to the use of various
lubricants and coolants during machining workpieces,
the grinding waste from rhenium-containing superal-
loys underwent a cleaning process. This involved wash-
ing the waste with hot water (~90 °C) followed by drying
prior to conducting the experiments.

A sample of the grinding waste was brought in-
to contact with a hydrochloric acid solution at vari-
ous phase ratios of solid to liquid, ranging from 1 : 50
to 1:100 (g: mL), under agitation. A mixing speed of

Table 1. Particle size distribution of grinding waste
of ZhS32-VI superalloy

Ta6auua 1. ®pakimoHHbIA cocTaB MLTMGOTXOI0B
cynepcmiana 2KC32-BU

Particle size, mm Yield, wt.%
+2.0 3.1
—-2.0+1.2 0.7
—1.2+1.0 2.0
—1+0.5 1.1
—0.5+0.1 24.7
—0.14+0.071 19.2
—0.071 49.2

200 min~! was selected, considering that the grinding
waste particles were suspended and thoroughly mixed
while ensuring a continuous flow of the solution around
them. Depending on the specific experiment, the reac-
tion mixture was heated and leached at a temperature
of 100 °C for 60 minutes. After cooling the reaction
mixture, hydrogen peroxide solution (/) was added to it
batchwise. The experimental leaching setup consisted
of a flask heater containing a three-neck flask equipped
with a reflux condenser, and mixing was facilitated
using an overhead stirrer.

When conducting experiments without heating
to prevent spontaneous heating and potential hy-
drogen peroxide decomposition, the process took
place within a thermostatically controlled jacketed
cell that was actively cooled using running water.
The oxidizing agent was added to the cooled reac-
tion mixture batchwise, following each hour of the
experiment (/7). Stirring was maintained at a speed
of 200 min~'. Periodically, throughout the experi-
ment, samples of the solution were withdrawn and
subjected to analysis for rhenium content using the
photometric method with ammonium thiocyanate.
In order to ensure an adequate concentration of
hydrochloric acid (with at least a 30 % excess), the
selection was made considering theoretical calcula-
tions based on the chemical reactions of the acid with
the constituent metals of the alloy and those com-
ponents of the alloy that, as indicated in published
data, are reactive with it.

The kinetics of nickel leaching from grinding waste
using a hydrochloric acid solution was investigated un-
der agitation in a thermostated reactor for a duration of
15 h at 70 °C. A sample of grinding waste was brought
into contact with a 6M hydrochloric acid solution at a
solid to liquid phase ratio of 1: 50 (g: mL). At specific
time intervals, samples of the solution were obtained and
analyzed for nickel content using the titrimetric method
with EDTA-Na,.

The kinetics of rhenium leaching from the concen-
trate formed after the removal of nickel from waste using
a solution of hydrochloric acid and hydrogen peroxide
was investigated under agitation mode. The experi-
ments were conducted in a thermostatically controlled
cell that was actively cooled by running water. A sam-
ple of rhenium concentrate was brought into contact
with a hydrochloric acid solution initially at a con-
centration of 2M, with a solid-to-liquid phase ratio of
1:250 (g : mL). The oxidizing agent was added in 1 ml
increments every 30 min. At specific time intervals,
samples of the solution were extracted and subjected to
analyzed for Re content.
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The degree of saturation of the solution with rheni-
um (or nickel), o ye), Was calculated using the following
equation:

OC(Me) = C(Me) Vsolution /(w(Me)msample)s

where C(ye) represents the current concentration of
the metal (rhenium or nickel), g/L; V, ution Stands for
the solution volume, L; @ denotes the weight frac-
tion of the metal (rhenium or nickel) in grinding waste;
Mgample 18 the weight of the sample, g.

Results and discussion

Rhenium metal undergoes a reaction with hydrogen
peroxide to produce rhenium acid as described by the
following equation:

2Re + 7H202 4 2HRCO4 + 6H20

In preliminary experiments, it was determined
that quantitatively extracting rhenium into solution
is not achievable solely by using a solution of hydro-
gen peroxide, without first removing the nickel com-
ponent, which is a fundamental constituent of the
superalloy.

Table 2 provides a summary of the data pertaining
to the oxidative leaching of rhenium from pre-washed
grinding waste originating from a rhenium-containing
superalloy. These leaching experiments were conducted
in hydrochloric acid solutions with the aid of hydrogen
peroxide as an oxidizing agent, under various leaching
methods and conditions.

The most effective extraction of rhenium into
solution occurs when the waste is heated in an acidic
solution with the addition of an oxidizing agent after
the mixture has been cooled to room temperature. It
appears that the initial removal of the majority of the
alloy by preheating it in hydrochloric acid solutions a
temperature of 100 °C for 1 hour facilitates better ac-

Table 2. Hydrochloric acid oxidative leaching of rhenium

cess of the oxidizing agent to the rhenium within the
alloy.

Furthermore, elevating the concentration of the hyd-
rochloric acid solution from 6M to 8M during the pre-
heating step and maintaining it during the leaching pro-
cess results in a 7.5 % increase in the degree of rhenium
extraction into solution, followed by the subsequent ad-
dition of an oxidizing agent.

The extent of nickel leaching, which constitutes the
base of the superalloy, when treated with a 6M hydro-
chloric acid solution at a temperature of 70 °C over time,
is graphically depicted in Fig. 1.

As illustrated in in Fig. 1, it’s evident that equilibri-
um is achieved after ~600 min.

In order to pinpoint the limiting stage of the nickel
leaching process with the hydrochloric acid solution, the
kinetic data were subjected to analysis using both Kinetic
and diffusion mathematical models (Fig. 2, Table 3).

The “contracting sphere” model, also known as the
Gray—Weddington equation [22], is used to describe
processes where a reaction takes place on the surface of
a spherical solid that loses mass and diminishes in size

0,
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Fig. 1. Temporal variation in nickel leaching using

a 6M hydrochloric acid solution at 70 °C

Puc. 1. 3aBUCMMOCTD CTENEH U BhILEIauMBaHWST HUKEI ST
COJITHOKHMCIIBIM pacTBopoM (6M) mipu Temniepatype 70 °C
OT BpEMEHU

Ta6auua 2. CoITHOKMCIO€ OKMCIUTEIbHOE BhIleauMBaHUe PEHUS

Initial concentration Procedure condi- Mole ratio Phase ration,
of HCI tions v(HCI) : v(H,0,) g:mL ORe)» %
&M 1 2.7:1.0 1:130 91.0
6M 1 2.0:1.0 1:130 83.5
6M 1 1.4:1.0 1:50 71.4
6M 17 24:1.0 1:100 68.5
&M 11 6.6:1.0 1:50 47.0
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Table 3. Kinetic characteristics of hydrochloric acid leaching of nickel from grinding waste obtained

using various models

Tabauua 3. Kunetnueckue XapakKTepUCTUKM COISTHOKMCIIOTO BbIIEauyMBaHUSI HUKES U3 ITU(POTXOM0B,

TIOJIYYCHHBIC ITPU UCITOJb30BAHUU Pa3JIMYHBIX Mojaeaen

Equation of “contracting sphere”

Ginstling—Brounshtein equation

Kazeev—Erofeev equation

1-(1-o)P=kt

1—@2/3)a—(1—)?P=kt

In[—In(1 — )] = nint + Ink,

k-10% min~! R? k-10% min~! R? n R?
8 0.933 3 0.883 1.56 0.849
1/3 2/3
1—(1- a(Ni)) I (2/3)0‘(1\“) -(1- O‘(Ni))
1.0 0.10
a b u
0.08 4
0.9 1
0.06
[6)
(&)
-]
0.8 0.04 - o
0.02 4
0.7 ()
° om "
0.6 T T T 70~02 T T T
0 100 200 300 T, min 0 100 200 300 T, min
In[-In(1 — o)1
2
c
s ° Fig. 2. Linearization of the kinetic data of nickel leaching
0- o ¢¢ with hydrochloric acid solution (6M) at 70 °C from grinding
s ® waste using mathematical models of “contracting sphere” (a),
. Ginstling—Brounshtein (b) and Kazeev—Erofeev (c)
27 * Puc. 2. Jluneapuzauuss KHHETUYECKUX JaHHBIX
BBIILIEIaYMBAHU I HUKEIIST COJITHOKMCIIBIM pacTBOpoM (6M)
4 npu Temneparype 70 °C u3 mangoTXoI0B ¢ UCTOJIb30BaHUEM
MaTeMaTuuyecKrX Mojesielt «cxxumarouieics chepol» (@),
P'S I'muctiuara—bpoynmreitna (b) u KazeeBa—Epodeena (c)
_6 T T T
3 4 5 6 Int

during the reaction, leading to the formation of an un-
dissolved porous layer of product. This equation is par-
ticularly suitable for processes occurring within the ki-
netic range of reactions and is expressed as follows:

1 — (1 —o)P=kr, (1)

where o represents the leaching rate (as a fraction), &
is the rate constant of the reaction, min~!, and 7 is the
time, min.

In cases where a dense, non-porous product layer
is formed, the Ginstling—Brounshtein equation is em-
ployed [20, 22]:

1—@/3)0— (1 —a)??=kt. )

The use of the generalized kinetic Kazeev—Erofeev
equation helps determine the limiting stage of the pro-
cess and estimate the values of the n index in the equa-
tion:

o =1—exp(—Kt"), 3)
where K and # are the kinetic parameters. This equation
serves as a function of the likelihood of the degree of

transformation, applicable to both topochemical reac-
tions and reactions of different types.
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In its doubly logarithmic form, Eq. (3) is linearized
as follows:

In[—In(l — o)] = nlnt + Ink,. @)

Based on the results of the mathematical analysis of
kinetic data for the leaching of nickel from the grinding
waste of rhenium-containing superalloys, it is evident that
the data are more suitably linearized by employing the
“contracting sphere” equation. Furthermore, the exam-
ination of mathematical processing using the Kazeev—
Erofeev equation has allowed us to ascertain that the value
of the n = 1.56. This value indicates that the leaching of
nickel follows a kinetic reaction in the process.

Regarding the leaching of rhenium from the con-
centrate formed after the removal of nickel, which is
the primary component of the superalloy, this process
was conducted using a solution of hydrogen peroxide in
the presence of hydrochloric acid. The degree of rheni-
um leaching from the concentrate, with the addition of
a 2M hydrochloric acid solution and periodic introduc-
tion of hydrogen peroxide (Fig. 3), exhibits a charac-
teristic convex shape over time and reaches a plateau
within ~1 h.

3
L= (1~ o)’

1.2

a

0.2+

0 10 20 30 40 50 1, min

In[-In(1 - og,))]
5
c
2.0 1 °

1.5- o
1.0 -
0.5
0+
054 o

-1.0

2 3 4 5 Int

30

Olgey 70

100+

[ ]
¢

80~
60~
40

204

0 30 60 90 120 150 1, min

Fig. 3. Temporal variation of rhenium leaching using

hydrogen peroxide (30 %) in the presence of hydrochloric
acid 2M)

Puc. 3. 3aBUCUMOCTD CTENEHU BhILLIEJIauMBaAHWS PEHU S
nepokcuaoM Bogopona (30 %) B IpuCyTCTBUU COJISTHOM
KUCJIOTHI (2M) OT BpeMeHU

The degree of rhenium leaching rate into the solution
achieved a level of >99 %.

In order to identify the rate-limiting stage of the pro-
cess, the kinetic data were subjected to analysis using the
previously described kinetic and diffusion mathemati-
cal models (Fig. 4, Table 4).

23
5 1- (2/3)0‘(1\“) -(1- a(Re))
b

0.30 4 ]

0 10 20 30 40 50

T, min

Fig. 4. Linearization of kinetic data of rhenium leaching
from concentrate using “contracting sphere” (a),
Ginstling-Brounshtein (b) and Kazeev—Erofeev (c)
mathematical models

Puc. 4. JluHeapuzauus KHHETUYECKUX JaHHbBIX
BBIIIIEJIAYMBAHUSI PEHU I U3 KOHIIEHTpaTa

C UCTIOJIb30BAaHUEM MAaTeMaTUYeCKUX MOJIeseit
«CXXMMartoleiics ceprl» (a),
I'mucTimura—bpoyHinTeitHa (b)

u KazeeBa—Epodeena (¢)
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Table 4. Kinetic characteristics of rhenium leaching from concentrates obtained using different models

Tabnuna 4. Kuneruueckue XapakKTCPUCTUKU BbILICTIaYUBaHUA pEHUA U3 KOHLCHTpAara,

ITOJIYYEHHBIC TTPU UCITOJIb3OBAHUM PA3JIMYHbBIX MoJesei

Equation of “contracting sphere”

Ginstling—Brounshtein equation

Kazeev—Erofeev equation

1—(1—a) P =kt

1— /30— (11— =kt

In[—In(1 — )] = nlnt + Ink;

k-102, min~! R? k-10%, min~!

R2 n R?

1.2 0.488 4.7

0.986 0.9 0.958

The kinetic data concerning the leaching of rheni-
um from the concentrate formed after the removal of
nickel, with a substantial coefficient of determination,
have been successfully linearized using the Ginstling—
Brounshtein equation. This equation is particularly re-
levant for describing processes that occur in the diffu-
sion response region. The value of the index », which was
obtained during the processing of kinetic data using the
Kazeev—Erofeev equation, was found to be less than 1.
This observation corroborates the results of the analysis
conducted using the Ginstling—Brounshtein equation,
affirming that the limiting stage of the process is indeed
diffusion-driven.

Conclusion

The experimental study of the oxidative hydrochloric
acid leaching of rhenium from superalloy grinding waste
(particle size fraction —0.071 mm) has yielded signifi-
cant findings. The highest degree of rhenium leaching
(o0 = 91.0 %) was achieved when the process involved
preliminary mixing of grinding waste in an 8M HCI
solution for 1 h at approximately 100 °C. Subsequently,
the reaction mixture was cooled, and hydrogen perox-
ide was added batchwise. This study demonstrated that
increasing the concentration of hydrochloric acid from
6M to 8M, under the selected conditions, resulted in a
7.5 % increase in the degree of rhenium extraction into
solution.

The analysis of kinetic data regarding the leaching of
nickel, the primary component of the superalloy, from
grinding waste with a 6M hydrochloric acid solution
at 70 °C, using the “contracting sphere”, Ginstling—
Brounshtein, and Kazeev—Erofeev mathematical equa-
tions, reveals that the process operates within the kinetic
reaction range.

Furthermore, the analysis of the mathematical
processing of kinetic data for rhenium leaching using
a solution of hydrogen peroxide in hydrochloric acid
(2M) from a concentrate, which is the solid residue ob-
tained after the leaching of nickel from grinding waste

with hydrochloric acid, employing diffusion and kinetic
models, indicates that the leaching rate is predominant-
ly limited by the diffusion of hydrogen peroxide within
the solid concentrate.

Subsequent processing of the leaching solutions
through solvent extraction allows for the isolation of am-
monium perrhenate. Rhenium metal powder, obtained
from this compound through hydrogen reduction, can
be employed in the production of various alloys.
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