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Characterization of an atypical intermediate
layer formed in Vanyukov furnaces during smelting
of charges with a high content of technogenic materials

L.V. Krupnov1’3, R.A. Pakhomov?, A.V. Kaverzin’, Ya.I. Kosov2, P.V. Malakhov'
!'Polar Division of PJSC “MMC “Norilsk Nickel”

2 Gvardeyskaya sq., Norilsk 663302, Russia

2 LLC Gipronickel Institute
11 Grazhdansky Prosp., Saint-Petersburg 195220, Russia

3N.M. Fedorovsky Polar State University
7 50-Let Oktyabrya Str., Norilsk 663310, Russia

P4 Leonid V. Krupnov (KrupnovLV@nornik.ru)

Abstract: The growing need for recycling, along with the depletion of high-grade ore concentrates, has led to the inclusion of previously
accumulated technogenic materials — such as metallurgical slags, sludge from settling ponds of recirculating water systems, and similar waste—
into the charge of primary smelting units. The share of such feedstock in the furnace charge now reaches approximately 25 %, which has resulted
in serious technological disruptions to the stable operation of primary autogenous smelting units. In Vanyukov furnaces, this is manifested
by the appearance — alongside the typical smelting products (matte and slag) — of a new atypical phase, the so-called intermediate layer.
The formation of this layer leads to adverse effects, including the obstruction of flow paths from the furnace hearth to the slag and matte siphons,
ultimately causing a complete shutdown of the unit. A sample of this abnormal product, collected from an industrial furnace during a period of
process instability, was analyzed using differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and differential thermal
analysis (DTA). These methods allowed the determination of temperature ranges corresponding to phase transformations of the components
comprising the intermediate layer. The results obtained can be used to define optimal parameters for stable smelting operation and to develop
technical solutions that prevent conditions favorable for the formation of refractory accretions.

Key words: charge, technogenic feedstock, low-energy-value feedstock, liquid-bath smelting furnace, Vanyukov furnace, matte, slag, smelting
products, oxysulfide phase, energy-dispersive X-ray microanalysis (EDS), differential thermal analysis (DTA).
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Annoranus: CoBpeMeHHbIe TpeOOBaHUsI, ONPENeIsIONINe HEOOXOMMMOCTh PEIIMKIIMHTA, a TaKXe CHUXEHHEe 00BheMOB KauyeCTBEHHBIX
PYAHBIX KOHIIEHTPATOB IMPUBEJIN K BOBJIEUECHUIO B TIepepabOTKY Ha TOJIOBHBIX TIJIABUJIBHBIX arperatax paHee HaKOIUJIEHHOTO TeXHOTeH-
HOTO CBHIPbsI — METAJIJTyPrMueCKUX IJIAKOB, UJIOB IPYI0B-OTCTOIWHNUKOB CUCTEM 000POTHOTO BOZOCHAOXEHUS U T.11. JL0JIsI TAKOTO ChIPbsI
B 3arpy3Ke IJIaBUJIbHBIX arPeraToB IOCTUTACT yke ~25 %, 4TO 00YCIOBUJIO CEPbE3HbIE TEXHOJOTNYECKHE COOU B YCTOWUMBOM BEIECHUH
mpoliecca Ha TOJIOBHBIX aBTOTEHHBIX IUIABUJIBHBIX arperartax. s meueit BaHiokoBa 9TO MOsIBIEHUE HAPSAY C TAMTUYHBIMY TPOAYKTAMU
MUIaBKU (IITeiTHA U [IJIaKa) HOBOTO aTUITUYHOTO MTPOAYKTa — TAK HA3bIBAEMOT'0 IPOMEXYTOUHOTO CJ10s1, 00pa30BaHNE KOTOPOTO MPUBOIUT
K HETAaTUBHBIM TIOCJIEACTBUSIM, KOTOPBIE BHIPAXKAIOTCS B 3aMleYaTbIBAHUY MMEPETOKOB M3 TOPHA MEYHU B IIJIAKOBBIN U MITEHHOBBIN CUGMOHBI
¢ mocenylouieil moJHoi 0cTaHOBKOM arperarta. M3yueHue Takoro aHoMaabHOTO MPOAYKTa, OTOOPAHHOIO Ha MPOMBIIIIEHHOM arperaTe B
MeproJ OTKJIOHEHUS OT YCTOMUMBOIO BeIeHU I TEXHOJIOTMYECKOro mpoliecca, Mmeroaamu nuddepeHunaibHO-CKaHUPYIOLIei KaJdopume-
TPUU, TEPMOTPaBUMETPUUYECKOro U AU depeHIInalbHOro TePMUUECKOTO aHall3a MO3BOJMIIO ONPEaeTUTh TeMIIepaTypHble HHTEPBaIbl
¢a3oBbIX MpeoOpa3oBaHMil KOMIIOHEHTOB, BXOASILIMX B COCTaB MPOMEXYTOUYHOrO c1os1. [lojydeHHble pe3yabTaTbl IOMOIYT ONpPeIeJTUTh
JKeJlaeMble mapamMeTpbl yCTOHYMBOro BeAEHU I IpoLecca MJIaBKU U MPEAJIOXUTh TEXHUYECKUEe PEeLIeH U1, TPEeNsITCTBYIOIIMe HeOIaronpu-
SITHBIM YCJIOBUSIM HACTBIIE00pa30BaHMUSI.

KioueBbie cyioBa: IMXTa, TEXHOTEHHBIE MPOAYKTHI, HU3KOOHEPreTUIeCKOe ChIpbe, TMeub TJIaBKU B XUIKOW BaHHeE, rMeyb BaHIOKOBa,
LITEHH, MITaK, TPOAYKTHI IJIaBKU, OKCUCYIbduaHas dasa, peHTreHOCeKTpaibHblil MuKkpoaHaius (PCMA), nuddepeHnaabHblil Tep-
mudeckuii ananus (JTA).
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Introduction

At the Polar Division of PJISC “MMC Norilsk
Nickel” (PD NN), copper pyrometallurgical opera-

nology includes several sequentially arranged pyrome-
tallurgical units, the primary of which is the Vanyukov

tions involve processing of copper sulfide feedstock to
produce copper anodes, which are then transferred to
the electrorefining stage for the production of cathode
copper. One of the feed materials used in the process
is technogenic feedstock. Its use is necessitated by the
depletion of high-quality ores and the implementation
of environmental programs [1]. The production tech-

6

furnace, a bath smelting unit. This is one of the mo-
dern and high-capacity pyrometallurgical units used to
process copper sulfide materials. Global analogues of
the Vanyukov furnace include bottom-blown smelting
furnaces, Isasmelt (top-submerged lance) reactors, Mit-
subishi process furnaces with multiple non-submerged
tuyeres, flash smelting furnaces, and others [2—5].
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Fig. 1. Binary phase diagram of FeO—SiO, system

Puc. 1. Inarpamma coctossHus aBoitHoi cuctembl FeO—SiO,

In copper production at PD NN, silica-rich fluxes
are used for slag formation. International industri-
al practice widely employs ferrosilicate slags in the
processing of copper and copper-nickel sulfide feed-
stocks. Examples include the Olympic Dam smelter
(Australia), Zhong Tiao Shan’s Houma smelter (Chi-
na), and Konkola Copper Mines (Zambia), among
others [6—8]. The use of silica (SiO,) as a fluxing agent
significantly facilitates the oxidative blowing of sulfide
feedstock by forming slags with relatively low melting
points. The binary FeO—SiO, phase diagram is shown
in Fig. 1.

However, variations in feed composition under con-
stant oxidizing potential, disruption of process para-
meters, increased oxidant supply, natural gas shortag-
es (used to compensate heat losses), and other factors
may lead to the formation of high-melting compounds
in the furnace atmosphere of pyrometallurgical units.
These compounds are represented by spinel-type pha-
ses of variable composition containing non-ferrous me-
tals [9; 10].

Since 2019, significant process disruptions have been
observed in the operation of the Vanyukov furnace at the
Copper Plant of PD NN due to considerable changes in
the composition of the processed feedstock [11; 12]. One
of the key issues has been impaired melt flow caused by
a reduction in the cross-sectional area of the tapping
channel. The narrowing of the flow path was attributed

to the appearance of a new, atypical product in the
smelting output — a so-called intermediate layer. This
material forms a separate oxide phase with sulfide in-
clusions and occupies an interfacial position between the
slag and matte phases [13]. The composition of this layer
was initially unclear, necessitating further investigation
into its origin and formation conditions.

Similar issues have been encountered in the opera-
tion of the most widespread technology for processing
copper and nickel sulfide concentrates — flash smelting
[14—18]. As the intermediate layer became saturated
with magnetite, it led to the formation of a solid phase,
which eventually settled on the hearth and slag zone of
the furnace. To mitigate the risk of accretion forma-
tion, a set of technological and engineering measures
was implemented, involving modifications to both the
equipment and the process parameters. For instance,
at the Kalgoorlie Nickel Smelter operated by WMC
(Australia), lime was added to the feed mix to lower the
slag melting point and improve its fluidity, the smelting
temperature was raised to 1360 °C, and smelting and
converting operations were integrated within a single
unit by installing six electrodes in the settling zone
[19—22].

The objective of this study was to determine the
mechanism and formation conditions of the interme-
diate heterogeneous layer during smelting in Vanyukov
furnaces at the Copper Plant of PD NN, and to develop
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recommendations for ensuring stable operation at this
production stage.

Research methodology

The study was based on a sample of the intermediate
layer collected in October 2023. The formation of this
sample during that period was associated with a dete-
rioration in the composition of the processed charge.
The sample represented an oxysulfide product (Fig. 2),
in which oxide and sulfide regions of the intermediate
layer were distinguishe. In this study, the two phases wee
examined separately.

The atypical smelting product was studied using
thermogravimetric analysis (TGA), differential ther-
mal analysis (DTA), differential scanning calorime-
try (DSC), X-ray diffraction analysis (XRD) [23—25],
scanning electron microscopy (SEM), and energy-dis-
persive X-ray spectroscopy (EDS). It is worth noting
that this combination of methods is widely applied in the
study of technogenic material recycling and non-ferrous
slag processing [26—32].

XRD analysis was performed using a Shimadzu

Metallic
copper

XRD7000 diffractometer (Japan); thermal analysis
(DTA and TGA) was carried out using Setsys Evolu-
tion-1750 (Setaram) and NETZSCH STA 409 PC/PG
(Germany) thermal analyzers; SEM and EDS were
performed using a Tescan 5130MM scanning elec-
tron microscope equipped with an Oxford Instruments
INCA Energy microanalysis system and a YAG crys-
tal as a backscattered electron detector. Analytical
chemistry methods were applied using iCAP 6500 Duo
SSEA and iCAP 7600 Radial atomic emission spec-
trometers (Thermo Scientific, USA). Thermodynamic
modeling was conducted using the FactSage software
package (version 6.4.1, 2012).

The content of major elements in the sulfide and
oxide parts of the intermediate layer is presented in
Table 1.

Results of sulfide phase analysis

The elemental composition (see Table 1), X-ray dif-
fraction analysis (XRD, Fig. 3), scanning electron mic-
roscopy (SEM), and energy-dispersive X-ray spectros-
copy (EDS, Fig. 4) of the sulfide phase indicate that

Non-sulfide
inclusions

Metallic
copper

oS A _ " g
]
s h
i .ty Non-sulfide
.
" . —

N ' W

Fig. 2. General view of the atypical smelting product — intermediate layer: oxide phase (a, b) and sulfide phase (c, d)

Puc. 2. O6muit BUI aTUTTUIHOTO MPOAYKTA MJIABKU — TIPOMEXYTOUHOTO CJIOST: OKCUTHOI (a, b) v cynbdunHoii (¢, d) dhas
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Table 1. Elemental composition of the analyzed samples

Tabnuna 1. DaeMeHTHBIN cOCTaB UCCIeIyeMbIX TTPO0

Content of major elements, wt. %
Component
Fe Ni Si Cu Al Ti Mg Zn Na Ca Co K S
Oxide phase 31.77 887 796 359 238 234 229 079 075 0.62 054 021 0.18
Sulfide phase 032 519 049 5927 029 0.13 0.15 — 0.2 — — — 33.74

it is close in composition to typical copper matte. The
results of the bulk chemical analysis (Table 1) are con-
sistent with the phase composition data obtained by
XRD, SEM, and EDS. The main components of the
sulfide portion of the intermediate layer are copper (Cu,
59.27 wt. %) and sulfur (S, 33.74 wt. %), along with a
notable nickel (Ni) content of 5.19 wt. %. The contents
of other elements do not exceed 0.5 wt. %. According to
the XRD data, the dominant phase in the sulfide por-
tion is chalcocite (Cu,S) (Fig. 3). The SEM and EDS
analyses reveal additional mineral phases, including me-
tallic solid solutions based on Cu—N:i alloys (Fig. 4, ¢),
skeletal crystals of bunsenite (NiO) (Fig. 4, ¢, d), as well

Intensity, cps

as less common olivine-group minerals such as lieben-
bergite (Ni,SiOy) (Fig. 4, d) and heazlewoodite (Ni3S,)
(Fig. 4, b).

The conducted study demonstrated that the sulfide
portion of the intermediate layer consists of distinct
sulfide and metallic phases embedded in a structure of
high-melting-point oxide material.

TGA and DTA of the sulfide phase were carried
out under an argon atmosphere at a heating rate of
30 °C/min up to a maximum temperature of 1100 °C.
The resulting thermogram is shown in Fig. 5. The data
indicate that mass loss begins gradually at approximately
400 °C and accelerates above 700 °C. This behavior may
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Fig. 3. X-ray diffraction pattern of the sulfide portion of the intermediate layer

Puc. 3. PeHTreHorpaMmma cyiabGUIHOM YacTH (ITPOMEXKYTOIHOTO CJIOST)

Fig. 4. General view of the sulfide sample (a) and phase distribution (b—d) in the analyzed material

Puc. 4. O6muii Bug npo6 cynbduaHoit yactu (a) u pacrpeneierue das (b—d) B uccienyemoii mpoode
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Fig. 5. Thermogravimetric and differential scanning calorimetry (DSC) results for the sulfide portion of the intermediate layer

Puc. 5. O6wmuit Bug pesyiabratoB TTA u ACK a5 cynibdhuaHoi yacTu IpoMeKyTOUHOTO CI0sI

be associated with the release of sulfur from Cu,S, either
due to the B-to- phase transition of Cu,S or through
5-Cu,S dissociation accompanied by sulfur volati-
lization. The apparent endothermic effect observed at
110 °C may be attributed to the relatively large sam-
ple mass (101 mg), which caused significant baseline
drift in the DSC signal. Endothermic events record-
ed at 1077 °C and 1100 °C correspond to phase transi-
tion and subsequent melting of Cu,S (which, accord-
ing to phase diagrams, occurs at 1067 °C and 1105 °C,
respectively) [33].

Results of oxide phase analysis

The main elements in the oxide portion of the inter-
mediate layer are Fe (31.77 wt. %) and O (37.35 wt. %).
Nickel and silicon are present in subordinate amounts
(~8 wt. %), while copper, aluminum, titanium, and
magnesium are found in the range of 2—3 wt. %. The
contents of other elements do not exceed 1 wt. %.

X-ray diffraction analysis (XRD, Fig. 6) of the oxi-
de phase showed that the sample contains spinel-type
phases (magnetite), delafossite, cuprite, the tetragonal
modification of SiO,, and forsterite. SEM and EDS
analyses further revealed that the oxide phase is com-
positionally and structurally homogeneous. The bulk
of the sample is represented by oxide phases of variable
composition, with a total volume fraction of approxi-
mately 80—95 %. In addition to the above phases, the
sample also contains: a complex silicate component in
the amount of 10—15 vol. % (pyroxene, clinopyroxene);
dispersed metallic copper particles with minor iron con-
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tent, up to 160 um in size, with a total volume fraction
not exceeding 0.1 %; and metallic copper with inclusions
of cuprous oxide (Cu,0).

Microstructural images of the oxide phase are pre-
sented in Fig. 7.

Additional analysis of the oxide portion was carried
out using TGA and DTA, as was done for the sulfide
part. The sample was tested under both inert (Ar) and
oxidizing (O,) atmospheres. The heating rate in both
cases was 15 °C/min to a maximum of 1450 °C, and
the cooling rate was 30 °C/min. The thermogram of
the oxide portion of the intermediate layer is shown in
Fig. 8. The analysis showed that in an inert atmosphere,
the sample mass remained unchanged. However, two
endothermic effects were observed, starting at approxi-
mately 1057 °C (with a peak at 1110 °C) and 1355 °C.
The exact peak of the second effect could not be deter-
mined due to the temperature limit of the equipment
(1450 °C). The first effect is attributed to the melting of
metallic copper present in the intermediate layer. The
second effect is tentatively associated with the onset of
magnetite melting; however, complete melting of this
primary phase was not observed at these temperatures.
This is consistent with literature data [34, 35], accord-
ing to which the melting point of magnetite exceeds
1590 °C.

In an oxidizing atmosphere (Fig. 8, ¢, d), two exo-
thermic effects accompanied by mass gain were ob-
served. These may be associated with partial oxidation
of metallic or monovalent copper (Cu,0, CuFeO,) fol-
lowed by decomposition at temperatures above 1000 °C
to divalent copper oxide.
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Fig. 6. X-ray diffraction pattern of the oxide portion of the intermediate layer

Puc. 6. PeHTFeHOFpaMMa OKCUAHOW YyacTu IIPOMEXKYTOYHOTO CJI10A

Fig. 7. General view of the oxide sample (a) and phase distribution (b, ¢) in the analyzed material

a: | — slag particles, 11 — bottom phase
b, c¢: 1 — iron oxide, 2 — copper-iron oxide, 3 — silicate phase

Puc. 7. O61muii Bug npo6 OKCHIHOM YacTH (@) ¥ pactpeneneHue gas (b, ¢) B cciaeayeMoii mpobe

a: | — uutakoBble yactuilbl, I1 — noHHas dasza

b, c: 1 — okeun xenesa, 2 — OKCHIT XKeJiesa-Menu, 3 — CUJIMKaTHAst COCTaBJISTIONIAsT

As the data show, the magnetite-based phase formed
at high temperatures cannot be removed without process
adjustments or additional measures due to its high melt-
ing point. On the other hand, the high oxidation poten-
tial of the environment in which copper sulfide ores or
concentrates are processed in Vanyukov furnaces does
not allow the reduction of previously formed overoxi-
dized refractory iron oxides. The primary cause of inter-
mediate layer formation is a disruption in the operating
mode of the furnace, particularly when the oxygen con-
sumption ratio does not correspond to the composition
of the processed feedstock.

To address this, thermodynamic calculations were
performed to evaluate the conditions under which so-
lid phase formation occurs in compositions close to the

operational parameters of the Vanyukov furnace at the
Copper Plant.

Thermodynamic modeling
of copper sulfide feed oxidation

Table 2 presents the baseline compositions of the ma-
terials used in the thermodynamic calculations. These
compositions are representative of the actual materials
processed at the Copper Plant of PD NN. The mode-
ling was performed using the FactSage software packa-
ge [36].

The calculations were carried out in four stages. At
the first stage, the process parameters were determined
at = 1300 °C obtain matte of the specified composition

1
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Fig. 8. TGA and DTA results for the oxide portion of the intermediate layer in argon (a, b) and oxygen (¢, d) atmospheres

Puc. 8. O6mmii Bug pesynbratoB TTA u JITA 11t OKCMAHOM YaCTH TIPOMEKYTOYHOTO CJIOST B aTMocdepe aproHa (a, b)

u Kucnopona (¢, d)

(Fe ~15 %) and a silica content in the slag of about 30 %,
which corresponds to the products obtained at the Cop-
per Plant of the PD NN. A key requirement at this stage
was the absence of solid phase formation in the system
under consideration. At the second stage, the parameters
established in Stage 1 were fixed, and the temperature
was varied to identify the threshold conditions under
which refractory compounds begin to form. At the third
stage, the influence of copper concentrate—obtained
from the flotation separation of nickel slag generated
during copper production — on solid phase formation in
the system was assessed at = 1250 °C. The calculations
were performed for a baseline case (without concentrate
addition), assuming matte containing approximately
15 % Fe and slag with about 30 % SiO,. At the fourth
stage, for the slag composition from Stage 1 (where no
solid phase had formed), a calculation was performed to
evaluate the effect of increasing the system’s oxidation
potential (via oxygen addition) on solid phase formation
at a fixed temperature of 1250 °C.

Thus, in Stage 1, thermodynamic modeling was per-
formed to define conditions for the formation of a bottom
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phase containing ~15 wt. % Fe, with silica concentration
in the slag at ~30 wt. %. The results were obtained under
the following conditions: oxygen and quartzite additions
of 14.8 and 17 rel. % relative to the metal-bearing feed,
and a process temperature of 1300 °C.

Stages 2 to 4 were based on the parameters estab-
lished at Stage 1. Solid solution phases from the software
database were used in the calculations, including: Spi-
nel-type phases of the AB,O,4 or A;0, type (with cation
oxidation states 2+ and 3+); monoxides (A ,O); clinopy-
roxenes ((A,B),SiO); orthopyroxenes ((Mg,Fe),S1,04);
wollastonite (CaSiO;); calcium silicate (Ca,SiOy);
olivine ((Mg,Fe),[SiOy4]); cordierite (Al4Fe,SisO1g);
mullite (AlgSi,O,3). Figs. 9 and 10 show the results of
thermodynamic calculations, including the most stable
phases within the modeled temperature range. As seen
from the data, under the current calculation parameters
and compositions (see Table 2), solid phase formation
begins at temperatures below 1225 °C. The solid phase
consists of a spinel-type magnetite phase (~25rel. %
Fe;O,4) and clinopyroxene-group phases composed
of silicates containing Fe, Mg, and Ca, with a gene-



13BecTig By30B. LiBeTHOS MeTaAAyprng o 2025 o T.31 o N22 e C.5-18

KpyriHos A.B., laxomos P.A., Kasep3auH A.B. n Ap. /13y4yeHne CBOMCTB ATUMMYHOTO MPOAYKTA — «MPOMEXYTOYHOTO CAOSI» Meveit BaHIoKOBA...

Table 2. Content of major components in the input feedstock materials

Tabnauua 2. COIIep)KaHI/Ie OCHOBHBIX KOMITIOHCHTOB B UCXOOHLIX BCIICCTBAX

Content, wt. %

Material
Ni Cu Co [Be S SiO, CaO | ALO; | MgO 0,
Metal-bearing feedstock 204 2446 0.11 34.16  21.77 4.65 1.02 1.08 1.45 3.84
Flux - - - 2.51 0.16 78 2.46 5.41 1.46 0.96
Copper concentrate
(from flotation of nickel slag) 10.44 5325 0.167 1295 10.5 4.35 1.10 0.59 1.26 4.4
Oxidant (O,) — — - - — - — — — 100

ral composition of xFeSi,O4 (where x = Mg, Ca, Fe,
Fe?"). These phases account for approximately 75 rel. %
of the total solid phase.

Fig. 9, b shows the modeling results for the ef-
fect of copper concentrate obtained from the flo-
tation separation of copper production nickel slag
on the formation of refractory phases. According to
Table 2, this product is characterized by a reduced sul-
fur content and the presence of slag-forming compo-
nents along with oxides of non-ferrous metals and iron.
According to the data, at 1250 °C, the addition of more
than 13 rel. % of this copper concentrate (derived from
the flotation separation of nickel slag during the second
stage of copper converting) to the metal-bearing charge
results in the formation of refractory phases, which neg-
atively affect the processing of the feedstock.

The study also examined slag behavior under in-
creased oxidation potential. According to the results in
Fig. 10, adding more than 1 rel. % oxygen (relative to
the slag mass) disrupts equilibrium and leads to the for-
mation of iron spinel phases similar to those identified
in the experimental section. As the oxidation potential
increases, the spinel fraction continues to grow, compli-
cating the smelting process and promoting the formation
of an intermediate layer rich in sulfide inclusions.

The conducted calculations indicate that devia-
tions from standard operating conditions of the pyro-
metallurgical unit — whether due to changes in feed
composition under a constant oxidation potential or
due to increased oxidation potential with a stable feed
composition — lead to the formation of high-melting
compounds. These compounds cannot be decomposed
under current processing conditions and, as a result,
disrupt furnace operation. The destruction of such re-
fractory phases formed at elevated temperatures inside
the furnace can be achieved through chemical interac-
tion with low-copper matte or by introducing metallized
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Fig. 9. Solid phase formation in slag as a function of (a)
process temperature during oxidation of a copper-bearing
sulfide charge and (b) the amount of copper concentrate
(from white metal slag flotation) added to the charge
Spinel-type phase AB,O, or A;O, (oxidation states 2+ and 3+);
cPyrA — clinopyroxene (A,B),SiOg; OlivA — olivine (Mg, Fe),[SiOy4];
Aand B = Fe, Fe’", Mg, Ca, Al etc.
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B 3aBUCUMOCTHU OT TEMIIEPaATy Pl Mpoliecca MpU OKUCIEHUN
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U OT KOJIMYECTBA BBOJUMOIO MEHOIO KOHLIEHTpaTa

oT pasnesieHus daiiHiTeliHa (b)

HInuuens Buna AB,O4 nnu A;0, (cTenieHb okuciaenus 2+ u 3+);
cPyrA — xsimHonupoxceH Buaa (A,B),SiOg; OlivA — onuBuH
(Mg,Fe),[SiO4]; Au B — Fe, Fe**, Mg, Ca, Al u ap.
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and carbon-containing materials. Approaches to the
breakdown of high-melting compounds in flash smelt-
ing furnaces have been addressed in previous studies
[37; 38].

Conclusion

The study identified the composition of the atypi-
cal product formed in Vanyukov furnaces and charac-
terized the phase composition of the sulfide and oxide
portions of the intermediate layer. The primary phase in
the sulfide portion is chalcocite (Cu,S), while the oxide
portion consists of spinel, delafossite (CuFeO,), cuprite
(Cu,0), and clinopyroxene with a general composition
of W\ (X, Y)14,[Z,0¢], where W — Na, Ca; X — Mg,
Fe?", Min, Ni, Li; Y — Al, Fe*', Cr, Ti; Z— Si, Al

Thermal analysis (TGA and DTA) of the sulfide
phase showed a 2 rel. % mass loss in an inert atmos-
phere, which is attributed to the release of sulfur from
non-stoichiometric Cu,S;4, as it transitions to stoichio-
metric Cu,S. Endothermic effects were recorded at
1077 °C and 1100 °C, associated with the phase trans-
formation and subsequent melting of Cu,S (consistent
with phase diagram values of 1067 °C and 1105 °C, see
Fig. 5). These results indicate that the phase remains in
a liquid state under Vanyukov furnace conditions and
that its presence in the intermediate layer reflects me-
chanical entrapment within the higher-melting oxide
matrix.

In an inert atmosphere, the oxide phase exhibited no

Phase fraction in slag, rel.%

100

80

60+

40

20+

e
0,, rel.%

Fig. 10. Solid phase formation in slag as a function
of oxidant addition to the system

Spinel-type phase AB,O,4 or A;O,4 (oxidation states 2+ and 3+)
Puc. 10. ®opmupoBaHue TBepaoii (ha3sl B IITaKe
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change in mass. However, two endothermic effects were
observed at 1057 °C (peak at 1110 °C) and 1355 °C, cor-
responding to the onset of melting in iron-rich oxides
containing nickel and copper.

Stable operation of the Vanyukov furnace for pro-
cessing the current feed composition — while avoiding
the formation of refractory spinels — is constrained by
the following factors:

— slag melt temperature must not fall below 1225 °c;

— the share of copper concentrate obtained from

nickel slag flotation must not exceed 13 rel.% in
the feed;

— excess oxidation potential in the slag system must

be avoided (oxygen addition not exceeding 1 rel. %).

The results demonstrate that adjusting only the tem-
perature of the smelting process is insufficient to elim-
inate the intermediate layer, since the furnace typically
operates at lower temperatures (up to 1350 °C).

Thus, the most rational strategy for addressing such
atypical products is to maintain strict control over
the feed composition and the overall process parame-
ters. In cases where the intermediate layer has already
formed, the most effective approach to its breakdown
involves chemical interaction with lean matte, the use
of metallized or carbon-containing additives, and op-
erating on lean matte to lower the oxidation potential
of the system.

The findings of this study served as the basis for
practical recommendations to ensure stable smelting
operations in Vanyukov furnaces at the Copper Plant,
particularly under conditions of fluctuating feedstock
composition.
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Abstract: Infrared (IR) spectra were obtained for the surface layer of heterogenecous membranes — cation-exchange MK-40 and anion-
exchange MA-41P — widely used in electromembrane processes. Spectra were recorded for air-dry, statically water-saturated, and operational
(dynamically water-saturated) membrane samples. Dynamic water saturation was achieved during the electrodeionization purification of a
solution containing cobalt, copper, and cadmium ions. Water saturation was found to increase the intensity and bandwidth of the absorption
band at v = 3000+3700 cm™", corresponding to the OH stretching vibration region. The appearance of an additional peak at v ~ 3287 cm™~! was
attributed to the formation of stronger hydrogen bonds in the membrane pore space. The absence of shifts in the absorption bands corresponding
to the membrane matrix components under air-dry, statically, and dynamically saturated conditions indicates their chemical stability. In the
MA-41P membrane, after use in electrodeionization, changes were observed in both the intensity and position of absorption peaks in the
v = 1220+1000 cm™! region, associated with the functional groups of the anion exchanger. The observed spectral changes were evaluated by
calculating the normalized peak intensities of the absorption bands. It was shown that in the dynamically water-saturated state, both MK-40
and MA-41P membranes exhibit a reduction in the amount of weakly bound (“free”) water and the formation of stronger hydrogen bonds.
The results of optical density calculations for characteristic polyethylene absorption bands — the main component of the membrane matrix —
are presented. Changes in optical density upon water saturation indicate conformational rearrangements of polyethylene macromolecules.
The amounts of chemically unbound solute components retained within the membrane volume were quantified; these species do not affect the
membranes’ chemical stabiliy or operational performance.

Keywords: MK-40 membrane, MA-41P membrane, IR spectrum, water saturation, metal ions.
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CnekTpocKonuyecKue UCCJieI0BaHUs

memOpan MA-4111 u MK-40 B npouecce
3JIEKTPOMEMOPAHHOI 0YMCTKH TEXHOJOIMYeCKUX
PaACTBOPOB OT HOHOB KO0AJIbTa, MEJU U KaJIMUS

O.B. Moarosa, C.W. JIazapes, M.!. Muxaiiaux
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AnHoraums: [TonyueHsl MK-crieKTpbl MOBEPXHOCTHOTO CJIOSI T€TEPOTEHHBIX MeMOpaH: KaTuoHooOMeHHON MK-40 m aHMOHOOOMEH-
Hoit MA-41T1, upoKo MpUMEHSIEMbIX B 2JIEKTpoMeMOpaHHBIX TTpolieccax. CIeKTpbl TpelcTaBIeHbI 1JISI BO3MYIITHO-CYXOT0, CTaTHYe-
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CKM U IMHAaMHUYECKU BOJOHACHIIIEHHOTO 00pa3LoB MeMOpaH. JJMHaMuyecKoe BOJOHACHIILEHUE MPOBOAUIIOCH B MpoLiecce dJIeKTPOAU-
OHU3aIMOHHOW OYMCTKU PacTBOPA, COAepXKaIIero MOHbI KoOaabTa, MeIN U KaaMUsi. BbIsIBIIEHO, YTO M3MEHEHUsI B CIIEKTpax MeMOpaH,
TTPOUCXOSIIIIAE B PE3YJIbTaTe BOAOHACHIIICHUST, TIPUBOMAST K YBEJIMYEHUI0O MHTEHCUBHOCTU U IIUPUHBI TTOJIOCHI morjoteHus v = 3000+
+3700 cm~! B muamasone BaneHTHBIX KoaeGanmit OH-rpyrm. INostBieHMe TOMOMHUTETFHOTO MAKCHMYMa TIPH v ~ 3287 cM~! 06yc10BIeHO
obpazoBaHueM Gosiee MPOYHBIX BOMOPOAHBIX CBSI3eil B TOPOBOM MPOCTpaHCTBe MeMOpaH. OTCYyTCTBME CMEUIEHUSI MOJOC MOTJIOUICHU S,
OMNpeAesIIOUINX COCAMHEHU I, COCTABISIOIMEe MATPULLY MEMOPaH B BO3AYLIHO-CYXOM, CTATUYECKU U TUHAMMYECKHU BOJOHACKIIIEHHBIX
COCTOSTHUSIX, yKa3bIBaeT HA UX XMMUYECKYIO CTAOMIBHOCTb. YCTAHOBJIEHbBI U3MEHEH U1 MHTEHCUBHOCTU M YaCTOTHI IOTJIOLEH s TMKOB B
anarnasoHe v ~1220+1000 cM~!, oTBevaloniem 3a naeHTHbUKALMIO GYHKIIMOHATBHOI IPYIITTBl AHMOHUTA, JUTsi 06pasiia MA-41T1 nocie ero
HCTIONB30BaHUsI B TIpollecce JieKTpoMeMOpaHHo ounctku. Habmonaembie uameHeHus B K-crekTpax MeMOpaH OlIEeHUBATUCh Ha OCHO-
BaHUU pacueTa MPUBEICHHBIX MTMKOBBIX MHTEHCUBHOCTEH T0JIOC MOTJIONIeH . YCTaHOBJIEHO, uTO B MeMOpaHax MK-40 u MA-4111 B nu-
HAaMUUYECKU BOJOHACHIIIEHHOM COCTOSIHMY YMEHBIIAETCSl KOJTMUYECTBO CIa00CBI3aHHON «KMAKON BOABI» U 00pa3yloTcst 6oJiee MpoYHbIe
BOJOpOIHBIE CBSI3U. [IpencTaBiaeHbl pe3yabTaThl pacueTa ONTUYECKON MIOTHOCTU XapaKTepPUCTUYECKUX MOJ0C MOTIOLICHUS MOJUITU-
JIeHa, BXOASIILEro B cocTaB MaTpuLbl MeMOpaH. [Toka3zaHo U3MeHeHMe ONTUYECKOil MIOTHOCTU MPY BOLOHACHILIEHU M, YKa3blBalollee Ha
KOHGMOPMAIMOHHYIO TIEPeCTPONKY B BOJIOKHAX IMOJTUITUICHA. YCTAHOBJIECHO KOJTMYECTBO XUMUUECKU HE CBSI3aHHBIX KOMITOHEHTOB pa3-
NIeJISIEMOTO PAacTBOPA, 3aIePKUBAIOIIUXCS B 0ObeMe MEMOPaH U He 0Ka3bIBAIONINX BIUSIHUE HA MX OKCILIyaTallMOHHBIE XapaKTePUCTUKU.

Karouessie cioBa: MemOpana MK-40, MA-4111, MK-criekTp, BOIOHACHIIIIEHUE, MOHbBI METaJIJIOB.

BaaronapuocTu: PaGoTa BbINOJIHEHA B paMKaX TOCYAapCTBEHHOI0 3alaHusi MUHUCTepCTBA HAYKHU U BbICIIero obpasoBaHust Poccuiickoit
Denepanun, npoekT Ne FEMU-2024-0011.

Jng uuruposanus: lonrosa O.B., Jlazape C.U., Muxaitniun M.W. Criektpockonuueckue ucciaegoBanus MmeMopan MA-411Tu MK-40 B
npoiiecce 3JeKTPOMEMOPaHHOW OYMCTKM TEXHOJIOTUYECKMX PACTBOPOB OT MOHOB KOOaibTa, Menu 1 KaaMusi. Mzgecmus eyzos. Lleemuas

memannypeus. 2025;31(2):19-29. https://doi.org/10.17073/0021-3438-2025-2-19-29

Introduction

Electromembrane systems are used for the desali-
nation of solutions and for the removal of electri-
cally conductive contaminants from wastewater.
Cation- and anion-exchange membranes act as se-
lective barriers that allow the passage of cations and
anions, respectively. Based on microstructural dif-
ferences, ion-exchange membranes are classified into
two types: heterogeneous and homogeneous [1]. He-
terogeneous membranes are produced by combining
ion-exchange and polymer resin powders (mainly in-
ert polymers), followed by hot pressing to form a film
[2; 3]. Compared to homogeneous membranes, they
exhibit superior mechanical strength, chemical stabi-
lity, and lower production cost [4], although homoge-
neous membranes provide better electrochemical per-
formance [5].

Studying the structure and properties of membranes
is essential for determining the optimal operating con-
ditions of electrodialysis units, improving membrane
permeability, and enhancing ion selectivity. Research
into membrane performance, including that of the do-
mestically manufactured MK-40 and MA-41P grades —
especially relevant following the cessation of foreign
supplies and the absence of viable alternatives — is
aimed at optimizing the technological parameters of
electromembrane systems.

In [6], the authors presented the chronopotentiogram
and X-ray diffraction pattern of the MA-41P membrane,
both unused and after operation. These techniques were
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employed to investigate scale formation on the mem-
brane surface. In [7], the surface of the MA-41P
membrane was modified using polyelectrolytes, and
the samples were analyzed before and after modifi-
cation using scanning electron microscopy and X-ray
fluorescence spectroscopy. Current-voltage charac-
teristics of the membranes were also obtained. It was
shown that chemical surface modification led to an
increase in the concentration of quaternary ammoni-
um groups and a decrease in secondary and tertiary
amine groups in the conductive surface layer, there-
by enhancing electroconvection and significantly in-
creasing the transport rate of salt counter-ions across
the membrane.

The study in [8] examined the effect of ammonium
nitrate solutions on the structural and kinetic parame-
ters of MK-40 and MA-41 membranes. Membrane
resistance was measured using a contact potential
difference method. In [9], during the separation of
phenylalanine and sodium chloride using MK-40,
MA-40, and MA-41 membranes, it was shown that si-
multaneous use of strongly acidic and strongly basic
membranes was more effective for demineralization
compared to membranes with moderate basicity. Sep-
aration efficiency was assessed via spectrophotometric
methods.

The study of membranes using infrared (IR) spec-
troscopy provides detailed information on the struc-
ture and properties of their surface layers, as well as on
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conformational rearrangements of the bonds within
the polymer chains that make up the membrane. This
method is widely used to identify organic contami-
nants on membrane surfaces after electrodeioniza-
tion [10; 11], as well as to evaluate the effectiveness of
membrane cleaning procedures [12; 13]. In the develop-
ment of new cation- and anion-exchange membranes,
IR spectroscopy is applied to confirm cross-linking
reactions between reagents [14—16] or to assess sur-
face modifications of widely used commercial mem-
branes [17; 18]. This method is also used to determine
the structure and surface properties of membrane sur-
face layers [19; 20].

The aim of the present study was to investigate
the structure of heterogeneous MK-40 and MA-41P
membranes using IR spectroscopy and to determine
the amount of not chemically bound metal ions in the
cation-exchange membrane and sulfate ions in the an-
ion-exchange membrane. The samples examined in-
cluded air-dry, water-saturated, and operational (dy-
namically saturated during electrodeionization-based
purification of aqueous copper, cobalt, and cadmium
sulfate solutions) membranes.

Experimental procedure

The materials studied were industrially manufac-
tured heterogeneous ion-exchange membranes produced
in Russia by Shchekinoazot JSC, according to Tech-
nical Specifications TU 2255-001-95746392-2012: the
strongly acidic cation-exchange membrane MK-40 and
the strongly basic anion-exchange membrane MA-41P.
Their properties are summarized in Table 1. These mo-
nopolar, weakly cross-linked heterogeneous membranes
are intended for water treatment applications. The com-
posite membrane layers are composed of polyethylene
and nylon. The ion-exchange component of MK-40 is
the strongly acidic cation-exchange resin KU-2, synthe-
sized by sulfonation of a styrene copolymer containing

Table. 1. Properties of the studied membranes

Tabauua 1. XapakTepucTuKu UccaeayeMbiXx MeMOpaH

8 % divinylbenzene. In the MA-41P membrane, the
ion-exchange component is the strongly basic anion-
exchange resin AV-17-2, obtained via chloromethyla-
tion of a styrene copolymer with 2 % divinylbenzene,
followed by amination with trimethylamine. The two
membranes are similar in composition and structure,
differing only in the type of functional group and, con-
sequently, in their counter-ions.

Samples were prepared in three states: air-dry,
statically water-saturated, and operational (i.e., dy-
namically saturated during electrodeionization). The
MK-40 and MA-41P membranes in the operational
state were used as part of an electrodeionization mod-
ule in a laboratory setup designed for the separation of
a multicomponent solution containing copper sulfate
(15 mg/dm?), cobalt sulfate (20 mg/dm?), and cadmi-
um sulfate (20 mg/dm3). These concentrations simu-
late industrial electroplating wastewater. The solution
had a pH of 3.2.

Membrane samples were cut from regions with the
most uniform thickness. Water-saturated samples were
equilibrated in deionized water for 2 h, followed by gen-
tle blotting of surface moisture with filter paper. Ope-
rational membrane samples were rinsed with deionized
water and blotted dry in the same manner. All samples
were stored in a desiccator at 20 °C. Infrared (IR) spectra
were collected using a Jasco FT/IR 6700 Fourier-trans-
form infrared spectrometer (JASCO International Co.,
Ltd., Japan) over the range of v = 500+4000 cm—!, with
a resolution of 4 cm~! and 32 scans.

Ion desorption from the membranes was carried out
as follows. Operational membrane samples without any
visible damage, stains, or deposits were used in the ex-
periment. For the desorption procedure, operational
ion-exchange membrane samples with the most uniform
thickness were selected. Each used membrane sample,
previously employed in electrodeionization-based sepa-
ration of copper, cobalt, and cadmium sulfate solutions,
was placed in a 500 cm? vessel filled with distilled wa-

Parameter MK-40

MA-41P

Ton-exchange group

Counter-ion Na*
Moisture content, max, % 40+5
Ton-exchange capacity, mmol/cm? 1.58 £ 0.06
Thickness, um 535+ 10

—SO;H (sulfo group)

—N+(CHj3); (quaternary ammonium base)
ClI~
3121
0.92 £0.02
535+ 10
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ter. Every 24 h, the sample was transferred to a fresh
vessel with distilled water. Desorption was conducted
over a period of four days, which was sufficient for the
complete release of retained substances from the mem-
branes. The concentration of substances transferred in-
to the distilled water was determined daily in the used
solution by photometric methods (for metal cations) and
titrimetric analysis (for sulfates). Based on the obtained
data, the concentrations of substances distributed within
the membrane volume were calculated.

Results and discussion

The results obtained, presented in Figs. 1 and 2, pro-
vide information on the functional groups present in the
studied membranes and their structural features, which
is essential for understanding the processes involved
in electromembrane treatment of solutions containing
non-ferrous metal ions.

Fig. 1 shows the infrared (IR) spectra of MA-41P an-
ion-exchange membrane samples in three states: air-dry,
statically water-saturated, and operational (dynamically
water-saturated). All spectra contain distinct charac-
teristic absorption bands corresponding to functional
groups of the membrane components, including C—H,
O—H, aromatic (C4Hg), and N—C groups [21—23].

Polyethylene, a component of the membrane mat-
rix, is identified by asymmetric (v ~ 2914 cm™') and
symmetric (v ~ 2846 cm~') C—H stretching vibrations.
The doublet at v ~ 1472 and 1470 cm™! corresponds to
asymmetric and symmetric C—H scissoring vibra-
tions. Asymmetric and symmetric rocking vibrations
of crystalline polyethylene are observed at v ~ 717 and
714 cm™L.

%

Minor stretching vibrations in the range of v =
= 3900+3600 cm™! observed in all spectra are attributed
to trace amounts of water. A broad absorption band at
v =3600+3100 cm™~! corresponds to water associates ex-
hibiting various hydrogen bond energies. The minimum
at v ~ 1646 cm™! is associated with the bending vibra-
tions of —OH groups in hydration water.

The absorption band at v ~ 1541 cm™" corresponds
to stretching vibrations of conjugated C=C bonds in the
benzene ring. In-plane deformation vibrations of C—H
and C—C groups of a disubstituted benzene ring are
observed at v ~ 900, 830, and 770 cm™". The increased
intensity of these bands in the water-saturated sample is
explained by the higher water content.

Weak absorption bands in the range of v = 1250+
+950 cm~! (at approximately 1218, 1114, 1040, and
975 cm™") correspond to quaternary trimethylammo-
nium groups, which are the principal functional groups
of the anion-exchange resins used in the membrane.
Additional weak peaks at v ~ 890 and 825 cm™~! are as-
sociated with C—N vibrations adjacent to the benzene
ring.

The weak vibrations detected in the v =~ 2350+
+2255 cm~! range for all membrane samples are due to
the absorption of atmospheric CO during sample prepa-
ration.

The IR spectrum of the cation-exchange mem-
brane (Fig. 2) shows substantial overlap with that of the
MA-41P anion-exchange membrane over a broad spec-
tral range. Differences are observed in the regions of
v~ 1300+800 cm~! and 700+600 cm~!, where the peaks
correspond to vibrations associated with the presence of
sulfonic acid groups in the membrane structure.

The bands at v ~ 1171, 1122, 1036, and 1006 cm™!

120
1004
804
604
— MA-41P (Air-L
40- @b
— MA-41P ( Water-Saturated)
201 — MA-41P (Operational Sample)
{} T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500
|
Vv, CM

Fig. 1. IR spectra of MA-41P membrane samples
Puc. 1. UK-cnektporpamma o6pasioB memopan MA-4111
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|
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Fig. 2. IR spectra of MK-40 membrane samples

Puc. 2. UK-criekTporpamma o6pasmoB Mmemopan MK-40

correspond to the asymmetric and symmetric stretching
vibrations of sulfonic acid group atoms. The bands at
v~ 671 and 618 cm ! are attributed to bending vibrations
of C—S bonds attached to benzene rings.

A comparison of the IR spectra in the v = 1500+
+600 cm™! region of the studied samples provides insight
into the chemical stability of the macromolecular struc-
ture in the active layer of the membranes. For MK-40,
the spectra show complete agreement in the frequen-
cies of the absorption bands corresponding to the
structural elements of the functional groups, without
any detectable shifts. In contrast, for MA-41P, a shift
in peaks is observed in the range of v ~ 1220+1000 cm ™!
in the operational membrane compared to the air-dry
and statically water-saturated samples. Both the inten-
sity and frequency of the absorption bands are altered.
This spectral region is characteristic of the quaternary
ammonium groups that serve as the membrane’s ion-
exchange sites.

Changes in the spectrum are characterized by a
shift in peaks, but they do not disappear completely. It
is known [23] that trimethylamine forms water complex-
es with a symmetric top configuration, where the water
molecule is able to rotate freely about the symmetry ax-
is defined by the trimethylamine moiety. The observed
shifts and changes in band intensity in this range are like-
ly related to displacement of the trimethylamine symme-
try axis caused by bond rearrangements under dynamic
exposure.

A comparison of the IR spectra (Figs. 1 and 2) in the
OH stretching vibration region (v ~ 3000+3700 cm™)
for water-saturated and air-dry membranes indicates a
substantial increase in the full width at half maximum
(FWHM) of the absorption band at v ~ 3392 cm™!
(see Table 2), along with asymmetry in the band shape

and the clear appearance of an additional peak at
v ~ 3287 cm™! in the water-saturated membranes. Ad-
ditionally, the intensity and FWHM of the absorption
band at v ~ 1646 cm™!, corresponding to H—O—H
bending vibrations of water molecules, increase as well.
A comparative analysis of OH vibration frequencies
and calculated hydrogen bond energies for MK-40 and
MA-41P membranes is provided in Table 2.

The hydrogen bond energy was calculated using the
equation [24]

1 vo—v

Eon = - :
OH =K Ty,

where vy = 3650 cm™! is the absorption frequency of a
free hydroxyl group, v is the observed absorption fre-
quency of the hydrogen-bonded OH group, and 1/K =
=2.625-10% kJ/mol is the equilibrium constant.

The maximum absorption band for both membranes
is observed at v = 3392 cm™!, with a full width at half
maximum (FWHM) of 403 for MK-40 and 424 for
MA-41P. This frequency is significantly lower than that
of a free OH group (v, = 3650 cm_l), indicating hyd-
rogen bonding. The similar peak intensities across all
membrane types reflect the stability of the membrane
matrix under both static and dynamic water saturation.
The appearance of an additional low-frequency peak in
the water-saturated membranes suggests the formation
of stronger hydrogen bonds

Undoubtedly, these spectral features indicate that
pore-confined water OH groups interact with all com-
ponents of the membranes’ polymer system, forming
energetically diverse hydrogen bonds.

To assess the observed changes in the IR spectra,
normalized peak intensities at v = 1646, 2846, and
3550 cm™! were monitored relative to the C—H bending
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Table. 2. Observed frequencies of OH stretching vibrations in MK-40 and MA-41P membranes at 20 °C

Ta6auua 2. Habmogaembie 4yacToThbl BajleHTHBIX Kosiebanuii OH-rpynn memopan MK-40 u MA-41T1

npu temneparype 20 °C

MK-40 MA-41P
Parameter
Air-dry Water-saturated | Operational Air-dry Water-saturated | Operational

Vi, cm™! 3392 3392 3392 3392 3392 3392

(FWHM) (160) (403) (356) (170) (424) (360)
Eoy, kJ/mol 19.97 19.97 19.97 19.97 19.97 19.97

vy, cm! - 3285 3289 — 3288 3284
Eop, kJ/mol - 29.41 28.81 - 28.9 29.26

V,, cm™! 1646 1646 1635 1646 1646 1646

(FWHM) (48) (64) (58) (56) (73) (71)

Table. 3. Relative absorption band intensities of MK-40 and MA-41P membranes at 20 °C

Tabnuua 3. OTHOCcUTENIbHAsI MHTEHCUBHOCTD MoJioc norionieHus memopan MK-40 u MA-4111

npu temnepartype 20 °C

MK-40 MA-41P
Parameter
Air-dry Water-saturated | Operational Air-dry Water-saturated | Operational
1(1646)/1(1472) 0.33 0.67 0.44 0.32 0.77 0.42
1(2846)/1(1472) 2.53 2.57 2.26 2.48 2.6 2.6
1(3550)/1(1472) 0.07 0.45 0.23 0.03 0.59 0.42

vibration at v = 1472 cm™" (expressed as 1(X)/I(1472)).
The frequency at 3550 cm™! corresponds to weakly
bound or “free” water [25]. The results are presented in
Table 3. These data show that the relative intensity of all
analyzed absorption bands increases in statically wa-
ter-saturated membranes compared to air-dry samples,
while in dynamically saturated membranes it decreases
relative to the statically saturated ones. Based on these
results, it can be concluded that in the pore space of the
active layer, static water saturation leads to an increased
amount of weakly bound (liquid-like) water, where-
as in dynamically saturated membranes, this fraction
decreases and is replaced by more strongly bound wa-
ter. This indicates minor structural changes within the
membrane matrix.

Polyethylene serves as the base material of the
MK-40 and MA-41P membrane matrices. Upon water
saturation, conformational changes occur in its mac-
romolecular structure, as indicated by variations in the
optical density of characteristic absorption bands. The
bands at 1472 cm™! (CH, scissoring vibrations) and
717 cm™! (CH, rocking vibrations) are considered char-
acteristic for polyethylene [26].

24

Optical density was calculated using the formula:
D=1g L)/,

where [, and [ are the intensities of the incident and
transmitted radiation, respectively, determined using
the baseline method. Table 4 presents the calculated va-
lues for these characteristic bands.

Upon water saturation, the optical density of the
membranes decreased and remained unchanged under
dynamic conditions. These results indicate conforma-
tional rearrangements of polyethylene macromolecules
due to water uptake, caused by the redistribution of bonds
involving CH, groups within the polymer structure in
the presence of adsorbed water. The similar optical den-
sity values observed for water-saturated and operational
samples suggest that conformational changes in the po-
lyethylene macromolecules result primarily from water
saturation and are not caused by the potential difference
applied across the membrane.

The electrodeionization process is accompanied
by the sorption of solutes from the solution onto the
membrane surfaces [27; 28]. The obtained results
show that fouling of the membranes by extractable
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Table. 4. Optical density variation in MK-40 and MA-41P membranes at 20 °C

Tabnuua 4. UsmeHeHue ontudeckoii rurotHocty MeMOpaH MK-40 u MA-4111 nipu temmnieparype 20 °C

MK-40 MA-41P
ITokazaTenb
Air-dry Water-saturated | Operational Air-dry Water-saturated Operational
Vi, cm™! 1472 1472 1471 1472 1472 1472
D 0.12 0.11 0.1 0.13 0.09 0.09
Vs, cm™! 717 717 717 717 717 717
D 0.091 0.087 0.077 0.11 0.08 0.08
C,g/L
0.0025 £ 0.0030 G gl
0.0020 Co g 0.00254
i SO,
0.00154 Cd 0.0020 4
0.0015-
0.0010- Cu a
0.00104
0.0005 4 o >
0.0005 T T T 1
0 1 2 3 4
T T T 1 T, days
0 1 2 3 4 Y
T, days

Fig. 3. Desorption of metal ions from the MK-40
cation-exchange membrane into distilled water at 20 °C

Puc. 3. [lecopOuusi MeTajioB M3 KATUOHOOOMEHHOM
memOpaHbl MK-40 B 1MCTHIIMPOBAHHYIO BOLY
npu temneparype 20 °C

components does not affect their structure or che-
mical stability.

To assess desorption, the amounts of copper, cobalt,
and cadmium ions, as well as sulfate ions, that were not
chemically bound to the membrane components but
were retained during electrodeionization and had no ef-
fect on the membranes’ operational characteristics were
determined (Figs. 3 and 4).

The desorption profiles of metal and sulfate ions
from the MK-40 cation-exchange and MA-41P anion-
exchange membranes consistently show a rapid release
during the first 24 h, followed by a gradual decrease over
the next three days. The difference in concentrations of
desorbed Cu2+, Cd2+, and Co*" is attributed to the se-
lectivity of the KU-2 cation-exchange resin used in the
MK-40 membrane. The amounts of unbound metals re-
tained in MK-40 were 0.11 mg/g of copper, 0.17 mg/g of
cadmium, and 0.19 mg/g of cobalt. The amount of sul-
fate retained in the MA-41P membrane was 0.26 mg/g
of membrane mass.

Fig. 4. Desorption of sulfate ions from the MA-41P
anion-exchange membrane into distilled water
at20°C

Puc. 4. Jlecopobuus cyibdar-uoHOB U3 aHMOHOOOMEHHOI
meMOpaHbl MA-41T1 B AUCTUIIMPOBAHHYIO BOLY
mpu remmepatype 20 °C

Conclusion

1. Infrared spectral analysis demonstrated that the
matrices of the MK-40 and MA-41P membranes retain
their chemical stability after the electromembrane pu-
rification of process solutions from cobalt, copper, and
cadmium ions, and do not undergo degradation under
the influence of the applied potential difference or com-
ponents of the treated solution.

2. The macromolecules in the active layer of the
MK-40 membrane remain stable, whereas in the ac-
tive layer of the MA-41P sample, dynamic water sat-
uration leads to a rearrangement of bonds within the
ion-exchange group (quaternary ammonium bases).
These changes indicate that anion-exchange mem-
branes should be replaced more frequently than ca-
tion-exchange membranes in order to maintain the
performance characteristics of the electromembrane
separation process for copper, cadmium, and cobalt
solutions.
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3. Static water saturation of the membranes results
in an increased amount of weakly bound water in the
pore space of the active layer, whereas dynamic satu-
ration is characterized by a decrease in weakly bound
water and the formation of stronger hydrogen bonds,
indicating minor structural changes in the membrane
matrices.

4. In the polyethylene that forms the basis of the
MK-40 and MA-41P membrane matrices, water satu-
ration causes a redistribution of bonds involving CH,
functional groups and, accordingly, a conformation-
al rearrangement of the macromolecules. The similar
calculated optical density values for water-saturated
and operational membrane samples suggest that this
rearrangement is due to water saturation and is not re-
lated to the effect of the applied potential difference or
the presence of metal sulfates from the treated solu-
tion.

5. The amount of chemically unbound metals
sorbed within the volume of the MK-40 cation-ex-
change membrane was 0.11 mg/g for copper, 0.17 mg/g
for cadmium, and 0.19 mg/g for cobalt. The amount
of sulfate retained in the MA-41P membrane was
0.26 mg/g relative to the membrane’s mass. Thus, the
transfer of contaminant components from the treated
solution into the volume of the membranes does not af-
fect their chemical stability.
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Theoretical and experimental justification

of kinetic and isotherm equations for gold adsorption
from solutions onto activated carbon considering
intraparticle mass transfer
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Abstract: This study continues the research presented in our previous article [1], which examined the process of gold adsorption from
gold cyanide solutions onto activated carbon (AC) over a relatively short time interval — up to 40 h — during which adsorption occurred
predominantly within the near-surface layer of the sorbent. The aim of the present work was to improve the previously developed
mathematical model of gold adsorption onto activated carbon from gold cyanide solutions [1] by incorporating the intraparticle mass
transfer stage into the model. This goal was achieved by adding an additional term to the adsorption kinetics equation that accounts for
gold sorption driven by intraparticle mass transfer. This modification preserved the entire theoretical framework of adsorption described
by the earlier kinetics equation, incorporating it as a special case within a more general sorption model based on the improved kinetics
equation. An analytical solution to the modified equation was derived, from which a new-type adsorption isotherm was obtained in
analytical form. The paper presents the derivation and analysis of this new-type isotherm equation and its identification based on
experimental data.

Keywords: gold, kinetics, adsorption, activated carbon (AC), adsorption isotherm, cyanide solution, intraparticle mass transfer rate constant,
mathematical modeling.
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TeopeTnyeckoe U IKCepUMEHTAIbHOE 000CHOBAHHE
YPaBHEHHWii KWNHETHKHM M U30TE€PMbI COPOIIAM 30J10TA
U3 PACTBOPOB HA AKTUBMPOBAHHBINA YroJib

¢ yueToM BHYTPpUIAM (G PY3MOHHOI0 MaccomepeHoca
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AnnoTtamusa: Hacrosiiasi paborta siBisieTcst IpOJA0JIKEHUEM TIpeablaylieil ctatb [1], B KOTOpOl paccMaTpuBajcs Ipolecc aacopoumumn
30JI0Ta U3 30JI0TOLMAHUCTHIX PACTBOPOB Ha aKTMBUPOBAHHBIN yrojib (AY) B TeueHHE OTHOCUTEIHLHO KOPOTKOTO OTpE3Ka BPEMEHU —
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110 40 u. I1pu aTOM mpouecc agcopOLMU NPOTEKaa B TOHKOM MPUIIOBEPXHOCTHOM cjioe copOeHTa. Llesblo JaHHOro ucciefoBaHus sIBJIsI-
JIOCh YCOBEPIIIEHCTBOBaHUE pa3paboTaHHOW HAMM paHee MaTeMaTU4YeCKOW MOJIENM aacopOLy 3010Ta Ha aKTUBUPOBAHHBIN YroJib U3
30JIOTOIIMAHUCTHIX PACTBOPOB [1| B HampaBieHUN yueTa B Heil BHYTpunudy3noHHO# cTaauu MaccomnepeHoca 3oyota. [locraBieHHas
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Introduction

A significant increase in the duration of gold ad-
sorption from two days or more — as well as the loading
of activated carbon (AC) beyond 40—60 % of its total
maximum gold capacity, causes the process kinetics to
shift toward a stage limited by intraparticle mass trans-
fer! [1]. Accordingly, it becomes necessary to derive a
new kinetic equation for the adsorption of gold from
gold cyanide solutions onto activated carbon, taking in-
to account this limiting factor. The resulting solution
must adequately describe the process kinetics both at
the near-surface adsorption stage and as it transitions
into the stage governed by intraparticle mass transfer.
Additionally, the analytical solution should allow for
the derivation of the adsorption isotherm equation. oth
the kinetic and isotherm equations must be identified
using experimental adsorption kinetic curves and iso-
therm data, based on four physical constants introduced
during the development of the kinetic model. These
constants, whose numerical values are determined dur-
ing the identification procedure, must be linked to the
specific ionic composition of the solution and to a par-
ticular grade of activated carbon. Once identified, they
will serve as physical constants under the given condi-
tions and may be used for predictive calculations of both
equilibrium adsorption values and kinetic parameters
under conditions matching those of the experimental
data. The identification of the kinetic equation solution
using experimental curves should reveal how the fourth
model parameter depends not only on the initial gold

' Termed intradiffusion in the authors’ earlier work [1];
here, intraparticle mass transfer is used to reflect a broader
mechanism.

concentration in the solution and the AC loading in
the adsorption column volume, but also on the time-
varying conditions of intraparticle mass transfer during
the adsorption process.

The main objective of this study was to develop a
mathematical model of gold adsorption from gold cya-
nide solutions onto activated carbon that would reliably
describe the process under various initial gold concen-
trations and AC loadings in the closed volume of an ad-
sorption column. A key indicator of the model’s validi-
ty is that the adsorption isotherm equation was derived
analytically from the solution of the adsorption kinet-
ics equation. As the results presented here show good
agreement with experimental data, they can be applied
in practical calculations for countercurrent industrial
adsorption process flowsheets using activated carbon,
provided the specific operating conditions are taken into
account.

The developed mathematical model was identified
based on experimental data obtained at the Irgiredmet
Research Institute (Russia), using standard methodol-
ogies for investigating the kinetics of gold adsorption
from synthetically prepared gold cyanide solutions on-
to regenerated activated carbon of the NORIT-3515
grade.

Research methodology

The adsorption isotherm of gold onto activated
carbon of the NORIT-3515 grade was determined us-
ing the static method with constant AC mass of 1.5 g
and varying gold concentrations ranging from 3.2 to
39.8 mg/dm3 in gold cyanide solutions containing
176.0 mg/dm? NaCN (pH = 10.8). The temperature of
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the solutions during the experiments was maintained
within the range of 20—22 °C. The adsorber was a cy-
lindrical vessel made of organic glass with a flat bottom,
equipped with a stirrer and rotation speed controller,
which ensured uniform suspension of the adsorbent
throughout the entire volume of the solution [1]. The
height-to-diameter ratio of the adsorber was 2.5:1.0. The
solution volume for each experiment was 3 dm?, and the
total time required to achieve one equilibrium isotherm
value was 216 h. At predetermined time intervals from
the start of the experiment, samples were collected to
construct the kinetic curves.

The gold concentration in the solutions was meas-
ured using an ICE 3300 atomic absorption spectropho-
tometer (Thermo Fisher Scientific, USA) at the certified
analytical center of Irgiredmet OJSC [1]

Theoretical basis for selecting

the form of the adsorption Kinetics
equation considering intraparticle
mass transfer (intradiffusion),

its solution, and derivation

of the isotherm equation

The theoretical concepts of gold adsorption kinet-
ics onto activated carbon presented earlier [1] remain
valid at low degrees of AC particle saturation, when
Au(CN),™ is primarily concentrated within a thin
near-surface shell of the adsorbent granule, with a
thickness not exceeding 20 % of the particle’s effective
radius. Under these conditions, the adsorption kine-
tics are adequately described by Equation (1), while
the adsorption isotherm is described by a modified
Langmuir equation (2):

dc, m
7:K1(C0-Cy) 7Cp -K,C,, 1)

Com/VC,

Cyy = AT 2
2/ Ky +CymfV
where C, is the gold content in loaded carbon, mg/g;
G, is the gold concentration in the solution, mg/dm3;
C, is the maximum adsorption capacity of the adsorbent,
mg/g; K; is the adsorption rate constant, dm?/(mgh);
K, is the desorption rate constant, h~'; m is the car-
bon mass, g; Vis the solution volume, dm?; ¢ is time, h;
Cy, is the equilibrium gold content in the carbon for a
given equilibrium gold concentration (Cp), mg/dm3 .
However, under practical conditions, as demon-
strated by experiments conducted by researchers at the
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Irgiredmet Research Institute using standard method-
ologies for synthetically prepared gold cyanide solutions
with regenerated NORIT-3515 activated carbon as the
adsorbent (Figs. 1—3), an increase in the duration of the
adsorption process from 40—50 h to 200 h or more re-
sults in two notable effects. First, the gold content in the
carbon continues to increase while gold remains in the
cyanide solution at a concentration exceeding the equi-
librium value C,,, as defined by isotherm (2). Second,
the shape of the experimental kinetic curve changes in
such a way that it can no longer be adequately described
by Equation (1). A theoretical explanation for this phe-
nomenon becomes possible if we adopt the hypothesis
that the rate-limiting stage of gold adsorption shifts to
intraparticle mass transfer from the near-surface layer
into the interior of the adsorbent particle. This stage is
characterized by the inward movement of a spherical
adsorption front within the particle — that is, from the
outer surface toward the center of the granule [2; 3]. In
this interpretation, the value C, acquires the meaning
of the total ultimate gold content per unit mass of ac-
tivated carbon. Practically, this means that in a fully
saturated adsorbent granule, where the adsorption front
has reached the center, the local gold content through-
out the particle volume equals C,. Assuming that within
the region already traversed by the adsorption front in
the adsorbent granule, the gold content is equal to Cj,
the current gold content in the carbon (Cy) can, with
sufficient accuracy, be determined by the following ex-
pression:

4 53 43
Cy| znR’— —mr
CoVw "3 3 i
C, = = =Cy|l-—1, Q)
v, 4 3 R}
3
where V; is the volume of the adsorbent particle satu-

rated with gold; V; is the total volume of the adsorbent
particle; R is the adsorbent average particle radius;
ris the radius of the central core not yet saturated with
gold.

To account for intraparticle mass transfer, it is ne-
cessary to introduce an additional term into the kine-
tics equation (1), which should adequately reflect the
kinetics of internal gold transport within the adsorbent.
According to the law of mass action, this term must be
proportional to the product of the current gold content
in the carbon (Cy) and the concentration of active sites
in the adsorbent that are still free of gold, expressed as
(Cy — Cy). This assumption holds true if we accept the
premise that the adsorption front is diffuse under real
conditions — that is, its boundary extends over a finite
thickness, within which a concentration gradient of ad-
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sorbed Au(CN),™ ions is formed along the radius of the
adsorbent particle. If the adsorption front had a sharply
defined spherical boundary, the factor C, would appear
with an exponent of 2/3, reflecting its proportionality to
the surface area of a sphere. In such a case, only those
adsorbed Au(CN),™ ions located at the boundary of the
spherical adsorption front would interact with the re-
maining active sites. The number of these ions would be
proportional to the surface area of the spherical front.
Numerical simulations confirmed the validity of the
assumption regarding the diffuseness of the adsorption
front.

Taking this into account, the kinetics equation takes
the following form:

dc, m
— L= Ki(C=Cy) G~ KoCy + K (G = C)Cy, ()

where Kj is the rate constant of intraparticle mass trans-
fer, s~
Using the material balance equation for a closed sys-

tem:
m
Cp = Cpo - 7(Cy - Cyo), (5)

after simple transformations, the kinetics equation (4)
can be reduced to a mass-action-type equation with a
known solution [4]:

Cy—Cy m)
Cy C —c. | K3 | Ky v —H(Cy =Cy)t=Cy
yo y2
.- NG

Cyo—C, z
y0 yl m
[Cyo_csz CXP{K{KU(VJ _1:|(Cyl _Cyz)f}—l

_ —b+b* —dac

St ?
—b—+b* -4ac
VA ©
)

m(( m m
b=—|K3—| —=Cy+C.o+—Cy |+ Ky —C,|, (10)
|: 13V(V 0 p0 v yo) 23 0:|

m m
e=Ku ™G, (cpo b2 cyoj. an

Here, K]3 = K] /K3 and K23 = K2 /K3 — are the equilibri—
um constants of adsorption and desorption, respectively,

with reference to the rate-limiting stage of the process —
intraparticle mass transfer.

The coefficients K3, K>3, and C are true identifica-
tion constants whose values are determined by fitting the
isotherm equation (8) to experimental data obtained over
a wide range of €, and m/V. This isotherm is of a new
type, as it does not correspond to any of the known iso-
therm models. It establishes a relationship between the
equilibrium values of Cy, and the initial process parame-
ters — G, Cyp, m, and V'— in a closed system. The iden-
tification coefficients Kj3, K53, and C, can be regarded
as physical constants that are specific to the adsorption
conditions and the type of adsorbent used. The constant
C, represents the total ultimate adsorption capacity of
the activated carbon. The identification parameter K3
defines the rate constant of intraparticle mass transfer.
This parameter varies over time, and its change reflects
the dependence of the mass transfer rate on the degree
of gold saturation within the adsorbent particles. Fur-
thermore, Kj is also influenced by the initial gold con-
centration in the solution (C,) and the activated carbon
loading (m/V) n the solution volume of the adsorption
column. Therefore, K53 is an identification parameter
whose functional dependence on C,, m/V, and time ¢
must be determined through numerical simulations and
theoretical analysis, supported by experimental data.

The solution presented in Equation (6) has a nota-
ble property: as the adsorption time tends toward in-
finity, it approaches a limiting equilibrium value C,,.
This means that Cy, represents the equilibrium gold
loading on the activated carbon (Cy) that is inherently
contained in the solution to the kinetic Equation (6).
Alternatively, Cy2 MOXKET OBITh HaWAEHO UCXOId W3
3alaHHBIX HayaJbHBIX YCJOBUI MO BbIpaxkeHUto (8),
which defines an adsorption isotherm of a new type.
This equation enables the calculation of equilibrium
values of C; based on the known identification constants
Ki3, K53, and C, as well as the specified initial values
Cyo, Gy, m, and V; under batch adsorption conditions
in a closed system. y combining Equation (8) with the
material balance equation (5), an isotherm equation is
readily derived that describes the relationship between
the equilibrium gold loading on the carbon (Cy = C,)
and the corresponding equilibrium gold concentration
in the solution (C,):

- (K3 m/VCp +Ky3 7C0)7\/(K13 m/VCp +Kp3 7C0)2 +4K3C,C, m/V
2=
2

. (12)

From this, the inverse isotherm can be obtained:

_ C§2 +Cyn (K3 —Cp)

= 13)
? K3 m/V (Cy — Cy)
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Here, Cy, is calculated using Equation (8), in combina-
tion with Equations (9)—(11). Thus, both equilibrium
gold loading C, and equilibrium solution concentration
C, an be predicted in advance for any given combina-
tion of initial process parameters Cy,, Cy, m, and V; pro-
vided that the identification constants K3, K53, and C

are known.

Identification of the mathematical
model for gold adsorption dynamics
onto activated carbon based

on experimental kinetic curves

and the adsorption isotherm

The isotherm derived in Equation (8) was identified
using the initial parameters C,, Cy, m, and ¥; and along
with Equation (12), based on experimental data for the
equilibrium concentration C, . This yielded the follow-
ing constants [5]: Kj; = 8.004, K,; = 83.519, and C, =
= 82.632. These values may be considered reference
characteristics for the investigated activated carbon
grade (NORIT-3515) and the specified experimental
conditions.

Subsequent identification of the solution to the ki-
netic Equation (6), with respect to the identification
parameter K3 and experimental kinetic curves, was per-
formed using theoretical concepts of the gold adsorption
process on activated carbon [6—12] and analysis of the
experimental data. As a first approximation, a function-
al expression was obtained for K3, allowing its depen-
dence to be considered as a function of the degree of gold
saturation in the activated carbon particles and, conse-
quently, on the process time (¢), the initial gold concen-
tration in the solution (C,), and the carbon loading per
unit solution volume (m/V’). For adequately determine
the time dependence of K3, an important requirement is
that the adsorption process must proceed continuously
during the kinetic experiments on gold adsorption onto
activated carbon:

Ko3

Ky=—52
3 1’

where K,; = 0.00073 is true identification constant for
the intraparticle mass transfer rate. This constant is in-
dependent of both process parameters and time.
Expression (8) and the resulting isotherm (12) rep-
resent a new type of adsorption isotherm that relates the
equilibrium values of Cy to the initial values of the pro-

cess parameters C,o and m/V'in closed systems. This dif-
fers from classical isotherms, which relate the equilibri-

(14)
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um values of C, and C, equiring one of the parameters
to be determined experimentally. Together, isotherms
(8) and (12), in combination with the kinetic Equa-
tion (6), provide an adequate description of both the
equilibrium gold loading on activated carbon under any
initial concentration in solution and the kinetics of the
gold adsorption process at extended contact times and a
broad range of carbon loadings (m/V).

For brevity, the newly introduced isotherm model —
represented by Equation (8) together with the interme-
diate Equations (9)—(11), and its derivative form Equa-
tion (12) — will hereafter be referred to as the “MEGA
isotherm” [13]. Notably, the M EGA isotherm expression
excludes all kinetic parameters that were previously re-
quired to describe the process dynamics, including the
coefficient K3, which depends on the degree of gold satu-
ration in activated carbon particles and, therefore, on the
adsorption time £. Moreover, Kj is also a function of the
initial gold concentration in the solution and the carbon
loading (m/V) per unit volume of the adsorption appara-
tus or process stage.

The identified constants K3, K53, and C, as well as
the functional dependence of Kj3 on C,g, m/V, and ¢,
allow for an accurate description of both the adsorp-
tion kinetics (Figs. 1 and 2) and the adsorption iso-
therm (Fig. 3) of gold from gold cyanide solutions onto
activated carbon (see table). The kinetic and isotherm
plots include confidence intervals for the experimen-

0 C,, mg/g

-8 Experimental
-@- Calculated

401

304

204

10

0 50

100 150 200 t,h
Fig. 1. Kinetic curves of Au(CN), ™ adsorption onto activated
carbon at different initial gold concentrations

in the solution and different AC loadings m/V = 0.5 g/dm?
(m=15g,V=3dm?)

1-C=32,2-59,3—12.7,4-21.6,5—39.8 mg/dm"

Puc. 1. Kunernueckue kpusble agcopoumnu Au(CN),™
Ha aKTUBMPOBAHHOM YTJIe TIPU pa3IMIHON HavaIbHOM
KOHIIEHTpAIIMU 30JI0Ta B pacTBOpPE U 3arpy3Ke AY
m/V=0,5t/am> (m= 1,51, V=13 1m°)
1-Cy=3.2,2-59,3—12,7,4-21,6, 5~ 39,8 mr/mm’
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C,p mg/g
5
F————t 3 -4 “
0.304
0.25-
0.20
0.154
0.10 -8 Experimental
-@- Calculated
0.05 T : . .
0 0.5 1.0 1.5 2.0 t,h
Cyp, mg/g
b
25 : : :
2.0
1.5
1.0
0.5 -® Experimental
-@- Calculated
0 5 10 15 20 25 th

Fig. 2. Kinetic curves of Au(CN), ™ adsorption onto activated
carbon at an initial gold concentration in the solution
Cpo=119 mg/dm?> and carbon loading m/V = 50 g/dm?
(m=175g, V=1.5dm%) (a) and 5g/dm> (m=7,5g,
V=1,5dm’) (b)

Puc. 2. Kunerunueckue kpusbie agcopounu Au(CN),™

Ha AY npu HauyaabHOI KOHIIEHTPAIlMH1 30JI0Ta B paCTBOPE
Cyo = 11,9 mr/am’ u 3arpyske AY m/V=50 t/am’> (m =75,
V=151 (@u5t/om® m=7,51, V=1,51m°) (b)

tal data points, calculated at a confidence level of P =
=0.95[1].

The degree of agreement between the calculated re-
sults and the experimental data confirms that the ap-
plied physicochemical concepts of gold adsorption onto
activated carbon from gold cyanide solutions, as well as
the derived adsorption kinetics equation with its analyt-
ical solution, provide an adequate mathematical frame-
work for describing the process. This model can be used
both for predictive purposes and for the development of
optimal discrete and continuous, co-current and coun-
ter-current technological process flowsheets.

Comparative evaluation
of the developed mathematical model
and existing Fleming models

The most commonly used and practically applied
models for describing the kinetics of gold adsorption on-

0 Cy2> mg/g

-#- Experimental
-@- Calculated 1

0 1 2 3 4 5 6 7 8 9
3 3
C,,, (mg/dm’)-(g/dm’)

-8 Experimental
-@- Calculated 2

0 T T T T T T T T

1 2 3 4 5 6 7 8 9
3 3
C,,, (mg/dm’)-(g/dm’)

Fig. 3. MEGA isotherms: experimental and calculated curves
a — calculation using Equation (8),
b — calculated using Equation (12)
Puc. 3. DxcnepumeHTa bHbIE U pacyeTHas nuzorepmbl META

a — pacueT 1o popmysie (8), b — 1o (12)

to activated carbon are Fleming’s “Kn” and “Kk” mo-
dels [14—16].

The Kn model is expressed as:
Cy—Cyy = KCpt”. (15)

For batch adsorption processes in a closed system,
the material balance equation must be added:

m
C,=Cp— 7(Cy —-Cyp). (16)
The resulting solution takes the following form:
KCt"

Cy=Cy+ — (17)

1+K—¢t"

14
From this, it follows that as f —
m

Cy :Cy0+7cp0, (18)
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Experimental and calculated data of the MEGA isotherm

DKCcIepuMeHTalIbHbIE U pacyeTHbIe JaHHbIe u3oTepMbl META

Experiment No.
Parameter
1 2 3 4 5 6 7
Experimental isothermal values 3HaueHust 0318 ) 45 6.34 10.98 213 3268 4728
(Cy2 exp)
Isothermal values Cy,,
calculated using initial values Cpo, Cyo, m,V 0.318 2.46 6.19 1097 21.53 3248 47.34
and Equation (8)
Isothermal values Cy,,
calculated using Equation (12) 0.326 2.462 6.186 10.975 21.531 32.481 47.343
and equilibrium concentrations of gold using Equation (13)
Experimental egulllbm.lm gold concentrations 0 0 0.07 0.45 2.09 53 16.2
in solution (C,)
Experimental iqulhbrlum gold cqncentratlons in solution. 0 0 0.035 0225 1.045 265 3]
Cps = Cym/V — generalized parameter

Equilibrium gold concentration in solution (Cy), 0.000012 0.00257 0.143 0454 1974 54  16.168

calculated using Equation (13)

Equilibrium gold concentrations in solution
calculated using Equation (13). 0.0006 0.01285 0.0715 0.227  0.987 2.7 8.084
Cp, = Cym/V — generalized parameter

In other words, the model implies that adsorption
will proceed until all gold is removed from the solution
and fully absorbed by the activated carbon — an outcome
that contradicts the physicochemical understanding of
the process and the behavior described by the adsorption
isotherm.

Under practical conditions, where free cyanide is
present in solution (as is typically the case), the adsorp-
tion process is accompanied by desorption. As a result,
equilibrium is established at certain concentrations, and
the collection of these equilibrium states forms the ad-
sorption isotherm. Under such conditions, the adsorp-
tion process can never proceed to completion, meaning
that some residual concentration of the adsorbate must
always remain in the solution. These residual concen-
trations — particularly at high sorbent loadings — can
become so low that they fall below the detection limits of
standard analytical methods. This may lead to the mis-
taken conclusion that the adsorption process has gone to
completion.

This phenomenon can be readily explained by the hy-
pothesis that gold desorption proceeds through the for-
mation of intermediate species derived from Au(CN),™
within the carbon sorbent, in which one CN™-ion is
replaced by a hydroxyl ion OH™. The resulting interme-
diate partially decomposes to form , which — due to its
weak interaction with the carbon lattice and relatively
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small molecular size — tends to desorb. However, for
this desorption to proceed, free cyanide must be present
in the solution to convert Au(CN) back into the soluble
Au(CN),™ complex. In the absence of free cyanide, wa-
ter-insoluble AuCN remains within the structure of the
carbon sorbent, and desorption does not occur [17—20].

For practical purposes, when modeling gold adsorp-
tion kinetics over limited time intervals and within a
restricted range of C,y and m/V values, the use of the Kn
model may be acceptable as a first approximation for
fitting kinetic curves — especially given that many such
curves can be adequately approximated by a power-law
function. If an experimental kinetic curve is available,
it is often permissible — within specific time inter-
vals — to fit it using the Kn model by identifying sui-
table values of K and » that minimize the root-mean-
square relative deviation between the experimental and
model-predicted curves. To that end, the original Kn
kinetic equation for a closed system (Equation 17) can
be rewritten as:

c,-C
yi y0 (19)

p» =Kt],
CpO - ?(Cyi - CyO)

where Cy; and ti are the values of the experimental da-
ta points along the kinetic curve, and K and n are the
identification constants to be determined. Taking the
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logarithm of this expression yields a linearized form of
the kinetic equation, from allows the identification con-
stants K and # to be estimated in a first approximation
using the least squares method:

Cyi —Cy

In =InK+nln¢t;. (20)

m
CpO - ?(Cyi - CyO)

The resulting values of K and » are then refined di-
rectly using Equation (17) by minimizing the sum of
squared relative deviations between the experimental Cy;
values and those calculated from the model. It is impor-
tant to note that the values of K and # obtained using this
procedure are valid only under the specific experimental
conditions used to obtain the kinetic curve employed in
the identification process. If the conditions are altered
and a new kinetic curve is obtained, new values of K and
n must be determined accordingly.

Since the identification constants K and » in Flem-
ing’s Kn model lack clear physical meaning, their func-
tional dependence on external conditions also lacks a
well-defined interpretation. As an empirical model, it
provides limited scientific or predictive value beyond
that of conventional regression approaches. When ap-
plying this model in practice, it is essential to take into
account the specific assumptions and conditions under
which it was developed and, most importantly, the pur-
poses it was originally intended to serve. All semi-em-
pirical models share a fundamental limitation: they are
based on physically undefined parameters and tend to
yield physically inconsistent results when extrapolated to
limiting cases, which diminishes their theoretical rigor
and predictive reliability.

Fleming’s Kk model (1984) offers only marginal im-
provements over the Kn model. While the parameters it
employs have a somewhat clearer physical interpreta-
tion — particularly K, which functions as an equilibrium
constant — the model inherently incorporates a Henry-
type isotherm. This imposes significant constraints on
its applicability for designing real-world technological
flowsheets.

In contrast, the theoretical model of gold adsorption
onto activated carbon developed in this study offers a
more consistent and scientifically grounded descrip-
tion when fitted to specific empirical kinetic data. Un-
like Fleming’s models, it is derived from fundamental
principles and allows for the analytical derivation of a
new type of isotherm — referred to as the MEGA iso-
therm — directly from the kinetic equation. This iso-
therm provides an accurate description of the experi-
mentally obtained adsorption curve and enables the cal-

culation of equilibrium values of C, (Equation 12) and C,
(Equation 13) across a wide range of initial conditions,
including carbon loading and the initial concentrations
of gold in solution (C,,) and in regenerated activated car-
bon (Cy).

Conclusion

Unlike Fleming’s Kk- and Km models, the kinetic
model of gold adsorption from gold cyanide solutions
onto activated carbon presented in this work is developed
on the basis of well-established fundamental theoretical
principles. All parameters introduced into the model
have clear physical meaning, and both the adsorption
kinetics equation and the resulting new-type adsorp-
tion isotherm adequately describe the complete set of
experimental data obtained for both adsorption kinet-
ics and isotherm. The experimental data were collected
over a wide range of process parameters, including in-
itial gold concentrations in solution from C,, = 3.2 to
39.8 mg/dm3 and activated carbon loadings ranging
from m/V = 0.5 to 50 g/dm3. These values cover nearly
the entire practical range of initial gold concentrations
and sorbent loadings typically encountered in real-world
gold adsorption systems.

The mathematical model of adsorption dynamics
and the MEGA isotherm proposed in this study enable
an accurate description of gold adsorption onto activated
carbon from gold cyanide solutions. This applies both to
predictive modeling and to the design and optimization
of technological process flowsheets [21—23]. The gene-
rality of the developed model is largely determined by
the structure of the proposed Kinetics equation and its
analytical solution, from which the MEGA isotherm is
derived.
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Abstract: This study focuses on investigating the possibility of selective separation of palladium (II) from solutions containing
non-ferrous metals and iron by sorption onto chemically modified silica. The study used both individual (single-metal) and
model multicomponent solutions. The sorbents included silicas functionalized with iminodiacetic acid (IDA-D), phosphonic acid
(PA-D), and aminomethylphosphonic acid (AMPA-D) groups, as well as a well-known chemically modified silica bearing grafted
yv-aminopropyltriethoxysilane (APTES) groups at a grafting density of 1.63 mmol/g. Under static conditions at room temperature, the
time required to reach equilibrium sorption values for Cu(II), Ni(II), and Fe(III) ions — typically present in process solutions — was
determined for the IDA-D, PA-D, and AMPA-D sorbents. Sorption dependencies on hydrochloric acid concentration were established
for these metal ions. For IDA-D, the effect of halide ion concentration on sorption was also studied. It was shown that these ions are
sorbed in weakly acidic media but not in 1-2 M HCI, and that sorption capacity decreases in the order: IDA-D > AMPA-D > PA-D.
However, the conclusion that quantitative separation of Pd(II) from base metal ions could be achieved using these complexing sorbents
(exemplified by IDA-D) under dynamic conditions was not confirmed. The sorption behavior of Pd(II), Cu(Il), and AI(III) ions
was also examined under static and dynamic conditions using the APTES-functionalized silica and chloride and chloride-bromide
solutions, including model solutions simulating leach liquors generated from the treatment of spent catalysts for low-temperature
carbon monoxide oxidation. These solutions contained 0.004—0.015 mol/L Pd, 0.014—0.049 mol/L Cu, and 0.015—0.060 mol/L Al.
The results demonstrated the feasibility of selectively separating Pd(II) from leach solutions of spent catalysts using this sorbent.
A processing scheme was proposed, comprising sorption from 0.1 M HCI, water rinsing of the loaded sorbent, and elution of Pd(I1) with
a 5 % thiourea solution in 0.1 M HCI. It was shown that separation of palladium from non-ferrous metals occurs already at the sorption
and washing stages.

Keywords: sorption, chemically modified silicas, palladium, non-ferrous metals, desorption, thiourea.
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Annoranusa: Hactosiiasi paboTa mocBsillieHa BbISIBJEHUIO BO3MOXHOCTH CEJIEKTUBHOTO BbIJEJCHUSI COPOLMEl majiaaus Ha XuMuye-
CKU MOIMMUIIMPOBAHHBIX KPEMHE3eMaX M3 PacTBOPOB, COAEPXALIMX LIBETHbIE MeTalJIbl U Xeje30. O0beKTaMU UCCIelOBaHUS SIB-
JISLTUCh MHAUBUIYaTbHBIE (COIepKallne COeNMHEHU ST OMHOTO MeTajljia) U MOAeJIbHbIe MHOTOKOMIIOHEHTHBIE pacTBOpBl. CopOeHTaMU
CJIYKHWJIM KPEMHE3eMbl, MOAM(pUIIMPOBAHHBIE TpyTIIIaMu UMUHOAMYKCYCHO# (IDA-D), bochonoBoii (PA-D) u amuHometusihochoHo-
Boil (AMPA-D) KKCJIOT, a TaKKe XOPOLIO U3BECTHbI XUMUYECKU MOAUDUIIMPOBAHHBII KPEMHE3EM, COIEPKAIIM I TPUBUTHIE TPYIIITbI
y-amuHonponuiatpustokcucuiaHa (APTES) ¢ mioTHOCThIO MPpUBUBKY (HYyHKITMOHATBHBIX TPy 1,63 MMOTb/T. B cTaTnueckux ycio-
BUSX NIPU KOMHATHOM TeMneparype 1isi copoeHToB IDA-D, PA-D u AMPA-D yctaHOBJIEHO BpeMsl JOCTUKEHHU ST MOCTOSIHHBIX 3HaYe-
Huit copouum nonos meau (I1), Hukens (I1) u xeneza (111), 0OBIYHO MPUCYTCTBYIOLIMX B TEXHOJOTMUYECKUX PACTBOPAX Pa3IUYHOI0 CO-
ctaBa. [TocTpoeHbl 3aBUCUMOCTH COPOLIMY MOHOB 3TUX METAJIJIOB OT KOHLIEHTPALIU Y COJISIHOU KUcaoThl. g copbenTta IDA-D usyyena
3aBUCUMOCTb COPOLIMY OT KOHLEHTpPALUU rajoreHua-uoxa. [lokazaHo, 4To copOuMsl yKa3aHHBIX HOHOB MPOTEKAET B CJA0OKHUCIBIX
cpenax u nmpaktuuecku orcyTcrByeT B 1—2 M HCI, nmpuyeM copOLIMOHHAsI CITOCOOHOCTh COPOEHTOB yMeHbInaeTcs B psiay: IDA-D >
AMPA-D > PA-D. CaenaHHBIi U3 MOJYYEHHBIX PE3YJIbTaTOB BHIBOJ O BO3MOXHOCTH KOJIMYECTBEHHOTO pa3zaesieHust MoHOB majutaaus (11)
M HeOJIaropoJAHBIX METAJIJIOB Ha JIaHHBIX KOMIJIeKcooOpa3yliux copoeHTax (Ha npumepe IDA-D) B iuHaMuUUYeCcKUX YCJIOBUSX He
noarsepaucs. M3yuena copouus monos Pd(I1), Cu(Il) u AI(IIT) B ctaTUYeCKUX U AUHAMMYECKUX YCIOBUSAX HAa XUMUYECKU MOJU-
GuIIUpOoBaHHOM KpeMHe3eMe, cofepKalleM MPUBUTHIE TPYTIH Y-aMUHOMpOoMuATpudToKcucuaana (APTES), 13 XJIOpUAHBIX U XJIO-
PUIHO-OPOMUIHBIX PACTBOPOB, B TOM YHUCIIE MOAGIbHBIX, OJU3KHUX MO COCTABY K TEXHOJOTMYECKUM pacTBOpamM, oOpa3yioliumMcs npu
BCKPBITUU OTPAOOTAHHBIX KaTaJIM3aTOPOB HU3KOTEMIIEPATYPHOI0 OKMCIEHU I MOHOOKCH 1A yIJIepoa A0 ero IMOKCUIA, COAePXalIUX
matanuii (0,004+0,015 moas/n), mens (0,014+0,049 monb/m) u amtomunuit (0,015+0,060 Mosb/1). BeisiBIeHA BO3MOXKHOCTD CEJIEKTUB-
Horo BbiaeseHust PA(I1) u3 pacTBopoB BbllleJlauMBaHK sl OTPAOOTAHHBIX KaTaJu3aTOPOB yKa3aHHBIM copbeHToM. [IpeanoxeHa cxema
rnepepaboTKM OTpabOTaHHbBIX KaTaJu3aTOPOB, BKItovatowas copouuto us 0,1 M HCI, npoMbIBKY HacbhllleHHO# (ha3bl cCOpOEHTA BOAOIA,
smoupoBanue Pd(I11) 5 %-ubim pactBopom Thio B 0,1 M HCI. IToka3aHo, 4To pa3aeieHue najlaaus U IBETHBIX METAJIJIOB TPOUCXOAUT
yKe Ha CTafiusiX COpOLIMU U TPOMBIBKY COpOEHTA.

Kiouesbie ciioBa: COp6HI/IH, XUMUYECCKN MOI[I/I(l)I/ILII/IpOBaHHI)IC KPEMHE3EMBEI, HaJIHa,I[I/Iﬁ, IIBETHBIC METAJIJIbI, Z[GCO]Z)GHI/IH, TUOMOYEBHHA.

Jng uutupoBanus: byciaesa T.M., BonukoBa E.B., Munrasnes I1.I"., bopsruna U.B. BeineneHue najjiaaus U3 TEXHOJOTMUYECKUX PACTBO-
pOB copOLIMEil HA XUMUYECKU MOIUDULIMPOBAHHOM KpeMHe3eMe. M3gecmus 8y308. Lleemnas memannypeus. 2025;31(2):41-54.
https://doi.org/10.17073/0021-3438-2025-2-41-54

Introduction

Palladium is a unique platinum-group metal for
which demand continues to grow year after year. Ac-
cording to market data [1], this demand cannot be met
solely through the processing of primary raw materials:
approximately one-third of palladium production over
the past 2—3 years has been provided by the recycling of
secondary raw materials, among which electronic scrap,
jewelry scrap, and, most importantly, spent catalysts, are
of particular significance.
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Among the variety of palladium-based catalysts
used for hydrogenation, dehydrogenation, oxidation,
cross-coupling, and other reactions, a distinct group
consists of catalysts also containing copper. Notable
examples include the Moiseev reaction (oxidation of
ethylene to vinyl acetate), the Sonogashira reaction, and
several others [2—8]. Typically, these are heterogeneous
catalysts supported on alumina, with metals, alloys, or
salts deposited on the surface. This group includes cata-
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lysts for the low-temperature oxidation of carbon mon-
oxide based on y-Al,03, containing palladium (II) chlo-
ride and copper (II) bromide [9—11].

The recycling of specific types of secondary raw
materials is carried out by pyrometallurgical and hyd-
rometallurgical methods, with hydrometallurgical pro-
cesses clearly prevailing [12]. The leaching of spent cata-
lysts results in the formation of complex process solutions
containing a variety of cations and anions. This neces-
sitates the use of tailored approaches suited to the pro-
cessing of specific catalyst types to achieve selective sep-
aration and purification of palladium. It appears that the
sorption method holds significant promise for recovering
valuable components from such process solutions. This
method enables the production of highly selective con-
centrates, is characterized by low energy consumption,
high environmental friendliness, and simple equipment
requirements. Implementing this technology requires
a well-founded approach to sclecting sorbents from the
vast range available, comprising tens of thousands of op-
tions differing in chemical nature, structural character-
istics, sorption capacity, and particle size.

The volume of scientific research focused on the
synthesis and investigation of sorbents for specif-
ic applications continues to grow [13; 14]. However,
considering the need not only for selective recovery
of valuable components but also for the repeated re-
use of sorbents, porous silica-based materials bearing
covalently bonded organic ligands appear particularly
promising. These chemically modified silicas (CMSs)
interact specifically with molecules of target substanc-
es. Notably, the rigid mineral framework of such ma-
terials prevents them from swelling (i.e., changing vo-
lume) in aqueous and organic media, which is especial-
ly important for column processes involving extraction
and separation. Moreover, the use of mesoporous si-
licas with an average pore diameter slightly exceeding
10 nm for CMS synthesis provides superior mass trans-
fer characteristics compared to organic polymer-based
sorbents [14—19].

Nitrogen-containing CMSs are among the most
versatile and, in principle, allow the separation of pla-
tinum-group metals from non-ferrous metals by vary-
ing the binding mechanism and the conditions of sorp-
tion and desorption. In earlier work, we studied the sorp-
tion of platinum (I'V) and palladium (II) ions onto one of
the best-known CMSs functionalized with monoamine
groups, synthesized using the relatively inexpensive and
industrially produced y-aminopropyltriethoxysilane [20].
It was found that Pd(II), unlike Pt(IV), tends to form
polynuclear complexes in the sorbent phase at high metal
concentrations (tens of grams per liter), which leads to a

substantial increase in sorption capacity but also causes
difficulties in elution. Under these conditions, quantita-
tive elution of Pd(1I) could only be achieved using a 5 %
thiourea (Thio) solution in 0.1 M HCI [21].

The aim of this study was to investigate the possibil-
ity of selective separation of palladium by sorption onto
chemically modified silica from solutions containing
base metal ions, including those formed during the pro-
cessing of secondary raw materials such as spent cata-
lysts used for the low-temperature oxidation of carbon
monoxide to carbon dioxide.

Experimental procedure

The starting compounds for the sorption studies
were palladium chloride (PdCl,), synthesized according
to the procedure described in [22], copper (I1) chloride
(CuCl,), nickel (II) chloride (NiCl,), iron (III) chloride
(FeCl3), copper (II) bromide (CuBr,), y-Al,03, hydro-
chloric acid (HCI), sodium chloride (NaCl), sodium
bromide (NaBr), and thiourea (Thio). All the listed re-
agents, produced by OOO TD KHIMMED (Russia),
were of analytical grade. All organic reagents used for the
synthesis of sorbents were supplied by Sigma-Aldrich.
Sorption solutions were prepared by dissolving accurate
weighed amounts of the respective compounds in HCI
solutions of various concentrations.

The sorbents used in this study were chemically
modified silica materials based on Davisil Grade 62 sil-
ica gel (W.R. Grace and Co., USA; particle size: 0.07—
0.2 mm; specific surface area: 325 m?/g; average pore
diameter: 13.6 nm) containing grafted iminodiacetic

0 OH
H
d IDA- hosphonic acid (PA-D
aci [H OANAJ (IDA-D), phosphonic acid (PA-D),

and aminomethylphosphonic acid l HO\P/\
N

HO (0]
(AMPA-D) groups, as well as a well-known chemical-
ly modified silica based on Silochrom C-120, series
VG-102/3A1 (specific surface area: 120 m2/g; particle
size: 0.1—0.2 mm; average pore diameter: 45 nm), con-
taining grafted y-aminopropyltriethoxysilane (APTES)
groups with a grafting density of 1.63 mmol/g, having

the following structure':

NH,

!
Si0, 7] ~0-Si~(CH,);-NH,

I'Sorbent produced by JSC Biokhimmak ST.
https://bcmst.ru/
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The synthesis of the complexing sorbents was carried
out according to the following procedures.

1. Silica Gel Functionalized with Iminodiacetic
Acid (IDA-D). Twenty grams of iminodiacetic acid were
dissolved in 180 mL of 4 M NaOH under stirring with
a magnetic stirrer at room temperature for 10 min (the
pH value of the solution should be in the range of 12.3—
12.5). Then, 3 mL of 3-glycidyloxypropyltrimethoxy-
silane were added, and the two-phase mixture was
stirred until a clear solution was obtained. This solution
was then added to a suspension of 65 g of Davisil silica
gel in 600 mL of 5 % acetic acid (the pH value of the re-
sulting mixture should be in the range of 5.4—5.8). The
mixture was stirred using a mechanical stirrer at 80 °C
for 2 h. The sorbent was filtered, washed four times
(300 mL each) with distilled water, dried on the filter,
and then held in a drying oven at 100 °C for 2 h.

2. Silica gel functionalized with diethylphosphonate
(DEP-D)!. A mixture of 17.6 mL of 3-glycidyloxypro-
pyltrimethoxysilane and 10.2 mL of diethyl phosphite
in 100 mL of acetonitrile was prepared. Then, 20 g of
Davisil silica gel were added, and the mixture was stirred
with a mechanical stirrer at 70 °C for 11 h. The sorbent
was filtered, washed three times with acetonitrile, three
times with water, three times with acetonitrile, and dried
on the filter.

3. Silica gel functionalized with phosphonic acid
(PA-D). A mixture of 10 g of DEP-D sorbent and 50 mL
of 20 % hydrochloric acid was stirred for 8 hours at
100 °C. The sorbent was then washed with water until
neutral washings were obtained, washed three times
with acetonitrile (25 mL each), and dried on the
filter.

4. Silica gel functionalized with aminomethylphos-
phonic acid (AMPA-D). A mixture of 35 mL of 3-ami-
nopropyltriethoxysilane, 25 g of phosphorous acid, and
186 mL of a 10 % formaldehyde solution was placed
into a flask and stirred. Then, 660 mL of concentrat-
ed hydrochloric acid and 30 g of Davisil silica gel were
added. The mixture was stirred for 12 h at room tem-
perature, followed by 8 hours at 80 °C, and then stirred
again for 12 h at room temperature. The silica gel was
separated from the solution, washed three times with
distilled water, evaporated at 100 °C under vacuum
generated by a water-jet pump, washed with 100 mL of
ethanol, and dried at 100 °C under vacuum generated
by a water-jet pump.

I DEP-D can also serve as a sorbent for the extraction of
transition metal ions; however, in this study, it was used only
as an intermediate product in the synthesis of PA-D.
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The elemental analysis results for the sorbents are
presented in Table 1. The amounts of grafted groups
were: 0.35 mmol/g for IDA-D, 0.42—0.55 mmol/g for
PA-D, and 0.85 mmol/g for AMPA-D.

The sorption of palladium (II), non-ferrous metals,
and iron (III) ions under static conditions was carried
out from individual hydrochloric acid solutions (0.1—
4 M) and mixed chloride-bromide solutions at room
temperature (three parallel experiments for each test).
The solution volumes ranged from 10 to 15 mL, and the
mass of sorbent (mg,,) was 0.030 £ 0.001 g.

After sorption under static conditions, the sorbent
was separated by filtration through a glass funnel with
a paper filter, washed with water, and then subjected
to desorption (elution). The eluents used were 2 M and
3 M HClsolutionsand a 5 % Thio solution in 0.1 M HCI;
the volume of eluent in each individual experiment was
15 mL.

Experiments under dynamic conditions were carried
out in glass columns with an internal diameter of 0.4 cm.
The masses of the sorbents were 0.6 g for IDA-D and
0.15 g for APTES. The solutions passed through the col-
umn under gravity flow. After sorption, the sorbent satu-
rated with the extracted ions was washed with water until
the washings became colorless, and the eluent solution
was subsequently introduced.

The amount of sorbed metal (m'y,,) was determined
as the difference between its content in the solution be-
fore sorption (m;,) and after sorption (m,,;). The metal
efficiency onto the sorbent was calculated as follows:

!’
Myory

E -100 %.

sorb —

m

The fraction of metal removed during washing was
calculated as the ratio of the amount of metal in the wash
water to the amount sorbed:

Meyash

wash — '
sorb

E -100 %.

The amount of metal remaining on the sorbent af-
ter washing (m’,,q,) was determined as the difference
between the amount of sorbed metal and the amount of
metal found in the wash water.

The overall recovery of metal into the solution after
sorption and washing (Eyeraii (solution)) Was calculated as
the ratio of the sum of the amounts of metal in the solu-
tion after sorption (m,,) and in the wash water (m,,q,)
to the initial amount of metal in the solution (m;,,):

M gyt +m wash

E -100 %.

overall solution — ]
m

The elution efficiency was determined as the ratio of
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Table 1. Results of elemental analysis of the sorbents”

N
Tabnuua 1. Pe3ynbraThbl 2JIeMEHTHOTO aHaJM3a COpOEHTOB

Content, wt.%

Sorbent
© H N P
IDA-D 5.61 1.31 0.58 —
DEP-D 5.22 1.29 — 1.27
PA-D 5.33 1.27 — 1.69
AMPA-D 4.04 1.55 1.30 2.59

* Elemental analysis of the sorbents was performed at the
Shared Research Facility of the Institute of General and
Inorganic Chemistry, Russian Academy of Sciences,
Moscow, Russia.

the amount of metal in the eluent (m,;) to the amount of
metal remaining on the sorbent after washing:

-100 %.

m
el
Ecl =

!
wash

The initial metal concentrations used in the dynam-
ic sorption experiments for model solutions simulating
the composition of process solutions generated during
the treatment of spent Pd—Cu catalysts for the low-tem-
perature oxidation of carbon monoxide to carbon diox-
ide were varied based on their composition: 1.5 wt. %
Pd and 3.5 wt. % Cu relative to the mass of the y-Al,0;
carrier [9].

The analysis of aqueous solutions for palladium,
copper, nickel, and iron was performed using a NOV
AA 330 atomic absorption spectrometer with flame ato-
mization (Analytik Jena, Germany), while the analy-
sis of Al-containing solutions was carried out using a
KVANT-Z atomic absorption spectrometer with elec-
trothermal atomization (OOO “Kortek”, Russia). If
dilution of the samples was necessary prior to analy-
sis, three aliquots of equal volume were taken from
each solution, transferred into volumetric flasks, and
brought to the mark with a 1:5 HCI solution. The an-
alytical error did not exceed 5 % relative for flame
atomization analysis and 7 % relative for electrother-
mal atomization analysis.

The investigation of complex model solutions was
carried out by inductively coupled plasma mass spec-
trometry (ICP-MS) either without preliminary sample
preparation or after additional dilution with deionized
water by factors of 50—10 000. Measurements were per-
formed using an Agilent 7900 mass spectrometer (Ag-
ilent Technologies, USA) equipped with a double-pass
glass spray chamber, a MicroMist glass nebulizer, and
a quartz torch. The obtained data were processed using
Agilent MassHunter software (Agilent Technologies,

USA). The measurement error did not exceed 5 % re-
lative.

Electronic absorption spectra (EAS) of the solu-
tions were recorded over the wavelength range A = 200+
+1000 nm using a Helios Alpha Local Control Sys-
tem spectrophotometer (Thermo Spectronic, USA) in
quartz cuvettes with a 1 cm optical path length at room
temperature. The wavelength setting accuracy was
within 0.05—0.1 nm.

X-ray photoelectron spectra (XPS) were recorded
using a LAS instrument (Riber) with calibration based
on the Cls binding energy line (285.0 eV) as an external
standard.

Results and discussion

In our previous study [23], we investigated the
sorption of Pd(II) ions from chloride solutions con-
taining non-ferrous metal ions onto silicas function-
alized with N- and S-containing organic molecules.
The conditions for their separation from non-ferrous
metal ions present in process solutions formed during
the processing of various platinum metal concentrates
were identified. It was shown that impurity ions pass
through the entire technological process and even-
tually end up in the discharge stream. At the stages of
sorption and desorption, it is necessary to monitor the
completeness of Pd(II) ion separation from non-fer-
rous metal ions and to introduce an additional sorbent
washing operation, if required [23]. In our opinion,
the removal of impurities prior to the stage of palla-
dium and/or other platinum-group metal recovery
should positively influence the reduction of the va-
luable component regeneration/recycling time and
the volume of washing solutions.

According to the literature data [24—31], the most
promising types of sorbents for impurity metal ion re-
moval are sorbents bearing grafted aminocarboxylic
acid groups, particularly iminodiacetic acid (such as
Dowex A-1 type sorbents), aminomethylphosphonic
acid, and phosphonic acid groups'. Therefore, for the
preliminary removal of base metal ions (Cu(II), Ni(II),
and Fe(III)), we tested silica gels functionalized with
iminodiacetic acid (IDA-D), aminomethylphosphonic
acid (AMPA-D), and phosphonic acid (PA-D, derived
from H;POs;.

Traditionally, the synthesis of sorbents with grafted
aminocarboxylic acid groups, particularly iminodiacetic

! At this stage of the study, the sorption of AI(III) ions was not
investigated.
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acid groups, involves the treatment of amino-contain-
ing sorbents with halogenoacetic acids (XCH,COOH,
where X = Cl or Br). We proposed an alternative synthe-
sis scheme using 3-glycidyloxypropyltrimethoxysilane
and iminodiacetic acid (IDA-D):

(CH,0),Si(CH,),0CH,CH-CH, + HN(CH,COOH), >
\ /
o}
— (CH3O)3Si(CH2)3OCHZCHClHZN(CHZCOOH)z +(Si0,)-OH—
OH
|
— (8i0,)-0-Si(CH,),0CH,CHCH,N(CH,COOH),
|
OH

IDA-D

The synthesis of the modifier was carried out in an al-
kaline medium at pH = 12.3—12.5, while the deposition
of the modifier onto the silica gel surface was performed
at pH = 5.6—5.8. It should be noted that all stages of the
process were conducted in aqueous solutions without the
use of organic solvents.

It is important to emphasize that an attempt to ap-
ply a similar procedure to obtain silica gel functional-
ized with phosphonic acid was unsuccessful: during the
reaction in an alkaline medium, a side process involv-
ing the oxidation of phosphorous acid by atmospheric
oxygen occurred, which reduced the yield of the target
product.

Therefore, an alternative method was used to
synthesize the sorbent bearing diethylphosphonate
groups (DEP-D), which consisted of the grafting
of a phosphonic acid ester followed by its hydro-
lysis:

(CH3O)3Si(CH2)3OCH2C§—9H2 +(C,H,0)P(O)H —

— (CH,0),Si(CH,),0CH,CHCH,P(O)(OC,Hj), + (Si0,)-OH —
OH
— (SiOZ)OS:i(CH2)3OCH2CHCH2P(O)(OC2H5)2 +HCl—>
b
DEP-D

|
- (SiOz)—O—Sli(CH2)3OCH2CHCH2P(O)(OH)2

OH
PA-D

For the grafting of aminomethylphosphonic acid
groups onto the silica gel surface (AMPA-D), the follow-
ing scheme was used:
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(C,H,0),Si(CH,),NH, + HCHO + P(OH),—>

— (C,H,0),Si(CH,),;NHCH,P(O)(OH), + (Si0,)-OH —>

|
— (SiOz)fofsli(CH2)3NHCHZP(0)(OH)2

AMPA-D

The elemental analysis data of the obtained sorbent
(Table 1) showed a C:N:P ratio of 4:1:1, corresponding
to the AMPA-D sorbent with grafted aminomethylphos-
phonic acid groups.

Preliminary static sorption experiments demonstrat-
ed that a 10-minute contact time between the phases was
sufficient to achieve constant sorption values for base
metal ions using the selected sorbents.

The dependencies of Cu(IIl), Ni(Il), and Fe(III)
ion sorption on the solution acidity for the IDA-D,
AMPA-D, and PA-D sorbents are shown in Figs. 1 and 2.
It can be seen that sorption occurs in weakly acidic me-
dia and is practically absent in 1—2 M HCI. The sorption
capacity of the sorbents decreases in the order: IDA-D >

> AMPA-D > PA-D.

The data on the effect of chloride ion concentration
on the sorption of Cu(II), Ni(II), and Fe(III) ions on the
IDA-D sorbent are presented in Table 2. It can be seen
that, within the concentration range of 10 to 90 g/L, the
effect is practically negligible.

Thus, the overall results indicate that IDA-D is the
most promising sorbent for the removal of base metal
ions from complex process solutions.

Experiments on the separation of Pd(II), non-ferrous
metal, and iron ions using the IDA-D sorbent under dy-
namic conditions, with the results summarized in Tab-
le 3, showed that Cu(II) and Fe(III) ions predominant-
ly transfer into the sorbent phase. Although Pd(II) ions
are also sorbed by this complexing sorbent, their deg-
ree of extraction into the sorbent phase does not ex-
ceed 39 %. During the washing stage, Pd(II) ions are
almost completely (99.3 %) transferred into the wash
water (with an overall recovery into solutions reaching
99.7 %). Ni(Il) ions are likely displaced by Cu(II) and
Fe(II1) ions, which have a higher affinity for the sorb-
ent. This leads to the conclusion that the separation of
Pd(II) ions from base metal ions, primarily Ni(II) and
Cu(II), by sorption onto complexing sorbents is theo-
retically feasible; however, quantitative sorption of the
metal ions accompanying palladium is not achieved.
Therefore, we returned to the traditional approach
aimed at providing the selective separation of Pd(II)
from process solutions. For this purpose, a well-estab-
lished chemically modified silica, APTES, was used
to test the sorption extraction of Pd(II) from solutions
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generated during the regeneration of low-temperature
carbon monoxide oxidation catalysts based on y-Al,053,
which initially contained palladium (II) chloride and
copper (II) bromide.

Given that the composition and structure of com-
plexes significantly affect the sorption process, and that

5 Sorption, mmol/g

Cu2+
0.4
0.3
Fe3+
0.2
014 Ni¥’
>
O T T 22 T 1
3 2 1 1 2
pH Cher M

Fig. 1. Dependence of Cu(II), Ni(II), and Fe(III) sorption
on HCI concentration on the IDA-D sorbent

Cret =5° 1073 mol/L, mgy, = 0.03 g, Vgjuiion = 10 mL,

contact time — 10 min

Puc. 1. 3aBucumocts copourmu Cu(ll), Ni(IT) u Fe(I1I)
ot KoHueHTpauuu HCI Ha cop6enTe IDA-D

Cyer = 571072 MOIB/11, M5 = 0,031, ¥, = 10 w1,
BpeMs KoHTakTa (a3 10 MuH

Sorption, mmol/
0.16 P g

pH

the processing of such catalysts yields solutions contain-
ing both chloride and bromide ions, determining the
composition of the complexes is a critical task. The spe-
ciation of Cu(II) and Pd(II) ions in this system can be
conveniently analyzed using electronic absorption spec-
troscopy (EAS), as the absorption bands of Pd(II) halide
complexes appear in the visible region at wavelengths be-
tween A = 470+505 nm, while the absorption of Cu(II)
ions occurs at longer wavelengths. Fig. 3 shows the EAS
of a model solution corresponding to the composition of
process solutions generated during the leaching of spent
catalysts for low-temperature carbon monoxide oxida-

Table. 2. Effect of chloride ion concentration
on the sorption of Cu(II), Ni(IT), and Fe(III) ions
on the IDA-D sorbent”

Tabnuua 2. 3aBucumoctsb copouuu Cu(ll), Ni(Il),
Fe(I11) OT KOHLIEHTPAI[MU XJTOPUI-NOHA

S ; Sorption, mmol/g

; g/dm Cult Nzt Fe3*
10 0.36 0.07 0.13
30 0.33 0.07 0.16
50 0.33 0.07 0.11
70 0.38 0.05 0.11
90 0.38 0.05 0.12

" Coner = 51072 mol/L, mgoq, = 0.03 g, Viopuion = 10 mL,

contact time = 10 min.

Sorption, mmol/
0.10 i £

0.08 ¢

2+ 3+

Cu Fe

0.06

0.04 1

0.02

pH

Fig. 2. Dependence of (II), Ni(II), and Fe(III) ion sorption on HCI concentration on the AMPA-D (a)

and PA-D (b) sorbents

Crner = 5- 1073 mol/L, myyy, = 0.03 g, Vegpution = 10 mL, contact time — 10 min

Puc. 2. 3aBucumoctb copoumu nonoB Cu(Il), Ni(I1) u Fe(I1I) ot konuentpamuu HCl Ha cop6entax AMPA-D (@) 1 PA-D (b)

Cyer = 571072 Momb/1, megps = 0,031, V;,

= 10 M1, BpeMst KOHTakTa a3 10 MmuH
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Table. 3. Results of separation of Pd(II), Cu(II),
Ni(II), and Fe(III) ions during sorption on IDA-D
sorbent under dynamic conditions (g, = 0.6 g)
Tabnuua 3. Pe3ynbratsl pasaeieHuss HOHOB

Pd(II), Cu(Il), Ni(II) u Fe(I1II) B mpouecce copdbuuu
Ha copbeHTe IDA-D B tuHaAMUYECKUX YCITOBUSIX
(Meops = 0,6 1)

Paremeter Pd(Il) | CudI) | Ni(I) | Fe(III)
Sorption (V;, = Vo, =7 mL)

Min, U8 3720 2220 2050 1960

Moy, U8 2280 77 1645 350

My U 1440 2143 405 1610

Egw, % 38.7 96.5 19.8 82.1
Washing with water (Vg = 5.4 mL)

Myash> 18 1430 130 405 162

Mahs UE 10 2013 0 1448

Eyash> % 99.3 6.1 >99.9 10.1

Eoverall (solution)> 70 99.7 9.3 >99.9 26.1
Elution with 2 M HCI (V; =7 mL)

Me), U 0.7 1995 0 1295

E,, % 7 99.1 0 89.4

tion [9]. The figure also presents the absorption spectra
of PdCl, and CuBr, solutions in 1 M HCI.

As shown in Fig. 3, two absorption bands are ob-
served in the visible region of the model solution spec-
trum, with maxima at A = 480 nm and 830 nm. It is
well established that in solutions containing both chlo-
ride and bromide ions, Pd(II) tends to form mixed
halide complexes, [PdC14_nBrn]2_, with the complex
composition determined by the halide ion ratio [32].
The EAS of solutions dominated by the [PdCl4]2_
complex is characterized by absorption bands at A =
=473 nm (e = 161 L'mol™"-cm™") and A = 606 nm (¢ =
=10 L'mol™"-cm™") [33]. In the visible region, the EAS
of solutions containing [PdBr4]2_ anions exhibit a charge
transfer band at A = 417 nm (¢ = 790 L'mol™"-cm™")
and a broad absorption band at A = 495—505 nm (g =
=360 L'mol~"-cm™") corresponding to d—d transitions
[32—34].

Preliminary experiments demonstrated that the
addition of bromide ions to a hydrochloric Pd-con-
taining solution causes the absorption band at A =
= 473 nm to shift toward longer wavelengths, re-
flecting the substitution of chloride ions in the inner
coordination sphere by bromide ions. In 0.1 M HCI,
complete substitution was observed at a [PdCl4]2_
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to Br™ ratio of 1:100 (with the band shifting to A =
= 505 nm), whereas in 1 M HCI, even at a [PdCl4]2_
to Br™ ratio of 1:500, the formation of the [PdBr4]2’
complex did not occur.

Thus, the presence of an absorption band at A =
=480 nm in the model solution spectrum indicates that,
in the process solution obtained by leaching the cata-
Iyst in 1 M HCI, palladium remains predominantly in
the form of [PdCl4]2’. However, as the solution acidity
decreases, for example through dilution with water, the
likelihood of forming mixed [PdC14_nBrn]2_ complexes
increases significantly.

The state of Cu(II) ions in this solution is discussed
below. The EAS of an individual solution obtained by
dissolving a weighed sample of CuBr, in 1 M HBr is
characterized by a broad absorption band in the range
of A = 810+815 nm (Fig. 3). According to the literature
[35], in chloride media, depending on the chloride ion
concentration, Cu(Il) may exist as a mixture of aquat-
ed complexes with the compositions [Cu(H20)4]2+,
[Cu(H,0),Cl,], [Cu(H20)3C1]+ and [Cu(H,0)Cl5]". In
the visible region, the [Cu(H20)3Cl]Jr complex, which
dominates at chloride ion concentrations of 0.1—
1.0 mol/L, exhibits an absorption band at A = 870 nm
(e = 80 L'mol™"-cm™). A slight shift of its maximum
to 830 nm in the leaching solution indicates the pres-
ence of mixed aquated and halide forms of Cu(II) in the
solution.

Static sorption studies of Pd(II), Cu(Il), and AI(I-
II) ions on the APTES sorbent from individual hydro-
chloric solutions showed that equilibrium sorption val-
ues for Pd(II) were achieved after 5—10 min of phase

Absorbance

2.0

1.6

1.2 2

0.8

0.4

0
450

550 650 750 850 A, nm
Fig. 3. Electronic absorption spectra (EAS) of the model
solution in 1 M HCI (1), the PdCl, solution in I M HCI (2),

and the CuBr; solution in I M HBr (3)

Cpg=2-10"3mol/L, Cc,, = 1-1072 mol/L

Puc. 3. OCII moaenbHoro pactBopa B 1 M HCI (1), pactBopa
PdCl, B 1 M HCI (2) u pactBopa CuBr, B 1 M HBr (3)

Cpg =2-1073 monb/1, Ce, = 1-1072 monb/n
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mixing (0.156 mmol/g), for Cu(Il) after 20—30 min
(0.084 mmol/g for CuCl, and 0.060 mmol/g for CuBr,
solution in 1 M HCI), whereas the equilibrium sorp-
tion time for AI(IIT) ions was 45 min (0.319 mmol/g).
It should be noted that the sorption of Pd(II) by the se-
lected sorbent, as well as complex formation during the
sorption process, have been discussed in detail in our
earlier work [20].

An increase in HCI concentration in the solution
leads to a decrease in the sorption of Pd(II) and Cu(II)
(Table 4). For example, in 0.1 M HCI, the sorption ca-
pacities for Pd(I11) and Cu(Il) are 1.43 and 0.97 mmol/g,
respectively, whereas in 4 M HCI they decrease to 0.4
and 0.6 mmol/g, respectively.

A decrease in the sorption of palladium and cop-
per ions on the APTES sorbent with increasing hy-
drochloric acid concentration is generally attributed to
the competitive sorption of halide ions [20; 36; 37]. In
contrast, AI(III) ions are sorbed only at HCI concen-
trations above 1 M, and their sorption capacity remains
nearly constant at approximately 2.8 mmol/g of sorbent.
This behavior is likely due to the involvement of silanol
groups on the sorbent matrix in cation exchange, where-
by protons are replaced by AI(III) cations [38]. It should
also be noted that the formation of a certain proportion
of anionic AI(IIT) chlorocomplexes at higher acid con-
centrations, as reported in several studies [39; 40], can-
not be excluded.

Based on the static sorption data obtained, the
possibility of separating Pd(II) ions from Cu(II) and
AI(IIT) ions under dynamic conditions was evaluated.
To achieve better separation of these elements, sorption
was carried out from a solution with an HCI concentra-
tion of 0.1 M.

Solutions of 2 M and 3 M HCI (at room temperature
and at 60—65 °C) were initially tested as eluents. How-
ever, the desorption results proved unsatisfactory under
both static and dynamic conditions. Therefore, a 5 %
thiourea (Thio) solution in 0.1 M HCI was subsequently
used as the eluent [21].

The separation of non-ferrous metal ions from pal-
ladium was studied under dynamic conditions using
a model solution simulating the leaching solution of
the catalyst, diluted to 0.1 M HCI. Three sorption—
washing—desorption cycles were carried out using the
same portion of the sorbent. The initial volumes of solu-
tion used in the sorption stage were 2.4, 1.7, and 1.2 mL
for the first, second, and third cycles, respectively. Af-
ter sorption, the sorbent was washed with distilled water
until the washings became colorless (the volume of wash
water was approximately 50 mL), followed by elution of
palladium ions using a 5 % Thio solution in 0.1 M HCI

Table 4. Dependence of Pd(IT), Cu(II), and AI(III)
sorption under static conditions on HCI concentration
Ta6nuua 4. 3aBucumocts copounu Pd(II), Cu(Il)

u AI(IIT) B cTaTUYECKUX YCIOBUSIX

ot KoHueHTpauuu HCI

. Sorption, mmol/g, at Cyc;, M
Metal
0.1 0.5 1 2 4
Pd 1.43 1.07 0.77 0.43 0.4
Cu 0.97 ok 0.67 0.65 0.6
Al — ok 2.87 2.81 2.69

*

Pig = 14 mmol/L, CJ" = 55 mmol/L,
CAl =56 mmol/L.
** No experiment was conducted.

(8.5—11.4 mL). The data presented in Table 5 show that
during sorption, more than 99.9 % of Pd(II) ions were
transferred to the sorbent phase, while the sorption of
Cu(lI) ions ranged from 15.1 % to 18.3 %, and that of
Al ions from 1.3 % to 17.2 %. Washing the sorbent with
distilled water allowed for the almost complete remov-
al of non-ferrous metal ions from the sorbent phase
(E%, =95.4+97.0 %, EX, = 95.2+99.0 %).

Thus, nearly complete separation of Pd(II) from ac-
companying non-ferrous metals was achieved during the
sorption and washing stages. The degree of Pd(II) re-
covery into the eluate was 85—90 %. It was demonstrat-
ed that the proposed sorbent remains stable over at least
three sorption cycles.

Based on the results of the present study, we propose
a process scheme for the recycling of spent low-temper-
ature carbon monoxide oxidation catalysts containing
PdCl, and CuBr,, which includes the following stages:

1) leaching of the spent catalysts with 1 M HCI;

2) adjustment of the acidity of the resulting solution

topH 1;

3) sorption onto the APTES sorbent;

4) washing of the sorbent with water;

5) desorption of palladium using a hydrochloric acid

solution of Thio;

6) recovery of palladium from the resulting eluate.

During the sorption stage, selective sorption of pal-
ladium onto the APTES sorbent occurs, while non-fer-
rous metals are concentrated in the solution combined
with the wash water after sorption [21].

It should be noted that during the desorption stage, a
tetrathiourea complex of the composition [Pd(Thio)4]2+
of orange color is formed in the eluate [20], from which
an X-ray amorphous precipitate of metallic palladium
can be obtained by treatment with a 5 M NaOH solu-
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Table. 5. Results of the experiment on the separation of Pd(IT), Cu(II), and AI(III) using the APTES sorbent
Tabnuua 5. Pesynbrarsl akcriepuMenTa o pasaenaenuto Pd(I1), Cu(Il) u AI(IIT) na copbente APTES

Sorption stage Washing stage Elution stage
rg % g (combined solutions after sorption (solution after elution
Experiment sorbs 70 and washing), Ey,q,, % with 5 % Thio in 0.1 M HCI)
Pd Cu Al Pd Cu Al Vioution» ML | Cpy, ng/mL | EN4 %
1% cycle >99.9 15.1 1.3 ok 95.2 99.0 8.5 406 90.1
2% cycle >99.9 17.0 4.6 *E 98.0 97.1 11.4 212 89.1
3%t cycle >99.9 18.3 17.2 *E 97.0 95.2 9.9 164 84.8

" Cpg = 15 mmol/L, Cc, = 49 mmol/L, Cx; = 60 mmol/L, Cyy
" Pd(II) ions were not detected in the solutions.

=0.1 M, my,, =0.15 g.

tion. Indeed, according to X-ray photoelectron spec-
troscopy data, the binding energies of the Pd 3d3,, and
3ds, electrons in the investigated sample are 341.1 and
335.8 eV, respectively, which correspond to metallic
palladium (Pd®) [41]. In this process, thiourea, which is
oxidized to formamidinodisulfide (Fds), acts as a reduc-
ing agent for palladium (EOPd2+/Pd = 0.92 V); the stand-
ard redox potential of the Fds/2Thio system is 0.42—
0.48 V [42].

The recovery of palladium into the solid product is
practically quantitative.

Conclusions

1. Under static conditions, the sorption behaviors of
Cu(II), Ni(II), and Fe(III) ions on IDA-D, AMPA-D,
and PA-D sorbents as a function of solution acidity were
investigated. For the IDA-D sorbent, the effect of chlo-
ride ion concentration was additionally studied. Based
on the obtained results, IDA-D can be recommended for
the removal of base metals.

2. Based on the sorption data for Pd(II), Cu(II),
Ni(IT), and Fe(III) ions onto the specified sorbent under
dynamic conditions, it was established that the prelimi-
nary recovery of base metal ions from process solutions
formed during the processing of various types of noble
metal-bearing raw materials (in this study, palladium)
by sorption onto complexing chemically modified silicas
does not ensure the selective separation of Pd(II).

3. Using model solutions simulating those formed
during the regeneration of low-temperature carbon
monoxide oxidation catalysts and containing chlo-
ride and bromide anions, the possibility of sepa-
rating palladium from non-ferrous metals by sorp-
tion onto chemically modified silica bearing grafted
v-aminopropyltriethoxysilane (APTES) groups was
demonstrated.Considering the chemical states of the
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sorbed ions, the equilibrium times for Pd(I1I), Cu(II),
and AI(III) sorption were determined under static
conditions, and the dependencies of their sorption on
solution acidity were established. It was shown that the
sorption capacities for Pd(II) and Cu(II) decrease with
increasing HCI concentration from 0.1 M to 4 M, while
AI(IIT) begins to sorb at HCl concentrations above
1 M, with its sorption capacity remaining practically
constant.

4. The optimal conditions for the separation of
Pd(II), Cu(II), and AI(IIT) ions on the APTES sorbent
under dynamic conditions were determined: sorption
from 0.1 M HCI, washing the sorbent with water, and
desorption of Pd(II) with a 5 % Thio solution in 0.1 M
HCI. It was found that under these conditions, the sepa-
ration of palladium from non-ferrous metals is achieved
already during the sorption and washing stage.

5. Metallic palladium is obtained by reducing the
thiourea eluate with 5 M NaOH solution.
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Grain structure simulation
in a large-scale casting made
of VZhL14N-VI nickel-base superalloy
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Abstract: The study addresses the problem of predicting the grain structure in large-scale castings made of the VZhL14N-VI nickel-base
superalloy, which are bodies of revolution with very thin walls. To this end, the ProCast casting simulation software was used, including its
CAFE module for grain structure prediction. Cooling rates in various areas of the casting were determined by computer simulation. Grain size
measurements were then performed on real samples produced under industrial conditions at PISC UEC Kuznetsov (Samara, Russia), and the
correlation between grain size and cooling rate was established. It was found that grain size is affected not only by the cooling rate, but also by
the geometric features of the casting, particularly its thermal modulus (according to Chvorinov’s rule). The results show that ProCast can be
effectively used to predict casting defects in large-scale castings made of nickel-base superalloys. A comparison of the temperature-dependent
density, specific heat capacity, and thermal conductivity of the VZhL14N-VI alloy — obtained through both direct measurements and ProCast
thermodynamic database calculations — showed that the computed data are sufficiently accurate for use in casting process simulations. The
CAFE module was found to be applicable for predicting grain structure in castings; however, accurate simulation requires the specification of
key parameters, primarily the degree of undercooling during solidification and the number of grain nuclei in the alloy. Since these parameters
cannot be measured directly, further research is required to determine them.

Keywords: nickel-base superalloys, VZhL14N-VI, investment casting, grain size, casting simulation, ProCast, CAFE module, thermal
modulus.
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MoaeaupoBanne MAKpPOCTPYKTYPbI
KPYNHOTra0apUTHOMH OTIMBKH
U3 XKaponpoyHoro HukeJjieBoro cnjaasa B2KJ114H-BU

A.B. Konrbirun', A.A. Huknuna', A.A. Benosa', B.E. Baxkenos', B.JI. Benos!, E.IO. H_[e)]pl/lHZ

! Hanuona 1bHBIii HCCIE10BATENbCKMIl TEXHOIOTHYECKHi yuuBepcuretr «<MUCHUC»
Poccus, 119049, r. MockBa, JleHuHckuii np-t, 4, cTp. 1

2 ITyonuunoe akuuoHepunoe oomectTBo «OJIK-Ky3nenon»
Poccus, 443009, r. Camapa, 3aBoackoe 1mocce, 29

< Angpeit Banumosuy Konteirus (misistip@mail.ru)

Annorauus: B pabore paccMoTpeHa nmpobieMa MporHo3upoOBaHUS 36PEHHOM CTPYKTYPbl B KPYITHOTra0apUTHBIX OTJIMBKAX U3 HUKEJIEBOTO
KaporpouHoro criiaBa BXKJI114H-BU, npeacTapisiioninx co6oii Teja BpalleHus ¢ BeCbMa TOHKUMU JTUTBIMU CTeHKaMU. [IJ1s1 9TOTO UCTIONb-
30BaJjlaCh CUCTEMa KOMITbIOTEPHOI'O MOACIMPOBAHUS JUTEHBIX TIpolieccoB ProCast ¢ MoxysieM 11st pacueTa 3epeHHO# cTpykTypsl CAFE.
[TyTeM KOMIIBIOTEPHOTO MOIEIMPOBAHSI OTIPEIeIeHa CKOPOCTh OXJIaXKACHUS B PA3IMYHBIX YaCTSIX OTIMBKU, MTOCJIE YeTO Ha peabHBIX 00-
pasuax, MoJydyeHHBIX B YCJIOBUSIX MPpoMbIlieHHOro npoussoactsa B [1AO «OK-KysHenos» (r. Camapa, Poccust), onpeneneHbl pazMepsl
3epeH U MOCTPOEHA MX 3aBUCUMOCTH OT CKOPOCTHU OXJIAXKICHUS OTTUBKU. YCTAHOBJICHO BIUSIHYE HA pa3Mep 3epHA HE TOJIBKO CKOPOCTHU OX-
JIaXXIEHU S, HO U TEOMETPUYECKUX OCOOEHHOCTEH OTJIIMBKHM, B YACTHOCTH €€ TEPMUUECKUIT MOy b (MpUBeAeHHas TonuHa). [lokazaHo, 4To
cuctema ProCast MoxeT ObITh 3(D(EeKTUBHO UCTIOIb30BaHA IJIsI TPOTHO3UPOBAHUSI TUTEHHBIX 1e(EKTOB B KPYITHOTa0APUTHBIX OTIMBKAX M3
KapoMpPOYHBIX HUKEJIEBbIX CIJIABOB. [Ipy 3TOM MyTeM CpaBHEHU s TEMIEPATyPHBIX 3aBUCUMOCTEM MIOTHOCTH, TEMJIOEMKOCTHU U TEIJIONPO-
BonHocTHu criaBa B2KJT14H-BU, nmony4yeHHBIX TPSIMBIMU U3MEPEHUSIMU U PACYETOM C UCITOJIb30BaHMEM TepMOoaMHaMuueckoi 6a3bl ProCast,
BBISIBJICHO, UTO PACYETHBIC JaHHbIE JOCTATOYHO TOYHBI JJIs1 UCTIOJb30BaHUS UX B KOMITBIOTEPHOM MOAEJMPOBAHUY JIUTEHHBIX TPOLECCOB.
YcranosieHo, uto Mmonyib CAFE MoxeT ObITh BOCTpe6OBaH 1151 TPOrHO3MPOBAHMSI 36pPEHHOI CTPYKTYPHI B OTJIMBKE, OMHAKO IUJISI €T0 KOp-
PEKTHOTO MPUMEHEH U] HEOOXOAMMO YCTaHOBJICHME MapaMeTPOB MOJEIMPOBAHUSI, TIPEXK /1€ BCETO BEJIMYMHBI TEPEOXTaXKACHU S IPU 3aTBEP-
NeBAaHUM U KOJMYECTBA 3apOAbILICii 3epeH B cruiaBe. [10CKONBKY 9TH MapaMeTphl He MOAIAIOTCS MPSIMOMY M3MEPEHUIO, UX OINpe/ieIeHIe
MOTPeOyeT NOMOTHUTETbHBIX UCCIEIOBAHU M.

KuroueBbie cioBa: xkaporpouHble HUKeneBble crutaBbl, BXKJI14H-BU, nuThe 1Mo BBITIIABISIEMBIM MOJCISIM, pa3Mep 3epHa, MOACINPOBaHNE
nuTeitHbIX npoueccos, ProCast, CAFE.

BaaronapnocTn: PaboTa BbinosHeHa pu GpMHAHCOBOM NoAAep:kKe MUHUCTEpCTBa HAyKH 1 BBICIIero oopasoBaHus Poccuiickoit @enepannu
B pamkax [loctanosnenust [1paButenbctBa Ne 218 1o cornamieHuio o nmpexpoctaBiennu cyocuauu Ne 075-11-2022-023 ot 06.04.2022 1. «Co-
31aH1e TeXHOJIOTUH U3TOTOBJICHU ST YHUKATbHBIX KPYITHOra0apUTHBIX OTIMBOK M3 KapOMPOYHBIX CIIIaBOB AJ151 Ta30TYPOMHHBIX IBUTATENCH,
OPUEHTUPOBAHHOM Ha UCTIOTb30BAHNE OTEUECTBEHHOTO 000PYIOBAHUSI M OPTAHU3ALIMIO COBPEMEHHOT0 pecypcoddheKTUBHOTO, KOMITBIOTE-
POOPHEHTHPOBAHHOIO TUTEHHOTO MPOU3BOICTBA.

g nurupoBanusa: Konteirun A.B., Hukutuna A.A., benosa A.A., baxenos B.E., benos B.Jl., lllenpun E.FO. MonenupoBaHue Makpo-
CTPYKTYPbl KPYIHOrabapuTHOM OTIIMBKM M3 XaponmpouyHoro Hukesesoro criasa BXKJI14H-BU. Hzeecmus eysos. Lleemnas memannypeus.
2025;31(2):55—65. https://doi.org/10.17073/0021-3438-2025-2-55-65

Introduction

Nickel-base superalloys are widely used as materials This alloy is used for large-scale cast GTE com-
for manufacturing combustion chamber components of ponents and is characterized by a high content of the
gas turbine engines (GTEs) [1; 2]. The composition of strengthening y” phase (Nis(Al,Ti)) [I—3]. In addition,
the VZhL14N-VI alloy (OST 1 90126-85) is given below  the alloy is further strengthened by the precipitation of

(wt. %, max)': fine particles of & (Ni3Nb), 1 (Ni3Ti), and ¢ (CrFeMoNi,
N Balance CrMoNi, (Cr,Mo);Ni) phases, as well as MC, M23C6,
Careeeeeeeee e 0.08 and M6C carbides (where M is mainly Cr, but also Ti,
Clicieieeeee e 20.0 Nb, and Mo) [4—8]. The high performance properties of
LY (o RSO 5.0 VZhLI14N-VI castings depend on their as-cast structure
N O 1.5 and its evolution during heat treatment [1; 4; 9], which
TR 2.9 are determined by a combination of grain size and the
NDucerevveeeeenessssssessseseees 2.8 amount, size, and distribution of carbide and strength-
F.ovrrrrereersesssssssneeesessenn 10.0 ening phases.

The grain size in a casting is affected by the cooling

I Unless otherwise stated, all compositions are given rate achieved during the solidification interval of the al-

inwt. %. loy. An increase in cooling rate leads to a higher ther-
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mal gradient in the melt ahead of the solidification front,
which results in the formation of a larger number of crys-
tals in the two-phase region of the solidifying casting. As
a result, competitive grain growth leads to grain refine-
ment [10—12].

To simulate the grain structure in castings, the Pro-
Cast (ESI Group) casting simulation system is com-
monly used, which includes a dedicated CAFE module
for grain structure prediction [13]. This module enables
the simulation of grain size, shape, and growth direction
in castings with equiaxed, columnar, or single-crystal
structures [14]. The CAFE module has shown good per-
formance in predicting grain structures in small-scale
nickel-base superalloy castings, including turbine blades
[15, 16]. However, its application to large-scale castings
is limited by the extremely large number of elements in
the computational mesh.

In this study, the effect of casting conditions in a shell
ceramic mold on the macrostructure of a VZhL14N-VI
alloy casting was investigated using computer simula-
tion methods. An attempt was also made to use the CA-
FE module to predict grain size in large-scale castings.
The simulation results were compared with experimen-
tal measurements of grain size on samples cut from the
casting, with the aim of assessing the effect of cooling
rate on grain size in large-scale castings with significant
wall thickness variations.

Materials and methods

The test casting was produced using refractory
shell molds by investment casting technology. Fused
quartz of various fractions, manufactured by JSC
DINUR (Pervouralsk, Russia), was used as the filler
for both slurry and stucco coatings. Ultracast One+
and Ultracast Prime binders (Technopark LLC, Mos-
cow, Russia) were selected for preparing the refractory
slurry. The charge material was a ready-made batch
of VZhL14N-VI alloy produced by the All-Russian
Scientific Research Institute of Aviation Materials
(VIAM, Moscow, Russia). Melting and pouring were
performed using the VIAM-24 vacuum induction
melting and casting unit (Russia) according to the
process specifications of PJSC UEC-Kuznetsov (Sa-
mara, Russia).

To reveal the macrostructure, a metallographic
template was cut from the casting (Fig. 1) after heat
treatment, in a plane passing through the axis of rota-
tion. The sectioned surface of the template was ground
and polished using abrasive materials to obtain a mir-
ror-like metallographic surface. The surface was then
etched using Marble’s reagent (20 g Cu,SOy, 100 mL hyd-

rochloric acid, 100 mL ethanol) [17]. Macrostructure
images were acquired using a Canon EOS 6D digital
camera equipped with a Volna-9 macro lens and exten-
sion tubes.

The casting process simulation was carried out
using the ProCast software (ESI Group), which has
proven effective for simulating investment casting
processes involving ceramic shell molds [18—20].
The CAD model included representations of the
casting, ceramic mold, insulation, flask, and inter-
nal furnace space. The simulation was performed
taking into account a 20-minute pre-cooling period
of the mold prior to pouring (pouring temperature:
1490 °C), as well as radiative heat transfer. A more
detailed description of the simulation procedure is
available in [13]. The thermophysical properties of
the refractory materials used in the simulation were
found to be in good agreement with data reported by
other researchers [21; 22] The grain structure of the
casting was simulated using the CAFE module of the
ProCast software. The initial CAFE calculation pa-
rameters were adopted from [23].

To refine the thermophysical properties of the
VZhLI4N-VI alloy, measurements were conducted to
determine the density (p), specific heat capacity (C,),
thermal conductivity (A), and thermal diffusivity (A =
= apC,), as well as their temperature dependence.

Density at 25 °C was measured using the hydro-
static weighing method. The p(f) dependence was cal-
culated based on the thermal expansion coefficient
measured with a DIL 402C dilatometer (NETZSCH,
Germany). Thermal diffusivity was evaluated by
the laser flash method using an LFA 447 instrument
(NETZSCH). Specific heat capacity was measured
using a DSC 204 F1 Phoenix differential scanning
calorimeter (NETZSCH).

T
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’ )

| —
—

Fig. 1. Schematic cross-section of the test casting

Maximum overall dimension: 690 mm

Puc. 1. Dcku3 TeCcTOBOI OTJUBKU B pa3pese

MakcumainbHblil rabapuTHBIit pazmep 690 Mm
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Results and discussion

The test component, produced at PJSC UEC-
Kuznetsov, is a large shell-type casting in the form of a
body of revolution, with a maximum diameter of about
685 mm and a predominant wall thickness of 6 mm.
Figure 2 shows its macrostructure in a longitudinal sec-
tion through the axis of rotation.

It can be seen that grain size varies significantly
across different areas of the casting. During the solid-
ification of massive regions near the mold surface, a
fine-grained structure forms, which rapidly transitions
into a coarse-grained one. In the thin-walled sections,
such transitions are not observed, and the structure re-
mains relatively homogeneous and fine-grained. It is
well known that such a structure is most desirable in
polycrystalline castings, including those made from
nickel-base superalloys, as it ensures optimal mechan-
ical properties of the cast part in accordance with the
Hall—Petch relationship [10].

Thus, the highest cooling rates during solidifica-
tion were observed in the regions with the smallest

grain size, while the lowest cooling rates corresponded
to coarser-grained areas. In practice, direct meas-
urement of the cooling rate in a solidifying casting
is difficult; therefore, the pouring and solidification
processes of the VZhL14N-VI alloy were simulated to
estimate the cooling rates in different regions of the
casting.

Due to equipment limitations, direct measurements
of the thermophysical properties of the VZhLI4N-VI
alloy were restricted to a relatively narrow temperature
range (up to 300 °C). To extend the dataset, tempe-
rature-dependent properties were calculated using the
ProCast thermodynamic database. These calculated
values were validated by comparing them with experi-
mental results. Fig. 3 shows both measured and simu-
lated temperature dependencies of density, specific heat
capacity, and thermal conductivity for the VZhL14N-VI
alloy. The comparison confirms a good level of agree-
ment. The calculated data were subsequently used in the
simulation workflow.

The cooling rate in a ceramic shell mold is affected
by numerous external factors, all of which were ac-

Fig. 2. Grain structure of the test casting wall (etched)

1—9 — grain size measurement areas

Puc. 2. MakpocTpyKTypa CTEHKH TECTOBOI OTIMBKHM (TPaBJIEHO)

1—9 — obnactu onpeneneHust pa3MepoB 3epeH
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counted for in the simulation [13]. Fig. 4 presents the
relationship between grain size and cooling rate within
the solidification interval, based on simulation results at
the locations where grain size measurements were per-
formed, as shown in Fig. 2.

At constant wall thickness, higher cooling rates
generally result in finer grain sizes. However, this
trend is not observed in the relatively thick-walled
areas corresponding to points 2 and 5 in Fig. 2: the
grain sizes there are nearly identical despite diffe-
rences in cooling rate. Fig. 5 presents the calculated
thermal modulus (equivalent wall thickness) [12] and
the temperature distribution across the cross-section
of the casting at the moment of mold filling. It can
be seen that the areas corresponding to points 2 and
5 had lower initial temperatures — close to the alloy’s
liquidus temperature — compared to neighboring are-
as. In addition, these areas exhibited a higher thermal
modulus than the surrounding regions in the same
cross-section.
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These findings suggest that in castings with complex
geometry, the relationship between grain size and wall
thickness is not always clearly defined when comparing
areas of different thicknesses. However, a consistent
correlation between grain size and thermal modulus
can be observed in areas with similar wall thickness.
For example, in areas 1, 9, and 3 (see Fig. 2), the grain
size increases progressively (see Fig. 4), which corre-
sponds to an increase in the equivalent wall thickness
(see Fig. 5). This correlation is logical, as the thermal
modulus is defined as the ratio of the volume of a giv-
en casting region to its cooling surface area. A higher
thermal modulus indicates slower heat removal and a
more uniform temperature distribution in the solidify-
ing casting. Therefore, grain size appears to depend not
only on the cooling rate, but primarily on the degree of
undercooling achieved in the molten alloy ahead of the
solidification front [24; 25]. This principle underlies
the grain size prediction model implemented in Pro-
Cast [20; 23].

C,, J(gK)
0-

0.8
0.6 2

-

0.4 4

0.2

0 400 800 1200 1600 £, °C

Fig. 3. Temperature dependence of density (a),
specific heat capacity (b), and thermal conductivity (c)
of the VZhLI14N-VI alloy

1 — experiment;

2 — simulation using the ProCast thermodynamic database

Puc. 3. 3aBucumMocTu MIOTHOCTH (@),
TEeTI0eMKOCTH (b) ¥ TETLJIONIPOBOIHOCTH (C)

craBa BXKJI14H-BU ot remnepatypsl

1 — DKCTIEpUMEHT,

2 — pacueT ¢ MOMOIIbIO TepMOAMHaAMUYecKoi 6a3bl ProCast
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Figure 6 shows the simulation results for the solid
phase fraction in the casting at the beginning and just
before the end of solidification. It can be seen that an

Grain size, mm

Location in the casting ‘Wall
14 3 O Y-shaped-junction ~ thickness, mm
T O Thermal node o6
& Thick wall s
A Thin wall 10
1.2 , w O

[IRE
|:|14
[ ]

1.0 1

0.8 4

Cooling rate, °C/min

Fig. 4. Grain size vs. cooling rate in the solidification interval
for the casing-shaped test component

Points /—9 correspond to the locations shown in Fig. 2

Puc. 4. 3aBucumocTts pa3mepa 3epHa B OTIUBKE «KOPITYC»
OT CKOPOCTH OXJIaXXIEHU S B UHTEPBaJie KPUCTATTU3ALUYN

Ludpst /—9 cOOTBETCTBYIOT TOYKAaM, 0003HAUEHHBIM Ha puC. 2

1.00

0.95

0.90

0.85

a

isolated thermal node forms at the Y-shaped junction
of the walls (position 4), which leads to the forma-
tion of shrinkage porosity in this area, confirmed by
metallographic examination. The presence of shrink-
age defects does not affect the grain size in the cor-
responding areas (see Fig. 3). It should be noted that
the revealed porosity zone was not identified during
production using non-destructive testing methods and
was discovered only after analyzing the simulation re-
sults. This demonstrates the great potential of comput-
er-aided casting process simulation for improving the
quality of castings.

The results of grain structure simulation using the
CAFE module are shown in Fig. 7, with the input pa-
rameters listed in the accompanying table. The initial
simulation (Fig. 7, @) was performed using parameter
values proposed for the IN713C nickel-base superal-
loy [23]. However, since the VZhL14N-VI alloy has a
different composition and was cast under conditions
differing from those described in [23], the simulation
parameters may vary significantly, and the simulation
results may not correspond to the actual grain struc-
ture observed in the casting. Nevertheless, due to the
lack of verified data for VZhL14N-VI, the param-
eters for IN713C superalloy were used as a starting
point [23].

As shown in Fig. 7, a, the simulated grain sizes are
significantly larger than those observed in the real cast-
ing. Nevertheless, the main trends are consistent with

WA

1410

1370

R —

1350

Fig. 5. Thermal modulus (3) — equivalent wall thickness (a), and temperature at the moment of mold filling (b)

Puc. 5. Tepmuueckuit MOy Ib OTIIMBKY (8) — MPUBEICHHAsI TOJNIIMHA CTEHKY (&)

M TeMIlepaTypa B MOMEHT 3aIoJHeHu s hopMbI (b)
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Solid phase

fraction
1.000
0.933
0.867
0.800
0.733
0.667
0.600
0.533
0.467
0.400
0.333
0.267
0.200
0.133
0.067
0

Fig. 6. Simulation results: solid phase fraction after 95 s (a) and 157 s (b) from the start of pouring; structure in area 4
on a polished sample (c¢) (dashed outline indicates the porous region; individual pores are marked with circles)
and on an etched sample (d)

Puc. 6. PesynbraTel MomeanpoBaHUs: 00 TBepaoii dassl cirycts 95 ¢ (a) u 157 ¢ (b) ¢ Havasa 3aTUBKU
U CTPYKTYpa B 30HE 4 Ha IOJUPOBAHHOM (MMYHKTUPOM BbIJIeJIeHa 00J1aCTh TOPUCTOCTH, OTACTbHBIMU OKPYKHOCTSIMU —
BU3YyaJIbHO 3aMeTHBIE TTOPHI) (¢) 1 TpaBieHOM (d) oOpasiax

Fig. 7. Results of grain structure simulation using the CAFE module
Simulation cases: / (a), 2 (b), 3 (c), and 4 (d) (see table)

Puc. 7. Pe3ynbraThl MOICIMPOBAHMSI 36PEHHOI CTPYKTYPbl OTJIMBKHU ¢ UcnojibzoBaHueM moayist CAFE
BapuanTsl MmonenupoBanus I (a), 2 (b), 3 (¢) u 4 (d) (cM. TabauiLy)

the actual structure observed in the casting. The main are defined separately for the casting volume and the
parameters affecting the simulated grain size include mold-contacting surface layer [16].

the average undercooling (Af,,), its deviation (Afg,), Since the initial simulation produced grains larger
and the number of grain nuclei in the melt (n,,,,), which  than those found in the actual casting — while the overall
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Key parameters in grain structure simulation with the CAFE module

OCHOBHbIE TTapaMeTPbl MOJIETMPOBAHUSI 36PEHHOI CTPYKTYPBI OTJIMBKHU € ucoib3oBaHueM moayist CAFE,

NPpUMEHABIIUECCA B pa60Te

A K Atger, K Mnaxs m‘3, m—2
Simulation case
Volume Surface Volume Surface Volume Surface
1123] 5-107 1-10%
2 1-107 5-10%
6.5 5.5 0.7 0.2
3 5-107 1-10°
4 1-108 5-10°

distribution pattern remained comparable — subsequent
iterations retained the same undercooling parameters
but increased the number of grain nuclei. In practice, it
is extremely difficult to determine the actual number of
grain nuclei present in the alloy under industrial casting
conditions. Therefore, this number must be adjusted by
comparing simulation results with experimentally ob-
served grain structures. This approach requires a sepa-
rate, resource-intensive study.

The results of the follow-up simulations are shown in
Fig. 7, b—d. 1t is evident that increasing the number of
grain nuclei in the alloy leads to grain refinement in the
casting.

Thus, it is possible to select a combination of ini-
tial parameters that yields results correlating with data
obtained from actual castings. These parameter values
can subsequently be used in simulations to predict grain
structure in castings. However, selecting such param-
eters requires additional studies on a series of castings
followed by corresponding simulations. It should also be
noted that grain structure simulation in large-scale cast-
ings is a highly resource-intensive and time-consuming
process that requires the use of high-performance com-
puting systems.

Conclusions

1. Grain size in large-scale castings made of nick-
el-base superalloys depends on the thermal conditions
during solidification — primarily the cooling rate,
equivalent wall thickness, and thermal gradient devel-
oped in the casting during solidification.

2. Computer simulation using the ProCast software
enables the determination of cooling rates in various ar-
eas of the casting and helps identify their effect on grain
size in walls of similar thickness. In cases of significant
variation in wall thickness, grain size is influenced by
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multiple factors and does not always correlate directly
with cooling rate.

3. The CAFE module can be used to simulate grain
size in the walls of large-scale castings made of nick-
el-base superalloys; however, preliminary studies are
required to determine key simulation parameters, espe-
cially the number of grain nuclei.

4. The ProCast simulation software can also be used
to reliably predict shrinkage-related casting defects in
large-scale castings made of nickel-base superalloys.
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Abstract: Antifriction tin bronzes are used in the aerospace industry to manufacture components that operate in friction assemblies at
elevated temperatures. This is due to the alloy’s favorable combination of antifriction, mechanical, and corrosion properties. In particular,
tin bronze C92900 (alloy Cu—10Sn—3Ni—2Pb (wt. %)) is widely used in such applications. It is employed in the production of braking system
components and plunger pump parts. Currently, these parts are manufactured by machining ingots produced through casting with directional
solidification. However, this method has a low material utilization rate, typically between 5 % and 15 %. The most promising method for
producing C92900 ingots is upward continuous casting technology, which allows the ingot dimensions to closely match those of the finished part.
This significantly reduces machining effort and increases metal utilization to 95 %. This study presents the results of process development
for the upward continuous casting technology of 15 mm diameter C92900 ingots. The structure and properties of the castings were also
investigated. It was shown that as the casting speed increased from 90 to 360 mm/min, the volume fraction of the y-Cu;Sn intermetallic
phase increased, while the amount of tin-based solid solution remained nearly unchanged. At the same time, the phase distribution became
more refined. The macrostructure consisted of columnar and equiaxed grains. As the casting speed increased, the columnar grains became
more tilted relative to the direction of heat removal. The hardness increased from 127 £ 2.73 to 136 + 4.25 HB, and the tensile strength
and elongation slightly increased up to 250 mm/min, then decreased at 360 mm/min, which was associated with the macrostructure
approaching a transcrystalline form. The study also examined shrinkage cavities and segregation defects in ingots cast at 150 mm/min and
analyzed their causes. Finally, the paper provides recommendations for optimal casting parameters for 15 mm diameter ingots produced by
upward continuous casting technology.

Keywords: upward continuous casting technology, antifriction bronze, C92900, mechanical properties, ingot defects.
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AnHoTanus: AHTUQPUKIMOHHbBIE OJIOBSTHHBIE OPOH3BI KCTIOJIb3YIOTCS B ABUACTPOCHU Y JIJISI U3TOTOBJICHU S IeTaieii, paboTalONIMX B y3J1aX
TPEHUsI IPU MOBBIILIEHHbIX TEMIIEpaTypax. 3TO 00YCIOBJIEHO XOPOLIMM COYeTAHUEM aHTU(PPUKLIMOHHbBIX, MEXaHUYECKUX U KOPPO3UOH-
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HBIX CBOMCTB crjiaBa. B yacTHOCTU, B TaKMX U3IEAMIX LIMPOKO UCIOJb3yeTcsl ooBsiHHas oOpoH3a bpOl10C2H3. M3 Hee u3roTapiuBaloT
Y3JIBI CUCTEM TOPMOXKEHWU S ¥ IETaJIU TUTYHKEePHBIX HACOCOB. B HacTosi1Iee BpeMs IeTalu U3 9TOM OPOH3BI TPOM3BOIST MEXaHUUECKOI 00-
paboTKOM CIMTKA, OJYUYEHHOIO HAMOJHUTEJIbHBIM JIMThEM C HallpaBJIeHHOM KpucTajinzauueit. OqHaKo Takoi Crnocod nMeeT HU3KU it
K03 UIIMEHT NCTIOJIb30BaHUsI MaTepualia, KOTopblil cocTaBisieT S—15 %. Hanbosee nepcreKTUBHBIM METOIOM MOJYYeHU S CTUTKOB U3
6pon3sl BpO10C2H3 siByisieTcst HEMPEPHIBHO-TTONIATOBOE JINTHE BBEPX, KOTOPOE MO3BOJISICT MAKCUMAITBHO MPUOTU3UTH Pa3Mephl CITUTKA
K pazMepy AeTajiy, YTO 3HaYMTEJbHO COKpallaeT TPYA0EMKOCTb MEXaHUUECKOi 00pabOoTKM U MOBbIIIaeT KOO DUIIMEHT UCTIONIb30BAHUS
MeTasia 10 95 %. B HacTosiiieit paboTe pUBeIeHbI Pe3yIbTaThl OTPAOOTKM PEKMUMOB JIUThsI CIMTKOB IMaMETPOM 15 MM U3 OJIOBSITHHOM
6pon3sst bpO10C2H3 1o aToit TexHoOTM K. TaKkKe nccaenoBaHbl X CTPYKTYpa U cBolicTBa. [lokazaHo, UTO ¢ yBeJTMUEHUEM CKOPOCTH JIN-
Thbs1 ¢ 90 10 360 MM/MMH B CIMTKAX BO3pacTaeT 00beMHasl 10151 MHTepMeTauinIHoi dasbl y-CusSn, a KOJIMUYECTBO TBEPIOro pacTBOPa Ha
OCHOBE 0JI0Ba IIPaKTUYECKHU He udMeHsieTcsl. [1pu aTom pacnpenenenue ga3 B 6poH3e cTaHOBUTCS 6osiee 1ucnepcHbIM. MaKpOCTPYKTypa
OPOH3BI COCTOMT U3 CTOJIOUYATHIX U PABHOOCHBIX KpUCTAJIOB. C yBeTUUEHUEM CKOPOCTH JIUThSI CTOJIOUYATBIE KPUCTAJIBI MEHSIIOT CBOM
HaKJIOH OTHOCUTEJIbHO HAIpaBJeHUs TEMI00TBOAA, TBEPAOCTh Bo3pactaeT ¢ 127 & 2,73 no 136 + 4,25 HB, a npenes npoyHOCTH U OTHO-
CUTEIbHOE YIJIMHEHNE He3HAUYUTEIbHO MOBBILIAIOTCS P CKOPOCTH JIUThS 10 250 MM/MUH, a 3aTeM CHUXatoTcs rnpu 360 MM/MWH, 4TO
CBSI3aHO C TPUOIMKEHUEM MaKPOCTPYKTYPBI K TPAHCKPUCTATUTHOM hopme. B paboTe Takke mpoaHaIM3uPOBaHbI NeeKTHI (YKUMUHBI
M JIMKBATBI) B CJIUTKAX, MOJYYSHHBIX TPU CKOPOCTU TUThs 150 MM/MUH, U TPUUMHBI UX BOSHUKHOBeHUsI. B 3akyitoueHune chopmyanpona-
Hbl PEKOMEH AU U 110 PEXXMMaM JIUThSI CIMTKOB TMaMETPOM 15 MM IIpU HENPepbIBHO-IOLIArOBOM JIUTHE BBEPX.

KuoueBbie c10Ba: HEMPEPBIBHO-TONIATOBOE JINTHE BBEPX, aHTUGhPUKIIMOHHAs O6poH3a, bpO10C2H3, mexanuveckue cBOMCTBa, NeDEKTHI
B CJIMTKAX.

s nurupoBanusi: Mutesa JI./1., TutoB A.1O., bapanos U.U., baznosa T.A., Hukutuna A.A., benos B.[l. UccnenoBanue BiusiHus pe-
SKMMOB TOJYUYEHU s CIUTKOB METOIOM HEMPEPbIBHO-TMOLIATOBOTO JUThSI BBEPX HA CTPYKTYPY U CBOICTBAa aHTUDPUKIIMOHHON OPOH3BI

BbpO10C2H3. Uzsecmus ey3oe. llsemnas memannypeus. 2025;31(2):66—75. https://doi.org/10.17073/0021-3438-2025-2-66-75

Introduction

Tinbronze C92900 is widely used in the aecrospace in-
dustry due to its advantageous combination of strength,
corrosion resistance, and antifriction properties [1; 2].
It is most commonly used for manufacturing compo-
nents that operate in friction assemblies under elevated
temperatures [3; 4]. These parts are typically produced
by machining ingots obtained through gravity casting
with directional solidification of the alloy. However, this
casting method has a low material utilization rate and
requires the use of a large feeder head to compensate
for solidification shrinkage [5]. This is due to the alloy’s
tendency to form shrinkage porosity, which results from
the wide solidification temperature range of the alloy
(70 to 200 °C) [6]. To reduce porosity, special wa-
ter-cooled molds are used. These ensure a high cooling
rate and create favourable conditions for directional so-
lidification of the alloy [5].

The most promising and cost-effective method for
producing C92900 blanks is upward continuous cast-
ing technology [5; 7]. This method enables the pro-
duction of ingots with diameters ranging from 15 to
55 mm with minimal shrinkage porosity. This is
achieved by promoting directional solidification and
ensuring a high cooling rate during solidification. In
addition, this casting method reduces the labour inten-
sity of machining and increases material utilization to
upto 95 % [8; 9].

It is known [8; 10] that the ingot casting speed during
upward continuous casting significantly affects the al-
loy’s micro- and macrostructure. This is due to the
increasing intensity of heat removal through the lat-

eral walls of the graphite sleeve of the mold. As shown
in [5] for ingots produced by gravity casting, the cool-
ing conditions during solidification influence the quan-
tity, distribution, and size of the structural constituents
in C92900 bronze, which in turn affects the mechani-
cal properties of the ingots. However, no such data are
available for C92900 ingots produced by upward contin-
uous casting.

The aim of this study was to investigate the effect of
casting speed on the structure and properties of C92900
bronze in 15 mm diameter ingots produced by upward
continuous casting.

Experimental

To prepare the C92900 bronze samples, primary
metals of industrial purity were used: copper grade M1,
tin grade O1, nickel grade N-1, and lead grade S1. The
alloy was melted in a high-frequency induction crucible
furnace (RELTEK, Russia) with a 50 kg capacity, using
a graphite-chamotte crucible. To protect the melt from
oxidation and hydrogen absorption, the smelting pro-
cess was carried out under a charcoal cover pre-dried at
120—150 °C. The full charge of nickel and copper was
first placed into the crucible. The melt was then heat-
ed to 1150—1200 °C and held at this temperature to
ensure complete dissolution of nickel. Deoxidation was
performed using a copper—phosphorus master alloy
(MF10). Tin and lead were introduced at 1150 °C, with
the melt held for 3—5 min after each addition. Degas-
sing and removal of non-metallic inclusions were per-
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Table 1. Chemical composition of C92900 bronze
Tabauua 1. Xumuueckuit coctaB 6poHssl bpO10C2H3

Elements, wt. %

Impurities, max wt. %

Composition
Cu Ni Sn Pb Fe Zn P Si Al Sb Bi
As per OST 1 90054-72 Balance 3-4 9-11 2-3.25 <03 <05 <0.1 <0.02 <0.02 <03 <0.02
Actual Balance 3.46 10.81 2.37 <0.01 <0.01 0.019 <0.005 <0.003 <0.01 <0.003

formed by argon purging (grade 5.6, high purity) for
5—7 min. The chemical composition of the C92900 al-
loy was determined using a Q4 Tasman optical emission
spectrometer (Bruker Quantson, USA) and is presented
in Table 1.

The casting process was carried out using the
PUVL-450.PS portal-type upward continuous casting
unit (NL-Engineering LLC, Belarus), which operates in
a cycle of forward stroke — pause — reverse stroke. The
working part of the mold (sleeve) was made of graphite
grade MPG7. Before casting, the mold was immersed
into the melt (temperature: 1100 = 10 °C) to a depth
of 115 £ 5 mm. The experiments were conducted by
varying the forward stroke length and pause durations.
The casting parameters are presented in Table 2.

To reveal the alloy’s macrostructure, an etchant with
the composition 5 g FeCl; + 15 mL HCI + 50 mL H,O
was used. The microstructure of the bronze was exam-
ined using a Vega SBH3 scanning electron microscope
(Tescan, Czech Republic) equipped with an Oxford
energy-dispersive spectroscopy (EDS) system. The
phase fractions in the structure were determined using
ImageJ 1.52a image analysis software (National Insti-
tutes of Health, USA).

Brinell hardness was measured using a NEMESIS
9001 universal hardness tester (INNOVATEST, Nether-
lands) under the following test parameters: 2.5 mm
diameter steel ball, 187.5 kgf (#1839 N) load, and a 10 s
dwell time.

Table. 2. Casting modes of 15 mm diameter C92900
ingots produced by upward continuous casting

Tabauua 2. PexxuMbl TUThS CIUTKOB AUAMETPOM 15 MM
u3 6pon3sl bpO10C2H3
METOIOM HETPEPHIBHO-TIOIIATOBOTO JIUThSI BBEPX

Forward Pause Reverse Casting
Mode .
No stroke, duration, stroke, speed,
’ mm S mm mm/min
4 2 1 90
1 1 240
3 7 1 1 360
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Tensile tests were performed using a 5569 universal
testing machine (Instron, USA). The specimens were
machined from the ingots with a gauge section diameter
of 5 mm (specimen type Sh No. 7, in accordance with
GOST 1497-84).

Phase composition calculations were carried out
using the FactSage 8.0 thermochemical software package
(Canada).

Results and discussion

The microstructure of C92900 bronze ingots pro-
duced by upward continuous casting is shown in Fig. 1.
It consists of a copper-based solid solution, eutectic
v-CusSn intermetallic phase, and a lead-based solid
solution [11; 12]. In addition, zonal segregation was ob-
served, resulting in the formation of light regions of the
copper-based solid solution with reduced nickel con-
tent (down to 2—3 %) and elevated tin content (up to
16.5 %), as well as dark regions containing up to 4 % of
both Ni and Sn. The extent of dendritic segregation de-
creases as the ingot casting speed increases [13; 14]. This
is due to enhanced heat removal from the ingot surface
during solidification, which correlates with previously
reported findings [15; 16]. As a result, the tin content
dissolved in the copper-based solid solution in the light
regions decreases to 12—14 %, while in the dark regions
it remains unchanged at 4 %.

Fig. 2 presents an isothermal section of the Cu—
2.5Pb—(9—11)Sn—(3—4)Ni system at 20 °C, construct-
ed using the FactSage software package. It can be seen
that in the region corresponding to the alloy’s chemi-
cal composition (marked as a point on the diagram), in
addition to the phases mentioned above, the SnyNi;Cu
phase is also present. However, this phase could not be
identified in the microstructure. It is likely that it forms
as a result of eutectoid decomposition and occurs only in
minor quantities at the examined casting speeds. Fur-
ther studies are required to confirm this assumption.

! Unless otherwise stated, all compositions are given
inwt. %.
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Fig. 1. Microstructure of C92900 bronze in ingots
Puc. 1. MukpoctpykTypa 6poHssl BpO10C2H3 B cnutkax

Fig. 3 shows the dependence of the volume fraction
and average size (d) of the structural components —
lead phase (a) and y-Cu;Sn intermetallic phase (b) —
on the nuthe (v) of the ingots. It can be seen that as
the casting speed increases, the volume fraction of the
v-Cu;3Sn phase rises from 3.5 £ 0.83 % to 4.7 £ 0.70 %,
while the average grain size remains virtually un-
changed. This is likely due to the increased cooling
rate during solidification, which promotes the forma-
tion of more intermetallics in the alloy structure [7].
The volume fraction of the lead phase increases only
slightly — up to 2.5 £ 0.19 %, and its average grain size
remains stable. However, the lead inclusions become
finer in shape, and their distribution becomes more

Pb, vol. % d, pm
2.8
a1r28
2.6 d 2.6
[ 2.4
2.4 55
Pb
224 9 -2.0
? 1.8
2.0 "
1.8- -1.4
T T T T T T 1.2
50 100 150 200 250 300 350 400
v, mm/min

Ni, wt. %
0

3.8- Ni;Sn + aCu + (Pb) + Sn,Ni;Cu

3.6

34 aCu + (Pb) + Sn,Ni,Cu L

3.2+

Cu;Sn + aCu + (Pb) + Sn,Ni;Cu
3.0 T T T T T T T T T
9.0 9.4 9.8 10.2 10.6 11.0
Sn, wt. %

Fig. 2. Isothermal section of Cu—Ni—Sn—Pb phase
diagram at 20 °C

Puc. 2. 3oTepmMuyeckuii paspes
nuarpamMmmbl Cu—Ni—Sn—Pb nipu 7= 20 °C

dispersed. This can be attributed to the fact that lead
crystallizes last, forming small globules in the inter-
dendritic spaces [17; 18].

The macrostructure of C92900 bronze in the
cross-section of ingots cast at different speeds is shown
in Fig. 4. It can be observed that with increasing cast-
ing speed d, the columnar crystal zone becomes wider,
and the inclination angle (o)) of their growth relative
to the direction of heat removal decreases. At a casting
speed of 90 mm/min, the inclination angle is 52.86 +
+ 8.80° (Fig. 4, a), whereas at 360 mm/min the struc-
ture becomes close to transcrystalline, with an angle of
o =25.10 £ 5.16° (Fig. 4, c¢). This is due to the increase in
the temperature gradient along the graphite mold sleeve

v-Cu,Sn, vol. % d, um

5.5- bl7s
- 7.0

5.0
- 6.5

4.5+
- 6.0
4.0 - L 5.5
3.54 - 5.0
- 4.5

3.0
T T T T T T 4.0
50 100 150 200 250 300 350 400

v, mm/min

Fig. 3. Effect of casting speed on the phase fractions in the structure of 15 mm C92900 bronze ingots: lead phase (a),

v-Cu;Sn phase (b)

Puc. 3. BiusgHaue ckopocTu TUThs cIUTKOB K15 MM 13 6ponH3sl BpO10C2H3 Ha noio ¢a3 B CTpYKType CIijiaBa:

cBUH1I0BOI1 (@) 1 y-CusSn (b)
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and enhanced heat removal from the ingot surface.
A similar pattern was reported by the authors of [8; 19]
for C92900 bronze ingots with a diameter of 25 mm.
The effect of ingot casting speed on the mechanical
properties of C92900 bronze is shown in Fig. 5. As previ-
ously established, an increase in casting speed (v) leads
to a higher volume fraction of the intermetallic phase in
the bronze structure, which in turn causes an increase in
hardness from 127 = 2.73 to 136 £ 4.25 HB. At the same
time, both ultimate tensile strength (6,)and elongation
(0) decrease. The increase in tensile strength at v =
= 240 mm/min is associated with refinement of the
macrostructure, while the subsequent decline is attri-
buted to changes in the growth direction of columnar
crystals. As the macrostructure of the bronze approaches

a transcrystalline form, the alloy strength decreases fur-
ther due to the accumulation of insoluble impurities in
the central part of the ingot [20].

During the development of casting parameters for
15 mm ingots, surface defects were observed on the outer
surfaces of the ingots. These included uzhimina defects
and segregation defects, as shown in Fig. 6. Uzhimina
defects may appear as isolated features or form a ring-
shaped pattern on the ingot surface.

Fig. 7 shows the macrostructure and microstructure
of the alloy in the area of an uzhimina defect. For clar-
ity, grain boundaries in the macrostructure image of
the transverse section are outlined in yellow. Two dis-
tinct regions can be identified within the defect: the up-
per region, containing interdendritic porosity, and the

15 mm

15 mm

Fig. 4. Macrostructure of C92900 bronze in samples from 15 mm diameter ingots
a — v =90 mm/min, inclination angle oo = 52.86° £ 8.80°; b — 240 mm/min, oo = 43.71° = 11.96°; ¢ — 360 mm/min, oo = 25.10° = 5.16°

Puc. 4. Makpoctpyktypa 6poHssl BpO10C2H3 B 06pa3iiax u3 CIUTKOB IMaMEeTPOM 15 MM
a—v =90 Mmm/MuH 1 yron o. = 52,86° £ 8,80°; b — 240 mm/muH u oo = 43,71° + 11,96°; ¢ — 360 mm/MuH 1 o, = 25,10° £ 5,16°

HB
142

138

134 -

130

1261

122

T T T T
200 250 300 350

v, mm/min

50 100 150 400

G,, MPa 3, %
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Fig. 5. Effect of ingot casting speed on the mechanical properties of C92900 bronze

a — hardness, b — ultimate tensile strength and elongation

Puc. 5. BiusHMe CKOPOCTH INThs CIMTKOB Ha MeXaHUUYeCKue cBoiicTBa 6poH3sl bpO10C2H3

a — TBEpPIOCTh, b — mpenes MPOYHOCTU U OTHOCUTENIbHOE YIUIMHEHNE
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Fig. 6. Surface defects on C92900 bronze ingots

Puc. 6. JlechekThl Ha TOBEPXHOCTU CIUTKOB 13 OpoH3bl bpO10C2H3

Low-melting
phase

50 pm

Fig. 7. Microstructure of the uzhimina defect
on a C92900 bronze ingot at magnifications
of 100* (@) and 1000* (b),

and its macrostructure (c)

Puc. 7. Mukpoctpykrypa nedexkra
«yXUMWHa» Ha cIUTKe 6poH3bl bpO10C2H3
npu yBeaumdenusax 100% (a) u 1000 (b),

a TaKKe ero MakpoCTpyKTypa (c)
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lower region, consisting mainly of eutectic phase, fine
copper-based solid solution grains, and lead inclusions
(Fig. 7). This structural pattern is typical for bronze
quenched from a temperature within its solidifica-
tion range. Additionally, traces of a phase enriched in
low-melting components can be observed along the
surface of the defect, in the direction opposite to the
ingot’s casting direction (see Fig. 7, a). The formation
of uzhimina defects is likely associated with increased
friction between the surface of the solidifying ingot and
the graphite mold sleeve — a common cause of strand
breakage and shell sticking during upward continuous
casting [18; 21; 22].

As the graphite sleeve undergoes natural wear during
operation, microroughness develops on its surface.
This roughness becomes filled with molten bronze un-
der static pressure. During the next stage of the casting
cycle (forward or reverse stroke), the increased friction
causes tearing of the solidifying surface layer, result-
ing in the formation of a uzhimina defect, which then
solidifies without additional melt feeding. As the in-
got shrinks, an air gap forms between the ingot surface
and the graphite mold sleeve, significantly reducing
heat extraction in that area. Under the combined ef-
fects of solidification shrinkage and capillary forces,
low-melting phases (Pb and Cu3Sn) are squeezed out
and accumulate at the base of the defect. As casting
proceeds, lead is smeared along the ingot surface dur-
ing its movement along the mold sleeve, forming seg-
regation defects in the form of lead-enriched surface
films. Meanwhile, the microroughness of the graphite
surface is gradually polished by contact with the mov-
ing ingot. This mechanism accounts for the irregular
appearance of such defects on the surface of 15 mm
diameter C92900 bronze ingots during upward contin-
uous casting.

Conclusions

1. With an increase in the casting speed of 15 mm dia-
meter C92900 ingots by upward continuous casting
from 90 to 240 mm/min, the inclination angle of colum-
nar crystal growth relative to the direction of heat removal
decreases from 52.86° £ 8.80°t0 43.71° £ 11.96°, which leads
to an increase in the alloy’s strength to 412 + 4.91 MPa.
The elongation remains unchanged at 22 + 2.07 %. Fur-
ther increasing the casting speed to 360 mm/min re-
duces the inclination angle to 25.10° £ 5.16°, resulting in
adecrease in strength and elongation to 372 + 16.81 MPa
and 11 + 2.47 %, respectively.

2. The macrostructure of C92900 bronze in ingots
cast at 360 mm/min approaches a transcrystalline form.
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It is likely that further increases in casting speed would
lead to the formation of a fully transcrystalline structure
and, consequently, a decline in both strength and elon-
gation.

3. Increasing the casting speed of 15 mm C92900
ingots to 360 mm/min leads to an increase in the
v-CusSn phase fraction in the alloy structure from
3.5+ 0.83 % to 4.7 £ 0.70 %, and in the lead phase
fraction to 2.5 = 0.19 %. The average particle size of
v-CusSn remains unchanged, while the lead inclu-
sions become smaller and more finely dispersed. This
is associated with the higher cooling rate during so-
lidification.

4. The hardness of C92900 bronze ingots produced
by upward continuous casting increases from 127 &+ 2.73
to 135 = 3.14 HB as the casting speed rises from 90 to
240 mm/min. This is likely due to the increase in
v-Cu3Sn phase content in the alloy. Further increases in
casting speed do not affect the hardness.

5. Surface defects such as uzhimina and liquation
may form on 15 mm diameter C92900 bronze ingots.
Their formation is associated with the natural cyclic
variation in the surface roughness of the graphite mold
sleeve during continuous casting.

6. The recommended casting speed for upward
continuous casting of 15 mm C92900 bronze ingots
is 240 mm/min. Ingots produced under these con-
ditions exhibit high mechanical properties: ultimate
tensile strength o, = 412 £ 4.91 MPa, elongation & =
=22+2.07%.
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Abstract: This study investigates non-ferrous metallurgy waste — specifically, the clay fraction of zircon-ilmenite ore gravity separation tailings
(Z1GT) — with the aim of using it as both a clay component and a non-plastic additive (chamotte derived from ZIGT) in the production of acid-
resistant ceramic tiles. It was found that samples made solely from ZIGT (without any additives), fired at temperatures of 1250—1300 °C, do not
meet regulatory requirements for acid resistance. Introducing 40 wt. % chamotte into the ceramic body was found to be optimal for producing
acid-resistant tiles at 1300 °C that comply with all requirements of GOST 961-89 Acid-Resistant and Thermo-Acid-Resistant Ceramic Tiles,
grade KSh (chamotte-based acid-resistant tiles). Increasing the chamotte content beyond 40 wt.% reduces the clay binder fraction, which in
turn lowers the plasticity index (to below 11), causing cracks to form in the samples during shaping. The phase composition of four tile samples
with varying ZIGT and chamotte contents was analyzed. X-ray diffraction patterns of the samples fired at 1300 °C revealed prominent peaks
corresponding to mullite, cristobalite, quartz, and hematite, which were also confirmed by IR spectroscopy. The formation of mullite is crucial
in the production of acid-resistant ceramics, as mullite is the primary phase determining the operational properties of the material. As a
result, new ceramic compositions were developed and acid-resistant tiles were obtained from non-ferrous metallurgy waste without the use of
conventional natural raw materials.

Keywords: clay fraction of zircon-ilmenite ore gravity tailings (ZIGT), chamotte, acid-resistant ceramic tiles, metallurgical waste, phase
composition, mullite, cristobalite, quartz, hematite.
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HoBble T€XHOJI0TMH U COCTABbI IO PENUKJIHMHTY OTXO0/I0B
IIBETHOM MeTAJLUIypru B MPOM3BOACTBO KUCJIOTOYNOPOB
0e3 npuMeHeHHs TPAJAUIHOHHOTO MPUPOIHOTO ChIPbS

E.C. AbapaxumoBa

Hauunonanbnblii uccienosarenbckmii yauupepcureT uM. C.I1. Kopoaesa (Camapckuii yHuBepcHTET)
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Annotanus: B paGoTe uccienoBaHbl OTXOABI LIBETHON METAJTYPTUU — TIMHUCTAS YACTh «XBOCTOB» TPaBUTALIMU [IUPKOH-UIIbMEHUTOBBIX
pya (F'LIN), B ueasix ee UCNOIb30BaHUsI B KAY€CTBE INIMHUCTOIO KOMIIOHEHTa U oTowuTe st — mwamoTa u3 LU, nas nojsyyeHust Kuc-
JIOTOYMOPHOU MJIMTKHU. YCTaHOBJIEHO, 4TO 00pa3ubl u3 ['LIU (6e3 npuMeHeHus oToluTeNei), 000X KEHHbIE MPpU TeMmmnepaTtypax 1250—
1300 °C, He COOTBETCTBYIOT HOPMATUBHBIM TPEOOBAHUSIM IO KMCIOTOCTOWKOCTH. BBenaeHue B kepamudeckyio maccy 40 % 1ramora siB-
JISIeTCSl ONTUMAJbHBIM U1 ToiydyeHus: ooxkuroM npu 1300 °C KMCI0TOYNMOpoB, KOTOPbIE MO BCEM MoKa3aTessM OTBEYAIOT YCJIOBUSIM
['OCT 961-89 «I1nuTKU KUCIOTOYTIOPHBIE U TEPMOKUCIOTOYTIOPHBIE KepaMuiyecKue», mapka KII (KkucaoToynopHble IIaMOTHBIE). YBe-
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A6A,OOXVIMOBO E.C. HOBble TEXHOAOTUM 1 COCTABBI MO PeUNKANHTY OTXOAOB LLBETHOM METAAAYPIN B MPOON3BOACTBO KNCAOTOYMNOPOB...

JIM4yeHue copepxanus mamora 6osee 40 % crocoOCTBYET CHUXKEHUIO JOJIU IJIMHUCTOTO CBSI3YIOIIErO, B Pe3yJIbTaTe Yero YMEHbIIAeTCs
YUCJIO MJIACTUYHOCTHU (10 MeHee 11) kepaMuuyeckoit Macchl, 1 Ha oOpasuax npu GopMoBaHUU MOSABIAIOTCI TpelinHbl. MccnenosaH da-
30BbIii cOCTaB 4 00pa31ioB IJIMTOK, OTJIMYAOLIUXCS cofepxkaHueM KommnoHeHToB — LI u mamora. Ha peHTreHorpammax o6pasios,
000X keHHbIX npu Temnepatype 1300 °C, oCHOBHbIE MHTEHCUBHbIE JIMHUU MTPUHAAIEKAT MYJJIUTY, KPUCTOOAJIUTY, KBApLy U TeMaTUTY,
yTo oATBepXkaatoT UK-crekTpel. «MymuTu3anus» mpu Mpou3BOACTBE KUCIOTOYTIOPOB MMEET BaXXHOE 3HAUCHUE, TAK KaK dKCITyaTa-
LIMOHHBIE TMOKA3aTeJ OMpenesssieT UMEHHO MyJIuT. Takum o6pa3oM, pa3paboTaHbl COCTABbI U MOJYyUYEHBl KUCIOTOYNOPHl U3 OTXOA0B
LIBETHON METaJIypruu 0e3 yrnoTpeodaeH st TpaiulMOHHOIO NPUPOIHOIO ChIPBSI.

KoueBbie c10Ba: TTMHUCTAS YACTh «XBOCTOB» TPABUTALIM Y ITUPKOH-UABbMEHUTOBBIX pya (['LIM), maMoT, KrucioToynopHas mjinTKa, Me-
TaJulypruueckue oTXoabl, ha3oBblii cOCTaB, MYJUIUT, KPUCTOOATUT, KBAPLL, FEMATUT.

I[J'lﬂ IATUPOBAHUA: A6Z[anI/IMOBa E.C. HoBble TeXHOJIOTMU U COCTaBhI 110 PEHIUKIMHTY OTXOI0B LBETHOM METaJIJIYPTUU B IIPOU3BOACTBO

KUCJIOTOYMOPOB 6€3 MPUMEHEHU S TPAAUIIMOHHOTO TTPUPOHOTO ChIpbsi. M3séecmus 8y306. Lleemnas memannypeus. 2025;31(2):76—85.

https://doi.org/10.17073/0021-3438-2025-2-76-85

Introduction

Physicochemical processes involving phase transfor-
mations play a critical role in the formation of stronger,
acid-resistant minerals. These processes result in changes
to morphological properties, crystalline phases, and tex-
ture, which together largely determine the performance
characteristics of acid-resistant ceramics. For this rea-
son, special attention is paid to these transformations
during the thermal treatment of acid-resistant products.
Industries such as chemical manufacturing, ferrous and
non-ferrous metallurgy, and other environmentally ha-
zardous sectors are increasingly focused on expanding
the production of accessible acid- and heat-resistant
materials. Accordingly, it is essential to develop such
products not from expensive, conventional natural raw
materials, but from low-cost industrial waste.

The expansion of metallurgical production has led
to the transformation of vast areas into industrial zones,
affecting not only densely populated regions but also ag-
ricultural land, designated residential construction sites,
areas intended for industrial infrastructure, and even
water protection zones [1—4]. As a result, the environ-
mental situation in industrially urbanized areas has sig-
nificantly deteriorated.

The specific nature of metallurgical enterprises con-
tributes to the harmful interaction of industrial waste with
the environment, adversely impacting the health of the
local population. Additionally, the large volumes of me-
tallurgical waste lead to soil contamination, pollution of
nearby water bodies, and degradation of ecosystems [5; 6].
In terms of environmental pollution, metallurgical enter-
prises rank second only to the fuel and energy sector.

Some ecologists and researchers suggest that the
growing environmental threat stems from a shortage of
reducers — organisms known as decomposers — which
can no longer effectively break down industrial waste in-
to microcomponents, owing to the rapid accumulation
of technogenic materials [7]. These waste materials dif-
fer significantly in chemical composition from natural

substances, and the quantity of microorganisms (such as
reducers) capable of decomposing them is clearly insuf-
ficient [7—9]. From the standpoint of integrated materi-
als science, the development of zero-waste technologies
is essential. These technologies regulate the reuse of in-
dustrial by-products in the manufacture of value-added
products. Such recycling helps reduce subsidies for geo-
logical exploration and mining operations, while simul-
taneously freeing up large areas from the adverse effects
of anthropogenic activity.

In the 21% century, metallurgy involves not only com-
petitive, cutting-edge technologies, but also the genera-
tion of hazardous waste and the creation of aggressive
industrial environments. In such conditions, acid-resi-
stant materials (ARM) are used to protect personnel
from direct exposure to toxic, corrosive agents and to
prevent the degradation of wall and floor surfaces. These
materials are most commonly represented by cera-
mic products — such as pipes, bricks, tiles, and various
shaped components — that demonstrate exceptional re-
sistance to a wide range of aggressive media.

In [10], the authors reported that replacing acid-
resistant bricks with acid-resistant tiles reduces raw
material consumption by a factor of 2.5—3.0. In addi-
tion, the thinner tile profile shortens both drying and
firing operations. Acid-resistant tiles serve as a stable
and long-lasting barrier, preventing contact between
workers and harmful components of hostile industrial
environments. These tiles can effectively replace ex-
pensive metal equipment and apparatus, as they are not
only significantly more affordable but also corrosion-
resistant [11].

The production of high-quality acid-resistant ce-
ramics requires aluminosilicate raw materials rich in
aluminum oxide — over 20 wt. % Al,0O; for clay com-
ponents and over 25—30 wt. % Al,O; for non-plastic
additives. However, such materials are either scarce or
depleted in many regions of Russia [6; 11]. Moreover,
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no funding is currently allocated for geological explora-
tion aimed at discovering new raw material sources [6],
which underscores the rationale for substituting natural
resources with industrial waste. Additionally, recycling
technogenic feedstock into value-added products con-
tributes to achieving environmental safety goals, as out-
lined in EU Directive 2008/98/EC [6].

Thus, the depletion of key natural raw materials
used in the manufacture of acid-resistant ceramics has
prompted the rational substitution of conventional in-
puts with technogenic industrial waste. This not only
facilitates the production of various ceramic goods, but
also supports the protection of ecological systems.

The objective of this study is to investigate the fea-
sibility of recycling and repurposing the clay fraction of
zircon-ilmenite ore gravity separation tailings (ZIGT) —
a technogenic by-product of non-ferrous metallurgy —
as a clay binder in acid-resistant ceramic compositions,
and to analyze the phase composition of ceramic tiles
obtained by firing these materials.

Materials and methods

To analyze the elemental composition and micro-
structure of the raw materials, a JSM 6390A scanning
electron microscope (Jeol, Japan) was used. Petrograph-
ic analysis was performed using immersion liquids,
transparent thin sections, and polished sections, exam-
ined under MIN-8 and MIN-7 optical microscopes. The
qualitative mineral (phase) compositions of the samples
were determined using a Dron-3 automated X-ray dif-
fractometer (Burevestnik, Russia) with CuK|, radiation
and a B-filter, as well as a Spekord 75JR spectrophoto-
meter (Carl Zeiss, Germany).

Table 1. Average oxide composition of the components

The basic physicochemical and technological prop-
erties of the ZIGT (zircon-ilmenite ore gravity separa-
tion tailings) were determined and analyzed in accor-
dance with standard laboratory procedures and data
from previous studies [12—15]. These properties includ-
ed particle size distribution, plasticity, shrinkage, drying
sensitivity, water permeability, sinterability, refractori-
ness, water absorption, mechanical strength, and others.

ZIGT, a by-product of non-ferrous metallurgy, was
used as the clay binder in the production of acid-re-
sistant ceramics, while chamotte derived from ZIGT,
pre-fired at 1200 °C, was used as a non-plastic additive.
Their oxide and elemental compositions are presented in
Tables 1 and 2, while their microstructure and minera-
logical composition are shown in Figs. 1 and 2.

The clay component (ZIGT) is formed as a homo-
geneous slurry with a moisture content of 37—45 % and
a density of 2.36—2.42 g/cm3 after screening and me-
chanical processing of the mined ore [6; 16]. A review of
the literature and numerous studies have shown that ce-
ramics shaped from homogeneous clay feedstock exhibit
10—15 % higher strength compared to those produced
from clay taken directly from the quarry [16—19.

Based on its Al,O5 content, ZIGT is classified as a
raw material with semi-acidic properties and an elevated
content of colorant oxides (Fe,O3 > 3 %, see Table 1).
According to its particle size distribution (58 % <
< 0.001 mm, see Table 3), it is classified as a fine-grained
(highly dispersed) material. In terms of plasticity, it is
medium-plastic (plasticity index of 21—23); in terms of
drying behavior, it is moderately sensitive; in terms of
refractoriness, it is highly refractory (= 1580 °C); and in
terms of sintering behavior, it exhibits high sinterability,
with a sintering interval of 120—150 °C.

Tabnuua 1. YepenHeHHbI OKCUAHBII XUMUYECKUIL COCTAB KOMITOHEHTOB

Oxide content, wt. %
Material *
SIOZ A1203 + T102 Fe203 CaO MgO Rzo ZI'O2 LOI
ZIGT 58.77 22.43 6.74 1.28 1.54 1.58 0.82 7.04
Chamotte 61.02 25.18 7.58 1.54 1.89 1.93 0.86 -
" LOI — loss on ignition; R,0 = Na,O + K,O.
Table 2. Elemental ¢c™omposition of the components
TaGnuiia 2. DIeMEHTHbBI XUMUUECKUI COCTaB KOMITOHEHTORB
) Elemental composition, wt. %
Material
c | o | Na | Mg A+ | si | K | zx | c&a | F
ZIGT 2.18 50.78 0.26 0.54 15.45 24.8 0.32 0.48 0.2 4.87
Chamotte — 48.22 0.31 0.71 17.18 27.14 0.35 0.54 0.22 5.18
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The main clay mineral in ZIGT is kaolinite (Fig. 2),
which differs significantly from natural, kaolinite-rich
clays. The elevated iron oxide content (Fe,O3 > 3 %)
promotes the formation of poorly crystalline kaolinite,
as partial substitution of aluminum ions (AI’*) by iron
ions (Fe3+) occurs within the mineral structure. This
substitution leads to the formation of a solid solution in
which iron ions are strongly retained in the crystal lat-
tice and cannot be removed without structural degra-

dation [16, 20—23]. Based on the kaolinite crystallinity
index (0.68), ZIGT is classified as Class 111. According
to the author of monograph [20], the lower the structural
order of kaolinite, the more it enhances the material’s
reactivity.

Thermal treatment of ZIGT at 1200 °C yielded
chamotte, which is commonly used in ceramic mate-
rials as a non-plastic additive. Chamotte stabilizes firing
shrinkage, helps establish a robust structural framework,

Table 3. Particle size distribution of the clay component (ZIGT)

Ta6auua 3. @pakiMOHHBIA cOCTaB IIMHUCTOro Komrnonenra (I'1IN)

Fraction content, wt. % >0.063

0.063—0.01

0.01-0.005 0.005—0.001 <0.001

Particle size, mm 0.8

8.1

12.1 21.0 58

Fig. 1. Microstructure of raw materials: ZIGT (a) and chamotte derived from ZIGT (b)

Magnification: 1000* (a), 10* ()

Puc. 1. MukpocTtpykrypa ceipbeBbix MaTepuaioB: [ LI (@) u mamora u3 I'LIU (b)

Veenmuenne 1000 (a) u 10% (b)

Hydromica a
K,0-MgO-4ALO;- 7Si0, 2H,0
8%
Montmorillonite Kaolinite
ALO,48i0,'H,0, nH,0 AlLSi,05(OH),
7% 45 %
Feldspar
R(AISi,0)
12 %
Zircon
ZiSio,
2% .
Ilmenite Orgam% matter
Dolomite  FeTiO; 4%
CaMg(CO,), 3% Iron oxide
2% Fe,0,
5%

Mullite
AlSi,0,4
31 %

Hematite
Fe,O4
5%

a-cristobalite
25 %

Fig. 2. Mineralogical composition of the raw materials: ZIGT (a) and chamotte derived from ZIGT (b)

Puc. 2. MuHepanornyecknii coctaB cbIpbeBBIX MaTepuaio: ['LIU (a) u mamoTta u3 I'LIU (b)
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and controls the plasticity of the ceramic body. As shown
in Table 1, firing increased the aluminum oxide content
of the clay material from 22.43 % to 25.18 %.

Production of acid-resistant tiles
and their technical characteristics

Square acid-resistant tiles of type PK-1, measuring
100x100x20 mm, were produced using classical cera-
mic technology. ZIGT and chamotte were ground to
a particle size of no more than 1 mm and thoroughly
mixed (see Table 4). The ceramic samples were shaped
by plastic forming at a charge moisture content of 22—
24 %. After pressing, the tiles were dried to a moisture
content below 5 %, and then fired at 1250 and 1300 °C.
Their physical and mechanical (technical) properties are
presented in Table 5.

Fig. 3 shows the X-ray diffraction (XRD) patterns
of samples 7/ and 4 fired at 1300 °C, while Fig. 4 pre-
sents their IR spectra. Sample 7 is included for com-
parison purposes, whereas sample 4 demonstrates op-
timal technical performance. It should be noted that
potential impurities or poorly crystallized mineral
phases, whose identification cannot be confirmed due
to their low content, are not included in the diffracto-
grams.

Results and discussion

The data presented in Table 5 show that samples
based on composition /, when fired at 1250—1300 °C,
do not meet the GOST acid resistance requirements.
The addition of 20—40 wt. % chamotte to the cera-
mic body significantly improves the drying behavior of

the semi-finished products (see table 4). However, after
firing at 1300 °C, the samples comply with all GOST
standards for acid-resistant tiles (see Table 5).

Composition 4, which contains 40 wt. % chamotte,
can be considered optimal, as it exhibits superior perfor-
mance compared to samples /—3 (Table 5). In selecting
the optimal composition, it is also important to account
for the plasticity of the clay binder, since its reduction
causes the plasticity index of the ceramic body to drop
below 11, resulting in cracking during forming..

X-ray diffraction analysis of samples / and 4 con-
firmed the presence of mullite, cristobalite, quartz, and
hematite, which was further supported by IR spectrosco-
py (see Figs. 3 and 4). In the Al,0;—SiO, system, both
mullite (3A1,05-25i0,) and sillimanite (Al,05-SiO,)
can form. These phases exhibit similar crystal struc-
tures, as mullite is regarded as a structurally disordered
or defective form of sillimanite. Consequently, their
XRD patterns are nearly indistinguishable, although
they can be differentiated by their IR spectral signatures
[17; 20; 23—26].

The crystallization of o-cristobalite typically origi-
nates from amorphous silica released during mullite
formation. Due to its high thermal expansion, cristo-
balite increases the permeability of acid-resistant ce-
ramics while simultaneously reducing their mechanical
strength [12; 14—16; 19; 20].

Previous studies [2; 29; 30] have demonstrated that
hematite promotes the formation of iron-rich glass
phases in ceramic materials, which serve as a cementing
matrix within the ceramic body. During firing, a glassy
phase of variable composition forms in the samples, de-
pending on the firing temperature, as confirmed by IR
spectra (Fig. 4). This phase enhances structural disor-

Table 4. Sample compositions, plasticity of the ceramic body, and characteristics of semi-finished products

after drying
Tabnuua 4. CoctaBbl 00pa3loB, MIACTUYHOCTD HIMXTHI M TTOKa3aTesn Moay(adpuKaToB MOC/e CYIIKH
Component content, wt. %
Component
Sample / | Sample 2 Sample 3 Sample 4
ZIGT 100 80 70 60
Chamotte - 20 30 40
Plasticity index of ceramic body 22 17 14 11
Characteristics of semi-finished products after drying
Shrinkage of dried tile, % 6.8 6.1 5.3 4.8
Drying time to constant shrinkage
at r=100+120°C, h 1.2 1.1 1.0 0.8
Compressive strength of dried body
at 5 % residual moisture, MPa 7.8 5.2 3.9 2.7
Water permeability, 10~* m?/h 1.80 2.89 3.50 4.30
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Fig. 3. X-ray diffraction patterns of samples 7 (a) and 4 (b)

d, nm — interplanar spacing between planes of the same family of parallel crystallographic planes
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der during thermal treatment, elevates internal stresses,
weakens the crystal lattices of individual mineral phases
(and may even partially dissolve them), and can inhibit
the development of specific phases such as mullite [11;
31]. The crystallization of structurally imperfect mullite
is initiated at temperatures above 1100 °C.

Even in limited amounts, the glassy phase facilitates
sintering of the ceramic body by promoting particle ad-
hesion into a consolidated matrix, and may accelerate
the overall densification and firing process.

Conclusions

1. The study revealed that fired samples made from
the clay fraction of zircon-ilmenite ore gravity separa-
tion tailings (ZIGT) at temperatures of 1250—1300 °C
did not meet the acid resistance requirements of
GOST 961-89. The addition of 20—40 wt. % chamotte
to the ceramic body significantly improves the dry-
ing behavior of the semi-finished product (except for
strength), and after firing at 1300 °C, the resulting tiles
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Table 5. Physical and mechanical properties of acid-resistant tiles

Ta6nuia 5. ®u3nKo-MexaHNIeCKe TToKa3aTeu KUCIOTOYITOPHBIX TUTUTOK

Property Sample / | Sample 2 | Sample 3 | Sample 4 reﬁi%:e}iltsgs*
Firing temperature 1250 °C
Water absorption, % 3.8 3.8 3.7 3.6 <5
Acid resistance, % 96.5 96.9 97.4 97.7 >98
Compressive strength, MPa 57.2 58.1 59.3 60.1 >50
Flexural strength (static), MPa 32.4 32.9 33.6 34.3 >25
Frost resistance, cycles 42 44 46 47 >20
Thermal shock resistance, thermal cycles 4 4 5 6 >5
Firing temperature 1300 °C
Water absorption, % 2.3 2.3 2.2 2.2 <5
Acid resistance, % 97.8 98.2 98.5 98.7 >98
Compressive strength, MPa 63.8 65.4 67.8 69.4 >50
Flexural strength (static), MPa 38 39 41 42 >25
Frost resistance, cycles 58 63 67 69 >20
Thermal shock resistance, thermal cycles 6 6 8 9 >5
" According to GOST 961-89 “Acid-resistant and thermal acid-resistant ceramic tiles”, grade KSh (acid-resistant chamotte-
based tiles).
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meet all regulatory standards for acid-resistant ceramic
tiles.

2. Sample composition 4 was identified as opti-
mal, as it fully complies with the GOST standards for
acid-resistant tiles. The plasticity of the clay bind-
er must also be taken into account, since its re-
duction causes the plasticity index of the ceramic
body to drop below 11, resulting in cracking during
forming.

3. X-ray diffraction analysis of compositions / and 4
revealed that the dominant peaks correspond to mullite,
cristobalite, quartz, and hematite, which was confirmed
by IR spectroscopy. The presence of a glassy phase was
also detected in these samples, and it has a negative ef-
fect on the mineral structure.
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