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Abstract: The study investigates the physicochemical patterns of tin leaching from the surface of glass substrates from decommissioned displays
in hydrochloric, sulphuric, and methanesulphonic acids. The effects of acid concentration (0.1—1.0 N), duration (10—60 min), temperature
(298—353 K), and ultrasonic treatment intensity (UST) (120—300 W/cmz) on leaching performance were evaluated. It was demonstrated
that ultrasonic treatment positively impacts sulphuric acid leaching of tin, increasing its recovery by 14—16 %. However, during leaching
in hydrochloric and methanesulphonic acid solutions, UST led to a reduction in tin recovery to 28 % and 1.7 %, respectively, due to acid
decomposition under ultrasound. The partial reaction orders for tin leaching in HCI, H,SO,4, and CH3SO3;H were determined to be 0.8, 1.4,
and 1.1, respectively, and changed to 1.5, 1.1, and 0.3 under ultrasound for the corresponding acids. An increase in temperature from 298 K
to 333 K significantly improved tin recovery in sulphuric and hydrochloric acids. However, raising the temperature to 353 K led to a decrease
in tin ion concentration after 10—20 min, likely due to tin hydrolysis and precipitation. The calculated apparent activation energies of tin
oxide dissolution in HCI solutions were 40.4 kJ/mol without UST and 22.9 kJ/mol with UST. For H,SO,, the apparent activation energy
was 4.0 kJ/mol, increasing to 29.0 kJ/mol under ultrasonic treatment. Therefore, the study showed that tin leaching from glass substrates
of decommissioned displays proceeds in a kinetic regime when HCl is used and in a diffusion regime in H,SO, solutions, with ultrasonic
treatment facilitating the transition to a mixed regime.
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1,0 ), mpomomxuTenbrocTH (10—60 MuH), TeMmepatypsl (298—353 K) 1 MHTeHCHBHOCTH YIIBTPa3ByKoBoii 06pacotk (Y30) (120—300 Br/cm?)
Ha ToKa3aTesu BhllenaunBaHus. [loka3aHo, UTO yIbTPa3ByKOBOE BO3IAEHCTBUE OKA3bIBAET MOJOXUTEIbHOE BIMSHUE Ha CEPHOKUC-
JIOTHOE BhIlIEJauMBaHUE OJIOBA, MO3BOJISISI MOBHIIIATH ero u3BaeyeHue Ha 14—16 %. [lpu BhllenaunBaHUU B PACTBOPAX COJISTHOM U
MeTaHcyl1bhoHOBOI KucaoT Y30 npuBoaunia K CHUXEHUIO U3BJIeYeHUs 010Ba 10 28 u 1,7 % COOTBETCTBEHHO, YTO CBSI3aHO C UX Pa3Jio-
JKEHUEM o[ IefCTBUEM YabTpa3ByKa. YacTHbIE MOpsAAKY peakiinii Beimenadynanus onosa no HCI, H,SO, u CH3SO5H cocrasuiam 0,8,
1,4 u 1,1, npu BO3AEUCTBUM YJIbTPa3ByKa YaCTHbBIE MOPSA KU U3MEHSIJIUCH CJIENYIOIIUM 00pa3oM I COOTBETCTBYOIIUX Kucyor: 1,5, 1,1
u 0,3. YBenuueHue temrepatyps ¢ 298 1o 333 K 3HaUMTETbHO MOBBIIIATIO U3BIEUYEHUE OJI0OBA B CEPHOU M COISTHOU KucaoTax. [loBbimie-
HUe TeMTepaTypsl 10 353 K mpuBOIMIO K CHUKEHHWIO KOHIIEHTPAllMY MOHOB oyioBa uepe3 10—20 MuH mpoiiecca, 4To, BeposiTHEE BCETo,
CBSI3aHO C TUAPOJU30M U OCaXAeHUEM oJioBa. PaccuuTaHHbIE BETMYMHBI KaXKyLIeHCsl 9HEPTUU aKTUBALIMKM PACTBOPEHU Sl OKCH 1A 0JI0OBa
6e3 u ¢ ucnosnbszopanuem Y30 B pactBopax HCI cocrasuiu 40,4 u 22,9 k[1xx/Moab cooTBeTCTBEHHO. B ciyyae ncrnonbzosanus H,SOy
Kaxyuasicsi aHeprust aktuBauuu cocrasuia 4,0 k/Ix/mMoib, a npu akyctuyeckom Bozaeiicteun — 29,0 kJIx/mMonb. Takum obpazom,
MPOBEIECHHBIE UCCIIETOBAHU S MTOKA3aJIU, YTO BbIIIEJIaUMBaHKUE OJIOBA U3 CTEKOJ OTCIYXHMBIIMX AUCIIJIEEB TPOTEKAET B KUHETUYECKOM
pexume ripu ucnonb3oBanun HCl u B nuddysnonnom pexume B pacrsopax H,SOy, a Y30 criocobCcTBYeT repexony mpoieccoB B cMe-

HIAHHBIN PEXUM.

Kuarouesbie ciioBa: 0JIOBO, CE€pHasd KUCJI0Ta, CoJidHasd KucJjiora, MCTaHCyJ’[bCI)OHOBaﬂ KHCJI0Ta, BhIIICIa4YuMBaHUE, YIbTPa3BYK.
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Introduction

One of the main types of decommissioned electronic
devices consists of screens and monitors. This catego-
ry accounts for approximately 10 % of the total mass of
generated electronic waste. Nearly all screens and mo-
nitors contain indium tin oxide (ITO) in their displays.
ITO (90 % In,03, 10 % SnO,) is transparent to visible
light, possesses electrical conductivity, and is used as
a conductive layer applied to the glass substrate of the
display [1]. Additionally, ITO is widely used in the pro-
duction of solar panels, optical coatings, antistatic films,
and thermal protection.

Approximately 75 % of the ITO produced is used in
the manufacture of flat panel displays. These displays
consist of multiple layers, including polarisation fil-
ters, glass substrates, and liquid crystals. A layer of ITO,
50—200 nm thick, is applied to the surface of the glass
substrate [2], while a polariser made of polyvinyl acetate
film is attached to the opposite side. The indium content
in the glass substrates ranges from 100—350 mg/kg [3,
4], and the tin content ranges from 25—60 mg/kg [5, 6].
Although the indium content in glass substrates is rela-
tively low, it is comparable to that found in zinc concen-
trates extracted from sulphide ores [7]. This makes de-
commissioned monitors a highly promising secondary
source of indium.

Tin is a scarce metal [8, 9], classified as a strategic
metal in many countries. With the accelerating develop-
ment of the semiconductor and electric vehicle indus-
tries, tin consumption has also increased. Recovering

tin from secondary sources will help alleviate the short-
age of mineral resources and reduce environmental pol-
lution.

In studies focused on the recycling of liquid crystal
displays, the emphasis is often placed on the behaviour
of indium due to its high content in ITO. Although the
tin content in I'TO is relatively low, exploring ways to ex-
tract it will provide a comprehensive solution for recy-
cling decommissioned displays.

The recycling of glass substrates begins with
pre-treatment, which may include steps such as polariser
removal, crushing, grinding, and beneficiation [10—13].
Subsequent metallurgical processing can be carried out
using pyrometallurgical methods (reduction and distil-
lation of indium and tin compounds) [14] and/or hy-
drometallurgical methods (leaching, liquid recovery,
cementation, etc.) [15—19].

In this study, a comparative assessment of the tin
leaching rate from the surface of glass substrates in
hydrochloric, sulphuric, and methanesulphonic acids
was conducted. The acids used in the study are strong
acids and can be arranged in the following order based
on increasing strength, as expressed by the dissociation
constant (pKy): CH3;SO;H (—1.86), H,SO, (-3), HCI
(—7) [20—22]. Ultrasonic treatment (UST) was used to
accelerate the ITO leaching process, providing ther-
mal, mechanical, and sonochemical effects [23—30].

The aim of this work was to investigate the influence
of ultrasonic treatment, temperature, concentration,
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and type of acids on the physicochemical patterns of tin
dissolution from the surface of crushed glass substrates
from decommissioned liquid crystal displays.

Experimental methodology

Researmh materials, equipment,
and methods

The glass substrates from decommissioned liquid
crystal displays were pre-washed with water, air-dried,
and then heated to 463 K to soften and manually remove
the film. The cleaned glass substrates were crushed in a
rod mill. A fraction of the crushed material smaller than
1 mm was separated by sieving and used for further ex-
periments. After thoroughly homogenising the material,
a representative sample was taken by quartering for sub-
sequent chemical analysis using an atomic absorption
spectrophotometer (AAS) “novAA 300” (Analytik Jena,
Germany). The particle size distribution of the material
was determined using a HELOS&RODOS laser diffrac-
tion particle size analyser (Sympatec GmbH, Germa-

%,
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001 | 002 | 003 | 004 | o0s | oos | 007

Mg 21 17 09 1.6 4.0
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In 55— - - - _  _
Sn 1.3 — — — — — —

Fig. 1. SEM image and elemental composition (%) of crushed
glass substrates from displays

Puc. 1. COM-usobpaxeHue u 3JieMeHTHBbII cocTaB (%)
MU3MEJIBYCHHBIX CTEKJISIHHBIX MOJIOKEK TUCTIIIeeB
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ny). The morphology of the crushed material samples
and their chemical composition were examined with
a JSM-6390LA scanning electron microscope (JEOL,
Japan), equipped with a JED-2300 energy-dispersive
microanalysis system (JEOL, Japan).

The majority of the material (>85 %) consisted
of irregularly shaped particles smaller than 300 pm
(Fig. 1). Elemental analysis, along with previous stu-
dies, showed that the material was primarily composed
of aluminium, silicon, and calcium oxides. Indium and
tin compounds were detected on the glass surface (Fig. 1,
point /), while molybdenum compounds were found
on the surface of the conductive tracks (Fig. 1, points 3
and 4). The crushed glass substrates from the displays
contained the following concentrations, in mg/kg:
indium — 174.8, tin — 1.7.

The experiments used sulphuric acid (H,SOy, che-
mically pure), hydrochloric acid (HCI, chemically pure),
and methanesulphonic acid (CH3;SO;H, chemically
pure). The initial acid solutions were prepared by di-
luting concentrated acids with stirring on a magnetic
stirrer.

Ultrasonic treatment was performed using the
UZTA-0.1/28-0 apparatus (LLC Ultrasound Techno-
logy Centre, AItSTU, Biysk), equipped with an immer-
sion-type emitter, at a frequency of 28 + 2.5 kHz and
ultrasonic intensity (/) ranging from 120 to 300 W/cm?.

Crushed glass leaching

Leaching experiments were conducted in a thermo-
statically controlled reactor with a volume of 0.5 dm?
at a temperature of 7 = 298+353 K, a duration of
T = 10+60 min, and acid concentrations of 0.1—1.0 N.
The liquid-to-solid ratio (L : S) was 10 : 1 (cm3/g).

Acid solutions with the required concentration were
poured into the reactor, sealed, and heated to the de-
sired temperature under constant stirring. Then, the
ultrasonic emitter was immersed in the reactor to a
fixed depth, 20 g of material was loaded, and the ultra-
sonic generator was turned on, with the pulp tempera-
ture being automatically maintained with an accuracy
of £2 K.

After leaching, the pulp was filtered, and the cake
was washed with distilled water. The cake was then
subjected to acid treatment at 7= 363 K in a 20 % hyd-
rochloric acid solution for several hours to ensure the
complete dissolution of metals into the solution. After
acid treatment, the cake was again filtered and washed
with distilled water. Samples taken during leaching, the
filtrates after leaching and acid treatment, and the wash
waters were analyzed for tin ion content using atomic
absorption spectrophotometry (AAS) (novAA300, Ana-
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lytik Jena, Germany). The overall tin recovery (og,) was
assessed based on its content in the filtrates and wash
waters.

Experimental data processing

The degree of tin recovery was calculated, taking in-
to account the volumes of collected samples, using the
following formula:

. -1
Cl(Vinitial - V;ample (i - 1)) + le (Ct Vsample)

Gs

ag, = 100, (1)

n

where olg, is the degree of tin recovery at the moment
of the i-th sample collection, %; C' is the concentration
of tin in the i-th sample, g/dm?; Veample 1S the volume of
the sample, dm?; V., is the initial volume of the leach-
ing solution, dm?; Gy, is the mass of tin in the material
sample, g.

Kinetic characteristics (reaction orders and appa-
rent activation energies) were determined by calculating
the instantaneous leaching rate at the initial moment of
time (vy) by constructing tangents to the curves og, =
= f(1). The tangents were drawn through the origin of
the coordinate system.

Results and discussion

Effect of ultrasonic treatment intensity
on tin recovery

The intensity of ultrasonic treatment had varying
effects on the systems under investigation (Table 1). In
the case of sulphuric acid leaching, increasing the ultra-
sonic treatment intensity to / = 120 W/cm2 improved
tin recovery by 14.5 %. Further increasing the intensity
did not result in a significant rise in tin recovery, which
can be attributed to the weakening of cavitation pro-
cesses due to the excessive growth of cavitation bubble
radius [31].

In hydrochloric acid leaching with ultrasonic treat-
ment, tin recovery decreased to 28—29 %, which was
comparable to the results of sulphuric acid leaching. The
reduction in the efficiency of hydrochloric acid leach-
ing with ultrasonic treatment is likely due to a decrease
in hydrogen chloride solubility in the aqueous solution,
caused by local overheating at the hot spots formed by
the collapse of cavitation bubbles [32].

During ITO leaching in methanesulphonic acid,
ultrasonic treatment reduced tin recovery across the
entire studied range of ultrasonic intensities to 1.7—
4.3 %. This could indicate thermal decomposition of

Table 1. Effect of ultrasonic treatment intensity on tin
recovery during leaching in sulphuric, hydrochloric,
and methanesulphonic acids

(Cyeigs = 0.2 N, T= 333 K, T = 60 min)

Tabauua 1. Bausinue unreHcuBHocTH Y30

Ha M3BJICYCHUE OJI0OBA IIPU BbILICIaYMBaAHUU

B CEPHOIA, COJITHOU U MeTaHCyIb(MOHOBOI KHCI0TaX
(Crnenor = 0,2 H, T=333 K, 1= 60 MUH)

Tin recovery, %
1, W/ecm?
H,S0, HCI CH,SO;H
0 14.9 47.5 5.6
120 29.4 28.0 1.7
180 29.0 28.5 2.8
240 31.6 28.8 2.8
300 31.2 29.3 4.3

methanesulphonic acid during acoustic cavitation [33].
The slight increase in tin recovery with rising ultraso-
nic intensity is likely related to the weakening of cavi-
tation processes.

Subsequent investigations into the effect of acid con-
centration and temperature were conducted at a con-
stant ultrasonic intensity of 7= 180 W/cm?.

Effect of acid type and concentration
on tin recovery

According to the obtained data (Fig. 2), during ITO
leaching without ultrasonic treatment in hydrochloric
(Fig. 2, a) and sulphuric (Fig. 2, ¢) acid solutions, the
most intensive dissolution of tin occurred in the first
20—40 min, after which the process rate significantly
decreased due to the reduction in unreacted I'TO and
the concentration of H" ions. When leaching in me-
thanesulphonic acid solutions (without ultrasonic treat-
ment), the graphs of og, = f (1) showed linear behaviour
(Fig. 2, e) due to the low recovery and the large amount
of unreacted tin oxide.

Tin dissolution without ultrasonic treatment was
most intensive in hydrochloric acid solutions, where re-
covery reached 76 % in a 1.0 N HCl solution. In sulphu-
ric and methanesulphonic acid solutions, the maximum
tin recovery was 53 % and 48.5 %, respectively (C,iq =
= 1.0 N). It is clear that the high tin recovery in hydro-
chloric acid is due to its higher degree of dissociation
compared to sulphuric and methanesulphonic acids.

Ultrasonic treatment enhanced tin leaching in sul-
phuric acid, increasing recovery by 13—30 %, with a
maximum of 66% (Fig. 2, d). In contrast, acoustic treat-
ment reduced tin recovery in both hydrochloric (Fig. 2, b)
and methanesulphonic (Fig. 2, f) acids. For example,
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Fig. 2. Effect of leaching duration on tin recovery at various concentrations of hydrochloric (a, ), sulphuric (¢, d)
and methanesulphonic (e, f) acids without (a, ¢, e) and with (b, d, f) ultrasonic treatment

T=333K; 1= 180 W/cm?; C,iqe N: 0.1 (1), 0.2 (2), 0.4 (3), and 1.0 (4)

Puc. 2. BausiHue npoaoJiKUTeJIbHOCTHU BhIILETaYMBaHM I HA U3BJICUEHME 0JI0BA MPU Pa3TUYHBIX KOHIIEHTPALIUSIX

COJIsTHOI (a, b), cepHOii (¢, d) 1 MeTaHCYJIb(POHOBOII (e, f) KUCIOT 6€3 UCToJIb30BaHus (a, ¢, e)
U ¢ ucnojib3oBanueM (b, d, f) Y30

T=333K; 1= 180 Br/cm?; Cyonor H: 0,1 (1), 0,2 (2), 0,4 (3) 1 1,0 (4)

26



13BecTig By30B. LiseTHaOs MeTanAyprng o 2024 o T.30 o N24 e C, 22-32

KoamaymxmHa 3.6., KonmaymxmHa O.b., SIHKMHA S1LA. 1 AP. BAVSIHVE YABTPA3BYKOBOM OBPABOTKN HA BbILLLEAQUYMBAHNE OAOBQ 13 OTCAYIKMBLUNX...

1gv, [mM/min]
2

0 05
IgC [N]

1gv, [mM/min]

1.6

1.24

0.8

0.4

0_
\.
0.4-
-0.8 T T T
0 -0.5 -1.0

1gC[N]

Fig. 3. Evaluation of the partial reaction orders for tin dissolution in hydrochloric (), sulphuric (2), and methanesulphonic (3)

acid solutions without (@) and with (b) ultrasonic treatment

Puc. 3. OnpeneneHue 4acTHOro NMopsiiKa peakiuii pacTBOPEeHMsI 0J0Ba B pacTBOpax coJisiHol (1), cepHoii (2)
1 MeTaHCY1bGhOHOBOI (3) KMCJIOT 6€3 ucnoib30BaHus (a) U ¢ ucnojb3oBaHueMm (b) Y30

without ultrasonic treatment, tin recovery in a 0.2 N
hydrochloric acid solution reached 48 %, while with
ultrasonic treatment, it decreased by 20 %. In metha-
nesulphonic acid, ultrasonic treatment reduced tin
recovery by 2 to 6 times, with only 10 % of tin enter-
ing the solution after 60 min of leaching in a 1.0 N
solution. This significant reduction in tin recovery
in hydrochloric and methanesulphonic acids is most
likely due to acid decomposition under ultrasonic in-
fluence.

The partial reaction orders for tin oxide leaching
in the studied acids change significantly under the in-
fluence of ultrasound (Fig. 3, Table 2). This effect is

Table 2. Partial orders of tin oxide leaching reactions
by sulphuric, hydrochloric, and methanesulphonic acids
Tabnanua 2. YacTHbIC MOPSIAKKA peaKUMil BbIIIeJTaqMBaHUS

OKCHJIa 0JIOBA MO CEPHOU, COJITHOM
1 METaHCYJb(hOHOBOM KMUCIOTaM

Reaction order by acids
Acid Without ultrasonic|  With ultrasonic
treatment treatment
HCI 0.8 1.5
H,S0, 1.4 1.1
CH;SO3;H 1.5 0.3

especially pronounced in hydrochloric and metha-
nesulphonic acids, which undergo the most significant
decomposition under acoustic treatment.

Effect of leaching temperature
on tin recovery

Increasing the temperature from 298 to 333 K sig-
nificantly intensified tin leaching in sulphuric (Fig. 4,
¢) and hydrochloric (Fig. 4, a) acid solutions. However,
at 7= 353 K, after 10—20 min of leaching, the concen-
tration of tin ions in the solutions decreased (Fig. 4, a, c,
curve 4), possibly indicating tin hydrolysis and precipi-
tation at higher temperatures [34].

In the absence of ultrasonic treatment, tin recove-
ry from ITO was highest in hydrochloric acid solu-
tions, reaching 47 % at T = 333 K. The application of
ultrasound reduced the efficiency of hydrochloric acid
leaching compared to experiments conducted with-
out ultrasound: tin recovery decreased by 19—22 % at
T=333—353 K (Fig. 4, b).

In contrast, sulphuric acid leaching of tin was in-
tensified by ultrasonic treatment across the entire tem-
perature range studied, with tin recovery increasing
by 2.0—3.4 times, reaching 30.5 % at T' = 313+333 K
(Fig. 4, d). Tin dissolution in methanesulphonic acid
was minimal, and tin ions were only detected in solu-
tions after leaching at 7= 333 K: without ultrasound,
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og, = 5.6 %, and with ultrasound, it dropped to 2.8 %
(Fig. 4, e).

Based on the obtained Kkinetic patterns, the ap-
parent activation energy (£,) for the dissolution of tin
oxide in hydrochloric and sulphuric acids was calcu-
lated (Fig. 5): HCI — 40.4 (22.9) kJ/mol, H,SO, —

28
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Fig. 4. Effect of leaching duration in hydrochloric (a, b),
sulphuric (¢, d), and methanesulphonic (e) acids on tin recovery
at various process temperatures without (a, ¢) and with (b, d)
ultrasonic treatment
Coeigs = 0.2 N; 1= 180 W/em?; T, K: 298 (1), 313 (2), 333 (3), and 353 (4)

a
Puc. 4. BausiHue npomoakKUTeIbHOCTH BhIIeIad MBaAHUST
B coJisiHOI (a, b), cepHoIii (¢, d) u MeTaHCYJbL(POHOBOII (e)
KUMCJIOTaX Ha U3BJIEUEHUE 0JI0BA TTPU PA3TMIHBIX
TeMIlepaTypax npoiecca 6e3 UCIoib30BaHusl (a, ¢)

U ¢ ucnojb3oBanuem (b, d) Y30

Crenor = 0,2 1; T= 180 Br/em2; T, K: 298 (1), 313 (2), 333 (3) 1 353 (4)

KHMCII0T

4.0 (29.0) kJ/mol (the values in parentheses correspond
to leaching with ultrasonic treatment). The E, value
and the partial reaction order for tin oxide leaching in
hydrochloric acid (without ultrasound) indicate that
the process occurs in a kinetic-controlled regime. Un-
der acoustic treatment, the E, value for hydrochloric
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Fig. 5. Evaluation of the apparent activation energy for tin leaching reactions in hydrochloric (7) and sulphuric (2) acids

without () and with () ultrasonic treatment

Puc. 5. OnpenesneHue Kaxylieincst 9HEPrUM aKTUBALIMU PeaKlIMii BblllleJladMBaHM s 0JI0BA B COJISIHOM (1)
M cepHoIit (2) KucaoTax 0e3 UCIOJIb30BaHUs (@) U ¢ ucrnoab3oBaHuem (b) Y30

acid leaching of tin oxide decreases, suggesting a shift
to a mixed control regime. Sulphuric acid leaching of
tin oxide (without ultrasound) likely occurs in a dif-
fusion-controlled regime, while ultrasonic treatment
reduces the influence of diffusion factors, leading to a
transition to a mixed control regime.

Conclusions

The conducted studies aimed at determining the ef-
fects of acid selection, their concentrations, temperature
regimes, ultrasonic treatment, and leaching duration of
decommissioned displays on leaching performance re-
vealed the following patterns:

1. Ultrasonic treatment intensified the dissolution
of tin oxide in 0.2 N sulphuric acid solutions, increas-
ing tin recovery by 14—16 %. However, the application
of ultrasound during the leaching of indium tin oxide in
hydrochloric and methanesulphonic acids reduced tin
recovery to 28 % and 1.7 %, respectively.

2. The maximum tin recovery (76 %) without acous-
tic treatment was achieved in hydrochloric acid solutions
(Chcy = 1.0 N) at T = 333 K over 60 min. With ultra-
sonic treatment, the highest tin recovery (66 %) was ob-
tained in a 1.0 N sulphuric acid solution at 7= 333 K
over 60 min.

3. Increasing the leaching temperature significant-
ly enhanced the initial tin dissolution rates. The cal-
culated apparent activation energies for tin leaching in
hydrochloric acid indicate a kinetic-controlled process
without ultrasonic treatment and a mixed control re-
gime when ultrasound is applied. In sulphuric acid, tin
leaching occurs in a diffusion-controlled regime, while
ultrasonic treatment transitions the process to a mixed
control regime.
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