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Abstract

Tin belongs to critical metals for U mainly for encrgy technologies {SET-plan) and it occurs practi-
cally in all elccironic devices. In un effort to save and recover this clement from eleciric and electronic
waste (WEEE} the possibility for intensification of tin leaching by usc of oxidative agent — ozone was
studied in this work. As the WEHE represents an extremely heterogeneous sysiem composed of vari-
ous kinds of metals and materisls, experimental work was first dealing with study of pure tin metal
behaviour duting ozone assisted leaching. The ozone produced in ozone generator was bubbling con-
tinuously during defined time through leaching solution placed in glass reactor. The production of
ozone by ozene enerator (expressed in grams of Os per hour) as well as its solubility in sulphuric
acid solutions was measured by iodometric analysis. At the beginning, the jnfluence of sulphuric acid
concontration (1 — 3 M) and temperature of solutions (20, 30, 50 °C) on ozone solubility was tested.
Afler that, the exiraction of tin {(~ 5% 3 x | mm cut picces of pure meilal) during leaching in sulphurnc
acid continuously saturated with ozone at constant {low was investigated. The influence of acid con-
centration, lime and temperature as well as ozonc flow rate on lin extraction was monilored. The ex-
traction values for tin during leaching by usc of 0zone were always compared with those obtained
withoul ozone action. Results showed thal temperature of solution has detrimental effect on ozone
solubility. On the coutrary, acid concentration in the range of { —3 M H280; has positive cffect en
ozene solubility. Tin was not extracted afler Jeaching for 2 hours in 1 M H2804 withou ozone and
afier 6 hours of leaching in the same media the extraction represented only 2 %. However, after bub-
bling of pzone through the solulion at ozone flow rate 7 g/hr at standard conditions (101 kPa, 20 =),
the extraction after 2 hours was enhanced to 15 % and after 5 hours increased to around 70 %, 1t was
shown, that by prescnce of ozone duting leaching m HaS04 at standard conditions, it is possible to
intensify the leaching process and tin exiraction efficiency significanily. The main limiting factor of
tin extraction was ozane flow during leaching. The influcnce of acid concengration on lin extraction
was less cssential. The solubility of tin specics present in (he solution and tin saturation during leach-
ing played some role in the leaching process efficiency, too.
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1 Theoretical

L3

Strong oxidation polential of ozone makes it prospective in process of prelreatment and recycling o

heterogensous materials containing metals. Ozone is used in the industry as bleaching and disinfecs
ing purposes. According 1o available literature data, ozone has strongly positive effect on leuchicg
of metals in hydromectallurgical processing due (o ils high redox potential capable to oxidize mctalz
lo mote soluble species. Although the detailed research work published in this area is still missing.
One possible application of ozone is pre-treatment of composite post-consumer scrap (wasie) cor-
taining polymers and metals. This meuns direct exposurc of solid waste (scrap) to gascous ozons
which decomposes certain plastic components, thus increase the coneentration of metal in b
product. The other way is to use ozone in aqueous solution, either during the leaching or during th:
precipitation, Known possibilities for using ozone are for example treatment of clectronic waste anc
ireatment of refractory orcs, which cannot be effectively processed by traditional methods of -
drometallurgical treatment [1-2], or intensification of separation of tin and indium in the hydrome:-
allurgical process of recycling of spent flat screens (display) [3]. Some authors claim that recycling
of silver from scrap metal leaching can be carried cut in the presence of ozone at ambient tempera-
ture and at low concentrations of TI;504 (~ 0.1 M) [4]. The main by-product of processing is oxy-
gen, that can be re-used in the process of ozonc generation or as a leaching ageni in the previous
step of waste mctal treatiment. The results of study [4] showed that silver is dissolved in Hz804 {as
Ag?')in the range of 107 to | M H2504 at ozone leaching, but only at lower pH value than 4, At pH
> 4 the main product is inscluble Ag:0». Vinals et al. described process of silver and gold leaching
{rom scrap metals in sulphuric acid solution in the presence of NaCl with assistance of ozone. The
highesl Au recovery was obtained with ozonc concentration of 6.0 x 10 M 05 in solution at con-
stant temperature (25 °C), solution concentration 0.01 M Hz804, 0.05 M NaCl and a stirring speed
900 rpm. Increasing the temperature improved leaching conditions, however at 40 *( the process

started to stagnale [5]. Despite the potential of ozone to enhance the hydrometallurgical recovery oo

metals from wastc is high the ozone is not industrially used for waste processing. The further re-

secarch is highly needed to clarify for which system (type of waste and leaching solution) the use ¢

ozonc starts to be beneficial. There is still lack of information about the behaviour of different met-
als during (he ozone leaching. Tt is known that for ozone efficient use during loaching it is necessary
to provide acidic medium (rather than alkaling), low temperalure, zero or minimum catalysls or im-
putities (contaminants) in a selution und relatively diluted acids. Ozone solubility in solutions 12
cspecially influenced by pH, temperature, purity or characier of solution, presence of catalysis, bu-
also composition of the leaching syslem [6 — 7).

The aim of this work was to study the solubility of the ozone in acid solutions, and monitor the ef-
foct of ozone tlow rate, temperature and concentration of sulfuric acid solutions in leaching of pure
{in under standard conditions.
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2 Experimental
2.1  Materials and methods

For experimental study of influence of ozone on hydrometallurpical recovery of metal (analytical
grade) {in in the form bulk sample was cut to smaller pieces (~ 5 x 3 x 1 mm), Fig, 1. In the first
slep the solubility of ozone in solution was studied. Tn the second step the behaviour of tin during
ozone assisted Jeaching in sutphuric acid solution was monitored. Preliminary test of leaching of
pure metals (Ni, Cu, Sn) showed that ozone could be with advantage used at tin leaching, Tn this
study the influence of ozonc flow rate, concentration and temperature of sulphuric acid solution on
lin extraction was studied. Al the same iime the parallel leaching of pure tin withoul czone aclion
was performed and results were together compared.

Figure 1: Cxperimenial sample — Sn {(analylical grade) -

Leaching cxperiments were camied out in apparalus shown in Fig. 2. Experimental apparatus con-
sists of ozone generator Q-008 with production of ozone in the range 0 & g of Os/hr, two glass
reactors, two magnetic stirrers, emply {salely) vessel for capturing of possibly deflated material and
scrubbing vessel for destruction of excessive ozone. In experiments the ozone flow rates 0.3, 0.5,
3.5 and 7 g Oz have been uscd. These values represent the stepping of power of ozone generator,

The produced ozonc was bubbling continuously (at standard pressurc) according to fixed schedule
through leaching solution placed in glass reactor. The volume of Kl solution was 200 mi. The pro-
duciion of vzene by ozone generalor {expressed in grams of O3 per hour) as well as its solubility in
sulphuric acid sclutions was measured by lodomeiric analysis. For widometric titration the volumet-
ric solution of sodivm thiosulphate, starch indicator stabilized by IIgCly {1 g of starch, 0.005 2
HgCly, 500 ml of defonized water). The volume of 1 ml consumed NazS:0:solution at titration rep-
resents 2,399 mg of Os. The amount of ozone in the solulion was calculated by equation {1):
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CONSUMPLIon of Nay S0z %volume of KF solutionxtime (60 min)»x2.399
volume of titroted solution xXtime of ozone hubhling through KT

m 03 =
In the fivst phase of experiments, the influence of teroperature of air blown inlo ozonizer on ozor=z
prodyction was monitored. In this case the air was annealed or heated (4, 34, 41 °C) before blowing

into the ozonizer by connection of vesscl filled with heated or cooled water. Then (he influence of

sulphuric acid coneentration (1 — 3 M) and temperature of solutions (20, 30, 50 °C) on ozone sof-
bility was fesied.

grIong
ganerator
I @
air #
\ Vi Wi Z rd
inlet frit / -7
/
reaction emply  solution for residual
vassel safety  ozone destruction
vassel

Figonre?:  Scheme of used leaching apparatus

In the sceond phase, the behaviour of elemental tin during leaching in sulphuric acid continuouslv
saturaled with ozone al constant flow was investigated. The influence of sulphuric acid concenirs-
tion (1 — 3 M), time (0 - 6 hours) and solution temperature (20, 35, 30 °C) as well as ozone flow
rate (0, 0.3, 0.5, 3.5, 7) on tin exiraciion was monitored. The exiraciion values for tin during leach-
ing by use of ozone were always compared with thosc samples ebtained withoul ozone action. Ap-
proxiinalely ! gram of metallic tin was used for each leaching experiment in 200 ml of solution and
at constant mixing speed 500 rpm (magnetic stirrer was uscd). During experiment the liquid saniple
was withdrawn and analyzed for lin concentration by AAS (Varian A20++). After finishing of ail
experiments, the residue was filtered out, washed, dried and weight. Residue was subjecled to XRD
qualitative phase analysis. Al the higher concentralion of lin in the solulion the turbidity of solution
or precipilation was observed. In this case the sample has been ireated before chemical analysis by
dissolving them with diluted snlphuric acid (1:1) with ratio sample/acid = 0.1 — 0.25 mm dependence
on tin concentration in the solulion.
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3 Results and discussion

3.1 The solubility of ozone in solutions

Using method described in chapter 2 the ozone production (dissolute or caplured in solution) in de-
pendence on temperature of air infet into the ozonizer, sulphuric acid concentration and temperalure
of acid solution was measured. [n Fig.3 the influcnce of air temperature at ozenizer inlet on ozone
production (dissolution) is shown. The ozone flow rate at 20 °C represented the value 0.45 gihr. The
ozone was capiured directly within 0.5 M KI solution during interval of one minule and immediately
analyzed by titimetry. From Fig. 3 it is obvious that at temperature of around 4 °C the Os dissolution
reaches maximum, represented 0.48 Oy g/hr at given conditions. The air temperature higher than 34
°C causes rapid decreasing of Os production. In comparison to maximmum reached value (0.48 O3 ghr)
the O prodﬁcﬁon was dropped by 25 % and ii represcnts 0.36 g/hr,

Bl

488 +
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420 4

405 +

Ozone captured [mofh]

HE 1

348 T T T T
& 10 o kLl &0 a0

Air temperature oi entry C3

Figare 3:  Influence of inlet air temperature into ozonizer on the amount of vzone captured in solu-
tion of KT

In Fig. da the influence of sulphuric acid concentration in the range of 1 — 3 M Hz804 on amount of
captured ozone is shown. The amount of captured ozone by acid solutions varies between 23 — 30 Y.
From these results follows that under given experimental condilions sulfuric acid solution is able to
absorh only fragment of ozone available in blown atmosphere. The positive [act is that in the used
nasrow concentration range the influence of acid concentration on ozone selubility is not so signifi-
cant. The more negative effect on ozone solubility has solution temperature, as it can be seen from
Fig. 4b. At the acid solution and temperature of 50 °C, vnly 12 % of produccd ozone was captured in
1 M suiphuric acid solution. . '
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Figure 41  Ozone solubility as a function of: a) HoSO4 concentration; b} temperaturs

The obtained low cfficiency of ozone capturing and dissolution in acids lel o additional experi-
ments. In order to inprove the efficiency of ozone utilization in solutions, system for dispersion o
ozone bubbles, shown in Fig. 5a, was changed. Tt was assumced that the more fine bubbies, the high-
er ozone solubilily mn a solution. The level of solution in reactor column was aronnd 150 mm whe:
should assure cnough time to ozone become dissoived [3]. The ozone capturing elliciency in deion-
ized water and HCl was measured, loo. Fig. 5b demonsirate the ellectivity of ozone capturing in
varous solution (I1;S04, IICI, deionized Hz0) by use of different fit (sintered glass).
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Figure 5:  a) Frit used In ozone solubility measureraenis as Tonction of inlet air temperature, con-
centration and temperature of sohition (left) and type of solution {right)
b} Ozone solubility as funciion of solution type
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3.2 Tin leaching by oczone

For studied leaching syslem the thermodynamic data have been calculated by use of HSC Chomis-
try 6.1. In Tab. 1 the potential reactions {1 - - 9) of tin leaching in sulphuric acid in the presence of
czone are proposed.

Table 1:  Proposed reactions for tin leaching in sulphuric acid in the presence of czone

Reaction T[PC] AG%e AGHe/lmolofSn #
1.58n+0Oaigy=1.5 SnCy 20 -943.427 -628.95 1
3 81+ 0slg) =3 500 20 -915.130 -306.37 2
3 8n+ Os(g) + 3 H20 =3 Sn(OI5): 20 927316 -309.105 3
1.5 Sa + Ox{g) + 3 H20 — 1.5 Sn{OHW 20 -B81.116 -587 40 4
1.5 8n+ Os(g) + 3 HaS0s = 1.5 Sn(SOq) + 3 Ha0 20 -926.891 617927 5
Sn072+ 2 Ha80, = Sa(S04): + 2 H0O 20 11.024 11.024 3]
3 8n0 + 6 HaS04 + 03(e) = 3 Sn(SCu)2 + 6 Hz0 20 -934.651 -311.55 7
3 8n(OH)z + 6 1L:SOs 1 Oxf) =3 Sn(SC4) + 9 H0 20 -026465 -308.821 8
SOHY + 2 HeSO4 = Sn(SQ4) + 4 H:0 20 8666 8.666 9

The probability of reaclion progress is given by value of AG® and from obtained values it is obvious
that all proposed reactions except of reaction (6) arc able to proceed under given conditions, The
lower AG® represents the higher probability of reaction coursc. The reactions (1) and (5) have the
highest probability to proceed. E-pH diagram of the system Sn-S-HO (Fig. 6) shows that the form
of #in in solution is not much influenced by pIl change. In the whele area of water stability at 20 °C
tin is present in the form of tin sulphate. At lower redox potentials tin can form also SpOsz,

Ehi¥ahs) Ho- % - B30 - Sysieod ar 28600 C
b4 - g
S
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10t S L e e
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SO T e
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as o T
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Figure 6:  E-pH diagram for systom Sn-3-Hz0 at 20 °C
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In the case of pure tin leaching, from Fig. 7a it is visible linear growth in Sn exiraction in the begin-
ning of leaching. After 1 hour the extraction kinetics of Sn was creased rapidly from around 3 tc
15 % afler 2 hours.

0 "
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Figure 7: &) Leaching kinetics of tin with and without ozone
b) Extraction of Sn in dependence on (me and Os flow rate

In Fig. 7b the influence of ozone flow rate on Sn extraction is shown, Low czone flow rate, 6.3 g 0=
per hour exhibits the low (in exiraction (up to 5 %), similar to value obtained at leaching withour
ozone action. At flow ratc over 0.5 g Oz/hr the leaching process starts to propress. The most effective
teaching was reached at the highest ozone flow rate of 7 g Os/hr and maximum tin extraction 70 %
was reached. Obtained results are lisled also in Tab. 2.

Table2:  Leaching results for purc tin leached with and without Cat various flow rate
Time [hr]  WithoutOs  03[gOshr]  05[gOa/hr]  3.5[gOxhr] 7 [gOs/hr)

1 0.89 1.31 1.29 2.19 372
2 1.24 2.44 2.68 6.99 16.23
3 2.10 298 - 4408 16.69 35.16
4 338 4.06 8.85 22.82 63.44
3 2.86 5.85 12.09 22.64 71.96

The extraction of tin after 5 hours was discontinued and it could be explained by slarting precipita-
tion due lo ils saturation in solutions or by creating the protective layer of tin oxide. Tn the liquid
samples withdrawn in individual time intervals (Fig. 8) it can be seen the iurbidily of soluiion
{white or yellow precipitates). It can be supposed that precipitates starts to create after the time
when whole ozone 15 removed (decomposed) from solution and redox potential decrease. At thesc
conditions tin starts to precipitate as (in (1V) oxide (white color) and/or in the form of tin sulphale
(yellow color) in dependence on tin and acid concentration, pH and redox potential. Both of precipi-
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tatcs were capturcd at the cnd of leaching after leaching liquor filiralion. White precipitatc was
formed also during washing step of solid residue on the filtration paper. Yellow precipitatc creates
during leaching ai higher temperatures and at room temperature at higher tin concentralions in the
solution. Observation showed that with iﬁcreasing of tin concentration in solntion during leaching
lead 1o higher turbidity and more precipitate formation,

Tin oxide is nol soluble in water, but soluble in sulphuric acid, that is why the samples were lreated
with hot Fl2SO4 (10 M) before analysis for tin (by AAS) in order lo dissolve the precipitatc. Both of
precipitates create only in the case of ozone assisted lcaching.

Figure 8:  Evolution of turbidity during leaching {1 M H28C4, 20 °C, L/8 = 200, 500 rpm}):
a} without precipitate (0 g/hr O3); b) precipitation (3.5 g/hr O3), ¢} sellling of precipitatc
{7 g/hr C3)
Bascd on obtaincd tin leaching results (Fig. 7), in the next experimenis the leaching time was pro-
longed for 6 hours and the higher concentrations of acid were used. By increasing the acid concen-

tration the extraction efficiency of tin increased Loo, as it is visible in Fig. 8a. The tin extraclion was
60 % by using 1 M 12804 after 6 hours of process and rises 1o 6% % in 2 M H250. and reached
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maxinum 84 % in 3 M Ha80.. Despite of the presented negative eflect of acid concentration on
ozone dissolution it was shown that solution 3 M sulphuric acid has no negative effect on leachabii-
ity and ozone action. Redox poleniial measurement in each solution (1, 2 , 3 M H>804) after ozons
saturation confirmed the similar valucs ~ 930 mV.

]
g
L]
sd S0, ——c
LIS=200 —== 3370
B rpm pam G
5y g [ER Y1
¥ Ee
3
& B o
1w
14
[ et z &
] s j ama= 5 3 T
ET]
o 1 7 1 4 5 4 2 a % 7 3 £ Bl 8 ¥
‘Tima [hours} Time thours)
a) b)

Figure ©:  a) The effect of time and acid concentration on Sn extraction
b) The effect of time and solution temperature on Sn lgaching

The higher leaching temperatire has detrimental effect on tin extraction (Fig. 9b). Alrcady at tem-
peraturcs higher than 35 °C the cffeet of ozone on extraction of tin was totally climinated. Results
have been similar to those obtained for leaching without ozone, The araount of tin transterred into
the solution did not exceed 5 . It was confirmed that temperature plays crucial role in leaching
process with use of ozone.
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4 Conclusion

The solubility of ozone in solulion is the key factor influcncing the kinetics and efficiency of metal
teaching. Experiments showed that solubility of ozone in acid solutions is influenced mainly by
temperature. The temperature of solulion above 30 °C slows down the solubility of ozone. The posi-
tive finding was ihat sulphuric acid in concentralion range (1 — 3 M) has no negative effect on
ozone solubility. Tlowever, except of character of solution (pH, composition, impuritics ctc.) and
temperature, the solubility of ozone is influenced also by uscd ozone pressure {at which is blown
inta the solution), by level of sohrtion in the reaclor column, effectivity of vzone bubbles dispersion
ete. From this point of view, the effectivity of ozone capturing and solubility in used selution could
be partially improved by adjusling experimental conditions.

Expeniments of tin leaching by ozone showed that:

— by increasing of ozone flow rate the extraciion elficiency ol lin was Increased, too, _
— the maximum tin extraction (70 %) was chiained at the highest ozone flow rate (7 g Os/hr),

— increasing suphuric acid concentration from 1 M to 3 M positively affect lin exiraction. The iin
extraction increased from 60 % to 84 % by using 1M and 3 M 112804, respectively,

— higher témperaturc of solution (above 30 °C) has detrimental effect on Un exiraction and elimi-
nates the ozone contribution tn metallic tin leaching process.

Leaching mechanism of tin in sulphuric acid could take place by three different ways, either by
formatien of tin oxide (Sn0O, Sa0s), hydroxide (3n(OH);) followed by leaching of these producis in
sulphuric acid in the prescnce of ozonc or leached directly of metallic tin in sulphwric acid satwrated
with ozone. Bascd on thermodynamic data and obtained results it is supposed that during leaching
the phase SnO could be created as semi-product rather than SOz, Sn0: should neither be leached in
sulphuric acid freaction 6} ncither in sulphuric acid in the presence of ozone. On the other hand,
Sn0O; could create mainly alter whole ozene destruction (removal) in solution when ‘continuous
ozone bubbling was stopped and redox potential droped down (Fig. 6). Tin sulphate was crealed
predominantly in solutions which cxcced the saturation value of this compound in given solutions.
Except of dissolution rate of ozone in used leaching solution the other factor influencing the overall
kinetics of metallic {in leachimyg seems to be the formation of semi-product during leaching process
in sulphuric acid. For total tin extraction into soluiion it is probably necessary to increase the con-
centration of sulphuric acid to at least 3 M, increase the ozone flow rate above 3.5 g/hr and/or pro-
long the Icaching time. The problematic aspect of tin [eaching was also the level of solubilily of tin
species in sulphuric acid (precipitation occurred).
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Abstract

The work deals with recovery of metallic zinc from leach liquor afier leaching EAF dust. The leach
liquor afier leaching EAF dust in sulluric acid sclutions, containing Fe 3.34 ¢/L, Zn 4.17 g/, Ca
0.6 ¢/L and other minor metals (Cd, Pb, Cu), was processed by iron precipitation, cementalion of
other accompanying metals and subsequent zinc clectrowinning. Goethile and jarosite processes
were used as iron preeipitation slep. Influence of a neutralizing agent (1 M NaOH, CaCO; and lime
milk}, pH (2.5 - 4) and lemperature (80 and 95 °C) on the process efficicney was investigated. The
am was to determine optimal conditions at which residual iron concentration after precipitation
docs not exceed 30 pg/ml; ie the limit for iron concentration in an electrolytc for zinc elec-
trowinning. It was observed, that pH value and neutralizing agent have the most significant effect
oun the iron precipitation cfficiency. Lime milk was determined as the most suitable ncutralizing
agent, where the residual iron concentration (80 °C, pH 4) was below 1 pg/ml, and representing
precipitation efficiency of 99.98 %. Afier iron precipitation step, cemeniation of other impuritics
{Cd, Pb, and Cu) by zinc powder was carried out. The influence of pH and tempcrature on the ce-
menlation efficiency was investipated. The results showed that almost 100 % Cd and 90 % Pb can
be removed by cementation, In zine electrowinning step, the influence of temperatare (20, 40 and
60 °C} and current density {333 — 1000 A/m?) on (he current efficiency was studied. Maximum re-
covery of zine (almost 99 %) was obtained at 40 °C and current density of 333 A/m?. Al ihese con-
ditions, zinc was recovered as a compacl plate with a minimum of zinc being precipitated in den-
dritic form. Results of (his study show possibility fo recover high purfty product by processing
impure zine containing solution coming from EAF dust leaching.
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