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ABSTRACT

In this work, based on experimental studies, the effect of roasting temperature and duration on
the chlorination of gold from E-waste under low-temperature conditions was studied. It has been
established that in the low-temperature range of 150-300 °C, the gold content in the residue shows
a sharp decrease, reaching its minimum of 8 ppm at 250 °C. A further increase in temperature does
not affect the gold content in the cinder. It has been shown that during chlorinating roasting above
a temperature of 250 °C, side reactions should be expected to occur with the formation of
additional phases representing chlorides of copper, iron and other elements. The results of SEM
and XRD analyzes of the solid phase obtained after chlorinating roasting at a temperature of 250
°C and a roasting duration of 20 minutes showed the presence of copper and iron chlorides in
them. Optimal technological parameters and modes of the process of chlorinating roasting of E-
waste with gaseous chlorine have been established: temperature — 250 °C; roasting duration — 20
minutes; chlorine consumption is 1.5 times more than the stoichiometrically required amount
(SRA) for gold chlorination. Under optimal roasting conditions, a high, up to ~97.6%, recovery of
gold in the form of gold chloride (AuCls) was achieved. The results of the experiments can be a
basic basis and make it possible to conduct more representative experiments (scaling) in the
future, taking into account the established optimal technological parameters. This will provide a
chance to evaluate the possibility of extracting gold from E-waste of different types and
compositions and to conduct further research on obtaining pure gold from the collected
representative amount of gold sublimate AuCls by smelting.
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Introduction

Increasing

environmental
necessitate the introduction of new accessible

of high-quality primary raw materials. In recent
years, the recycling of waste electronic and electrical
equipment, combined into a separate category, and
referred to in the scientific literature as electronic
waste (E-waste) [[1], [2], [3], [4], [5], [6], [7]], has

requirements

technologies with the transition to a circular
economy. The issues of resource-saving of primary
raw materials and reducing the costs of metal
production are the main tasks nowadays, the
solution of which requires finding new types of
sources of raw materials for the production of
metals. One of the promising areas is the
involvement of secondary raw materials in the
processing, which is becoming widespread in
European countries where there is a clear shortage

received high interest and development.

Known technologies for processing E-waste,
including pyro-, hydro- and biometallurgical
technologies, require serious modernization, both in
terms of technology and environmental
requirements [[8], [9], [10], [11], [12], [13]]. The lack
of rational technology for processing E-waste has led
to its growth in terms of volume. According to
experts [[14], [15], [16]], up to 343 thousand tons of
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electronic waste are accumulated in Kazakhstan per
year, which could be used as an additional source of
raw materials for the production of valuable metals.

The wuse of chlorinating technologies for
processing E-waste, which is currently widely used
for the extraction of valuable metals from various
types of primary raw materials and technogenic
waste [[17], [18], [19], [20]], has a high theoretical
and practical interest. The results of systematic
studies carried out in [19] showed the possibility of
selective extraction of gold from various types and
compositions of primary gold-bearing raw materials
at a relatively low temperature. The positive results
obtained by the authors indicate the prospects of
using chlorine gas as a chlorinating reagent for the
sublimation of gold in the form of its sublimate
(AuCls) from E-waste. However, for a more detailed
assessment, data on the completeness and rate of
interaction of gold with chlorine is important.
Knowledge of these factors is necessary to study the
mechanism of the process of chlorination of E-waste
with chlorine gas.

This research [20] on the interaction of E-waste
components with gaseous chlorine shows the
fundamental thermodynamic possibility of selective
gold extraction from E-waste. Significant factors
affecting gold recovery during low-temperature
chlorinating roasting of E-waste with chlorine gas
are chlorine consumption, temperature, process
duration and impurity content. At low temperatures
(100-250 °C), only AuCl; has high vapor pressure.
Therefore, it can be argued that the main factors
influencing the completeness of gold extraction
from E-waste will be the temperature and duration
of the process. In this case, the consumption of
chlorine should be optimal, and it should be spent
on the chlorination of gold, the content of which, as
the literature data show, in E-waste can vary from 50
to 350 ppm, depending on the type and composition
of electronic scrap.

To obtain quantitative data on the recovery and
rate of gold chlorination, this article contains studies
on the chlorination of gold from E-waste in a stream
of chlorine gas. The effect of roasting temperature
and time on the chlorination of gold and its
extraction from E-waste in the form of a volatile
sublimate AuCl; was studied.

Materials and research methods

Computer boards were used as the initial
object. -35 mesh PC board materials were prepared
in advance using an SM 300 cutting mill from Retsch

GmbH. The gold content in the source material is
310 ppm.

Roasting was carried out in a temperature-
controlled laboratory electric furnace Nabertherm
HTC-03/15/B170 at a temperature of 250 °C in an
atmosphere of excess chlorine gas. The heating rate
of the furnace was constant and amounted to 12
9C/min.

In all experiments, the gas flow (chlorine), to
optimize it, was constant and amounted to 150
ml/min. The consumption of chlorine was 1.5 times
higher than the stoichiometrically required amount
(SRA) for the chlorination of gold according to the
reaction: 2Au +3Cl; =2AuCls.

Experiments were carried out at temperatures
of 150, 200, 250 and 300 °C. The experimental time
varied from 10 to 20 minutes in 5-minute
increments. The experimental methodology is based
on the experimental planning theory method, which
makes it possible to determine the influence of
temperature and process duration on the extraction
of gold from E-waste under conditions of
chlorination with chlorine.

The total number of experiments was 16
experiments. Each experiment was repeated three
times for reproducibility to obtain accurate results.
At the end of each experiment, the weight of the
residue was monitored. The presence of gold in the
residues obtained after roasting was determined
based on the results of elemental, SEM and XRD
analyses. The gold content in the residue was
additionally determined by the traditional method
of chemical analysis.

Based on the results of experimental data, the
values of gold recovery from E-waste at different
temperatures and roasting times were calculated.

Diagram of the laboratory setup and
experimental methodology

The general diagram of the laboratory
installation for gold extraction is shown in Fig. 1.

The experimental procedure was as follows. The
initial sample was loaded into boat crucible 4 and
placed in a quartz reactor 2 installed in the zone of a
uniform temperature field of electric furnace 1. The
working area of the furnace allows for placing four
boat crucibles at the same time, which can increase
the amount of raw material being roasted. In our
case, we used one boat crucible with a minimum
weight of 15 g.
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Figure 1 — General diagram of the laboratory installation to extract gold from E-waste:
1 — Nabertherm HTC-03/15/B170 electric furnace; 2 — quartz reactor;
3 — gases containing AuCI3 sublimate; 4 — boats crucible for samples;
5 — exhaust gas absorbers; 6 — AuCI3 sublimate trapping device;
7 — plug with a hole for supplying chlorine to the reactor;
8 — cylinder with chlorine (gas). The picture was illustrated by the authors.

The quartz reactor is plugged on opposite sides
with a plug, which has holes for the input and output
of gases. The roasting was carried out in a stream of
chlorine gas, which was supplied from cylinder 8
through a plug with a hole 7 into a quartz reactor 2.

Sublimate (AuCls) formed during roasting was
removed from the reactor through pipeline 3 and
captured in a specially designed device 6.
Continuous removal of the sublimate from the
reaction zone ensured that the gold chlorination
reaction proceeded practically in the absence of its
chlorides in the reaction zone.

Exhaust gases containing chlorine were
captured in absorption flasks containing lime milk.
At the end of the experiment, the furnace was
turned off. The solid residue obtained after the
experiment was removed from the furnace, weighed
and subjected to chemical and phase analysis. The
degree of gold chlorination under various
experimental conditions was determined by the
difference, taking into account the amount of the
initial sample and the resulting residue and the gold
content in them.

Results and discussion

The results of experiments on low-temperature
chlorination of E-waste with gaseous chlorine are
given in Table 1.

Figure 2 shows the dynamics of changes in the
gold content in the source material depending on
the temperature and duration of roasting.

It is easy to notice that in the low-temperature
range of 150-300 °C, the nature of the curve of the
dependence of the gold content in the residue on
temperature shows a sharp decrease in the gold
content, reaching its minimum of 8 ppm at 250 °C
(Fig. 2 (A)). A further increase in temperature does
not affect the gold content in the cinder. This
indicates that during chlorinating roasting above a
temperature of 250 °C, side reactions should be
expected to occur with the formation of additional
phases representing chlorides of copper, iron and
other elements. In particular, as shown by the
results of SEM and XRD analyses, copper and iron
chlorides were found in the residues obtained after
chlorinating roasting at a temperature of 250 °C and
a roasting time of 20 minutes. The obtained results
are in good agreement with the results of
thermodynamic analysis of the reactions of
interaction of E-waste components with gaseous
chlorine, where during chlorinating roasting of E-
waste at low temperatures (below 400 °C), a high
thermodynamic probability of interaction of non-
ferrous metals (Cu, Pb, Zn) was established with
chlorine gas to form solid chlorides.
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Table 1 - Results of experiments on chlorination of E-waste with chlorine

# Initial weight, Temperature, 2C Time, min Quantity of Content of
g. residue, g. Au in the residue,
ppm
1 200 150 10 73 8.8
2 200 150 15 65 8.4
3 200 150 20 54 8.1
4 200 150 30 49 7.9
5 200 200 10 71 8.5
6 200 200 15 67 8.2
7 200 200 20 57 7.7
8 200 200 30 50 7.5
9 200 250 10 70 8.3
10 200 250 15 64 7.9
11 200 250 20 99 7.2
12 200 250 30 52 7.1
13 200 300 10 68 8.4
14 200 300 15 54 7.8
15 200 300 20 49 7.1
16 200 300 thirty 46 7
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Figure 2 — Dependence of gold content in the residue on temperature (A)
at t =20 min., and roasting duration (B)
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From Fig. 2 (B) it is clear that the duration of
roasting is an equally important parameter affecting
the chlorination of gold: an increase in the roasting
time also leads to a decrease in the gold content in
the residue obtained after roasting. At T=200 °Cand
roasting time t = 20 minutes, the gold content in the
residue is reduced from 310 ppm to 9.5 ppm. The
greatest effect of reducing gold in the residue is
achieved at T = 250 °C and roasting time t = 20
minutes: the gold content in the residue is 8 ppm.

The most significant technological indicator of
the chlorination roasting process is the extraction of
gold from E-waste under experimental conditions.
Based on the task set, using the results of
experiments, the values of gold extraction into
sublimates in the form of AuCI3 sublimate were
calculated.

Gold recovery was calculated using the formula:

a = 100 — (Eeinder , 1),

€scrap

where: Me cinder — metal content in the cinder, %;
Me srap — metal content in the original
scrap, %.

Figure 3 shows the graphical dependences of
gold extraction (a) on temperature and roasting
duration, developed from the results of
experimental data.

The recovery of gold from E-waste increases
with increasing temperature. Moreover, its sharp
increase, at a constant roasting time, is observed in
the temperature range of 100-250 °C, reaching its
maximum at 235 °C (t = 20 min.) equal to ~97.6%
(Fig. 3 (A)). A further increase in temperature does
not affect gold extraction; on the contrary, a slight
decrease is observed, which is associated with a
change in the phase composition of the starting
material during the roasting process. At high
roasting temperatures (more than 250 °C), sintering
of the material occurs with the formation of
additional phases: CuCl,; FeClO and Cu,Cl(OH)s,
which inhibit the interaction of gold with chlorine
and reduce the reaction rate. However, as
experimental results show, the greatest reduction of
gold with chlorine is achieved up to a temperature
of 250 °C. Further chlorination of gold can be
achieved by increasing the temperature, however,
the resulting gold sublimate will decompose into
metallic gold and chlorine to the point of capture. In
addition, at elevated temperatures, we should
expect changes in the composition of the gas phase
due to the volatilization of undesirable

accompanying metals (As, Cd, etc.), as well as
organics due to the thermal destruction of plastics,
etc.
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Figure 3 — Dependence of gold recovery (a)
on temperature (A) at T = 20 min., and duration (B)

Increasing the experiment time, at a constant
temperature, has a significant effect on gold
recovery in the time range from 10 to 20 minutes,
sharply increasing gold recovery during roasting to a
maximum of 20 minutes (Fig. 3 (B)). Increasing the
temperature reduces the roasting time and
increases the gold recovery, indicating that the
roasting time has a negligible effect on gold recovery
from E-waste.

The obtained positive experimental results
provide a chance to select the optimal technological
parameters and modes of the process of
chlorinating roasting of E-waste with gaseous
chlorine: temperature — 250 °C; roasting duration —
20 minutes; chlorine consumption is 1.5 times
higher than its stoichiometric required amount for
chlorination of gold. The established parameters
provide high gold recovery up to ~97.5% from E-
waste in the form of AuCls sublimate.

The results of the experiments can serve as a
basic basis to conduct more representative
experiments (scaling) in the future, taking into
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account the established optimal technological
parameters. This will allow us to evaluate the
possibility of extracting gold from E-waste of
different types and compositions and to conduct
further research on obtaining pure gold from the
collected representative amount of gold sublimated
AuCl; by smelting.

Conclusions

Based on experimental studies, the influence of
roasting temperature and time on the chlorination
of gold from E-waste has been established.
Extraction from E-waste, at a constant roasting time,
increases with increasing temperature and reaches
its maximum equal to ~97.6% at 235 °C (t = 20 min.).
A further increase in temperature does not affect
gold extraction; on the contrary, a slight decrease is
observed.

At a constant temperature, increasing the
duration of the experiment from 10 to 20 minutes
linearly increases the extraction of gold during
roasting. Increasing the temperature reduces the
roasting time and shifts gold recovery towards
higher levels.

Optimal technological parameters and modes of
the process of chlorinating roasting of E-waste with
gaseous chlorine have been established:
temperature — 250 °C; roasting duration — 20

minutes; chlorine consumption is 1.5 times more
than SRA for gold chlorination. Under optimal
roasting conditions, a high, up to ~97.6%, recovery
of gold in the form of gold chloride (AuCls) was
achieved.

The obtained data will be used for further
research on the extraction of gold from E-waste of
various types and compositions in the form of AuCl;
sublimate and the isolation of pure gold from it.
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Xnopnan Kyigipy KesiHge E-KanablKTapblHaH anTbiHAbl 6enin anyfa
Temnepartypa MeH Npouec Y3aKTbIFbIHbIH, 3CepPiH 3epTTey

YKonpacbaii E.E., *"ApsbiH A.D., 2KypmaHnceutos M.B., locmyxameposa K.C., 2Oapyew F.C.

18.A. balikoHblpos ameiHOaFbI He3Ka3raH yHusepcumemi, MeskasraH, Kazakcmax
2Cambaes YHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

Makana kengi: 17 Haypei3 2024
CapanTtamagaH eTTi: 16 cayip 2024
Kabbinganabl: 17 mameip 2024

By }KymbICTa aKCNepUMeHTaNAbl 3epTTeynep Herisivae ToMeH TemnepaTtypa KafaanbiHaa Kynaipy
TemnepaTtypacbl MeH YaKblITblHbIH, E-KanablKTapAaH anTbiHHbIH, X10paaHybliHa acepi 3epTTengi.
150-300 °C apanbifblHAAFbl TOMEH TemnepaTtypaza KanablKTafbl anTblHHbIH Menwepi 250 °C
TemnepaTtypaga 8 ppm-re TeH, MMHUMYMFa KeTe OTbIpbin, KYpT TOMeHAEMTiHi aHbliKTanabl.
TemnepaTypaHblH 0ZaH api ecyi epTeHAl KypamblHAafbl anTbiHFa acep eTneiai. 250 °C-TaH ofapbl
TemnepaTtypaja XJopnan Kynaipy KesiHAe jKaHama peakumMAanapablH, Kypyi HaTukeciHae
KOCbIMLUA $asanap mMbic, TEMIp KaHe BacKka a1eMeHTTePAiH X/I0PUATEPIHIH, TY3iNeTiHi aHbIKTanabl.
250 °C temnepaTypaga aHe 20 MWHYT xnopnan KyWaipy yakblTbIHaH KeWiH ajblHFaH KaTTbl
¢dasaHbl SEM xaHe XRD TangaynapbiHblH, HITUXKeNepi onapaa MbiC XKaHe TemMip XJ0pUATEPIHIH,
6apbiH KepceTTi. E-KangbikTapabl X10p rasbiMeH Xnopaay NpoLeciHiH, OHTalIbl TeXHONOTUANbIK,
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napameTpaepi MeH pexxumaepi benrineHai: Temnepatypa - 250 °C; Kynaipy y3akTbifbl — 20 MUH.;
XN0P WbIFbIHbI anTbiHAbI xnopnay ywiH CKM-HeH 1,5 ece Ken. OHTalnbl KyWAipy KafpanbiHAa
Kofapbl ~97,6% peiiH antbiH  xnopug  (AuCls) TypiHge 6enin  anbiHAbI. WyprisinreH
ToXipubenepaiH, HaTukenepi 6asanblk Heris 6ona anafbl KoHe 6enrineHreH OHTabI
TEXHONOTMANBIK, MapameTp/iepai ecKepe OTbipbiN, OAAaH dpi  OKINeTTi 3KCNepuMeHTTepai
(macwrabray) Kyprisyre MymkiHaik 6epepgi. Byn apTypni TunTeri KaHe Kypampafbl E-
KangablkTapaaH antbiHAbl 6enin  any MyMKiHAiriH - 6afanayfa KaHe JKMHanfFaH anTblH
cybammaTbiHbiH, AuCls ekineTTi MenwepiHeH 6anKpITy apKpblibl Tasa anTbiH any 6ovibiHWA 0faH api
3epTTeynep XKyprizyre MyMKiHAiK 6epeai.

Tyiiin ce30ep: E-kanabIKTap, antbiH, Kyinaipy, AuCls cybanmartsl, Temnepatypa, 6enin any.

Mondacbali EpxcaH EceHbaliynbl

Aemopnap mypanel aknapam:
PhD, 6.A. balikoHbipos ambiHAaFbLl Me3KkasraH yHusepcumemi, 100600, }e3kas3raH, AnawaxaH
Kew. 16, KazakcmaH. E-mail: zhte@mail.ru

AprbiH Alidap 860inmanikynbl

PhD, 6.A. balikoHbipos ambiHOaFbI Me3KkasraH yHusepcumemi, 100600, Ke3kasraH, AnawaxaH
Kew. 16, KasakcmaH. E-mail: aidarargyn@gmail.com

KypmaHceumoe Mypam BaybipycaHyasi

PhD, Cam6aes YHusepcumemi, 050013, Aamamesi, Combaee kew. 22., KazakcmaH. E-mail:
murat.kmb@mail.ru

Aocmyxamedosa Kypanaii CaecambaesHa

6.A. balikoHbipoe ameiHOaFbl Me3Ka3FaH yHusepcumemi, Me3kasraH, Ka3aKkcmaH.

Aapyew fanamam CynmaHb6eKkynoi

PhD, Cam6aes YHusepcumemi, 050013, Aamamesi, Combaee kew. 22., KazakcmaH. E-mail:
galamat3196@gmail.com

UccnepoBaHue BAUAHUA TeMnepaTypbl U NPOAONKUTENbHOCTU XJIOPUPYIOLLLETO
063Kura Ha usBneuyeHue 3onorta us E-otxopos

YKonpacbaii E.E., *"AprbiH A.A., 2KypmaHcentos M.B., }locmyxameposa K.C., 2Napyew I'.C.
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2Satbayev University, Anmamel, Kazaxcma

MNoctynuna: 17 mapma 2024
PeueHsnpoBaHue: 16 anpens 2024
MpuHAaTa B Nevatb: 17 mas 2024

AHHOTALMUA

B paboTe Ha OCHOBaHMM SKCNEPUMEHTANbHbBIX UCCNEA0BAHUIA U3YyYEHO BAUAHUE TeMNepaTypbl U
BpPemMeHM 06ura Ha XxnopuposaHue 3010Ta U3 E-OTXOA0B B YCNOBMAX HU3KUX TemnepaTyp.
YcTaHOBNEHO, YTO B MHTEpBane HU3KMx Temnepatyp 150-300 °C copeprkaHue 30/10Ta B OCTaTKe
NOKa3blBaeT PE3KOE CHUMKEHUE C AOCTUNKEHMEM CBOETO MUHMMYMA, paBHoro 8 ppm, npu 250 °C.
[anbHenwunii poct TemnepaTypbl Ha coaepiKaHue 30/10Ta B orapke He BauseT. NoKasaHo, 4To B
npouecce xnopupytollero obxura Boiwe Temnepatypbl 250 °C cneayeT oXuAaTb NpoTeKaHWA
NobOoYHbIX peakumnit c obpasoBaHMemM JONONHUTENbHBIX a3, NPeACTaBAALMX XA0pPUabl Meau,
Kenesa v Apyrux anemeHToB. PesynbTatbl SEM 1 XRD-aHanu3oB TBepaoi ¢asbl, Nony4yeHHou
nocne xaopupytowero obxura npu temnepatype 250 °C v BpemeHn 063kmra 20 MUHYT, NoKasanm
Ha/svuyMe B HUX XNOPUAOB MeAM W Kenes3a. YCTaHOB/EHbl ONTMMasibHble TEXHONOrU4ecKue
napameTpbl U pexunmbl npouecca xnopupytollero obxura E-oTxof0B razoobpasHbiM X10pom:
Temnepatypa — 250 °C; NnpoAoKUTEeNbHOCTb 06Xkura — 20 MUH.; pacxog, xnopa B 1,5 pasa 6onblue
CHK pana xnopupoBaHuA 30710Ta. B oNTUManbHbIX YCI0BUAX BEAEHUA 06XKMUra AOCTUFHYTO BbICOKOE,
80 ~97,6 %, u3sneyeHune 3o010T7a B Buae ee xnopuaa (AuCls). PesynbraTbl NPOBEAEHHBIX OMbITOB
MOTYT C/AYXUTb 6a30BOM OCHOBOW W NO3BOAAIT B JajbHelliem npoBectn bonee
npeacTaBUTeNbHbIE SKCNEPUMEHTbI (MacluTabupoBaHme) C y4eTOM YCTaHOBEHHbIX ONTUMA/bHbIX
TEXHO/NIOTMYECKMUX NapameTpoB. ITO MO3BONIUT OLEHUTb BO3MOXHOCTb M3BJ€YEHUA 3010Ta U3
pas/IM4HOro No TNy 1 coctasy E-0Tx0A08, 1 NpoBecTv fanbHelne NccaefoBaHNA No NOYYEHUIO
YUCTOro 30/10Ta U3 COBPAHHOTO NPeACTaBUTENBHOTO KoanyecTBa cybanmata 3onota AuCls nytem
NNaBKu.

Kmiouesvble cnoea: E-otxofpl, 301070, 063kur, cybammat AuCls, Temnepatypa, ussnedeHue.

Mondacbaii EpycaH EceHbaiiynbl

NHpopmayusa 06 aesmopax:
PhD, Me3kazeaHckuli yHusepcumem umeHu O.A. balikoHyposa, 100600, Me3KaseaH, yn.
AnawaxaHa 16, KazaxcmaH. E-mail: zhte@mail.ru

Apa2biH Alidap A6duamanukynel

PhD, Mes3kazeaHckuli yHusepcumem umeHu O.A. balikoHyposa, 100600, e3KkazeaH, yn.
AnawaxaHa 16, KazaxcmaH. E-mail: aidarargyn@gmail.com

KypmaHceumoe Mypam baybipxcaHynel

PhD, Satbayev University, 050013, Aamamel, yn. Camnaesa 22, KaszaxcmaH. E-mail:
murat.kmb@mail.ru

Aocmyxamedosa Kypanaii CaecambaesHa

Me3kazeaHckuli yHusepcumem umeHu O.A. balikoHypoea, Ke3ka3zeaH, KazakcmaH

Aapyew fanamam CynmaHb6ekynoi

PhD, Satbayev University, 050013, Aamamel, yn. Camnaesa 22, Kazaxcmad. E-mail:
galamat3196@gmail.com



mailto:zhte@mail.ru
mailto:aidarargyn@gmail.com
mailto:murat.kmb@mail.ru
mailto:aidarargyn@gmail.com
mailto:murat.kmb@mail.ru

Complex Use of Mineral Resources. 2025; 333(2):51-58 ISSN-L 2616-6445, ISSN 2224-5243

References

[1] Balde KP, Forti V, Gray W, Kuhr R, Stegmann P. Global Monitoring of Electronic Waste, United Nations University (UNU),
International Telecommunication Union (ITU) and International Solid Waste Association (ISA). Bonn, Geneva, Vienna. 2017.

[2] Global E-waste Key Statistics, The Global E-waste Monitor. 2020. https://www.tadviser.ru/images/3/3f/The-Global-E-
waste-Monitor-2020-Quantities- flows-and-the-circular-economy-potential.pdf

[3] Baldé CP, lattoni G, Xu C, Yamamoto T. Update of WEEE Collection Rates, Targets, Flows, and Hoarding - 2021 in the EU-27,
United Kingdom, Norway, Switzerland, and Iceland, SCYCLE Programme, United Nations Institute for Training and Research (UNITAR),
Bonn, Germany. 2022. https://weeeforum.org/wp-content/uploads/2022/12/Update-of WEEE-Collection_web_final_nov_29.pdf

[4] Niu B, Shanshan E, Xu X, Guo J. How to efficient and high-value recycling of electronic components mounted on waste
printed circuit boards: Recent progress, challenge, and future perspectives. Journal of Cleaner Production. 2023; 415: 137815.
https://doi.org/10.1016/j.jclepro.2023.137815

[5] Turner A, Filella M. Chemical characteristics of artificial plastic plants and the presence of hazardous elements from the
recycling of electrical and electronic waste. Science of The Total Environment. 2023; 903:166083.
https://doi.org/10.1016/j.scitotenv.2023.166083

[6] Rene ER, Sethurajan M, Ponnusamy VK, Kumar G, Dung TNB, Brindhadevi K, Pugazhendhi A. Electronic waste generation,
recycling and resource recovery: Technological perspectives and trends. Journal of Hazardous Materials. 2021; 416:125664.
https://doi.org/10.1016/j.jhazmat.2021.125664

[7] Jabbour CJC, Colasante A, D'Adamo |, Rosa P, Sassanelli C. Comprehending e-waste limited collection and recycling issues
in Europe: A comparison of causes. Journal of Cleaner Production. 2023; 427:139257. https://doi.org/10.1016/j.jclepro.2023.139257

[8] Ye F, Liu Z, Xia L. Slag chemistry, element distribution behaviors, and metallurgical balance of e-waste smelting process.
Circular Economy. 2023; 2(4):100062. https://doi.org/10.1016/j.cec.2023.100062

[9] Ebin B, Isik MI. Pyrometallurgical processes for the recovery of metals from WEEE. WEEE Recycling. Research, Development,
and Policies. 2016, 107-137. https://doi.org/10.1016/B978-0-12-803363-0.00005-5

[10] Gadekar J. Extraction of Gold and other Precious Metals from e-waste. International Journal of Pharmacy & Pharmaceutical
Research. 2017; 1:24-34.

[11] Al Balushi M, Kaithari DK. Recovery of Gold from e-waste. International Journal of Students’ Research In Technology &
Management. 2016; 4(3):44-48.

[12] Cui J, Zhang L. Metallurgical recovery of metals from electronic waste: A review. Journal of Hazardous Materials. 2008;
158:228-256.

[13] Kim Y, Seo H, Roh Y. Metal Recovery from the Mobile Phone Waste by Chemical and Biological Treatments. Minerals. 2018;
8(8):1-10.

[14] Dushkina Yu. Analysis of the situation in the field of waste management of electronic and electrical equipment in the
Republic of Kazakhstan. Astana, Kazakhstan. 2014.

[15] Vorotnikov AM, Lyzhin DN, Ipatova NS. Waste management system as an integral part of the circular economy. Journal of
economic research. 2018; 10:29-34.

[16] Baldé CP, lattoni G, Luda V, Nnorom IC, Pecheniuk O, Kuehr R. Regional E-waste Monitor for the CIS + Georgia. United
Nations University (UNU). United Nations Institute for Training and Research (UNITAR) - co-hosting the SCYCLE Programme, Bonn,
Germany. 2021. https://ewastemonitor. info/regional-e-waste-monitor-cisgeorgia-2021/

[17] Koishina GM, Zholdasbay EE, Kurmanseitov MB, Tazhiev EB, Argyn AA. Study on the behaviour of zinc and associated metal-
impurities in the process of chlorinating roasting of dross. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral
Resources. 2021; 318(3):71-80. https://doi.org/10.31643/2021/6445.30

[18] Dosmukhamedov N, Zholdasbay E, Daruesh G, Argyn A. Integrated chlorination technology for producing aluminum and
silica from ash-slag waste of the TPP of Kazakhstan. Journal of Materials Research and Technology. 2022.
https://doi.org/10.1016/j.jmrt.2022.12.140

[19] Zyryanov MN, Leonov SB. Chloride metallurgy of gold. Moscow: SP Internet Engineering. 1997.

[20] Dosmukhamedov NK, Zholdasbay EE, Kurmanseitov MB, Argyn AA. Behaviour of gold and non-ferrous metals during low-
temperature chlorinating roasting of E-waste. Metallurgist. 2024; 6.



https://weeeforum.org/wp-content/uploads/2022/12/Update-ofWEEE-Collection_web_final_nov_29.pdf
https://doi.org/10.1016/j.jclepro.2023.137815
https://doi.org/10.1016/j.scitotenv.2023.166083
https://doi.org/10.1016/j.jhazmat.2021.125664
https://doi.org/10.1016/j.jclepro.2023.139257
https://doi.org/10.1016/j.cec.2023.100062
https://doi.org/10.1016/B978-0-12-803363-0.00005-5
https://doi.org/10.31643/2021/6445.30
https://doi.org/10.1016/j.jmrt.2022.12.140

