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Abstract

Introduction/purpose: Hydrogen is the most abundant element in the universe (75 % by mass) and the lightest element (with a

density of 0.00082 g/cm?) which consists of only one proton and one electron. Because of its presence in many different forms
such as gaseous hydrogen, its plasma species, water, acid, alkalline, ammmonia and hydrocarbons, it has various applications in
different industrial disciplines.

Methods: Different hydrometallurgical and pyrometallurgical methods are considered in order to point out many different
processes such as formation of hydrogen, reduction of metallic oxides and chlorides, and electrochemical reactions such as
hydrogen overvoltage and the spillover effect. Ultrasonic spray pyrolysis enables the formation of very fine acrosols which can be
used for the production of metallic powders.

Results: Hydrogen formation was observed during the dissolution of metallic allloys with hydrochloric acid. The reduction of
metallic oxides and metallic chlorides by hydrogen leads to the formation of metallic powders. Metallic powders were collected
by a new developed electrostatic precipitator.

Conclusion: Hydrogen can be applied in different reduction processes for the production of metallic powders. Recycling
processes can be used for the formation of hydrogen. A new research strategy for powder production is proposed combining
recycling of the black mass of used Li-Ion batteries, ultrasonic spray pyrolysis, and hydrogen reduction.

Keywords: hydrogen, reduction, formation, acid, recycling, electrostatic precipitator.

Pesrome

Beeaenue/niean: Bopopoa, sBAsieTCSs caMBIM pacIIpoOCTpaHEHHBIM IAEMEHTOM BO Bceaennoit (75 % 1o Macce) M caMbIM AETKUM
asemenToM (¢ maotaoctbio 0,00082 1/ CM3). OH cOCTOUT BCETrO AHIIb U3 OAHOTO IIPOTOHA U OAHOTO JACKTpOHA. baaroaapst ero
COACPXKAHHIO BO MHOXCCTBE Pa3AHYHBIX (OPM, TAKUX KAK Ia3000pasHBIA BOAOPOA U €IO NAA3MEHHBIC PAa3HOBUAHOCTH, BOAR,
KHCAOTA, IIIEAOYb, AMMOHHH U YTACBOAOPOABI, OH IIHPOKO IPUMEHSETCS B PA3AUYHBIX OTPACASIX IPOMBIIIACHHOCTH.
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b RWTH Aachen University, IME Process Metallurgy and Metal Recycling, Aachen, Federal Republic of Germany

sstopic@ime-aachen.de

783


https://orcid.org/0000-0002-1752-5378
https://orcid.org/0000-0002-1752-5378
https://orcid.org/0000-0002-2934-2034
https://orcid.org/0000-0002-2934-2034
https://doi.org/10.5937/vojtehg71-43407

VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2023, voL. 71, No. 3, JULY-SEPTEMBER, ISSN: 0042-8469 /
2217-4753

Meroapr: B crarbe paccMaTpuBaOTCS PasAMUHBIC THAPOMETAAAYPIMYECKHE H IHPOMETAAAYPIHYECKHUE METOABI C ILICABIO
BBISIBAGHHUSI MHOXKECTBA PA3AHYHBIX IPOIECCOB, TAKUX KaK O6paSOBaHI/IC BOAOPOAQ, BOCCTAHOBAECHHE OKCHAOB U XAOPHUAOB
METAAAOB, A TAKXKE IAEKTPOXMMHUYECKHE PEAKIUM, TAKHE KAK IEPEHANPsIKEHHE BOAOPOAA U mo6o4HEIE apdexrsr. [Tupoans
YABTPA3BYKOBBIM PACIbIACHMEM ITO3BOASIET IOAYYaThb MEAbYAMIIHE A3PO30AH, KOTOPbIE MOTIYT OBITh HCITOAB3OBAHBI AAS
IPOU3BOACTBA METAAAMYECKHUX MOPOIIKOB.

Pesyaprarer: Ilpu pacTBOpEHMH METAAAMYECKHMX CIIAABOB COASIHOH KHCAOTOH  BBISBACHO O6p3.30BaHI/IC BOAODPOAQ.
BoccranoBacHME METAAAOB U3 OKCHAOB U XAOPHAOB BOAOPOAOM IIPHBOAHUT K oGpasoBaHmo METaAAMYECKHX Hopommkos. C
ITOMOII[bIO HOBOTO paspaGOTaHHoro 9AEKTPOPUABTPA OBIAM U3BACYCHEI MOPOIIKH METAAAOB.

Brioasr: I'lporieccsl perupKyAsiinyg MOIyT OBITh HCITIOAB30BAHBI B IIPOU3BOACTBE BOAOPOAA. B cBOIO 0Yepeab, BOAOPOA MOXHO
HCITIOAB30BaTh B PA3AMUHBIX ITPOLIECCAX BOCCTAHOBACHHUS B IIPOM3BOACTBE METAAAMYECKUX IOPOIIKOB. B crarhe mpepsaraercs
HOBAasl MCCAEAOBATEABCKASI CTPATErHs, COYETAIOIAS MPOU3BOACTBO BOAOPOAA B IIpOLIECCE nepepaGOTKn «YEPHOH Macchl» U3
AUTHH-MOHHBIX aKKYMYASTOPOB C YABTPAa3BYKOBBIM HAIBIACHHEM, TEPMUYECKUM PA3AOXKEHHEM KalAM M BOCCTAHOBACHHEM
BOAODPOAQ.

KaroueBnie caoBa: BOAOPOA, BOCCTAHOBACHHE, 06P3.30B3.HI/IC, KHCAOTA, PELIMPKYASILIUS, 9ACKTPOPUABTP.

Abstract

YBoa/1um: BoAOHHK je HajpacpOCTpameHHjH €ACMEHT YHUBEP3yMa (75 % macennx npoueHaTa), Ka0 U HajAaKIIH (ryCTm-la

0.00082 T/HM3), KOjU CE CACTOjH OA JEAHOT IIPOTOHA U jJEAHOT €ACKTPOHA. 360r BeAUKOT IPUCYCTBA Y PASAMIUTUM PopMaMa, Kao
LIITO Cy TACOBHTU BOAOHHK, I1AQ3Ma-OOAUIIH, BOAQ, KMCEAHHA, (a3e, aMOHHjaK U JCAUIbCHA CA YT AHCHUKOM, BOAOHUK Ma BUCOKY
IPUMEHY Y MHOTUM UHAYCTPHjCKHM AHCIIUIAMHAMA.

Meroae: Pasanunre nproMeTasypIke U XMAPOMETAAYPIIKE METOAE Pa3MOTPEHE CY Y HAMEPH A UCTAKHY MHOTO PasAHYMTHX
nporeca - pOpMHparme BOAOHHKA, PEAYKIIHMja METAAHHMX OKCHAA M XAOPHAQ, KA0 M CACKTPOXEMHjCKE peaklidje, Kao LITO je
IIPCHANIETOCT BOAOHMKA. YATPasByYHO PACIpIIMBAkbe Ca TCPMUUYKUM pasiarambeM Kamu omoryhasa ¢opmupame ¢unux
aepOCOAa, KOjH KacHHuje Mory 6utn kopuiheHH 32 IPOUSBOAIY METAAHHX IIPAXOBa.

Pesyararu: Boponuk je popmupan pactBaparmeM Aerypa U3 ,lpHe Mace” A0OHjeHe TPETMAHOM OTIIAAHUX AUTHjyM-jOH barepuja.
Peayxijijom METAAHHX OKCHAQ M METAAHHX XAOPHAQ BOAOHHKOM AOAA3H A0 pOPMHUPaEa METAAHHX IpaxoBa. OHH Cy CakyIraHu
y HOBOM YATPa3BY4HOM HPEIHITUTATOPY.

3akmyuak: [Tporecu penuxaupama morau 6u 6utn uckopuithern sa opmupame BOAOHHUKA KOJU MOXKE OMTH HPUMEHCH y
PABAMMUTHM PEAYKLMOHUM IIPOLICCHMA 32 IIPOM3BOAIKY MCETAAHHMX IpaxoBa. HoBa mcrpaxmBauka crpareruja komOuHyje
[IPOUSBOAIY BOAOHHKA Y IIPOLICCY PCLUKAHPAmA ,lUPHE Mace W3 AUTHjyM-jOH 0aTepHja 3ajeAHO Ca yATPasBYYHHUM
PACIIPIIHMBAKbEM, TEPMUYKUM PA3AATAEEM KAIIH H BOAOHHYHOM PEAYKIIHjOM.

Keywords: BOAOHHMK, PEAYKIIH]jA, GOPMUPatbe, KHUCEAHHA, PELIUKAHPALSE.
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Introduction

Hydrogen as the key element in energy transition replacing fossil fuels and their CO; emissions was
used as a reducing agent instead of carbon thus attracting strong interest in hydrometallurgy and
pyrometallurgy of non-ferrous metals (Stopi¢ et al, 1997b). Control of hydrogen formation during
hydrometallurgical processes such as electrocoagulation and winning electroysis has a high significance for
metal recovery (Rodriguez et al, 2007b)

During sulphuric acid pressure leaching of copper oxidic ores containing silicates, the leaching solution
contains copper sulfate with a low concentration of copper (approx. 5-10 g/L). After solvent extraction,
the concentration of copper is increased until 30-40 g/l. Copper formation is possible by using hydrogen
reduction in an autoclave under increased temperature (Hage et al, 1999). One version of this reduction
process is gaseous reduction where metals are precipitated from leach solutions by direct contacting with
reducing gases such as hydrogen and carbon monoxide. For the same fuel consumption, hydrogen
reduction has the potential to produce two to six times as much metal as the competing traditional
clectrowinning process (Sista & Sliepcevich, 1981). To date, gasecous reduction has been practiced
commercially primarily in batch operations or in semi-continuous, stirred autoclaves and tubular reactors.
Under high pressure and temperature conditions, hydrogen reduction of aqueous copper sulfate in a
continuous flow tubular reactor requires strict control of both feed temperature precipitation of basic
copper sulfate and inlet pH-values (about pH-Value of 1.8) to prevent the formation of cuprous oxide
during reduction. A bench scale investigation on the hydrogen reduction of a highly acidic copper bleed
solution was performed in a titanium lined autoclave of 1 L. A producing 99% copper powder recovery
which was reached at a pressure of about 2400 kPa, a reaction temperature of 453 K, and a stirring speed of
400 rpm for a reaction time of 2 h (Agrawal et al, 2006).

Similarly to copper production, an alternative process to electrowinning for the recovery of nickel from
purified nickel solutions is hydrogen reduction under high pressure and high temperature conditions
(Crundwell et al, 2011). Hydrogen reduction is carried out by injecting hydrogen into aqueous
ammoniacal nickel sulfate solutions in stirred high-pressure autoclaves. The following steps are performed:
the preparation of nickel ‘seed” powder; the reduction of solution batches; the finishing of a 50 tonne “lot”
of nickel powder; and the preparation of the autoclave for a new cycle.

This literature review aims at advances in understanding the role of hydrogen in non-ferrous metallurgy.
The formation of hydrogen and its application for the synthesis of metallic powder will be explained in
this study.

Hydrogen formation in hydrometallurgical processes

The formation of hydrogen was presented in zinc winning electrolysis, the treatment of wastewater with
copper electrolysis, and in the treatment of black mass for recycling used Li-Ion batteries.

Zinc winning electrolysis

The formation of hydrogen in zinc winning electrolysis was performed in an electrolytic cell from the
water solution of zinc sulfate, as shown in Figure 1.
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Figure 1

Electrolytic cell
Puc. 1 — DaexrposusHas syeiika
Cauxka 1 — Reaunja 3a eaexrposnsy

The formation of hydrogen is described via the following chemical reactions:

At the cathode:

Zn** + 2e- 27n°
At the anode:
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H0 272,02 + 2 H* + 2¢° )

Under the standard conditions, hydrogen is more noble than zinc and therefore zinc cannot be
precipitated in the electrolysis of aqueous solutions. Every electrochemical reaction is inhibited in a
different way for hydrogen, as shown in Figure 2.

Elements more ignoble than  Eléments more noble
hydrogen than hydrogen

Zn**>Zn Fe"->Fe H'2>';H, Cu*->Cu Au*2>Au

Def.; OV
H'>H

Figure 2

Hydrogen overvoltage in zinc winning electrolysis
PI/IC. 2 - HCPCHaHPﬂ)KCHI/IC BOAOPOAa HPI/I HOAY‘ICHI/II/I IIMHKa 3ACKTPOAI/I3OM
Cauxa 2 — IIpenaneroct BoAOHHKA y A0OHjarby LIMHKA CACKTPOAU3OM

The movement of the potential is enabled through the choice of different parameters: concentration of
sulfuric acid, electrolyte temperature in an electrolytic cell, current density, and concentration of zinc in an
acidic solution. Therefore, hydrogen overvoltage (potential difference that can be found between an
clectrode and a reversible hydrogen electrode within a single solution) leads to zinc precipitation as shown
in Figure 2. Hydrogen is formed at an increased temperature of electrolytes (60°C), smaller concentration
of zinc in an acidic solution, smaller current density and in the presence of iron and copper ions (catalytic
effects). The analysis of the mechanism and kinetics of the hydrogen evolution reaction has confirmed that
the hydrogen evolution reaction (HER) is the simplest electrocatalytic reaction (Lacia, 2019). With the
development of renewable energy sources, electrolytic production of hydrogen becomes an alternative way
of hydrogen production for internal combustion engines and fuel cells.

Electrocoagulation method for hydrogen formation

Electrocoagulation (EC) is an old electrochemical technique for treating polluted water using electricity
instead of expensive chemical reagents such as sodium hydroxide needed for a chemical precipitation. EC
was firstly proposed in London in 1889, where a sewage treatment plant was built and an electrochemical
treatment was used via mixing domestic wastewater with saline. In the United States, J.T. Harries patented
a wastewater treatment by electrolysis using sacrificial aluminium and iron anodes in 1909.
Electrocoagulation (EC) may be a potential answer to environmental problems dealing with water reuse,
hydrogen production, and rational waste management. The Integrated Treatment of Industrial Wastes
towards Prevention of Regional Water Resources Contamination (INTREAT) Project results
(2004-2006) confirmed the feasibility of the EC process for industrial contaminated effluents from Cu
production, taking into consideration technical and economical factors. (Rodriguez et al, 2007a). The EC-
reactor uses electrodes from aluminium and iron. This EC-reactor is connected with the control unit as
shown in Figure 3.
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Conductivity transmitter
PCU .
Control unit
Power conditioning | Conductivity

f Electrodes | _ Sensor
Flow meter

| > /
7
Storage tank S~ 7 Product tank

Magnetic stirrer

Figure 3

Experimental setup for wastewater treatment by the EC-process
PI/IC. 3 - SKCHCPHMCHTHABHM yCTaHOBKa AASL OYHUCTKH CTOYHBIX BOA METOAOM 3AeKTp0KanYAﬂuI/II/I.
Cauka 3 — Anaparypa xopumhena sa npeunnthapare 0TIIaAHHX BOAQ ITPOLIECOM CACKTPOKOATyAALIUje

This EC-equipment enables the wastewater treatment and measurement of removed metals as well as
the analysis of the concentration of the formed hydrogen.
As a working hypothesis, A@q) jons are formed in the first step (Eq. 3).

Al(s) + 6H20 — Al(H20)s** + 3e- 5
3
At the cathode, hydrogen is evolved with the formation of OH". (Eq. 4) thus raising the pH of the

solution.

2H,0 +2e- — 20H- +H; @

This leads to the hydrolysis and condensation of AH:06* in a stepwise fashion (Eq. 5) through
Al2(OH)(H20)s ““leading finally to an amorphous insoluble polymeric hydroxide [AlOH)sn ‘(H:0)x

3+ 4+ +
2 Al(H,0), — Al(OH),(H,O), +2H,0 5)
5
Hydrogen was formed during the decomposition of water and the transformation of complex
aluminium hydroxide complexes ro hydrogen ions.

Recycling the black mass from used Li-Ion batteries

Today, the production of Li-ion batteries is widely considered to be crucial technology since it can help
decarbonize transport and increase the penetration levels of intermittent renewable energy sources.

Because of high demands, used lithium-ion batteries from different sources and chemistries (lithium
cobalt oxide - LCO, and lithium nickel manganese cobalt oxide - NMC) were used after a vacuum
chamber treatment, mechanical and thermal treatment by pyrolysis in the nitrogen atmosphere.
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After that, thermally treated cells were submitted to shredding and magnetic separation to remove the
steel casing from the cells and the Fe-rich fraction (Vieceli et al, 2023).

Subsequently, the black mass was sieved at 1 mm. The fraction rich in Al and Cu foils was removed in
the coarse fraction (>1 mm) and the black mass was used for leaching with hydrochloric acid.

The main components of the black mass are graphite, mixed alloys (MnNi, MnNiCu and CoNi), oxides
(CoO, NiO, LiMnNiO5,, LiCoO,; Mng gFe(,0;), carbonates (Li;CO3), fluorides (LiF), and phosphates
(LiCo(POy),).

The leaching concentration of 4 mol/L was used in 100 L reactors (as shown in Figure 4), using a solid/
liquid ratio of 0.3, at an atmospheric pressure, and at temperatures below 100°C.

The chemical composition of the black mass is shown in Table 1.

Table 1

Chemical composition of the black mass from used Li-Ion batteries

Element, C Li Co Mn Fe Cu Ni Al | total
(%) | 315 | 342 | 165 | 924 | 0.74 | 792 | 6.73 | 5.00 | 79,85

Tabanua 1 — Xumudeckuii coCTaB 4epHOI MAcChl U3 HCIOAb3OBAHHBIX AUTHII-HOHHDIX aKKyMyASTOPOB
Tabeaa 1 — Xemujcku cacras ,,jpHor npaxa’ us ornaste Li-Ton 6atepuje

Hydrogen was formed using the following reactions:

MnNi + 4 HCI = MnCl; + NiClz + 2 H; ©
CoNi+ 4HCI = CoClz+ NiClz + 2 Hz -
7
MnNiCu + 6 HCl = CuClz + NiClz + MnClz+ 3 Hz (8)

During this treatment of the black mass with hydrochloric acid, very hazardous hydrogen fluoride was
formed:

LiF + HCI = HF + LiCl
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Figure 4

Reactors for the dissolution of the black mass from used Li-ion batteries
Puc. 4 — PeakTopbr AAst IepepabOTKH YCPHOM MACChl U3 HCIIOAB3OBAHHBIX AUTHH-HOHHBIX aKKYMYASITOPOB
Cauka 4 — Peakropu 3a pactBapame LpHe Mace U3 OTIaAHuX Li-ion 6arepuja

The formed hydrogen was observed in the reactors and its concentration measured using TESTO-
devices for the gas analysis.

Application of hydrogen in the production of metallic powders
The application of gaseous hydrogen for the reduction of metallic oxides and metallic chlorides, in

comparison to alternative reducing agents such as carbon and carbon monoxide, has some advantages, as
shown with equations:

MeQ + H; = Me + H:0O (10)

MeO + C= Me + CO (11)
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MeQO + CO = Me + CO2 (12)

MeCl; + H; =Me + 2 HCI (13)

2MeCl: +2C =2 Me + CCl4

The advantages of hydrogen as a reducing agent:

(14)

1. Formation of water instead of carbon monoxide and carbon dioxide through the reduction of metallic
oxides,

2. Formation of an acid instead of hazardous carbon tetrachloride through a reduction of metallic
chloride, and

3. Environmentally friendly process.

Hydrogen is used to be not only a source of clean fuel energy, but also a reducing agent for metals
production in the current industrial decarbonization effort. Hydrogen is only commercially utilized in the
production of a limited number of refractory metals (i.e., W, Mo) and partly utilized in Ni and Co metals
production. An improvement of hydrogen reduction was obtained using the hydrogen spillover effect. The
hydrogen spillover effect (HSPE) is the most important interfacial phenomenon in which active hydrogen
atoms generated via the dissociation of H; on one phase (metal surface) migrate to other phases (support
surface) and participate in the catalytic reaction of the substance adsorbed on that site (Shen et al, 2022).

The hydrogen spillover effect was confirmed for hydrogen reduction of nickel chloride and nickel oxides
in the presence of palladium, copper and nickel (Stopi¢ et al, 1997a). Hydrogen is mostly used for the
synthesis of metallic powders from water solutions of metallic nitrates and metallic chloride by ultrasonic
spray pyrolysis and subsequent hydrogen reduction (Giirmen et al, 2009). The equipment for the synthesis
of metallic powder contains an ultrasonic generator, a furnace and an electrostatic precipitator, as shown in

Figure S.
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T*#’— —

Figure 5
Ultrasonic spray pyrolysis equipment

Puc. 5 — YerpoiictBo AAS MTHPOAN3A YABTPA3BYKOBBIM PACIIBIACHHEM
Caunka 5 — Amaparypa 3a pacrpIiHBambe BOACHUX PACTBOPA Y YATPA3BYIHOM IOLY

Hydrogen is mostly used with argon in order to prevent the formation of an explosive mixture and to
avoid the formation of ammonia. Concerning the applied flow rate of hydrogen and argon, the production
rate amounts to about 5g of metal per one hour in laboratory conditions.
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Metallic powder was usually collected with a wet scrubber or an electrostatic filter. The newest
developed electrostatic precipitator by PRIZMA, Kragujevac, is shown in Figure 6.

Figure 6

Electrostatic precipitator for collecting powder developed by PRIZMA, Kragujevac, Serbia
Puc. 6 — DaeKTPOPUABTP AAS H3BACUCHHUS TTOPOIIKA, paspa60TaHHbIﬁ xommnanueit PRIZMA, Kparyesar, Cep61/m
Canka 6 — EAKTpPOCTATHYKY IPELUITUTATOP 32 CAKYILAALE IIPAXOBA PasBUjeH y KoMmnanuju ,I Ipusma’, Kparyjesau, Cpbuja

A new electrostatic precipitator uses a rotating electrode enabling the collection of powders avoiding
condensation until 300°C.

Conclusion

Hydrogen is mostly formed during the zinc winning electrolysis, the electrocoagulation process, and
through the recycling process using acid dissolving metallic alloys. The formed hydrogen is measured and
stored in metallic powders such as LaNi5 in order to be used for the reduction process. As a favorable
reducing agent in comparison to carbon and carbon monoxide, hydrogen is used for the formation of
metallic powders. The ultrasonic spray pyrolysis of the water sollution of metallic chlorides and metallic
nitrates, with subsequent hydrogen reduction, produces submicron and nanosized powders. The combined
strategy of hydrogen formation and its application is shown in Figure 7.
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Black mass from LiB Acid
b ’
Metallic salts
Hydrogen Formation >
Gaseous
Hydrogen
‘ USP with Hydrogen reduction
>

Metallic powder Acid

Figure 7
Formation of gaseous hydrogen and its application
Puc. 7 — ObpasoBanue razo06pasHOro BOAOPOAA U IO IPHMCHEHHE
Cauka 7 — Popmuparse racOBUTOT BOAOHHKA U HErOBa IPHMEHA

As shown in this figure, it is possible to recycle used acid and return it to the dissolution of black mass,
which is an innovative route.
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