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Introduction: why/where/how Sb and Bi could be recovered in Cu
metallurgical circuits.

Scientific and technology challenges and recovery principles.
Back-flow to EITRM: efforts on commercialization routes of
technologies/products.

Out-look and next stages.
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RESOURCE RECOVERY

Where are the main process streams for Sb and Bi recovery ?
AC Smelter (Huelva) Flowsheet

Power
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AC Smelter (Huelva) Flowsheet

Where are the main process streams for Sb and Bi recovery ?
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Where are the main process streams for Sb and Bi recovery ?
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AC Smelter (Huelva) Flowsheet
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Where are the main process streams for Sb and Bi recovery ? reém
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Sb and Bi Removal Plant: Characterization of eluate and cakes

Reﬁnery —_ Sb/Bi FLUATE 3 L—3 Sh/Bi cake 2 from washing
P|ant Process
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------------------------~
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What are the Sb and Bi recovery principles: processing schemes

Target objectives/technological & Scientific challenges

* Sb and Bi recovery as pure as possible (KPI on purity) / No presence of As (<0.1 %? TBD after
market analysis)

* As removal and stabilization from the stream (minimizing dilution factor)

* Potential recovery of HCI (3-5 MHCI): OPEX reduction / on-site process re-use

Main scientific challenges (eluate chemistry)

i)  Sb/As speciation control,

i) Limited thermodynamic data base for Sb/Bi in 3-6 M was limiting the use Chemical Process
Modelling Tools to describe and optimize processes involved
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ELECTROREF. UNIT
200-250 g/L H,SO,

Bi, As and Sb speciation issues

H,AsO,/H,AsO,/ Sh(lll)/Sh(V)/ Bi(il)

/ Cathode

Gll Il

Il

@,

l Anode

N

STRIPPING SOLUTION

\/

Anode sludge

IX PRE-POLISHING
Cu(s)

6 M HCl

ELUATE

3 —4 M HCl excess, H,S0,

IX STAGE
[Bil Sb'"]

Objective:

Fe(lll) - Fe(ll) to extend IX life

What happened to As(V)/As(I
redox par?

Un-expected co-extraction
of H;As0,;/H,AsO,/H,SO,

As(gL?)
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SPECIATION ON THE ELECTROREFINING REACTOR

—8— As{lll} —— As(V) —&—Total As

As(V): 94%
As(Il): 6%

Prior IX installation :As(lll): 0.51, As(V): 8.60 g/L
After installation IX: As(lll) 0.46 As(VI) 8.71 g/L

Feb-18

BiCl,", SbCl,” H,AsO,/H,AsO,

Ca, Cu

[RECOPP]

Bi and Sb recovery project

Apr-18 fay-18 Jul-18

Electrolyte:
57 Sb(lll)

—8—5hiv)

Shilll) —d— Total Sb

43% Sbh(V)




What are the Sb and Bi recovery principles: processing schemes
ELUATE

1
i
'HZSOg(O 1-0.3M)

{ Bi(lll): BiCl,;” (0.02-0.09 M) N Acidic organophosphorous
l Sh(i): SIC’C|4 (0.02-0.07 M) i extractants (BASF)
'  Sb(V): SbClg~ " " " / ! Solvating organophosphorous
{As(lll): HAsO; 0 0 0 | 'extractants (Solvay)
1- Y
| As(V): H,AsO, AT M)' e ,

™m(ll): Ca(ll), CU(II), Zn(ll), Fe(ll) .(0.001-0.01 M)

Potential separation / Recovery processes

» Solvent Extraction (SX) route taking benefit of extractant selectivity
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Bi, As and Sb speciation issues (industrial site) raem
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ELECTROREF. UNIT KANAKEMENT
200-250 g/L H,SO,
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Electrolyte:
Cathode e an :l: Sd ECt o yte
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. @‘ Total Fe 0.91 + 0.03
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Anode sludge Sb(l“] [].14 + [].ﬂ' 67 Sb("l)
Total Sb s kel 33% Sb V
Fe (Il 0.86 -+ 0.02 6 Sb(V)
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redox par? medn - 5
55:(1‘5‘;’1}] IX stage
ZT,CI':?:\'G 2OLUTION Total Sb 100% extraction Sh(lll)
T .
15:5‘3} 0os o001 57% extraction Sh(V)
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Bi and Sb recovery project
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Ca, Cu

\ 4




RECOPP recovery schemes: Selective Separation route using Solvent extraction

Agueous Raffinate

rzem
Proposed treatment stage 1Cl, 1,50, Alkali
HCI, H,SO H3As0,/H;As0, CaO/NaOH\L
! 4 Ca, C
BiCl,’, SbCl,” Extraction =
H3A503/H3ASO4 Cyanex 923 in kerosene A
Ca, C
2 = Loaded Organic Phase
S-BiCl,H / S-SbCl,H
S-H.AsO Scrubbing Raffinate
U Hl = -
H,O/HCI H3As05/H3As0,
Scrubbing
Loaded Organic Phase
S-BiCl,H / S-SbCI,H Alkali
CaO/NaOH
2 M HNO, Bi**/HNO;
Nitric stripping
Alkali - -
- BiOClI(s)/Bi,O4(s)
Loadedsgrl‘oggln: Phase Ca0/NaOH 2 3)
4
8 M H,SO, Sb3*/ H,S0,

Sulphuric stripping

Regenerated Organic phase

A\ 4
! Patented, 2020
Sb,0,(s)




Routes to recover Sb and Bi avoiding the precipitation of As

WORKING HYPOTHESIS: REDOX CONTROL OF MAIN COMPONENTS As and Sb

g:iu?lte composition shown mixed redox states : As(lll),As(V) (94%)/Sb(lll) (82%),
(V).

Not redox control is arplied: Formation of SbAsO4és), SbSbO,(s) and BiAsOa4(s) in
Cu-electro-refining cells has been widely described, but also described for
As(111)(6%)/Sb(V) (18%): AsSbO4(s), BiSbOa(s)

Option 1.
Redox control is applied to have As(V)/Sh(V) to precipitate Sb,0(s) a0
but what about the interferences of Bi(lll) to form BiAsOa4(s) and BiSbOa(s)? Clz (8)
_03 (g)

Fe powder
Option 2.
Redox control is applied to As(l11)/Sb(lll) to form oxychlorides (e.g. SbOCI(s), ataPO2
SbaCl204(s)) but it has been described the formation of solid solutions Cu powder

(As,Sb)203(s) however non equilibrium data of this mineral phases are available f Natso, "I

: 50,(g) 1

\----



ELUATE SOLUTION CHEMISTRY: review of the Sb and Bi geochemical data bases for

mine

pH=-0.5

pH=-0.5

r2em
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rals identified on the electrolyte circuits (modelling predictions)

I= varied
2 — —
[Ca ;]TOT = 1.00 mM [As(OH);l or = 10.00 mM = varied
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Q
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ESOURCE RECOVERY

Sb and Bi recovery protocol to oxychloride forms (routes 1a and 2z &= ===

Strong reducing agent

(NaHSO,(s) or SO,(g) ‘ H,O(v)

Sb,0.Cl,(s)

IX Eluate | Reduction of As(V) to As(lll) and Route 1a

HCI, H,50, - Sh(V) to Sh(lll)
BiCl,", SbCl,", SbCl,
HCI, H,S0,

H;As0,/H;AsO, Alkali BiCI,-, SbCl,-
NaOH/Na,CO; H;AsO,
Sb,0,Cly{s)/H,0
Precipitation of Sb (pH=1)

Drying

HCl, H,S0,
NaOH/Na,CcO, Alkali BiCl,
- 1 H;AsO,

\ 4

A

Precipitation of Bi BiOCl(s)/H,0
(pH=2.5)

Route 2a

Fe(l1)/FeSO, :3%22504

Precipitation and
ege ie AC WWTP i
stabilization of As Drying

| WASTE TRL progress:
Patented recovery process 5-7 Sb/Bi recovery

‘HZO(V)

BiOClI(s)

v




Sb and Bi recovery protocol to oxychloride forms (routes 1a and 2z [} f2€M
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IEAPPLIED MATERIALS

XX INTERFACES

& Cite This: ACS Appl. Mater. Interfaces 2019, 11, 9144-9148 www.acsami.org

Synthesis, Functional Modifications, and Diversified Applications of
Hybrid BiOCl-Based Heterogeneous Photocatalysts: A Review

Electrochemical Performance of Sb,0:Cl, as a New Anode Material Xiaoli Yang, Shaodong Sen;® Jie Oui, Man Yang, Yongguang Luo, and Shobea Ling?®

in Aqueous Chloride-lon Battery
Xiaogiao Hu," Fuming Lhcn,"“' blmofcnw Wang," Qiang Ru,” Benli Chu, (Jllzcixgym\ Wei,* Cite This: Cryst. Growth Des. 2021, 21, 65766613 E Read Onine

Yumeng Shi,§ Zhicheng Yc,l Yanxu Chu," Xianhua Hou,™" and Linfeng Sun*

%}uangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, Guangdong Engineering Technology

Research Center of Efficient Green Energy and Environment Protection Materials, School of Physics and Telecommunication il Metrics & More I E Article Recommendations |
E ing, South China Normal Unive Guangzhou 510006, Chi 1 1 1 —

Jngincering, South China Nommal Univerity, Guangshon 510006, China th and antimony-based oxyhalides and chalcohalides as

Guangdong Zhaoqing Institute of Quality Inspection & Metrology, Zhaoqing 526070, China nd |'egu]ation of hetemg,enmus interfaces are benefidal to

:Colrlege of OPY‘DElEEHDniC Englfueermg, Shenzhen University, Shenzhen‘SIBOEO, C?uina ial OptOEJECtI’OHiC materials and photocharge separation of hybrid BiOCHbased
Huizhou Dongjiang Veolia Environmental Services Co., Ltd, Huizhou 516323, China d to the synergistic effects that originate from the integrated

“Department of Energy Science, Sungkyunkwan University, Suwon 16419, Korea njiang Wang', Yuwei Li*, Dongwen Yang', Xin-Gang Zhao', Koushik Biswas (&, David J. Singh (% and Lijun Zhang (' omponents. With the rapid development of synthetic
:d  micro-/nanostructures with divesified components,
en well nremared  Maomover. hvhrid BiOCl-hased photo-
Deciphering the Sb,05sCl,—MXene Hybrid as a ytic applications, such as

Material for Advanced Potassium-lon Batterie b reduction, heavy metal
Previously, several review

[ ] [ ]
Yangin Shi, Dan Zhou, Tianli Wu, and Zhubing Xiao* methods, morphological #
Cite This: ACS Appl Mater. Interfaces 2022, 14, 0905-29915 I:Iﬂmd Online 1 IWdEI;-’ IHnDBtIUETI;I.'ES. 1
i and the corresponding

catalytic mechanisms has
refore, a comprehensive understanding of the basic theory and

(5] Supporting Information

ACCESS | [l Mstrics & More | Asticle Recommendations

ABSTRACT: Potassium-ion batteries (PIBs) possess great potential in new-genemtion
largescale energy storge. However, thelr applications are plagued by lage volume

ie. This review aims to provide an overview of the important
5, incliding metal /Bi0CL metal aride/BiOC], metal sulfide/

( J [ J
change and shuggish reaction kinetics of the electrode materiaks during the repeated Cl, organics/BiOCL carbon/BiOCI, and other BiOCkhased
charge/discharge processes. Guided by compurerization modeling, we, herein, report s ! st - )
the atomic-scale interfacial regulation of $b,OCl, coupled with structural enginaering - i modification strategies, reltionships between interfacial
for the robust anode material of PIBs via simple MXene hybridization using a ’ n some typical eamples. Additionally, some sdentific issues

microwave-asisted hydrothemnal method Benefiting from the ostensive interfacial
interplyy between SbO;Ch and TiyC,, MXene hybridiation induces a favorable
wariation in spin polarization densities and the coordination of Sb atoms in Sb0.CL,
which are effective in optimizing the K' ion diffusion path, thus mesubing in a
significantly reduced K' ion diffusion barrier and promoted K' insertion /extraction
kinetics. The as-prepared $b,0,C],~MXene anodes eshibit a highly reversible discharge

ill provide a useful reference for researchers currently focusing

; ™ ™
capacity and decent cychbility, in addition to the low discharge plateau and promising
fill call pesformance. This work is pivetal for not only paving the way for the exploratios , . .
S el T e SR e ed Bismuth Oxyhalides for
KEYWORDS: potassiunt ion batteries, MXens, spin polarization densities, antimony sxychl ’ ’

Photoswitchable Chlorine Vacancies in Ultrathii
Selective CO, Photoreduction
Xian Shi, Xing'an Dong, Ye He, Ping Yan, Shihan Zhang, and Fan Don;

ad O

Cite This: ACS Catal. 2022, 12, 39653973

ACCESS I |l Metrics & More I Article Recommendations ‘

ABSTRACT: CO, photoreduction currently faces two challenges: low 80,1
photoreduction efficiency and poor product selectivity. Ultrathin two-

dimensional bismuth oxyhalide, with a large number of surface vacancies 810,61, with @ vacancies 00,
(active sites), is an ideal material for regulating CO, photocenversion.
However, surface vacancies in this catalyst are easily deactivated during the N\
reaction. CO, photoreduction relies on sufficient active sites; hence, we -
synthesized ultrathin Bi,0;Cl, nanoplates via a water-assisted self-assembly
process with sufficient photoswitchable surface Cl vacancies for solar-driven
CO,t0-CO reduction. The surface Cl vacancies were generated under light
irradiation and filled again with migrated Cl~ under an O, atmosphere after -
tumning off the irradiation. These photoswitchable vacancies enabled S ,,{1\
Bi,0,Cl, to produce 5849 gmol g~ CO after 4 h of irmdiation with high psa ™ o
stability and lowered the energy barriers of the rate-determining (CO,-to-

COOH") and selectivity-determining steps (COOH -to-CO), enabling 100% product selectivity. The reversible, photoswitchable
Cl vacancies have a higher potential as active sites for CO, photoreduction than synthetically introduced static surface vacancies,
which could provide a feasible strategy for the creation of highly dynamic, active-defective catalysts for solar-energy conversion.

KEYWORDS: photoswitchable Cl vacancy, Bi,O5Cl,, active sites, CO, photoreduction, product selectivity

LY
<o, Y

a Christudas Beena, and Sara E. Skrabalak®

photocatalys... .

| Article Recommendations |

ABSTHRACL: Bismuth oxyhalides (Bi,U.X, X = Cl, Br, 1) are promising

layered photocatalysts that can produce H, using solar light. The layered . Environmental
crystal structures minimize electron—hole recombinations in these materials Layered Structure Sustainability
and provide compositional flexibilities that allow for band gap tuning, Current

literature highlights developments in synthetic routes and improved Bismuth

performance metrics; however, an analysis of the sustainability of these Oxyhalides

compounds is missing. In this Perspective, we use the life cycle assessment N

framework as a guide to evaluate the sustainability of each stage of the LIf;-.Cycle

bismuth oxyhalide life cycle, from raw material extraction (mining, Assessment Hydrogen Production

refinement, purification) all the way through the end of the material's life
and consider ways to recycle and/or reuse the spent photocatalyst. Here, we
gather and unite information from the bismuth oxyhalide field with
information from the sustainability literature in the first attempt to evaluate the sustainabilities of these materials as photocatalysts
for H; production. We present our own perspective on the future of the field and make recommendations for researchers interested
in this class of materials and photocatalysts more broadly.

KEYWORDS: bismuth oxyhalides, life cycle assessment, layered nanomaterials, hydrogen production, sustainability



(reducing the levels of impurities As)

Strong reducing agent

(NaHSO,(s) or SO,(g)
IX Eluate | Reduction of As(V) to Route 1a
HCl, H,S0, As(lll) L
Bicl,, S/bu“_’ SbCly HCl, H,S0, - 'I:O-ﬁ’c- S o
H;AsO,/H;AsO, . o ) ) e - o
Alkali BiCl,", SbCl,", ShCl oute 1b A
NaOH/anf'ni H3A:03 4 6 NaOH/Na2C03 A
$b,0,Cl,(s)/H,0 '
Precipitation of Sb (pH=1) A I > trasnbs‘lfgi(r:rliza(tszi)on
HCl, H,S0, T=50-80°C
NaOH/Na,CO, Alkali BiCl,” I NaOH/Na,CO,
— H,AsO, I Route 2b — 1
Precipitation of Bi BiOCI(s)/H,0 R BiO Qg o=
(pH=2.5) - '
Route 2a

| WASTE
Patented recovery process

Sh,0,(s)/H,0

Sb and Bi recovery protocol to oxyde forms (routes 1b and 2b)
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H,O(v)

Sb,0.Cl,(s)

Fe(ll)/Feso, | M H:30

H;AsO,

‘L \ 4

Precipitation and

stabilization of As

\ 4

TRL progress:
3-5 Sb/Bi recovery



TRL progress:
5-7 Sb/Bi recovery
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Outlook

- Potential recovery scheme to recover oxychloride by-products or oxides forms depending
on the quality requirements and expected quality parameters.

: Products quality is depending on the molar ratios of the three elements (Sb, Bi and As).

- Finalizing the quality assessment of end-users or final refiners to achieve market
requirements
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