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Arsenic is a persistent environmental contaminant ...
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Arsenic is a persistent environmental contaminant ...
BUT ... Can As also be a valuable resource???
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Arsenic is a persistent environmental contaminant ...
BUT ... Can As also be a valuable resource???
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Arsenic is a persistent environmental contaminant ...
BUT ... Can As also be a valuable resource???
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Where does As(0) metal traditionally come from?



Where does As(0) metal traditionally come from?
Mining arsenic sulfide mineral ore, with devastating consequences
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Arsenic pollution sows despair in Chinese Arsenic pOiSOﬂing in
rural China - in pictures

cancer village

Mines and chemical plants mushroomed in the realgar-
rich area around Heshan from the 1950s. Shut down in
2011 due to the pollution they caused, dust and run-off
plagues the village to this day, destroying crops and
poisoning people
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Arsenic Pollution Has Decimated This Village In China And Cursed The Population
With Cancer [PHOTOS]
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Where does As(0) metal traditionally come from?
Mining arsenic sulfide mineral ore, with devastating consequences
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Arsenic pollution sows despair in Chinese Arsenic pOiSOﬂing in
rural China - in pictures

cancer village

Mines and chemical plants mushroomed in the realgar-
rich area around Heshan from the 1950s. Shut down in
2011 due to the pollution they caused, dust and run-off
plagues the village to this day, destroying crops and
poisoning people
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: < i Anthropogenic Cycles of Arsenic in Mainland China: 1990—-2010
(A Tt 2 4 : B Ya-Lan Shi,"”* Wei-Qiang Chen,**® Shi-Liang Wu," and Yong-Guan Zhu*

“China has been a net exporter of ... arsenic metalloid,
thus suffering from the environmental burdens of

e e KN 2 producing arsenic products for other economies”
A sealed mine entrance is seen at a closed realgar mining plant. REUTERS/Jason Lee 11




Arsenic pollution is an
environmental problem
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Can Arsenic Pollution be a Source of CRMs?

Extraction

Example 1 m I

Groundwater
Treatment Waste

As

Arsenic

As
metal
Extractior/
Example 2 @ I

Mining waste

13



Can Arsenic Pollution be a Source of CRMs?

Extraction

Example 1 m I

Groundwater
Treatment Waste

Extraction

As

Arsenic

Soil

As
Contamination metal
Extractior/
Example 2 @@ I

Mining waste

14



Can Arsenic Pollution be a Source of CRMs?
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Upcycling Approach: As(0) from As-laden Groundwater Treatment Waste

Waterwork Wells with
. Arsenic>5 pg/L
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Upcycling Approach: As(0) from As-laden Groundwater Treatment Waste
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Upcycling Approach: As(0) from As-laden Groundwater Treatment Waste

1) Characterization 2) Extraction | 3) Selective As | 4) Recovery of
Reduction ‘ Other CRMs?
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Groundwater Treatment
Sludge Collection

Sludge collected from several treatment
plants selected to span:

* Geographic Location
-North America, Europe, Asia

* Treatment plant capacity
* Groundwater composition
* Treatment mechanism

‘Water Research 245 (2023) 120561

Contents lists available at ScienceDirect

Water Research

ELSEVIE journal homepage: www.elsevier.com/locate/watres
Molecular-scale characterization of groundwater treatment sludge from G

around the world: Implications for potential arsenic recovery

K. Wang®, P.E. Holm ", U. Brinkmann Trettenes ©, $.R.S. Bandaru®, D. van Halem®,
C.M. van Genuchten®




Sludge composition
As content as high as 2070 mg/kg
P content as high as 20 g/kg

As P

Treatment Plant Location
(mg/kg) (g/kg)

Kveerndrup, Denmark 20704100 16.4%0.1

Kerte, Denmark 1200+30 17.0+0.5

Holmehave (HH), Denmark 940+20 20.0%2.5

Allensworth, California, USA 870150 ND

Dhapdhapi, West Bengal, India 79050 4.9+0.4

Mol, Belgium 630+40 16.5+0.9

Lunde, Denmark 220180 14.4+0.6

‘Water Research 245 (2023) 120561

Contents lists available at ScienceDirect @ WATER
RESEARCH

Water Research

&

ELSEVIER journal homepage: www.elsevier.com/locate/watres

Molecular-scale characterization of groundwater treatment sludge from
around the world: Implications for potential arsenic recovery

K. Wang®, P.E. Holm ", U. Brinkmann Trettenes ©, $.R.S. Bandaru®, D. van Halem®,
C.M. van Genuchten®



Road Map: Converting As in Groundwater Treatment Waste to As(0)
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Agueous As (mg/L)

Results 1: Extraction of Asin 1 M NaOH
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Agueous As (mg/L)

Results 1: Extraction of Asin 1 M NaOH

51 S/L=13g/L
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Key Results:
* Highly effective As release: > 99% extracted
for most samples)
- Important for reuse of the Fe oxides as
sorbents and/or soil amendment

 Fraction of As released to solution increases
with extraction time (up to 7 days)

 Extracted As concentration increases with
initial As mass fraction in the sludge
24



Results 1: Extraction of Pin 1 M NaOH
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Key Results:

e Co-extraction of high concentrations of P

- 1000 to 2000 mg/L

* Opportunity for P and As co-recovery
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Road Map: Converting As in Groundwater Treatment Waste to As(0)

Characterization 1) Extraction | 2) Selective As | 3) Recovery of
Reduction ‘ Aqueous P?
_ &b
% 3 As & P Y A As? As?
'c;: = g n“ Release 4y A, be Formation Separatlon ¥ o 4
O o B
= Extracted
dissolved As and P
high pH) Red £
NaOH Sludge I/V ( \ eductant for
\ / / Agueous As(V)
m i e
m[ = “‘m[
VI:; uvwg Fe Oxides VIE
26

Separated



Road Map: Converting As in Groundwater Treatment Waste to As(0)

Characterization 1) Extraction | 2) Selective As | 3) Recovery of
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Road Map: Converting As in Groundwater Treatment Waste to As(0)

Thiourea Dioxide (TDO)  Used in garment and textile industry
as a bleaching agent

H N NH « Stable and has low toxicity
2 ’ “« . . ”
- “store in a cupboard in the house
- “dispose down the drain”

e Relatively cheap (3 USD/kg in bulk)

Home Shop Workshops Contact Us About Us Blog

O H The Fibre Garden

Fibres, Dyes, Yarns, Spinning Wheels & Much More!

«BACKTO

Thiourea Dioxide
$7.70 - $31.50

Sometimes called Thiox. Used in the INDIGO VAT dye process, thiox removes oxygen from the vat
solution, allowing the indigo to work its magic. Thiox is also a colour remover, and is used for that
purpose in discharge dyeing, to create white patterns on a coloured background

TO USE: Follow the specific indigo vat recipe, for amounts and timing

Dispose of spent dyebath in the usual way, most likely down the drain.

Thiourea dioxide has a shelf life but it's longer than some things you read might indicate. If the powder
has a distinctive yellow look, it has probably oxidized to some degree and may no longer be effective
Store in a cool, dry place out of the light i.e. in a cupboard in the house, not out in the garage.

CAUTION: Should be done OUTDOORS ONLY or with excellent ventilation. Avoid breathing fumes. Wear a
mask when handling powders. Wear gloves

QUANTITY 2509

Price per 250g (8.82 0z) container.



Road Map: Converting As in Groundwater Treatment Waste to As(0)

Thiourea Dioxide (TDO)  Used in garment and textile industry
Figure 5, Makarov et al. 2014 as a bleachlng agent
“Recent developments in the Chemistry of Thiourea Dioxide”. Chem. Eur. J.
H2|\| NH  Stable and has low toxicity
// - “store in a cupboard in the house”
oH > 10 - “dispose down the drain
| ==
S T>70¢  Relatively cheap (3 USD/kg in bulk)
O OH
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Road Map: Converting As in Groundwater Treatment Waste to As(0)

Thiourea Dioxide (TDO)  Used in garment and textile industry
Figure 5, Makarov et al. 2014 as a bleaching agent
“Recent developments in the Chemistry of Thiourea Dioxide”. Chem. Eur. J.
HZN NH HZN NH * Stable and has low toxicity
// N\ // - “store in a cupboard in the house”
C oH > 10 C (Urea) - “dispose down the drain”
X = | | |
S 0 e Relatively cheap (3 USD/kg in bulk)
2R\
O OH i
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Road Map: Converting As in Groundwater Treatment Waste to As(0)

Thiourea Dioxide (TDO)  Used in garment and textile industry
Figure 5, Makarov et al. 2014 as a bleachlng agent
“Recent developments in the Chemistry of Thiourea Dioxide”. Chem. Eur. J.
H2|\| NH HZN NH  Stable and has low toxicity
// N\ // - “store in a cupboard in the house”
(l: oH > 10 ﬁ (Urea) - “dispose down the drain”
—
T>70¢  Relatively cheap (3 USD/kg in bulk)
2\ 0
O/ OH 1
O O - ~N1-
\, 7~ S ). ).
A | N | = As(0) 4 SO>SO,
RN 0 OH
O O \. .
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Results 2: Reductive precipitation of As(0) from extracted aqueous As

Kveerndrup Extraction Solution
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Results 2: Reductive precipitation of As(0) from extracted aqueous As
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High agueous P concentration remains!
Co-recovery of As and P (ongoing PhD student project)
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Results 2: Reductive precipitation of As(0) from extracted aqueous As
Impact of sludge composition
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Agueous As Remaining (mg/L)

Kveerndrup Extraction Solution
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Results 2: Reductive precipitation of As(0) from extracted aqueous As
Impact of sludge composition

Holmehave Extraction Solution Lunde Extraction Solution
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TDO/As Mol Ratio

1800 1200 o 1000
O q] o O 200 |-
i > = > = ?
1500 & = & o O w00 5 & 40l -|800
o £ 160 ® £
1200 & 2 800 & 2 -
o c o =
% '® 120 | S w 30 600
900 3 5 600 3 5 *
o o 2. o
3 35
= < 80l = < 20+ 400
600 @ : 400 @ ‘
3 3 "
_ S 0l < S 10| 23% %00
. <1% %
@ 50 120 \_200 07 200 07 @ 200 400 \800
Q& & &°

TDO/As Mol Ratio

Reductive removal efficiency increases with increasing extracted As concentration

More effective As reduction for waste with high As mass fractions! 36
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Road Map: Converting As in Groundwater Treatment Waste to As(0)

Characterization 1) Extraction | 2) Selective As | 3) Recovery of
Reduction ‘ Aqueous P?
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As(0) As(V)

Results 4: Unique Structure of Upcycled As(0)

As(V) _Adsorbed_2LFh

As K-edge XANES Spectra
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X-ray Energy (eV) 38



As(0) As(V)

Normalized Absorption
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Results 4: Unique Structure of Upcycled As(0)

As(V) _Adsorbed_2LFh

As K-edge XANES Spectra
As(Il)_Adsorbed_2LFh

Raw_Kerte Key Results:

Raw_Holmehave * Upcycled As(0) solids have absorption

Raw_Lunde maximum that matches commercial
As(0) reference spectrum

Commercial As(0)

Kvaerndrup * All upcycled As solids have similar

California XANES spectra regardless of initial As

Kerte content in the sludge

Holmehave

Mol

Lunde

11855 11865 11875 11885 11895

X-ray Energy (eV)
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Fourier Transform Magnitude

—oata Results 4: Unique Structure of Upcycled As(0)
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Fourier Transform Magnitude
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Results 4: Unique Structure of Upcycled As(0)

As(V)_Ads_2LFh FT As K-edge EXAFS Spectra
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Fourier Transform Magnitude
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Results 4: Unique Structure of Upcycled As(0)

As(V)_Ads_2LFh

FT As K-edge EXAFS Spectra

As(1ll)_Ads_2LFh

~ Commercial As(0) =————ly - _ Crystalline As(0)

(a-As)
Kveerndrup
California Transmission Electron Microscopy
Kerte |
Upcycled As(0)
Holmehave (amorphous)
Mol
High purity
 Lunde (>99% As)
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Upcycled As(0) is amorphous

SCIENCE ADVANCES | RESEARCH ARTICLE

ENVIRONMENTAL STUDIES

Commodifying a carcinogen: Critical raw materials from
arsenic-laden groundwater

Kaifeng Wang and Case M. van Genuchten*

. AYAAAS

| — Crystalline As(0)

e Y

Upcycled As(0)
(amorphous)

High purity
(>99% As)




3) Next steps and outlook for megasites with
arsenic pollution, including Collstrop




Can Arsenic Pollution be a Source of CRMs?
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Can Arsenic Pollution be a Source of CRMs?

ADVANCED MATERIALS

{:% goodfellow

Materials v Forms v

Services v

Searc

Sectors v Resources

Home > Arsenic Pellets

Images are for guidance only and might not represent
the final product.

Arsenic Pellets |

Formula: As

Form: Pellet/Lump

Material: Arsenic

CAS Number: 7440-38-2
Commodity: Metals

Maximum Lump Size: 20mm
Hazard Pictogram: GHS06, GHSO04

TECHNICAL DATA SHEE]

Valorisation

HD SN

Semiconductor

Next Steps

metal

1000030265

99.99%

1000g

€245076 Qe |5 there a market for high purity As(0)?
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Can Arsenic Pollution be a Source of Semiconductors?
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Foundation of
modern electronics

Next Steps

Semiconductor
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Potential benefits of amorphous material

Melting point >500 °C

Black phosphorous Crystalline As(0)
“ Graphite-like structure (a-As)

Upcycled As(0)
(amorphous)

w \, %, White phosphorous

\ W, %, Amorphous
- r ‘\ T.A Melting point < 50 °C

Y

High purity (>99%
As)

Different fundamental properties than crystalline analogs



Amorphous As(0) better for semiconductor production?

D
Upcycled As(0) Nanoparticles

0'0‘0'

> Substrate

PAPER

Experimental evidence of monolayer arsenene: an exotic 2D
semiconducting material

JShah', W Wang"*©, H M Sohail' and RI1 G Uhrberg'

' Department of Physics, Chemistry, and Biology, Linképing University, S-581 83 Linkdping, Sweden
! MAXIV Laboratory, Lund University, Box 118, SE-221 00 Lund, Sweden




Amorphous As(0) better for semiconductor production?

P Upeycled As(0) Nanoparticles 2D Arsenene ’.
WA + e

PAPER

Experimental evidence of monolayer arsenene: an exotic 2D
semiconducting material

JShah', W Wang"*©, H M Sohail' and RI1 G Uhrberg'

' Department of Physics, Chemistry, and Biology, Linképing University, S-581 83 Linkdping, Sweden
! MAXIV Laboratory, Lund University, Box 118, SE-221 00 Lund, Sweden

Successful semiconductor experiments already in progress



Can Arsenic Pollution be a Source of CRMs?

Extraction

Example 1 m I

Groundwater
Treatment Waste

Extraction

Valorisation

is <7D
Arsenic I ) - E Q0 NEXt StEps

Soil

As
Contamination metal
Extractior/
Example 2 @@ I

Semiconductor

Mining waste
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Can Arsenic Pollution be a Source of CRMs?

E i .
"tri"m" Taking a Step Back...
* This is not like mining for gold,
arsenic has low price but high

Groundwater economic importance
Treatment Waste

Example 1 i

* Major benefit is environmental (at
- the moment at least)

Extraction

<L
As  Arsenic waste upcycling is a very
Arsenic .

early stage (immature) method

Can this work for
Collstrop soils?

Soil As
Contamination metal

Extraction

!

Example 2 ®¢@

Mining waste
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Can Arsenic Pollution be a Source of CRMs?

Extraction

Many Remaining Questions

Example 1 m I

Groundwater .
Treatment Waste

Extraction

As

Arsenic

Can this work for
Collstrop soils?

Soil As
Contamination metal

Extraction

!

Example 2 ®¢@

Mining waste

What conditions are best for
upcycling soil As pollution?

Are there co-recoverable species at
Collstrop (Cu?)

What is the best end-use of
upcycled As(0)?

Does the environmental and
economic benefits of upcycling
outweigh costs of upcycling?

Role of regulatory frameworks?

How can this be coordinated with
other remediation strategies for
optimum results?
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Thanks and Questions? | .ﬁ‘

frfrerrrer

Interested in As-rich sludge upcycling? BERKELEY LAB
GEUS Producing As-rich waste that must be managed?

cvg@geus.dk

cmvangenuchten@Ibl.gov

COUBOETEY

COUAOETE)

pubs.acs.org/est Article

pubs.acs.org/est Article
LCA of Disposal Practices for Arsenic-Bearing Iron Oxides Reveals Alkali Extraction of Arsenic from Groundwater Treatment Sludge:
the Need for Advanced Arsenic Recovery An Essential Initial Step for Arsenic Recovery
C. M. van Genuchten,* T. R. Etmannski, S. Jessen, anf SCIENCE ADVANCES | RESEARCH ARTICLE ase M. van Genuchten®

ENVIRONMENTAL STUDIES

@ Commodifying a carcinogen: Critical raw materials from
(]

Contente lists available at SeienceDirect

Water Research

arsenic-laden groundwater

homepage: www.elsevier.com/locate’watres

Kaifeng Wang and Case M. van Genuchten*

DANMARKS FRIE A o the world: Iphentions fo sorentil s reeoneny
FO RS KN I N GS Fo N D Wate r4 | ‘ . Wang®, P.E. Holm®, U. Brinkmann Trettenes ¢, S.R.S. Bandaru, D. van Halem*®,
INDEPENDENT RESEARCH C.M. van Genuchten ™

FUND DENMARK

Water security for the planet
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