Precious metal recovery from nanowaste for

sustainable nanotechnology:
Current challenges and life cycle considerations

Dr. Peter Vikesland Dr. Sean McGinnis Paramjeet Pati
pvikes@vt.edu smcginn@vt.edu param@vt.edu
=5 -
\“\\yﬁ naﬁgvr\\f];ste
VTS M N = ITA S HAuUCI, prec_pi\;l;iate )
o Redissolved

I VirginiaTech CE N L i

Invent the Future  Centerfor the Environmental G 9] I d {J

Implications of NanoTechnology Au precipitation

using Na,S,0; Recycling
— Addition of a-CD

B followed by
SUN-SNO-GUIDENANO U Resuspended precipitation

Au-a-CD
Conference 2015 precipitate



Background

_ III __ H\
+ N—N.,
— - H ]
‘Synthetic’ sodium
) , hydrazine
Chem'ca's- borohydride ydra

-

Green cinnamon Cypress
. Chemicals — ; P

U

leaves

5 0O P o< O W



Background

.07 Error bars represent 95%
confidence interval
g 0s | Uncertainty results from
§ gold salt model and
g energy use
[ 0.6 - T T
5 |
5 | |
5 I L
0.4 - l
(O]
>
©
-
£ 02
O
0.0




Background

6 -

mmmm Strong reducing agents (100% yield assumed)
3 Reported yields

ez 100% yield (assumed)

BN 75% yield (assumed)

werrz 50% yield (assumed)

(&)
]

N
]

From a life cycle perspective, gold NP synthesis using
bio-based (“green”) reducing agents can have
substantial environmental impacts.
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“Life Cycle Assessment of “Green” Nanoparticle Synthesis Methods”, Environmental
Engineering Science (2014). Paramjeet Pati, Sean McGinnis and Peter J. Vikesland.



Research Gap

If gold is the key driver of life cycle impacts,
can we reduce impacts

by recovering/recycling gold?
------------------------- »  The embodied energy of gold
! drives most of the life cycle
1mg | impacts of gold nanoparticle
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Method

Recovering gold from nanowaste...
... using a-cyclodextrin

Hydrogen .-
bonding a-CD

http://unam.bilkent.edu.tr
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“Selective isolation of gold facilitated by second-sphere coordination with
a-cyclodextrin”. Nature Communications, Liu et al. (2013)
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Calculated | d-spacing
d-spacing (A) |for gold (A)
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Life Cycle Assessment
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Can we recover gold from nanowaste?
Yes, we can. (But should we?)
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Metal depletion (kg Fe equivalent)
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Results

Note: 10% recycle means:
10% of the gold nanowaste is recovered
and reused for gold nanoparticle synthesis.

The rest 90% gold is not recovered,
and goes into waste disposal.

10% 50% 90% Dispose all
recycle recycle recycle gold as waste
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Hmm.. overlapping error
bars... means the difference
isn’t statistically significant,
right? Makes no difference
whether we recycle or not...

Results

WRONG!

You have

correlated
uncertainties!




Results

Correlated uncertainties in LCA: An example

Comparing 1 kg of product A vs. 1 kg of Product B:

Product A Product B
Aluminium 1 kg 0.8 kg
Cast iron 1 kg 0.8 kg
Polystyrene 1 kg 0.8 kg

(Product B uses 20% less inputs compared to Product A.
There are no extra, hidden inputs in products A and B)

Q: Which of the two has a lower environmental impact?
a) Product A

) rroduct o> [T

c) It depends

d) Is this a trick question?



Results

Q: Which of the two has a lower environmental impact?
a) ProductA

b) Broduct [ Wg

c) Itdepends

d) Is this a trick question?

Cumulative energy demand (CED) for Cumulative energy demand (CED) for
Product A and Product B Product A and Product B
HProduct A M ProdictB B ProductA M ProductB
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Cumulative energy demand (MJ)
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The key here: correlated uncertainties.
All three inputs (aluminium, cast iron and polystyrene) have uncertainties that
are common to both Product A and Product B.
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Results
Product A vs. Product B

B Impact of Product A < Impact of Product B

# Impact of Product A >= Impact of Product B

, Metal depletion
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Product A vs. Product B

Results

M Impact of Product A < Impact of Product B
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Results
Product A vs. Product B

M Impact of Product A < Impact of Product B
% Impact of Product A >= Impact of Product B

Fossil depletion
//////// // / / / " //.(

////////W/{//// e IO n

e

A ///f,f//// /f/f/ff/f/

ﬂ on
// S S /fffff fff/

ultural land occu atlon

SIS fff.:f.(ff/f/f t/
/g 1ation

/ff/f/f/f/f/f/f AISS SIS,

SIS

S,

////////////////////ﬁ?ﬁffl i

ulate matter formation
f//////////////;ﬁﬁ//////ﬁ/ o R ///{ (//////

A A A A A LSS S S LSS S S LSS SSSSSSS
A A A A A LSS S S LSS S S LSS SSSSSSS
U////////////////////ﬁé{
A SIS SIS SSSSSSSSSSSSS
U/////////////////ffﬁ/{
IS IS IS S S P L
A A A SIS

Marine ecota XICIt¥
A A A A A AT AT AT

Freshwater ECOtCX|C|t¥
. SALISIS IS IS IS IS IS IS IS SIS,
Terrestrial ecotoxicit

mical oxi ormation
o o i PR iy /////.'/(////////
Marine eutrophication uman toxicity

AL S S A

G’X//ffffffffffffff//////l_/ //ﬁ////{//////{/////ﬁ////

Ication
AL LSS /41(//////{/// r J f(//éftlon

d C [
CEA A AL A A A A A A AT A A A AL LSS ////////;6///// t €tion

VA A A A A A A ///////////6«//// / i

date cnange
CEA A AL A A A A A A AT A A A AL LSS ///////////////////////// g

-100 -80 -60 -40 -20 0 20 40 60 80 100
Percentage of 1000 Monte Carlo simulations




Metal depletion {kg Fe equivalent)

0.2

0.18

0.16

.=
=
i

o
i
%]

o
e

ot
o
o

o
o
o

10%
recycle

Results

Metal depletion

50% 90% Dispose all
recycle recycle gold as waste



Results

Disposing all gold as nanowaste vs. 10% recycle scenario

B Impact of disposing all gold as nanowaste < Impact of 10% recycle scenario

7 Impact of disposing all gold as nanowaste >= Impact of 10% recycle scenario
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Results
Disposing all gold as nanowaste vs. 10% recycle scenario

B Impact of disposing all gold as nanowaste < Impact of 10% recycle scenario

% Impact of disposing all gold as nanowaste >= Impact of 10% recycle scenario
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Results
Disposing all gold as nanowaste vs. 50% recycle scenario

M Impact of disposing all gold as nanowaste < Impact of 50% recycle scenario

7 Impact of disposing all gold as nanowaste >= Impact of 50% recycle scenario

Fossil depletion
Metal dspletion

o

Water deeletion
tural land transformation

Na
35301309 ossupasion

CLLLLL LSS LSS LSS LSS SSSSSSS S

Agricultural land occupation
lo

BN AL L LA L LA LLLASL S SSSSSSSA
NS L LA L LSS LS LS LSS S S S S S S

Terrestrial ecotoxicit
Par o A S S
A N N .
ical oxidant formation

hotoche
H uman t OXi Ci t e A A R A A A A A A AL S
dffffffffffffffff/f/////// LS

e /, . .
/ffffffffffffffff/f/fffﬂ L 9/5’19’9/9[9’}}%’%5}}’% n
A

P PSS TIPS TSI rss »/a}ﬁ/rf/?fy}})/p };%On

Marine ecotoxicity
(f/f/ AL LSS,

ISIIMAS) Ssosoxicity

-100 -80 -60 -40 -20 0 20 40 60 80 100
Percentage of 1000 Monte Carlo simulations



Results
Disposing all gold as nanowaste vs. 90% recycle scenario

M Impact of disposing all gold as nanowaste < Impact of 90% recycle scenario
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Recycling
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ling step in the recovery process.
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Results
Disposing all gold as nanowaste vs. 90% recycle scenario

M Impact of disposing all gold as nanowaste < Impact of 90% recycle scenario
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Normalized impacts

m Dispose gold as hazardous nanowaste =~ m 90% recycle scenario
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Conclusion:

Gold recovery from nanowaste is

AuNPt

fe asi b I e — nanowaste

— Gold

Au precipitation .

using Na,5,0s  Recycling
Even at low yields, recovery beats
regular gold nanowaste disposal U e e

T

Challenges:

Reducing the energy footprint of the recovery step.

Conclusions
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Redissolved
Au

Addition of a-CD
followed by
precipitation

Refining the models to account for different waste disposal
and recovery scenarios (e.g., recovery but no reuse).
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Here be dragons...
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Environmental impacts

m Dispose all gold as hazardous nanowaste m 90% recycle scenario
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Environmental impacts

m Dispose all gold as hazardous nanowaste m 10% recycle scenario
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Normalized impacts

® 10% recycle scenario
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S & DS spectra showed the
' B signature peaks for
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Au, Br, K, O
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(a) SEM images of a crystalline sample
prepared by spin-coating an aqueous
suspension of a-Br onto a silicon substrate,
and then air-drying the suspension. (b) TEM
images of a-Br prepared by drop-casting an
agueous suspension of a-Br onto a specimen
grid covered with a thin carbon support film
and air-dried. (c) Cryo-TEM image (left) and
SAED pattern (right) of the nanostructures

of a-Br. As the selected area includes several
crystals with different orientations and the
crystals are so small that the diffraction
intensities are relatively weak, we can assign
the diffraction rings composed of diffraction
dots but not the specific angles between
different diffraction dots from the same
crystal. The scale bars in a and b are 25 (left), 5
(right), 10 (left), 5 um (right) and in care 1 um
(left) and 1 nm~(right), respectively.

“Selective isolation of gold facilitated by second-sphere coordination with
a-cyclodextrin”. Nature Communications, Liu et al. (2013)
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“Selective isolation of gold facilitated by second-sphere coordination with
a-cyclodextrin”. Nature Communications, Liu et al. (2013)
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“Selective isolation of gold facilitated by second-sphere coordination with
a-cyclodextrin”. Nature Communications, Liu et al. (2013)



