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Working Definition of “nano”

e Whatis “nano”
— Nanoscale: <100 nm in one
dimension

— Nanomaterial: has a unique
property because of its
smallness

* Types:
— Metalics: TiO,, Ag, SiO,, CeO,
Au

— Carbonaceous: fullerenes
(Ceo) & Nanotubes
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Many commercial products contain
nanomaterials

Product Categories
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http://www.nanotechproject.org/inventories/consumer/analysis_draft/



ENMs come in all shapes and sizes

Nano-Ag in Toothpaste Silver in Shampoo
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Titanium in Food




Titanium In Common Foods

Ium per serving
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“Society” is a source of engineered
nanomaterials

o8 Atmosphere
) ) | 281

Modeled Environmental
Concentrations of Engineered
Nanomaterials (Ti0,, Zn0, Ag, CNI
Fullerenes) for Different Regions

FADRI GOTTSCHALK,™*
TOBIAS SONDERER,"

| ROLAND W. SCHOLZ,¥ AND
! ! BERND NOWACK*:f

nano-TiO, Y <006

* Nanomaterials most likely to occur:
TiO, >Zn0O > Ag > CNT > fullerene :



Framework for Fate of Nanoparticles in
Engineered Systems
Sewer Systems Emerge as very important

_ Land Application
Society of Biosolids

Wastewater
Treatment plant

Drinking Water

( Wastewater
Treatment Plant

Treatment plant

Society

>75% of the US population is served by
centralized wastewater treatment facilities

Not Everyone Lives Upstream
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Life cycle of nanoparticles varies for
different Product Lines

Raw Product
component

NMs dispersed in

manufacturing

o °
o o P -
7 NM®nabled

o OO &

® o0 N < process

® o

® Treated product
Y component

fluid, gel, creme Industrial processing

using NMs

o
e

NMs Attachedto = NMs embedded
surfaces (fabrics, in polymers or
plastics, etc) other

|

Discharge to sewer likely

composites }

Discharge to landfill likely
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Nanomaterial Sampling and Removal at
Full-Scale Wastewater Treatment Plants
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Case Study around Titanium Dioxide

Size distribution
Surface coatings

Zeta potential

Optical properties
Shape or aspect ratio

Unit of measure: mass,

surface area, volume, .
number concentrations 110, in Toothpaste

Seeing is believing when
it comes to Nano >



Ti1 Concentrations across WWTP
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Size Fractionation of Titanium
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Titanium removed from water
accumulates in biosolids

W7:00 AM

®11:00 AM
©3:00 PM
¥ 6:00 PM
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o

Headworks Primary Secondary Tertiary Primary  Aeration Secondary
Effluent Effluent Effluent Solids Basin Solids

Kiser et al., ES&T (2009) >90% removal in coming titanium 15



TiO, in biosolids
“Seeing is Believing”
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AccY  Spot Magn Det WD i—| 500 hm AccY  Spot Magn Det WD '—1 2pm
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Nano-Scale TiO, Micro-Scale TiO,

Oxidized away biosolids in organics with hydrogen peroxide H,0,

does not affect titanium dioxide 16



Titanium in soil particles are not pure TiO,,

AccY  Spot P--:qn Det WD
30.00 kv 50 10000x SE 105 ASU
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TiO, in commercial products are similar to TiO,
extracted from biosolids

J = w1

TiO, in Toothpaste TiO, in Biosolids

18



Titanium Removal at other WWTPs in

Arizona
e EffluentTi _
. Headworks Effluent
Concentrahons Activated sludge 615 5
are similar to Act. Sludge + filter 180 7
LC A Mo d e I Activated sludge 363 3
p re d i Cti ons Activated sludge 141 2
Activated sludge 581 18

* M em b rane Activated sludge 8
bioreactors Activated sludge 233 2
h ave ve ry | oW Trickling filter 549 13
effluent Ti MBR 310 1
MBR 422 4

Average 377 6
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Primary Settling

>y~
!

Removal of nanomaterials that are
aggregated to clays, bacteria or
other solids > 20 um in size

20



Biological Treatment

Biological 2° settling
process

.-v-

r

Removal of nanomaterials occurs
when they interact with biofilms or
biosolids

21



Nanomaterial Interaction with
Wastewater biosolids
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100 - . B400 mg/L TSS
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22
Kiser et al (2012); Kiser et al., WR, 2010



Standard Batch Methods

OPPTS 835.1110
Activated Sludge Sorption
Isotherm

Uses freeze-dried
biomass

Validated for organics,
and has been used for
metals

Data here shows fresh
and freeze-dried biomass
provide comparable
removals when applied at
similar mgTSS/L biomass

100 1

80 1

Percentage Removal

20

60

40 -

BOFresh
B Freeze-dried after 105C heating

EE2 Methylene Blue AgNO3

23



Does OPTT Test work for NPs?

Fresh and
rinsed
biomass
shows much
more
capacity for
NMs than
freeze-dried
biomass

Percentage Removed

100 -
80 -

60 -

IemOVIDe .Viem.v
-1

40

20

BFresh
BFreeze Dried - 105C heating for 14 d

CIT-Ag PVP-AgPVP-AuVive-Ag GA-Ag TA-Au Car-PS Sulf-PS ag-
nC60
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Modeling NP Removal

Kiser et al.,
Sep. Sci Tech. 2010

Hypothesis: Batch NP sorption
experiments linked with dynamic
bacterial growth models and
reactor models can predict
nanomaterial removal

Sludge wasting
»
-
7

s

= oA

v 9] 717 U
L i oS i

Example:

Isotherm in batch reactor

Fresh biomass

10 nm diameter citrate functionalized

nano Silver Linear Partition Coefficient
for: K=0.0144 L/g

25



Model Predictions

Degradation of Substrate (Influent
COD)
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, .
i O ®Model MSBR Data
1.5 - m
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Conclusion: Preliminary confirmation exists that we can go from batch experiments to
simulations of continuous flow performance. Difference in NP effluent concentration
probably related to NP association with non-settlable colloids



Part 1- Summary

Nanomaterials will enter sewage systems
Potential discharge “guidelines” in the future for industries
Nanomaterials interact with wastewater biomass

Drying biomass looses critical lipid structures and releases
soluble surfactants which decrease nanoparticle removal

Existing batch sorption method (OPPTS) not valid for
nanoparticles

Biosolids disposal options (~“50% land applied; 35%
landfilled; 15% incernated)

Nanoparticles are present in wastewater effluents today

Analytical methods are needed to detect the amount and
size of engineered nanoparticles in water



New Developments in Nanometrology for Metal-containing NPs

Dr. Jamés F Ranville

Colorado School of Mines g
Department of Chemlstry and Geochemistry-
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[ Featured Methodologies ]

e Particle Counting by ICP-MS (Sp ICP-MS)
O Provides number, size, and composition data for particles as
small as 20 nm at ng/L (environmentally relevant) levels

* Hyphenated Methods
e Field Flow Fractionation-ICPMS

O Seperation technique for nanoparticles as small as 2-3 nm,
gives hydrodynamic diameter. Coupling to ICP-MS provides
element specificity

* These methods are improvements because they are:

O Quantitative (number and/or mass concentrations)
O Potentially NP Specific (depends on elements of interest)
O Have low detection limits

29



Element Specific Particle Counting: Sp ICP-MS

Sample

Plasma

Result

Sample coniaining

Dwell time

constant stream of
charged ions

M+

Dwell time

|| Constant signal

Sample containing
metal NPs

pulses of charged ions

dissolved metals —
Dwell time Indivlidual
T pulses
Vv
Dwell time
® —
. S
 —

Time

Mitrano et al, ET&C, Jan 2012
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[Element Specific Particle Counting: Sp ICP-MS]
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Blank | 500 pptAg* | 100 ppt AgNP
400 - 400 - 400+
>
-
‘B
c
9 300- 300 4 300
k=
©
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Mitrano et al, ET&C, Jan 2012




[Binned Intensity vs size: Ag Nancomposix J
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Pulse intensity (counts)

« Data collected at 10 msec per dwell
« Can plot intensity versus size to create sizing curve for NPs for
which monodisperse standards exist



[ Sizing NPs: Efficiency of spray chamber J

Small droplets to ICP .
4 www.agilent.com

Nebulizer
{high solids type)

Sample solution

==

carrier gas
Ar carrier ga —

Aerosol

NP

Large
droplets
to waste

Sample drain i

* Entire mass of atoms in a NP enter the
plasma
* Butonly <10 % of liquid droplets enter
plasma Dissolved
* Need to know mass of atoms in dissolved
standard that actually enter plasma
(transport efficiency)




Signal Intensity

Complete procedure for sizing

* Need a monodisperse “NP standard” (Au)
= Compare measured # to computed # to obtain efficiency
= Do not need NP standards for all NPs

: l
Intensity (counts)
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500+ 500 500

1
BLANK l IDissoIved Std I[ NP Sample |

400+ 400 400

300 300 300

200 200 200

100 100 100

O —fpaspapmepuapuaany—— 0 4——r—1—r1+1"1
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Raw data output; standards

and samples

0 20 40 60 80100 O 20 40 60 80100 O 20 40 60 &
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Pace et al. 2011, Analytical Chem, 83, 9361-9369
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Ag* calibration data

Conversion to mass flux; using efficiency

y = 540.1x + 0.1045
R?=0.99995
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—
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g
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o
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y = 1E+11x + 0.1045
R?=0.99995

8
Pulse Intensity (counts)

“unknown “ NP sample; raw data
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mmmmmm

Diameter (nm)

“unknown “ NP sample;
conversion to diameter
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Sizing NPs: Method Comparison

Monodisperse Ag sized using Au NP standard

_ 1456 0spICP-MS 67.2 0spICP-MS
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0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

89.1 | 95.1 _ DepICPALS

Relativ e Frequency

Relativ e Frequency

Diameter (nm)

Diameter (nm)

Sp ICP-MS Compared to Disc Centrifuge (DCS) and Nanotracking Analysis (NTA)



Concentration DL: 40 nmAg Nancomposix

N
(%)
o

SP-ICP-MS
; 25 ng/L || 10 ng/L || 5 ng/L ‘ - 2.5ng/L

20 25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 80 20 25 30 35 40 45 50 55 60 65 70 75 8020 25 30 35 40 45 50 55 60 65 70 75 80

N
(=]
o

Frequency of event
- =
8 3

vl
o
1

Diameter(nm) Diameter (nm) Diameter (nm) Diameter (nm)

« Data collected at 10 msec per dwell
« Concentration range on the order to 5 -500 ppt
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Sizing various NPs

800 I Frequency Counts of 50 ppt Au x 10 | 800; I Frequency Counts of 500 ppt Au ||
600 a 600+ b
- 50 ppt Au A
g 400+ 400+ 500 ppt u
O
O 200 2001
0 : et et 0 . . . .
0 20 40 60 80 100120140160 0 20 40 60 80 100120140160
Diameter (nm) Diameter (nm)
100; I Frequency Counts of 60 ppt TiO2 x 10 | 100; B Frequency Counts of 600 ppt TiO2
80- 80-
c d
g 60 ppt TiO > 600 ppt TIO
S ppt 1 ppt 1
3 40 ? 40 2
@)
20 20+
0O- 0-
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Diameter (nm) Diameter (nm)
100; Il Frequency Counts of 80 ppt Ag x10 | 100 I Frequency Counts of 800 ppt Ag ||
80- 80
e f
€ 80 ppt Ag wires 60 800 ppt Ag wires
o 40
@)
20

0
0 10002000 30004000 5000 6000 O0 1000 2000 3000 4000 5000 6000

Reed et al, JAAS in press Length (nm) Length (nm) 37



Environmental Detection: WWTP J

100 11T ]
Influent Effluent

400 400 +
>
o
v
c 3004 300 -
Q
=
=
“© 2004 200 -
c
o0
N

100 - 100 -

| 7 I — 04—

0 50 100 150 200 250 0 50 100 150 200 250
Time (seconds)
* Influent: 520 ng/L dissolved Ag, 200 ng/L Ag NP

e Effluent: 60 ng/L dissolved Ag, 100 ng/L Ag NP

* Form of Ag NP unknown
Mitrano et al, ET&C, Jan 2032



|

Application to EHS studies

]

Differentiating dissolved and NP metals: Ag NP dissolution

100
90 A Aged 100nm AgNP [T=12hr)
)
c
Q N Fresh 100nm AgNP (T=0)
IR
N
5 60
g; 50
o 40
s
T 30
O
= o2 Fresh NP
10
0
nounwown w
~m~a§$§z§ §a§m§ 828
1 . Pulse intensity (counts)
| |
2000 / zoo\
- 1800 1 B k Aged 100nm AgNP (T=12hr) - 180 1 C 00am, 100ppt, OF
5 1600 1 T 160 1 =0, 100nm, 100ppt, 01
>, | Fresh 100nm AgNP (T=0) Q
o 1400 2 140
1200 1 —
kS 5 120
E 1000 1 > 100 1
g 800 1 S 80
] s
g 6o T 60 1
1 o
& 400 s a0
200 - 20 1
0 “FrrremerrrrrY T T T T e

0 5 10 15 20 25 30 35 40 45 50

Pulse intensity (counts)

Diameter (nm)

Filtration or centrifugation not needed to measure dissolved
and NP elements
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[ NP Characterization:AF4-ICP-MS

o)
el |

Degasser Pump

Asymmetrical Flow FFF

o
ICP-MS

Crossflow pushes NP against '
accumulation wall

Parabolic velocity distribution

Channel v 0@ 298 oo

diffusion

flow

———1
1]
uv/Vis

Porous frit

Fast .

Membrane
Porous frit
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Multi-Element Specificity of AF4-ICP-MS

300000 -
- -y UV Fractogram Inset
17.7 nm 04+
- 1 199 nm — MBS W 520 My

250000 < 034 &

34.1 nm s 1 A

‘_é 024 ; l B
200000 - ' fal ] f\ e
37.3nm § | Y\ /.*

61.6 nm o

150000 4 17.8 nm
\

0 W0 W WO N0 1000 1200 140 140

Teme (3)

_-68.8nm

100000 A

ICP-MS Response (CPS)

50000 +

1 N 1

1 ' N I
0 200 400 600 800 1000 1200 1400 1600
Time (s)



Ag Mixture Resolution: SP-ICP-MS and AF4

 Ag Nanocomposix: 40, 60, and 80 nm

140000
200 7 SP-ICP-MS 2 120000 { AF4 h
- ih
c
@ 100000 -
140 <
120 § 80000
100 a. 60000 -
80 - O
60 - 5 40000 A
40 A
=] | “N “I“H -
0 . I“Illl 5.
llllllllllllllllllllllllllllllllll 0 1 T T T
8 8 9 8 R 8 0 20 40 60 80 100 120
Diameter (nm) Diameter (nm)

NexION 300 Q
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ICP-MS Response (cps)

Minimum detectable size (AF4-ICP-MS)

FFF-ICP-MS Fractogram of Nominal 5, 10, and 15 nm 25000

Nanogold using 2.5 mL/min Cross Flow
14000

Ag-BSA complex
(= 2-3 nm)

Daily Standard

—With BSA (FRESH)
—With BSA (1 hr old)

/ —With BSA (2 hr old)

5 nm 15 om
15000 @ 20000 -
7]
c
10000 8_
8 15000 T
8000 o
2 10000
6000 - 1
=
Q.
4000 )
5000 -
2000
0+ ' T y T y T y T y T y 1 0
0 300 600 900 1200 1500 1800 0
Time (s)

* Depends on field strength (cross-
flow for AF4, rpm for SAFFF)

10 20 30 40 50

Diameter (nm)
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Detection of dissolved elements

Dissolved signal NP signal (100 ppt)
4500 0 ng/L Ag*; 100 ng/L AgNP 2
20
4000 1 B0 ng/L Ag+; 100 ng/L AgNP 15
- B 50 ng/L Ag+; 100 ng/L AgNP 10
£ 00 il |I ;
@ 2100 ng/t Age: 100 mg/agnp | | 18 il el
5 3000 . r 25
50 ng/L Ag*; 100 ng/L AgNP
e F 20
O 2500 {fl O t - 15
° PP
Q - 10
C 2000 - i
Q 50 ppt °
- | !
- 25
100 ng/L Ag*; 100 ng/L AgNP
E 20
Ll
15
10
5
0

OO O0OO0OO0DO0DO0DO0DO0OO0O0O0O0 O o 9O 0O 90 0o 9 9o 9 o 9 9
SRRIRBRIEZSK]RY R8BS SRBEBEBRE

Pulse intensity (counts)
SP-ICP-MS

* Dissolved species lost through membrane in AF4



Method Summary

« AF4 ¢  SP-ICP-MS
— Pros — Pros
* Very good * Good Resolution
Resolution * Lowest concentration
 Multielement detection limit (ppt)
detection « “Dissolved” analysis
* Small size detection
limit . Cons
* High size detection limit
— Cons (>20 nm)
* LongRuns * Single element detection

* Poor Recovery Narrow concentration

e Dissolved not range (serial dilutions)
detected



[ General Conclusions J

SP-ICP-MS is effective for detection of NPs at part-per-trillion
concentrations

Sizing of NPs is possible, although smaller NPs may be lost to
background

Possible to examine dissolution and aggregation

AF4-ICP-MS provides a characterization tool that has:

e element specificity allowing analysis of chemically
heterogeneous NPs at ppb levels

e high size resolution that allows analysis of polydisperse
samples

e Separation capabilities to sizes as small as 3-5 nm



