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Dissolution

— Intro
— Methods
— Ultrafiltration
— (Ultra)centrifugation
— Dialysis
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— Parameters affecting AgNP dissolution
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Dissolution: relevance

« Toxic mode of action often through ion, not NP (e.g. Ag)
» Fate of ions is vastly different from NP

* Risk assessment tools for metals are well developed for dissolved
lons, much less so for NP

WWW.gu.se
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Dissolution vs. solubility

Ce*#+2H,0  *H’ +H* Ce**+2H,0
>
"Solubility” T’ "Dissolution”
_ {Ce*} _{Ce*h)
KS +14 v=k
{H*} (Ht}4
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Dissolution

What is the "dissolved” phase
= |onic

Molecular

< 0.45 um

"not centrifugeable”

<1nm

<1 kDa
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Dissolution: methods

Available techniques
o Ultrafiltration

« Ultra-centrifugation
* Dialysis bags

e SPICP-MS
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Ultrafiltration

» Size cut-off expressed in "Daltons”: Molecular wieght cut-off (MWCO)

= Molecular weight of a PEG molecule
that is retained for at least 90 %

=> Always a distribution of sizes

that is filtered R (%) 100 A
80
60 |
40 |
20 |
0 i
0 20 40 60 80 100 120 140
Molecular Weight (KDa)
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Separation of ENP: filtration

Aquatic tests

Filtration
cut-off
e.g. 1 kDa)

-~

Filtration
cut-off
e.g. 0.45 um)

/N
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Dissolution of Ag NP

Ag*
Ag+ + SRFA & Ag-SRFA
30
= = AS pH 7 b

= o ~e FCS S === Citrate pH 7
= _l'ﬂ_'... v FIFFF o B2 Citrate pH 9
£ S = PEG-NMR 2 S 20 | ===m SRFApH7
_c__e :, .....: . S 2 mmm SRFA pH 9
T o <C
v oo 53
T ". - S £3
E v, " =

e = 2

,’.‘V'WW = S

2 3 4 5 6 7 8 0 )
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Separation of ENP: filtration

0.45 um filtration Ultrafiltration
100% 100%
80% 80%
B PES
E 60% =7n E," 60% = PES + Cu
=] =]
b B Zn+ Cu b HHY
= 40% e 40%
0 Ag HHY + Cu
20% - mAg+Cu 20% HCTA
B CTA +Cu
0% - 0%
1 10 0.2 1 10
Ag+ or Zn2+ concentration (ug/L) Ag+ concentration (ug/L)

. * A alic . 2010 En\ | am 7 7 r«‘;"-""ﬂ{ Q
Cornelis et al., 2010 : tal, 2010. Env. Chem. 7, 298-305




Swing bucket centrifuge
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Centrifugation
Down:

 centrifugal force

Fog=6mpRV Up:

» Drag (viscous)
» Buoyant force
2oy
> Terminal velocity V = — % pf)f—]'
H

A Both ways:
Fy=(pp—pr) 937 R®, « Diffusion (Lamn equation)

dc d%c 1 [de 9 dc
E—D[(@)ﬁ(@)]‘“ ["‘“(@)”4
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Centrifugation

20% -

=>No sharp cut-off
=» High speeds required

10% -

g 5%  Silver nanoparticles

2 70% evenly distributed from
2 o —e— 10000 rpm 1 to 1000 nm in a 12 cm
z :

§-50% | —8—23000 rpm vial.

3 \ 45000 rpm « Sampling at 4 cm depth
£ 40% -

£ )  Different spinning

8 30% —nu__}

£ speeds

B

5

5

e

0% D & R A A A A Ak AR A A T4 A R for NP/dissolved
separation

particle size (nm)
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Separation of ENP: centrifugation
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Separation of ENP
Centrifugation vs. filtration

<0.45 pm filtered run 1 (B)

50000
<0.45 pm filtered run 2

40000 - Ay <0.45 pm centrifuged run 1
@ Y <0.45 pm centrifuged run 2
£ 30000 - { W
e ﬂ ™
& 20000 i ",
o # Ty
& 10000 - i T, Ty,

I“‘! y U | A
0 : "‘“Mleifjc%l Lot e

0 0.1 0.2 0.3 0.4 0.5 0.6
Diameter (um)

Natural particles in filtrates vs. centrifuged supernatants
analysed with cFFF (Gimbert et al., 2006):

Congestion ()

3O oo

H

Better recovery with centrifugation
but filtration is more convenient and
does not require prior knowledge of
density
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Filtration vs. dialysis

Delay in measurement because of equilibration

Nano-ZnO ﬁ

20

Zn {mg/L)

—&— Dialysed Zn
—O— 0.1 pm filterable Zn

4] T T

T 1
0 20 40 [:10] BO
nLLU

Time (hours) Start Dialysis End Dialysis
Franklin et al. 2007. ES&T {high concentration gradient) (equilibsrium)
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Conventional mode ICP-MS

Detector signal
(cps)
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Single particle ICP-MS
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spICP-MS vs. Conventional ICP-MS: effect of dwell time

100 ms
10 ms
E —1ms
s
2
£
— T I’-\,LA JI A T T I\I A T Ay T 7x T 1
4350 4370 4390 4410 4430 4450 4470 4490 4510 4530 4550

Datapoints (time)
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Single particle ICP-MS

Particle signal

o Particle signal histogram Particle size distribution calculation
1200 - 1500
1000 - N f(Pl) 60000
~§ 800 z 1000 i = 550000
g 600 g— T’eq Dtd Eamm
400 q f-'-j' 500 §3C(JOO
200 Z20000
E
0 ‘ ‘ : ‘ 0 = 10000
280 290 300 310 320 L 30 = 0
Time (sec) Signal intensity (ion counts) o 10 20 10 40 50

Diameter (nm)

L d = 3 (I_Id_lbkg)6qneMw J

To be determined: Tmtgp
* ( (using a flow meter)

* MNe
e Dissolved calibration curve
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splCP-MS: Signal discrimination

1500 -+ 1500 -+
1500 -+
® L ]
L
1000 - 1000 -
o) -. 1000 o)
g 2 g
s 5 g
“ 500 e ® Teog ° E “= 500
° °® %= 500 -+
....
L ]
Ll TTY
LA TY9S
0 . . 000 o 0 .
0 10 20 30 0 10 25 30 0 10 20 30
Signal intensity (counts)

Signal intensity (counts
g A ) Signal intensity (ion counts)

Dissolved and nanoparticle signal can be distiguished.
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Monitor dissolution using spICP-MS

Above detection limit Below detection limit
600 -
500 - tlme
n g 60 HT=0h
g 400 - g 0 "T=2h
c ‘e _
Q . 5 T=4h
> 300 —0 hours 2 2 BT=8h
o | 2 ]
£ 200 —24 hours : “TeLzh
100 - HT=24h
ET=96h
0 1 T BT=168h
0 200 400 Pulse intensity o
. . . (counts) 2 gz
Signal intensity (counts) © 2 3
106 dilution of AgNP (40 nm) inan eCOtOXiC()lOgical Figure 1. Dissolution of 100nm TA capped Ag ENP at 50 ng/L over time, as
medium evidenced by the decrease pulse intensity over time. Raw pulse intensity is

proportional to particle mass (x-axis) and so smaller pulses indicate less Ag
associated with each particle. The number of particles observed (y-axis) is
similar for each analysis.

Mitrano et al. (2014) Environ. Sci. Nano.
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Effect of pH

pH 4 g pH 38

Ag* \
AgNP ‘ Ay, Q
’ AN A?

Ag* N\
"bulk”
v
2 Ag* Ag*
Dissolution
should be increasing with pH
VEersus

Dissolution of AQNP as a function of time and pH

30 1000
s NaNO, pH 4 dh pH 4 a

o5 |z NaNO, pH 7 ®
m== NaNO.,pH 9 - 800
B AS pH 4 ® dn pH7

20 ommm ASpPH7

- 600
15 1

- 400
10 4

(wu) SONEeN Ww L0 ul
(“p) JsrWeIp 21WEeUAPOIPAY obBeloAY

- 200

Dissolved Ag
(as % of total Ag in suspension)

B
i

mmmm NaNO3 pH 4 b
5 20 @zza NaNO3 pH 7
3 wmm NaNO3 pH 9
L 15] = ASpH4
8= s ASpH 7
>3
gzg 1o | === ASpHO
2
3
E 051

0.0 -

4Ag + O, = 2Ag,0
Ag,O + 2H* = 2Ag* + H,0O

=>» Dissolution should be decreasing with pH
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Dissolution: silver NP

100%  wpH 4- 100 mM NaNO3 pH 7 - 100mM NaNO3
T 0% pH9-100 MM NaNO3 M pH 4- 100 mM Nacl
'E i pH 7 - 100 mM NaCl # pH 9 - 100 mM NacCl A
2 60% ab ¢ d e f
o 10°
Y L
2 40% ;3 Total dissolved Ag
< 0% 10 )
x® I 10" 1
o% | T T AAdCi@a) " N
1 7 14 LY
Time (days) 104 )
m_,:AgCIz

Cornelis et al., 2010, unpublished

Silver species concentration (M)

10.3:
High [CH # e
L S —
N 1E-3 001 0.4 1 10 100 1000
and low [AgNP] A . Total CI input (mM)
Liu et al., 2010.
ACS Nano 4: 6903-6913.
A 0.05
Acceleration -
-a 0.04 4 —&— Dl water
E —i— Low salt seawater buffer|
- - ® - Seawater
; wl <~ |
[ T
-g o2z f X aaees L
2 g R
2
% 0.01 4
High [CI] and » |

2 4 6
Incubation time (days)

High [AgNP] (s1<—AgCl (5)

Liu and Hurt 2011, ES&T.
44,2169-2175 Li et al., 2010, Langmuir 26, 16690-16698.
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Total dissolved [M]

SoNr

@

Dissolution in soils

0.25 -+
a - n+ MI1+
2 020 - [ 1 M A
g ]
E o015 - { l@
(2]
E - ®
s <450 nm e Pe
q) A\ r. A\ Y
S 0.05 - I I e
o
< i <1 kDa

I
0.00 - = -
o N N
P O S ANE LI LS ST EEEF
LSS & COS &S §°o§>°§§é\ &
&QO NS @‘\ O’D & K &8 Q,;} A \{_@(bé.oo
< N
& S O
® [onic Ag Ag NP N

0.0 y=1.2635x-0.581
2 R = 0.5241
* AgNPdissoIved:[Ag]UF' [Ag]UF +[Ag]adsorbed % o L
* Kd = [Ag]adsorbed/[Ag]lkDaX L/S %—1.0 |
g
= °
» ( KES +1j([Ag]UF _[Ag]geoge”ic) - AgNPdissolved ‘ 3_1.5 _
g 2.0 | |
0.5

0
-0.13x pH + 0.64 x log[ClI]
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Retention

— Intro
— Descriptors for retention

— How to predict bio-availability
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Retention
MM,
4] 01 0.2
The interaction of NP with surfaces . ]//w"
affecting their 5
— Release §ﬂf
0 Ki 1
—  Attachment 2 naaroy
— Transport ot
. . R 2
— Bio-availability E 4_;:
N
[l
104
2o Lower SE 2
[} 0E 1
g.]¢
el
E a4
“ ol
12-+ Pinnarroo 2

Soil pore water

RAn+ - -> Mn+
(rnrm MM,

o 0B o 025 0.5

=l @
o
2 2
o ] > [ MNP
B E A —
104 10 4
Kingaroy 2 Lower SE 1

124 12 4

o 0.5 1 o 0.1 oz
o ] _I___! ] o 1 1
z 2 A
4 4
& &
B E A
10 10 4
iz Mount shank . [/ Pinnarroo 1

o 0.26 0.6 o 05 1
] -—Hﬁl—l ] 4‘?"—'
2 N e
s ]
G &
B E 4
10 10
12 Thorpedale 1zd  Siekmann

Trial 2
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Descriptors for retention

K4 K, o

Discussion in ESNano

* Praetorius et al. 2014. ” The road to nowhere: Equilibrium partition coefficients for
nanoparticles” ESNano 1,317-322.

» Cornelis et al. 2015: “Fate descriptors for engineered
nanoparticles: the good, the bad, the ugly” ESNAno 2, 19-26.

» Dale et al. 2015. "Much ado about alpha: reframing the debate over appropriate fate
descriptors in nanoparticle environmental risk modeling” ESNano 2, 27-32.
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K4 values

 OECD guideline 121

Kd = [A]solid/[A]aqueous

» Operationally defined
o Assume equilibrium

Aa
e Use: M i !
U

— Model bioavailability (e.g. incombination with

speciation modelling, decomposition rates). A4 24 h

— Transport modelling W@
P “ 0.45 um MF
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200 -
150 -+ Nanoparticle
K4 values for nanoparticles? 100 -
50 - /
A "Traditional" chemical
O d I I I 1
0 5000 10000 15000 20000

Time

OFTEN EQUILIBRIUM N

&

e

Kd = [A]solid/[A]aqueous Kd = [NP]soIid/[NP]aqueous

30 www.gu.se
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K4 values for nanoparticles?

Soil column transport studies (~ OECD 312):
Traditional chemicals: retardation R=1+ (rb/qe)Kd_

1

Nanoparticles: loss in recovery

Early _
elution retardation x pore volumes injected
1.0 7 h =T
0.8 - Molecular gl
chemical R
Inert Mobile phase Chemical or
s 0.6 - tracer NP suspension
'CJ*- 04 Recovery IOSS :ﬁ,F + inert tracer
ENP
T [ A Saturated soil
0.2 -
/
y/4
0.0 < . !
0 10 20 30
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K4 values for nanoparticles?

retardation

i Inert
tracer

0.8 -
Recovery loss

0.6 -

C/Cq

0.4 -
ENP

0.2 -

0.0 T | |

Time (h)

Vv

attach

= kattach*[N I:)]aqueous

Vietach = Kaetach INPlsolia

Kd~

kattach/ kdetach ?

/

ol

L
R?=0.1925

T
-1 0

T T 1
1 2 3

IOglO(katt/kdet)
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a values

X pore volumes injected

Mobile phase Chemical or

NP suspension
+inert tracer

Vmax = kmax*[l\”:)]aqueous
Vattach = attach*[NP]solid
a = kattach/kmax

» Ratio of attachment rate at real vs. Ideal
conditions

» The probability that a particle will "stick” to
other particles or surfaces

Saturated soil
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Mobile phase Chemical or

NP suspension
+inert tracer

s W O T
R

)
s

a values

W

Saturated soil

EE

» Can be predicted based on DLVO
theory (requires hamaker constant and

surface potential) 1o - _
¢ Sometimes obtained from QCMD experiments 08 tracer
» Most often fitted to breakthrough 06 |
curves from columns 5_-0: === — - -
Assumes clean bed filtration, i.e. only ENP
irreversible attachment 0.2 7
0.0 T T 1
0 10 20 30
Time (h)
2 dE-I!l
a_.. = In(C/C
bt Eil_g}ﬂn}-‘l‘ { ‘Illr Dj

WWW.gu.se
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Determining attachment rates via batch tests

24.50 1 Dominates i
2400 1 : @
In(y(t)Cg + 1) = aB(n,B) X Bt g .
« y(t) time-dependent distribution coefficient  g:e -
r E "
ng — n(t) :zm‘-’ = Ve é
CB . ; :'::2‘
y(t) — n no m = ap é sila
« a: attachment efficieny e :

* 3(n,B): second-order attachment rates 0 W o o w0 mo e e o

Time of Mixing (seconds)
* B: number concentration of background particles _ _
Barton et al. 2014, Environ. Eng. Sci. 31 421-427.
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K, values

Batch method:

NENp,t=0 Qortho
K, = —"22xL/S = T)X L/S
o+l P X LS = exp (o ST) X L/

1.4 4
Mn+ W o
"o - :; 1.2 .
® e
U 1kDa UF 2%% .11
(1 nm) o 06 @  R°=05523 Q-
-
0.4 -
] -
R 0.2 P
= Pt
0 T T 1
0 0.2 0.4 0.6
Intense shear conditions during shaking < column experiment oty

Upriho AILUIALEU 1TUITI

K, values vs. o,

=>» Different parameter (a,.,,) than in a column experiment (o), but (Cornelis , ES Nano)

possibly related

ortho
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K, values
57 b 5 - a
Silver NP
4 - — 4
£ R2 =0.6683 2
g 3 - =3
E L) =
g (@ S
&2 - z 2
a x
¥ & .
1 -
0 i T ]
0 | ' | ' ' 0 1 2 3 4 5
0 1 2 3 4 5 -3.96 +0.038 x clay%
2.044+ 0.25 x (clay content) -0.426 log [PO,4] +0.3 x pH

Cornelis et al, SSSAJ
2012, 76, 891-902. . Cornelis, G. et. al. ES&T.
: ' ; a 2011, 45 (7), 2777-2782.

AgNP in 0.45 um
filtrate
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K, values: screening tool, comparison

R
+
+
+
citrate
OZLL % S
04~ o
Q‘sr 4
PO43'
o
= 6 _o%
Ou»oo\ ' ,OQ
20,PO- -OPO;?
QT
05 5 X
3 %

M 9.3 umol Ce kg™ - citrate
wzz2 9.3 umol Ce kg™ - biosolids

10000 - BN 36 umol Ce kg'1 - citrate
P & B2 36 umol Ce kg' - water ]
2 1000 4 % EEEE 36 umol Ce kg ' - phosphate g
= g mmm 36 pmol Ce Ce kg™ & g
i é 7- citrate & phosphate Z
< 100 A 7 ? ?
S ¢ ? % , ?
. 7 7 7 2 7
o 7 7 7 7 Z
Zz 101 é % 4 é .
3 7 7 % 7 7
O 7 7z % Z Z
Z 7 Z Z 7
Z 7 Z % %
7 7 7 7 7
7 7 7 7 7
14 7 7 7 7 7
5 / % % %
Z 7 7 %
Z % 7 Z Z
% 7 Z 7 Z

Emerald Mt Compass Tepko Ingham Tully

Cornelis, G. et. al. ES&T.
2011, 45 (7), 2777-2782.
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Relation with bioavailability

30 - 30 - 30 -
Clay % 0 o pH e TOC
25 - 25 - )5
20 20 20
uuf'lS I_It.af'15 uuf'lS
10 ® 10 - ° 10 ®
5 5 4 5
. . . .
0 | : T T 1 0 9 T 1 0 T . T 1
0 10 20 30 5 6 7 0 2 4 6
Clay % pH TOC (%)

EC50 of AgNP (NM300K) in different soils

(Schlich et al., 2015 Env. Poll. 195, 321-330.)
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Bioavailability

Effective dose ?

&

o

Acetic acid, citrate, ...
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Biotic Ligand model

CuCO.°

CuOH* Biotic ligand sites

CuCl* CuCl*

Cazt
Na* Cu®*
H+

Cu(OH)y

CuCO,?

Diffusion layer 0.45um  CuOH* Cu?

CuCl*
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Complete physico-chemical analysis
of medium or natural water

Table 3. Physicochemical data for the Chilean notural waters used in the chronic toicity study with Dapderia sragra, and the corresponding measured copper, I

21-d EC50 and 21-d LC50

Cu DoC Ca Mgz Na K S04 0

Cu,

Cu,

Alkalinity Hardmess  21-d EC50 21-d LC50

mg/L as

mg/L as

Water body Key pH  dpglL) dmgLl) (mgLl) (mgLl) (mgl) (mgl) (mgl) (mgl) CaCOy CaC0, gLy ipgily /
Humado River 1 832 28 18  3L6 77 73 15 682 42 63 128 163 15.6 [ ] Natural waters
Choapa River 2 836 1 0ns M0 a0 131 L 595 10.2 a8 141 156 166 . / /
Petorca River 3 859 0.6 07 451 2.2 20.6 0.9 210 279 235 m 26 352
Pocuro River 4 226 44 1.0 342 L3 9.9 14 645 96 B4 145 183 182 O Sy nthEtIC wate rS
Pulsendo Brook 5 851 38 08 22 42 69 03 343 25 59 87 130 139 / /
Yeso River 6 853 L3 [0 14 141 25.7 L9 3o 4316 &3 62 &1 6.7
Maipo River 7 858 26 D4 1422 204 192 30 M85 2752 9 40 153 19.7 / /
Teno River § 789 00 03 265 23 02 12 481 125 ] 92 74 8.2 100
Mutagquito River 9 202 0.0 1.3 27 90 1.8 2.1 450 1.9 43 88 157 149 /
Maoule River 10 200 02 Lo 9.0 22 6.6 0.8 13.0 53 26 kX 98 9.6 /
Putiagan River 1 776 ol 0.8 45 07 1.6 0.2 44 0.2 17 16 95 7.7
Longavi River 1 799 05 0s 54 12 29 0.4 76 1.3 0 21 125 1.2 / /
MNuble River 13 790 n7 11 27 09 24 0.6 1.2 13 15 1 [ 93
Chillan River 14799 08 11 28 12 24 08 EN| 1.2 19 12 55 EX / /
Iata River 15 797 1.3 1% 35 10 28 [N} 22 11 25 il 129 136
16 799 Lo 1.2 39 10 2.0 0.5 25 0.7 18 14 96 93
Bio-Bio River 17 B.00 05 0.6 7.0 20 45 0.7 6.0 50 - 2 9.1 93 ( /
Malleco River 18 797 02 07 a2 10 22 04 1.5 1.1 21 12 74 7.1 O
Indio River 19 835 0n (1%} 152 T8 40.0 .9 2001 6.0 68 T 121 121 /
Cantin River | BI% 0.l 05 82 in 6.7 14 53 21 45 i3 134 135 /

Better prediction of toxicity

Cu, 21-d EC50 =~ Copper 21-d half-ma

flective concentmtion values of chronic reproduction test with D, magaa; Cu, 21-d LCS0 « Copper 21-d

half-maximal lethal concentration values of chronic test with £, magea; DOC — dissolved organic carbon

Table 6. Summary of the parameter values for the Hydroqual (Hq) biotic
ligand model (BLM), version 2.2.3, and De Schamphelaere et al. (2004)

¢c-CuBLM-3 (DSch) [15,28]

Predicted 21-d EC50, ng/L

-
(@]

Parameter/condition Value Hq Value DSch /

Log K of gill-Cu®* 74 8.02 Vs 4

Log K of gill-CuOH™ 6.2 (—1.3)* 8.02 (0.52)* 1 | el 1 L
Log K of gill-CuCO; - 7.44

Log K of gill-Ca®" 3.6 - 10 100

Log K of gill-Mg®" 3.6 - v 21-d E /L of r
Log K of gill-H™ 54 6.67 Obse ed d 050' kg/L o Coppe
Log K of gill-Na™ 3.0 291 . : :

% Humic acids 0.01 417" 24.1° 1.7 Villavicencio et al., 2011.

Log K of CuOH™ 6.48 6.48

Log K of Cu(OH), 11.78 11.81 ET&C 30, 2319-2325.

Log K of CuHCOF 14.62 12.13

Log K of CuCOs 6.75 6.77

Log K of Cu(CO3)2~ 9.92 10.2

Log K of CuCl™ 0.4 0.2

Log K of CuSO,
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a nano Biotic Ligand model?

Gill/biotic ligand

f(pH, CI-,...)
)

Diffusion layer

www.gu.se



UNIVERSITY OF GOTHENBURG

Modelled bioavailability

Modelled AgNP concentration afo time in a plow layer

Aqueous NP concentration afo time

0.0008 A L
0.0006 l \ Plow layer
0.0004 ’ \
0.0002 \k

‘

o s 0 1o w0 w0 w0 How to compare
Time (s) H
to single effect
Solid NP concentration afo time levels ?
_ 0.00009
& 0.00008
& 0.00007 \
E 0.00006 | Plow layer
& 0.00005
£ 0.00004 \
8 0.00003 \
§ 0.00002 \\
2 0.0000; ¥ | | | | | |
H 0 50 100 150 200 250 300 350
E .
s Time (s)
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Conclusions

» Dissolution
— Is operationally defined
— Beware of artefacts: check recovery!
— Recalculation for dissolution in soils

* Retention
— Different descriptors available: take your pick!
— Kinetic ones are conceptually more accurate
— Relation with bio-availability is not yet established

WWW.gu.se
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