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Carbon Nanotubes (CNTs)

http://itech.dickinson.edu

Single-walled Multiwalled nanotubes
nanotubes (MWNTSs)
(SWNTs)
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B Mechanical
properties:
nigh strength;
ight weight

B Electronic
properties:
semiconducting
or metallic
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Toxicity of Carbon Nanotubes

B Cause embryotoxicity in mice
B [nactivate microorganisms
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Penetrate human keratinocytes and lymphocytes
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Fate and Transport of CNTs

B Oxidation of CNTs during transport in natural
and engineered aquatic systems
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Fate and Transport of CNTs

B Oxidation of CNTs during transport in natural
and engineered aquatic systems
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Fate and Transport of CNTs

B Oxidation of CNTs during transport in natural
and engineered aquatic systems
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B Deposition and remobilization of CNTs on
naturally occurring surfaces, e.g., silica surfaces

fu@@f

c©
% o

8 :‘:":;I.:" J L I NTT AT AN S
WHITING SCHOOL
of ENGINEERING




Objective

To investigate the influence of solution
chemistry on the degree and kinetics of
MWNT release from silica surfaces
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Oxidization and Characterization of MWNTs

B Expose pristine MWNTs to a 3:1 acid mixture of
98% H,S0O, and 69% HNO,

B The distribution of oxygen-containing functional
groups was quantified by XPS in conjunction
with vapor phase chemical derivatization
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Electrophoretic Mobilities (EPMs) of
MWNTs in NaCl and CaCl, Solutions

OM T B Brookhaven.ZetaPALS

@ 1] - " | | B The predominant

Ni A | functional groups on

% -2t { MWNTs are carboxyl

Z groups

= -3} 1 B At pH 7.1, most carboxyl

"“ ] 4'_ oH 7_1_' groups are expected to be
B deprotonated
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Quartz Crystal Microbalance with
Dissipation
- |._‘..

Monitoring (QCM-D)
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E Laminar flow at 0.6 mL/min

E [MWNT] = ca. 0.5 mg/L

‘ B T=25°C,pH=7.1

B Frequency (f) and Dissipation (D)
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Quantifying the Surface Mass Concentration
of Deposited MWNTs using Voigt Model

B Voigt model is commonly used for viscoelastic layers

E Af and AD are functions of surface mass

concentration (m), shear modulus (u), and viscosity
(1) of CNT layer

EAf and AD (5th, 7t, 9t and 11™) were fitted with
Voigt model using m, u, and n as fitting parameters

E Thus, the surface mass concentration of MWNTs can

be quantified throughout the deposition and release

experiment
13 P JOHNS HOPKINS

WHITING SCHOOL
of ENGINEERING



Quantifying the Surface Concentration of
Deposited MWNTs using Voigt Model

1.5 mM Deposition 1.5 mM Release
CaCl, at1.5 mM CaCl, CaCl, at 1 uM CaCl,
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Release of MWNTs from
Silica Surfaces after Deposition in CaCl,

1.5 mM Deposition 1.5 mM Release
CaCl, at1.5mM CaCl, CaCl, at1 uM CaCl,

E The surface
concentration of
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= | | Voigt modeling
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Release of MWNTs were mainly through
Detachment from Silica Surfaces

Deposition Release at

. 1.5mM at1.5mM 1.5mM Release at DI water
g ¢ %% %, imWied eM7T B The silica surface
% 15l was first modified
= with positively

S charged poly-L-

§ 1.0F lysine (PLL)

§ E Only 4% of MWNTs
o 097 deposited on PLL
% were released at DI
5:% oot water
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Particle Release from Primary Minimum
when Surface Potentials Increased

B ¢tot = ¢ed| T ¢vdw + ¢Born

i B |¢max B ¢min| Is reduced

S0}
as surface potential ()
é Increases
kT © ~
\ | E The y of both MWNTs
Energy barrier for and silica surfaces
-50F+ particle release 4
=16, ¢ | were enhanced when
1.5 mM CaCl, was
~1005 0 20 30 40, 5o eo replacedby 1 uM
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Ruckenstein and Prieve, AIChE Journal, 1976, 276-283
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Release of MWNTs from
Silica Surfaces after Deposition in NaCl

< 600 mM Deposition 600 mM Release
& NaCl at 600 mM NacCl NaCl at1 mM NaCl
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Particle Release from Primary Minimum
when lonic Strength Decreased

i - RN
1S=0.0125M " | Prmax = Pminl IS reduced

4,300- Energy barrier for | as ionic Strength (|S)
kT particle release decreases when
200 = Pmax = O constant charge
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100
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Sequential Release of MWNTs from
Silica Surfaces in CaCl,

Deposition 1.5 0.7

15mM atl5mM mM mM 04mM 0.1 mM 0.01 mM 1 mM pH 10 DI
CacCl, CaCl, CaCl, CaCl, cacCl, CacCl, CacCl, NaCl  water
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Sequential Release of MWNTs from

from Silica Surface (%)
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Silica Surfaces in CaCl,

Surface charges of MWNTs
and silica were enhanced
when:

CaCl, Concentration }

CaCl, == NaCl
pH of solutionf

' The stepwise release

behavior may be due to the
surface charge
heterogeneity of MWNTs
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Fraction of MWNTs Released
from Silica Surface (%)

Sequential Release of MWNTs from
Silica Surfaces in NaCl

- B The stepwise release
100 mpH 71 N behavior may be due to the
80} 1 surface charge heterogeneity
50 ' of MWNTs
E MWNTs with higher surface
40 I . charge densities were
20+ - released at relatively higher
No . .
0 [ Release ' NaCl concentrations while
S S S S MWNTs with less surface
N ®é® charge densities require a
@Q 6\@ @Q & further reduction of NaCl

concentration to be released
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Fraction of MWNTs Released
from Silica Surface (%)
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Influence of pH on the
Degree of MWNT Release in NaCl

[ I pH 4.0
- NN\ pH 7.1

-No

[ Release A

S

o

B Fewer carboxyl groups
on MWNTs and silanol
groups on silica
surfaces were
deprotonated at pH 4.0

B Lower surface
potentials at pH 4.0
resulted in lower
degree of release
compared to pH 7.1
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Influence of pH on the
Degree of MWNT Release in CaCl,

1.5 mM Deposition at 1.5mM Release at

— CaCl, 1.5 mM CacCl, CaCl, 1.5mM CaCl,
NE pH 7.1 pH 7.1 pH71  pH4.0

L 121 | | ] ® 90% of deposited MWNTs
2 were released when pH

IS 0sl decreased from 7.0 to 4.0
g in 1.5 mM CaCl,
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Influence of pH on the
Degree of MWNT Release in CaCl,
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B Calcium cations have been
reported to bridge
deprotonated carboxyl
groups on organic matter
and ionized OH groups
(—O~) on mineral surfaces
through complex formation

Si-O- 5 000
Si-O- 80 —000~
Si-O- 80 -~000~
Si-O-eD —ooo
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Influence of pH on the
Degree of MWNT Release in CaCl,
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Initial Rates of MWNT Release
from Silica Surfaces

1.5 mM Deposition 1.5 mM Release
CaCl, at1.5mM CaCl, CaCl, at1 mM NaCl

E [nitial rate of
MWNT release is
193 ng/(cm?:min)

E 99.2% of
| deposited MWNTSs
were eventually
released
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Release Kinetics under
Complete Release Conditions

E MWNTs were first

2

<

£

£ 200¢ deposited on silica

S surfaces at 1.5 mM

o 150_’ CaCl, until the target
m .

¢ 100l surface concentration
o was reached

Q]

é S0r B The deposited MWNTSs
s o o were then released at
2 0 200 400 600 800 1000 1 mM NaCl

Surface Concentration P (dm

of Deposited MWNTSs (ng/cm?) dt
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Release Kinetics under
Partial Release Conditions

N’E\ 1.5 mM CaCl, Release at 0.01 mM CaCl, Kt .
8 1000 | 'O I; per'r'nentalldata' } l mt - mOe (red Ilne) does
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C 800 First-Fc)erer kinetics 7 d ata We”
_‘g I (incomplete release) -
g 600 1 B Two fractions of MWNTs
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Time (min)
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Fraction of the deposited MWNTs

Influence of Solution Chemistry on
the Release Kinetics of MWNTs
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Influence of Solution Chemistry on
the Fraction of Releasable MWNTS, . ..cable
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Influence of Solution Chemistry on
the Release Rate Coefficient, k
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Influence of MWNT Surface Coverage
on the Release Rate Coefficient

'
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B k decreased when

surface coverage was
higher than 1000
ng/cm?

The formation of
MWNT surface-bound

f\ﬂ“lﬁf\ﬂf\ flaYa

aggregdlies at lllgllcl
than 1000 ng/cm?
resulted in lower
diffusion coefficients for
MWNTs release
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Conclusions

The deposited MWNTs were released from primary
minimum at lower electrolyte concentrations. This

release behavior is consistent with Ruckenstein and
Prieve theory

The stepwise release at decreasing CaCl, and NaCl
concentrations may be due to the heterogeneity of
MWNT surface charge density

Decreasing pH has different effects on the degree of
MWNT release in the presence of NaCl and CacCl,
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Conclusions

The release kinetics of MWNTs can be described by
a two-fraction first-order release model

Both the fraction of releasable MWNTs and the
release rate coefficient increased with decreasing
electrolyte concentrations due to lower energy
barrier for MWNT release

Increasing the surface coverage of MWNTs may
retard the release kinetics of MWNTSs, probably due
to the formation of surface-bound aggregates and
the resultant decreased diffusion rate coefficient
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