CARBON

8 0 ( 2 0 1 4 ) 6 5 1 –6 6 4

Available at www.sciencedirect.com

ScienceDirect
journal homepage: www.elsevier.com/locate/carbon

Quantitative 2D electrooxidative carbon nanotube
filter model: Insight into reactive sites
Han Liu a, Jia Liu a, Yanbiao Liu

a,b

, Katia Bertoldi a, Chad D. Vecitis

a,*

a

School of Engineering and Applied Sciences, Harvard University, 29 Oxford Street, Cambridge, MA 02138, United States
Department of Civil and Environmental Engineering, Faculty of Engineering, National University of Singapore, 1 Engineering Drive 2,
E1A-07-03, Singapore 117576, Singapore
b

A R T I C L E I N F O

A B S T R A C T

Article history:

In this study, the electrooxidative carbon nanotube (CNT) filtration of sorptive methyl

Received 18 March 2014

orange (MO) and non-sorptive ferrocyanide was investigated by both experiment and

Accepted 3 September 2014
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mass transport, adsorption, and electron transfer and product desorption. For MO, the
model was calibrated with experimental reaction rates from the mass- and electron-transfer limited regimes and accurately predicted effluent concentrations over a much larger
range of conditions. For ferrocyanide, five CNT electrodes of various specific surface area
and surface oxygen content were utilized and a similar single reaction site model to MO
accurately predicted kinetics at low anode potentials while a two-site model was necessary
at higher potentials yielding insight into the CNT reactive sites. For example, at low anode
potentials (60.2 V), the kinetics have a linear correlation with CNT surface area indicating
the sp2 conjugated sidewall sites are dominant. In contrast, at higher anode potentials
(P0.3 V), the kinetics were significantly greater than expected from CNT surface area and
the differential kinetics have a linear correlation with the CNT surface oxygen content indicating the CNT tips were also electroactive. The spatial distribution of internal electrode
mass transport and surface reactivity is discussed.
 2014 Elsevier Ltd. All rights reserved.

1.

Introduction

Electrochemical filtration has great potential for a number of
applications such as advanced microbial, gas, and water separations. For example, electrochemical filtration has been
reported to be effective towards oxidation of organics and
ions [1,2] and inactivation of virus (MS2) and bacteria (Escherichia coli) [3,4], and can be coupled with microbiology [5] or
hydrolysis [6] to enhance pollutant degradation. The electrochemistry and filtration are synergistic as the fluid flow
through the electrode can increase electrochemical kinetics
by over 10-fold [7] and the electric field can enhance

* Corresponding author.
E-mail address: vecitis@seas.harvard.edu (C.D. Vecitis).
http://dx.doi.org/10.1016/j.carbon.2014.09.009
0008-6223/ 2014 Elsevier Ltd. All rights reserved.

electroosmotic flow efficiency by over 100-fold [8]. Elemental
carbon-based materials such as carbon cloths or felts have
been classically utilized as electrochemical filters [9].
Recently, carbon nanotubes (CNT) have drawn attention as
electrochemical filters [10] due to their unique combination
of conductivity, chemical stability, and ability to form high
porosity networks. Many current research studies are focused
on improving our fundamental understanding of the individual processes that mediate the overall performance of an
electrochemical CNT filter.
Qualitatively, the reactive transport mechanism describing
Faradaic electrochemical CNT filtration has four primary
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steps: target molecule mass transport, adsorption, and electron transfer and product desorption, with the flow through
the electrode significantly increasing mass transport and
product desorption [11]. However, an in-depth understanding
of the effect of target molecule & CNT physical–chemical
properties requires not only a qualitative, but also a quantitative understanding of the aforementioned mechanisms. For
example, there is a vast number of aqueous electrochemical
target molecules ranging from inorganics such as nitrite
[12], halides [2], and heavy metals [13,14] to organics such as
aromatics [15] and biomolecules [16,17] that significantly differ in physical–chemical properties. There are also a wide
range of CNT [18] in terms of diameter that will affect surface
area and pore size [19], length that will affect number of reactive sites and network mechanical stability [20], and surface
chemistry such as N/B-doping [21] or surface oxidation that
will affect CNT conductivity and reactivity. Therefore, the
development of a quantitative electrochemical filtration
model would allow for a more rapid examination of the innumerable combinations of experimental conditions.
Quantitative electrochemistry modeling studies typically
utilize simple reactors with controlled hydraulic convection
[22–24] such as the rotating disk electrode (RDE) [25,26] where
the homogenous flow pattern and concentration field can be
analytically solved. For more complex and practical electrode
configurations, numerical simulation will be necessary. For
example, Zhang et al. [27] recently reported an experimental
and simulation study of CO oxidation in a thin-layer flow cell
using a reactive transport mechanism qualitatively similar to
that for electrochemical filtration [11]. The experimental
electrooxidative reaction current and CO concentration field
were accurately simulated with both 2D and 3D models. Thus,
a similar multi-dimensional model may be able to quantitatively simulate electrochemical CNT filtration.
In regards to the CNT characteristics that control electrochemical kinetics, the location and type of the CNT surface
reactive sites are of particular interest. The two plausible
major CNT reactive sites are (1) the sp2 conjugated CNT sidewalls and (2) the surface oxy defect sites found predominantly at the CNT tips as displayed in Fig. 1. The prevailing

Fig. 1 – Schematic representation of the predominant CNT
electro-active sites. CNT sp2 conjugated sidewall sites (Ssites) versus CNT oxy-defect tip sites (T-sites). (A color
version of this figure can be viewed online.)

hypothesis on CNT reactive sites is that the CNT sidewall is
inert and the CNT tips with high oxy-functional group defect
site density dominate electrochemistry, analogous to the
inert basal plane and the reactive edge-steps of highly oriented pyrolytic graphite [28]. For example, cyclic voltammetry
(CV) studies of epinephrine oxidation and ferricyanide reduction on a multiwall carbon nanotube electrode indicated the
CNT tips were the predominant reactive sites [29]. However,
a recent CV study observed that the oxygenated species
formed on free-standing CNT tips after acid treatment did
not measurably change the heterogeneous charge transfer
kinetics [30]. Another CV study, in which either the CNT sidewall or tips were coated by insulating polystyrene reported
that the CNT sidewalls were also active and that the location
of the dominant electro-active site, sidewall versus tip, was a
function of target molecule physical–chemical properties [31].
To date, CV has been the predominant electrochemical
method to investigate the specific identity of CNT electroactive sites [28]. To fully explore the interplay of CNT tip versus sidewall electro-activity, there is a need for experimental
methodologies that go beyond CV analysis [28]. Thus, investigations of the CNT reactive sites using experimental reaction
rates from a randomly-oriented CNT network are needed and
will require a quantitative electrochemical kinetics model to
gain insight into reaction site identity.
In this study, we developed and validated a 2D quantitative
electrochemical CNT filtration model that includes mass
transport, adsorption, and electron transfer processes. The
model is used to numerically simulate the electrooxidation
kinetics of (1) methyl orange (MO), a sorptive species that
undergoes a multi-electron transfer oxidation, and (2) ferrocyanide, a non-sorptive species that undergoes a single electron
transfer oxidation. The electrooxidation filtration rate for
both species was experimentally and numerically examined
as a function of both the influent concentration (Cin) and
anode potential (E). The ferrocyanide electrooxidation experiments and modeling was completed for five CNT anodes that
are characterized in detail by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), BET specific
surface area analysis (BET), and X-ray photoelectron spectroscopy (XPS). The CNT specific surface area and surface oxygen
content dependent ferrocyanide electrooxidation kinetics are
used to gain insight into the predominant CNT electro-active
sites. The 2D electrochemical filtration model was used to
gain insight into the microscopic target molecule concentration and convection–diffusion flux fields within the electrochemical CNT filter.

2.

Experimental

2.1.

Chemicals

Methyl orange hydrate (>95%), potassium hexacyanoferrate
(II) trihydrate (K4Fe(CN)6Æ3H2O; 98.5–102.0%), and sodium
sulfate (Na2SO4; >99%) were purchased from Sigma–Aldrich
(St. Louis, MO). Methyl orange was quantified by its absorption at kmax = 464 nm (e = 26,900 M1 cm1) and ferrocyanide
was quantified by its absorption at kmax = 420 nm
(e = 1000 M1 cm1) using an Agilent 8453 UV–visible
spectrophotometer.
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Anodic CNT filter

In this study, we utilized multiwalled carbon nanotubes that
had been made into preformed porous networks with an average depth of 64–96 lm (NanoTechLabs, Buckeye Composites,
Yadinkville, NC). Five CNT types were used in this study are
of different diameter, wall number, specific surface area,
and oxygen content and are referred as A-CNT, B-CNT, CCNT, D-CNT, and E-CNT. The A-CNT networks were used as
the anode material in the MO kinetics study and all five
CNT networks were used as anode materials in the ferrocyanide study.

2.3.

CNT characterization

The five different multi-walled carbon nanotubes were characterized in detail by TEM, SEM, XPS, and BET to determine
diameter (d), number of walls, surficial O/C ratio, and specific
surface area. Characterization details can be found in the
Supporting information.

2.4.

Electrochemical filtration

Sodium sulfate (Na2SO4) was utilized as the background electrolyte and methyl orange and ferrocyanide were used as the
target molecules for electrochemical filtration. The sodium
sulfate concentration was 0.1 M for methyl orange experiments and 1 M for ferrocyanide experiments to minimize
the effects of electro-migration (<5% overall mass transport;
calculations in SI). Influent solutions were peristaltically
pumped (Masterflex) through the electrochemical CNT filter
of area 7.06 cm2 at 3.0 mL min1 and the electrochemistry
was driven by a CHI604D electrochemical workstation. A
detailed description of the electrochemical filtration system
has been previously reported [2] and a schematic and images
of the apparatus are displayed in Fig. S1. Before every experiment, the titanium ring was polished with sandpaper to optimize the electrical connectivity between the Ti and the CNT
network. For all filtration experiments, effluent aliquots were
collected after 180 s to ensure steady-state and the concentration was measured by UV–vis to calculate the electrooxidation rate.

3.
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CNT characterization

The five CNT networks were characterized by XPS to determine surface oxygen content, BET to determine specific surface area, and TEM to determine diameter distribution and
number of walls. Representative TEM images of the A-CNT
network and an individual A-CNT with a tube wall spacing
of 0.33 nm are displayed in Fig. 2a and b, respectively. Similar
TEM images of the B-E CNT networks are displayed in Fig. S2.
The CNT diameter and wall number distribution were determined by TEM image analysis (ImageJ) and are summarized
in Table 1. The average CNT diameter ranged from 23.5 (ACNT) to 93.3 nm (D-CNT) and the average number of walls
ranged from 20 (A-CNT) to 119 (D-CNT) per nanotube with
the number of walls increasing monotonically with CNT
diameter. Since the CNT diameter distributions are variable,
histograms of the CNT diameters and wall numbers are presented in Figs. S3 and S4, respectively. The CNT XPS survey
scans are displayed in Fig. S5 and the CNT surface oxygen
percentage is listed in Table 1. The CNT surface oxygen
atomic percentage ranged from 0.55% (A-CNT) to 2.16%
(D-CNT) and the SSA ranged from 20.0 (D-CNT) to
88.5 m2 g1 (A-CNT). The total surface areas (S) were calculated using the filter weight and SSA as summarized in
Table 1. The total CNT filter surface area ranged from 0.35
(D-CNT) to 1.47 m2 (A-CNT). The CNT physical–chemical
parameters are the basis for the model geometry design that
will be discussed in detail later.

4.
Methyl orange electrooxidative filtration
kinetics
4.1.

Modeling approach

4.1.1.

Electrochemical CNT filter 2D model geometry

The A-CNT network (depth 83 lm; dA-CNT = 23.4 ± 7.3 nm)
was used as the anode material for the methyl orange (MO)
electrooxidation experiments. The model geometry consists
of a 5-lm headspace followed by the 83-lm anodic CNT filter
and another 5-lm space after the filter bed as shown in
Fig. 3a. An SEM image of the 83-lm CNT filter cross-section
is presented in Fig. 3b and the thin (lm) CNT layers stacked

Fig. 2 – Representative TEM images of the A-CNT network. (a) Top view of the porous A-CNT network. (b) Magnified view of
CNT network showing the spacing between two adjacent walls.
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Table 1 – Physical–chemical characteristics of the CNT networks.
CNT

A

B

C

D

E

Diameter (nm)
Number of walls
Oxygen (%)a
SSA (m2 g1)b
Filter weight (mg)
S (m2)c
Filter depth (lm)

23.4 ± 7.3
20 ± 11.5
0.55 ± 0.05
88.5
17.1
1.47
83.0 ± 3.5

27.7 ± 17.1
32 ± 26
0.77 ± 0.24
34.6
22
0.76
96.5 ± 4.2

71.4 ± 58.5
102 ± 93
1.06 ± 0.2
30.3
21.2
0.64
88.8 ± 2.3

93.3 ± 69.5
119 ± 92
2.16 ± 0.15
20.0
17.5
0.35
64.0 ± 4.0

36.0 ± 4.3
40 ± 5
1.55 ± 0.17
55.9
19.2
1.07
92.3 ± 3.8

a
b
c

Surface oxygen content measured by XPS.
BET specific surface area.
Total surface area calculated by the weight of CNT networks · SSA.

Fig. 3 – A-CNT network model geometry. (a) 2D CNT geometry used in numerical simulation where the CNT are assumed to be
randomly distributed, of the same diameter, and the vertical cross-sections are assumed to be circles. Scheme includes the
domain inlet (green), domain outlet (blue), periodic boundary on the left and right (purple) and CNT electrode surfaces (black).
(b) Cross-sectional SEM image of the A-CNT network used for electrochemical filtration. (A color version of this figure can be
viewed online.)

Table 2 – Governing equations and boundary conditions for hydraulics and species transport.
Governing equations

q Du
Dt

2

Boundary conditions
CNT surface

Domain inlet

Domain outlet

Periodic

Hydraulic field

¼ rp þ qg þ lr u
ru¼0

u¼0

u ¼ uin

P¼ P0

l ru þ ðruÞT ¼ 0

usource ¼ udest
Psource ¼ Pdest

Species transport

Dr2 C ¼ rC  u

DrC  n ¼ r

flux ¼ Cin uin

ð@CÞ=ð@zÞ ¼ 0

Csource ¼ Cdest

along z direction indicate an individual CNT (100-lm in
length) is randomly-oriented in the x–y plane. In the model,
the CNT are assumed to be randomly-distributed, similar
diameter circular slices in the x–z plane to reduce computation time. These assumptions have a negligible effect on the
simulation results (discussion in SI). Since the CNT are closely
packed in the x–z plane, the 2D model geometry width was set
to be 8.5 times the tube diameter and to have periodic boundary conditions in the x-direction for a representative presentation of the entire width to reduce computation time. The
total number of CNT in the model is calculated by the CNT
surface area to filter volume ratio and the geometric area of
the model domain (calculation in SI).

4.1.2.

Hydraulic field model

The hydraulic field within the 2D CNT filter (Fig. 3a) is laminar
(Reynolds number (R) = 1.6 · 106). The steady state fluid

velocity field can be numerically solved using the 2D
Navier–Stokes equation and mass conservation of an incompressible fluid, Eqs. (1) and (2), respectively:
q

Du
¼ rp þ qg þ lr2 u
Dt

ru¼0

ð1Þ
ð2Þ

where u is the velocity vector, q = 1.0 g cm3 is the density of
water, p is the pressure in Pa, g (9.8 m s2) represents gravity,
and l = 8.9 · 104 Pa s is the dynamic viscosity of water at
25 C. The flow field boundary conditions are summarized in
Table 2: the average influent flow rate (uin = 70.8 · 106 m s1)
is the domain inlet boundary condition (green Fig. 3a), the noslip condition is used at CNT electrode surfaces (black), and a
periodic boundary condition is applied at the sides (purple) of
the model geometry.
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r ¼ k2 xhM

Species transport model

The fluid velocity field is the initial input for calculating the
target molecule concentration field by the convection–diffusion equations, Eqs. (3) and (4):

ð5Þ

Dr2 C ¼ rC  u in the bulk solution

ð3Þ

where hM is the MO fractional surface coverage and x is the
absolute surface reactive site density. The electron transfer
rate constant, k2, is determined by the Butler–Volmer relation
[33], Eq. (6):

DrC  n ¼ r on the electrode surface

ð4Þ

k2 ¼ Aenaf ðEE0 Þ

where D = 8.5 · 109 m2 s1 is the estimated diffusion coefficient for methyl orange, [11] n is the normal vector to the
CNT cylinder surface, C is the target molecule concentration
in mol m3, and r is the reaction rate in mol m2 s1. The
movement of a fluid through a porous material may give rise
to mechanical mixing resulting in a greater effective diffusivity. However, in this study the fluid velocity is extremely low
such that ordinary diffusion dominates i.e., the flow rate
would need to be increased 4 orders of magnitude to drive
advective dispersion. Detailed discussion is available in SI.
The boundary condition at domain inlet is the influent molar
flux (Cin · uin) and a periodic concentration field is assumed
for the left and right boundaries. The summary of the governing equations and boundary conditions for the species transport model can be found in Table 2. Detailed information on
COMSOL model construction, simulation, and boundary condition selection are available in SI.

4.1.4.

MO electrochemical filtration mechanism

The organic electrochemical filtration reaction mechanism
[11] follows a multi-step process:
(R0) mass transport to the electrode surface,
Convection–Diffusion; Eqs. (3) and (4)
(R1) adsorption to the electrode surface,
 k1

2

ð6Þ
1

where A (m s ) is the pre-exponential factor, n is the number of electrons transferred in the rate determining step, a
is the transfer coefficient, f = F/RT where F = 96,500 C mol1
is Faraday’s constant, R = 8.314 J K1 mol1 is the gas constant,
and T = 298 K is the temperature, E denotes the anode potential, and E0 is the standard reduction potential. The standard
MO reduction potential is a function of pH (E0 = 0.3 V (vs. Ag/
AgCl) at pHin = 7) [34].
The evolution of surface MO (hM) and product (hP) coverage
is described by the following mass balance Eqs. (7) and (8),
respectively:
dhM
¼ k1 CM xð1  hM  hP Þ  k2 xhM
dt

ð7Þ

dhP
¼ k2 xhM  k3 hP x
dt

ð8Þ

where CM denotes the MO concentration in the near CNT surface solution. Assuming steady-state for Eqs. (7) and (8), solving for hM, and substituting hM into Eq. (5), we receive the
electrooxidative reaction rate, r, at the electrode surface, Eq.
(9):
r¼

k1 k2 CM x
k1 CM þ kk23 k1 CM þ k2

F

¼

k1 AenaRTðEE0 Þ CM x
F

k1 CM þ ðk1kC3M þ 1ÞAenaRTðEE0 Þ

ð9Þ

The electrochemical filtration model will be calibrated,
validated, and discussed in the following sections.

M þ CNT ! M-CNT
(R2) direct electron transfer and molecular transformation,
k2

M-CNT ! P-CNT þ nt e
(R3) and oxidation product desorption,
k3

P-CNT ! P þ CNT
where CNT* is a vacant reactive site, M is the reactant, in this
case MO, P is the oxidation product, and M-CNT and P-CNT
are adsorbed species, nt is the total number of electron transferred per molecule. In regards to R1, negatively-charged MO
adsorption will be increased on a positively-charged CNT
anode. If the product is negatively-charged, the same electrostatic interaction may lead to slow product desorption blocking electron-transfer sites. Product readsorption will be
embedded in the desorption rate (slower assuming no readsorption). The highest anode potential used in the MO experiments was 0.9 V, much lower than the aromatic ring cleavage
potential 2.1 V [32], thus all MO electrooxidation products will
be aromatic and have similar strong interactions with a CNT
surface.
Rate constants of MO adsorption, electron transfer, and
product desorption are k1, k2, and k3, respectively. The surface
area normalized reaction rate r (lmol m2 s1) can be
expressed by:

4.2.

Results and discussion

4.2.1. Influent concentration and anode potential dependent
kinetics
Electrooxidative MO filtration experiments were completed
with an anodic A-CNT network. The concentration change
(DC = Cin  Cout) between influent and effluent as a function
of influent concentration (Cin) was measured at anode potentials of 0.45, 0.6, and 0.7 V and is presented in Fig. 4a as open
and closed symbols, where the closed symbols are used to
calibrate the model and the open symbols to validate the
model. The DC value first increases with increasing Cin
because of enhanced mass transport and adsorption
kinetics and plateaus due to electron transfer limitations.
The threshold concentrations CT(E) for electron transfer
rate plateau increases with increasing anode potential E:
CT(0.45 V) = 17 lM < CT(0.6 V) = 2000 lM < CT(0.7 V) = 4500 lM,
and the plateau height, DC, can be used to calculate the k2 in
Eqs. (6) and (9).
For the second set of experiments, the DC is measured over
a range of anode potentials (0.3–0.9 V) at fixed Cin of 300 lM
and 875 lM, Fig. 4b, where the symbols are experimental data
points (solid to calibrate and open to validate). A similar trend
is observed for potential dependent DC i.e., DC first increases
due to an increasing electron transfer rate then plateaus due
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Fig. 4 – Simulated and experimental influent-to-effluent MO concentration change. Concentration change, DC = Cin  Cout, of
MO during electrochemical filtration as a function of (a) influent concentration and (b) anode potential. Symbols are
experimental measurements: solid to calibrate and open to validate. The electrochemical filtration was carried out with
100 mM Na2SO4 as electrolyte and a flow rate J = 3 mL min1. Solid curves are model simulation results generated by
COMSOL. The kinetic parameters used in simulations are Ax = 5.21 · 106 lmol m2 s1, na = 0.774, k1x = 1.2 · 107 m s1,
k3x = 0.0696 lmol m2 s1. (A color version of this figure can be viewed online.)

to mass transport limitations likely due to adsorption rather
than convection limitations. The mass transport limited
regime occurs at 0.6 V for Cin = 300 lM and at 0.7 V for
Cin = 875 lM and the plateau height can be used to calculate
the sorption kinetic parameters (k1 and k3) in Eq. (9).

4.2.2.

Kinetic Parameters Calculation

Kinetic parameters for MO adsorption (k1), electron transfer
(k2, Ax, na), and product desorption (k3) are calculated using
closed symbol data (Fig. 4) to calibrate the model. The density
of reactive sites (x) and number of electrons transferred in the
rate determining step (n) are difficult to determine individually and thus are determined in combination with the other
constants e.g., Ax, na, and, k3x. At high influent MO concentrations, Eq. (9) reduces to Eq. (10):
F

lim r ¼

CM !1

For the anode potential dependent experiments (Fig. 4b),
the data points marked with closed symbols denote the
adsorption rate limited DC plateau and were used to calculate
the MO adsorption rate constant (k1x) and product desorption
rate constant (k3x). At high anode potentials, Eq. (9) reduces
to:

AxenaRTðEE0 Þ
na F ðEE0 Þ

ð10Þ

1 þ Axe kRT
3x

where r corresponds to the maximum reaction rate in the
electron transfer limited regime and is calculated from the
DC plateau values by Eq. (11):
JDC
r¼
ð11Þ
S
where r has units of lmol m2 s1, S stands for total CNT filter
surface area (1.47 m2), DC is the plateau value in lmol m3,
and J is 5.0 · 108 m3 s1. From Eq. (11) and Fig. 4a, the
electron transfer limited reaction rates (r) are 0.45 V
(4.76 · 104 lmol m2 s1)  0.6 V (2.70 · 102 lmol m2 s1) < 0.7 V
(6.46 · 102 lmol m2 s1). The kinetic parameters: Ax = 5.21 ·
106 lmol m2 s1, na = 0.774, and k3x = 0.0696 lmol m2 s1,
were solved with Matlab using the anode potential (E), electron transfer limited rates, and Eq. (10). The na value is the
number of electrons transferred in the rate-determining step,
n, multiplied by the charge transfer coefficient, a. The latter is
typically in the range of 0.3–0.7, thus n here is likely 1 or 2 and
consistent with the literature i.e., although MO electrooxidation is a multi-electron transfer, the elementary rate-determining electron-transfer is the initial one-electron transfer
[35].

limr ¼ k

E!1

k1 CM x
þ1
k3 x

1 CM x

ð12Þ

where CM is the average concentration within the filter and is
calculated assuming concentration decreases linearly from
the inlet of the diffusion layer to the filter outlet and that
CM is the concentration in the middle of the filter. Given that
the filter thickness is l = 83 lm and assuming the bulk concentration begins to decrease at d = 200 lm prior to entering
the filter [11] and a linearly decreasing concentration profile,
CM can be approximated by Eq. (13):
CM ¼

ðl=2ÞCin þ ðl=2 þ dÞCout
lþd

ð13Þ

From Eqs. (11) and (12), the adsorption limited reaction
rates (r) are 300 lM (8.3 · 103 lmol m2 s1) < 875 lM
(2.21 · 102 lmol m2 s1) and k1x is determined to be
1.2 · 107 m s1.
COMSOL Multiphysics V 4.2 was used to simulate the coupled hydraulics, species transport, and electrochemical reaction using a finite element method. In the finite element
model, nanotubes are simplified as voids with reactive surfaces in the fluid domain. The solution domain is discretized
into approximately 200,000 (value is geometry dependent)
first order triangular elements and at least 8 boundary layer
elements are inserted around the voids (around 56,000 quadrilateral elements in total) for finer resolution of the near surface processes. The COMSOL simulation first determines the
hydraulic field that is then used as input together with the
above kinetic parameters to simulate the 2D concentration
field. The simulated hydraulic field is displayed in Fig. S9
and discussion is available in the SI.
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4.2.3. Spatial concentration field and effluent concentration
prediction
A simulation of the 2D concentration field for Cin = 300
lmol L1 and E = 0.6 V is displayed in Fig. 5a. Due to the high
model aspect ratio of 8000, the geometry is straight and
narrow, so magnified insets are plotted for: the domain inlet,
the center of CNT filter and domain outlet. The color bar on
the right denotes concentration in mol m3, with red highest
(0.3 mM) and dark blue lowest (0.074 mM). The simulated
average MO concentration profile along the direction of the
flow is displayed in Fig. 5b. Prior to entering the CNT filter,
the MO concentration decreases from 300 to 140 lM, accounting for 71% of the total concentration decrease. The remaining 29% of the concentration decrease occurred inside the
CNT filter. Interestingly, the simulation indicates that the
majority of the absolute concentration drop occurs before
the filter bed. The filter effluent concentration profile rapidly
flattens as expected for a direct surface electrooxidation
process.
The quantitative electrochemical filtration model was validated by simulating over the whole range of Fig. 4a and b and
the results were plotted as solid lines. It is of note that in both
Fig. 4a and b, the simulated effluent target molecule concentrations (lines) agree well with the experimental measurements (points) under all conditions. For example, the
simulation correctly describes not only the increasing trend
of the reaction rate with influent concentration, but also the
position and height of electron transfer limited plateau.
In summary, the quantitative reactive transport model
accurately simulated the effluent concentration of the
strongly-sorbing, multi-electron transfer methyl orange during electrooxidative filtration as a function of both influent
concentration and anode potential. To evaluate the reactive
transport model in terms of varying target species physical
chemical properties and varying CNT physical chemical properties, the following sections will discuss the electrooxidative
filtration experiments and simulation of the non-adsorbing,
single-electron-transfer ferrocyanide by five different CNT
networks.

5.
Ferrocyanide
kinetics

electrooxidative

filtration

Since the overall ferrocyanide electrooxidative filtration
mechanism is simpler than methyl orange i.e., single-electron
transfer and negligible adsorption, more emphasis can be
placed on examining the effects of individual CNT properties.
Five different individual CNT of varying specific surface area
and surficial oxygen content (Table 1) were used as porous
flow-through anodes to investigate the effect of the CNT sp2
conjugated sidewall and oxy-defect tip reactive sites on the
overall electrooxidation kinetics.

5.1.
Influent concentration
electrooxidation kinetics

dependent

ferrocyanide

Experiments were completed to examine the ferrocyanide
electrooxidation kinetics as a function of influent concentration (Cin = 0.1 to 35 mM), anode potential (E = 0.15 (black), 0.2
(red), 0.3 (blue), and 0.4 V (pink)), and specific CNT anode (A–
E) with the steady-state effluent Fe(III) concentrations (CFe(III))
presented as open squares in Fig. 6. For all experiments, the
background electrolyte was 1 M Na2SO4 to minimize electromigration and the flow rate was 3 mL min1. The electrooxidation kinetics for all CNT increased with increasing anode
potential. At lower potentials, 0.15 and 0.2 V, the CFe(III) first
increases with increasing influent concentration due to
enhanced mass transport, but eventually levels off due to
electron transfer rate limitations, similar to the MO experiments. The threshold concentration for reaction rate plateaus
occur at Cin = 5–10 mM for 0.15 V, and 10–17 mM for 0.2 V.
Since mass transport/adsorption effects are minimal, the plateau height can be used to calculate the electron transfer
kinetic parameters. The plateau CFe(III) for the A-CNT, B-CNT,
C-CNT, D-CNT, and E-CNT at 0.15 V were 1.21, 0.6, 0.45, 0.33,
and 0.7 mM, respectively, and at 0.2 V were 5.91, 2.72, 2.39,
1.48, and 3.5 mM, respectively. In contrast, at 0.3 and 0.4 V,
the electron transfer limited regime was never observed
either because the regime was beyond the experimental Cin
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Fig. 5 – Simulated MO concentration electrochemical filter depth profile. (a) Spatial concentration field with geometry with red
color being highest concentration, 300 lM and blue color being lowest concentration, 74.2 lM and (b) average concentration
along flow direction showing the CNT filter from z = 5 to 88 lm. Simulations are generated by COMSOL and conditions are
Cin = 300 lM, inlet velocity uin = 7.08 · 105 m s1, and E = 0.6 V. (A color version of this figure can be viewed online.)
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Fig. 6 – Experimental and simulated effluent Fe(III) concentration during ferrocyanide electroxidative filtration. The oxidation
product concentration Fe(III) during electrochemical filtration with (a) A-CNT, (b) B-CNT, (c) C-CNT, (d) D-CNT, and (e) E-CNT.
Symbols are experimental measurements and solid lines were model predictions generated by COMSOL considering only
sidewall sites. The electrochemical filtration was carried out with 1 M Na2SO4 as electrolyte and a flow rate of J = 3 mL min1.
The kinetic parameters used in simulations are listed in Table 3. (A color version of this figure can be viewed online.)

range or another electron transfer reaction mechanism was
activated.

5.2.
Ferrocyanide
approach
5.2.1.

electrooxidative

filtration

modeling

Geometry, hydraulic field, and species transport

A similar modeling approach to methyl orange was used for
ferrocyanide electrooxidative filtration. The model geometry
consists of a 5-lm headspace, a porous CNT filter anode
with specific CNT diameter, thickness, and tube number
density that were calculated with the specific CNT physical
parameters (Table 1), and finally a 5-lm effluent space. The
detailed calculation of the CNT number density is available
in the SI and the domain width was set to be 8.5 times the
tube diameter. The diffusion coefficient of ferrocyanide is
6.67 · 106 cm2 s1 [36]. The hydraulics, Eqs. (1) and (2), and
species transport, Eqs. (3) and (4), were the same as for
methyl orange (Table 2 for governing equations and
boundary conditions). The primary difference in the ferrocyanide model is the reaction mechanism since sorption is
negligible.

5.2.2.

Ferrocyanide electrochemical reaction mechanism

Previous CV studies investigating the nature of CNT electrochemically-active sites [28,31] have indicated that CNT sp2
sidewalls and/or defect tips (Fig. 1) may be active and the

relative activity depends on the target molecule properties.
For MO, a one-site model accurately described the kinetics,
thus no information could be obtained regarding the dominant CNT reactive sites. For the ferrocyanide electrooxidation
model, a one-site model was initially applied. The mechanism and kinetics were similar (R1, R2, and R3), with M = ferrocyanide and P = ferricyanide. The corresponding kinetic
coefficients are denoted k4, k5, and k6 for ferrocyanide in place
of k1, k2, and k3 for MO. Since ferrocyanide is non-adsorbing,
desorption is assumed to be very fast and happens immediately after electron transfer, thus R2 and R3 are combined into
a single step, R2 0 :
k5

M-CNT ! CNT þ P þ e

ðR20Þ

The surface area normalized reaction rate is given by Eqs.
(5) and (6), with a ferrocyanide standard potential of
E0 = 0.134 V (vs. Ag/AgCl) [37]. Similar to Eq. (7), the ferrocyanide surface coverage can be described by the following mass
balance equation:
dhM
¼ k4 CM xð1  hM Þ  k5 xhM
dt

ð14Þ

where CM denotes the ferrocyanide concentration in the near
CNT surface solution. Applying the steady-state condition to
hM in Eq. (14), solving for hM, and then substituting into
Eq. (5), we receive the ferrocyanide surface area normalized
reaction rate expression, Eq. (15):
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aF

r¼

k5 xk4 xCM
AxeRTðEE0 Þ k4 CM
¼
aF ðEE Þ
0
k4 xCM þ k5 x k4 CM þ AeRT

ð15Þ

Comparison of the surface area normalized reaction rates
for ferrocyanide (Eq. (15)) to MO (Eq. (9)), it is noted that Eq.
(15) is a special case of Eq. (9), where k6  k4 such that k4/k6
vanishes and desorption never limits the overall reaction.
The electron transfer limited reaction rate is given in Eq.
(16) and is reached at both 0.15 and 0.2 V:
aF

lim r ¼ AxeRTðEE0 Þ

ð16Þ

CFeðIIÞ !1

5.2.3. Reactive site identification and kinetic parameter
calculation
If a second CNT reactive site does become active at higher
anode potentials, questions arise to the identity of the two
sites (sp2 sidewall vs defect tips) and the potential-dependent
relative contribution of each site. Anode potential dependent
electron transfer limited reaction rates, r0 (mol s1), were calculated by Eq. (17) using the Fe(III) plateau values for 0.15 and
0.2 V, and the highest CFe(III) values for 0.3 and 0.4 V where no
plateau was observed:
r0 ¼ JCFeðIIIÞ

ð17Þ
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sidewalls at these potentials. In contrast, there is no correlation between reaction rate and total surface area at the higher
anode potentials of 0.3 and 0.4 V suggesting a second CNT
reactive site that is not homogeneously distributed has been
activated.
To complete this comparison, the kinetic parameters for
ferrocyanide adsorption (k4x) and electron transfer (k5x, Ax,
a) must be determined. However, the mass transport limited
reaction rate plateau values for the one-site model cannot
be determined since the anode potentials necessary activate
a second reaction. Thus, the adsorption (k4x) and electron
transfer (k5x) kinetic parameters were estimated using only
the data at 0.15 and 0.2 V (Table S1). The k5x values at anode
potentials 0.15 and 0.2 V (Fig. 7b) were used to calculate the
Ax and a values by the Butler–Volmer relation (Eq. (6)). The k4x
value was the average of the 0.15 and 0.2 V results. The estimated k4x, Ax, and a values for S-sites of all five CNT anodes
are summarized in Table 3.
The k5x values are plotted against the CNT anode surface oxygen content in Fig. 7b. The surface oxygen ratio is
related to the number of CNT oxygen defect sites largely
present at the tips. At 0.15 and 0.2 V, the surface oxygen
ratio has no effect on the k5x values. In contrast, at 0.3
and 0.4 V there is an effect suggesting the second reaction
site is related to CNT surficial oxygen. To test this hypothesis, a two-site model will be evaluated towards distinguishing the kinetic contribution of sp2 sidewall (S-sites) and the
oxy-defect tip (T-sites) assuming that the S-sites are dominant at 0.15 and 0.2 V and that the T-sites contribute at
0.3 and 0.4 V.

k5ω (mol m-2s-1)

Total reaction rate (mol s -1)

The electron transfer limited or maximum reaction rates
(mol s1) at 0.15, 0.2, 0.3, and 0.4 V were plotted in Fig. 7a as
a function of total anode surface area. There is a linear relationship (solid lines) between the total reaction rate and the
surface area of the anode for 0.15 and 0.2 V with R2 > 0.99 indicating a homogeneous reactive site distribution on the CNT

1.4x10-6
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Fig. 7 – Ferrocyanide electrooxidation kinetics versus total surface area and surface oxygen ratio. (a) Maximum total reaction
rate (mol s1) as a function of anode surface area. The open squares for 0.15 (black) and 0.2 V (red) are electron transfer limited
reaction rates. Then open squares for 0.3 (blue) and 0.4 V (pink) are maximum reaction rates measured under experimental
conditions. The straight lines are linear fittings for 0.15 (black) and 0.2 V (red). (b) k5x values at anode potentials 0.15 (black),
0.2 (red), 0.3 (blue), and 0.4 V (pink). Horizontal lines denote the average values at 0.15 and 0.2 V. (A color version of this figure
can be viewed online.)

Table 3 – Summary of S-site kinetic parameters for ferrocyanide model simulation.
CNT anode

A

B

C

D

E

Ax (mol m2 s1)
a
k4x (m s1)

2.85 · 108
0.90
2.61 · 108

2.82 · 108
0.85
3.60 · 108

2.44 · 108
0.90
2.10 · 108

3.24 · 108
0.79
3.54 · 108

2.37 · 108
0.84
1.63 · 108

CARBON

5.3.

Results and discussion

5.3.1.

S-site Electrooxidation Kinetics

8 0 ( 2 0 1 4 ) 6 5 1 –6 6 4

B-CNT, C-CNT, D-CNT, and E-CNT, respectively. Generally, for
all CNT, faster kinetics was observed for both S- and T-sites
with increasing influent ferrocyanide concentration and
anode potential. For example, in Fig. 8a the ferrocyanide electrooxidation via T-sites increased from 1.3 mM at Cin = 6 mM
to 6.0 mM at Cin = 35 mM when Vanode = 0.3 V, and increased
further to 9.6 mM at Cin = 35 mM when Vanode = 0.4 V. However, the fractional contribution of the S- and T-sites with
increasing anode potential varied for each individual CNT
type. For instance, the fractional contribution of T-sites to
electrooxidation for the A-CNT (lowest O content; 0.55%) at
Cin = 25 mM was 0 at 0.2 V, increased to 0.19 at 0.3 V, and
increased again to 0.41 at 0.4 V. For the D-CNT (highest O content; 2.17%), the fractional T-site contribution was significantly greater, increasing to 0.67 at 0.3 V and 0.77 at 0.4 V
even though the S(A-CNT) = 4 · S(D-CNT), indicating that the
higher potential T-sites are likely the oxy-defect sites at the
CNT tips. Although the T-sites had a slightly higher ferrocyanide electrooxidation overpotential than the S-sites (+66 mV),
the T-site electrooxidation kinetics increase with anode
potential was greater than the S-sites. This result is consistent with the ferrocyanide CV study by Gong et al. [31] where
an insulating polymer was used to expose only sidewalls
(S-CNT) or tips (T-CNT) and a smaller DEp was observed for
the T-sites indicating faster electron transfer kinetics. For
methyl orange, a one-site model was likely successful due
to the T-sites dominating at the higher anode potentials
(P0.3 V) used for electrooxidation.

Numerical simulation of ferrocyanide electrooxidation was
completed for all CNT at the same influent concentration/
anode potential combination as Fig. 6 to predict effluent ferricyanide concentrations. The ferricyanide simulation results
at 0.15, 0.2, 0.3, and 0.4 V were plotted as solid lines in
Fig. 6a–e, for A-CNT, B-CNT, C-CNT, D-CNT, and E-CNT,
respectively. The simulation accurately described the
increase of reaction rate with influent concentration and
anode potential as well as the position and height of the electron transfer limited plateau at 0.15 and 0.2 V, but significantly underestimated the kinetics at 0.3 and 0.4 V.
Comparison of the experimental and simulation results indicates there are two distinct CNT reaction sites with S-sites
dominant at lower potentials and T-sites activated at higher
potentials. Although the second site has a higher ferrocyanide
electrooxidation overpotential, the difference between experimental and simulation kinetics at P0.3 V indicates that it
also has faster electron transfer kinetics.

T-site electrooxidation kinetics
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The T-site contribution (light bars) to electrooxidation was
estimated by the difference between experimental and simulation effluent ferricyanide concentration results (Fig. 6) and
plotted with the contribution of S-site electrooxidation (dark
bars) at 0.3 (green) and 0.4 (blue) V in Fig. 8a–e for A-CNT,
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Fig. 8 – Contribution of the S-sites and T-sites to ferrocyanide oxidation various CNT. (a) A-CNT, (b) B-CNT, (c) C-CNT, (d) D-CNT
and (e) E-CNT. The ferrocyanide oxidation (mM) is green for 0.3 V and blue for 0.4 V. The dark colors indicate S-site
electrooxidation generated by COMSOL simulation and the light colors indicate T-site electrooxidation calculated by the
difference between experimental and simulated S-site electrooxidation. (A color version of this figure can be viewed online.)
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Fig. 9 – T-sites electron transfer kinetics as a function of
anode oxygen ratio. The symbols are the T-site
electrooxidation data in Fig. 8. The solid lines are linear
fittings for 0.3 (black) and 0.4 V(red). (A color version of this
figure can be viewed online.)

To further support the CNT electroactive site identification,
the T-site electron transfer kinetic parameters are compared
to the measured CNT surficial oxygen ratio. It is assumed that
the same governing S-site kinetic equations also apply to the
T-sites. The T-site k5x values for all CNT networks as a
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function of anode potential (0.3 and 0.4 V) were estimated
using Eqs. (15), (17) and Fig. 8 through fitting of r to CM from
Eq. (15) and the results are plotted in Fig. S10a and b. The estimated T-site k5x values for the various CNT at 0.3 and 0.4 V
were then plotted versus the CNT anode surface oxygen ratio
in Fig. 9. The k5x values exhibited a linear relationship with
the CNT surface oxygen ratio at both 0.3 V (R2 = 0.84) and
0.4 V (R2 = 0.87) providing further support for the conclusion
that the higher overpotential and faster kinetic T-sites are
represented by oxy-defects at the CNT tips [31]. In addition
the lack of correlation to S and correlation to surficial oxygen
supports the assumption that CNT oxy-defects are predominantly located at the CNT tips. The slight deviations of k5x
vs. CNT surface oxygen from linearity is likely because the
number of surface oxygen atoms may not be perfectly correlated to the number of oxy-defect groups e.g., a hydroxyl
group contains 1 O-atom and a carboxylate group contains 2
O-atoms. In conclusion, the ferrocyanide electrooxidation
kinetic modeling revealed the CNT networks have two distinct reactive sites of the sp2 conjugated sidewalls (S-sites)
and the oxy-defect tips (T-sites) with the latter having a
higher overpotential (+66 mV) and faster electron transfer
kinetics.
The anodic onset potential (+0.2–0.3 V vs. Ag/AgCl)
observed for the T-sites may be associated with the CNT

Fig. 10 – Microscopic concentration field, diffusional flux, and streamline simulations for C-CNT. (a) Concentration field,
concentration ranging from 23.3 mM on top to 23.2 mM at the bottom, (b) diffusional flux magnitude field, ranging from
4.7 · 105 mol m2 s1 (red) to 7 · 106 mol m2 s1 (blue). (c) Overlapped concentration contours and streamlines.
Concentration contours ranging from 23.259 (blue) to 23.287 lM (red). The streamlines are in black. The representative
patterns inside the CNT filter are shown from z = 35 to 40 lm for (a) and (b), and z = 39.4 to 40.6 lm for (c). Simulations are
generated by COMSOL and conditions are ferrocyanide at Cin = 25 mM, Vin = 7.08 · 105 m s1, and E = 0.2 V. (A color version of
this figure can be viewed online.)
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electronic properties. A study on single-walled CNT observed
that there was a threshold potential (+0.2 V for metallic and
+0.7 V for semiconducting) for transfer of static positive
charge to the CNT. Multi-walled CNT are a mixture of metallic
(1/3) and semiconducting (2/3) CNT with the metallic tending
to dominate electronic properties [38]. The anodic T-site onset
potential here may be necessary to activate the oxy-containing defect sites via positive charging prior to electrochemical
ferrocyanide oxidation [39].

5.3.3.

Single CNT spatial reaction rate distribution

The simulated concentration and diffusional flux fields,
Fig. 10a and b, respectively, provide insight into the spatial
distribution of mass transport and electrochemical kinetics
within the CNT network. The concentration decreased by
0.1 mM (0.5% of influent concentration) in the direction of
the fluid flow after passing through 5-lm of filter depth or
had a concentration gradient of 24 lM lm1 in the z-direction.
There was minimal concentration gradient in the x-direction
with the exception of lines passing through a region near the
top/bottom of an individual CNT. There was minimal concentration field variation (0.01%) on the scale of a single CNT
(100 nm) as expected since the simulation conditions are in
the electron transfer limited regime i.e., mass transport is sufficient since diffusion is rapid at the nanoscale. The average
distance between the CNT is <200 nm and small compared
to the filter thickness of 90 lm. The estimated time for a target molecule to diffuse 100 nm, the maximum distance to a
CNT surface, is 4 · 107 s and significantly lesser than the
hydraulic residence time of 1.2 s. The homogenous near
CNT surface concentration indicates that the spatially distributed reaction rate around an individual CNT perimeter is also
homogeneous as expected for a surface area dependent reaction according to Eq. (15).
In contrast, the spatial distribution of the 2D diffusional
flux was quite heterogeneous (up to 90%) around an individual CNT perimeter. The diffusional flux is directly proportional to and thus representative of the concentration
gradient. Although the absolute concentration difference
around a single CNT in Fig. 10a is quite small (0.01% of bulk
concentration), its gradient (dC/dz = 24 lM lm1) is not insignificant due to the extremely small scale (<100 nm). Diffusional
fluxes
were
the
lowest
(minimum
of
7 · 106 mol m2 s1) at the CNT top/bottom, in regards to
fluid flow, and were the highest (maximum of 7 · 105 mol m2 s1) at the sides. The large spatial range of diffusional flux/concentration gradient is due to the hydraulic
field patterns. The representative concentration contour
under finer resolution and hydraulic streamline simulations
are displayed in Fig. 10c. The streamlines were mostly perpendicular to the concentration contours near each single
CNT indicating the concentration gradient/diffusional flux is
maintained by advection and that the diffusional flux is predominantly in a similar direction to the fluid flow. The fluid
stagnation points at the top/bottom of an individual CNT
results in slow convective target molecule replenishment;
whereas the high fluid velocity near the sides of an individual
CNT results in rapid target molecule replenishment, high

concentration gradients, and high diffusional flux. Thus,
within the electrochemical CNT network the rate of mass
transport can be enhanced up to 10-fold within regions of
rapid fluid flow that in turn maintains a high concentration
gradient resulting in faster diffusion.
In summary, the electrochemical filter simulation allows
for examination of microscopic flux and concentration gradients around an individual CNT that are experimentally difficult to probe.

6.

Conclusion

The electrooxidative filtration kinetics of methyl orange and
ferrocyanide were investigated by both experiment and simulation. The target molecules were selected to cover a range
electrochemical activity; ferrocyanide is non-adsorptive and
undergoes a single outer-sphere electron transfer and in contrast MO is strongly adsorptive and undergoes a multi-electron transfer. The physical model used to quantitatively
describe the experimental data consists of four primary
mechanistic steps: target molecule mass transport, adsorption, and electron transfer as well as product desorption.
For methyl orange, a single-site model simulation was able
to accurately predict effluent concentrations over a range of
solution and electrochemical conditions. For ferrocyanide,
the single-site model simulation could only predict effluent
concentrations at low anode potentials (60.2 V) and a two-site
model was necessary for prediction at higher anode potentials (P0.3 V). Ferrocyanide electrooxidative filtration was
completed using five different individual CNT of varying SSA
and O/C ratio. The single site ferrocyanide electrooxidation
kinetics correlated well with the SSA of the CNT networks
indicating the sp2 sidewalls were the predominant reaction
site at low anode potential. The differential (total – sidewall
site) ferrocyanide electrooxidation kinetics correlated well
with the O/C ratio of the CNT networks indicating the oxytips also contributed at higher anode potentials. The tip differential kinetics had a greater increase with potential than
the sidewall kinetics, thus although the sp2 sidewalls had a
lower ferrocyanide electrooxidation overpotential than the
oxy-tips, once activated the oxy-tips had faster electrochemical kinetics. Finally, the simulation was used to probe the
internal CNT electrode spatial concentration, concentration
gradient, and diffusional flux distribution and it was observed
that although the concentration is quite homogeneous in x at
each depth z, the gradient and diffusional flux can be 10-fold
greater at the sides of a CNT as compared to the top/bottom
due to convective replenishment.
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