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ABSTRACT: Electrochemical treatment of chromium-containing
wastewater has the advantage of simultaneously reducing
hexavalent chromium (CrVI) and reversibly adsorbing the trivalent
product (CrIII), thereby minimizing the generation of waste for
disposal and providing an opportunity for resource reuse. The
application of electrochemical treatment of chromium is often
limited by the available electrochemical surface area (ESA) of
conventional electrodes with flat surfaces. Here, we report the
preparation and evaluation of carbon nanotube (CNT) electrodes
consisting of vertically aligned CNT arrays directly grown on
stainless steel mesh (SSM). We show that the 3-D organization of CNT arrays increases ESA up to 13 times compared to SSM.
The increase of ESA is correlated with the length of CNTs, consistent with a mechanism of roughness-induced ESA
enhancement. The increase of ESA directly benefits CrVI reduction by proportionally accelerating reduction without
compromising the electrode’s ability to adsorb CrIII. Our results suggest that the rational design of electrodes with hierarchical
structures represents a feasible approach to improve the performance of electrochemical treatment of contaminated water.

KEYWORDS: three-dimensional electrode, carbon nanotube array, composite without polymer binder, industrial wastewater,
chromium reduction kinetics, chromium electrosorption, Langmuir isotherm

■ INTRODUCTION
Chromium (Cr) is widely used in manufacturing dyes and
paints, chrome plating, and leather tanning and thus is a major
pollutant of the waste streams generated by these industrial
processes.1 Inappropriate disposal of chromium can contami-
nate the receiving water body, particularly when chromium
exists in the hexavalent state (CrVI) as chromate (CrO4

2−) and
dichromate (Cr2O7

2−). Both anions are nonbiodegradable
carcinogens2−4 and highly mobile with surface and ground
waters. The discharge of chromium is regulated at least in
developed counties (e.g., below 50 μg L−1 in the United
States).5,6

The decontamination of CrVI-containing wastewater often
involves two steps. First, CrVI is reduced to trivalent chromium
(CrIII) by iron or sulfide:7−11

+ + → +− + − +CrO 8H 3e Cr 4H O4
2 3

2 (1)

Second, CrIII is separated from water by precipitation or
sorption, taking the advantage of the low solubility of CrIII (also
less toxic12).13−15 The two-step treatment is often considered
more efficient and economical than single-step separation
methods such as adsorption,16 ion exchange,17 reverse
osmosis,18 and membrane filtration.19,20 The disadvantage of
the two-step method is the production of a large quantity of
sludge and spent adsorbent for disposal.
The electrochemical treatment of CrVI-contaminated water

can reduce CrVI to CrIII and then separate it from water without

producing sludge or spent adsorbent.21 To do so, the working
electrode is negatively polarized to provide electrons for CrVI

reduction and then adsorb CrIII cations through electrostatic
attraction. The electrode can be regenerated by reversing the
polarization, which releases CrIII for recollection and reuse. The
constraint of the electrochemical treatment is the slow kinetics
for CrVI reduction because the negatively polarized electrode
repulses CrVI anions. The kinetics of CrVI reduction can be
substantially improved by increasing the electrochemical surface
area (ESA) of the electrode, which represents the area of the
electrode’s surface that can participate in an electrochemical
process. One proposed strategy for increasing ESA is depositing
nanomaterials such as carbon nanotubes (CNTs) on a glass
carbon electrode.22−24 To do so, polymer binders such as
poly(vinylene fluoride) and Nafion are often required to
deposit an adequate amount of nanomaterials.25−27 The use of
binders can, however, lead to structural disintegration under
chemical attacks, reduced electrical conductivity, and increased
mass-transfer resistance.27−30

Here, we report the design and fabrication of a binder-free
CNT electrode by growing vertically aligned CNTs (VACNTS)
on stainless steel mesh (SSM). Compared to SSM, the growth
of VACNTs increases ESA by more than an order of
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magnitude. We show that the increased ESA can directly
benefit CrVI reduction by proportionally accelerating the
reduction rate without compromising the ability to adsorb CrIII.

■ RESULTS
Carbon Nanotube Electrode. The binder-free CNT

electrode was prepared by growing VACNTs directly on SSM
after activation using chemical vapor deposition (CVD).31 A
typical CNT electrode is shown in Figure 1. Visually, the
electrode resembles a piece of dark cloth (Figure 1a). The
electrode is prepared using a piece of 304 SSM with a 400 ×
400 openings per square inch (wire diameter, 25 μm; opening
size, 38 × 38 μm) as support for VACNTs (Figure 1b).
Scanning electron microscopy (SEM) shows that SSM
openings are closed up by VACNTs grown vertically on
stainless steel wires (Figure 1c). The CNT arrays show cracks
in the direction of gas flow, presumably formed under stress.
Through the cracks, the vertical alignment of individual CNTs
is visible (Figure 1d,e). Transmission electron microscopy
(TEM) shows that individual CNTs have a diameter of ca. 30
nm with ca. 30 walls (Figure 1f). Raman spectroscopy confirms
that CNTs are of good quality with a D/G ratio of 1.3 (size of
in-plane graphene crystallites: 6.4 nm; Figure 1g).32,33 Between
individual CNTs, there are channels of tens of nanometers wide
that can facilitate mass transfer in and out of CNT arrays.
Because stainless steel wires are thin, the CNT electrode can be
readily cut into any arbitrary shape using a pair of scissors
(Figure 1h), providing flexibility to device designs. The CNT
electrode is found to maintain excellent structural integrity both
after being put in contact with solid matters (Figure S1,
Supporting Information) and immersed in aqueous solutions
(Figure S2, Supporting Information).
Using high-resolution TEM (e.g., Figure 1f), we did not

observe any metal particles inside the CNT nanotubes directly
grown on SSM. This is different from CNTs prepared by
catalyst particles dispersed on powder supports. Because the
dispersed catalysts do not have high affinity with the supports

and thus are mobile at the elevated temperature of CVD,34,35

CNTs prepared using powder supports often contain 4−50%
(by weight) residual catalysts as particles inside the nano-
tubes.36 To eliminate the influence of residual catalysts on the
CNTs’ reactivity, aggressive treatment with boiling concen-
trated nitric acid is often required to open up the nanotubes in
order to remove the residual catalytic nanoparticles.37,38 The
absence of catalyst nanoparticles inside CNTs directly grown
on SSM suggests that our unique synthesis technique has
greatly reduced catalyst mobility and thus prevented the
contamination of CNTs by residual catalytic nanoparticles.39,40

As a result, it is not necessary to treat the CNT electrodes for
residual catalytic nanoparticles before use.

Electrochemical Surface Area of the CNT Electrode.
The arrangement of CNT arrays on SSM represents a 3-D
hierarchical structure.41,42 This structure has a surface area
much greater than that of a metal-sheet electrode with the same
macroscopic size. However, not all the surfaces of individual
CNTs can participate in electrochemical reactions and the
portion that does gives ESA. To facilitate discussion, we herein
define three terms related to the surface area of an electrode.
First, we define the geometric surface area (GSA) as half of a
surface area of a two-dimension plate. Second, the specific
overall surface area (sOSA) is defined as the ratio of the total
surface area of a CNT electrode to the GSA of the SSM
supporting it. Third, we define the specific electrochemical
surface area (sESA) as the ratio of ESA to GSA. Understanding
the relationships of sESA with the kinetics of CrVI reduction
and the capacity of CrIII sorption is the main objective of this
study.
The ESA of the CNT electrode was measured by cyclic

voltammetry in an aqueous solution containing 5 mM
K3Fe(CN)6 as the redox probe and 0.1 M KNO3 as the
background electrolyte. As shown in Figure 2a, the voltammo-
gram has two distinctive Faradaic peaks over the capacitive
background, produced by the reversible reduction of
ferricyanide to ferrocyanide:43,44

Figure 1. Physical characteristics of a typical CNT electrode. (a) Digital photograph. (b) Scanning electron micrograph (SEM) of bare stainless steel
mesh (SSM). (c) SEM of SSM after growing vertically aligned CNT arrays. (d and e) SEMs showing the organization of CNT arrays. (f)
Transmission electron micrograph (TEM) of individual CNTs removed from the electrode by sonication; (inset) high-resolution TEM. (g) Raman
spectrum. (h) Cutting of the electrode with scissors. Scale bars: (b and c) 50 μm, (d) 10 μm, (e) 5 μm, (f) 40 nm, and (f, inset) 10 nm.
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+ ⇄− − −[Fe (CN) ] e [Fe (CN) ]III
6

3 II
6

4
(2)

According to the Nernst equation,45 the summation of the peak
potentials should equal to twice the standard potential of
reaction 2 (E0 = 370 mV):46

+ =E E E( )/2f r 0 (3)

whereas their difference should have a value of ΔEp = 59 mV at
25 °C:

− = ΔE E Ef r p (4)

As shown in Figure 2b,c, (Ef + Er)/2 = 426(±3) mV and Ef −
Er = 65(±7) mV, which satisfy eqs 3 and 4 after considering
overpotential (due to concentration difference between the
bulk solution and the electrode surface as well as resistance to
diffusion through the electrical double layer near the electrode
surface),47,48 indicating that the measurement system is
configured properly. ESA is estimated from the mass-transfer
controlled behavior of reaction 2 using the Randles-Ševcǐk
equation:45

υ=I n D C268600 ESAp
3/2 1/2

T
1/2

(5)

where Ip is the peak current (averaged from forward and reverse
scans), n = 1 is the number of electrons transferred in the ferric-
to-ferrous reduction, D = 6.7 × 10−6 cm2 s−1 is the diffusion
coefficient,49 CT = 5 × 10−6 mol cm−3 is the total concentration
of iron cyanide, and υ is the scan rate. As shown in Figure 2d,
linear regression of Ip and υ1/2 gives ESA = 1.14(±0.06) cm2

(R2 = 0.99).

According to ESA = sESA × GSA and GSA = 0.2 cm2, sESA
= 5.7(±0.3) m2 m−2, which is approximately 8% of the
corresponding sOSA of 68(±0.3) m2 m−2. To estimate sOSA,
the total surface area of the electrode was measured using the
Brunauer−Emmett−Teller (BET) adsorption of nitrogen
(Figure S3, Supporting Information), which gave a specific
surface area of 0.38 m2 g−1 (36.6 m2 g−1 excluding the mass of
SSM or 13.8 cm2 for the electrode with GSA = 0.2 cm2 and a
mass of 3.6 mg). Electrodes with different CNT lengths were
prepared by shortening or extending the CVD synthesis time.
As the VACNT length L increases from 0 to 24 μm, sESA
increases exponentially from 0.57(±0.31) m2 m−2 (bare SSM)
to 7.6(±0.3) m2 m−2, as shown in Figure 2e. This represents a
13× improvement of sESA by VACNT growth.

Electrochemical Reduction of CrVI. The first step of
electrochemical treatment of CrVI-contaminated water, namely
the reduction of CrVI to CrIII, was achieved by negatively
polarizing the CNT cathode. The CrVI-contaminated water was
simulated using an aqueous solution containing K2Cr2O7 and
Na2SO4. In this solution system, the increase of pH by reaction
1 near the cathode can lead to the formation of Cr(OH)3
colloids and eventually the passivation of cathode by
polynuclear Cr(OH)3Cr(OH)CrO4 coating.50 The presence
of sulfate can prevent the formation of colloids and coating by
coordinating with CrIII in solution.51 The use of monovalent K+

and Na+ as balancing cations minimizes the competition with
Cr3+ in electrosorption, where ions with greater ionic charges
and smaller hydrated radii are preferably adsorbed. Compared
to K+ and Na+, Cr3+ has a similar hydrated radius (461 pm vs
331 pm for K+ and 358 pm for Na+) but a much greater
amount of ionic charge; therefore, K+ and Na+ will not interfere
with the electrosorption of Cr3+.52

Figure 3 shows an example obtained using the electrode with
GSA = 9 cm2 and sESA = 5.7(±0.3) m2 m−2. In a solution
containing ca. 9 mg L−1 K2Cr2O7 and 10 g L−1 Na2SO4 (100
mL at pH 3), the logarithmic reduction of CrVI concentration
exhibits pseudo first order kinetics when the electrode is
polarized at E = −1.4 V (vs the standard hydrogen electrode;
Figure 3a):

= −C C k tln( / )0 1 (6)

where C0 and C are initial and residual concentrations, t is time,
and k1 is the rate constant. For volume V = 50−200 mL, k1 is
found to correlate inversely with V (Figure 3b), indicating

=k k VGSA/1 V (7)

The volume normalized pseudo-first-order rate constant (kV)
depends on both E and pH. With the increase of polarization
(i.e., E becomes increasingly negative), kV increases rapidly
from zero at E = 0 to 432(±11) L m−2 h−1 at E = −1.4 V
(Figure 3c). Further increase of polarization does not lead to
further increase of kV, suggesting that the kinetics of CrVI

reduction has entered an ESA-controlled regime. As pH
increases, kV decreases rapidly from 606(±15) L m−2 h−1 at
pH = 1 to 135(±10) L m−2 h−1 at pH = 6 (Figure 3d),
consistent with reaction 1 that involves proton as a reactant.
At E = −1.4 V, hydrogen bubbles formed by the reduction of

water can be seen evolving near the cathode. This is consistent
with the H2 evolution potential of −0.63 V measured for CNT
electrodes in solutions without CrVI (Figure S4, Supporting
Information).53,54 The reduction of water, which increases with
increasing the negative potential on the cathode (cf. Figure S4,
Supporting Information), produces highly reactive atomic

Figure 2. Estimation of electrochemical surface area (ESA) by the
cyclic voltammetry of iron cyanide. (a) Typical voltammogram (scan
rate: υ = 100 mV s−1). (b) Comparison of (Ef + Er)/2 with the
standard potential E0 of ferricyanide reduction (dashed line: 370 mV).
(c) Comparison of Ef − Er with the theoretical value of ΔEp = 59 mV
(dashed line). (d) Linear correlation between Ip and υ1/2. (e) Increase
of specific ESA with CNT length L: sESA = 15.1(±0.7) − 14.1(±0.7)
exp[−0.063(±0.005)L] (R2 = 0.999). Solution: 5 mM potassium
ferricyanide and 0.1 M potassium nitrate. Electrode: a − d, L = 14(±1)
μm.
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hydrogen radicals that reduce CrVI indirectly in addition to the
direct reduction of CrVI on the CNT surface.55 The unreacted
hydrogen radicals combine into hydrogen gas. The elucidation
of direct and indirect pathways of CrVI reduction is, however,
beyond the scope of this study.
Electrosorption of CrIII. Compared to CrVI, the concen-

tration of the reduction product CrIII shows a complex time
dependence, as illustrated in Figure 4. The CrIII concentration
first increases with time, reaches a maximum around t = 30 min,
and decreases to nearly zero (Figure 4a). Furthermore, the
measured CrIII concentration is much lower than the
concentration predicted by the stoichiometry of reaction 1.
We attribute the difference between the predicted and
measured concentrations (Cp and Cm) to the electrosorption
of CrIII cations such as Cr3+ and Cr(OH)2+ by the negatively
polarized electrode:21

= −C C C(Cr ) (Cr ) (Cr )ad
III

p
III

m
III

(8)

where Cp = C0(Cr
VI) − C(CrVI). The electrosorption of CrIII is

the second step of Cr removal.
The amount of CrIII adsorbed per unit of GSA is then

calculated as

=q C V /GSAad (9)

A linear correlation is found between C/q and Cm for t > 30
min, suggesting that the electrosorption of CrIII conforms to the
classical Langmuir isotherm (Figure 4b):56

= +
C
q

C
q q K

1m m

max max s (10)

where qmax is the maximum sorption capacity, and Ks is the
equilibrium constant. The conformation to eq 10 suggests that
the electrosorption of CrIII can be considered as an equilibrium-

controlled process at least after 30 min. In addition, the
linearity has a near zero intercept, consistent with a large value
for Ks that favors the partitioning of CrIII cations on the
electrode rather than staying in solution.
Comparisons of qmax values obtained at different potential

and pH conditions show that qmax increases with increasing −E
and pH, approaching a maximal value of 746(±44) mg m−2 for
−E ≥ 1.4 V and pH ≥ 3 (Figure 4c,d). The dependence of qmax
on −E suggests that electrostatic attraction controls CrIII

electrosorption at small polarization, which becomes limited
by the availability of CrIII when polarization is sufficiently
negative. The dependence of qmax on pH suggests that proton
competes with CrIII in electrosorption and the competition
diminishes as the proton concentration decreases.

Effects of ESA on CrVI Reduction and CrIII Sorption.
Effects of ESA on CrVI reduction and CrIII sorption are assessed
by comparing kV and qmax values obtained using electrodes with
different CNT lengths, as shown in Figure 5. kV is linearly
correlated with sESA (Figure 5a):

= ×k k sESAV ESA (11)

suggesting the existence of a surface-normalized constant kESA =
76(±5) L m−2 h−1 at pH 3. Similar to the ferric-to-ferrous
reduction, the reduction of CrVI to CrIII is rapid at the
electrode−solution interface. The overall reduction rate is
controlled by the transfer of negatively charged chromate and
dichromate anions to the negatively charged electrode.
Different from kV, qmax is insensitive to the change of ESA
and has an average value of 820(±28) mg m−2 (Figure 5b),
suggesting that electrosorption is not controlled by ESA and
thus not by mass transfer. This is consistent with the
mechanism of electrosorption of cations by a negatively
polarized electrode, which is controlled by the strength of the
electrical field and the presence of competing ions.

Figure 3. Estimation of (a) pseudo-first-order rate constant for CrVI

reduction, (b) its dependence on reaction volume V, and the
dependence of volume normalized pseudo first order rate constant
on (c) potential and (d) pH. Solution pH for a, b, and c: 3. Solution
volume for a, c, and d: V = 100 mL. Potential for a, b, and d: −1.4 V.
Electrode: L = 14(±1) μm.

Figure 4. Electrosorption of CrIII: (a) changes of CrIV and CrIII

concentrations with time, (b) conformation to the Langmuir isotherm
(pH 3), and dependence on (c) potential and (d) pH. Solution:
K2Cr2O7, 9 mg L−1; volume, 100 mL. Electrode: L = 14(±1) μm.
Potential: E = −1.4 V.
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Regeneration of Electrode and Recollection of CrIII.
The dependence of qmax on pH also suggests that adsorbed CrIII

can be readily removed in an acidic solution, providing a
method for recycling chromium and regenerate the electrode.
The removal process can be further promoted by reversing the
potential on the CNT electrode from being negative to being
positive. This is demonstrated in Figure 6. First, the

electrochemical treatment was performed with 100 mL of
aqueous solution containing 12 mg L−1 CrVI at pH 3 and
operated at E0 = −1.4 V. After 115 min, 96% of CrVI was
reduced to CrIII, which was in turn adsorbed by the electrode.
Second, the electrode was immersed in 30 mL of pH 1 aqueous
solution, and the potential on the electrode was reversed to E =
1.0 V. In 90 min, 97% of the adsorbed CrIII desorbed from the
electrode, as confirmed by the measurement of CrIII

concentration in the recycling solution. Third, the regenerated
electrode was used to treat the same CrVI-containing solution,
exhibiting performance similar to that of the new electrode with
96% removal in 115 min.

■ DISCUSSION
The linear correlation of kV and sESA suggests that increasing
ESA is beneficial to the electrochemical removal of CrVI, whose
kinetics is controlled by CrVI reduction. The asymptotic
relationship between sESA and L suggests that sESA can
reach a maximum value of 15.1(±0.7) m2 m−2 with infinitely
long CNTs. In synthesis, the CNT length is limited by the
longevity of the growth catalysts, which aggregate and coalesce
under the high temperature of CVD. We achieved a value of
sESA = 7.6(±0.3) m2 m−2 by growing CNTs in CVD for 30

min. This sESA is more than 3 times greater than the values
achieved previously for CNT electrodes prepared with both
vertically aligned and randomly attached CNTs.57,58 Further
increase of synthesis time is found not to further increase the
length of VACNTs. Instead, amorphous carbon is formed due
to the deactivation of the Fe/Ni nanoparticles on SSM.
We propose that at least two geometric factors have

contributed to the increase of sESA as L increases, including
(1) filling of the void spaces left by the SSM openings and (2)
creation of curved surfaces. SSM has an sESA of 0.6(±0.3) m2

m−2, consistent with the specific cross-section area of SSM:
[(25 + 38)2 − 382]/(25 + 38)2 = 0.635 m2 m−2. Both values are
smaller than the specific surface area of a plate electrode (sESA
= 1 m2 m−2). Growing CNTs fills up the void space and thus
improves sESA to unity.
Further increase of sESA from 1 to 7.6(±0.3) m2 m−2 is

attributed to the curvature of individual CNTs and the filling of
the space between them. The curvature effect is illustrated in
Figure 7. A square plate electrode with a flat surface intersects

with the electrical field lines normally (Figure 7a). This gives an
ESA equivalent to its geometrical surface area defined by length
2r and width w of the plate: 2rw. Replacing the plate with a half
cylinder having radius r increases the area of the receiving
surface. To intersect normally with the curved receiving surface,
field lines are bent near the electrode surface (Figure 7b). This
increases ESA to πrw while maintaining the same GSA (note:
by definition, GSA is always associated with the plate
geometry), giving sESA = π/2. The surface of the half cylinder
can be further divided by smaller half cylinders (Figure 7c),
which further increases sESA to π2/2. Repeating this operation
for n times, we have sESA = πn/2. To obtain a 7.6-times
increase of sESA, a value of n = 2.4 is sufficient. This analysis is
consistent with the understanding that increasing the roughness
of an electrode surface increases sESA.59

Growing VACNTs adds roughness to the otherwise flat SSM
surface. The roughness originates from both the large number
of CNTs and the curvature of individual CNTs (Figure 1e).
Because individual CNTs are spaced from each other,
contributions to roughness and thus sESA come from not
only the very top portion of CNTs but also a large portion in
the middle of the nanotubes. As a result, longer CNTs

Figure 5. Effects of ESA on CrVI reduction and CrIII sorption.
Dependence of (a) volume normalized pseudo-first-order rate
constant (kV) and (b) maximum sorption capacity qmax on specific
electrochemical surface area sESA. Solution: K2Cr2O7, 9 mg L−1; pH,
3. Potential: E = −1.4 V.

Figure 6. Recollection of adsorbed CrIII and regeneration of the CNT
electrode. Solutions: I and III, 100 mL K2Cr2O7 at pH 3; II, 30 mL 0.1
M H2SO4. Electrode: L = 14(±1) μm. Potential: I and III, −1.4 V; II,
1.0 V.

Figure 7. Increasing electrochemical surface area (ESA) by increasing
electrode surface roughness. (a) Plate electrode. (b) Half-sphere
electrode. (c) Half-sphere electrode with surface being further divided
by smaller half spheres.
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contribute more to sESA although the curvature of CNTs and
the porosity of CNT arrays remain constant regardless of CNT
length (Figure S3, Supporting Information). This is equivalent
to state that sESA increases proportionally with the increase of
CNT mass fraction, as supported by our measurements (Figure
S5, Supporting Information). As CNTs grow longer, however,
the area between individual CNTs that is projected to receive
the electrical field lines begins to fill up, leading to a limiting
sESA as we have observed.
The large sESA makes CNT electrodes particularly advanta-

geous for removing recalcitrant contaminants such as CrVI.
With L = 24 μm and sESA = 7.6 m2 m−2, kV = 810 L m−2 h−1 at
pH 1, which is more than 4 times faster than using the
polypyrrole-coated carbon electrode.60,61 At pH 4, kV is 250 L
m−2 h−1, which is approximately an order of magnitude greater
than using an SSM electrode randomly coated with single-
walled CNTs.21

■ CONCLUSION

We have prepared carbon nanotube electrodes by growing
vertically aligned CNT arrays directly on stainless steel mesh.
Compared to randomly orientated CNTs, VACNTs provides a
high grafting density with a high degree of roughness and good
electrical contact. We show that compared to SSM, growing
VACNTs can increase ESA by more than an order of
magnitude. The increased ESA can directly benefit CrVI

reduction by proportionally accelerating the reduction reaction
without compromising the ability for CNTs to adsorb CrIII.
The overall efficiency of chromium removal can be maximized
by operating near pH 3 and at E = −1.4 V. Furthermore, the
adsorbed CrIII can be readily recollected by acid wash, which
also regenerates the electrode.

■ METHODS
All chemicals were of analytical grade, purchased from Sigma-Aldrich
and used as received without further purification. Deionized (DI)
water (18.2 MΩ cm−1) was generated on site using a Millipore
ultrapure water system. The AISI 304 SSM with a mesh size of 400 ×
400 openings per square inch was purchased from Grainger (Lake
Forest, IL).
Fabrication of Carbon Nanotube Electrode. A piece of 5 × 5

cm2 SSM was cleaned by sonication in acetone for 15 min and then
dried by blowing pure nitrogen gas. The cleaned mesh was rolled and
inserted into a 1 in. quartz tubing housed in a horizontal furnace. The
furnace was heated to 500 °C in 15 min and held at that temperature
for another 15 min to break the chromium-oxide passivation layer and
generate iron and nickel catalytic nanoparticles. The temperature was
then ramped to 700 °C in 5 min under the flow of 300 sccm argon.
Once the temperature was stabilized, 20 sccm acetylene and 150 sccm
hydrogen were introduced into the quartz tubing to initiate CNT
growth. After 10−30 min, the furnace was cooled to the ambient
temperature under the protection of argon before the sample was
removed from the quartz tubing.
Characterization of Carbon Nanotube Electrode. Physical

properties of SSM and CNT electrodes were characterized using
scanning electron microscopy (FEI Magellan 400), transmission
electron microscopy (FEI Titan 80−300), Raman spectroscopy
(Renishaw 1000), and the BET surface area analysis (Micromeritics
ASAP 2000). Because the specific surface areas of CNT electrodes are
too small for direct measurements with the BET analyzer, CNT arrays
were scratched off SSM using a razor blade. The ESA of the electrode
was measured using a three-electrode potentiostat (CHI 610D) and a
testing solution of ferric cyanide at room temperature. A piece of SSM
or CNT electrode (1 × 0.2 cm), a platinum sheet of the same size, and
the Ag/AgCl electrode were used as the working, counter, and

reference electrodes, respectively. The solution contained 5 mM
potassium ferricyanide and 0.1 M potassium nitrate.

Electrochemical Removal and Recollection of Chromium.
Experiments were conducted in the batch mode using the potentiostat.
The cathode was either a CNT or SSM electrode (3 × 3 cm), a piece
of carbon paper (Fuel Cell Earth LLC, Stoneham, MA) of the same
size as the anode, and the Ag/AgCl electrode as reference. The carbon
paper was used, instead of a platinum electrode, to prevent the
oxidation of CrIII back to CrVI.62,63 The carbon paper did not adsorb
CrVI (Figure S6, Supporting Information), likely due to the large size
of its anions and the lack of functional groups on the paper’s surface.
The cathode and anode were separated by a 3 cm gap. A potential
(with respect to the standard hydrogen electrode) was applied
between the cathode and the reference electrode while the current
generated by this potential passes through the anode, forming a three-
electrode system.

The experiments were performed with 100 mL K2Cr2O7 aqueous
solution containing 10 g L−1 Na2SO4 as the supporting electrolyte.
The solution pH was adjusted using concentrated NaOH or H2SO4
solutions and confirmed with a pH meter (Fisher Scientific). During
experiments, the solution was stirred constantly with a magnetic stirrer
to maintain homogeneity. After potential was applied between cathode
and anode to initiate reaction, 0.2 mL solution was withdrawn
periodically for measurement. Half of the solution was mixed with
diphenylcarbazide, which reacted with CrVI to produce a strong pink
color.64 The intensity of the color was measured using a UV/vis
spectrophotometer (Agilent Cary 300), which gave the CrVI

concentration through Beer’s law. To determine the concentration
of CrIII, the other half of the sample was oxidized with an excess
amount of potassium permanganate (KMnO4) to convert Cr

III to CrVI.
The concentration of CrVI was again determined colorimetrically. The
CrIII concentration was computed by subtracting the first CrVI

concentration from the second CrVI concentration.
To study the effects of solution volume, solution chemistry, and

electrode surface area on CrVI reduction and CrIII adsorption, we
varied the corresponding experimental condition while keeping other
conditions constant. For example, to investigate the volume effect, we
fixed the K2Cr2O7 concentration, the Na2SO4 concentration, and pH
at 10 mg L−1, 10 g L−1, and 3 while the solution volume was varied
from 50 to 200 mL.

The recollection of CrIII adsorbed by CNTs was performed in 0.1 M
sulfuric acid. The CrIII concentration in the recollection solution was
determined colorimetrically after the solution being completely
oxidized by KMnO4. The amount of recollected CrIII was then
computed by multiplying the CrIII concentration with the volume of
H2SO4 solution used to perform recollection.
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