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ABSTRACT: Gold nanoparticles (AuNPs) have attracted increasing attention as catalysts
for pollutant degradation because of their unique reactivity. Direct use of gold
nanoparticles in water treatment faces prohibitive challenges from nanoparticle aggregation
and post-treatment separation. To prevent nanoparticles from aggregating and eliminate
the need for separation, we affixed AuNPs on hierarchical carbon nanotube membrane
(HCNM) that was approximately 50 μm thin with 10 μm × 10 μm openings as pores for
water passage. HCNM was fabricated by growing vertically aligned carbon nanotube
(CNT) arrays on stainless steel mesh. Using p-nitrophenol (PNP) as model pollutant, we
showed that in batch experiments HCNM-supported AuNPs retained 78% of their
catalytic capability compared to suspended AuNPs. The slight reduction in reactivity was
attributed to the blockage of part of the gold surface at the AuNP−CNT juncture. When
the membrane was used in continuous flow-through operation, HCNM-supported AuNPs
achieved 71% of the maximum catalytic ability measured in batch. The rapid kinetics
obtained with HCNM-supported AuNPs was in great contrast to the slow kinetics that one
would expect for a rigid membrane of similar configuration. For a rigid membrane, water passing through microscopic pores was
confined as laminar flow and thus would not mix well with catalysts affixed on pore walls. For HCNM, CNTs aligning pore walls
were flexible so that they could move vigorously to create a chaotic mixing condition and promote AuNP-catalyzed PNP
reduction.

KEYWORDS: Vertically aligned carbon nanotubes, Noble metal catalyst, Coinage metal catalyst, Industrial wastewater treatment,
Heterogeneous catalysis, Monolithic support, High flux membrane

■ INTRODUCTION

Metal nanoparticles such as gold, silver, and iron have attracted
increasing attention as catalysts and reagents for water
treatment because of their unique reactivity with pathogens,
pesticides, and mercury.1 Using metal nanoparticles instead of
their bulk counterparts can reduce the consumption of limited
natural resources while improving treatment performance.
Direct use of metal nanoparticles in water treatment, however,
faces prohibitive challenges. First, metal nanoparticles tend to
aggregate in water due to surface hydrophobicity. Once
nanoparticles aggregate, they can lose most of reactivity as a
result of reduced access to the buried surface. Second, if
nanoparticles survive aggregation by adsorbing surfactant
molecules such as certain types of natural organic matter,2

the separation of metal nanoparticles after treatment can
become tedious and costly. Surfactant-coated nanoparticles do
not settle well under gravity and often require energy-intensive
processes such as centrifugation for separation. Unsettled
nanoparticles are of great concern for their potential adverse
effects to humans and ecosystems.3 Third, metal nanoparticles
released with treated water must be replenished for continuous
operation, which increases treatment cost. For these reasons,
the use of nanoparticles, including metal nanoparticles, in water
treatment is so far limited.

The double-sided dilemma of aggregation and separation
associated with metal nanoparticles can be resolved by
attaching them on engineering supports so that they are fixed
in place against both rapid agglomeration and perpetual
suspension. Engineering materials that have been proposed to
support nanoparticles can be categorized into two groups. The
first group includes organic and inorganic colloidal particles.
Examples include polymethylmethacrylate spheres,4 polypyr-
role nanotubes,5 polyaniline fibers,6 ceria nanotubes,7 silica
spheres,8 and spheres with magnetic cores.9−13 The second
group of supports consists of monolithic materials such as
polymeric hollow fiber membranes14,15 and anodic aluminum
oxide (AAO) membranes.16 The main advantage of monolithic
supports is that they can be used to build flow-through units for
continuous operation. In comparison, colloidal particles
decorated with reactive nanoparticles are more suitable for
use in batch reactors, which have to be operated intermittently.
To design a suitable monolithic support, an important
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challenge is to create microscopic pores that can maximize both
nanoparticle loading and water flux. For membranes made of
rigid pores, high particle loading requires a large surface area
and thus small pores, whereas high water flux requires low
friction and thus large pores. The contradictory requirements
create another double-sided dilemma that is seemingly
impossible to overcome.
The loading-and-flux dilemma can be resolved by using

monolithic supports that have hierarchical structures.17 An
example is the hierarchical carbon nanotube membrane
(HCNM) that we report herein. Our HCNM was fabricated
by growing vertically aligned carbon nanotube (CNT) arrays
on stainless steel mesh (SSM). In HCNM, individual CNTs
provide the large surface area required for high nanoparticle
loading. The high water flux is achieved by using SSM with
micrometer-sized openings for flow passage. Because the two
tasks are fulfilled by different substructures in HCNM at
different dimensional scales, they have minimal interference
with each other’s functions and thus can be designed
independently. In this paper, we demonstrate the feasibility of
HCNM for supporting gold nanoparticles (AuNPs) in the
catalytic reduction of p-nitrophenol (PNP), a Clean Water Act
priority pollutant,18 in a flow-through reactor. Although
HCNM has been previously proposed as catalyst support,19,20

to our knowledge, the use of AuNPs-decorated HCNM in flow-
through operation has not been documented in the literature.

■ MATERIALS AND METHODS
The fabrication of HCNM-supported AuNPs involved several steps, as
illustrated in Scheme 1, including (1) activation of stainless steel mesh,
(2) growth of carbon nanotube arrays, (3) synthesis of gold
nanoparticles, and (4) attaching AuNPs on HCNM. The materials,
reagents, equipment, and synthesis conditions used in each step,
together with those used in material cauterization and evaluation, are
detailed as follows.
Activation of Stainless Steel Mesh. Sheets of 304 stainless steel

with a mesh size of 400 × 400 openings per square inch were
purchased from Grainger (Lake Forest, IL) and verified by X-ray
diffraction (Bruker D8 Discover; Figure S1, Supporting Information).
The mesh consisted of 70% Fe, 19% Cr, and 11% Ni. To prepare for
surface activation, the mesh was first cleaned by sonication in acetone
for 15 min. After blowing dry using pure nitrogen, the cleaned mesh
was rolled and inserted into the quartz tubing housed in a horizontal
furnace (Figure S2, Supporting Information). The chamber was heated
to 500 °C and held for 15 min to break the chromium-oxide
passivation coating on the mesh and generate iron/nickel catalytic
nanoparticles.
Growth of Carbon Nanotube Arrays. CNTs were grown using

chemical vapor deposition (CVD).22,23 Without removing the mesh
from the quartz tubing after activation, temperature was ramped to
700 °C in 5 min under the flow of 300 sccm argon. Once temperature
was stabilized, 20 sccm acetylene (C2H2) and 150 sccm hydrogen (H2)

were introduced into the quartz tubing to initiate the growth process.
After 30 min of growth, the furnace was cooled to room temperature
under the protection of argon before HCNM was removed from the
furnace for attaching AuNPs.

Synthesis of Gold Nanoparticles. AuNPs capped with negatively
charged citrate were prepared using the Ferns method.24 Briefly, 100
mL of 10 mg L−1 aurichloric acid (HAuCl4, Sigma Aldrich) aqueous
solution was heated to a rolling boil with vigorous stirring in a 250 mL
flask. Then, 3 mL of 1 wt % trisodium citrate (Na3C3H5O(COO)3,
Sigma Aldrich) was added rapidly to the solution. The mixture was
heated with stirring for 10 min and stirred without heating for
additional 15 min. The color of the solution changed from yellow to
bluish gray and further to soft pink, indicating the formation of
AuNPs.

Attaching AuNPs on HCNM. AuNPs were attached on the CNTs
of HCNM using a layer-by-layer (LBL) assembly method. HCNM was
first immersed in 2 wt % polyethyleneimine (PEI, Sigma Aldrich;
molecular weight: 25000 Da) aqueous solution placed on a shaker
table for 24 h. The adsorption of PEI added positive charge to the
CNTs’ surfaces. HCNM was rinsed with copious water to remove
loose PEI molecules and then immersed in the AuNP suspension for
12 h to attach negatively charged AuNPs via electrostatic attraction
(adsorption efficiency: ca. 100%).

Material Characterization. HCNM, AuNPs, and AuNPs-
decorated HCNM were characterized using a series of analytical
techniques. The morphologies of CNTs and AuNPs were examined
using transmission and scanning electron microscopies (TEM, FEI
Titan 80-300; SEM FEI Magellan 400). The crystallinity and long-
range ordering of CNTs were analyzed using Raman spectroscopy
(Renishaw 1000).25 To verify the sizes of AuNPs, the absorption of
visible light by the AuNP suspension was measured using UV−vis
spectrophotometry (Agilent Cary 300). The successful fixation of
AuNPs on HCNM was confirmed using energy-dispersive X-ray
spectroscopy (EDX, Quantax 200).

Reduction of p-nitrophenol. The catalytic reduction of PNP by
sodium borohydride (NaBH4) was conducted using both suspended
AuNPs and HCNM-supported AuNPs at ambient temperature (ca. 22
°C). For suspended AuNPs, reduction was performed in a scintillation
vial used as a batch reactor. The reaction solution was prepared by
mixing 0.15 mL of 4 mM PNP, 1.5 mL of 100 mM NaBH4, and 1.2
mL deionized (DI) water. The concentration of PNP and NaBH4 was
0.2 mM and 50 mM, respectively. PNP and NaBH4 were purchased
from Sigma Aldrich. DI water was generated on site using a Millipore
system. To minimize decomposition of NaBH4, the reduction reaction
was performed within minutes after the solution was prepared. To
start the reaction, 0.15 mL of 0.25 mM AuNPs was added to the
reaction solution. The decrease of PNP concentration and the
formation of reduction product were monitored using UV−vis
spectrophotometry. The absorbance of AuNPs was subtracted from
measurements using an aqueous suspension containing the same
concentration of AnNPs but no PNP or NaBH4.

For HCNM-supported AuNPs, reduction was performed using both
batch and flow-through setups. The batch experiments were
performed similar to those for AuNPs except that a piece of 0.5 cm
× 0.5 cm AuNPs-decorated HCNM was used. The initial

Scheme 1. Preparation of Hierarchical Carbon Nanotube Membrane-Supported Gold Nanoparticles (AuNPs). PEI:
Polyethyleneimine
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concentration of PNP was varied among 0.05, 0.1, and 0.2 mM to rule
out the dependence of reaction kinetics on initial concentration. The
amount of borohydride was fixed in excess at 50 mM in all
experiments. In flow-through experiments, the PNP−NaBH4 solution
was pumped through a piece of 1 cm2 HCNM catalyst using a
peristaltic pump. Flow rates up to 4 mL min−1 were used to achieve
water fluxes up to 4 mL cm−2 min−1. The reduction of PNP was
quantified by periodically collecting the filtrate and measuring its light
absorption.

■ RESULTS AND DISCUSSION
Hierarchical Carbon Nanotube Membrane. The phys-

ical characteristics of HCNM are summarized in Figure 1. The
pristine stainless steel mesh had a metallic color before CNT
growth that turned to black after growth (Figure 1a). Scanning
electron microscopy revealed that SSM was woven with metal
wires having a diameter of 25 μm, which formed openings of 38
μm × 38 μm (Figure 1b). The wire surface of pristine SSM was
microscopically smooth; however, activating SSM in air at 500

°C created nanoparticles of 20−25 nm in size (Figure 1c). EDX
showed that the nanoparticles consisted of both iron (80%) and
nickel (20%), which were effective catalysts for growing arrays
of multiwalled CNTs (Figure 1d).26,27 The growth of CNTs
increased the wire diameter to ca. 50 μm and reduced the
openings to 10 μm × 10 μm. To examine the organization of
CNT arrays, we scratched HCNM with tweezers and created an
area with part of the CNT arrays removed and the underlying
wire exposed. SEM with high magnification confirmed the
vertical alignment of CNTs (inset of Figure 1d). To examine
the quality of individual CNTs, we broke them off HCNM by
sonication and transferred them onto copper grids with the aid
of ethanol. Transmission electron microscopy showed that
individual CNTs were hollow tubes with crystalline walls made
of graphene sheets (Figure 1e). Raman spectroscopy showed an
asymmetric G band associated with the diameter distribution of
individual CNTs as well as a G-to-D ratio greater than unity

Figure 1. Hierarchical carbon nanotube membrane (HCNM). (a) Digital photos of pristine and carbon nanotube coated stainless steel meshes
(SSM). (b) Scanning electron micrograph (SEM) of pristine SSM. (c) SEM of activated SSM. (d) SEM of HCNM (inset: intentionally scratched to
show CNTs’ vertical alignment). (e) Transmission electron micrograph of individual CNTs removed from HCNM by sonication. (f) Raman
spectrum of HCNM.

Figure 2. Gold nanoparticles (AuNPs) suspended in water and supported by hierarchical carbon nanotube membrane (HCNM). (a,b) Transmission
electron micrographs (TEM) of suspended AuNPs. (c) UV−vis spectrum and digital photograph of aqueous suspension of AuNPs (50 mg L−1). (d)
Scanning electron micrograph of HCNM-supported AuNPs. (e) TEM of AuNP-decorated CNT removed from HCNM by sonication. (f) Energy
dispersive X-ray spectrum of AuNPs-decorated HCNM.
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indicating the presence of minimal structural defects (Figure
1f).25

HCNM fabricated by us has significant structural improve-
ments compared to similar materials reported recently by other
researchers.21,28−33 Previous attempts of growing CNT arrays
on stainless steel mesh mostly used ethane, ethylene, benzene,
or carbon monoxide as the carbon source and resulted in poor
CNT quality and organization. Using acetylene as the carbon
source, we have improved the self-assembly of carbon atoms in
CVD, which lead to the growth of well-aligned CNTs forming a
uniform forest. Most previous attempts also required etching
the mesh with concentrated hydrochloride acid for CNT
growth. We have eliminated the need of acid etching in our
synthesis protocol, which not only simplifies fabrication but
also strengthens the structural integrity of HCNM by avoiding
the use of corrosive acid.
HCNM-Supported Gold Nanoparticles. The physical

characteristics of suspended AuNPs and HCNM-supported
AuNPs are compared in Figure 2. The suspended AuNPs
showed near spherical shapes under TEM (Figure 2a). On the
basis of measurements of 182 AuNPs, we estimated the
nominal diameter of AuNPs to be d = 13.3(±2.4) nm (Figure
S3, Supporting Information). High resolution TEM further
revealed that AuNPs were polycrystalline with multiple stacking
faults (Figure 2b). The absorption spectrum of AuNPs
exhibited a characteristic peak at 522 nm (Figure 2c), which
was typical for gold nanoparticles with diameters ranging from
12 to 15 nm.34 AuNPs were successfully affixed on CNTs in
HCNM using polyethyleneimine as linker. SEM revealed that
the distribution of AuNPs on CNTs were nearly uniform
without severe agglomeration (Figure 2d). The uniform
distribution of AuNPs on individual CNTs was confirmed by
TEM after CNTs were removed from HCNM by sonication
(Figure 2e). There was no discernible change in nanoparticle
morphology or size after fixation. EDX confirmed the presence
of gold on modified HCNM, together with carbon from CNTs,

iron from catalyst particles inside CNTs, and copper from the
TEM grid (Figure 2f).
The quality of AuNPs attached to HCNM using LBL is

comparable to the quality of cobalt nanoparticles decorated on
HCNM using sputtering.19 Compared to physical methods
such as sputtering, layer-by-layer assembly is a solution-based
chemical method that uses inexpensive equipment and is
readily scalable for industrial applications.35,36 The moderate
processing condition used in LBL (e.g., room temperature)
protects CNTs from physical damage.37 In theory, LBL allows
the fixation of any premade nanoparticles whose morphology
and size can be adjusted before the fixation operation.38,39

Separating steps of nanoparticle preparation and fixation can
lead to improved quality control.

Catalytic Reduction of p-Nitrophenol. The reduction of
PNP by NaBH4 is a well-studied reaction, which only occurs in
the presence of catalysts such as gold nanoparticles.40 In our
experiments, the procession of the catalytic reaction was readily
discerned as the yellow color of the solution faded away with
time in the presence of suspended AuNPs or HCNM-
supported AuNPs. As shown in Figure 3a, the absorption
spectrum of PNP in NaBH4 peaked at 400 nm in the presence
of NaBH4, due to the formation of p-nitrophenolate from
deprotonation (pKa = 7.2).41 AuNPs can facilitate electron
transfer from from BH4

− to p-nitrophenolate and thus lower
the barrier of activation energy for reducing PNP to p-
aminophenol. As shown in Figure 3a, p-aminophenol absorbed
minimal light from 325 to 600 nm.42,43 A comparison of the
absorption spectra between PNP and p-aminophenol suggested
that a simple but effective method to quantify the kinetics of
the reaction was measuring the absorbance at 400 nm (see
Figure S4, Supporting Information, for calibration).
We first compared performances of suspended AuNPs and

HCNM-supported AuNPs in batch experiments. As shown in
Figure 3b, changes of PNP concentration, C, for both catalysts
conformed to the pseudo first-order rate law

Figure 3. Reduction of p-nitrophenol (PNP) by sodium borohydride (NaBH4) under the catalysis of suspended and HCNM-supported gold
nanoparticles (AuNPs). (a) UV−vis absorption spectra of a reactive solution (0.2 mM PNP and 50 mM NaBH4) before and after the addition of
suspended AuNPs (reaction time: 15 min). (b) Decrease of normalized residual PNP concentration with reaction time in batch reactors (squares,
HCNM-supported AuNPs; circles, suspended AuNPs. Circle size from large to small: 0.2, 0.1, and 0.05 mM initial PNP). (c) Blockage of part of
AuNP surface at the AuNP−CNT juncture. (d) Flow-through setup for evaluating the catalytic performance of hierarchical carbon nanotube
membrane (HCNM-supported gold nanoparticles. (e) Decrease of normalized residual PNP concentration with the increase of the inverse of water
flux in flow-through operation using HCNM-supported AuNPs.
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= −C
C

k tln
0

1
(1)

where C0 is initial concentration, t is reaction time in seconds,
and k1 is the rate constant. Reaction kinetics was independent
of NaBH4 concentration because NaBH4 was in excess
([NaBH4]:[PNP] ≥ 250). The reaction kinetics was also
independent of initial PNP concentration, as evident from the
overlaying of data points obtained with C0 = 0.05, 0.1, and 0.2
mM. Least-square regressions yielded k1(AuNPs) = 6.3(±0.1)
× 10−3 s−1 (R2 = 0.99) and k1(HCNM−AuNPs) = 13.3(±1.1)
× 10−3 s−1 (R2 = 0.98). The first-order rate constant was
normalized to the ratio of solution volume to AuNPs’ surface
area

ρ=k k
dV
m61 (2)

where m is gold mass (7.4 μg for AuNPs and 20 μg for
HCNM−AuNPs), ρ is gold density (19.6 g cm−3),44 V is
solution volume (3 mL), and d is the AuNP diameter
(13.3(±2.4) nm; cf. Figure S3, Supporting Information).
According to eq 2, we calculated k(AuNPs) = 111(±2) μm
s−1 and k(HCNM−AuNPs) = 87(±7) μm s−1. The ratio of
k(AuNPs) to k(HCNM−AuNPs) was 78%, indicating that
most of AuNP surfaces remained accessible to reactants after
attaching to CNTs. The slight decrease of reactivity was likely
due to the blockage of part of the AuNP surface at the AuNP−
CNT juncture, as depicted in Figure 3c.
After confirming that AuNPs attached to HCNM maintained

most of their catalytic capability, we performed flow-through
experiments to assess the potential of AuNPs-decorated
HCNM for continuous operation, as illustrated in Figure 3d.
The reduction of PNP decreased with increasing flow rate
according to the first-order rate law, as shown in Figure 3e

ρ= −
*C

C
k
f

dA
m

ln
60 (3)

where f is water flux in cm s−1, k* is the rate constant, and A is
the HCNM surface area. The term ρdA/(6m) represents the
ratio of total AuNP surface area to membrane surface area,
which was 18.4 in our experiments (m = 80 μg and A = 1 cm2).
Least square regression gave k*(HCNM−AuNPs) = 62(±4)
μm s−1. The rate constant measured for the flow-through
configuration was 71% of the rate constant under the batch
configuration: k*/k(HCNM−AuNPs) = 0.71. At f ≤ 40 cm
min−1, water flowed through the HCNM pores (i.e., l = 10−38
μm) had a low Reynolds number: Re ≤ f lv−1ϕ−1 = 3.8, where v
= 0.01 cm2 s−1 was the kinematic viscosity of water,44 and ϕ ≈
0.36 was the porosity of SSM. The low Reynolds number
would have suggested a laminar flow with minimal mixing and
thus slow kinetics for surface-catalyzed PNP reduction. On the
contrary, the fast kinetics that we measured suggested that
mixing inside HCNM pores (cross-section area ≥ 100 μm2)
was enhanced by the hierarchical structure of CNT arrays. This
may be similar to the chaotic mixing effect in microfluidic
channels coated with CNT arrays.45 We hypothesize that in the
pressured flow, CNTs inside the mesh openings can move
vigorously like trees in a tornado, which creates the condition
for chaotic mixing.
In Table 1, we compare the first-order rate constants of PNP

reduction under the catalysis of AuNPs obtained in this study
with the data in the literature. For suspended AuNPs, our result

of k = 111(±2) μm s−1 measured in well-mixed batch reactors
is comparable to the rate constant obtained by Dotzauer and
colleagues using AuNPs with similar sizes.16 Dotzauer and
colleagues attached their AuNPs on the AAO membrane and
obtained a rate constant of 180 μm s−1, which is approximately
3 times our result of k* = 62(±4) μm s−1 measured for
HCNM-supported AuNPs in the flow-through reactor. We
suspect that the high rate constant of AAO-supported AuNPs
may be attributable to the AAO membrane’s small pores, which
are only 200 nm in diameter. In comparison, the openings in
HCNM are at least 50 times greater. Smaller pores require a
shorter length for mixing by diffusion, which is proportional to
the cross-section area of the pores.46 The pressure required to
push water through the pores is, however, inversely propor-
tional to the cross-section area of the pores,47 which implies
that the AAO membrane may require much higher pressure to
operate than HCNM. As the reduction of energy use becomes
increasingly important for achieving sustainability, HCNM is
attractive as nanoparticle support for its balanced performances
in treatment efficiency and energy use.
In conclusion, we have fabricated hierarchical carbon

nanotube membranes and demonstrated that AuNPs attached
to HCNM retain most of their catalytic capability. Gold
nanoparticles supported by HCNM do not agglomerate or
require post-treatment separation. AuNP-decorated HCNM
also promotes mixing that is particularly beneficial for surface-
catalyzed degradation of dissolved pollutants such as PNP.
Although the AuNPs-decorated HCNM used in this study is
only centimeters in size, HCNM of meters in size can be
produced using moving substrate systems.48,49 Our results
suggest that AuNPs-decorated HCNM is a promising material
and should be further developed for catalytic degradation of
recalcitrant contaminants in water.50
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Table 1. First-Order Rate Constants of p-Nitrophenol
Reduction Catalyzed by Suspended and Supported Gold
Nanoparticles

catalyst AuNP size (nm) rate constanta (μm s−1) reference

suspended in batch reactors
12 140 16
13.3(±2.4) 111(±2) this study
200(±44) 7.18 51

supported in flow-through reactors
AAO membrane 12 180 16
HCNM 13.3(±2.4) 62(±4) this study
aThe rate constants are normalized to the surface area of
nanoparticles.
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