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Single-wall carbon nanotubes functionalized with polyethylene glycol and doped with Rh nanoparticles
were prepared and tested as catalyst for NOk reduction. Gravimetric adsorption studies were employed
to elucidate the mechanism of NO adsorption on the active surface sites and to determine the onset
of the desorption of oxygen. These studies provided information about the reaction kinetics and the
lifetime of the catalyst, as well as the NO scission onset temperature and abatement rate, thus making
possible to predict the conversion and define the optimum reaction conditions for efficient NO removal.

ﬁg’:‘/ordS: Catalytic experiments were performed under different operating conditions and feed compositions, such
Air pollution as under rich operation, in presence of oxygen, and in presence of reducing CO and hydrocarbons. The
Catalysis developed nanostructured catalyst exhibits enhanced activity at lower temperatures in comparison to
SWNTs that reported for other Rh-based catalytic systems, while data about feed composition effects and carbon
PEG support depletion provided operating conditions that suppress N,O formation and extent the catalyst
Rhodium lifetime.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides (NOy) are major air pollutants generated from
the reaction of nitrogen and oxygen in air during combustion pro-
cesses, such as in power plants and automotive engines [1,2]. In
areas of high motor vehicle traffic, the amount of NOy emitted
into the atmosphere can be quite significant resulting in smog
and acid rain and the formation of tropospheric ozone. Despite
the fact that NO is unstable thus its self-decomposition should
be thermodynamically favored (2NO — N, + 05, AG° = —-86 kJ/mol)
[3], appropriate catalytic systems are necessary in order to reduce
the high activation barrier accompanied with the decomposition
reaction (364 kJ/mol) [3,4].

Considerable efforts have been made on the catalytic removal
of NOx, with a widely established approach being the selec-
tive catalytic reduction (SCR) using a variety of reducing agents,
such as CO, hydrogen, ammonia, and hydrocarbons [5]. CO is
present in the exhausts of several combustion processes and
under certain conditions exhibits a good reducing activity con-
verting NO to N;, while it is oxidized into CO,, thus limiting the
amounts of two major air pollutants [6]. The use of hydrocar-
bons is also considered a valuable option due to safety in handling
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compared to several other reducing agents such as ammonia,
low cost, and availability in the exhaust systems after incom-
plete combustion [7]. To this extent, various catalytic systems
for hydrocarbon-SCR have been investigated using combinations
of inorganic porous supports (alumina, zeolites) with noble and
non-noble metals and metal oxides, and different hydrocarbon
molecules [8,9]. However, in most of the cases, the catalysts suf-
fer from low activities, narrow operation temperature range, and
limited robustness, characteristics that compromise their use in
the automotive industry [10]. The problem becomes even more
challenging when the availability of CO and hydrocarbons in the
exhaust is limited (lean-burn engine operation), as the catalysts
are then required to efficiently operate at excess-oxygen condi-
tions taking full advantage of the limiting amounts of the reducing
agents. Techniques that have been developed for efficient lean-
burn engine operation include NOy storage and reduction (NSR)
[10,11] and ammonia-SCR, yet still encountering serious draw-
backs, such as low selectivity, thioresistance [12], and safety
limitations [13].

Nanoscale catalyst design has a high potential to alleviate prob-
lems associated with typical systems due to their unique size-,
structure-, and morphology-dependent catalytic performance that
can be substantially different than those of their bulk counterparts
[14]. To this extent, fine control of shape, size, structure, chemi-
cal composition, and surface properties of nanoparticles [15,16],
and fundamental understanding of their interaction with the sup-
port [17] are critical. Herein, we prepared a nanocatalyst consisting
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of Rh nanoparticles supported on single wall carbon nanotubes
(SWNT) and investigated its performance toward NOx reduction. Rh
exhibits certain advantages that classify it among the most effec-
tive catalysts for NOy elimination including high activity toward
both NO dissociation and CO oxidation, high selectivity toward
N, formation, high reduction rates compared to Pd or Pt, and
good resistance to thermal degradation [18,19]. To this extent, sev-
eral mechanisms have been proposed [20-23] to exemplify the
role of the metal on the various reaction steps, i.e. NOyx adsorp-
tion, dissociation, recombination, and desorption, and how activity
and selectivity depend upon active crystal facets, binding behav-
ior, on-surface mobility/clustering, and antagonistic species effects.
Regarding the selection of the support, carbon nanotubes (CNTs)
have shown great promise in heterogeneous catalysis due to their
graphitic character, mechanical and chemical robustness, high sur-
face area and functionalization flexibility, and a porous morphology
that can efficiently suppress internal mass transfer limitations dur-
ing catalytic processes [17,24,25]. For NOyx conversion in particular,
CNTs could also enhance oxygen desorption, which is the rate lim-
iting step and leads to fast catalyst deactivation by saturation of
the surface with adsorbed oxygen, as well as improve N, selectiv-
ity over N, O, which is a greenhouse gas formed upon incomplete
reduction of NO particularly under cold start engine tempera-
tures.

The performance of the Rh/SWNTs nanocatalyst is investi-
gated under different operating conditions (temperature, partial
pressures) and feed compositions (rich conditions, presence of oxy-
gen, reducing CO and hydrocarbons). Gravimetric analysis was
employed for the first time to elucidate the mechanism of NO
adsorption on the active surface sites and to determine the onset
of the desorption of oxygen. Under certain conditions, enhanced
activity at lower temperatures was achieved in comparison to that
reported in the literature for Rh/Al,03, Rh/SiO,, and Rh/multi-
wall CNTs (MWNTSs) systems, which is particularly advantageous
for application under cold start engine conditions. SWNTs, which
are used in this work, exhibit a distinct set of properties that
differentiate them from MWNTSs. Specifically, they exhibit higher
BET surface area and a large population of surface functionali-
ties [26] that enable higher particle dispersibility. Other important
properties of SWNTs in contrast to MWNTs and other graphitic
nanostructures include enhanced conductivity, porosity, and semi-
conducting or metallic behavior depending on the chirality. These
properties are critical when these materials are used as sup-
ports in heterogeneous catalysis and can affect catalytic activity
[27].

Recent reports have shown that CNTs are resistant against oxi-
dation during NOx conversion (up to 450°C in the presence of
oxygen) and only contribute as RhO particle stabilizers [28,29]. On
the other hand, there are studies indicating that CNTs are partially
oxidized under shortage of reducing agents [30,31] and that the oxi-
dation has a beneficial effect on the NO abatement efficiency as the
carbon support acts as a reducing agent assisting the desorption of
oxygen from the metal particles. However, in all these studies there
is not discussion concerning the form of carbon material that par-
ticipates in the NO abatement reaction paths. Indeed, it is known
that CNTs cannot be produced with a purity of more than ~80%
and that the amorphous carbon content, including surface func-
tional groups, is much more sensitive in oxidising conditions. In this
regard, the results reported here on the cooperative action of PEG,
amorphous carbon content, SWNTs, and the externally fed reducing
agents provide optimized conditions for high activity-high selec-
tivity performance in conjunction to extended catalyst lifetime.
Concerning the latter, the catalytic tests were performed with high
NO gas hourly space velocity (GHSV) of 140-205h~1 when the
usual GHSVs for testing are from 10 to 20h~! and the catalyst
operated very efficiently for more than 30 h on stream.

2. Experimental
2.1. Materials

The SWNTs used in this work were purchased from Carbon
Solutions, Inc. According to the manufacturer, the SWNTs were
synthesized by electric arc discharge using Ni/Y catalyst and the
distribution of their outer diameters is centered around 1.4 nm with
a length distribution between 0.5 and 1.5 pm. In addition, they
have undergone post-synthesis acidic purification yielding a car-
bonaceous purity of ~90%. Their BET surface area, as determined
by liquid nitrogen porosimetry, is 210 m2/g, while for comparison,
that for MWNTSs usually resides in the area of 100 m?/g. PEG 200
was supplied by Fluka Chemie GmbH and rhodium chloride hydrate
(RhCl3-H;0) was supplied by Alfa Aesar.

2.2. Preparation of PEG-functionalized, Rh-decorated SWNTs

In a typical synthesis experiment, 50 mg acid-treated SWNTs
containing 1.0-3.0at.% carboxylic acid groups were dispersed
in 20ml PEG 200 under sonication. 0.01 g rhodium(IIl) chloride
hydrate was added in 10ml PEG 200. The two solutions were
mixed together by stirring under reflux for 1 h. The final solution
was washed/centrifuged several times using ethanol in order to
remove the excess PEG and obtain a clear supernatant, and the
sample was left to dry in air. PEG acts as both surfactant and
Rh3* reducing agent [32], assisting the spontaneous deposition
and stabilization of the Rh particles on the external surface of the
SWNTs.

2.3. Characterization

Raman measurements were performed in backscattering con-
figuration using a Renishaw inVia Reflex microscope with a high
power near infrared (NIR) diode laser (A=785nm, E=1.58eV) as
excitation source. The laser light was focused on the samples using
along working distance (8 mm) 50x (NA=0.55) objective of a Leica
DMLM microscope at power density lower than 0.05mW/um?
(~1% of full power) to avoid sample heating, using a scan time
of 30s. A dielectric edge filter for Rayleigh rejection at 785 nm
with cutoff at approximately 100cm~! was used for collection of
the spectra. Samples for transmission electron microscopy (TEM)
were diluted in ethanol and deposited on Lacey C-coated Cu grids
and analyzed using a JEOL 2011 HR-TEM, operating at 200kV.
TGA characterization was performed on a Pyris Diamond TG/DTA,
Thermogravimetric/Differential, Thermal Analyser (PerkinElmer
Instruments). Samples for X-ray diffraction were deposited in the
form of powder on a glass. The instrument used was a Siemens
D500 X-ray diffractometer.

2.4. Adsorption measurements

The NO, CO gas adsorption measurements were performed
with a gravimetric microbalance (MK2-M5, CI Electronics, LTD).
The masses of the sample and counterweight pans, the hooks,
the counterweight material and the hang chains of the microbal-
ance assembly were of the order of 1-300 mg per item and were
defined with an accuracy of +0.1%. The materials were appropri-
ately selected to induce a symmetrical configuration to the balance
setup in order to minimize buoyancy effects. The microbalance had
a 0.1 g stable resolution. The densities of the bulk gas phase that
were applied for the buoyancy correction of both the transient and
equilibrium data were calculated using the Benedict—-Webb-Rubin
equation of state for CO and NO. The referred uncertainty for this
equation lies in the order of 3% [33].
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2.5. Catalytic performance experiments

Catalytic activity data were obtained using a conventional fixed-
bed flow reactor at atmospheric pressure as described in our
previous work [34]. A quartz tube with an inner diameter of 2.8 mm
was chosen as the reactor tube. A mass of 100 mg of the catalyst was
placed at the middle part of the tube and packed within two pieces
of glass wool. The temperature was controlled within a maximum
variation of 0.2 °C by a PID automatic temperature controller. The
gas stream was preheated at the same temperature before enter-
ing the reactor bed. The gas leaving the reactor was analyzed at
30 min intervals by a Gas Chromatograph equipped with a 6-port
gas sampling valve and thermal conductivity (TCD)-flame ioniza-
tion (FID) detectors in series. A 30 feet packed column (HeysepD)
allowed for the separation of the gases of interest (NO, N, O, N5, CO,
CO,, 05, C3Hg) within 20 min and 10 more minutes were necessary
to allow for the cooling of the chromatograph oven to be ready
for the subsequent chromatographic run. In this study, catalytic
activity using simulated exhaust gases was mainly measured as a
function of temperature and CO/NO ratio, in rich conditions and as a
function of C3Hg concentration in the presence of O, at an elevated
temperature of 523 K. Water vapor was not introduced in the gas
streams in order to avoid complex effects of water gas shift reac-
tion (CO) and hydrocarbon reforming. A typical feed composition
of simulated exhaust gas was 3.5%,, CO, 18%,, C3Hg, 3.5%,,0] NO,
39%y01 CO2, and the balance He. The temperature range examined
at this composition was from 423 to 523 K. In another composition
the O, concentration at 523 K was kept at 10 %,,; and C3Hg concen-
tration changed 3 times between 13%,, and 2.5%,, from rich to
stoichiometric conditions. Space velocity was kept at 5500 h~1.

3. Results and discussion

The stoichiometry number, St, used to identify the redox char-
acteristic of the model gas mixtures is defined as in formula (1).

_ 2[0,]+[NO]
St = [CO] + 91GHe] .

When St<1,St=1, and St > 1, the composition of the feed stream
is net reducing, stoichiometric, and net oxidizing, respectively. Dis-
cussions on the performance of the catalyst in reducing conditions
were based on the conversion of NO (R), the selectivity for N, (S) and
the fraction of the oxygen desorbed either through the oxidation
of CO (Y¢o) or through the depletion of the catalyst support (Ysyp).
The following equations were used to derive the aforementioned

factors:

R= %volNOfeed — %vol NOoutlet
%volNOfeed

%601 COfeed — %vol COoutlet

%volNOfeed — %vol NOoutlet ’

9
J6volN2outlet

- %volNOreed — %volNOoutlet (2)
%vo] COZout]et - %vol CO2feed _ YCO
%volNOfeed — %volNOoutlet

Yco = sup =

3.1. Structural and morphological evaluation of the Rh/SWNTs

The Raman spectrum of the Rh-decorated SWNTSs in comparison
to as-received SWNTs is illustrated in Fig. 1(a). The high graphitic
quality of the nanotubes is confirmed by the strong radial breath-
ing mode (RBM) peak at 163 cm~!, and by the high intensity ratio of
the G over D band, which expresses the highly graphitized carbon
in relation to lattice disorders or amorphous carbon contributions.
In addition, the high crystalline quality of the nanotubes is indi-
cated by the fact that the G’-band exhibits a strong signal and
is completely free from defect contributions [35]. Comparing the
Rh/SWNT spectrum with that of the pristine SWNT, we observe a
significant enhancement of the RBM peak intensity after Rh dec-
oration by a factor of ~3.5, which has also been observed in our
previous work on Au/SWNT composites [34], as well as enhance-
ment of the Ig/Ip intensity ratio and of the intensity of the G’ line.

This Raman enhancement is attributed to the induced electric field
of the metallic nanoparticles acting on the SWNTs, as well as to
the existence of enhanced electromagnetic fields inside cavities
formed between nanoparticles with a separation of the order of
a few nanometers, in the proximity of the SWNTs [36,37].

XRD analysis (Fig. 1(b)) depicts the characteristic peaks of metal-
licRh at 26 0f 41.05°,47.64°, and 69.8°, corresponding to diffraction
from the (111),(200), and (22 0) crystallographic planes, respec-
tively.The (11 1)facetin particular, has been shown to be especially
active for the promotion of NO decomposition [20]. Applying the
Scherrer formula, which correlates the size of crystallites to the
broadening of the main diffraction peak, a value of 17 nm was
extracted for the mean size of the ordered domains. Rh crystallites
and SWNTs are organized into larger assemblies having an average
size of 40 nm, as shown in the TEM image in Fig. 1(c). The dark field
and higher resolution TEM images in Fig. 1(d) and (e), respectively,
reveal an average crystallite size of about 10-15nm, which is in
good agreement to the value extracted from the Scherrer method.
The existence of SWNTs is confirmed by the high resolution TEM
image of Fig. 1(f) showing a close view of a bundle consisting of
SWNTs. The XRD peaks at 44.41°, 51.83°, and 76.39° correspond to
(111),(200), (220) planes of FCC Ni indicating that despite the
fact that the nanotubes have undergone post-synthesis processing
for the removal of the metal catalysts used for growth, they still
contain an amount of remnant Ni particle impurities. Despite the
fact that a contribution to the activity of the catalyst by these parti-
cles is inevitable, this is expected to be relatively minor compared
to the Rh effect, based on comparative studies demonstrating low
activity of carbon-supported Ni toward NOx reduction, especially
at temperatures lower than 473 K [38].

Fig. 2 shows the TGA profile of the Rh-doped SWNTs in compar-
ison to pristine SWNT and pure PEG 200 in a temperature range of
30-1200°C(up to 400 °C for PEG 200) under oxygen flow. Oxidation
of PEG takes place in a single step of almost total weight loss occur-
ring between 110 and 240 °C. In the pristine SWNTs sample, the first
steep weight loss up to about 150 °C corresponds to the amount of
water that desorbs from the hydrophilic surface of the nanotubes,
which have been functionalized by ~-COOH groups during the acid
purification step. Oxidation of amorphous carbon impurities from
the pristine SWNT sample starts at 230°C and proceeds through a
drop of weight up to 460 °C. This transition includes the removal of
the -COOH functional groups, yet, at this stage, further oxygena-
tion of the nanotubes surface may also occur upon TGA. A steep
weight drop follows up to 510 °C, which corresponds to oxidation
of SWNTs, with a maximum mass loss rate observed at 498 °C. A
second major yet smoother step appears in the range of 520-780°C
reflecting gradual oxidative decomposition of SWNTs bundles until
complete combustion. The fact that SWNT combustion does not
take place in one single step is also attributed to the post-synthesis
acidic processing that creates defects to the nanotubes. The slight
slope change at about 650 °C indicates that graphitic particles that
are included in the pristine sample as impurities start oxidizing
at this temperature. Upon completion of carbon decomposition,
a residual weight of 6.7% was found, which is attributed to the
residual Ni catalyst particles that upon TGA have been transformed
to nickel oxide (NiO). Based on that, the content of Ni particles is
calculated to be 5.2%.

Concerning the TGA curve of Rh-doped SWNTs, all characteris-
tic steps observed in the pristine SWNT sample (amorphous carbon
combustion, steep and smoother SWNT oxidation) are also present
here, but all take place at lower temperatures. In addition, PEG
removal is expected at relatively low temperatures, based on the
TGA profile of the pure PEG shown in Fig. 2. The maximum decom-
position rate for the graphitic part of the Rh-doped SWNTs was at
390°C, in contrast to 498 °C for the pristine SWNT sample. More-
over, the smoother weight loss step at high T resembling to the
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Fig. 1. (a) Raman spectra of pristine and Rh-decorated SWNTs. (b) XRD pattern of the Rh-decorated SWNTs. (c) Particle dispersion in the Rh/SWNT composite. (d) Dark-field
TEM revealing the Rh crystallites. High resolution TEM images of (e) a particle assembly and (f) a nanotube bundle indicating the existence of SWNTs.

corresponding gradual step of the pristine SWNTs was found to
begin at 460°C versus 520°C for the pristine sample. Complete
decomposition of the Rh-doped SWNTs occurred also at lower tem-
perature (670°C), at which the remained mass corresponds to a

9.7%. For comparison, the combustion of the pristine SWNTSs at the
same temperature was still in progress with a remaining mass of
18.5%. The lowering in oxidation temperature of SWNTs upon Rh
decoration suggests that the oxidation of CNTs is catalyzed by the
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Fig. 2. TGA of Rh-doped SWNTs versus pristine SWNTs and pure PEG 200.

Rh nanoparticles. A similar effect has been reported upon thermal
oxidation of CNTs doped with La particles, where La acts as an oxy-
gen reservoir by forming LaO and O, molecules dissociate on the
LaO surface to atomic oxygen that probably migrates and reacts
with carbon upon heating under O,/air [39]. The Rh loading esti-
mated by the TGA curves of the Rh-doped and pristine SWNTs after
correcting for oxide formation is about 2% w/w.

3.2. Adsorption experiments

3.2.1. Adsorption of NO and CO at different temperatures

Adsorption results provided information on the onset tempera-
ture for the catalytic scission of NO by the developed Rh/SWNTs
catalyst and served the purpose of defining the optimum reac-
tion conditions for the efficient abatement of NOx from a gaseous
stream, by means of a packed bed microreactor. Moreover, by inter-
preting the transient results of adsorption it was possible to end up
with conclusions about the reaction kinetics and the lifetime of the
catalyst, which is limited by the stoichiometric oxidation of the
support material.

In the recent literature dealing with the application of carbon
materials as supports for the development of NO depleting catalysts
[29-31] the following reaction steps have been proposed:

NO(g) + * & % — NO (3)
#*—=NO+%—>*—N+%x—-0 (4)
2% =N — Ny(g) + 2% (5)
2% —0+C — COyg) + 2% (6)
*—0+C— COg) + * (7)

where the first two equations describe the adsorption and disso-
ciation of NO on the active metal centers of the catalyst which are
denoted with an asterisk, and Egs. (5)-(7) demonstrate the des-
orption pathways for nitrogen and oxygen in the form of N,, CO
and CO,. It is already defined that significant desorption of O, from
Rh (11 1) surfaces occurs only at temperatures above 1000 K [40],
a fact that designates oxygen desorption as the rate determining
step of the overall reaction mechanism. Thereby, at temperatures
up to 523 K, as those applied in this work, the experimentally con-
firmed oxygen desorption (loss of mass) proceeded exclusively via
the stoichiometric oxidation of the support material and the for-
mation of CO and CO,. The overall reaction can be regarded as a
catalytic reduction of NO with carbon as the reducing agent and is

Table 1
Adsorption experiments conditions and mass loss data.
Sample Period of Mass
mass (mg) experiment (h) loss (%)
Initial outgassing at 453 K 28.23 24 N/A
NO adsorption at 323 K 42
Outgassing at 453 K 28.88 24 -23
NO adsorption at 383 K 2823 20 0
Outgassing at 453 K ' 24
NO adsorption at 400 K 68
Outgassing at 453 K 27.98 24 0.9
NO adsorption at 423 K 2765 21 12
Outgassing at 453 K : 24 -
NO adsorption at 453 K 23
Outgassing at 453 K 2581 24 6.7
expressed with the following equation:
2xNO(g) + (v + 2)Cs)
— XNp(g) +yCOxg) +2C0) with x =E +0.5z (8)

From the results presented in Fig. 3(a), it can be concluded that
the exposure of the developed Rh/SWNTs sample at sequentially
increasing partial pressures of NO and temperatures above 400 K
led to considerable mass reduction due to the abruption of a fraction
of the carbon support in the form of CO and CO,. Moreover, as it can
be observed in Fig. 3(b), at high surface loadings (300-400 mbar),
carbon depletion was initiated even from the moderate tempera-
ture of 383 K (Fig. 3(b)). Comparison between the uptake capacity
for NO and CO at 323K (Fig. 3(b)) confirms that the adsorption of
NO on the rhodium surface is thermodynamically favored over the
adsorption of CO and that the dissociation step (Eq. (4)) can take
place at temperatures as low as 323 K and at low NO surface cover-
age. The intense hysteresis between the adsorption and desorption
curve of the NO isotherm at 323K is another indication of the
rhodium-catalyzed scission of NO. Elevated temperatures between
460 and 700K (the exact value depending on the NO coverage),
are usually necessary for desorbing the nitrogen (Eq. (5)) from Rh
surfaces that have provoked NO scission. Indeed, most of the NO
amount that was adsorbed at 323 K was still retained under high
vacuum conditions (Fig. 3(b)) in the form of *~N and *-0, revealing
that the forces that keep NO on the catalyst surface were stronger
than the van der Waals forces, which characterize physisorption.
Indeed, it has been shown that most molecules adsorb weakly and
reversibly on the CNT walls with a relatively small charge transfer
[41,42]. These molecules can act either as charge acceptors, such
as NOx and Oy, or donors, such as NH3 and H;O. In this regard,
we can quantify the contribution of the SWNTs in the overall gas
uptake by measuring the NO amount that is desorbed during out-
gassing at high vacuum and 323 K (about 1150 pmol per gram of
the overall catalyst, Fig. 3(b)). The amount remaining adsorbed after
outgassing is attributed to adsorption by the Rh particles through
NO scission and was found to be 1900 pwmol per gram of the overall
catalyst or else 5.7% of the total catalyst mass. After outgassing at
high vacuum and 453 K for 24 h, the NO amount remaining attached
on the catalyst surface corresponded to about 2.3% of the total mass
of the catalyst (Table 1).

Interesting to note is that the CO uptake on the surface of the
Rh/SWNTs catalyst was quite significant. As a comparison, pris-
tine SWNTs (Carbon Solutions Inc.) [43] exhibit less CO adsorption
capacity than the Rh decorated ones. The enhanced adsorption of
CO on Au and Rh nanoparticle-decorated SWNTs has been recently
investigated by means of both theoretical [44] and experimental
[45] studies and is attributed to the transfer of electron density
from the SWNT to the nanoparticle species during growth and the
accompanied transfer of electronic density back into the SWNT dur-
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Fig. 3. (a) Catalyst mass loss as a function of NO pressure at elevated temperatures

ing the adsorption of CO molecules on the nanoparticle surface. This
behavior may be very favorable for the catalytic abatement of NO
in gaseous streams that contain CO as reducing agent. Although
CO may occupy a fraction of the metal surface, the closeness of
the CO molecules to the oxygen occupied metal centers *-O will
certainly conclude to faster oxygen desorption rate in the form of
CO,.

Table 1 gives an overview of the adsorption experiments per-
formed, the sequence by which they were conducted, the total
period of the catalyst exposure at NO partial pressures from 10 to
400 mbar, and the total mass loss during these experiments. A first
outcome is that carbon depletion starts to be significant at temper-
atures well above 423 K. At the final temperature of 453 K, the mass
loss after 24 h on stream was about 6.7% of the total mass of the cata-
lyst. Overall, after 5 days of experimentation at temperatures above
400K and NO atmosphere, the total mass loss of the support was
8.6%.The depletion of the support had a negative effect on the effec-
tiveness of the catalyst to dissociatively adsorb the NO as indicated
in Fig. 4, where the adsorption curves of the catalyst at 323 K, before
and after the experiments at elevated temperatures, are illustrated
in comparison. This effect can be attributed to the agglomeration
of a fraction of the Rh nanoparticles that have started to lose their
firm attachment to the catalyst support. Especially, the reduction
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Fig. 4. Comparison of NO adsorption capacity of the catalyst at 323 K before and
after the experiments at elevated temperatures.
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. (b) Adsorption of NO at moderate temperatures in comparison with CO adsorption.

of the dissociation capacity is evident solely in the region of high
surface loadings (pressures above 30 mbar) where agglomerated
nanoparticles, due to the lower exposed surface area, are incapable
to accommodate the same number of adsorbed NO (see Eq. (3)) as
before. As can be defined from the adsorption isotherms in Fig. 4, a
mass loss of about 9% corresponds to a decrease of the NO scission
capacity of about 10%. It should be however noted that the catalyst
underwent adsorption tests under very intense oxidizing condi-
tions and that in gaseous streams containing also reducing agents
like CO and hydrocarbons the life cycle of the Rh/SWNTs catalyst
must be significantly extended.

3.2.2. Interpretation of the transient adsorption curves

From the transient NO exposure curves, presented in Fig. 5, it
can be concluded that the surface loading for the initiation of sub-
strate depletion depends inversely on the temperature. Specifically,
the mass loss of the catalyst started to be detectable at NO pres-
sures of 5, 23, 50 and 225 mbar at the experimental temperatures
of 453, 423, 400 and 383 K, respectively. Interesting to note is that
whenever carbon removal began at low surface coverage (below
100 mbar), like in the case of 423 and 453 K (Fig. 5(c) and (d)), the
pressure step was accompanied by an immediate mass uptake fol-
lowed by an almost linear with time mass decline. In this case the
mass uptake corresponds to the adsorption of more NO molecules
onto unoccupied active sites of the metallic surface. As soon as
NO binds on all available active sites, the catalyst mass decreases
continuously from the beginning of a pressure step. By examining
the transient curves at elevated temperatures as well as the NO
adsorption isotherm at 323 K (Fig. 4), it was concluded that at NO
pressure around 100 mbar the surface coverage of the Rh/SWNTs
catalyst was complete. The NO loading capacity of the catalyst was
1.62 mmol/g (Fig. 3), and by taking into account the nanoparticle
mass percentage (2%, w/w), as derived from the TGA analysis, this
is translated to 80 mmol per gram of deposited Rh.

The linear part of the transient curves was further exploited in
order to derive the NO abatement rates. Taking into account that
the ratio (k) of the moles of NO that are reduced over the moles of
the carbon removed from the support of the catalyst takes values
between 1 and 2 (Eq. (8)), it is possible to express the slopes of
the transient curves (mgC/s, Fig. 5) at the steady state conversion
in terms of wmol of reduced NO per minute and gram of catalyst.
The results for k=1.5 are presented in Table 2. It can be seen that
small increments of the temperature from 400 to 423 K and from
423 to 453K had a significant effect on the NO abatement rate,
which became 10-30 times faster. Moreover, the minor effect of
the carbon removal on the activity of the catalyst is demonstrated
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Fig. 5. Transient curves of Rh/SWNTs exposure to different NO pressures at (a) 383K, (b) 400K, (c) 423K, and (d) 453 K.
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Table 2
NO abatement rates derived from the adsorption transient curves.
T (K) Pressure (mbar)
383 6 15 47 112 225 330 470
nr nr nr nr 0.52 0.828 0.793 (pmol/min/g)
400 6 15 48 112 225 330 470
nr nr nr 0.74 0.53 0.54 0.65 (pmol/min/g)
3 4 8 23 230 430 500
nr nr 0.44 6.9 17.63 15.8 (pmol/min/g)
453 5 12 50 120 250
1.67 37 11.3 13.7 12.2 (mol/min/g)

nr=no reaction observed.

by the small decrease of the reaction rate (about 10%) upon the
pressure increments from 430 to 500 mbar at 423 K and from 120
to 250 mbar at 453 K.

The higher importance of the above experiments was that they
provided a rough approximation of the NO abatement rate, thus
making possible to predict the conversion that will be achieved
in a packed bed microreactor under certain conditions. As a case
study, Fig. 6 illustrates the catalytic conversion obtained by 100 mg
of the Rh/SWNTs material at 453 K under the conditions described
in Table 3. Helium was used as the balance gas of the mixture.
Introducing the data of the table in the following equations, it was
possible to calculate the total time (t) of NO residence in the reactor
in contact with the catalyst, the amount (A) of NO reduced during
this period, and from these, the R% NO conversion:

;o LxS
F x %yo1NOfeed ’

A
= F Xt x %y0\NOfeeq

A(ml) =K x t x m x 0.0224,
9)

A conversion value of 0.021 was predicted under these con-
ditions, which comes into convergence with the experimentally
obtained conversion in the steady state conditions achieved after
about 120 min on stream (see Fig. 6).

3.3. Catalytic conversion

3.3.1. Rich conditions at different temperatures and CO/NO ratios
The examination of the effect of temperature and CO/NO ratio on
the NO abatement efficiency of the catalyst, at rich conditions, was
performed at a stoichiometry number St of about 0.02. Five catalytic
tests were conducted and Table 4 pertains to the complete set of
experiments and the corresponding figures, together with the def-
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Fig. 6. Gas phase concentration and NO conversion evolution in a fixed-bed flow
reactor accommodating 100 mg of the catalyst.

inition of the flow/bed parameters, feed composition, regeneration
procedure, and the steady state performances and concentrations
in the outlet of the reactor. The calculation concerning the N, N,O
selectivity and the fraction of oxygen desorbed either through CO
oxidation or substrate depletion was performed according to the
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Table 3
Conditions for NO conversion in a fixed-bed flow reactor at 453 K.

Catalyst mass Bed volume Bed length Bed cross-section T (K) Reaction rate (K) Total flow rate %vo gas feed
(m)(g) (ml) (L) (cm) (S) (cm?) (mol/min/g) (F) (mlmin~')

NO Cco Cs CO,
0.1 047 7.7 0.0615 453 11.3 43 3.1 3.6 17.8 29.2

stoichiometry of the reaction 2NO +2CO <« N, +2CO, by using Eq.
(2).

As observed in Fig. 7(a), during the initial stages (10 min) of
the first catalytic test that took place at the lower temperature
(400K) there was a small decrease of the NO and CO concentra-
tion in the outlet stream, which however, was not accompanied
with the appearance of N, or the increase of the CO, concentra-
tion. The relative pressure of NO in the feed was 36 mbar and as
already concluded from the adsorption results (Table 2), for small
NO pressures up to 48 mbar and at the temperature of 400K the
surface coverage of the Rh catalyst is not so extended for N, des-
orption and substrate depletion to occur. Thereby, the disturbance
of the NO and CO concentration in the outlet of the reactor can be
regarded as the result of adsorption. An interesting remark coming
out from Fig. 7(b) is that the mechanism of adsorption-dissociation
of NO on the Rh catalyst is much faster than the mechanism of CO
adsorption, which continued to evolve even after 3 h on stream.

The effect of dynamically increasing the temperature up to 523 K
is illustrated in Fig. 7(c). The NO conversion factor R was 1 and
remained stable for more than 2 h on stream, whereas the selectiv-
ity S for N, during this period has been slightly altered from 0.79
down to 0.76. Indeed, although 3.54%,, of NO was fully abated
on the catalyst, the N, concentration in the exhaust was about
1.4%,,), instead of 1.77%,,, as would be expected for an N, selec-
tivity value of S=1. Moreover, although the feed concentration of
CO (3.24%,,1) was below the stoichiometric ratio for the reaction
2NO+2CO0 < N, +2CO0,, there was a considerable amount of CO
remaining in the exhaust stream (~0.62%,,,) that is attributed to
the contribution of the support as a reducing agent. Indeed, a frac-
tion of the adsorbed oxygen was removed through the oxidation
of CO, Yo =0.74, another fraction through the support depletion,
Ysyp =0.135, and the rest 0.125 as N, O. In this context, we can claim
that the presence of the reducing gas can considerably enhance the

Table 4

lifetime of the catalyst especially when working at temperatures
above 500 K. The CO, concentration has been increased by a per-
centage of 3.1%,,, instead of 3.54%,, as would be expected from
the complete abatement of NO, a fact that further evidences the
desorption of part of the adsorbed oxygen as N,O.

During the second catalytic test (Fig. 8(a)) performed at 473 K
with a stoichiometry number St of 0.0195, the NO conversion fac-
tor achieved at the first 10 min on stream was R=1 (regarded as
both adsorption and conversion) and reached a steady state value
of 0.42 within the next 2 h. This efficiency is significantly higher
than those referred in the recent literature for catalytic systems of
Rh-decorated MWNTs [30,31] and Rh decorated silica [2,46] and
alumina supports [2,47,48], and is attributed to the use of SWNTs
support, to the good dispersion, small size, and firm contact of the
Rh crystallites with our SWNTs facilitated by PEG functionaliza-
tion, and to the beneficial contribution of the carbon matrix which
acts as a reducing agent that facilitates oxygen desorption at lower
temperatures. The N, selectivity was 0.96 compared to the 0.76
obtained for almost the same St value (1st catalytic test), at higher
temperature (523 K) and at CO/NO ratio <1, a fact indicating the
beneficial effect of the excess CO on the preferable desorption of
oxygen as CO, rather as N,O. Rising the temperature up to 523K
led again to NO conversion factor of R=1 but in this case, due to the
excess CO, the selectivity for N, was S=1. Moreover there was a
slight indication of substrate depletion. The positive effect of CO is
also evidenced in the third experiment (Fig. 8(b)), which was per-
formed at 473 K and a stoichiometry number St of 0.0144, but in a
high excess of CO (CO/NO = 1.44). The NO conversion factor in this
case was R=1 during 4.5 h on stream, the N, selectivity was S=1,
and there was no indication for depletion of the support.

The beneficial contribution of the support on the efficiency of the
Rh catalyst was proclaimed during the 4th experiment. Working
at a CO/NO ratio of 0.95 and at very low temperature (423 K) we

NO abatement catalytic experiments under rich conditions at different temperatures and CO/NO ratios.

1st test. Fig. 7(a)-(c). Regeneration conditions: 6 h 350 °C with helium and overnight 200 °C with helium. St/GHSV/total flow-0.0215/5473 h~'/43 ml min~!

NO N, N0 co CO, C3He

Feed concentration 3.54 0 0 3.24 39.0 17.99
R s s Yco Ysup Yn20

400K - - - - -

523K 1 0.76 0.2 0.74 0.135 0.125

2nd test. Fig. 8(a). Regeneration conditions: 5 h 350 °C with helium and overnight 200 °C with helium. St/GHSV/total flow-0.0195/5473 h~'/43 ml min~!

Feed concentration 3.14 0 0 3.22 32.45 17.55
R s S Yco Ysup Ynzo

473K 0.42 0.96 1.06 0 -

523K 1 1 0.0 0.99 0.074 -

3rd test. Fig. 8(b). Regeneration conditions: 6 h 350 °C with helium and overnight 200 °C with helium. St/GHSV/total flow-0.0144/5473 h~'/43 ml min~!

Feed concentration 2.44 0 0 3.52 30.3 18.46
R S S Yco Ysup Yn20

473K 1 1 0 1 0 -

4th test. Fig. 8(c). Regeneration conditions: 6 h 350 °C with helium and overnight 150 °C with helium. St/GHSV/total flow-0.0218/5473 h~'/43 ml min~!

Feed concentration 3.502 0 0 3.334 36.6 17.508
R s s Yco Ysup Yn20

423K 0.03 1 0 0.74 0.27 -

5th test. Fig. 8(d). Regeneration conditions: 6 h 350°C with helium and overnight 180°C with helium. St/GHSV/total flow-0.0190/5473 h~1/43 ml min~"!

Feed concentration 3.11 0 0 3.58 29.2 17.79
R s N Yco Ysup Yn20

453K 0.1 0.96 0 0.81 0.24
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obtained a steady state NO conversion of R=0.03 with N, selectivity
S=1.The fraction of oxygen desorbed as CO was Yco =0.74 and the
fraction desorbed through the support depletion was Ysyp =0.27.
It should be noted that this is the first time that NO abatement
even of the order of 3% is reported at such a low temperature. At
a CO/NO ratio of 1.15 and 453 K (5th experiment) the steady state
conversion was more prominent reaching the value of R=0.1 with
N, selectivity S=0.96 and oxygen desorption fractions of Ycg =0.81
and YSUP =0.24.

From the results presented in this section it can be concluded
that the contribution of the support in the oxygen desorption from
the catalyst surface starts to be significant at moderate temper-
atures below 473K and depends on the CO/NO ratio; e.g. lower
ratio results to higher fraction of oxygen desorbed through support
depletion. At the highest examined temperature of 523 K the sup-
port contribution was significant only for a moderate CO/NO ratio
of 0.9. This was also the only test where desorption of oxygen as
N, O was observed. The catalyst retained its activity for more than
24 h on stream with intermediate steps of regeneration in helium
atmosphere every 4.5 h.

3.3.2. Conversion in the presence of oxygen at 523 K for different
HC concentrations

The experiments in the presence of O, were performed at 523 K
and a stoichiometry ratio St, from 0.184 to 1.05. The concentration
of oxygen and the CO/NO ratio were kept constant while the C3~
concentration was changed from 13.4%,,; to 2.5%,,;. A first remark
coming out when examining the results presented in Fig. 9(a)-(c)
is that in all cases examined, from net reducing to net oxidizing,
an amount of N, O was found at the reactor exhaust stream due to
the fact that excess oxygen consumes a significant fraction of the
reducing gases that favor the *~N desorption as N». In the presence
of excess oxygen there are two main reaction paths, apart from

the support depletion, that conclude to the production of carbon
dioxide:

4CO + 2NO + O, — 4C0, +N>
2C3Hg +90, — 6CO, +6H,0

(10)
(11)

By examining the results presented in Table 5 and Fig. 9(a) it
can be seen that when working at the higher C5~ concentration of
13.4%,, (lower stoichiometry ratio St), the presence of oxygen has
not any significant effect on the efficiency of the catalyst that exhib-
ited NO conversion factor of R=1 and N selectivity S=0.9 for more
than 3 h on stream. From the stoichiometry of the aforementioned
oxidation reactions and the experimentally derived conversions
of CO and C3Hg, a consumption of 10.05%,, O, and a production
of 8.3%,,1 CO, can be calculated. The excess oxygen consumption
of 0.65%,, (10.05-9.4) resulted from the NO scission, while the
excess CO, production of 0.7%,,; (38.3-29.3-8.3) resulted from the
support depletion.

It is interesting to note that excess oxygen consumption and
excess CO, production come into convergence, a fact indicating
that most of the oxygen that is produced out of the NO scission
is desorbed through the support depletion according to the stoi-
chiometry of the reaction Cs + 0, — CO,. Lowering the C3~ to the
half (6.4%,,1) had no effect on the NO conversion efficiency R=1,
(Fig. 9(b), Table 5), whereas the N, selectivity had dropped from
0.92 to 0.74. By applying calculations similar to these applied in
the previous experiment, the excess oxygen consumption result-
ing from the NO scission was defined at 2.1%,,,; whereas the excess
CO, production from the support depletion was 2.0%,,,. Thereby,
decreasing the HC concentration resulted in higher contribution of
the support to the oxygen desorption and as a consequence the NO
abatement capacity remained unaffected.

Signs for deterioration of the NO abatement efficiency are given
in the 3rd experiment (Fig. 9(c)) where the applied stoichiomet-
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Table 5
Catalytic experiments in the presence of oxygen at 523K for different HC concentrations.

1st test. Fig. 9(a). Regeneration conditions: 6 h 350 °C with helium and overnight 180 °C with helium. St/GHSV/total flow-0.184/5473 h~'/43 mI min~!

NO co N2 0, Cs3 CO; N0
Feed concentration 3.7 2.0 0.0 9.4 134 29.3 0.0
R s s
523K 1 0.9 0.1
2nd test. Fig. 9(b). Regeneration conditions: 6 h 350 °C with helium and overnight 180°C with helium. St/GHSV/total flow-0.427/5473 h~'/43 ml min~!
NO co N, 0, (o Co, N0
Feed concentration 3.7 143 0.0 10.7 6.36 33.55 0.0
R s s
523K 1 0.74 0.35
3rd test. Fig. 9(c). Regeneration conditions: 6 h 350 °C with helium and overnight 180 °C with helium. St/GHSV/total flow-1.05/5473 h=1/43 ml min~!
NO co N, 0, Cs co, N0
Feed concentration 3.0 0.96 0 10.3 2.5 322 0
R s
523K 0.92 0.6
ric ratio, St, was above 1. The conversion factor R drops to about
0.92 whereas the N, selectivity S to 0.42. The excess oxygen con-
sumption and the excess CO, production were calculated at 1.86
a 40 T 40 and 1.85%,,, respectively. From the experiments performed in the
35 13 presence of oxygen, it can be concluded that the HC content mainly
—<O= NO% ——CO% affects the selectivity of the NO conversion toward the production
3.0 —=—N2% —®—N20% T30 of nitrogen. The conversion efficiency remains unaffected whereas
@ 2541\ —%—02% —e—CO02% + 25 the support contribution to the desorption of oxygen seems to level
EO” 20 —6—C3=% 190 off at stoichiometric conditions.
>
X 15 +15 4. Conclusions
1.0 410
SWNT functionalization with PEG-200 led to formation of highly
0.5 TS active Rh nanoparticles that were dispersed and adequately sta-
0.0 — 0 bilized on the surface of the nanotubes. PEG acted as particle
0 50 100 150 200 250 attachment agent, reducing medium, and agglomeration inhibitor
time on stream (min) for both nanotubes and particles. The high activity of the developed
nanostructured catalyst even at low metal loadings and the signifi-
b cant contribution of the graphitic support were confirmed by inter-

% vol gas

0 50 100 150 200 250 300
time on stream (min)

Cc 3.0<? T 50
\
\ 140
—¢= NO% —A—CO%
2 20%\  _mNe% —=N20% |4
()]
5 \\ —%—-02% —e—CO2%
>
° |+ C3=% 120
110
0.0 — o F—h—1 0
0 50 100 150 200

time on stream (min)

Fig. 9. Reactor outlet concentration at 523K and (a) St=0.184, (b) St=0.427, (c)
St=1.05. Red symbols correspond to the secondary y-axis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of

the article.)

preting the transient adsorption curves of the catalyst mass change
upon exposure to NO at different partial pressures and tempera-
tures. The onset temperature for oxygen desorption was defined
at 383K and NO partial pressures above 250 mbar, while similar
SWNTs-supported noble metal catalyst systems start to be effective
at temperatures higher than 523 K. The life cycle of the developed
catalyst was investigated by NO exposure experiments at different
temperatures both in the presence and absence of a reducing gas.
It has been reported that a mass loss of about 9% due to the carbon
support depletion at pure NO atmosphere resulted in a decrease of
the NO scission capacity of the Rh nanoparticles of about 10%. In the
presence of a reducing gas like CO however, the catalyst retained
its activity for more than 24 h on stream with intermediate steps
of regeneration in helium atmosphere every 4.5 h. Moreover, it was
found that the contribution of the support to the oxygen desorption
from the catalyst surface was more significant at moderate temper-
atures below 473 K and depended inversely on the CO/NO ratio.
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