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Abstract: The reduction of NO by activated carbon over a Cu-K-O mixed oxide catalyst was investigated. We found that the addition of K to
CuO obviously improved its catalytic performance and stability, and the optimum Cu/K weight ratio is 2. Characterization by X-ray photo-
electron spectroscopy, X-ray diffraction, and temperature-programmed desorption shows that the presence of K can promote the reaction
between the surface carbon active sites and the surface oxygen species to form CO; by a synergetic effect between Cu and K. Additionally, a
higher surface concentration of Cu”" is retained, which favors the Cu**/Cu" reduction cycle on the active sites.
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Fig. 1. Effect of K content on the reduction of NO by AC over the

Cu-K-O catalyst for T5 (1) and Tig (2) are the temperatures at which
50% and 100% of the NO was reduced, respectively.
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Fig. 2. Effect of reaction temperature on the catalytic performance of

the K,O/AC (1), CuO/AC (2), and 2Cu-K-O/AC (3) catalysts for the
reduction of NO by AC.
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Fig. 3. Effect of reaction time on the catalytic performance of the

K,0/AC (1), CuO/AC (2), and 2Cu-K-O/AC (3) catalysts for the re-
duction of NO by AC.
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Table 1 Cu 2p;, binding energies (£,) for CuO/AC and 2Cu-K-O/
AC before and after the reaction

Ey, before reaction (eV) E,, after reaction (eV)

Catalyst cu’, Cu* Cu** cu’, Cu* Cu**

CuO/AC 932.7 934.5 932.6 934.9
(815%)  (185%)  (92.6%)  (1.4%)

2Cu-K-O/AC 932.6 934.2 932.7 934.2
(86.9%)  (13.1%)  (87.5%)  (12.5%)
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Fig. 4. XRD patterns for CuO/AC and 2Cu-K-O/AC before (a) and
after the reduction (b) of NO at 400 °C for 300 min.
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The removal of NO, from the exhaust gases of various
combustion sources is still a problem for the pollution control
of waste gas, and it has gained worldwide attention in recent
years. Intense research effort has been devoted to the control
of NO, emissions [2] and to the development of highly ef-
fective technologies for NO, removal because NO, has been
identified as a component in acid rain and photochemical
smog, and it has been implicated in the destruction of ozone
[1]. Using ammonia as a reducing agent, supported metal
oxide catalysts exhibit high activity and selectivity for the
selective catalytic reduction (SCR) of NO, which is the most
widely used technology for NO, elimination. However, the
emission of unreacted ammonia may also pollute the envi-
ronment, and the storage and transportation of ammonia is
not desirable [3].

The use of carbon materials as reducing agents instead of
ammonia has been proposed as a possible way to reduce NO,
and thus the re-pollution effect of unreacted ammonia and its
storage and transportation can be avoided. Among the vari-
ous carbon materials, activated carbon (AC) with its high
surface area, bulk porosity, and various surface chemical
properties has been recognized as a good adsorbent and
support. Potassium [4] and some transition metals (Fe, Cu,
Co, and Ni) [5-7] have been used as catalysts for NO reduc-
tion by activated carbon and other chars. One of the advan-
tages of this process is the high selectivity to N, of almost
100%.

Copper oxide, as a conventional oxidation catalyst, has
high activity but low stability and potassium oxide has good
stability and good activity for the oxidation of carbon by NO,
[4,8]. Simultaneous removal of NO, and carbon soot from a
simulated diesel engine exhaust, the Cu-K-O mixed oxide
exhibits a better catalytic activity [9]. The role of K in this
catalyst for the simultaneous removal of NO, and soot is still
unclear while carbon soot is mainly combusted by oxygen.

However, the process of NO, removal by AC reduction
during deNO, at the exhausts of coal-fired power plants is
different from that of the simultaneous removal of NO, and
soot in diesel engine exhausts. This is because AC as a re-
ducing agent in the deNO, process for power plant exhaust
gas cannot be oxidized by oxygen.

Transition metals (Fe, Co, and Cu) supported on AC have
been studied as catalysts for the reaction of carbon and NO
[6,7,10,11]. We have previously found that Cu is highly
active for the reduction of NO by AC at low temperature
[6]. As a modifier, the presence of K on the surface of AC
can improve its ability to adsorb NO, [12]. Therefore, an
investigation on the synergetic effect between Cu and K for
the improvement of the catalytic activity and stability of NO
reduction by AC and the inhibition of CuO deactivation
during the reduction of NO by AC is warranted.

In this paper, the effect of K addition to CuO on the cata-
lytic performance of Cu-K-O for NO reduction by AC was
studied and factors affecting the activity as well as the sta-
bility of the CuO catalyst for NO reduction by AC were also
investigated. Based on the surface reaction of the oxygen
species and the carbon active sites, the synergetic effect
between copper oxide and potassium oxide for the im-
provement of the catalytic activity and the stability are dis-
cussed.

1 Experimental
1.1 Catalyst preparation

The original activated carbon (AC, Shanghai Activated
Carbon Co., Ltd.) was prepared by the carbonization of
coconut shells under nitrogen and further activation with
steam. Its BET surface area was 620 m’/g. The AC sample
was then sieved to 20-40 mesh, washed with deionized
water and dried at 110 °C overnight.

The Cu-K-O/AC catalyst was prepared by impregnating
AC with an aqueous solution of Cu(NO;), and KNO; at
room temperature for 4 h, and then aged at 40 °C for 4 h, at
60 °C for 2 h, and at 80 °C for 0.5 h, respectively. After
being dried in air overnight at 120 °C, the catalyst sample
was calcined in N, at 300 °C for 2 h. The loading of Cu and
K in the Cu-K-O/AC catalyst was about 10%, which was
determined by burning off the carbon supports and exclud-
ing the ash content of AC. 2Cu-K-O/AC consisted of 6.67%
Cu and 3.33% K on AC, in which the weight ratio of Cu/K
was 2.

1.2 Catalyst characterization

The BET surface areas of the samples were measured on a
Micromeritics ASAP 2020 instrument by N, adsorption at
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—196 °C and the BET method. The samples were degassed at
120 °C and 1 x 10~ Pa for 10 h before the measurements.
The X-ray diffraction (XRD) patterns of the samples were
recorded on a Bruker/D8 Focus X-ray powder diffractome-
ter with Cu K, radiation and with a working voltage of 40
kV and a current of 40 mA. X-ray photoelectron spectros-
copy (XPS) was carried out on a Thermo ESCALAB 250
with Al K, radiation (hv= 1486.6 e¢V). The pressure of the
analyzer chamber was 1 x 107 to 2 x 10™ Pa. All the bind-
ing energies (E,) were calibrated using the C 1s line (284.6
eV) of adventitious carbon. The Cu 2p;, peaks were de-
convoluted using the Shirley-type baseline and an iterative
least-squares optimization algorithm.

Temperature-programmed desorption (TPD-MS)[13] was
carried out in a quartz flow reactor (¢ 10 mm X 300 mm)
system coupled to a quadrupole mass spectrometer (IPC400,
INFICON Co. Ltd.). In the NO-TPD experiments, 200 mg
sample was used after being pretreated 120 °C in a He flow
of 50 ml/min for 1 h, and then cooled to 50 °C. After 1%
NO-99% Ar (50 ml/min) was passed through the sample for
30 min, the sample was flushed with He at the same tem-
perature until no NO was detected. The NO-TPD of the
sample was performed in 50 ml/min He and the heating rate
of 10 °C/min. In the direct TPD testing of the sample the He
flow was also 50 ml/min.

1.3 Catalytic performance

The catalytic reduction of NO by AC was carried out at
atmospheric pressure in a fixed bed microreactor (®10 mm
x 300 mm). The outlet gases were analyzed by two gas
chromatographs (Fuli 9790, KeChuang 8810) with two
thermal conductivity detectors and two separation columns.
A Poropak Q column was used for the separation of CO,,
N,O, and H,0, and a 5 A zeolite column was used for the
separation of NO, N, and CO. A 500 mg catalyst was used
and the space velocity (GHSV) was 20000 h™' while the
concentration of NO in Ar was 0.2%. The NO reduction
reaction was evaluated using a temperature-programmed
reaction (TPR) at a heating rate of 3 °C/min from 100 to
500 °C, and the temperature of the isothermal reaction was
400 °C. In the reduction of NO, N, was the intended product
and N,O was also formed but its concentration was too low
for detection.

2 Results and discussion
2.1 Catalytic activity for the reduction of NO by AC
The effect of catalyst composition or K content on the

catalytic performance T, (the reaction temperature for 50%
NO conversion) and Ty, (the reaction temperature for 100%

NO conversion) for the reduction of NO by AC are shown
in Fig. 1. Ts, data shows that the catalytic activity of K,O is
much lower than that of CuO. T, over K,O is ~380 °C and
Tsy over CuO is ~330 °C. At a K loading of 3.33%, that is, a
Cu/K weight ratio of 2/1 the catalyst was found to have the
highest activity. Tsois 317 °C. The Tjgo curve shows that the
catalytic activity of K,O was similar to that of CuO and T
over K,O is 433 °C while T}y, over CuO is 430 °C. After K
was added to the CuO catalyst, T’y declined obviously and at
a Cu content of 6.67% and a K content of 3.33%, T is only
390 °C.

Figure 2 shows the catalytic activities of different cata-
lysts for the reduction of NO by AC. The results show that
for the catalytic reduction of NO by AC at lower than 300 °C,
K,0/AC is hardly active and CuO/AC has a similar activity
to 2Cu-K-O/AC. At higher than 300 °C, the presence of K in
CuO can obviously improve its catalytic activity.

Figure 3 shows the variation in NO conversion for reaction
times from 10 to 300 min at 400 °C. Over the K,O/AC
catalyst, ~74% NO was reduced in a stable manner by AC.
Over the CuO/AC catalyst, the NO conversion gradually
decreased from 90% to 50% with an increase of the reaction
time from 10 to 300 min. For the 2Cu-K-O/AC catalyst, a
stable NO conversion of higher than 95% was obtained.
These results indicate that the 2Cu-K-O/AC catalyst has
remarkably superior performance compared with that of the
CuO or K,O catalysts for the catalytic reduction of NO by
AC. Based on the BET surface area data for CuO/AC (492
m’/g), 2Cu-K-O/AC (430 m’/g) and K,O/AC (465 m’/g),
the promotional effect of K on the CuO catalyst may be
considered to be a chemical synergetic effect between CuO
and K,O rather than an improvement of the textural proper-
ties such as the surface area of the CuO catalyst.

2.2 XPS result

Cu 2p;;; XPS spectra of CuO/AC and 2Cu-K-O/AC before
and after the reduction of NO at 400 °C for 300 min were
obtained (spectra not shown), and the Cu 2p;, XPS data are
listed in Table 1. It has been reported that the cu* species
(3d) has a shake-up satellite peak (2p—3d) at about 10 eV
higher than the Cu 2ps), transition [14,15], which is often
used to differentiate between Cu®* and reduced copper. Dis-
tinguishing between Cu’ and Cu” using XPS data is difficult
because the E, of Cu’ (932.7 eV) is very close to the E;, of
Cu' (932.6 eV) [16].

The Cu 2p;, XPS spectra of the catalysts show that the
intensities of the peaks at relatively low binding energies
increase because of Cu" reduction by AC to Cu” or Cu’, and
a decrease in the peak intensity of the oxidized species (Cu®")
with very few shake-up satellite peaks is apparent. After the
catalyst was used in the reaction, the Cu 2p;, peak area of
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Cu*" was reduced obviously indicating a decrease in the
amount of Cu®" after use, because some Cu”" are reduced by
AC [17,18]. The Cu 2ps,, XPS data in Table 1 show that the
amount of Cu®” species in the fresh CuO/AC catalyst de-
creased from 18.5% to 7.4% after the reaction, and that for
the 2Cu-K-O/AC catalyst the amount of Cu®" species after
use hardly changed while the shake-up satellite peaks were
also unchanged. These results show that the presence of K
can remarkably improve the stability of CuO/AC. The lower
stability of CuO/AC (Fig. 2) is due to the reduction of the
Cu”" species during NO reduction, and the high initial activ-
ity of CuO/AC in the reduction of NO can be attributed to the
higher amount of surface Cu®". Because Cu’ (or Cu’) are
re-oxidized difficultly by NO at 400 °C, the amount of sur-
face Cu’" cations is lower resulting in the deactivation of
CuO/AC. 2Cu-K-O/AC is more stable than CuO/AC since
the addition of K promotes the re-oxidation of Cu” (or Cu’) to
Cu”" and the oxidation/reduction cycle of the active species.

2.3 XRD result

The XRD patterns of CuO/AC and 2Cu-K-O/AC before
and after the reduction of NO are shown in Fig. 4. For the
fresh catalysts, two broad diffraction peaks are apparent for
the graphitic structure, which indicates that this AC has a low
degree of graphitization. The peaks observed at 26 = 35.5°
and 38.7° are the CuO diffraction peaks. The presence of K in
the sample weakens the CuO diffraction peaks because of the
decrease in Cu content (6.67%). In the XRD patterns (Fig.
4(b)) of the samples used in the reduction of NO at 400 °C for
300 min, Cu,O diffraction peaks were observed at 26 = 36.4°
and 42.3°, and the Cu’ diffraction peaks expected at 26 =
43.3° and 50.4° were too weak to be detected, which shows
that small amounts of Cu’ were produced or that the Cu’
cations were highly dispersed on AC. These results show that
CuO is reduced by the carbon substrate to lower oxidation
states (Cu,O) during the reaction, and the presence of K
weakens the Cu,O diffraction peaks, which corresponds to
the higher surface concentration of Cu*" and its lower loading
in the sample.

2.4 TPD result

The NO (m/z = 30) and N, (m/z = 28) desorption curves
from TPD-MS of NO adsorbed on AC, CuO/AC, K,0O/AC,
and 2Cu-K-O/AC samples are shown in Fig. 5. In the de-
sorption spectra of NO (Fig. 5(a)), the peak area for NO
desorption over K,O/AC was found to be higher than that
over 2Cu-K-O/AC and CuO/AC, while AC gave the lowest
value. The peak temperatures of NO desorption over
K,0O/AC, 2Cu-K-O/AC, CuO/AC and AC were ~400, ~250,
~210, and ~135 °C, respectively. The desorption peak be-

havior depends on the strength and amount of NO adsorp-
tion. NO, as an acidic gas, can adsorb strongly onto the ba-
sic K,O/AC resulting in the highest adsorption strength and
highest amount of adsorption among the four studied sam-
ples. AC can also adsorb NO but its absorption strength and
absorption amount is the lowest among the studied samples.
The presence of K improves the ability of CuO/AC to ad-
sorb NO.

Figure 5(b) gives desorption curves for N, in TPD of NO
adsorbed over the four samples. K,O/AC gave the highest
amount of N, desorption as shown by the peak at ~420 °C but
the reduction temperature was too high. 2Cu-K-O/AC has
two peaks at ~280 and ~340 °C and CuO/AC has a small
peak at ~250 °C. AC has a very small N, desorption peak at
~135 °C, which shows that AC hardly reduces uncatalyzed
NO. The results in Fig. 5 show that K,O is a good interme-
diate for NO, storage and the addition of K to the CuO
catalyst can obviously enhance the adsorption strength and
the amount of absorbed NO while increasing its catalytic
activity for the reduction of NO by AC.

Figure 6 shows the CO, and CO desorption curves during
the direct TPD (in a He flow) of 2Cu-K-O/AC, CuO/AC,
K,O0/AC, and AC. CO, and CO are the products of the sur-
face carbon active sites reacting with surface oxygen groups
[7]. For the K,O/AC sample, two CO, desorption peaks (a
very small peak at 200 °C and a larger peak at 420 °C) are
present. In the CO, desorption profile of CuO/AC, two main
peaks are present at 255 and 450 °C. Adding K to CuO can
obviously increase the intensities of the CO, desorption
peaks, that is, the presence of K promotes the catalytic reac-
tion between the surface carbon active sites and the surface
oxygen species over CuO by a synergetic effect between Cu
and K. For the AC sample, a large CO, desorption peak is
present at 150~500 °C, which is attributed to the reaction
between the carboxylic acid groups and C to form CO, [6]
and this reaction is mostly prevented by supporting the CuO
and/or K,O catalyst components.

For the desorption curves of CO in the direct TPD of AC,
CuO/AC and 2Cu-K-O/AC (Fig. 6(b)), CO was hardly de-
tected at below 500 °C. For K,O/AC, a large CO desorption
peak is present at ~420 °C with much more CO, desorption
having occurred (Fig. 6(a)). This indicates that K plays an
important role in the reaction between surface carbon active
sites and the surface oxygen groups leading to the formation
of CO and CO,.

The promotion role of K,O for the formation of CO, on the
surface of AC is attributed to the weakening of the C-C
bonds by K, which helps in the formation of active sites on
the surface of carbon [19,20] and this leads to the activation
of the surface oxygen species to enable a reaction with sur-
face carbon active sites. This situation is similar to that of
adding K (as K,COs) to iron oxide as an electron source for
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iron, which results in the easier reduction of iron cations by
carbon [9]. If the oxidant NO exists on the carbon surface, K
in 2Cu-K-O/AC can promote the formation of carbon surface
active sites and activate the adsorbed NO, resulting in an
improvement of the reduction of NO by AC.

3 Conclusions

In summary, we found that K is a highly effective pro-
moter of the CuO catalyst for the catalytic reduction of NO
by AC. The Cu-K-O/AC catalyst with a Cu/K weight ratio of
2/1 shows higher activity and better stability for the catalytic
reduction of NO by AC. The presence of K in CuO can ob-

viously increase the adsorption of NO on the surface of
catalyst and maintain the higher surface concentration of
Ccu* to improve the Cu2+/CuH(Cu0) redox cycle and the
catalytic activity of CuO. In the Cu-K-O/AC catalyst, K
plays an important role as it allows the surface carbon active
sites to react with surface oxygen groups to form CO and
CO,. Over Cu-K-O/AC (Cu/K = 2, weight ratio) catalyst, the
complete conversion temperature of NO was found to be 390
°C and the catalytic performance hardly changed after 300
min.

Full-text paper available online at Elsevier ScienceDirect
http://www.sciencedirect.com/science/journal/18722067
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