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Characterization and activity of copper-on-carbon catalysts for
low-temperature selective reduction of nitric oxide with ammonia
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The activities for NO reduction with ammonia in the presence and absence of O2 have been examined over copper salts supported on
activated carbon (AC) and carbon black (CB) which have been characterized by application of X-ray diffraction and scanning electron
microscopy before and after use in the reduction process. The beneficial effects of increases in loading and the introduction of oxygen
are demonstrated. On the most active catalyst and under optimum conditions 100% reduction of the NO to N2 occurs at 180 ◦C and Cu,
Cu2O and CuO on the catalyst are shown to be present at various stages of the preparation and reduction process with large crystallites
of metallic copper detected on the AC catalyst of optimum loading. Deactivation and regeneration of the catalysts is also examined.
A mechanism for the redox process is proposed.
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1. Introduction

Nitrogen oxides (NOx), well known environmentally
disadvantageous noxious vapours, are found in the effluent
from both stationary and mobile sources [1–3]. Although
a variety of processes has been proposed for the removal
of these noxious vapours from atmospheric emissions [1]
and a number of these has been commercialized there is
evidence that the production of NOx is increasing [1,4].
Both selective catalytic reduction (SCR) and selective non-
catalytic reduction (SNR) processes have been proposed,
but that employing vanadia/titania catalysts has received
the widest application to stationary sources at least at tem-
peratures between 300 and 600 ◦C [1–4,6–12], while noble
metals with added ceria are employed in automobile ex-
haust systems [13–15].

Noble metals (Pt, Pd, Rh) or metal oxides (for exam-
ple, CuO, Fe2O3, MnO2, NiO, MoO3, V2O5) supported on
suitable porous solids (for example, TiO2, Al2O3, SiO2,
zeolites) have high catalytic activity for the selective re-
duction of NO to N2 with NH3 at relatively high reaction
temperatures (greater than 573 K) [1–3,16–21]. In contrast,
activated carbon (AC) [22,23] and AC-based catalysts sup-
porting copper salts [16,24,25], iron oxide [26–28] or vana-
dium oxides [29,30] are effective for the reduction process
at lower temperatures. Although the results of numerous
studies of the reduction of NO on various carbon-based cat-
alysts have been reported, relatively few papers have been
concerned with the morphological and crystallographic state
of metal salts dispersed on carbon [31–34].
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In the impregnation process, particularly in the drying
stage, in which an aqueous solution of a metal salt is con-
tacted with a carbonaceous material, it is anticipated, due
to the hydrophobic nature of the surface of carbon, that
aqueous drops of the solution move toward relatively wide
pores [35] and the metal salts become packed in such pores.
Consequently, the carbon supports may provide advanta-
geous dispersions of metal salts on the carbon surface.

The oxidation/reduction cycle of catalytic metal species
is important in maintaining the steady activity for NO re-
duction with ammonia. Metal halides have been noted as
active metal species for NO reduction, although the role of
the halide in the oxidation/reduction cycle is not yet under-
stood [20]. In the present work activities for NO reduction
with ammonia have been examined for catalysts with var-
ious loadings of copper salts on a number of carbon sup-
ports such as AC or carbon black (CB) to elucidate the
supporting effect of active metal compounds on carbons.
The carbon catalysts before and after use for NO reduction
have been characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM), particularly focusing
on the supported state of the catalytic metals on carbon ma-
terials. The active copper species for NO reduction with
ammonia are also proposed.

2. Experimental

2.1. Preparation of catalysts

Three carbon materials were employed as supports. Ac-
tivated carbon prepared from coals (AC, KINTALR GA-2,
Cataler Industry Inc., Japan; surface area = 1576 m2/g, 10–
20 mesh), carbon black (CB, BLACK PEARLSR 20004R,
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Cabot Corp., Canada; surface area = 1270 m2/g) and un-
burned carbon ash (UC; surface area = 20.9 m2/g) col-
lected from a hopper of an electric precipitator at an oil-
fired power plant.

The catalysts were prepared by pore volume impregna-
tion with aqueous solutions of the metal salts, and dried
at 373 K over a boiling-water bath. For the formation
of tetraaminecopper(II) nitrate ([Cu(NH3)4](NO3)2), an ex-
cess of aqueous ammonia was added to Cu(NO3)2·3H2O.
For the preparation of copper hydroxide/AC catalysts, an
aqueous solution of copper nitrate was added to AC, dried
at 373 K followed by addition of aqueous ammonia. After
washing with water the impregnated AC particles were fil-
tered and dried as noted above. The catalysts thus prepared
are labelled by the preparative materials, for example, 10%
Cu(NO3)2/AC, in which the weight ratio of salt as metal to
AC is indicated. All reagents of analytical grade were used
as received.

2.2. Measurement of NO reduction activity

The activities of the carbon catalysts were examined us-
ing a fixed-bed reactor (glass tube, 4 mm inside diameter)
at 393, 423 and 453 K. A reactant gas mixture of ca. 3.0%
NO and 3.6% NH3 (occasionally 6.0% O2 was added) in
a 100 ml/min flow of helium was passed through 0.25 g
of catalyst which had been previously dried and heated at
523 K in a helium stream (50 ml/min) for 1 h. A small
volume of the effluent from the reactor was periodically in-
troduced into a gas chromatograph (Hewlett Packard 5890)
fitted with a TCD and a column packed with molecular
sieve 5A (Chromatographic Specialties Inc., 60/80 mesh,
1 mm × 1.0 m, 313 K) to determine the quantities of
N2 produced. Since the quantities of nitrogen oxides such
as N2O and NO2 found in the reactor effluent were gen-
erally very small under the conditions employed and with
10% Cu(NO3)2/AC, analyses for these gases were carried
out only when deemed necessary. Measurements were car-
ried out after steady state had been reached, usually within
one hour. NO, NH3, O2 and He were obtained from Linde
and were used as received.

The conversion of NO into N2 is defined as effluent
N2/feedstream NO and is taken as the activity for the reduc-
tion of NO. The activity at 1 h time-on-stream is employed
to compare the efficiency of the catalysts, unless otherwise
stated.

2.3. Characterization of the catalysts

Powder X-ray diffraction measurements employed an
MXP system (MAC Science Co., Tokyo) with Cu Kα ra-
diation. Crystallite size for a given diffraction face of cop-
per salts on AC was calculated by application of Sherrer’s
equation [36].

Scanning electron microscopy employed a JXA 840A
electron probe microanalyzer (JEOL, Tokyo) with samples
gold coated in vacuum.

BET surface areas and pore size distributions were cal-
culated by application of the Cranston–Inkley method [37]
to N2 adsorption/desorption isotherms obtained at 77 K us-
ing a BELSORP 28SA (BEL Japan Inc., Osaka).

3. Results

3.1. Pore size distributions

Pore size distributions show substantial differences
among the three carbons (figure 1). AC and CB contain
small mesopores of radii less than approximately 2.5 nm,
consistent with their high surface areas, while UC appears
to be essentially devoid of a porous structure.

3.2. Temperature dependence of NO reduction activity

Figure 2 shows the temperature dependence of NO re-
duction activity for Cu, Fe, Co and Ni nitrate impregnated
on AC as well as the support itself as a reference. For all
catalysts shown in this figure the activity for NO reduction
with NH3 increased with increasing reaction temperature,
whereas AC showed a low activity in the range of reaction
temperature employed. In particular, Cu/AC and Fe/AC
catalysts exhibited significantly higher conversions of NO
to N2 (24 and 18% at 453 K, respectively) than those found
for Co/AC and Ni/AC.

3.3. The activity of various copper and iron salts on AC

Table 1 shows the NO reduction activity over copper and
iron salts impregnated on AC, at a reaction temperature of
453 K and metal loadings of 10 wt%. Cu(NO3)2/AC and
Cu(OH)2/AC produced 24% conversion of NO to N2 and
the copper amine complex, [Cu(NH3)4](NO3)2/AC showed

Figure 1. Pore size distribution curves; (•) activated carbon (AC); (M) car-
bon black (CB); (2) unburned carbon ash (UC).
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Figure 2. Temperature dependence of activity for NO reduction with NH3

over AC (•) and metal nitrate supported on AC; (◦) Cu; (M) Fe; (2) Co;
(♦) Ni; reactant gas, NO (3.0%) + NH3 (3.6%) in He; metal loading

amount, 10 wt% as metal; reaction time 1 h.

Table 1
The activities for NO reduction with NH3 for metal salts supported on

activated carbon. a

Metal salt Conversion into N2 (%)

Cu(NO3)2 23.9
Cu(OH)2 23.4
[Cu(NH3)4](NO3)2 35.0
CuCl2 8.5
CuSO4 8.4
Cu(CH3COO)2 4.3
Fe(NO3)3 18.1
FeCl3 8.4
FeSO4 4.7
Activated carbon 3.1

a Reaction conditions: temperature 453 K, NO 3.0%, NH3 3.6%, reaction
time 60 min, metal/C 0.10 (w/w).

the highest activity (35% conversion) of those catalysts em-
ployed, where these copper salts or complex may be trans-
formed into CuO by the pretreatment at 523 K in helium.
The activities of CuCl2/AC and CuSO4/AC were substan-
tially lower than those observed with Cu(NO3)2/AC, while
copper acetate/AC has an activity similar to that for AC it-
self.

With the iron salts on AC only Fe(NO3)3 showed rel-
atively high activity for NO reduction, with considerably
smaller activities found with FeCl3/AC and FeSO4/AC.

3.4. Effect of copper loading amount

Figure 3 compares the effect of copper loading on var-
ious carbon supports with the activity for NO reduction.
The activity for Cu(NO3)2/AC increased linearly with in-
creasing weight per cent of Cu in the catalyst, reached a
maximum conversion to N2 of 81% at approximately 40%
of Cu loading, and then decreased slightly at a higher load-

Figure 3. Effect of Cu loading amount on activity for NO reduction
with NH3 over AC (◦), CB (M) and UC (2) supports; reaction tempera-

ture, 453 K; other conditions as in figure 2.

Figure 4. Transition behaviour of activity for NO reduction before and
after O2 treatment over Cu(NO3)2 (◦), CuCl2 (M) and FeCl3 (2) on AC;
O2 treatment, 6.0% O2/He at 453 K; other reaction conditions as in fig-

ure 3.

ing of 60%. In contrast, with copper supported on CB
the activity increased with Cu loading at low Cu loadings
(<10 wt%), and reached a plateau of approximately 20%
conversion at higher Cu loadings (>10 wt%). No activity
for NO reduction was observed for copper supported on
UC regardless of the Cu loading.

3.5. Catalyst deactivation and regeneration by O2

treatment

With Cu(NO3)2/AC catalysts the NO reduction activity
decreased with reaction time and approached a relatively
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Figure 5. Temperature dependence of activity for NO reduction with NH3

in presence of O2 over AC (•) and Cu(NO3)2-on-AC (◦); reactant gas,
NO (3.0%) + NH3 (3.6%) + O2 (6.0%) in He; other reaction conditions

as in figure 2.

high, steady value after ca. 1 h. Similar but more precip-
itous deactivation of the AC catalysts prepared from cop-
per chloride and iron chloride was observed with plateaus
reached at considerably lower values of the conversion than
found with Cu(NO3)2/AC.

After exposing the deactivated catalysts to an O2/He flow
at 453 K for 0.5 h the activities improved but again suffered
deactivation on further exposure to NO and NH3. It is
of interest to note that the deactivation behaviour of the
copper-based catalysts either before or after O2 regeneration
is strongly dependent on the preparative reagents.

3.6. NO reduction with NH3 in presence of O2

As has been noted [18] by others the conversion of NO
with NH3 on supported copper catalysts is markedly altered
on introduction of oxygen. The activity of AC itself is rela-
tively high at low temperatures but decreased with increas-
ing reaction temperature (figure 5). In contrast, the activity
of Cu(NO3)2/AC increased monotonously with increasing
reaction temperature in agreement with the results in the lit-
erature [16], reaching a conversion of 100% at 453 K. These
results may be compared with those from a recent study
of the reduction of NO with NH3 over V2O5–MoO3/TiO2

catalysts in which the conversion of NO to N2 was ap-
proximately 35% at 475 K, increasing to nearly 100% at
550 K [38]. A comparison with the results in figure 2,
where O2 was absent, shows that the presence of O2 in
the reactant gas promotes the activity for NO reduction
with NH3. Such enhancement of NO reduction with NH3

by O2 has been observed with many catalysts [1,3].
A comparison of the effect of the loading of Cu on AC

with and without O2 is of interest (figure 6 and compare
figure 3). It is clear that the introduction of O2 provides a
substantial enhancement such that, in its presence, a com-

Figure 6. Effect of Cu loading amount on activity for NO reduction with
NH3 in presence of O2 over Cu(NO3)2-on-AC (◦); reaction conditions as

in figure 5.

plete conversion of NO is achieved at a loading of 10%,
while in its absence the conversion at the same loading is
only 25%.

3.7. XRD analysis of the carbon catalysts

Powder XRD patterns obtained for activated carbon
and carbon black show that both supports are amor-
phous (figures 7(a) and 8(a). Sharp peaks, assignable
to Cu2(OH)3NO3, are clearly evident in the patterns for
Cu(NO3)2/AC and Cu(NO3)2/CB after the impregnation
(figures 7 (b), (d) and 8 (b), (c), respectively). No peaks
attributable to the preparative reagent [Cu(NO3)2] or to
the copper amine complex [Cu(NH3)4(NO3)2] (figure 7(c))
were detected.

Broad peaks assignable to CuO were observed in the
XRD patterns of the catalysts prepared from Cu(NO3)2

both after activation and after use in the NO reaction (ta-
ble 2), providing evidence for the formation of microcrys-
talline CuO. With the catalysts prepared with higher load-
ings of Cu (40 wt%) after use broad peaks of Cu2O and/or
sharp peaks of metallic Cu were also evident. No peak
was observed after the activation of Cu(NH3)4(NO3)2/AC
although broad peaks assignable to CuO again appeared
after the catalyst was employed in the reaction.

The powder XRD results show that Cu2(OH)3Cl is ob-
tained when CuCl2 is employed as a preparative reagent
with AC, while Cu4SO4(OH)6 and Cu3SO4(OH)4 result
from the use of CuSO4 (table 2). These supported species
are retained on the support after activation (523 K in he-
lium) and use in the NO reduction process, although after
the latter the intensities of the XRD peaks for Cu2(OH)3Cl
have diminished. Although Cu(CH3COO)2/AC showed no
activity for NO reduction, sharp peaks of Cu and Cu2O but
no CuO peaks were observed in the XRD pattern.
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The XRD patterns for the CB catalysts were similar to
those measured for the AC catalysts with broad peaks of
microcrystalline CuO again being seen in the patterns of
the active CB catalysts (figure 8). The XRD pattern for
40% Cu(NO3)2/CB after impregnation displayed two su-

Figure 7. Powder X-ray diffraction patterns of AC (a) and Cu salts-on-AC
before (b–d) and after (e–g) use for NO reduction; (b, e) 10% Cu(NO3)2-
on-AC; (c, f) 10% [Cu(NH3)4](NO3)2; (d, g) 40% Cu(NO3)2; reaction
conditions as in figure 3; peak symbols: (•) Cu2(OH)3NO3, (◦) CuO,

(M) Cu2O, (2) Cu.

perimposed sets of peaks with slightly different diffrac-
tion angles (2θ) (figure 8(c)), indicative of the presence
of Cu2(OH)3NO3 crystals with dissimilar lattice distances.
The crystals with smaller lattices are believed to reside on
the outer surface of the support, as will be discussed later in
this report. Although Cu(NO3)2/UC showed no activity for
the reduction of NO, broad peaks of CuO were also detected

Figure 8. Powder X-ray diffraction patterns of CB (a), Cu-on-CB (b–e)
and Cu-on-UC (f) before (b, c) and after (d–f) use for NO reduction; (b,
d, f) 10% Cu(NO3)2; (c, e) 40% Cu(NO3)2; reaction conditions and peak

symbols as in figure 7.

Table 2
XRD analysis for copper and iron salts supported on carbon.

Sample Crystals detecteda

After impregnation After activation After reaction

10% Cu(NO3)2/AC Cu2(OH)3NO3 (vs) CuO (b) CuO (b)
10% Cu(NH3)4(NO3)2/AC (none) (none) CuO (b)
10% CuCl2/AC Cu2(OH)3Cl (s) Cu2(OH)3Cl (vs) Cu2(OH)3Cl (l)
10% CuSO4/AC Cu4SO4(OH)6 (s)b Cu4SO4(OH)6 (s)b Cu4SO4(OH)6 (s)b

Cu3SO4(OH)4 (s) Cu3SO4(OH)4 (s) Cu3SO4(OH)4 (s)
10% Cu(CH3COO)2/AC (none) Cu (vs) Cu (vs), Cu2 (b)
40% Cu(NH3)2/AC Cu2(OH)3NO3 (vs) CuO (b), Cu2O (b) CuO (b), Cu2O (b), Cu (vs)
10% Cu(NO3)2/ACc – – CuO (b)
10% Cu(NO3)2/CB Cu2(OH)3NO3 (vs) – CuO (b), Cu2O (b)
40% Cu(NO3)2/CB Cu2(OH)3NO3 (vs) CuO (b), Cu2O (b), Cu (b) CuO (b), Cu2O (s), Cu (vs)
10% Cu(NO3)2/UC Cu2(OH)3NO3 (vs) – CuO (b)
10% Fe(NO3)3/AC (none) (none) (none)
10% FeCl3/AC (none) (none) Fe2O3

a vs, very sharp; s, sharp; b, broad; l, low intensity.
b Unidentified peaks are also present.
c Used for NO reduction with NH3 and O2.
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Table 3
Crystallite size of copper species on various carbon catalysts after used

NO reduction with NH3.

Sample Crystallite size (nm)
CuO(111) Cu2O(111) Cu(111)

10% Cu(NO3)2/AC 26 – –
10% Cu(NH3)4(NO3)2/AC 28 – –
40% Cu(NO3)2/AC 19 <19 >900
10% Cu(NO3)2/ACa 21 – –
10% Cu(NO3)2/CB 33 21 –
40% Cu(NO3)2/CB 29 210 >900

a Used for NO reduction with NH3 in the presence of O2.

in the XRD pattern (figure 8(f)). No peaks were detected
for Fe(NO3)3/AC and FeCl3/AC either after the impregna-
tion or after the activation but small peaks due to Fe2O3

were seen with FeCl3/AC after use in the NO reaction.
The sizes of the crystallites of CuO were estimated, on

average, to be smaller (19 nm) for 40% Cu(NO3)2/AC than
those (26 nm) for the 10% loading of the same catalyst as
well as those (28 nm) for 10% Cu(NH3)4(NO3)2/AC (ta-
ble 3). The crystallite sizes (30 nm) of Cu(NO3)2/CB were
found to be independent of the loading. Large crystallites
(>900 nm) of metallic copper were detected in the higher
loading (40 wt%) samples prepared from AC and CB, while
smaller (<19 nm) and relatively large (210 nm) crystallite
sizes of Cu2O were found in the AC and CB catalysts,
respectively.

3.8. Scanning electron microscopy

SEM images of AC manufactured from coals show the
presence of distorted cylindrical holes with relatively large
diameters (ca. 10 µm) presumably reflecting the shape of
cells of fossil plants before carbonization (figure 9(a)). The
white aggregates occupying holes of approximately 5 µm
in 10% Cu(NO3)2/AC (figure 9(b)) are identified as crys-
talline Cu2(OH)3NO3 by comparison with the correspond-
ing XRD results (figure 7(b)). Use in the reduction of
NO converts these crystals into smaller (2 µm) spheres
of CuO, which are dispersed in the holes in AC (figure 9 (c)
and (d)). Similar aggregates, which appear to be com-
posed of small clusters, are observed with 10% Cu(NH3)4

(NO3)2/AC after use in the NO process. Larger aggregates
are evident with the Cu(NO3)2/AC catalysts of higher load-
ing (40%) (figure 8(h)).

With the CB catalysts the cross sections are rela-
tively undistinguished (figure 10(a)). Rod-like crystal-
lites of Cu2(OH)3NO3 are observed with Cu(NO3)2/CB
after impregnation (figure 10(b)). With both 10% and
40% Cu(NO3)2/CB the crystallites of CuO increase in size
and appear more distinctive after use in the reaction (fig-
ure 10 (c), (f); cf. figure 10 (b), (e)). From a comparison of
figure 10 (c) and (f) it appears that increases in the loading
of Cu on CB increase the number of large CuO crystallites
rather than the size of the crystals.

It is of interest to compare features contained within
the SEM cross sections and outer surface images for the

CB catalysts of various loadings. In particular, a mass of
large crystallites, assigned to Cu2O and/or Cu, by reference
to the XRD results (figure 8(e)), is deposited on the external
surface of 40% Cu(NO3)2/CB (figure 10(g)). It is possible
that the impregnation process leading to the preparation of
this heavily loaded catalyst may result in the deposition of
copper species on the outer surfaces leading to a relatively
low activity for this catalyst.

The SEM image of Cu(NO3)2/UC reveals a mass of ag-
gregates of crystallites of Cu deposited on a plain external
surface (figure 9(h)).

4. Discussion

4.1. State of metal salts supported on carbon

Impregnation of carbons from aqueous solutions of sim-
ple copper salts such as the chloride, nitrate and sulfate,
followed by drying at 373 K, leads to the formation of the
corresponding partial hydroxides. It has been reported that
the hydroxynitrate and hydroxychloride can be synthesized
from solutions of the nitrate and of the chloride, respec-
tively, by hydrothermal reaction at relatively low tempera-
tures (473–493 K) [39,40]. Thus the formation of the partial
hydroxides probably occurs during the drying of solutions
of the copper salts and is not specific to the impregnation of
carbons. The present SEM observations on the impregnated
carbons clearly show, as expected in view of the hydropho-
bic nature of the surface of carbons, that the partial hydrox-
ides occupy the large holes (5 µm) of AC, as previously
reported for K2CO3/AC [41]. Relatively large crystals of
partial hydroxides of Cu(NO3)2 were also observed on the
CB support, as would be expected if the aqueous solutions
tend to migrate to the wider pores in hydrophobic porous
materials. With CB catalysts of higher loading of Cu (e.g.,
40%) significant quantities of copper salts were deposited
on the outer surface of the particles of the support, result-
ing in lower activity for NO reduction. In contrast, with the
amine complex of Cu(NO3)2 and copper acetate on AC no
distinctive XRD peaks were evident, suggesting relatively
high dispersions of the supported materials or the formation
of amorphous copper compounds on the support.

Heat treatment (523 K in He) of Cu2(OH)3NO3 on AC or
CB results in the formation of CuO with crystallite sizes of
ca. 20 and 30 nm, respectively. With the activated CB cat-
alysts of higher Cu loading (40%), XRD peaks assigned to
Cu2O and metallic Cu, apparently deposited on the outer
surface of the support, were observed. With copper ac-
etate/AC after heat treatment sharp XRD peaks associated
with large crystallites of metallic Cu were present. This
may result from the reduction of Cu2+ to Cu followed by
growth of crystals of the latter. Since no peaks appeared
for Cu(NH3)4(NO3)2/AC the copper compound, presum-
ably CuO, is highly dispersed on the support.

With the used AC and CB catalysts with higher Cu load-
ing (40%) Cu2O and/or metallic Cu was observed after use
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Figure 9. Cross-sectional SEM images of AC (a) and Cu-on-AC before (b, e) and after (c, d, f–h) use for NO reduction; (d, g) ×10000; (other) ×1000;
(b–d) 10% Cu(NO3)2; (e–g) 10% [Cu(NH3)4](NO3)2; (h) 40% Cu(NO3)2; reaction conditions as in figure 3.

of the catalysts, in agreement with the results reported by
others for NO reduction by NH3 over CuO [42]. In contrast,
microcrystalline CuO remained on 10% Cu(NO3)2/carbon
after use in the reaction. With used Cu(NO3)2/AC small
spherical aggregates of microcrystalline CuO were found
on the walls of relatively large holes in the support while
on the CB support the CuO appeared in the form of cylin-
ders.

The aforementioned differences in the composition and
form of the supported species may be correlated with the
activities in the reduction of NO. The larger holes in AC, in
comparison with the absence of porosity in CB, would be

expected to favour transport of reactant and product gases
and to facilitate contact of the reactant gas with the active
species deposited on the walls of the channels. The third
carbonaceous support (UC), with a relatively small surface
area and low dispersion of the supported material on the
peripheral surface of UC, was, as expected, less active in
the reduction process.

It is of interest to note that the activity of Cu/ZSM-5 cat-
alysts in the reduction of NO has been related to the pres-
ence of copper [43] and CuO and Cu2O [44–46] aggregates
on the outer surface of the zeolite. Recent characterization
studies on amorphous and graphitic forms of carbon have
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Figure 10. Cross-sectional (a–c, e, f, h) and outer surface (d, g) SEM images of CB (a) and Cu-on-CB before (b, e) and after (c, d, f, g) use
for NO reduction; (h) ×10000; (other) ×1000; (b–d) CB; (b) 10% Cu(NO3)2; (e–g) 40% Cu(NO3)2; (h) 10% Cu(NO3)2-on-UC after use; reaction

conditions as in figure 3.

tentatively identified Cu2O as the stable chemical state of
Cu on amorphous and graphitic forms of carbon at moder-
ate temperatures and under reducing conditions [33].

4.2. Active copper species

Of the four cations examined the order of activity for the
conversion of NO to N2 at 450 K is Cu> Fe>Co>Ni,
consistent with the increase in the stability of the ion of
lesser oxidation state relative to that of higher oxidation
state. Since with Cu the conversion of NO increases as the
loading increases in the order AC>CB>UC, it is tempt-

ing to relate this primarily to the surface areas which fol-
low the same order. However, it is to be noted that at a
loading of 40% the conversions with AC, CB and UC are
approximately 81, 20 and 5%, respectively, while the sur-
face areas are 1576, 1270 and 21 m2/g, respectively. Thus
while morphological factors are undoubtedly important in
the NO reduction process and indeed high surface areas are
probably necessary, but not sufficient, other properties must
certainly play a role.

Of the catalysts examined in the present work, those
which displayed appreciable activities in the reduction
process contained microcrystalline CuO. Consequently it
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seems reasonable to conclude that these are either the ac-
tive species in the reduction process or the precursors to
such species. Similar conclusions have been drawn for
other copper catalysts prepared with a variety of supports
[42,47] as well as with Cu/ZSM-5 [46].

Although a variety of mechanisms has been suggested
to explain the activity of Cu/ZSM-5 in the NO reduction
process, a number of authors have concluded that NO is
first oxidized to NO2 which then interacts with the reduc-
tant [48–53]. Since in the present work the introduction of
O2 has a profound effect on the activity of Cu(NO3)2/AC,
yielding 100% conversion at temperatures as low as 175 ◦C,
the possibility of such a mechanism cannot be eliminated
with the present catalysts. The relatively small improve-
ment in conversion of Cu(NO3)2/AC after partial deactiva-
tion followed by exposure to oxygen suggests that oxygen
plays a more important role with the reactant than with the
surface.

In view of the observation with H-ZSM-5 catalysts that
NO2 is more easily reduced than NO it appears reasonable
to conclude that the oxidation of NO is the first step in the
overall process [48–53]. Further, since the homogeneous
oxidation of NO to NO2 is slow while that on Cu-ZSM-5
is rapid compared to H-ZSM-5, it appears that the oxidation
process is occurring on copper sites [54]. That the activity
of NO oxidation parallels the activity for the generation of
N2 provides further evidence for the involvement of NO2

as an intermediate.
With the catalyst showing the highest activity (40%

Cu(NO3)2/AC) in the absence of oxygen, CuO, Cu2O and
metallic Cu were detected after use, while only CuO was
found on the same catalyst with 10% loading. Monovalent
copper has been favoured as an active site with Cu/ZSM-5
[55,56], while the importance of the bivalent species has
also been emphasized [50,57,58]. Most recent studies with
the decomposition of NO over Cu-ZSM-5 suggest that the
addition of a reducing agent (in this work, CO) promoted
the reduction of Cu2+ to Cu+ [59]. The simplest scheme
for the rationalization of the present results thus involves
the oxidation of NO on Cu2+ sites,

NO + 2CuO→ NO2 + Cu2O (1)

with the NO2 subsequently reduced by NH3,

3NO2 + 4NH3 → 3 1
2 N2 + 6H2O (2)

while the Cu2+ sites are regenerated by NO2,

NO2 + 2Cu2O→ 1
2 N2 + 4CuO (3)

With the catalysts of higher copper loading the CuO sup-
ported on the external surface was reduced to Cu via Cu2O,

3Cu2O + 2NH3 → N2 + 3H2O + Cu (4)

while, in the presence of O2, CuO was directly regenerated
with O2 from Cu2O,

2Cu2O + O2 → 4CuO (5)

There is no evidence, from the present work, of the
direct participation of the support in the mechanism of the
process although, as noted earlier in this report, the support
appears to be playing more than a morphological role.
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