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Supported copper on y-ALO; catalysts (1, 3, and 4 Cu atoms per 100 Al atoms) have been
pretreated in a controlled way in oxygen and in hydrogen in order to have a known surface

concentration of Cu(IT), Cu(l), and Cu(0). These

samples were tested as catalysts for the decompo-

sition of 2-propanol. Below 443 K the samples showed only dehydrogenating activity which in-
creased with the extent of catalyst reduction. A linear relationship was found between the kinetic
constant and the surface area of copper metal. It is hence proposed that surface Cu(0) species are

responsible for the dehydrogenation. The effect
under reaction conditions is also discussed. ©

INTRODUCTION

In recent years copper-based catalysts
have attracted considerable interest be-
cause of their selective properties in reac-
tions involving hydrogen. Copper is present
in the catalysts used for the synthesis of
methanol (/-3) and for the water gas shift
reaction (4), and various studies have been
devoted to the clucidation of the role of
copper in the catalysis of reactions such as
partial and stercoselective hydrogenation
of alkynes (5), selective hydrogenation of
carbonyl groups in unsaturated aldehydes
and ketones (6, 7), and hydrogen transfer
to ketones over hydroxyapatites (8). It is
also of interest that hydrogenolysis reac-
tions are practically absent during hydro-
genation over copper-based catalysts.
However, some aspects of the catalytic be-
havior of copper-containing catalysts are
not completely understood. In particular,
some doubts still exist concerning the na-
ture of the active species.

With the aim of understanding better the
correlation between catalytic properties
and oxidation states of copper, a study has
been undertaken in this laboratory on the
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of the copper concentration on the sample stability
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structural properties, surface chemistry
and catalytic behavior of the supported sys-
tem CuO/y-Al,O;. The investigation in-
cluded surface redox cycles (9), catalytic
hydrogenation (/0), and dehydrogenation
on systems with a well-defined surface con-
centration of the different oxidation states
of copper. The present paper reports on the
decomposition of 2-propanol over this sys-
tem.

The 2-propanol decomposition has often
been chosen in the past for correlating se-
lectivity with physicochemical properties
of the solid (/7-13). In the present case, the
study of the 2-propanol decomposition was
used as a means for investigating the activ-
ity and selectivity toward dehydrogenation
as a function of the copper concentration
and oxidation state. The results throw some
light on the nature of the active surface spe-
cies and also on the stability of the copper
oxidation states under reaction conditions
as a function of copper concentration.

EXPERIMENTAL

Catalyst Preparation, Conditioning, and
Surface Composition

The copper on alumina samples are des-
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ignated as AyCul, AyCu3, and AyCud,
where the figure indicates the nominal num-
ber of copper atoms per 100 atoms of alumi-
num. Details of the preparation (impregna-
tion technique) and of the subsequent
operation are reported elsewhere (9, 14).
The final calcination temperature in air was
873 K. The surface area values (BET, N,
adsorption) were in the range 170-180
mg~1,

The surface composition in terms of
Cu(1l), Cu(), and Cu(0) molar fraction can
be varied depending on the treatment. It is
therefore important to distinguish the state
of the catalyst, and, to this end, Fig. 1 rep-
resents the various conditioning treatments
in a schematic way. The freshly prepared
catalyst calcined in air is denoted as state 1.
The conditioning thereafter given always
included an oxidation in flowing oxygen
(99.5% purity) overnight at 723 K, followed
by a flushing in high-purity helium (H,O and
0,, about 1 ppm) for 1 h at 693 K. These
samples are referred to as ‘‘oxidized”
(state 2). The oxidized catalysts could be
directly tested in a catalysis experiment.

State 1
Impregnation873K air
fresh Catalyst

|

State 2
07723K He693 K
Oxidized Catalyst

|

State 3
HyT/KHET/K, HeBI3K
ReducedCatalystFrom Oxidized

= | Catalytic runs
——p| Catalytic runs

|

State 4
09723k He693 K L.__’

Reoxidized Catalyst

State 5

HZTIK,HQTIK, He693 K
Reduced Catalyst FromReoxidized

—= | Catalytic runs

Fi1G. 1. Scheme of the pretreatments and catalytic
sequence.

Alternatively, the specimen was prelimi-
narily reduced at different temperatures by
flowing high-purity hydrogen (H,O and O,,
about 1 ppm) at a given temperature (693
473, 443, 425, 333 K) for 0.5 or 2 h. The
reduction step was then followed by a flush-
ing in helium for 0.25 h at the reduction
temperature and by a conditioning at 693 K
for 1 h in helium flow, finally obtaining a
catalyst in a reduced state, designated as
state 3. After a catalytic set of experiments
on a catalyst with a given degree of reduc-
tion to restore the standard condition, the
same conditioning in oxygen at 723 K over-
night described above was adopted. Due to
the history of the treatments (reduction—
oxidation) catalysts so obtained may be dif-
ferent from those in the initial oxidized
state 2, and they are designated in state 4 as
“reoxidized.”” The reoxidized catalysts
could be tested for catalysis or could be re-
duced again (state 5). The catalysts, both
reduced and reoxidized, were used repeat-
edly with reproducible catalytic results.

The measure of the degrees of reduction
was pursued, after catalysis, by placing the
catalysts in a circulation system. A reoxida-
tion at 723 K overnight in oxygen was per-
formed and, after evacuation of the remain-
ing oxygen, hydrogen was admitted as a
flow at atmospheric pressure at the same
temperature and time as for the catalytic
test. After a standard evacuation at 693 K
for 1 h, a given amount of oxygen was ad-
mitted at 723 K and allowed to circulate on
the sample for 1 h. The decrease in oxygen
pressure and then the amount of oxygen ad-
sorbed by the sample enabled us to calcu-
late the e/Cu ratio, i.e., the ratio between
the number of oxygen equivalents con-
sumed for the oxidation and the number of
moles of copper in the sample. The Cu(n)
mole fraction could then be evaluated using
the Cu(n) vs e¢/Cu operational diagram de-
scribed previously (9).

In addition, the exposed Cu(0) surface ar-
eas were independently measured by N,O
dissociative adsorption at room tempera-
ture.
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Apparatus

The catalytic experiments were carried
out in a flow system. A stream of helium
(10-50 cm?®/min) was used as carrier for the
2-propanol (Fluka, water content 0.1%)
contained in a bubbler at room tempera-
ture. Before entering the bubbler, the car-
rier gas was usually passed through a trap
containing copper turnings heated at 693 K
in order to remove traces of oxygen. The
catalyst (0.2-0.4 g) was contained in a Py-
rex reactor vertically positioned in an elec-
trical heater whose temperature was con-
trolled to =1 K. At selected intervals, a
known volume of the reacted mixture was
sampled and analyzed with a dual-column
gas chromatograph (C. Erba Fractovap G).
Porapak R (80-100 mesh) and temperature
program (333 to 403 K) were used for the
analysis. The thermoconductivity detector
was operated at 423 K and 150 mA. The
areas of the GC peaks were determined
with an integrator (H.P. 3370A).

RESULTS
Surface Composition

The system CuO/y-Al,O; has been exten-
sively studied and it is sufficient to recall
that the copper ions, Cu?*, in the present
concentration range, are present as a sur-
face spinel (14).

The resuits of the surface investigation
are listed in Table 1 where reduction condi-
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tions, e/Cu ratios, the amounts of the Cu(n)
species, the metallic copper surface area,
and the dispersion [Cu(0).,/Cu(0)],D, are
reported. Note that each catalyst quoted
has been reduced at different temperatures
in the order listed in the table. For AyCu3
two different portions were examined.

The Cu(n) atomic contents refer to the
total amounts present both on the surface
and in the bulk; only for the metallic copper
was a direct and independent titration of
the exposed surface made by dissociative
adsorption of N,O at room temperature.
The method, originally proposed by Osinga
et al. (15), has been recently reviewed by
Evans et al. (16), who pointed out the role
of the temperature and of the components
of the catalyst on the selectivity of the
method. Iglesia and Boudart (17) also
found that the N,O titration of Cu(0) metal
surface both as powder and supported on
alumina gives results in qualitative agree-
ment with XRD line broadening. In our lab-
oratory it was found that for low-tempera-
ture reduction of dilute CuO/y-AlLOs,
where an almost complete dispersion of
Cu(0) is expected, the measure of the
Cu(0)s, s both by the water released during
the reduction (9) and by the N,O dissocia-
tive adsorption was in good agreement.

Several tests of reproducibility and accu-
racy performed in our laboratory on differ-
ent apparatus and by different operators re-

TABLE 1

Surface Composition of Reduced Catalysts

Expt Catalyst 7,4 Time e/Cu Cu(Il) Cu() Cu(0) Cu(0)g,¢° D
(K) (h) (at - g ' 10 (at-g'10%) (at-g'10%) (at-g!10®)

1 AvyCul 693 0.5 1.30 0.00 0.90 0.39 0.10 0.33
2 AyCul 423 0.5 0.00 1.29 0.00 0.00 0.00 —
1 AvyCul 693 0.5 1.45 0.00 2.12 1.65 0.48 0.29
2 AyCul 443 0.5 0.20 3.06 0.49 0.12 0.09 0.75
3 AyCul 473 0.5 0.15

1b AvyCul 693 2.0 1.94 0.00 0.18 3.49 0.45 0.13
1 AvyCud 693 0.5 1.43 0.00 2.73 2.06 0.56 0.27
2 AvyCud4 425 0.5 0.97 0.72 3.40 0.62 0.26 0.41
3 AvyCu4 333 0.5 0.15 4.20 0.53 0.10

@ The experimental error on these figures is about +0.04 at - g~' 1020,
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sulted in an upper limit error of +0.3 m? on
Cu(0) surface area, as a result of a careful
analysis of the experimental parameters as
amount of catalyst, reduction extent and N,
pressure after N,O decomposition.

Inspection of the table shows that the
AyCu3 and AyCu4 catalysts, after the ca-
talysis cycles, behave similarly with re-
spect to the reduction at 693 K. In fact their
e/Cu ratios are identical. The value of 1.30
found on AyCul points to a different reduc-
ibility of the less concentrated samples.

The difference in reducibility for reox-
idized samples as a function of the concen-
tration becomes evident when lower reduc-
tion temperatures are adopted. In fact,
values of 0, 0.2, and 0.97 were found on
increasing copper content, when the sam-
ples were reduced at 425 and 443 K. Under
these conditions a difference also between
AvyCu3 and AyCu4 can be envisaged. As a
consequence AyCu4 reduced at 425 K has a
Cu(0) concentration 5 times larger than the
sample AyCu3 reduced at 443 K.

A larger Cu(0) content can also be ob-
tained by increasing the reduction time.
This is the case for AyCu3 in Expt 1b com-
pared with Expt 1 (see Table 1). In fact, the
¢/Cu value rises to 1.94 when the reduction
is performed for 2 h. However, in spite of
the different e/Cu values (1.94 and 1.45) for
which different values of Cu(0),+ would be
expected (10), in the present case the sur-
face area of copper metal does not increase
with the extent of reduction due to the ef-
fect of metal sintering. As a consequence
different copper metal dispersion and dif-
ferent average particle sizes are obtained.
Indeed, the D values embody the effect of
temperature and time of reduction as well
as the effect of the conditioning treatment
at 693 K in vacuo, which tends to smooth
out larger effects of copper loading. They
range from 0.13 to 0.75 and the correspond-
ing average particle dimensions are 79 and
13 A, respectively, on the assumptions of a
surface density of 1.46 X 10" atoms/m? and
a density of 8.96 g/cm? of the metallic cop-
per.

Catalysis

The y-Al,O; used as support exhibited
only dehydrating activity in the tempera-
ture range 443-523 K. Conversion was
100% at about 500 K. Different precatalytic
treatments (oxidizing or reducing) did not
modify the activity levels. The activation
energy was 172 = 10 kJ mol~1.

The copper-containing samples, by con-
trast, exhibited dehydrogenating activity
below 443 K, and dehydrogenating plus de-
hydrating activity above this temperature.
The experimental results obtained mainly
refer to the lower temperature range 333—
433 K, where the dehydrogenating proper-
ties of the copper were not obscured by the
side reaction (dehydration). It must be
noted that the constancy of the dehydro-
genating activity for times as long as 48 h
and the presence of water (0.1%) in the 2-
propanol feed, indicates the absence of a
poisoning effect by water at these concen-
trations. By contrast, traces of oxygen
were able to reduce the activity (see be-
low).

The dehydrogenation can be described
by a first-order kinetic equation, whose in-
tegral form, derived in conditions of ideal
displacement, is (/8)

1

where x is the degree of conversion (upper
limit about 50%), k the experimental kinetic
constant, V the volume of the catalyst
(cm?), and ¢ the flow velocity of the reac-
tant (cm?® s71). In Eq. (1) the volume varia-
tion of the gas mixture due to the reaction is
neglected because the partial pressure of
both reactant and products is less than one-
tenth with respect to that of the carrier.
Equation (1) was tested for AyCu3 and
AyCu4 samples by plotting In (1/(1 — x)) vs
V/¢ in the range 423-453 K. Good straight
lines were obtained.

No deviation from linearity was observed
at low flow rate and at different isopropanol
pressures. This result, together with the
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very large effects of the reduction extent of
the catalysts on the activity, points to a true
chemical control of the reaction, with little
influence of diffusion.

The only products of the reaction were
acetone and hydrogen (mass balance 100 =
5%). A good reproducibility of the activity
levels at the steady state was observed both
on different portions of the same catalysts
and on the same portion aged differently,
when the same pretreatment conditions
were used.

The activation energies were constant for
all the AyCux samples with a value of 70 =
8 kJ mol~!.

Oxidized and Reoxidized States

The results, expressed as kinetic con-
stants normalized per catalyst surface area,
ksp, as a function of the temperature, show
that for all the oxidized catalysts (state 2 of
Fig. 1) the activity levels at 434 K were
very low and tended to decay slowly during
times on stream (t.0.s.) as long as 48-72 h.
In Fig. 2 the log &, values are reported as a
function of copper content and of t.o.s.
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FiG. 2. Activity of oxidized, reoxidized, and low-
temperature reduced samples as a function of time on
stream (t.0.s) and copper content at 434 K. ¢, AyCul
oxidized, t.0.s. 25 — 48 h; &, AyCul reduced at 423
K, t.0.5. 0.5 — 16 h; O, AyCu3 oxidized, t.0.s. 0.3 =
48 h; O, AyCu4 oxidized, t.0.s. 0.2 - 72 h; N, AyCu4d
reoxidized, t.o.s. 0.5 — 24 h; [d, AyCu4 reduced at 333
K, t.o.s. 1.0 — 68 h; (M, AyCu4 reduced at 425 K.

Here, the activity changes, which occur in
the interval of t.o.s. specified in the figure,
are indicated by the arrows; empty symbols
are used for the catalysts coming from state
2 (oxidized catalysts).

For AyCul it must be noted that also the
reduction at 423 K (state 3) is unable to
increase the activity to levels higher than
those presented by the oxidized one (see
Fig. 2). It can be deduced that the reox-
idized sample AyCul (state 4) has a very
low activity level, while the most concen-
trated sample, AyCu4, reoxidized, is able
to undergo reduction by the reaction feed in
situ.

Reduced State

The reduced state of a catalyst can be
obtained in two ways, namely from the oxi-
dized sample (state 3) or from the reox-
idized sample (state 5). The distinction is
very important because the history of the
catalyst is crucial in determining its cata-
lytic behaviour.

All the samples reduced at 423 X and
coming from the oxidized state (state 3) had
a very poor activity. In fact, their activity
values were very close to the values of oxi-
dized samples. It can be deduced that the
reducing treatment at 423 K does not affect
the activity levels, due to the difficulty in
reducing the surface. If, on the other hand,
we consider the samples reduced at 423 K
from the reoxidized state (state 5), namely
after several redox cycles, two different be-
haviors dependent on the copper content
can be distinguished. In fact, for AyCul the
log kg, at 434 K has the same value as found
before. The indication is that the redox cy-
cles do not prevent the surface from being
restored and from having a similar catalytic
behavior irrespective of the preceding re-
dox cycles; in addition, the coincidence be-
tween the activity of the oxidized and the
423 K reduced sample means that the sur-
face strongly resists the reduction at 423 K.
By contrast, the samples AyCu3 and
AyCu4 are several orders of magnitude
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more active with respect to the oxidized
samples.

In Fig. 3 the Arrhenius plots are reported
for samples coming from state 4 and sub-
jected to reduction at 423 K and other tem-
peratures. It may be seen that the reduction
at 425, 443, 473, and 693 K progressively
increases the activity, E, being constant (70
k] mol™!). In addition the reoxidized
AvyCud, when reduced at 333 K, showed an
activity level increasing with t.o.s. For clar-
ity the situation is shown in Fig. 2 where it
can be seen that the final level at 434 K
reaction temperature is identical to that
shown by the same sample reoxidized and
to that presented by the same sample re-
duced in hydrogen at 425 K. It is deduced
that the reaction mixture was able to reduce
both reoxidized and low-temperature-re-
duced (333 K) AyCu4. The sample AyCu3
reduced at 373 K is less sensitive to the
reaction feed and a possible increase in ac-
tivity with time is barely visible.

Finally, the addition of oxygen in small
amounts (20-40 ppm) in the helium flow af-
ter the reducing treatment at 693 K pro-
duces an initial activity of AyCu4 well be-
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FiG. 3. Arrhenius plot for reduced samples. ¢,
AyCul reduced at 693 K; @, AyCu3 reduced at 443 K;
@, AyCu3 reduced at 473 K; @, AyCu3 reduced at 693
K; M, AyCu4 reduced at 425 K; B, AyCu4 reduced at
693 K; @, AyCu3 reduced at 693 K, 2 h.
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FIG. 4. Relationship between activity and Cu(0) sur-
face area at 434 K. For symbols see Fig. 3.

low that of the same sample in the absence
of oxygen. The pseudoequilibrium activity
is still depressed with respect to the initial
one, but higher than that of the oxidized
sample.

DISCUSSION

The dehydrating activity of y-ALO; is
well known (19, 20). In the present investi-
gation it was confirmed that oxidizing and
reducing treatments do not produce varia-
tions in either activity levels or selectivity.

When copper is added, a dehydrogenat-
ing activity arises. This activity is shown to
depend on the copper content. In fact, the
activity ratio between the most concen-
trated sample AyCu4 and the diluted one
(both oxidized) is in good agreement with
the copper concentration ratio.

The results also show that reducing treat-
ments provoke an increase in the dehydro-
genation activity. The increase was found
to depend on both copper concentration
and the history of the sample. It can be in-
ferred that Cu(0) and/or Cu(I) species must
be responsible for the large difference in ac-
tivity between oxidized and reduced sam-
ples. The constancy of E, places all the ob-
served differences in activity on the
preexponential factor. Hence, on the rea-
sonable assumption that the reaction mech-
anism and the entropic part of the preex-
ponential term are constant, the activity
levels depend only on the number of the
active sites present on the surface, their
nature being constant. In Fig. 4 a plot of kg
vs Cu(0) surface area is reported for the
reaction temperature 434 K. A linear de-
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pendence is observed. It can be noted that
specimens having a different D value fall on
the line, only the surface area value being
determinant. We conclude that the 2-pro-
panol dehydrogenation activity is not size
dependent, at least in the limited particle
size range examined.

We can now turn to the role of Cu(Il) and
Cu(I). As far as the former quantity is con-
cerned, it has been proved that fully oxi-
dized samples are inactive, thus excluding a
role of Cu(ll) in the decomposition. For the
latter, it is assumed that the Cu(l) surface
content parallels the variation in the total
Cu(l) content. Hence a relationship be-
tween activity and Cu(I) on the surface can
be excluded by comparing the Cu(l) total
content and the kg, values. Indeed in Table
2, for catalysts reduced at 693 K (lines |
and 2) a comparable amount of Cu(0) on the
surface and of Cu(II) is found, but the large
increase in the Cu(I) content does not cause
any increase in activity. In addition, com-
parison between catalysts reduced at 425
and 693 K (lines 4 and 3) points out that the
increase of kg, parallels the increase in
Cu(0)sus content, whereas the Cu(l) con-
tent decreases.

As far the oxidized samples are con-
cerned, the hypothesis that their activities
are due to the presence of a small concen-
tration of Cu(0),r can be proposed. It can
be noted that: (i) there is an increase in ac-
tivity under reaction conditions of the reox-
idized AyCud; (ii) oxygen exerts a poison-
ing effect; (iii) the values of E, for oxidized
and reduced samples are comparable.

In conclusion, it is inferred that the Cu(0)
species is the only one responsible for the

TABLE 2

Comparison of Activity of Cu(n) Species

Ted  Cu@sut ) Cu(in kspat 434 K
(K) (at-g~!102) (at - g~} 10%9) (at - g~1 1029 (m~2s71)
693 0.45 0.18 0.0 6.0 x 1072
693 0.48 2.12 0.0 6.0 x 1072
693 0.56 2.73 0.0 7.2 x 102
425 0.26 3.40 0.72 3.6 x 1072

dehydrogenation. This conclusion is con-
sistent with the results of Echevin and
Teichner (21) on the decomposition of 2-
butanol on CuO/y-AlLQs;, although their
findings could not exclude a role for Cu(I).
The results by Volta et al. (22) on pure CuO
also agree with the present conclusion as
far as the nature of the active species is con-
cerned.

The reducing effect of 2-propanol during
the reaction should also be emphasized
(data for AyCud). Volta et al. (22) noted a
similar effect with pure CuO.

It should be mentioned that in a study of
2-propanol decomposition over a series of
oxides, Cunningham et al. (23) proposed a
mixed-valence model for the active site on
CuO. These sites would involve the con-
temporary presence of Cu(Il) and Cu(l). At
variance with this hypothesis the present
results suggest the Cu(0) species as the nec-
essary component of the active site. The
results given by Cunningham er al., based
on the similarity in the behavior of oxidized
and reduced CuO, can be interpreted as
well by assigning to Cu(0) the role of the
active species, the reduced copper being
generated in situ by reduction by 2-pro-
panol. This alternative explanation finds
support in the results of Volta et al. (22) on
the conditioning effect of the reaction me-
dium.

The instability in reaction conditions of
AvyCu4 reoxidized may be tentatively ex-
plained by considering that a surface spinel
is formed at temperatures as low as 600 K
(24, 25). It may be proposed, then, that in
our temperature and time conditions (723 K
overnight in oxygen), reoxidation of the
samples produces surface CuAl,O,, but the
thickness of the CuAl,O, patches is limited
to a few layers. Hence, a more superficial
spinel is formed, as opposed to the bulk
spinel detectable by X rays which was
formed during catalyst preparation when
higher oxidation temperature is used (873
K, 24 h). The phenomenon is clearly depen-
dent on the copper loading and it is then
reasonable to argue that a different behav-
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FiG. 5. Spinel and Cu(0) formation on conditioning
treatments (see Fig. 1): (a) state 2, oxidized sample; (b)
state 3, reduced sample; (c) state 4, reoxidized sample.

ior is found with respect to the reduction of
the reoxidized and oxidized samples (Fig.
5). In fact, when hydrogen is admitted in
the pretreatment, it would be activated on a
cus AP site on AlL,O; as H"H™ pairs, via a
reverse spillover (26), and then transferred
to the neighborhood of Cu?*Q?- pairs or
Cu2+0?2~Cu?*O%" groups. It is understand-
able that the reduction can be less hindered
when there is more copper, since the trans-
fer distance is smaller. If, however, the re-
action feed is thought to play a role in the
reduction, it is reasonable to suggest that
also the 2-propanol may be able to reduce
reoxidized AyCu4 considerably.

Finally, the role of the oxygen in the re-
action feed can be rationalized by recalling
that the oxidation of Cu atoms may occur
under very low oxygen pressure. Several
authors have quoted thermodynamic values
of about 10737 atm of oxygen at 400 K for
oxidizing Cu(0) metal particles to Cu,O
(27, 28). Thus the oxidation of a few iso-
lated copper metal crystallites by water
and/or by the oxygen controiled by the Cu
trap is possible, but it is not reflected in a
decay in activity because the amount of ox-
ygen flowed on the catalyst, during the time
on stream, is negligible. On the contrary,
when 20—-40 ppm of oxygen are present in
the helium flow, a thorough oxidation takes

place during the flushing at 693 K, with a
consequent decrease in activity. The situa-
tion reflects the oxidation of a certain num-
ber of active sites, while the E, remains
constant. The further permanence in the
flow of alcohol containing the traces of oxy-
gen provokes a further decay in activity.
The final level is, however, higher with re-
spect to that of the oxidized sample as a
result of the opposing actions of the oxygen
and of the alcohol.

In conclusion, it turns out that the CuQ/
v-ALO; system shows well-defined activi-
ties in the 2-propanol decomposition in the
range 333-434 K when reduced in hydrogen
at different extents. Thanks to the repro-
ducibility and the knowledge of the surface
Cu(0) content formed in the reduction step,
the Cu(0) species has been identified as the
active one.
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