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a b s t r a c t

The effect of the preparation conditions of a hopcalite (copper manganese oxide) catalyst is investigated for
the oxidation of carbon monoxide at ambient temperature. In the present study the hopcalite is prepared
by coprecipitation from an aqueous solution of copper and manganese nitrates. The activity of hopcalite
materials is principally affected by two features, namely the surface area and the phase composition. Both
of these features are controlled principally by the conditions used for the calcination that is required to
atalysts was initiated when he was

irector of the Leverhulme Centre for
nnovative Catalysis.
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activate the precursor, formed initially from coprecipitation. High activity is observed for materials that
retain high surface area and are not crystalline. The interplay between these features and the calcination
conditions is described and discussed, in particular using surface area corrected conversion data to ensure
that the influence of the two features are separated.

© 2008 Elsevier B.V. All rights reserved.
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mbient temperature CO oxidation

. Introduction

Although the oxidation of carbon monoxide is a conceptually
imple reaction, it has immense importance in its application.
he oxidation of carbon monoxide at ambient temperature is an
mportant reaction for respiratory protection, where high activity
atalysts are required that decrease the carbon monoxide concen-
ration to very low levels and can maintain this for brief periods
f time of ca. 1 h. The most effective catalyst for this application
as, for many years, been based on a material known as hopcalite,
hich is a copper manganese mixed oxide [1]. Recently, the low

emperature oxidation of carbon monoxide has seen a renaissance
n its interest to the catalytic community. This has been fuelled
y the seminal work of Haruta et al. [2] who demonstrated that
old, when in a finely divided nanocrystalline state, was highly
ffective for this reaction. Consequently there have been numerous
apers on low temperature carbon monoxide oxidation using gold
3–6], however, for commercial application the hopcalite materials

re still favoured and are the only materials in commercial use at
resent.

Hopcalite catalysts are based on mixed oxides of copper and
anganese. The high activity of the CuMn2O4 phase, produced by

∗ Corresponding author. Tel.: +44 2920874059; fax: +44 2920874059.
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he reaction of copper and manganese oxides, for the oxidation
f CO at low temperature was discovered in the 1920s [7,8]. Ever
ince that time, hopcalite catalysts have been employed to oxidise
range of environmentally damaging gases at ambient temperature
nd at temperatures up to 400 ◦C. It is only at higher temperatures
here their effectiveness lessens due to structural rearrangement

9]. Materials of this type are the catalysts of choice for respiratory
rotection [1,10,11].

The effect of the preparation conditions on the activity of hop-
alite catalysts has been shown to be of great importance, and
ffective catalysts are typically prepared using coprecipitation from
he mixed nitrates. Experimental variables during the initial precip-
tation, such as pH, temperature, Cu:Mn ratio and the precipitate
geing time, as well as the treatment of the initial precursor by
alcination have all been shown to be crucial [11]. Optimum prepa-
ation conditions have been identified in terms of producing the
ighest activity for the oxidation of CO at ambient temperature. A
umber of factors, which can be varied during the catalyst prepa-
ation procedure and subsequent calcination step, were found to
e crucial in controlling the composition and activity of the cop-
er manganese mixed oxide. These typically involve the complex
nterplay between the ageing of the precipitate and the calcination
onditions [11]. The relationships between bulk phases and cat-
lytic activity were found to be complex. Generally, the most active
atalysts showed X-ray diffraction (XRD) features corresponding to
morphous mixed copper manganese oxide phases. Catalysts that

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hutch@cf.ac.uk
dx.doi.org/10.1016/j.molcata.2008.10.027
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considered to be the microcrystalline CuMn2O4 hopcalite phase
reported by many researchers, along with small amounts of copper
and manganese oxides [10,16–18]. These phases have previously
been reported as highly active for carbon monoxide oxidation [10].
22 C. Jones et al. / Journal of Molecular C

ere calcined above 500 ◦C were highly crystalline and displayed
ow activity based on catalyst mass. However, catalysts calcined at
00 ◦C can display high specific activity, and this was found to be a
onsequence of the low surface areas of the material and not due
o a high CO oxidation activity. These materials cannot be used in
ommercial applications and in general high surface area materials
re essential, i.e. a combination of high specific activity and high
urface area is required for commercial application.

Considerable attention has been given to the role of ageing of
he precipitate. For example, Doeff et al. have shown, using XPS,
hat the surface Cu/Mn ratio decreases with increased ageing time.
his was consistent with the peak intensities recorded during XRD
tudies for species aged for different lengths of time and a 12-h
eriod was found to be most effective [12]. The enhanced activity
as linked with lower Na/Mn ratios which were observed for cata-

ysts produced with longer ageing times. Experiments conducted at
higher pH resulted in the quantity of surface Na+ decreasing and
n associated increase in activity of the system. It was clear from
his study that catalyst ageing time and calcination conditions were
he factors of most significance in preparing highly active hopcalite.
he importance of minimising the amount of retained Na+ is also
mportant and the presence of sodium in the final catalyst has been
pecifically linked to poor activity. When higher ratios of sodium
o copper were detected in the final catalyst, catalytic activity was
rofoundly decreased in all cases [13]. While there have been stud-

es that have focused on ensuring that catalyst poisons, such as
a+, are absent; Surprisingly, there have been few studies concern-

ng the addition of low levels of promoters to hopcalite, yet this is
n approach that has proven beneficial in other oxidation catalysts
14]. Recently, we have shown that hopcalite catalysts, prepared
y coprecipitation, can be promoted by the addition of low levels
f cobalt, and these materials can display much higher activity for
O oxidation than the current commercial hopcalite catalysts [15].
his, we suspect, will prove to be a fruitful area for future research.

In most of the previous studies attention has been focused on
he role of catalyst ageing and the interplay between ageing and
alcination conditions. We wished to investigate if highly active
atalysts could be prepared by coprecipitation without the intro-
uction of this ageing step, since it is difficult to control effectively.

n this paper we present the results for this investigation, and we
how that high activity catalysts can indeed be prepared, but that
reat care is required in the calcination step to produce effective
atalysts.

. Experimental

.1. Catalyst preparation

Catalysts were prepared using a coprecipitation method. Aque-
us solutions of Cu(NO3)2·3H2O (0.25 mol l−1) and Mn(NO3)2·6H2O
0.25 mol l−1) were pre-mixed in a 2:1 ratio. The resulting solution
as stirred and heated to 80 ◦C and fed using a peristaltic pump to a

tirred precipitation vessel maintained at 80 ◦C. Simultaneously, an
queous solution of Na2CO3 (2 mol l−1) was added via a burette to
aintain the pH at 8.3. The precipitate was immediately recovered

y filtration, washed several times with hot distilled water, dried in
ir (120 ◦C for 16 h) and calcined in static air using a range of times
nd temperatures, this being the main variable investigated in this
tudy.
.2. Catalyst characterization and testing

The materials were characterised by powder XRD using an Enraf
onius FR590 diffractometer with a monochromatic Cu K�1 source

F
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sis A: Chemical 305 (2009) 121–124

perated at 40 keV and 30 mA. Phases were identified by matching
xperimental patterns to the JCPDS powder diffraction file. Surface
reas were obtained using a Micromeritics Gemini 2360 analyser.
atalysts were pretreated under a flow of N2 at 110 ◦C for 1 h prior
o surface area determination. The surface areas of the catalysts
ere determined by multi-point N2 adsorption at 77 K, and the data
as treated in accordance with the BET method from the nitrogen

dsorption isotherms.
The catalysts were tested for CO oxidation using a fixed-bed

icroreactor. Reaction conditions were 25 ◦C, 5000 vppm CO in air
nd a gas hourly space velocity of 33,000 h−1. Under these condi-
ions the adiabatic temperature rise in the catalyst bed is <10 ◦C
nd consequently the reactor temperature could readily be main-
ained isothermally at 25 ◦C. Analysis of reactants and products was
erformed using on-line gas chromatography (VARIAN CP-3800).

. Results and discussion

A CuMnOx hopcalite precursor was prepared by coprecipitation
nd calcined at temperatures up to 400 ◦C for 2 h, and the materi-
ls were tested for the oxidation of carbon monoxide at ambient
emperature (Fig. 1). These synthesis conditions are significantly
ifferent than those we have previously examined [1,10,11]. The
recursor was inactive for this reaction, but all the calcined mate-
ials showed marked activity under our standard test conditions,
nd in general the activity increased with increasing temperature
f calcination. Using XRD we found that the catalyst precursor com-
rised a mixture of semi-crystalline phases including copper and
anganese hydroxy carbonates, along with evidence of the copper
anganese mixed phase, CuMnOx (Fig. 2). On heating the precur-

or in air for 2 h at 200 ◦C, no significant differences in the bulk
tructure were evident and the catalyst produced under these calci-
ation conditions still displayed many of the crystalline phases that
ere present in the precursor; however, it was now active for car-
on monoxide oxidation. On raising the calcination temperature to
00 ◦C, a loss of crystallinity occurred. This trend continued through
50 ◦C, where the material obtained was almost completely amor-
hous to XRD. On further increasing the calcination temperature to
00 ◦C, some new crystallinity was observed and this material was
ig. 1. Conversion of carbon monoxide over CuMnOx catalysts using standard reac-
ion conditions.



C. Jones et al. / Journal of Molecular Catalysis A: Chemical 305 (2009) 121–124 123

F
(

t
3
r
i
f
s
t
r
s
a
f
h
c
t
i
h
r
t
p

s
p
p

F
c

F
o

ig. 2. XRD analysis of CuMnOx catalysts as a function of calcination temperature
�: CuMnOx; �: Mn2O3).

The surface area of the catalyst increased on calcination as
he calcination temperature was raised (precursor: 48, 200 ◦C: 65,
00 ◦C: 70, 350 ◦C: 72, 400 ◦C: 93 m2 g−1) and the surface area cor-
ected reaction rates as a function of time on stream are shown
n Fig. 3. When the surface area is taken into account the catalyst
ormed by calcination at 300 ◦C was the most active. Clearly the
urface area is a key parameter in determining catalyst activity for
his application, and for commercial catalysts high surface areas are
equired. However, it demonstrates that the specific phase compo-
ition is also an important parameter. Of course, the two factors
re possibly linked since many oxides are formed with specific sur-
ace area ranges, and in many cases it is not possible to achieve
igh surface area materials. While we have compared the effect of
alcination on the hopcalite material it is, perhaps, more impor-
ant to assess the catalytic performance in relation to a current
ndustrial catalyst. In view of this we have evaluated a commercial
opcalite (100 m−2 g−1), which exhibits a surface area-normalised
ate of 6.0 × 10−9 mol m−2 s−1 under the standard reaction condi-
ions. On this basis it is apparent that the calcined catalysts we have
roduced are more active than the commercial formulation.
As long ago as the 1920s, the drying and calcination steps in the
ynthesis of the hopcalite precursor were recognised as crucial in
reparing catalytically active species [19]. Other studies have also
aid particular attention to the drying steps [10] and the use of very

ig. 3. Surface area adjusted reaction rates for CO oxidation at 25 ◦C as a function of
alcination temperature.
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ig. 4. Effect of calcination on the development of catalyst surface area (a) the effect
f temperature for 2 h calcination and (b) the effect of time for calcination at 400 ◦C.

igh temperatures gives rise to very low activity catalysts [10]. In
iew of this we have investigated the effect of the calcination condi-
ions on the development of the surface area (Fig. 4). It is clear that
elatively short calcination times give the highest surface area and
emperatures in the region of 400 ◦Care also optimal. In view of this
e have extended the initial calcination temperature range and we
ave investigated the effect of calcination at temperatures between
00 and 500 ◦C. The catalytic activity data as a function of time on

ine are shown in Fig. 5, and the surface area-corrected rates are
hown in Fig. 6. It is apparent that the surface area corrected rates
or all the catalysts calcined between 410 and 470 ◦C were very sim-
lar, and were more active than the commercial material over the
imescale of the experiments. It should be noted that the applica-
ion of these catalysts is in respiratory protection where protection
or a period of ca. 30 min is required. Hence the catalysts of this
tudy display improved activity for a period considerably longer
han 30 min.

Calcination at 500 ◦C led to lower activities, in particular calcina-
ion of the unaged precursor at 500 ◦C for 18 h led to the formation
f a totally inactive material. However, the catalyst calcined at
10 ◦C was the most active (Fig. 5) and these results demonstrate

hat the surface area is the most important parameter for cata-
ysts calcined in this temperature range. Characterisation of the
uMnOx materials was carried out by XRD analysis (Fig. 7) high-

ights that as calcination time and temperature were increased,
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Fig. 5. Conversion of carbon monoxide over CuMnOx catalysts using standard reac-
tion conditions.
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ig. 6. Surface area adjusted reaction rates for CO oxidation at 25 ◦C as a function of
alcination temperature.

he catalysts became more crystalline in nature. The most per-
inent point of transition between the production of amorphous
nd crystalline catalysts occurred between the sample calcined at
50 ◦C/2 h and that at 470 ◦C/2 h. This point occurred at a lower
emperature than might have been expected for the amorphous
o crystalline transition as reported by Wright et al. who identi-
ed the transition temperature as being 500 ◦C [17]. At 470 ◦C it
as possible to detect an increase in intensity of signals due to the

uMnOx phase (57.336◦, 62.991◦) in conjunction with those due to
he Mn2O3 phase. Striking differences were evident between the
atalyst diffraction patterns of the sample calcined at 500 ◦C for an
xtended period compared to those calcined at lower temperatures
nd for a shorter time. It was also interesting to note the increase in

[

[
[
[

ig. 7. XRD analysis of CuMnOx catalysts as a function of calcination temperature
�: CuMnOx; �: Mn2O3; � : CuMn2O4).

ntensity of the Mn2O3 peaks between the 3 h calcined sample and
he 18 h calcined sample at 500 ◦C. This increase in the intensity of
he Mn2O3 (32.396◦) peak and those at 55.361◦ and 65.975◦ were
ccompanied by a slight decrease in the intensity of the CuMn2O4
eak at 35.499◦ indicating that less of the total manganese content
f the catalyst was present within the mixed phase.

In conclusion, we have shown that effective CuMnOx hopcalite
atalysts can be produced using unaged catalyst precursors and the
ormation of an active catalyst is critically dependent on the calci-
ation conditions employed. By careful control both the surface
rea and the phase composition can be optimized and in so doing
catalyst with an activity that is higher than a current commercial

atalyst can be readily obtained.
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