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Gold modified hopcalite catalysts were prepared by impregnation method 
and characterized in thiophene oxidation. For studying the physiochemical 
properties of the systems XRD, TPR, ToF-SIMS, SEM-EDS methods were 
used. Commercial hopcalite shows low activity in oxidation of thiophene 
and the loss of its activity during the reaction is observed. Gold addition 
improves its activity in thiophene oxidation but does not prevent its 
deactivation probably due to non-homogenous distribution of Au on 
catalyst surface.

1. INTRODUCTION

Odor sulfur compounds coming from animal production present an 
increasingly difficult and pressing problem. They are known as: thiols, dimethyl 
sulphides, dimethyl disulphides or hydrogen sulphide. They generated 
intolerable odor even at extremely low concentrations. People living near odor 
sources are concerned about comfort of their life but moreover about potential 
health effects (they are exposure to increased eye irritation, nausea, weakness). 
Until now are not strict standards determining quantity of odor compounds in air 
in Poland. However significant increase in the number of complain from the 
public about odor oblige government to be concerned about preventing 
generation of unpleasant smell or reducing it. Catalytic oxidation is a one from 
well-established technologies for odor elimination [1],

Most uses catalysts for incineration of organic compounds are classified into 
two groups: supported noble metals and metal oxides such as: Mn, Cr, Co, Cu, 
V, Ni [2,3,4], Some specific combinations of metal oxides may have several



characteristic features that improve their catalytic activity in oxidation reaction. 
For this reason from many years attention has been focused on using copper- 
manganese mixed oxides in the form of hopcalite due to its high activity as 
oxidation catalysts [5, 6, 7, 8, 9]. Mixtures of metal oxides and noble metals gain 
an increasing interest as catalyst for total oxidation as well [10, 11, 12], More 
recently the investigation of the activity of gold catalyst was concentrated on the 
oxidation of organic compounds since Haruta and co-workers [ 13] demonstrated 
that supported gold catalysts show high activity towards oxidation reactions. 
Numerous studies indicate that copper and manganese oxides modified with Au 
show promising activity in incineration of organic molecules such as: acetone 
[14], n-hexane [15], ethane or propane [16], However, mixed manganese and 
cooper oxides modified with gold have not been widely discussed.

The aim of our preliminary study is to obtain active Au-modified hopcalite 
catalyst for oxidation of sulfur compounds. The first step of the work was to 
prepare Au-hopcalite catalyst by using impregnation method and study its 
activity in oxidation of thiophene.

2. EXPERIMENTAL

The Au-Cu-Mn catalysts were prepared by the wet impregnation method of 
hopcalite (supplied by “Inowrocław Zakłady Chemiczne Soda”) with aqueous 
solutions of AuC^- HC1- 4H20  (POCh Gliwice) in order to obtain noble metals 
loading: 0.2, 0.5 or 1 wt.%. After impregnation the samples were dried at 130 °C 
for 0.5 h and then calcined in static air at 400 °C for 4 h.

Catalytic activity measurements were carried out in a quartz flow reactor 
using 200 mg of catalyst. The reactant mixture 1.5% C4H4S and 20% 0 2 in He 
was passed through the reactor with the flow rate of 40 cm3/min. The analyses 
of the reactor effluent were performed with on-line gas chromatography 
equipped with TDC detector and HayeSep Q column. The thiophene conversion 
and selectivity to C 02 were calculated as follows:

% Q ILS conversion = - ( C 4H4S)0li, xlQQ
(C4H4S)ta

% C4H4S conversion to C 02 = — * ^>C02- x 100
‘ 4

(C4H4S)in -  inlet C4H4S concentration 
(C4H4S)out -  outlet C4H4S concentration 
/ -  corrective factor



4 -  stochiometric factor
Pco -  quantity of C4H4S moles transformed to CO2
Ptot -  total quantity of C4H4S moles transformed during reaction.

Temperature programmed reduction (TPR) measurements were carried out in 
an Altamira AMI-1 instrument equipped with a TDC detector. Analysis was 
performed by using mixture of 5%H2/95%Ar with a flow rate 50 cmVmin 
900 °C. The process was carried out up to 900°C with linear temperature increase 
10 °C/min.

X-ray diffraction patterns were recorded by a Simens D 5000 diffractometer 
using the Cu Ka radiation. Data were collected in the range of 10-80° 26 with 
the scanning step 0.02 °C.

The secondary ions mass spectra were recorded with a TOF-SIMS IV mass 
spectrometer manufactured by Ion-Tof GmbH, Muenster, Germany. The 
instrument is equipped with Bi liquid metal ion gun and high mass resolution 
time of flight mass analyzer. Secondary ion mass spectra were recorded from an 
approximately 100 pm x 100 pm area of the spot surface. During measurement 
analyzed area was irradiated with the pulses of 25 keV Bi+ ions at 10 kHz 
repetition rate and an average ion current 1 pA. The analysis time was 50 s for 
both positive and negative secondary ions giving an ion dose below static limit 
of lxlO 13 ions/cm2. Secondary ions emitted from the bombarded surface were 
mass separated and counted in time of flight (ToF) analyzer. Ion images were 
recorded using a pulsed beam of 25 keV Bi3+ ions at the frequency of 10 kHz. 
Average primary ion current was 0.14 pA. Before ToF-SIMS analysis powder 
samples were tableted in order to obtain plain surface, which allows achieving 
higher lateral and mass resolution.

3. RESULTS AND DISCUSSION

Figures 1 and 2 present activity of hopcalite catalysts in thiophene oxidation. 
Commercial hopcalite shows low activity in oxidation of thiophene. The 
maximum of C4H4S total conversion reaches only about 20% at 340 °C. Above 
this temperature the decrease in commercial hopcalite activity is observed. The 
addition of gold greatly improves activity of the commercial system. The catalyst 
with the highest concentration of gold (1%) is the most active. The total 
conversion of thiophene over these systems reaches above 80% at 370 °C. 
However the loss of activity of Au-modified systems during the reaction is 
observed as in the case of commercial hopcalite.
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Fig. 1. Activity of hopcalite catalysts to C 02 in oxidation of thiophene.
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Fig. 2. Selectivity of hopcalite catalysts to C 02 in oxidation of thiophene.

C 02 is not only the product of the reaction (Figure 2). Conversion of 
thiophene to carbon dioxide reaches about 50% in the case of the catalysts with 
gold addition. Commercial hopcalite is slightly less active towards oxidation to 
C 02. The loss of his oxidative performance to C 02 with the reaction temperature 
can be clearly seen.

The deactivation process of hopcalite was discussed in the literature in CO 
oxidation [17,18,19]. It was proposed that the active form of catalysts in CO 
oxidation can be an amorphous spinel whose general formula can be described 
as: (Cua+Mn 1.a2+)A(Cu1.a2+Mn a3+Mn4+)B0 42" [20]. In such a spinel the differently 
charged Cu and Mn ions can be present in tetrahedral and octahedral sites. It is 
proposed that redox couples Cu2+ + Mn3+ —» Cu1+ + Mn4+ can be responsible for 
high activity of the catalyst in oxidation reaction. The loss of activity is 
attributed to the change of surface concentration of copper and manganese ions 
or surface segregation of impurities of the catalysts, such as alkali metal ions, 
occurring during crystallisation of the spinel [17]. However some studies suggest



that CuMn204 spinel in crystalline form can also be an active phase in CO 
oxidation [21].

In order to characterise commercial and Au-modified hopcalite structure, 
XRD analysis was carried out. The results of XRD measurements are shown in 
Figure 3.
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Fig. 3. XRD diffraction patterns of commercial and Au-modified hopcalite.

Commercial catalyst is in the amorphous form as well as the catalyst with the 
lowest gold content (0.2%). After the addition of higher Au quantity (0.5, 1%) 
crystallisation of the spinel occurs. The reflexes due to the presence of metallic 
gold on 0.5% Au-CuMn204 and 1% Au-CuMn20 4 catalysts surface are also 
observed (Figure 3), indicating a non-homogeneous distribution of Au particles.

SEM-EDS results also demonstrate low dispersion of Au. The spectrum 
presented in Figure 4 b) taken from the plain spot seen in Figure 4a) shows 
existence of Au crystallites on 1 % Au-CuMn204 surface with the size of several 
micrometers.

To determine the distribution of all elements on the catalyst surface, ToF- 
SIMS images were collected for 1% Au-CuMn20 4 from catalyst surface area 
35.2 gmx35.2 pm (Figure 5). The elements of the spinel, Mn and Cu ions are 
homogenously distributed, on the other hand areas of enhanced Au surface 
concentration can be observed in ToF-SIMS images.

Fig. 4. SEM-EDS spectrum of 1% Au-Cu-Mn hopcalite.



Fig. 5. ToF-SIMS surface images of fresh 1% Au-Cu-Mn hopcalite.

TPR patterns obtained both for commercial and Au-modified hopcalite clearly 
show two reduction peaks. It was shown that hopcalite can be reduced in two 
stages. Tanaka suggested that Cu species are reduced at low temperatures (150- 
350°C) and Mn species are reduced in high (300-550 °C) temperature regions 
[22], Thus, the first reduction peak is attributed to the reduction of Cu+ and Cu2+ 
ions to Cu° in the spinel lattice whereas the second can be due to reduction of 
differently charged manganese ions Mn3+ and Mn4+ to Mn2+. The reduction of 
Mn2+ to Mn° has not been observed even at very high temperatures because of its 
larger negative value of reduction potential [23]. For commercial hopcalite two 
reduction maxima are located at about 200 and 250 °C. After Au addition the 
shift of both reduction peaks towards higher temperatures is observed. They are 
shifted to 210, 300; 240, 340; 260, 370 for 0.2% Au-CuMn20 4, 0.5% Au- 
CuMn20 4, 1% Au-CuMn20 4 respectively. It can be clearly seen that gold 
addition contributes to the worse reducibility of the catalysts.
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Fig. 6. TPR profiled of commercial and Au-modified hopcalite.

In order to study the loss of activity of commercial and Au-modified catalysts 
XRD and ToF-SIMS analysis of spend samples were carried out. The 
composition of commercial and gold modified hopcalite before and after reaction 
is presented in table 1. Composition of non-modified and modified catalysts after



the reaction is similar. Crystallisation of amorphous phase of commercial 
catalyst occurs during the reaction thus the crystalline phase of CuMn20 4 spinel 
in spend sample is observed. XRD analysis of catalysts after the reaction 
indicates also partial decomposition of the spinel structure to manganese and 
cooper oxides and probably to CuMn04. Veprek and all [17] have studied 
structural changes of commercial hopcalite during heating at different 
temperatures in oxygen or nitrogen. They observed the first indication of 
crystalline CuMn20 4 formation at 350 °C by XRD. At 500 °C crystallisation of 
the spinel was completed. Heating of the catalyst at higher temperatures 
(1110°C) caused decomposition of CuMn20 4 to CuMn20 4, Mn30 4 and 
CuMn20 4. On the other hand Huthings and co-workers [9] claim that calcination 
at 500 °C produced a relatively amorphous stechiometrie CuMn20 4 phase. At 
600 °C Cu-Mn solid solution segregated from stechiometrie spinel to CuxMn3_x0 4 
and Mn20 3. The Tamman temperature of Mn20 3 is 403 °C thus solid state 
reactions may occur at this temperature.

ToF-SIMS results confirm partial decomposition of the spinel phase during 
the reaction. ToF-SIMS images indicate the presence of areas of enhanced 
surface concentration of Cu species with the size of about 20 micrometers.

Tab. 1. Composition of fresh and used hopcalite catalysts.

Catalyst C rystalline phase proposed
C om m ercial hopcalite (fresh) am orphous
Com m ercial hopcalite (spend) C uM n20 4, C u M n 0 4, CuO, M n20 3, M n30 4
0.5%  A u-hopcalite (fresh) C uM n20 4
0.5%  A u-hopcalite (spend) C uM n20 4, C u M n 0 4, CuO, M n20 3, M n30 4, M nO x, 

M n(O H )2

63Cu 65Cu Mn Au
Fig. 7. ToF-SIMS surface images of used 1% Au-Cu-Mn hopcalite.



4. CONCLUSIONS

• Addition of Au improves activity of commercial hopcalite but does not 
prevent its thermal deactivation, it is probably connected with non- 
homogenous Au distribution,

• Higher activity of Au modified hopcalite can be connected with the presence 
of modified Cu2++Mn3+ <=>Cu++Mn4+ centres.

5. REFERENCES

[1] J. K ośm ider, B . M azur-Chrzanow ska, B . W yszyński, Odory PW N  W -w a (2002).
[2] G. B usca, M . Daturi, E. F in occh io , V . L orenzelli, G. R am is, R. J. W illey , Catal. Today 33, 

2 3 9 -2 4 9  (1997).
[3] Ch. W ang, S. Lin, Ch. Chen, H. W eng, Chemosphere 6 4 , 5 0 3 -5 0 9  (2006).
[4] O. D uclaux, T. Chafik, H. Zaitan, J. L. G ass, D . B ianchi, React. Kinet. Catal. Lett. 76 , no. 1, 

19-26 (2002).
[5] A . M irzaei, H. Shaterian, R. Joyner, M . Stockenhuber, S. H. Taylor, G. H utchings, Catal. 

Communications 4 , 17-20 (2003).
[6] A . M irzaei, H. Shaterian, M . K aykhaii, Appl. Surf. Scien. 23 9 , 2 4 6 -2 5 4  (2005).
[7] M . Z im ow ska, A . M ichalik-Z ym , R. Janik, T. M achej, J. Gurgul, R. P. Socha, J. Podobiński, 

E. M . Serw icka, Catal. Today 119, 3 2 1 -3 2 6  (2007).
[8] M . Kramer, T. Schm id, K. S tow e, w. F. M aier, Appl. Catal. A 30 2 , 2 5 7 -2 6 3  (2006).
[9] G. J. H utchings, A . A. M irzaei, R. W . Joyner, M . R. H. Siddiqui, S. H. Taylor, Appl. Catal. A 

166, 1 4 3 -1 5 2 (1 9 9 8 ) .
[10] V . A. D e la Pena O ’ Shea, M . C. A lvarez-G alvan, J. L. G. Fierro, P. L. Arias, Appl. Catal. B 

57 , 191-199  (2005).
[11] M . C . A lvarez-G alvan, B. P aw elec,V . A . D e  la Pena O ’ Shea, J. L. G. Fierro, P. L. Arias, 

Appl. Catal. B 51 , 83-91  (2004).
[12] M . Ferrandon, J. C am o, S. Jaras, E. B jom bom , Appl. Catal. A 180, 153-161 (1999).
[13] M . Haruta, N . Yam ada, T. K obayashi, S. Iijima, J. Catal. 115, 301 (1989).
[14] M . Luo, X. Y uan, X. Z heng, Appl. Catal. A. 175, 121 (1 9 9 8 ).
[15] B .C ellier, S. Lambert, E. M . G aigneaux, C. P oleun is, V . Ruaux, P. E loy , C. L ahousse, 

P. Bertrand, J. P. Pirard, P. [16] B . E. So lson a , T. Garcia, Ch. Jones, S. H. Taylor, 
A . F. Carley, G. J. H utchings, Appl. Catal. A 31 2 , 67  (2006).

[16] V eprek S. C ocke D . L„ K ehl S, O sw ald H. R „ J. CatalAOO, 2 5 0  (1986).
[17] F. C. Bucium an, F. Patcas, T. Hahn, Chem. Eng. Process. 38  5 6 3 -5 6 9  (1999).
[18] P.O . Larsson, A . A nderson, Appl. Catal. B 24 , 1 75-192  (2000).
[19] A . W askow ska, L. Gerward, J. L. O lsen , S. Steenstrup, E. Talik, J. Phys. Condens. Matter 13, 

2 5 4 9  (2001).
[20] G. M . Schw ab, S. B . K anungo, Z. Phys. Chem. NF 107, 109 (19 7 7 ).
[21] Y . Tanaka, T. Utaka, R. K ikuchi, T. T akeguchi, K. Sasaki, K. E guchi, J. Catal. 21 5 , 271 

(2003).
[22] J. C am o, M . Ferrandon, E. B jom bom , S. Jaras, Appl. Catal. A 155, 265  (1997).



CURRICULA VITAE

M a łg o r z a ta  Iw o n a  S z y n k o w sk a  graduated in Chemistry Faculty at Technical University 
of Łódź. In 1999 received Ph.D. at the same university. Employed as adjunct in the 
Institute of General and Ecological Chemistry. Main research interests: heterogenous 
catalysis and instrumental analysis.

T a d e u sz  M ie c z y s ła w  P a r y jc z a k . Education: prof., Technical University of Łódź, 
Poland, 1976. Career: Dean of Chemistry Faculty, Technical University of Łódź, Poland, 
1984—1990, 1993-1999. Head of Institute of General and Ecological Chemistry, 
Technical University of Łódź, Łódź, Poland, 1975-2002. Career-related: member, 
cencom. sci. titles and degrees, Warsaw, Poland, 1991-1993, 1998-2006. Writings and 
creative works: author of monography -  Gas Chromatography in Adsorption and 
Catalysis, Horwood-Wiley, PWN, 1986. Achievements: 20 patents, Research, studies in 
adsorption and catalysis using temperature programmed methods TPR, TPO, TPD, TPSR 
Awards, Honors: Doctor honoris causa of the Technical University of Szczecin -  2001, 
doctor honoris causa of Technical University of Łódź -  2006.

A n e ta  W fg liń s k a  graduated in Chemistry Faculty at Technical University of Łódź. Since 
2004 Ph.D. student in Chemistry and Chemical Technology in the Institute of General and 
Ecological Chemistry. Main research interests: heterogeneous catalysis.


