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Abstract LajgCuy,MnO; and Lag ¢Sty ,MnOj; perovskite catalysts were prepared
by the co-precipitation method. The resistance of these catalysts to sulfur poisoning
was tested via catalytic combustion of toluene. The results show that the perovskite
catalysts were poisoned in the presence of SO,. In the presence of dodecyl mer-
captan (C,,H,sSH), Lag gSrg,MnO; exhibits better resistance to sulfur poisoning
than LaggCup,MnQOs5. It was determined that the SO, deactivation is due to the
formation of CuSO, on the catalyst surface.

Keywords VOCs - Catalytic combustion - Perovskite - Tolerance to poisoning -
Stability

Introduction

Volatile organic compounds (VOCs) are considered to be significant environmental
pollutants. Catalytic combustion is one of the most effective approaches to convert
the diluted VOCs into harmless products such as CO, and H,O [1]. Several catalyst
systems have been used for VOC catalytic combustion, such as those incorporating
noble metals and oxides of the transition metals [1, 2]. However, the VOCs from
petrochemical, pesticide and foodstuff industries always contain some heteroatoms
such as nitrogen, sulfur and chlorine [3, 4]. One problem concerning the normal
noble metal catalysts is their sensitivity to poisoning due to the presence of sulfur
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compounds and chlorine compounds in industrial organic exhaust gas [5-7]. The
perovskite structure is characterized by a large capacity to stabilize unusual valence
states of different metal ions and can also accommodate variable amounts of
different lattice defects. Perovskite-type catalysts for VOC catalytic combustion are
widely studied [8]. Several lanthanum transition metal based perovskites show very
good oxidation performance in VOC combustion and they can be further enhanced
by substitution of lanthanum by strontium or copper [9-12]. However, most of the
oxide catalysts, including perovskites, are expected to be sensitive to sulfur and
chlorine poisoning [13—15]. Lanthanum oxide, due to its basicity, has a tendency to
form sulfate, sulfite and chloride. These unstable surface species, which probably
lead to deactivation, have already been investigated [16-20].

It is thus significant to clarify the poisoning mechanism and the internal factors of
catalyst deactivation in order to propose the practical composition of perovskite-
based catalysts with better resistance to sulfur and chlorine poisoning. A primary
sulfur poisoning mechanism was proposed in early publications, which displayed
two distinct stages depending on poisoning time [21, 22]. At the first stage, a
reversible minor deactivation was observed and chemisorptions of sulfur containing
species at anion vacancies of perovskite surface interact with the accessible
perovskite surface, which led to the formation of minor amounts of sulfate and
sulfite over the perovskite surface. At the second stage, there is a deeper irreversible
deactivation while large amounts of sulfate and sulfite formed and a linear
diminution of conversion with time occurs and the perovskite structure was
destroyed. Previous studies showed that Sr-doping increases the mobility of lattice
oxygen of the perovskites [23-25]. Otherwise, the acid character of a metal ion
increases with its oxidation state, the bonding of sulfur with the perovskite surface
might be weakened [20, 26].

Based on the above summarized topics, LaggCug,MnO3 and LaggSry,MnOj3
perovskite catalysts were prepared by the co-precipitation method in the present
study. Resistance to sulfur poisoning of these catalysts was tested via VOC catalytic
combustion. The mechanism of deactivation caused by sulfur poisoning was studied
by X-ray diffraction (XRD) and X-ray photoelectron spectroscopic (XPS) techniques.

Experimental
Catalysts preparation

Lag gCup,MnOj3; and Lag gSrp ,MnO3 were prepared via the co-precipitation method
[8]. In a typical process, stoichiometric amounts of La(NOj3);-6H,0, Mn(NO3)3-
4H,0, and Cu(NOs3), or Sr(NO3), were dissolved in deionized water. The solution
was stirred at 313 K in a water bath. A 25% ammonia solution was introduced as the
precipitator. The pH value of the solution was adjusted to 11. The solution was then
allowed to stand at room temperature for 24 h, the solid was washed by deionized
water, and dried at 353 K for 24 h. The resulting powder was calcined at 973 K for
6 h. After grinding and sieving, Lay gCuy,MnO; and Lag gSry ,MnO; were obtained
in their final form [8].
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Catalytic performance test

The catalyst resistance to poisoning was tested in a fixed-bed continuous-flow
micro-reactor at atmospheric pressure. The catalyst (154.2 mg, 500-750 pm
particle size fraction) was diluted with quartz at a 1:10 quality ratio. The catalytic
performance tests were carried out in the electric-heated reactor. The reaction
temperature inside the catalytic bed was measured with a K-type thermocouple. The
feed gas was composed of VOCs (toluene) and diluent gas (air). The gas flow space
velocity (GHSV) was 5000 h™' for all tests, and the reactor operated at a constant
combustion temperature of 573 K for the sulfur poisoning. The products were
analyzed by on-line GLC analysis with a HP6890 (FID) equipped with an AT.SE-30
capillary column (30 m x 0.25 mm) [27].

The catalyst stability was tested in a fixed-bed continuous-flow micro-reactor at
atmospheric pressure. The reactor was operated at a constant combustion temper-
ature of 573 K, with the inlet concentration of toluene at 6000 ppmV, and the gas
flow space velocity (GHSV) at 5000 h™'. Reactants and products were analyzed by
an on-line gas chromatograph (HP6890) [27].

Characterization of catalysts

Powder X-ray diffraction (XRD) patterns of the catalysts were recorded on a
SCINTAG X’TRA X-ray powder diffractometer using Cu K, radiation. Diffraction
patterns were recorded over a 20 range of 20-80°. The scan speed was 4° min~" at
40 kV and 30 mA.

The specific surface area was measured by the BET method using N, on all fresh
LaggCup,MnO; and LajgSry,MnOj; catalysts (Micromeritics ASAP 2010 M
apparatus). LaggCuy,MnO; catalysts have a specific surface area of 21 m? g !,
and Lag gSrg,MnO; catalysts have a specific surface area of 23 m? g_l.

X-ray photoelectron spectroscopic (XPS) analysis was conducted using a
PHI5300 analyzer (PHI, USA) employing Mg K, radiation. All spectra were

calibrated using the binding energy of C 1s (284.6 eV) as a reference.

Results and discussion
Catalyst tests on resistance to sulfur poisoning

The catalytic conversion of toluene containing SO, was tested to find the catalyst
resistance to inorganic sulfur poisoning. The feed gas was composed of toluene
(6000 ppmV) and varying concentrations of SO,. The GHSV was 5000 h™' and the
reaction temperature was maintained at 573 K.

Figs. 1 and 2 show that the conversion of toluene is greater than 80% in the
presence of low concentrations (<10 ppmV) of SO,. However, as the SO,
concentration increased, the conversion rate of toluene decreased to some degree for
both catalysts. Moreover, greater SO, concentrations resulted in markedly larger
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Fig. 1 Resistance to SO, of the Lay gCu (,MnOj; catalyst ([toluene] = 6000 ppmV, GHSV = 5000 h!,
T =573 K, [SO,] = 10-60 ppmV)
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Fig. 2 Resistance to SO, of the Lag gSrp,MnOj; catalyst ([toluene] = 6000 ppmV, GHSV = 5000 h',
T =573 K, [SO,] = 10-60 ppmV)

decreases in toluene conversion. When the SO, concentration was 60 ppmV, the
Lag gCup,MnOj; catalyst was nearly completely deactivated after 200 h.

There are few reports on the recovery of catalysts after sulfur poisoning. In this
study, the catalysts were reset into the reactor after being poisoned by SO, of
60 ppmV to investigate the regeneration ability of these catalysts. Tests were
performed under the same reaction conditions of toluene catalytic combustion with
SO, concentration ranging from 50 to 10 ppmV. The results are shown in Figs. 3
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Fig. 3 Recovery of the poisoned Lag gCug,MnOj; catalyst ([toluene] = 6000 ppmV, GHSV = 5000 h',
T =573 K, [SO,] = 50-10 ppmV)
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Fig. 4 Recovery of the poisoned Lag 3Srg ,MnOj catalyst ([toluene] = 6000 ppmV, GHSV = 5000 h™",
T =573 K, [SO,] = 50-10 ppmV)

and 4. The toluene conversion of the deactivated catalysts cannot be recovered over
200 h with 10-50 ppmV SO, in the feed gas. At 10 ppmV SO,, toluene conversion
on poisoned Lay gCuy,MnO; increased from O to 1.8% and from 31.5 to 34.5% for
Lag gSrg,MnQOs. It is indicated that the recovery of poisoned catalysts is easier when
the SO, concentration is lower.

We also investigated the catalyst resistance to organic sulfur poisoning by testing
the catalytic toluene conversion of containing C,,H,sSH. The feed gas was composed
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of toluene (6000 ppmV) and different concentrations of C;,H,5SH, and the reaction
conditions were identical to those of the SO, test. The conversion rates of toluene with
the two catalysts in the presence of C;,H,5SH are shown in Figs. 5 and 6. The
conversion rate of toluene with Lay gCuy,MnQO5 decreased as the concentration of
C,H,5SH increased. Higher C;,H,sSH concentrations caused faster decreases to the
conversion rate. The conversion rate of toluene with LaggSro,MnO3 was steady
above 95%, even though the C;,H,sSH concentration was varied. The
Lag gSrg »MnO;3 had better C;,H,5SH resistance than Lag gCup,MnQOs.
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Fig. 5 Resistance to C|,H,sSH of the LapgCu (,MnO; catalyst ([toluene] = 6000 ppmV, GHSV =
5000 h™!, T = 573 K, [C;,H,5SH] = 10-60 ppmV)
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Fig. 6 Resistance to Ci,H,5SH of the LaSry,MnggO; catalyst ([toluene] = 6000 ppmV, GHSV =
5000 h™!, T = 573 K, [C,H»sSH] = 10-60 ppmV)

@ Springer



Study on the poisoning tolerance and stability of perovskite catalysts 423

Catalyst tests on resistance to chlorine poisoning

Tests of catalytic performance over dichloromethane were conducted to find the
catalyst resistance to chlorine poisoning. The inlet concentration of dichlorometh-
ane was 3000 ppmV. The reaction was carried out at the GHSV of 5000 h™' at
693 K. As shown in Fig. 7, the conversions of dichloromethane during 200 h
reaction were maintained above 96%. This indicates that the catalysts have good
tolerance to chlorine poisoning.

Catalytic stability test

The catalytic stability of the Lag gCuy,MnO;5 and La gSrg ,MnO3 was tested under
the following conditions: The concentration of toluene as feed gas is 2400 ppmV
with GHSV 5000 h™' and reaction temperature 573 K.

The results plotted in Fig. 8 suggest that the conversion of toluene gradually
decreases on the Cu-catalyst during 200 h of testing, but is still maintained above
95%. Comparatively, the performance of Sr-catalyst exhibits better catalytic
stability during a 200-h test.

Deactivation mechanism

XRD characterization

The XRD patterns of catalysts samples are shown in Figs. 9 and 10. As can be seen
in the XRD patterns of fresh Cu-catalyst and Sr-catalyst, regular diffraction peaks at

20 = 23.0°, 32.7°, 47.0°, 58.0° are observed. These peaks correspond to the
standard patterns of perovskite phase [8]. The XRD patterns of poisoned Cu-catalyst
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Fig. 7 Resistance to chlorine of the Lag gSry ,MnO3 and Lag gCu ( ,MnOj catalysts ([dichloromethane] =
3000 ppmV, GHSV = 5000 h!, T =693 K)
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Fig. 8 Stability of the Lag gSrg ,MnOj3 and Lag gCu g ,MnOj catalysts ([toluene] = 6000 ppmV, GHSV =
2000 h™!, T = 573 K)
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Fig. 9 XRD patterns of LaggCu o,MnOj; samples. (a) The sample before reaction. (b) The sample after
reacting with SO,

are shown in Fig. 9. The dispersion of peaks at 20 of 15-25° suggests that the
perovskite crystal structure has been destroyed and amorphous phase forms
partially. According to the JCPDS card, the diffraction peaks at 20 = 21°, 42°, 50°,
64° correspond to the CuSQOy, crystal phase. Similarly, the XRD patterns of poisoned
Sr-catalyst plotted in Fig. 10 show dispersion of peaks at 26 = 15-25°, suggesting
that there is an amorphous phase existed. The perovskite crystal structure has been
destroyed slightly as well. Comparatively, there are no crystal diffraction peaks of
SrSO,4 or other compounds.
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Fig. 10 XRD patterns of Lag gSr o ,MnO; samples. (@) The sample before reaction. (b) The sample after
reacting with SO,

With reference to Figs. 1 and 2, the catalytic performance of Sr-catalyst
decreased in the presence of SO,, but less significantly than that of Cu-catalyst. This
suggests that Sr-catalyst has better structure stability than Cu-catalyst.

XPS characterization

XPS characterization analysis of the poisoned catalysts was applied to investigate
the SO, poisoning mechanism. The XPS signal of S and the binding energy shift of
each element on the poisoned catalyst surface are shown in Tables 1 and 2. It can be
seen in the S 2p high resolution XPS spectra of the Cu-catalyst that there is a peak
S2 at a binding energy of 169.7 eV. Its position (169.5 eV for S of CuSO, in the
standard spectra) corresponds to the XPS signal for the S of CuSO, [28].
Comparatively, there is a peak S1 at a binding energy of 166.7 eV (168.4 eV for S
of SrSOy in the standard spectra) in the S 2p high-resolution XPS spectra of the
Sr-catalyst show that SrSQy is quite not detectable on the Sr-perovskite.

Table 1 Binding energies of catalysts before and after poisoning (eV)

C (1s) La (3d) Mn (2p) S (2p) Cu (2p) Sr (3d) O (Is)

Lag gCu,MnO3
Fresh 287.5 834.5 642.5 - 942.0 - 529.1
Poisoned 287.8 834.9 642.1 169.7 935.7 - 533.0
Lag gSrp,MnO;
Fresh 284.4 835.1 642.3 - - 132.9 529.5
Poisoned 285.7 835.9 642.2 166.7 - 133.2 531.1
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Table 2 Atomic concentrations on the catalyst surface (%)

La (Is) Mn (2p) S (2p) Cu (2p) Sr (3d) 0 (Is) C (Is)

Lag §Cup,MnO3
Fresh 4.0 3.7 0 1.6 - 35.7 56.0
Poisoned 3.5 6.6 0.7 0.7 - 45.8 42.6
Lag gSrp,MnO;
Fresh 6.7 14.3 0 - 1.44 46.0 31.0
Poisoned 4.5 10.1 2.4 - 2.14 49.0 32.6

The obvious binding energy shift between Cu and O in the fresh and poisoned
Cu-catalysts is due to the formation of CuSO, crystals at the surface of the
Cu-catalyst. Comparatively, the binding energy shift between Sr and O is smaller
than that of the Cu-catalyst, which indicates that less SrSO,4 forms on the catalyst
surface, and that the Sr-catalyst exhibits good stability. The Sr-catalyst exhibits
better resistance to sulfur poisoning than the Cu-catalyst.

Conclusion

Lag gCup,MnO;3; and LaggSrg,MnO5 perovskite catalysts were prepared by the
co-precipitation method. Testing for resistance to sulfur poisoning indicated that
Lag gSry,MnO; exhibited better resistance to sulfur poisoning than Lag gCug,MnO3
in the presence of dodecyl mercaptan (C;,H,sSH). The toluene conversions
decreased to some degree for both catalysts as the SO, concentration in the mixture
increased. It can be concluded that the catalyst poisoning in the presence of SO, is
due to the formation of CuSO4 and SrSO,, which are generated by combining SO,
and the metal ion in the two catalysts. The screening effect of CuSO, on the catalyst
surface leads directly to the deactivation.

Tests of catalytic performance over dichloromethane were conducted to find the
tolerance of catalysts to chlorine poisoning. This indicated that the two catalysts
showed good tolerance to chlorine poisoning. The 200-h catalytic stability tests
demonstrated that the two catalysts exhibited good stability and the Sr-catalyst
performed better than the Cu-catalyst. The conversions of toluene were maintained
above 95%.
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