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Highlights:

1- 0.3Pt10Cu/AlSizo catalyst is active, selective and durable in DMDS oxidation
2- Less than 20% of silica is able to improve catalyst resistance against sulfur
3- PtO is the most optimal form of platinum in Pt-Cu catalyst for DMDS oxidation

Abstract

In the present research, an industrially aged Pt/Al.O3 catalyst was used as a basis for the study on
the sulfur deactivation and the development of more resistant catalytic materials. The catalytic
activities of both industrially and laboratory-aged materials in DMDS oxidation were studied in
addition to characterization by XRD, XPS, FESEM, TEM and N2 adsorption. The industrial ageing
induced a phase change from y-Al203 towards 0-Al203, formation of aluminum sulfates and an
increase in Pt particle size as well as a change in the oxidation state of Pt to a higher state. These
changes caused an increase of 30°C in the light-off temperature for DMDS oxidation. Accelerated
ageing in the presence of SO2 and H20 vapor at 400°C for 5 h decreased the activity of the Pt/Al20Os
at the same level than for the industrially aged catalyst even though smaller sulfur content and no
sintering of y-Al203 were observed. Pt sintering (10-20 nm) in both cases was observed. The XPS
results confirmed the formation of new sulfate phases and the interaction between sulfur and the

active phase as well as the support of the catalyst undergone accelerated ageing. After the



accelerated ageing of copper-based catalysts, the 0.3Pt10Cu/Al203l0.sSiOz2lo.2 catalyst showed an

interesting resistance towards sulfur deactivation, as it was expected.

Keywords: Dimethyldisulfide, Pt-Cu catalysts, sulfur deactivation, accelerated ageing, industrial

ageing, SVOC oxidation and sulfur tolerance.

1. Introduction

Sulfur containing volatile organic compound (SVOC) emissions are released mainly from gasoline
combustion, evaporation of liquid fuels and solvents, from oil and gas refineries and pulp and paper
industry. The increasing environmental concern and difficult management of these compounds have
contributed to a growth in the number of large-scale industrial disposal operations in the developing
countries [1]. Dimethyldisulfide (C2HsS2, DMDS) is among the most odorous compounds due to its
low human detection threshold (2.5 pugm3), which makes it rather difficult to treat completely [2].
The catalytic oxidation is the most attractive way to remove VOCs at low concentrations from
industrial gaseous effluents [3], and it has shown to be a potential method also in the case of
SVOCs[4].

The catalysts that are commonly used for VOC oxidation are supported precious metals, metal
oxides and mixed metal oxide-precious metal catalysts [5-8]. Precious metals have higher activity
compared to metal oxides, however, they are susceptible to poisoning and expensive [9]. Mixed
metal oxides represent one of the most important and widely employed classes of solid catalysts,
either used as an active phase or as a support. Oxides of transition metals, mainly Mn [10-13], Co
[9, 14-16], Fe [10] and Cu [13, 17] are employed for the oxidation of VOC. However, these
catalysts are frequently deactivated due to the sulfur poisoning [18]. Sulfur compounds bond tightly
to the active site of the catalyst forming stable surface metal sulfides, which prevent adsorption of
reactants on the surface [19]. Sulfur can also concentrate on the oxide support forming sulfates (e.g.
aluminum sulfates and cerium oxy-sulfates), which can have an impact on the metal-support
interaction [19, 20].

This present study will shed a light on the catalytic oxidation of SVOCs. The model compound used
in this study is DMDS, which is known to be present in high concentrations in industrial exhaust
gases. The catalysts applied to the destruction of SVOCs must be highly active at relatively low

temperatures and maintain high resistance towards deactivation by sulfur and its derivatives



compounds as well as have high selectivity towards CO2 and SOz. For these reasons, the major aims

of this study are the following:

1- to characterize and study the activity of the industrially aged 1wt%Pt/Al2O3 catalyst (in
powder form);

2- to develop a representative laboratory ageing procedure to mimic the real-life deactivation
of an SVOC catalyst, using the results from the industrially aged 1wt%Pt/Al20s catalyst;

3- to study the deactivation of the laboratory made catalysts by developed accelerated ageing
protocol, i.e. 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSi2o. These catalysts were chosen, because

they had shown resistance against sulfur poisoning in our earlier study [21].

2. Experimental
2.1 Catalyst preparation

Three different catalysts were studied in this work. The 1wt-%Pt/Al203 catalyst was supplied by
Dinex Ecocat Oy Company, (the catalyst later denoted as Pt/Al) and two other catalysts,
0.3Pt10Cu/Al and 0.3Pt10Cu/AlSi2o, were prepared in the laboratory. The Pt/Al catalyst was used
in the industrial ageing and in the development of the accelerated ageing protocol. The laboratory-
made catalysts were developed with an aim to improve the catalyst stability. The durabilities of
these catalysts were studied with accelerated ageing. The preparation of the boehmite gel was done
based on the procedure described by Yoldas [22] after small modifications. A known mass of
aluminum tri-sec-butoxide (Al[OC4Ho)3], 97%, Alfa Aesar) was mixed with ultrapure water
corresponding to the molar ratio of n(H20)/n(Al) = 100. The mixture was homogenized under
stirring at 60 °C for 1 h. Then, two drops of hydrochloric acid (HCI) were added to catalyze the
peptization reaction. For doped alumina (80 mol-%Al203-20 mol-%Si02), tetraethoxysilane
(Si(OC2Hs)4, 99%, Aldrich), was introduced simultaneously with HCI acid. Then the mixture was
heated at 80 °C for 2 h. During the synthesis, the reaction mixture was stirred and the beaker was
covered with a watch-glass to minimize evaporation of water. Under these synthesis conditions
(excess water, acid and temperature of 80 °C), the hydrated boehmite doped silica (AIO(OH)-
SiO2:nH20) was formed. The whitish gel obtained, was then dried at 120 °C overnight, and then
grounded, leading to the formation of a white powder of boehmite-type doped xerogel. After that,

the powder was calcined from RT to 550 °C for 5 hours with a temperature rise of 5 °C min™.



The co-impregnation method was used to prepare the bimetallic Pt-Cu catalysts supported
separately on the materials mentioned above with 0.3 wt-% platinum and 10 wt-% copper loadings.
The preparation was done using chloroplatinic acid hexahydrate (H2PtCls-6H20, 99,9%, Alfa
Aesar) and copper(l1) nitrate hemipentahydrate (Cu(NO3)2-2.5H20, 98%, Alfa Aesar) as active
phase precursors. After dissolving the precursors with ultrapure water and introducing the support
material, mechanical stirring was continued at room temperature overnight. Then the sample was
dried at 65 °C using a sand-bath. Finally, the catalyst samples, 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo,
were calcined in air at 550 °C for 5 h.

2.1 Characterization

The final loading of platinum and copper, and the total sulfur contents of the catalysts were
analyzed using X-ray fluorescence spectroscopy (XRF). The measurements were performed using
PANalytical Axios instrument. The supports and catalysts were also characterized by physisorption
of N2 at -196 °C performed with Micrometrics ASAP2020 to find out the specific surface area and
the porosity. Identification of phases was done by X-ray diffraction (XRD) measurements. The
XRD data were collected at room temperature, using a Siemens D5000 diffractometer equipped
with a Cu anode (Acu = 1.5418 A) and a nickel filter. Additional acquisition parameters were: 20
range 5-90 °; step 0.025 ° and dwell time of 1 s. Diffraction patterns were compared to the ICDD

database (International Center for Diffraction Data) for the identification of crystalline phases.

A Zeiss Ultra Plus field emission scanning electron microscope (FESEM) equipped with an energy-
dispersive X-ray spectroscopy (EDS) at an accelerating voltage of 15.0 kV was used to study the
surface of the Pt/Al, 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo catalysts before and after the ageing

procedures.

In order to obtain quantitative measures of particle and/or grain size, size distribution, and
morphology, Transmission Electron Microscopy (TEM) was performed using a JEM-2100 LaBs
equipped with energy dispersive spectrometer EDS.

The X-ray photoelectron spectroscopy (XPS) analyses of Pt/Al, 0.3Pt10Cu/Al and
0.3Pt10Cu/AlSizo were performed with a Thermo Fisher Scientific ESCALAB 250Xi XPS
equipped with the Al K, X-ray source =1486.7 eV to study the oxidation states of copper and
platinum elements. The X-ray source operated at 10 mA and 12 kV. The spectral regions
corresponding to Cu 2p, Pt 4d, Pt4f, Al 2p, S 2p and O 1s core levels were recorded for each



sample. The static charge of the samples was corrected by referencing all binding energies (BE) to
the Al 2p peak (BE= 72.6 eV) and Shirley function was used as a background.

2.2 Catalyst testing

The activities of the catalysts were tested in the total oxidation of dimethyldisulfide CH3-S2-CHs
(DMDS) with the concentration of 550 ppm in 1 L.min* of purified air at the temperature range
from room temperature to 600 °C with the heating rate of 5 °C.min™. The Gas Hourly Space
Velocity (GHSV) was fixed at 76 500 h. 100 mg of the catalyst sample was placed between two
layers of quartz sand, 100 mg of each, and then packed into a tubular reactor with quartz wool
plugs. The gas composition was measured with an FTIR (Gasmet, Model Cr2000) already descried

in previous work [21].

The conversion of DMDS is defined in the following way:

Ci—Co
Ci

Conversion (%) = x 100 Q)

where Ci is the initial feed concentration of dimethyldisulfide DMDS (ppm), Co is the outlet
concentration of DMDS (ppm).

2.3 Accelarated deactivation procedure

In order to speed up the deactivation and to create a representative way how to simulate the
industrial ageing of the catalysts, three catalyst samples were exposed to a specific treatment. The
accelerated deactivation was carried out in the gas phase using a flow reactor. The powder form
sample was placed in a vertically positioned tubular quartz reactor between layers of quartz wool.

The mass of the sample was 100mg.

The treatment was conducted under the following conditions: 100 ppm SOz, 10 vol-% of H20, and
10 vol-% of air, balanced with N2. The furnace was heated from room temperature to 400 °C under
a flow of nitrogen and air with a heating rate of 10 °C min%. Once reaching the target temperature
(400 °C), SOz and H20 were added into the gas mixture. After 5 h of treatment, the furnace was

cooled down to the room temperature under a nitrogen and air flow.



The terms used later to describe the studied catalyst type in this article are the following:
Fresh catalyst: Catalyst which has not undergone any type of aging;
Used catalyst: Catalyst which has undergone an industrial aging;

Poisoned catalyst: Catalyst that has been aged with the accelerated ageing procedure.

2.4 Industrial ageing of the catalysts

The ageing of the catalysts in industrial conditions was done during pilot experiments at Stora Enso
Oulu paper mill in 2005-2006. During the pilot experiments, about 10 % of the chip bin emissions
were treated in a catalytic incinerator with a capacity of 500 m3.h. The industrial emissions consist
roughly about 40 % of terpenic compounds and 60 % reduced sulfur compounds by volume. The
identified compounds from the emission stream were methanol, terpenic compounds, hydrogen
sulfide, dimethyl sulfide, dimethyl disulfide and methyl mercaptane. In addition, the emission
contained a significant amount of moisture, and solids (content about 0.003 kg.h') the amounts of
which were reduced by condensation and filtration before the catalytic incinerator. [23] The test
catalysts were placed inside a custom-made ageing rack [24], which was placed inside the
regenerative catalytic incinerator between the heat exchanger and the catalyst. In this way,
depending on the periodical operation of the incinerator, the catalysts were exposed to both the
unreacted emission stream and the treated emission stream (reaction products). Through the ageing,
the temperature of the incinerator close to the ageing rack was varying between 330-530°C. During
the downtimes, the incinerator was cooled down close to the outdoor temperature, which was at
minimum -20 °C, since the pilot experiments were done during the wintertime. The total duration of
the industrial ageing was about 2 months, of which the exact uptime was 1355 hours giving a

utilization rate of about 88.5% for the incinerator.

3. Results and discussion
3.1 Activity and characterization of the fresh and industrially aged catalysts

To study the performance of the Pt/Al catalyst, and to compare its activity after the industrial
ageing, catalytic activity tests have been carried out in the total oxidation of DMDS. The conversion
of DMDS over the Pt/Al catalysts is shown in Figure 1. The results indicate that the two months
industrial ageing decreased the activity of the Pt/Al catalyst.



Figure 1. Light-off tests of DMDS oxidation over fresh and used Pt/Al catalysts.

The fresh Pt/Al catalyst seems to be relatively active in the catalytic oxidation of DMDS at high
temperatures (Too = 425 °C) according to Figure 1 and Table 1. In the case of the used catalyst, it
was noticed that the catalytic performance in DMDS oxidation decreases by 29 °C in terms of both
Tso and Too. This result shows that the active surface of the catalyst has been modified and/or the
formation of new phases on the surface of the studied catalyst has taken place, which prevents the

catalyst to work as efficiently as the fresh one.

To study the assumption mentioned above in detail, different characterization methods such as
XRF, XRD, BET, FESEM, TEM-EDX and XPS were used.

The fresh and used Pt/Al catalysts showed almost the same shapes of nitrogen adsorption-
desorption isotherms and according to the International Union of Pure and Applied Chemistry
(IUPAC), they correspond to the isotherms Type 1V [25-28]. Both the catalysts showed also the
same type of hysteresis, Type H2. This hysteresis observed confirms the presence of tubular pores
open at both ends and a good inter-connectivity of the pores [29-30]. It was noted also that the
desorption is slower on the used catalyst, which is probably due to the new species formed on the

surface that could retain N2 molecules.
The specific surface areas of the catalytic materials and their pore volumes are presented in Table 2.

It can be observed from Table 2 that the surface area of the used Pt/Al catalyst has decreased
severely in comparison to the fresh catalyst. This reduction in the BET surface area could have been
caused by a sintering phenomenon due to the crystal growth on the surface of the used catalyst. This
change in the structure of the used Pt/Al catalyst may be a physical process where the active surface
of the catalyst decreases by structural changes induced by e.g. temperature [31, 32]. Typically,
thermal deactivation occurs when the temperature rises unexpectedly to high values, causing both
sintering of the precious metals and catalytic supports [33, 34]. In the case of Al.O3 support,
sintering occurs during the phase transformation, whilst y-alumina is gradually transformed into 6-
alumina at high temperatures, resulting in a loss of the surface area. It was found that dispersed
metals in supported metal catalysts can also accelerate support sintering [35-39]. Furthermore,

thermal deactivation can cause more severe changes in presence of H20 [40].



Figure 2. XRD patterns of the catalysts (a) fresh Pt/Al and (b) used Pt/Al.

In the case of used Pt/Al2Os, an apparition of new phase was observed. According to the X-ray
diffraction results presented in Figure 2, sintering has occurred due to the phase transformation,
when y-alumina (ICDD: 001-050-0741) has transformed into 6-alumina (ICDD: 00-023-1009),
resulting in a loss of the surface area. Normally, the formation of 6-alumina appears at around 1000
°C [41], which is not probable in the industrial ageing conditions due to safety reasons. However,
the presence of impurities and considerable amount of moisture alters the barrier of phase
transformations. For example, calcination of y-Al203 with 3 wt-% platinum impurity can lead to the
formation of a-Al203 below 1100 °C [42-44] and the water existence can encourage also early

sintering and formation of the stable a-alumina [45].

Another result found by the XRD analysis is related to the existence of new compounds formed on
the catalysts used, namely aluminum sulfate that can be explained by the non-selective poisoning
when sulfur (coming from the feed gas or being reaction by-products) is deposited on the alumina
support by forming new compounds and masking the pores. This may partly explain also the loss of
the specific surface area observed based on the BET measurements. The formation of aluminum
sulfate is a type of chemical deactivation. The chemical deactivation may be considered as a
poisoning process where the catalytic oxidation performance decreases due to the chemisorption of
undesirable elements on the active metal and the catalyst support [32, 46]. The poisoning species
such as sulfur (S) may exist in the reactants and the reaction products in the form of organic or
inorganic compounds. It was reported that the formation of Al2(SO4)s on the surface of Pt/Al2Os (if
SOz or sulfur compounds exist in the gas feeding) could block catalyst pores and lower its oxidation
activity [47-49]. XRF analysis highlights a bulk sulfur concentration about 17% in the used Pt/Al
catalyst. Due to the low content of Pt, the conclusions regarding the deactivation of active metal by

sulfur were not possible by XRD.

Concerning the noble metals and especially Pt, sintering may occur at rather low temperature (about
600 °C) [34]. The effect of temperature on sintering of metals and oxides can be understood
physically in terms of the driving forces for dissociation and diffusion of surface atoms, which are
both proportional to the fractional approach to the absolute melting point temperature (Tmp). Thus,
as temperature increases, the mean lattice vibration of surface atoms increases. When the Hiittig
temperature (0.3Tmp) is reached, less strongly bound surface atoms at defect sites (e.g., edges and
corner sites) dissociate and diffuse readily over the surface, while at the Tamman temperature

(0.5Tmp), atoms in the bulk become mobile. Accordingly, sintering rates of a metal or metal oxide



are significant above the Hiittig temperature and very high near the Tamman temperature. Thus, the
relative thermal stability of metals or metal oxides can be correlated in terms of the Hiittig or
Tamman temperatures [50]. Table 3 gives data of Tramman and THutig for selected metals and their
oxides. The melting point is not always well-defined, for instance some oxides already begin to

decompose before Tramman OF THittig has been reached.

The measured temperatures during the industrial ageing have been in maximum 530°C, however,
the catalyst surface may have reached much higher temperatures before the emergency shutdown of
the pilot incinerator. The temperature measurement in the incinerator was made with a PT100
sensor about ~20 cm away from the catalyst ageing rack. We can estimate that the THuttig
temperature for Pt and Al203 have been passed during the ageing. In addition, the Tramman for PtO
and PtO2 have been reached easily. In conclusion, the precious metals have probably coagulated to
larger particles resulting in a lower active surface area. To verify that assumption, TEM analyses
were made to reveal information on the internal structure of fresh and used Pt/Al catalysts,

including the characterization of Pt particle architecture and the assessment of their sizes.

Figure 3. TEM images of a) fresh Pt/Al and b) used Pt/Al.

For fresh Pt/Al catalysts (Figure 3.a), the TEM results showed that Pt particles seem to be fairly
uniform in size, in the order of 7 nm, and relatively well dispersed. Concerning the used Pt/Al
catalyst (Figure 3.b), the Pt particles were found not to be homogeneously uniform on the surface of
the catalysts and some of the Pt particles were sintered and measured to be about 10 nm. Moreover,
the TEM coupled with an EDX analysis showed that sulfur is deposited not only on the support, but

also on the active phase, i.e. Pt, as Figure 4 and Table 4 show.

Figure 4. TEM image of used Pt/Al catalyst used for EDS analysis

To get an overview about the sulfur deposition on the Pt/Al, FESEM images with elemental
mapping were made. Figure 5 shows that some overlapping of S, O and Al exist. This confirms the

fact that new compounds such as aluminum sulfate has been formed on the surface of the support.
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Figure 5. Elemental mapping by FESEM for O, Al and S species on the surface of the used Pt/Al
catalyst.

The XPS spectra of fresh and used Pt/Al catalysts were evaluated in order to identify and compare
the oxidation state of the active species on the surface, to explain in more detail how and why Pt/Al
was subjected to a deactivation. The decomposition spectra of individual components of Pt 4ds/.
level, showed the presence of only one kind of platinum in the case of the fresh Pt/Al catalyst
(Figure 6.a). The spectral peak (Pt4ds2) with BE at around 315.8 eV is associated with Pt (0).

For the used Pt/Al catalyst, the decomposition spectra of individual components of Pt baseline 4ds2
showed the presence of two platinum species (Figure 6.b). According to literature, the spectral peak
(Pt4dsr2) of BE at around 315 eV is associated with the chemical state of Pt(0), but the last peak at
318.5 eV corresponds either to Pt(IV) or to the platinum species interacting with the ionic SO4> of
the metallic interface of the support [49]. Due to low concentration of the Pt species on the sample
surface, the XPS spectra for Pt 4ds/2 contain considerable amount of noise that may affect the
evaluation of the results. However, the differences between the fresh and the used Pt/Al catalysts

are visible.

Figure 6. Decomposition of Pt 4ds2 component of a) fresh Pt/Al and b) used Pt/Al.

The spectral decomposition of individual components of O1s level showed the presence of three
oxygen species in the case of the fresh Pt/Al catalyst (Figure 7.a). Both spectral peaks (O1s) with
BE at around 530 and 531 eV are associated with the oxygen atoms in the oxide network and the
last peak at 532 + 0.3 eV is coming from the surface oxygen such as hydroxyl groups [51]. For the
used Pt/Al catalyst, the results showed the presence of two oxygen species (Figure7.b). The spectral
peak (O 1s) with BE at around 530.5 eV is associated with the oxygen atoms in the oxide network
and the last peak at 532.4 eV could be derived from oxygen in the sulfated groups of Al2(SOa)s.

Figure 7. Decomposition of O1s component of a) fresh Pt/Al and b) used Pt/Al.

For S species, and according to the decomposition of the individual components of spectral levels S
2p (Figure 8), the binding energy of the S2p12=168.8 eV and S 2ps2 = 167.5 eV showed that sulfur

11



is present only in the form of S8 [52-55]. Thus, it can be deduced that sulfur is present in a single
form and a single type of sulfate on the surface structure of the catalysts, as shown by the presence

of a single transition S2p12 and of S2psy2.

Figure 8. Decomposition of S2p component of used Pt/Al catalyst.

Table 5 shows the atomic ratios observed on the surface of the studied catalysts determined by XPS.
In the case of the used catalyst, it was found that the Al amount on the surface decreased, which
may be explained by either a possible formation of a new compound or that the Al species were
covered by other species. Concerning Pt, it was found that its concentration remained about the
same. Because the surface concentration of Pt remained the same between the fresh and the used
catalyst while the aluminum content decreased, we could conclude that most of the sulfur poisoning
appears on the alumina support, but this assumption should be ruled out since TEM-EDS showed

that sulfur appears on the active phase, too.

To summarize the results of the industrial ageing, the decrease of the catalytic activity of Pt/Al
catalyst by DMDS oxidation experiments was first observed. With different characterization
techniques, changes in catalyst physico-chemical properties were detected. Those were a significant
decrease in specific surface area, sintering of Pt species and appearance of Pt(IV) species that are
less tolerant to sulfur as well as appearance of sulfur-compounds both on the active phase and the
support. In the next step of the research, the aim was to develop an accelerated ageing protocol

representing the industrial ageing.

3.2 Development of accelerated ageing protocol

In order to simulate the industrial deactivation of the catalysts by sulfur, an accelerated ageing
procedure was developed based on the information from the industrially aged Pt/Al catalyst. The
validation of the accelerated ageing procedure was done with the fresh Pt/Al catalyst. The Pt/Al
catalyst undergone the accelerated ageing is later called as the poisoned Pt/Al. Figure 9 presents the

comparison of the catalytic activity between the fresh, used and poisoned Pt/Al catalysts.
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Figure 9. Light-off tests for DMDS oxidation over fresh, used and poisoned Pt/Al catalysts.

The results in Figure 9 and Table 6 show that the accelerated ageing decreased the activity of the
Pt/Al catalyst in the oxidation of DMDS. The catalytic activity decreased compared to the fresh
catalyst, and the light-off curves of used and poisoned Pt/Al were relatively close to each other.
Qualitatively, it seems that the accelerated ageing procedure is able to represent the industrial

ageing when it lasted just 5 hours.

To elucidate the ageing mechanism, different characterization methods have been used. The specific

surface areas and pore information for fresh, used and poisoned catalysts are presented in Table 7.

After conducting the accelerated ageing for Pt/Al, it can be noted that the surface area and total pore
volume of the catalyst decreased about 50 %. However, the decrease was not as severe as in the
case of the industrially aged catalyst probably due to the aging time that is much longer in the case

of industrial test.

In the XRD analysis of the poisoned Pt/Al, no evidence on aluminum sulfate or sulfide was found.
This is most probably due to the relatively small total sulfur content (0.9 %) observed by XRF.
During the accelerated ageing treatment, temperature was controlled carefully and it was at
maximum 400 °C. At this temperature severe thermal deactivation of alumina nor platinum are not
expected, and in fact, no other phase than y-Al.0O3 was observed in the XRD analysis. However, the
Thutig for PtO and Tramman for PtO2 phases are passed indicating the slight possibility for the
increase in the particle size. In order to confirm this, a TEM measurement was done for the Pt/Al

poisoned catalyst (Figure 10).

Figure 10. TEM image of poisoned Pt/Al.

Figure 10 shows the TEM image of the poisoned Pt/Al catalyst. Some of the Pt particles seem to be
sintered and their size was measured to be around 20 nm, which was assumed to be possible based

on Tamman and Huttig temperatures. This result is an indication of similar sintering occurring
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during both industrial and accelerated ageing. According to the EDS measurements (Table 8), sulfur

appears on both the active phase and the support.

Sulfur was also observed on the same positions with aluminum and oxygen based on FESEM
imaging with elemental mapping presented in Figure 11. Interaction of sulfur with Pt was not

possible to observe by FESEM due to the small particle size of Pt.

Figure 11. Elemental mapping by FESEM for Al, O and S species on the surface of the poisoned
Pt/Al catalyst.

Both the electron microscopies give indications about the existence of sulfur accumulation on the

support, even though not clear evidence by XRD was observed.

The XPS spectra of the poisoned Pt/Al catalyst was analyzed in order to identify and compare the
oxidation states of the active species on the surface and to confirm if the accelerated deactivation
method gave similar results compared to the industrial ageing. The decomposition spectra of
individual components of the Pt 4ds/2 level of the poisoned Pt/Al catalyst showed the same behavior
as in the case of the used Pt/Al catalyst. The spectra showed the presence of two platinum species
(Figure 12.a). The spectral peak (Pt 4ds2) of BE at around 315 eV is associated with the chemical
state of Pt (0), and the last peak at 318.5 eV corresponds either to Pt IV or to the platinum species
interacting with the ionic SO;2[56].

For O1s, the same chemical composition was found compared to the case of the used Pt/Al catalyst,
which is the presence of two oxygen species in both cases (Figure 12.b). The spectral peak (O 1s)
with BE at around 530.5 eV is associated with the oxygen atoms in the oxide network and the last

peak at 532.4 eV could be derived from oxygen in Al2(SOa)s.

According to Figure 12.c, it can be deduced that sulfur is present in a single form and a single type
of sulfate S®* [52-55] in the surface structure of the poisoned Pt/Al catalyst, as shown by the
presence of a single transition S2p12 and of S2psr2. Thus, based on the XPS results, it can be
concluded that the accelerated aging had affected the surface of the Pt/Al catalyst in the similar way

than the industrial ageing in terms of sulfur interaction.
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Figure 12. Decomposition of XPS peaks of poisoned Pt/Al: a) Pt, b) O and ¢) S.

Table 9 shows the results of the catalyst component atomic ratios on the surface of fresh and
poisoned Pt/Al catalysts analyzed by XPS. Apparently the Al content is slightly reduced compared
to the fresh Pt/Al, which means that sulfur is deposited on the support surface, but in lower amounts
than in the case of the used catalyst, that is confirmed by the ratio S/Al = 0.2.

To summarize, according to the BET-BJH data, the surface area of Pt/Al decreased by only 52 %
compared to the fresh P/AIl (95 % decrease for the used catalyst) and yet the catalytic activity
decreased. In the case of the industrially aged Pt/Al, the decrease in specific surface area was due to
both thermal deactivation and poisoning caused by sulfur. In the case of accelerated ageing, no
thermal changes were observed for the support, but some indication of Pt sintering was observed by
TEM. Thus, it is expected that the decrease in catalytic activity after accelerated ageing is mainly
due to sulfur poisoning, since sulfur was observed to be present on Pt particles and on the support
material. According to the XPS results, the presence of Pt (0) and Pt (1) species was found on the
surface of the Pt/Al catalyst, which can provide an environment in which the SOz interactions can
happen faster [21]. Based on the catalytic activity tests and the structural and textural information
obtained by different characterization methods, the accelerated ageing procedure has led to a similar
type of catalyst deactivation as the industrial scale ageing, and this has happened especially in a
qualitative way, since the sulfur content was smaller than the one in the industrially deactivated
catalyst and the loss of the specific surface area was not equal in amount. Based on results, it was
agreed that the accelerated ageing was adequate enough, even though, higher temperatures could be
used to induce also the thermal deactivation observed in the case of used Pt/Al. Then, the research

focus was directed towards studying more sulfur-resistant catalytic materials.
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3.3 Sulfur poisoning of bimetallic catalysts

The same reason, which makes the Pt/Al catalyst a good model material for the development of
accelerated ageing protocol for the SVOC treatment, makes it a bad selection for the actual
industrial treatment process. This is why the last part of the paper is devoted to the studies on the
development of better catalytic material with improved activity, selectivity and stability. We have
found in our earlier studies that the doping of Al20s with SiO2 will improve the catalyst selectivity
and stability [21]. This result was observed when the activities of fresh catalysts were compared
with the activities of the catalysts after 30 hours of DMDS oxidation. The aim of this study was to
apply the developed accelerated ageing protocol to the same catalytic material to gain more

information on the deactivation of this material.

The accelerated ageing was carried out for two bimetallic catalysts prepared in the laboratory, i.e.
0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo. The comparison of the activities of fresh catalysts and those
undergone the accelerated ageing are presented in Figures 13 and 14.

Figure 13. Light-off tests of DMDS oxidation over fresh and poisoned 0.3Pt10Cu/Al catalysts.

Figure 14. Light-off tests of DMDS oxidation over fresh and poisoned 0.3Pt10Cu/AlSizo catalysts.

Figure Figure 13 shows that the catalytic activity of 0.3Pt10Cu/Al in the oxidation of DMDS has
decreased since Too has moved from 310 °C to temperature higher than 400 °C (Table 10).
However, the deactivation is not as severe as after 30 h time on stream in DMDS oxidation [21]. In
the light-off profile of poisoned 0.3Pt10Cu/Al, we can observe a small discontinuity between 240
and 340°C, which was also observed after 30 h time on stream experiment. This discontinuity could
be due to the rearrangement of the catalyst surface due the accelerated ageing, which should be

studied more deeply.

Regarding the 0.3Pt10Cu/AlSizo catalyst (Figure 14), the catalytic activity after accelerated ageing
seems to be slightly improved at the low temperature range of 240-300 °C. However, when taking
into account the repeatability of the light-off tests, clear conclusion cannot be made on this result.
At higher temperatures, it was observed that the conversion of DMDS was slightly decreased and
Too had moved from 320 °C in the case of the fresh catalyst to 360 °C in the case of the poisoned
catalyst (Table 10).
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Based on the catalytic activity results, it was clear that the 0.3Pt10Cu/AlSi2o catalyst was more
stable against the accelerated poisoning treatment. To get more detailed view on the phenomena a
series of physico-chemical analysis were made. Elemental analysis by XRF showed that the
alumina-silica supported catalyst retained less sulfur (2.7 wt-%) than the alumina supported catalyst
(4%), which could explain the different catalytic behavior of the two materials. These results are in
accordance with our previous work [21], which showed that the amorphous phase of Al203-SiO2

increases the resistance of a supported catalyst against poisoning by sulfur [56,57].

The specific surface area measurements after conducting the accelerated poisoning over the fresh
0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo catalysts (Table 11) showed that the surface area of
0.3Pt10Cu/AlSizo decreased only by 38% while it was decreased by 41% in the case of the
0.3Pt10Cu/Al catalyst. This finding is in accordance with the XRF analysis result where the sulfur
content was higher for the Al2Os supported catalyst. The XRD measurements did not show any

obvious changes regarding the new formed phases due to the deposited sulfur.

Based on TEM results, it was revealed that the particles on the surface of the poisoned
0.3Pt10Cu/Al catalyst were exposed to sintering where the size is about 100 nm (Figure 15.a)
compared to the fresh one in our previous work [21], moreover, and according to the Table 12, the
poisoned 0.3Pt10Cu/Al catalyst exhibited relatively high sulfur content and that sulfur was found to

be presented on both, the active phase and the support material.

Figure 15. TEM images of a) poisoned 0.3Pt10Cu/Al and b) poisoned 0.3Pt10Cu/AlSizo catalyst.

For the poisoned 0.3Pt10Cu/AlSizo catalyst, there was an appearance of bimetallic particles on the
surface, as the Figure 15.b and EDS 1-b from Table 12 showed. The mixed Pt-Cu particle exhibited
a bigger size of 10 nm meaning that some particles were exposed to the sintering. Another
important finding is that sulfur content in this catalyst was very low compared to the one in
poisoned 0.3Pt10Cu/Al catalyst, this result will be inspected in the incoming chapters by other

techniques as well.

In addition to TEM, FESEM was used to analyze the topographic microstructure of the surface of
the poisoned 0.3Pt10Cu/AlSizo and 0.3Pt10Cu/Al catalysts. For the poisoned 0.3Pt10Cu/Al catalyst,

the elemental mapping by FESEM showed (Figure not shown) the presence of Pt in two very small
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areas. Concerning sulfur, it was found to be dispersed over the entire surface of the poisoned

0.3Pt10Cu/Al catalyst and located on the same area where O and Al were.

For the poisoned 0.3Pt10Cu/AlSizo catalyst (Figure not shown), it was clearly seen that sulfur took
the same localization as Si, Al, O and Cu on the surface of the catalyst, which can allow saying that
S is dispersed on the catalyst surface, but at a lower concentration than in the case of the poisoned
0.3Pt10Cu/Al catalyst as the TEM-EDX and XRF (for bulk S content) analyses showed.

To get more compound-specific information on the poisoning of 0.3Pt10Cu/Al and
0.3Pt10Cu/AlSizo catalysts, XPS measurements were carried out for fresh and poisoned samples.
The decomposition spectra of the individual components of Pt 4ds/2 show the presence of three
different species of platinum in the case of the fresh 0.3Pt10Cu/Al catalyst (Figure 16.a). The
spectral peak (Pt4ds;2) with BE at around 315.2 eV is associated with the chemical state of Pt (0)
and the last peak at 319 eV is derived from the existence of oxidized platinum species (PtOz). The
third peak centered at 312.6 eV corresponds to Pt (0) belonging to the Pt-Cu alloy or intermetallic
compounds of Pt-Cu [58]. The binding energy of Pt4ds,. of about 317.2 eV for the fresh
0.3Pt10Cu/AlSizo catalyst (Figure 17.a) indicates that Pt is present likely in an oxidized form of PtO
[59].

Concerning both the poisoned 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSi2o catalysts, the same results were
found. The decomposition of the spectra of individual components of Pt 4ds2 showed the presence
of two platinum species in both cases (Figures 16.b and 17.b). The spectral peak (Pt4ds2) of
poisoned 0.3Pt10Cu/Al catalyst (Figure 16.b) with BE at around 315.2 eV is associated with the
chemical state of Pt (0) and the last peak at 319 eV is derived from the existence of oxidized
platinum species (PtO2). The third peak centered at 312.6 eV corresponds to Pt (0) belonging to the
Pt-Cu alloy or intermetallic compounds of Pt-Cu [58]. The spectral peak (Pt4ds;2) of poisoned
0.3Pt10Cu/AlSizo catalyst (Figure 17.b) was found to exist with the BE at around 315 eV, which is
associated to the chemical state of Pt(0) and the last peak at 318.5 eV can correspond to either

Pt(IV) or to the platinum species interacting with SO5* on the support surface [56].

Figure 16. Decomposition of Pt 4ds/2 of a) fresh 0.3Pt10Cu/Al b) Pt 4d of poisoned 0.3Pt10Cu/Al.

Figure 17. Decomposition of a) Pt 4ds/2 of fresh 0.3Pt10Cu/AlSizo and b) Pt 4ds/2 of poisoned
0.3Pt10Cu/AlSizo catalysts.
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Concerning copper in all fresh and poisoned catalysts, the most intense peak (Cu 2ps2) of the Cu 2p

line, has a binding energy at around 933.68 to 933.8 eV and the appearance of satellite lines on each

Cu2p component prove that copper is present in the form of CuO in both fresh and poisoned
catalysts [60].

According to the decomposition of the individual components of S 2p (Figures 18.a and b), the
binding energy of the S 2p12 at 168.9 eV, showed that sulfur is present only in the form of S®*[52-
55], as proved by the presence of a single transition of S 2p12 and S 2ps2 in both the cases.

Figure 18. Decomposition of a) S2p of poisoned 0.3Pt10Cu/Al and b) S2p of poisoned
0.3Pt10Cu/AlSizo.

After carrying out the accelerated laboratory ageing on 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo

catalysts, it was noted that the concentration of the active phase on the surface was changed in the
case of 0.3Pt10Cu/Al. According to Table 13, the atomic ratio of Pt/Al (0.0022) and Cu/Al (0.09)
has decreased, indicating that the surface of the same catalyst has been exposed to some chemical

poisoning, most likely sulfur species coming from SOx.
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In the case of 0.3Pt10Cu/AlSizo, the atomic ratio decrease of Pt/Al (0.0035) and Cu/Al (0.12) was
detected as well, but it was not as significant as in the case of the 0.3Pt10Cu/Al catalyst.
Furthermore, the concentration of elemental sulfur on the 0.3Pt10Cu/Al surface was slightly higher
(0.1) than that found in the case of the 0.3Pt10Cu/AlSizo (0.08) catalyst.

The presence of Pt (0) and Pt (IV) species on the surface of the support can provide an environment
in which SO: interactions are faster. It is known that the oxidation of SO2 to SOs is catalyzed by Pt
at temperatures higher than 200 °C [61-63]. The formed SOs can then react with the Al2O3 support
to form Al2(SOa4)s. This reaction is further catalyzed by the presence of Pt [62]. The oxidation of
SOz occurs via dissociative adsorption on Pt [55, 52, 53] and it may be increased over Pt(0)
compared to Pt(1V) due to the higher electronic density in Pt(0), and thus, leading to higher

interactions of Pt binding electrons with the anti-bonding orbital of the SO2 molecule.

It has been also observed that sulfate promotes the Pt mobility, which can lead to Pt agglomeration
and a loss in active surface area. Besides, Pt crystals cannot be properly re-dispersed whilst sulfate
is present on the catalyst surface. According to the study of Koro et al., the most sensitive and
vulnerable catalyst against sulfur is the one that contains high oxidation states of Pt on the surface
[21, 64]. This is in agreement with what has been observed related to the 0.3Pt10Cu/Al catalyst,
which showed the presence of species of Pt(IV), and also a higher concentration of sulfur on its

surface in comparison to the 0.3Pt10Cu/AlSizo catalyst that contained Pt>*on its surface.

When comparing the catalytic performances of the two bimetallic catalysts (0.3Pt10Cu/AlSi2o and
0.3Pt10Cu/Al) after accelerated ageing, it has been found that the AlSizo support has played a very
important protective role against the poisoning of the active surface by sulfur compounds. It is most

probably due to its highly acidic surface nature.

3. Conclusion
Based on the catalytic activity tests and the structural and textural information obtained by different
characterization methods, it can be stated that the accelerated deactivation procedure has led to a
similar type of catalyst deactivation as the industrial scale deactivation and this has happened
especially in a qualitative way. It was observed that the decrease in the activity of industrially aged
Pt/Al catalyst was originating from the decrease in the active surface area due to support sintering,
chemical poisoning originating from sulfate formation (on both support and the active phase),
increase in Pt particle size and formation of highly oxidized Pt(IV) species that are less tolerant
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against sulfur. After accelerated ageing of Pt/Al catalyst, the same phenomena were present in

qualitative manner and the method was used in the ageing of new more sulfur tolerant materials.

In the second part, the present study confirmed the beneficial role of the addition of 20 mol-% of
SiOz into the alumina support. The accelerated deactivation of the 0.3Pt10Cu/Al and
0.3Pt10Cu/AlSizo catalysts showed that the AlSizo supported catalyst was the most stable and
resistant against sulfur deactivation as it was expected. For example, AlSi2o supported catalyst
retained remarkably less sulfur than Al-supported catalyst. In addition, the sintering of Pt was
reduced when it was supported on AlSizo. Although the accelerated deactivation was able to
represent the industrial ageing in qualitative way, as the next step for the development of the

accelerated ageing, a thermal treatment of the catalyst before poisoning procedure will be done.
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Table 1. Light-off test temperatures; comparison of Tso and Teo in the oxidation of DMDS over

fresh and used Pt/Al catalysts.

Catalyst Treatment Tso0 (°C) Too (°C)
Fresh 375 425
Pt/Al Used 404 454
AT (°C) 29 29

Table 2. BET-BJH results of the fresh and used Pt/Al catalysts.

Specific surface area Total pore volume

Catalysts

Pore diameter

m2g? /cmig?t / nm
Pt/Al fresh 190 0.44 9
Pt/Al used 10 0.01 5
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Table 3. Tmelting, TTamman and THatig vValues (K) of metals and their compounds, relevant for
heterogeneous catalysis [48].

compound Trmetting (°C) Tramman (°C) Thutig (°C)
Pt 2028 1014 608
PtO 823 412 247
PtO, 723 362 217
CuO 1599 800 480
AlLO3 2318 1159 695

Table 4. EDS analysis from different Pt particles on the surface of the used Pt/Al catalyst.

EDS analysis 0 Al S Pt Total (Atom-%)
Eds 1 on Pt particle 46.2 38.8 4.2 10.8 100
Eds 2 on support 60.4 37.1 2.4 0.1 100

Table 5. Atomic ratios of the fresh and used Pt/Al catalysts by XPS.

Catalysts Al/catalyst | Pt/catalyst | S/Al
Fresh 18 0.02 -
Used 10 0.02 0.6

Table 6. Light-off test temperatures comparison (Tso and Teo) in the oxidation of DMDS over fresh,
used and poisoned Pt/Al catalysts.

Catalyst Treatment Tso (°C) Too (°C)
Fresh 375 425

Pt/Al Used 404 454
poisoned 392 440
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Table 7. Results of BET-BJH of the fresh, used and poisoned Pt/Al catalysts.

Catalysts Specific surface area  Total pore volume Pore diameter
/ m’gt / cmPg? / nm

Pt/Al, fresh 190 0.44 9

Pt/Al, used (2 months) 10 0.01 5

Pt/Al, poisoned (5 h) 90 0.24 11

Table 8. EDS measurements for different Pt particles on the surface of the poisoned Pt/Al catalyst.

EDS analysis @] Al S Pt Total (Atom-%)
Eds 1lon Pt particle 59.39  32.76 1.58 6.27 100
Eds 2 on support 63.95 36.01 0.02 0.01 100

Table 9. Atomic ratios of fresh, used and poisoned Pt/Al catalysts by XPS

PUAI Al/catalyst Pt/catalyst | PUAI SIA
Fresh 18 0.02 0.001 -
Used 10 0.02 0.002 0.6
Poisoned | 17 0.02 0.001 0.2

Table 10. Teo and Tso of DMDS oxidation over fresh and poisoned 0.3Pt10Cu/Al and
0.3Pt10Cu/AlSizo catalysts.

Catalysts 0.3Pt10Cu/Al 0.3Pt10Cu/AlSizo
Tyo of fresh (°C) 310 320
Tso of fresh (°C) 285 300
Tgo Of poisoned(°C) 400 365
Tso of poisoned(°C) 330 285
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Table 11. Results of BET-BJH of fresh and poisoned 0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo catalysts.

Catalysts Specific surface Total pore volume Pore diameter
area/ mg? / cmig? / nm

0.3Pt10Cu/Al, fresh 220 0.4

0.3Pt10Cu/Al, poisoned 130 0.3

0.3Pt10Cu/AlSizo, fresh 290 0.6

0.3Pt10Cu/AlSiz,poisoned 180 0.3

Table 12. EDS measurements for different Pt particles on the surface of the poisoned

0.3Pt10Cu/Al and 0.3Pt10Cu/AlSizo catalyst.

EDS analysis 0] Al Si S Pt Cu Z:ttg:n-% )
Eds 1-b on Pt particle 45.58 32.86 2.04 0.00 15 451 100
Eds 2-b on support 58.14 34.75 3.78 042 0.07 2.84 100
Eds 2-a on Pt 47.10 11.98 -- 3.09 512 32.7 100
Eds 1-a on support 59.25 37.09 -- 0.78 0.00 2.88 100

Table 13. Atomic ratios on the surface of the fresh and poisoned 0.3Pt10Cu/Al and
0.3Pt10Cu/AlSizo catalysts according to XPS analysis.

0.3Pt10Cu/Al Cu/Al Pt/Al S/AI
0.3Pt10Cu/Al, fresh 0.13 0.0033 | --
0.3Pt10Cu/Al, poisoned 0.09 0.0022 0.1
0.3Pt10Cu/AlSizo, fresh 0.16 0.004 --
0.3Pt10Cu/AlSizo, poisoned 0.12 0.0035 0.08
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