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 A B S T R A C T

The reduction of greenhouse gases is an important and global topic. The maritime sector significantly 
contributes to global greenhouse gas emissions. To mitigate these emissions, renewable and environmentally 
friendly fuels such as green methanol (MeOH) can be utilized. However, to reduce toxic and environmentally 
harmful emissions, MeOH fueled engines require an oxidation catalyst which is able to maintain sufficient high 
activity under hydrothermal stress and exposure to sulfur. We investigate for the first time the degradation 
behavior of a Pt/TiO2 oxidation catalyst under four distinct aging conditions (thermal, hydrothermal, sulfur 
and field aging) by using the exhaust gas composition of a MeOH engine. A comparison of these aging effects, 
including their dependence on Pt loading, is presented. Unexpectedly, sulfur and field aged Pt/TiO2 oxidation 
catalysts exhibited enhanced NO oxidation activity, revealing a previously unreported aging-induced catalytic 
behavior. In addition, the sulfur and field aged oxidation catalysts were regenerated using the exhaust gas 
composition of a MeOH engine. Moreover, the impact of different gas compositions in the exhaust gas of a 
MeOH engine on the regeneration effect was evaluated. Finally, characterization analyses were conducted to 
correlate catalytic performance with physicochemical changes induced by aging and regeneration. Our findings 
provide new insights into degradation and regeneration behavior of Pt/TiO2 catalysts under realistic MeOH 
marine engine conditions and contribute to the development of the exhaust aftertreatment system of a MeOH 
fueled engine. The development is particularly supported by the unexpected aging-induced enhancement of 
NO oxidation activity.

1. Introduction

One of the most important global challenges is the preservation of 
the environment and atmosphere. The shipping industry contributes to 
approximately 2% of global CO2 emissions (2024), 13% of all SO2 and 
12% of all NO2 emissions (2017) worldwide [1,2].  Although the use of 
renewable energy is increasing in Europe, global greenhouse gas emis-
sions continue to rise [3–5]. One approach to reduce these emissions 
is by the adoption of green fuels in the maritime industry, such as 
methanol (MeOH).  Accordingly, this study applies a green approach 
based on catalysis and regeneration strategies to reduce hazardous 
emissions, in accordance with the principles of red chemistry [6].

I This article is part of a Special issue entitled: ‘ASICI 2025’ published in Fuel Communications.
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MeOH combustion is expected to produce fewer environmental 
harmful emissions, compared to diesel [7]. Furthermore, MeOH ex-
hibits a high biodegradability, which is an important safety factor in 
case of fuel leakage. It is also easy to handle due to its liquid state at 
room temperature [8,9].

However, MeOH also has some disadvantages compared to diesel, 
including lower energy density, reduced lubricity, material compatibil-
ity challenges and a low flash point, which poses storage and safety 
concerns. Additionally, MeOH burns with an almost invisible flame, 
further posing a safety risk [7,9]. Despite these disadvantages, MeOH 
remains a promising alternative fuel due to its logistical advantages, 
renewable production and expected combustion emissions.
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MeOH oxidation partly yields formaldehyde (HCHO) formation, 
a compound known for its toxicity and harmful environmental im-
pact [10,11]. For safety reasons, MeOH engines have to be dual fuel 
capable. When operating with an oxidation catalyst and MeOH/diesel 
blends, NO2 can be formed, which is harmful to human health and 
environment [12,13]. In addition, it is associated with visible exhaust 
plumes [14].

To minimize undesired emissions of certain engines operating with 
diesel and MeOH, a system comprising a selective catalytic reduction 
(SCR) catalyst and an oxidation catalyst is necessary [10,15]. Typically, 
for the SCR system a vanadium-, tungsten- and titanium oxide (VTT) 
catalyst is used due to its hydrothermal (HTA) and poison stability [16–
19].

The oxidation catalyst has to be resistant toward HTA aging and 
sulfur exposure, especially when located upstream of the SCR catalyst 
or when operating with high sulfur diesel fuels. Previous studies have 
shown that sulfur poisoning is one of the major catalyst deactivation 
factors [20]. SO2 is known to be adsorbed onto active noble metal sites, 
thereby impairing the adsorption of other reactants, consuming oxygen 
competitively, hindering the dissociative adsorption of O2 and thus 
deteriorating catalyst performance [21–24]. Moreover, SO2 adsorption 
can block pores and induce recrystallization of noble metal facets, 
reducing catalytic reactivity [25–27].

However, some studies have also reported an enhancement of the 
oxidation activity after S aging for specific reaction species. Ladol-
cetta [25] observed a promoting effect of SO2 exposure on the oxidation 
of C2H6, C3H8 and n-C4H10 over various noble metal catalysts, while 
a deterioration of CH4 and CO oxidation activity was noted. The 
observed enhancement was attributed to the formation of new active 
sites associated with the formation of sulfate species as well as SO2
induced Pt particle growth. Similarly, Chen et al. [28] reported an 
increased C3H8 conversion over a Pt/TiO2 oxidation catalyst when S 
is present in the feed gas. The improved activity was explained by the 
formation of (Pt–S–O)–Ti structures.

Usually, HTA aging also leads to activity loss in precious metal 
oxidation catalysts. Some reasons for the degradation include thermal 
induced sintering of active metals, change in Pt oxidation state, phase 
transitions of the support and loss of specific surface area [29–32]. 
For instance, TiO2 can undergo a phase transformation from anatase 
to rutile, resulting in reduced catalytic activity [33,34].

For this study, Pt/TiO2 was selected as oxidation catalyst due to 
its well-known sulfur resistance. Pt is generally considered more sulfur 
tolerant than Pd [35]. In addition, TiO2 forms thermally unstable sul-
fates, which further enhances sulfur resistance [36]. Moreover, Pt/TiO2
exhibits strong metal–support interactions (SMSI), which help stabilize 
highly dispersed Pt sites [37].

The promoting or inhibiting effect of sulfur poisoning has been 
studied by the oxidation of hydrocarbons such as C3H6, C2H6, C3H8,
n-C4H10, C6H14, C2H4, CH4, as well as NO and CO [24,25,38–42]. 
Thereby, sulfur exposure of a Pt/Al2O3 was found to decrease the 
oxidation potential of NO [38]. Similarly, HTA aging effects have 
been examined among others by the oxidation of NO, NH3, CO and 
C3H6 [29–32,34].

TA, HTA, S and field aging is hypothesized to significantly affect the 
oxidation behavior of Pt/TiO2 catalysts under MeOH engine exhaust 
conditions [34,38,43]. Also, the change is expected to strongly depend 
on the active metal loading [44]. Furthermore, catalyst regeneration 
after S aging using MeOH engine exhaust is hypothesized to partially 
restore catalytic activity [38]. The investigation of these presumptions 
is crucial and would offer valuable insights for the development of the 
exhaust aftertreatment system for MeOH fueled marine engines.

To date, however, no studies have investigated the effects of thermal 
(TA), HTA, S or field aging of a Pt/TiO2 oxidation catalyst using 
the exhaust gas composition of a MeOH engine. In particular, how 
the oxidation capacity is affected for NO, MeOH and HCHO by S 
and field aging. Furthermore, for the first time a direct comparison 

of these aging effects has been presented, including their variation 
across different active metal loadings. Additionally, S and field aged 
catalysts have been regenerated using the exhaust gas of a MeOH 
engine, which has not been reported before. Moreover, the influence 
of different gas compositions in the exhaust gas of a MeOH engine on 
the regeneration process has been evaluated. The analytical data have 
further enabled the correlation between physicochemical changes with 
catalytic performance.

2. Experimental setup

Experiments were conducted on a synthetic gas test bench. Ad-
justable gas concentrations were passed through a reactor at a defined 
temperature and subsequently analyzed using a Fourier-transform in-
frared (FTIR) spectrometer (model type: MKS MultiGas FTIR Analyzer 
2030 5 Hz). Each measurement step was held for approximately 30 min 
to achieve thermal equilibrium across the catalyst. For data evaluation 
the last 100 data points were considered, recorded at a rate of 1 value 
every 2 s.  The investigated oxidation catalysts were metallic substrates 
coated with a Pt/TiO2 washcoat and were acquired commercially.

The feed gas used in this study originated from an engine operating 
with MeOH and consisted of 1000 ppm MeOH, 1000 ppm CO, 750 ppm 
NO, 10% H2O and 12% O2. During all experiments a nitrogen balance 
was maintained. The conversion of NO was calculated according to 
Eq. (1). The conversions of MeOH and CO were determined using the 
same approach. The yield of HCHO was obtained using Eq. (2). The 
term ‘‘inlet’’ refers to the feed gas introduced to the reactor, while 
‘‘outlet’’ indicates the gas composition measured downstream of the 
catalyst. 

𝑋NO =
[NOinlet] − [NOoutlet]

[NOinlet]
(1)

𝑌HCHO =
[HCHOoutlet]
[MeOHinlet]

(2)

For TA aging experiments, catalysts were heated up to 550 ◦C and 
held for 100 h under an air gas flow.  Temperatures of this magnitude 
can appear in the exhaust aftertreatment of engines under certain ab-
normal but realistic conditions, such as engine misfires, air–fuel issues, 
problems with back pressure or incorrect ignition timing [45–47]. The 
selected aging duration was based on typical operating lifetimes of 
exhaust aftertreatment systems while considering that such elevated 
temperatures are expected to occur only under exceptional operating 
conditions. For HTA aging experiments, catalysts were similarly heated 
to 550 ◦C for 100 h while being exposed to a gas mixture containing 
10% H2O and 12% O2. The catalyst activities were measured sequen-
tially before and after the TA and HTA aging procedures. Additionally, 
to monitor the aging progression a reference point was recorded peri-
odically at 350 ◦C and with a higher space velocity (SV) compared to 
the other experiments presented in this work. The SV was increased to 
enhance the detectability of potential changes in catalyst performance.

For sulfur poisoning experiments, 100 ppm SO2, 10% H2O and 12% 
O2 were fed through the oxidation catalyst at 350 ◦C for 100 h. In total, 
the catalyst was exposed to 1.2 liter SO2 at 350 ◦C and atmospheric 
pressure. This amount and aging temperature are typical for engine 
operating conditions.

For field aged investigations, a catalyst sample was aged for 1800 
operating hours aboard a real ship running with distillate marine fuel 
(DMA). Upon catalyst removal, fuel oil, lube oil and urea samples were 
collected and analyzed to identify potential catalyst poisons (see Table 
S 1). The fuel sample contained approximately 0.1 wt% S, the lube 
oil exhibited elevated P and Zn concentrations and the urea solution 
showed significant levels of S, Ca, Na, Al, K and Cl. After S and field 
aging, a regeneration protocol was applied. The regenerated S and field 
aged samples will be further referred to as SR and FR, respectively. 
Subsequently, the catalytic activity was recorded and compared with 
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Table 1
Different gas mixtures used for the regeneration of S aged oxidation catalysts. 
 Abbreviation Regeneration gas mixture x0 x1 x2 x3  
 R MeOH x ppm MeOH, 1000 ppm CO, 750 ppm NO, 10% H2O, 12% O2 N/A 500 ppm 1000 ppm 2000 ppm 
 R CO x ppm CO, 750 ppm NO, 10% H2O, 12% O2 N/A 500 ppm 1000 ppm 2000 ppm 
 R NO x ppm NO, 10% H2O, 12% O2 N/A 250 ppm 750 ppm 1250 ppm 
 R H2O x% H2O, 12% O2 0% 5% 10% 15%  

the average activity determined from multiple experiments with the 
fresh catalyst.

The SR and FR samples were regenerated by using the exhaust 
gas derived from the MeOH engine and the temperature program 
illustrated in Fig.  1(a). To enable the immediate detection of activity 
changes, the temperature was increased in steps of 10 ◦C every 60 
s until reaching 400 ◦C (R 400 ◦C). Upon reaching this temperature 
the catalyst was held at 400 ◦C for 2 h while maintaining a constant 
gas flow. Subsequently, the catalyst was again cooled to 200 ◦C and 
then reheated to 450 ◦C (R 450 ◦C) and finally to 500 ◦C (R 500 ◦C). 
To investigate potential time dependency, the catalyst was repeatedly 
cooled and reheated to 500 ◦C in four consecutive cycles.

To evaluate the influence of different aging conditions on the plat-
inum content, samples with varying Pt loadings ((x, x+5, x+22) g/ft3
Pt) were analyzed. However, the majority of experiments and analyses 
reported in this study were conducted using a catalyst with a Pt 
loading of x+5 g/ft3. Variations in Pt loading were employed solely 
to investigate their effect on different aging methods.

Next, the impact of adding individual gas species to a base gas 
mixture as well as their concentrations and exposure times on the 
regeneration process were examined. Therefore, a reference point was 
established at 350 ◦C and measured before and after each regeneration 
step, as shown in Fig.  1(b). The reference steps were measured using 
the exhaust derived gas mixture from the MeOH engine. The first 
regeneration steps were conducted at 400 ◦C, followed by 450 ◦C and 
finally 500 ◦C. Each regeneration step was maintained at the specified 
temperature for 2 h. The regeneration was first conducted using a 
MeOH, CO, NO, H2O and O2 containing gas mixture (R MeOH) and 
subsequently with modified mixtures: without MeOH (R CO), without 
MeOH and CO (R NO) and without MeOH, CO as well as NO (R H2O) 
(Table  1). Additionally, the concentrations of MeOH (in R MeOH), CO 
(in R CO), NO (in R NO) and H2O (in R H2O) were varied (Table 
1). However, the x0 variation was only done for R H2O. Furthermore, 
to ensure better comparability between the differently regenerated 
catalysts, the catalytic activity was normalized to a similar S aged 
activity. All regeneration and aging steps were done at a lower SV 
compared to the activity measurements in this work.

To elucidate catalyst aging behavior, several analytical techniques 
were conducted. Prior to the experiments, the washcoat was mechan-
ically separated from the metallic substrate. First, X-ray fluorescence 
(XRF) experiments were performed. To obtain reliable results each 
sample was measured three times.

Furthermore, Brunauer–Emmett–Teller (BET) surface area and
Barrett–Joyner–Halenda (BJH) pore size distribution analyses were 
carried out. Prior to the measurement, the samples were degassed at 
200 ◦C under vacuum overnight. The complete N2 adsorption and 
desorption isotherms were recorded. The BET surface areas were cal-
culated using the relative pressure range of (0.05 – 0.3) 𝑝∕𝑝0. Each 
experiment was repeated several times using different portions of 
powder from the same sample to ensure statistical reliability.

The metal dispersion (𝐷𝑀 ) was calculated using Eq. (3) [48–50]. 

𝐷𝑀 =
[𝐾 ⋅ 𝑉𝐵,𝑀 ]
[𝑑𝑀 ⋅ 𝐴𝑆,𝑀 ]

=
[𝐾 ⋅𝑀𝑀 ]

[𝑑𝑀 ⋅ 𝐴𝑆,𝑀 ⋅𝑁𝐴 ⋅ 𝜌𝑀 ]
(3)

𝐷𝑀 is inversely proportional to the metal particle diameter (𝑑𝑀 ). 𝐾
presents a shape factor (6 for spherical particles). 𝐴𝑆,𝑀 describes the 
surface area occupied by a single surface atom, while 𝑉𝐵,𝑀 represents 

Fig. 1. Temperature procedure for (a) the regeneration process of the SR and 
FR catalysts and (b) the investigations regarding the influence of the feed gas 
compositions and concentrations on the regeneration process. The used gas 
compositions and concentrations (x0, x1, x2 and x3) are listed in Table  1.

the volume of a bulk metal atom. The latter can be calculated by 
using the molar mass (𝑀𝑀 ), Avogadro’s constant (𝑁𝐴) and the metal 
density (𝜌𝑀 ). 𝑑𝑀 was determined using a scanning electron microscope 
(SEM). To ensure representative statistics, SEM images were taken 
from eight different regions of each catalyst at 100 000 magnification. 
Figure S 1 shows an exemplary image using a HE-SE2 detector. Due to 
low contrast between the Pt particles and the washcoat, particle size 
determination was challenging. To enhance contrast to the Pt particles, 
we used the Oxford Inst. Unity detector’s back-scattered electron (BSE) 
images. With that, images with sufficient high resolution and element 
contrast suitable for 𝐷𝑀 measurements were obtained.

To examine surface elemental composition, energy dispersive X-
ray (EDX) spectroscopy was conducted. Furthermore, to investigate 
changes in the surface structure X-ray diffraction (XRD) experiments 
were carried out using an Empyrean diffractometer from Malvern Pan-
alytical. Patterns were collected with a Cu-K𝛼 radiation (𝜆 = 1.5406 Å), 
a step size of 0.0065◦ and a step time of 1.4 s.

For thermogravimetric analysis (TGA), the washcoat was degassed 
in the TGA chamber at 180 ◦C for one hour under a continuous gas 
flow. Subsequently, the temperature was elevated to 1000 ◦C with a 
heating rate of 10 ◦C per minute and a gas flow of 12% O2, 8.6% H2O 
and 79.4% N2. Additionally, the TGA system was connected to an FTIR 
spectrometer, enabling monitoring of the gas composition downstream 
of the TGA chamber.
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3. Results and discussion

Fig.  2(a) compares the activity of the TA aged catalyst with the fresh 
catalyst, showing almost no difference in catalytic activity. Relative to 
the fresh catalyst 𝐷𝑀 is reduced (Table  2). This reduction is most likely 
associated with sintering effects, which do not significantly influence 
the catalyst’s activity. Furthermore, no phase transition or change in the 
crystal structure of the support is observed in any of the aged samples 
(Figure S 3). However, an increase in the Pt(111) and Pt(200) reflection 
intensity is detected between the fresh and all aged samples, which can 
be attributed to enhanced crystallinity or crystal growth. Given that 
the TA aged sample exhibits no change in catalytic performance, the 
enhanced crystallinity or crystal growth is unlikely to have a consid-
erable impact on the activity of the other aged catalysts.  TA aging of 
Pt/TiO2 catalysts has previously been reported in literature. However, 
the applied aging conditions, particularly the temperature and gas 
composition, were not representative for MeOH engine applications, 
making a direct comparison challenging. Nevertheless, similar changes 
in the intensities of the Pt(111) and Pt(200) reflections as well as an 
increase in Pt particle size were observed [43].

For the HTA aged catalyst, the yield and conversions remain un-
changed for most of the gas species compared to the fresh catalyst 
(Fig.  2(b)). Only NO presents a lower conversion to NO2, indicating 
a partial loss in oxidation activity. The highest rate of activity loss 
occurs within the first 10 h of treatment. Subsequently, the oxidation 
activity decreases continuously (Figure S 2).  HTA aging occurs when 
the exhaust gas system is exposed to temperatures of 550 ◦C or larger 
in the presence of water vapor. The resulting lower NO2 formation is 
considered beneficial.

Similar to the TA aged catalyst, a reduction in the metal dispersion 
𝐷𝑀 is observed for the HTA aged catalyst. Since this reduction is 
similar to that observed in the TA aged catalyst, it is not expected 
to contribute significantly to the activity loss. The slight reduction in 
BET surface area and BJH pore volume, attributed to minor sintering 
effects, could contribute to the activity loss. However, the change in 
BJH pore volume lies within the experiential uncertainty and thus 
cannot be confirmed definitively. A change in the oxidation state of 
the Pt sites is another possible explanation for the decrease in NO 
oxidation potential, as proposed by Dadi et al. [31].  Previous studies 
have investigated the HTA aging of a Pt/TiO2 catalyst. However, the 
applied gas composition and aging temperature were not representative 
for MeOH engine operating conditions, making a direct comparison 
difficult. Nevertheless, the reported aging resulted in Pt particle growth 
and decreased surface area, which is in agreement with the structural 
changes observed in our study [34].

After S aging and subsequent regenerating (SR), the catalyst showed 
a notable increase in NO oxidation potential. In contrast, only a slight 
increase in HCHO oxidation was observed, while CO and MeOH oxida-
tion remained largely unchanged (Fig.  2(c)).

As expected, the sulfur content is considerably higher in the S 
aged catalyst compared to the fresh sample (Table  2). The BET surface 
area shows a slight decrease compared to the fresh catalyst. However, 
this change lies within the range of experimental uncertainty (Table 
2). Similarly, the BJH pore volume remains within the experimental 
uncertainty. However, the BJH pore size distribution of the S aged 
catalyst exhibits a shift toward larger pore diameters, suggesting partial 
sulfur blockage of small pores (Fig.  3). Compared to the fresh catalyst 
the 𝐷𝑀 value shows no meaningful change, remaining within the 
range of experimental uncertainty. Despite the pore blockage and sulfur 
poisoning, an increase in oxidation potential is observed. This may be 
attributed to the formation of (Pt–S–O)–Ti species on Pt and the catalyst 
support.  SO2 is known to induce oxygen vacancies on the catalyst 
surface. These vacancies have a strong ability to adsorb oxygen, thereby 
facilitating the oxidation of SO2 and leading to the formation of (Pt–
S–O)–Ti structures [28].  The oxygen species in these structures provide 
additional oxidation sites, especially for NO oxidation.

S aging and regeneration have previously been reported for a 
Pt/Al2O3 oxidation catalyst. After a sulfation period of 20 h followed 
by regeneration with a gas mixture containing C3H6, NO, CO, H2O and 
O2, the NO oxidation activity of the fresh catalyst could not be fully 
restored [38]. However, direct comparison with our study is difficult, 
as different catalysts and regeneration gas compositions, among other 
parameters, were employed.

The catalytic behavior of the FR catalyst is similar to the SR catalyst 
(Fig.  2(d)). It exhibits an increased oxidation potential for NO after ag-
ing, while only a slight increase is detected for HCHO and no change for 
MeOH and CO. XRF analysis of the aged catalyst reveals the presence of 
P, S and Ca (Table  2). Zinc dialkyldithiophosphate (ZDDP) is a widely 
used lube oil additive, which is primarily employed for its anti-wear 
functionality. It can introduce P into the catalyst system [51], leading 
to deactivation due to its well documented poisoning effects [52,53]. 
S typically originates from residual impurities in the crude oil [54]. 
Ca can originate from fuel or lube oil additives that are introduced to 
bind sulfur [55]. SEM and EDX analyses indicate the presence of CaSO4
residuals on the aged catalyst surface (Figure S 4). CaSO4, phosphate 
and sulfate deposits can block pores, reducing the BJH pore volume, 
slightly shifting the BJH pore size distribution toward larger pores 
and notable decreasing the BET surface area (Table  2 and Fig.  3). In 
addition, a reduction in the metal dispersion 𝐷𝑀 value is observed. 
However, since it lies within the same range as the TA aged catalyst, 
no impact on catalyst activity is expected.

Despite metal poisoning and the reduction in specific surface area 
and BJH pore volume, the formation of (Pt–S–O)–Ti structures [28] 
are sufficient to enhance the oxidation potential, especially for NO 
oxidation (Fig.  2).

The regeneration procedures for the SR and FR catalysts were 
carried out as depicted in Fig.  1(a). The catalytic activity for each 
temperature cycle is presented in Fig.  4. During the initial temperature 
increase to 400 ◦C (R 400 ◦C) the S and field aged catalysts exhibit 
lower activities compared to the fresh reference. In the subsequent 
cycles to higher temperatures, an increase in catalytic performance 
is observed. The highest activity is achieved in the R 500 ◦C cycle, 
exceeding that of the fresh catalyst.  Additional cycles at 500 ◦C do 
not lead to significant changes in catalyst activity. Most likely some 
(Pt–S–O)–Ti structures are formed during S aging at 350 ◦C. However, 
the limited formation of (Pt–S–O)–Ti structures makes metal poisoning 
and pore blocking remaining the dominant effects, leading to a decrease 
in catalyst activity, as seen in R 400 ◦C. Higher temperatures (400 ◦C 
- 500 ◦C) promote the formation of the (Pt–S–O)–Ti structures, lead-
ing to enhanced catalytic activity.  Considering the R 500 ◦C cycles 
and the concentration profiles of the regeneration steps (Figure S 7), 
temperature has a much more significant impact on the formation than 
time.

Overall, when sulfur contaminated MeOH fuel is used, the NO 
oxidation capacity can either decrease or increase depending on the 
catalyst temperature. If the catalyst temperature remains below 350 ◦C, 
NO oxidation is expected to be lower than in the initial state. However, 
at temperatures of 400 ◦C or higher, NO oxidation increases, resulting 
in higher NO2 formation. Exhaust aftertreatment systems are more 
likely to reach 400 ◦C than 550 ◦C during operation. Therefore, the 
aging-induced increase in NO oxidation should be considered when 
designing exhaust aftertreatment systems for MeOH fueled engines.

The catalysts mentioned until now had a x+5 g/ft3 Pt loading. 
Next, we investigated the influence of the Pt content on the catalytic 
activity for the fresh and differently aged catalysts (Fig.  5). The fresh 
catalysts show no significant variation in activity. However, after aging, 
differences emerge. For the HTA aged catalyst, a lower Pt content 
results in a more pronounced decrease of oxidation potential. At lower 
Pt content, the reduced availability of Pt sites may be less able to 
compensate for or mitigate the effects of changes in the Pt oxidation 
state. The reduction in BET surface area may have a bigger impact 
at lower Pt loadings, as fewer Pt sites are available to compensate for 
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Fig. 2. Comparison of the activity of fresh oxidation catalysts (continuous lines) with that of catalysts aged under different conditions (dashed lines): (a) TA, (b) 
HTA, (c) SR and (d) FR.

Table 2
XRF, BET and BJH analyses as well as 𝐷𝑀 of the fresh and differently aged (TA, HTA, SR, FR) 
oxidation catalysts.
 P (wt%) S (wt%) Ca (wt%)  
 fresh 0.04 ± 0.004 0.09 ± 0.001 0.03 ± 0.01  
 TA 0.04 ± 0.01 0.04 ± 0.003 0  
 HTA 0.04 ± 0.006 0.05 ± 0.04 0.03 ± 0.007 
 SR 0.05 ± 0.004 0.46 ± 0.02 0  
 FR 1.26 ± 0.12 0.59 ± 0.03 0.32 ± 0.02  
 BET (m2/g) BJH pore volume (cm3/g) D𝑀 (%)  
 fresh 103.51 ± 4.06 0.35 ± 0.014 37.38 ± 3.18 
 TA 90.54 ± 21.2 0.34 ± 0.12 26.73 ± 3.48 
 HTA 89.81 ± 7.17 0.34 ± 0.0007 27.63 ± 6.24 
 SR 95.61 ± 9.24 0.37 ± 0.022 33.2 ± 7.45  
 FR 68.8 ± 9.24 0.28 ± 0.022 22.04 ± 1.59 

Fig. 3. BJH pore size distribution of oxidation catalysts aged under different 
conditions (TA, HTA, SR, FR).

it. The SR and FR aged catalysts exhibit an enhancement in oxidation 
potential at higher Pt loadings (x+5 and x+22 g/ft3 Pt) compared 
to the fresh catalyst. However, at the lowest Pt loading (x g/ft3 Pt), 
the oxidation potential decreases. The lower Pt concentration reduces 
the amount of (Pt–S–O)–Ti formation, with metal poisoning and pore 
blockage becoming the dominant effects. The highest dependency on Pt 
content is observed for the FR aged catalyst, followed by the SR aged 
catalyst, while the HTA aged catalyst exhibits the least impact. This 
is most likely due to the FR catalyst being altered for a longer time 
and being exposed to more sulfur and phosphorus compared to the SR 
sample, as indicated by Table  2.

As shown in Fig.  6(a) sulfur remains bound to the catalyst surface 
up to approximately 630 ◦C. The mass loss correlates well with the 
SO2 concentration measured by the FTIR spectrometer connected to 
the TGA exhaust (Fig.  6(b)). The first minimum of the TG derivative 
corresponds to water desorption. At approximately 770 ◦C temperature 
a SO2 desorption minimum is observed for the SR and FR aged catalyst. 
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Fig. 4. NO conversion of the regeneration cycles conducted on the S (a) and 
field aged (b) catalysts, as shown in Fig.  1(a).

Fig. 5. Impact of Pt content on different aging processes (HTA, SR, FR) at 
350 ◦C.

The FR aged catalyst additionally exhibits a desorption peak at around 
860 ◦C. Typically, bulk CaSO4 exhibits a decomposition temperature 
above 1100 ◦C [56]. However, when CaSO4 interacts with the cat-
alyst active sites and undergoes partial reduction, its decomposition 
temperature can be significantly lowered, approaching the temperature 
observed in our experiments [57].

Subsequently, the influence of individual gas species, when being 
added to a gas mixture, and their concentrations on the regeneration 
process was investigated for the S aged catalyst. The respective activity 
measurements were normalized to the S aged catalyst before regenera-
tion (Fig.  7). The catalysts treated with the R MeOH, R CO and R H2O 
gas mixtures exhibits comparable NO conversion rates. Furthermore, 
the CO concentration in R CO and the MeOH concentration in R MeOH 
affect the catalyst performance, with higher concentrations yielding 
enhanced activity. In contrast, regeneration with the R NO mixture 
produces only a minimal, nearly negligible change in catalytic activ-
ity, independent of the concentration used. Comparable BET surface 
areas, BJH pore volumes and pore size distributions are observed for 
the regenerated samples (Table S 2 and Figure S 5). In addition, no 
differences in their XRD patterns are detected (Figure S 6).

Fig. 6. TGA analysis of the SR and FR aged oxidation catalysts.

The NO oxidation potential increases when regenerating the S aged 
samples using the R H2O gas mixture with 𝑥0 = 0%. This indicates that 
temperature is sufficient for the formation of (Pt–S–O)–Ti structures. 
Again, time has a minor influence on the formation relative to temper-
ature (Figure S 8). Introducing NO into the gas mixture (R NO) leads 
to almost no regeneration or enhancement of the oxidation activity. 
Apparently, the addition of NO inhibits the formation of (Pt–S–O)–Ti 
structures. In contrast, adding MeOH or CO to the gas mixture causes 
a pronounced increase in NO conversion. (Pt–S–O)–Ti structures are 
formed again, thus enhancing the oxidation activity. When MeOH and 
CO are added to the gas feed, the inhibition is apparently alleviated. 
Sulfur poisoned Pt oxidation catalysts are known to undergo partial 
regeneration under reducing atmospheres, which promote the removal 
of sulfate species from both the support and the Pt surface [58–60]. 
As CO and MeOH can act as reducing agent, they likely contribute to 
the depletion of sulfate species [61,62]. Increasing their concentrations 
enhance sulfate removal, leading to higher NO conversion.

The advanced removal of sulfate by R MeOH and R CO gas mix-
tures can be proven via TGA and FTIR measurements (Fig.  8). After 
regeneration, all samples contained less adsorbed sulfur than the S 
aged catalyst. The S aged sample exhibits two d(TG)/dt minima at 
approximately 570 ◦C and 740 ◦C, corresponding to distinct binding 
sites. Sulfur species bound to Pt terrace sites desorb around 570 ◦C, 
whereas sulfur associated with Pt edge and kink sites desorb at ap-
proximately 740 ◦C [38]. Sulfur adsorbed on terrace sites is completely 
removed during regeneration, while sulfur bound to edge and kink 
sites is only partially removed. Adding CO to the gas mixture increased 
sulfur desorption due to its reducing properties. Introducing MeOH in 
addition to CO enhanced this effect even further, leading to greater 
sulfur removal (Fig.  8 and Table S 2).

When sulfur contaminated MeOH fuel is used, the NO oxidation 
capacity can either decrease or increase depending on the catalyst 
temperature. If the catalyst temperature remains below 350 ◦C, NO 
oxidation is expected to be lower than in the initial state. However, at 
temperatures of 400 ◦C or higher, NO oxidation increases, resulting in 
higher NO2 formation. Exhaust aftertreatment systems are more likely 
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Fig. 7. Impact of different gas mixtures (R MeOH, R CO, R NO, R H2O) 
on the regeneration of S aged oxidation catalysts. The regeneration program 
illustrated in Fig.  1(b) was employed.

Fig. 8. TGA analysis for the S aged and regenerated (R MeOH, R CO, R NO, 
R H2O) oxidation catalysts.

to reach 400 ◦C than 550 ◦C during operation. Therefore, the aging-
induced increase in NO oxidation should be considered when designing 
exhaust aftertreatment systems for MeOH fueled engines.

4. Conclusion

Pt/TiO2 oxidation catalysts were TA, HTA, S and field aged under 
conditions relevant for MeOH fueled marine engines. The TA aged 
catalyst exhibited no measurable change in oxidation activity. HTA 
aging had only a minor influence on MeOH, HCHO and CO oxidation, 
but significantly reduced the NO oxidation activity. This loss was 
mainly attributed to a change in the oxidation state of the metal sites.

S and field aged catalysts could be regenerated under the exhaust 
gas composition of a MeOH engine and even increase their oxidation 
activity, especially toward NO.

However, MeOH, CO and HCHO oxidation activity was not or only 
slightly affected. These effects are likely associated with the formation 
of stable (Pt–S–O)–Ti surface structures involving the Pt sites and the 
catalyst support. However, the (Pt–S–O)–Ti structures do not form 
in a NO containing gas mixture (R-NO), resulting in no significant 
regeneration of catalytic activity.

Overall, no or only minor variations are observed in the oxidation 
of CO, MeOH and HCHO after TA, HTA, S and field aging. NO oxidation 
decreases after HTA but increases after S aging. Generally, a decrease in 
NO oxidation is preferred as NO2 formation can lead to visible exhaust 
gas emissions and is harmful to human health and environment.

Finally, this study provides valuable insights into the aging and 
regeneration behavior of Pt/TiO2 catalysts and offers guidance for 
the development of an exhaust aftertreatment system in MeOH fueled 
engines. Particularly, the observed aging-induced enhancement in NO 
oxidation activity has to be considered in the aftertreatment design. 
Overall, the transition toward low-emission maritime transportation is 
supported. Future studies should further investigate the mechanistic 
origin of the enhanced NO oxidation activity. Additionally, the im-
pact of different sulfur concentration and fuel impurities on catalyst 
performance and regeneration should be investigated.
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