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Abstract: Filtration of cathode air is one of the challenges in operating proton-exchange membrane
(PEM) fuel cells. The poisoning with air contaminants can lead to rapid performance degradation
and initiate an aging process of the fuel cell. Various commercially available cathode filters are being
tested in a laboratory gas test bench within the research project X-EMU (03B10502B and 03B10502B2).
A literature review of harmful gas contaminants in the air used for the oxygen reduction reaction
(ORR) on the cathode side was conducted. Experimental investigations took place at 40 ◦C with
synthetic humid air containing low concentration contaminants such as ammonia, nitrogen dioxide,
carbon monoxide, sulfur dioxide, hydrogen sulfide, and toluene. Test durations varied from 3 to
24 h depending on the filtration efficiency. Each gas contaminant showed different reactions with
the investigated filters. The filters did not let sulfur-containing components pass. However, carbon
monoxide could not be filtrated by any of the tested filters. The filtration of nitrogen oxides was not
efficient for all tested filters, while additional filter materials were essential for a successful filtration
of ammonia. Comparative results lead to a discussion of possible effects on a fuel cell with an outlook
on optimization of the filtration behavior.

Keywords: PEM fuel cell; cathode air filter; air pollutant emissions; laboratory gas bench

1. Introduction

Due to their high efficiency, fast start-up, zero-emissions, high driving ranges, and
short refueling times, fuel cell electric vehicles (FCEV) based on proton-exchange membrane
(PEM) fuel cell systems represent a promising solution to reach the goal of sustainable
mobility [1–3]. However, the breakthrough of fuel cells requires low total costs of ownership
(TCO) and thus durable and reliable systems. To reduce the TCO of FCEVs, the service life
of fuel cell systems needs to be increased significantly. Particularly for commercial vehicles
with a required service life of 25,000 to 40,000 h, a replacement of the fuel cell system is out
of the question for reasons of competitiveness [4]. Therefore, not only the design and the
operating strategy of the fuel cell system must be improved, but also the protection of the
fuel cell stack against environmental stressors must be ensured by preventive measures.

Preventing the intrusion of particulates and contaminants via the air and hydrogen
processing systems in both the cathode and the anode of the fuel cell stack plays an
important role [5,6]. Hydrogen (H2) with a high purity of 99.999% (Hydrogen 5.0) provided
by the hydrogen tank is used to minimize the probability of severe contamination of the
fuel cell stack. On the air entry, filters are installed in front of the air-processing system
as shown in Figure 1. Not only is particle filtration essential to prevent blockages within
the gas diffusion layers (GDLs), but also chemical filtration of key air contaminants found
in the ambient air such as NH3, SO2, NOx, and CO and the use of as pure as possible
hydrogen [7].
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Figure 1. Simplified generic layout of a fuel cell system including common measurement equipment. 
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hydrogen. Most of the contaminants adsorb on the catalyst surface and lead to power 
losses due to the reduction of the electrochemically active surface area (ECSA) [9,10]. 
Furthermore, the water content within the membrane and ionomers and the protonic 
conductivity can be reduced if contaminants like NOx or NH3 or their breakdown products 
have a higher affinity to sulfonic acid groups than H+ [11,12]. 

However, while most contaminations can be reversed by dedicated regeneration 
procedures, some need to be considered in detail. This can be either caused by the fact 
that their presence leads to instantaneous and severe power losses in the short-term or 
even to irreversible degradation in the long term since a reversal within the operating 
range of the fuel cell system is not feasible. Current research is focused on both reversible 
voltage losses and irreversible degradation phenomena. On the anode side, the carbon 
monoxide (CO) content in the hydrogen is important since CO blocks the active area of 
the platinum catalyst. Catalyst poisoning by CO can, however, be reversed in contrast to 
contamination with sulfur species (H2S, SO2), which is more relevant on the cathode side. 
In addition, nitrogen oxides (NOx), ammonia (NH3), hydrocarbons (HC), volatile organic 
compounds (VOC), and particles (dust, salt) in the ambient air affect the performance of 
the fuel cell [10,13,14]. 

While the purity of hydrogen—defined by the ISO 14687 [15] and SAE J2719 [16] 
standards—needs to be monitored and ensured in the tank and at the filling stations by 
the station operators, the concentration of ambient contaminants is highly uncertain. The 
Institute of Energy and Climate Research Troposphere (IEK-8) of the Forschungszentrum 
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Figure 1. Simplified generic layout of a fuel cell system including common measurement equipment.

Air management including the air filter is the second-largest cost factor of PEM fuel
cell systems [8]. The investigation of required air filter efficiencies and hydrogen purities
and the development of cost-efficient solutions require a closer look at the severity of
relevant ambient contaminants as well as impurities introduced during the production of
hydrogen. Most of the contaminants adsorb on the catalyst surface and lead to power losses
due to the reduction of the electrochemically active surface area (ECSA) [9,10]. Furthermore,
the water content within the membrane and ionomers and the protonic conductivity can
be reduced if contaminants like NOx or NH3 or their breakdown products have a higher
affinity to sulfonic acid groups than H+ [11,12].

However, while most contaminations can be reversed by dedicated regeneration
procedures, some need to be considered in detail. This can be either caused by the fact
that their presence leads to instantaneous and severe power losses in the short-term or
even to irreversible degradation in the long term since a reversal within the operating
range of the fuel cell system is not feasible. Current research is focused on both reversible
voltage losses and irreversible degradation phenomena. On the anode side, the carbon
monoxide (CO) content in the hydrogen is important since CO blocks the active area of
the platinum catalyst. Catalyst poisoning by CO can, however, be reversed in contrast to
contamination with sulfur species (H2S, SO2), which is more relevant on the cathode side.
In addition, nitrogen oxides (NOx), ammonia (NH3), hydrocarbons (HC), volatile organic
compounds (VOC), and particles (dust, salt) in the ambient air affect the performance of
the fuel cell [10,13,14].

While the purity of hydrogen—defined by the ISO 14687 [15] and SAE J2719 [16]
standards—needs to be monitored and ensured in the tank and at the filling stations by
the station operators, the concentration of ambient contaminants is highly uncertain. The
Institute of Energy and Climate Research Troposphere (IEK-8) of the Forschungszentrum
Jülich measured the concentration of ambient air contaminants with a comprehensive gas
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phase and particle analysis using a Mobile Lab (MOBILAB) [17]. With this equipment, the
relevant pollutants in road traffic and the distribution of pollutants at a small scale were
determined. Particularly in cities, highly variable pollutant distributions were measured
with emission peaks adding up to the regional and local background as shown in Figure 2.
In general, the emissions of automotive vehicles and industrial manufacturing processes
represent the major sources of contaminants. Another source of contaminants is the
auxiliary components like the metal bipolar plates [18]. The metal ions are either released
during the manufacturing process or during operation by corrosion [6,19]. However, the
focus of this work is put on the impurities in the ambient air.
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Due to the highly uncertain pollution of the ambient air, the air filter of the fuel cell
system needs to ensure a reliable filtration of any severe contaminants and reduce the
influence of the ambient air pollutants on the fuel cell stack. Different contaminants are
listed in Table 1. In the following, the effect of selected gaseous air pollutants namely
carbon monoxide (CO), nitrogen oxides (NOx), sulfur dioxide (SO2), ammonia (NH3), and
toluene (C7H8) on the performance and degradation of the fuel cell system is discussed
in detail.

Table 1. Cathode degradation impact of air contaminants [20,21].

Contaminant Molecular Formular Reversible Damage Irreversible Damage

Sulfur dioxide SO2 - Catalyst poison
Nitrogen oxides NOx Catalyst poison -

Carbon monoxide CO Catalyst poison -
Ammonia NH3 - Reduced H+-conductivity in the membrane

Hydrocarbons CxHy - -

1.1. Carbon Monoxide

Carbon monoxide contamination plays a bigger role on the anode side than on the
cathode side of the fuel cell, since a small concentration can remain in hydrogen in the
production process [22,23]. On the cathode side, the influence of CO is much lower as it
can be oxidized to CO2 which can then leave the cell with the reaction products [24].

1.2. Nitrogen Oxides

Nitrogen oxides such as NO and NO2 influence the fuel cell in a very negative but
mostly reversible way [25–27]. Misz et al. reported reversible voltage drops during short-
term and irreversible voltage drops during long-term experiments [26]. The performance
can be reduced by two different mechanisms. NOx can either be adsorbed on the catalyst’s
surface and competes then with the ORR which leads to a higher activation overpotential
on the cathode side [28]. Another source of performance loss is that NOx can be reduced
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to form NH4+ which is a poison for the ionomer in the electrode [11]. The NH4+-cations
reduce the membrane’s water uptake and block sulfonic acid groups due to their lower
affinity for protons than for other cations, even in the membrane or in the ionomer, which
reduces their proton conductivity. The severity of these mechanisms is strongly influenced
by a low operating temperature, relative humidity, and a high fuel cell potential [12].

1.3. Sulfur Dioxide

The influence of sulfur dioxide is not only very negative but also irreversible. SO2
is directly adsorbed on the catalyst which has the effect that Pt particles are blocked
and are not usable for the ORR anymore [29,30]. Most scientific works agree on the fact
that two different sulfur species are adsorbed, while one species causes irreversible and
the other one reversible degradation of the fuel cell [31]. Reversible degradation causes
weak adsorption forming Pt-SO2 while irreversible degradation leads to strong adsorption
forming Pt-SO and Pt-O [31]. However, the irreversibility of the strong adsorption has to
be analyzed further due to the possibility of removing the SO-molecules from the catalyst
surface with the help of an oxygen reaction [12]. The degradation is increased by several
parameters such as a low operating temperature and relative humidity [25]. Moreover,
the catalyst’s design plays a role in this context, since a lower Pt loading leads to a higher
degradation [12].

Additionally, a two-stage degradation process is mentioned in the literature regarding
SO2-contamination in fuel cells. In this process, a multi-layer of sulfur is formed on the
catalyst’s surface after the formation of a monolayer which leads to a second voltage drop
during the operation with air contaminated with SO2 caused by a slower ORR [29].

1.4. Ammonia

It is not completely understood how ammonia impacts the fuel cell’s degradation.
Several scientific works report a reversible degradation caused by NH3, while others see
an irreversible degradation [12,25]. Similar to the previously mentioned contaminants,
NH3 can also increase the ORR overpotential by forming NO via oxidation on the catalyst
surface [9,12]. Moreover, NH3 can react to NH4+ either by reacting “with water [ . . . ]
or protons from Nafion” [12] on their way from the anode to the cathode. As already
mentioned before, the lower water uptake of NH4+ compared to protons reduces the
membrane’s water content and therefore its proton conductivity [12]. A low temperature
and relative humidity enhance the degradation effect [25].

1.5. Toluene

Toluene as a representative hydrocarbon has a negative but reversible impact on fuel
cell performance. It is mainly adsorbed on the catalyst surface, which causes blocked Pt
particles and therefore impedes the ORR [32]. Additionally, toluene changes the properties
of the gas diffusion layer (GDL) and the catalyst coated membrane (CCM) as they become
more hydrophilic [12]. This is caused by the formation of H2O2 as a result of the occurrence
of toluene which reduces then the hydrophobicity of the GDL [32,33]. This impedes
the water removal from the cell and leads to increased mass transport resistances [12].
Once more, low operating temperatures enhance this effect while also a higher current
density and stoichiometry lead to an increasing degradation [9,34]. Another effect that has
been detected is the formation of CO2 after several reactions of toluene and intermediate
products [12].

The influence of the above-mentioned contaminants has been studied in previous
works on the fuel cell itself. The filtration efficiency of different cathode air filters has not
been considered by measuring the individual gas concentrations upstream and downstream
of each filter to allow a comparative analysis of the filters. For efficient cathode air filter
development, the factors involved in identifying cathode air filtration mechanisms must
be discussed comprehensively. Based on this knowledge, extending either filter exchange
intervals or more robust fuel cell systems or both will be possible. Furthermore, the
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effect of each gas must be studied individually and in gas mixtures, as well as under
different and adjustable boundary conditions, in order to build a model for cathode air
filter behavior. For this reason, a test bench for catalyst investigations is adapted to carry
out a comparative study for different types of cathode air filters under defined boundary
conditions with higher reproducibility. These tests were executed within the research
project X-EMU (03B10502B and 03B10502B2). In this project, a high-performance fuel cell
drive for hybrid EMU multiple units was developed and validated in a modular traction
system in cooperation with Siemens AG.

2. Results

After preconditioning of the filter samples, the filters, which are described in the
materials and methods section, are challenged with air contamination. The results of the
investigations with the total contamination are depicted in Figure 3. The concentration
traces downstream of the filter for the species NOx, NH3, toluene, CO, H2S, and SO2 are
compared for these three filters. The breakthrough thresholds for 5% and 10% as well
as the concentrations upstream of the filter are plotted in the diagrams. Test durations
ttest = 10, 000 s are selected for a sufficient comparison.
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Figure 3. Results of the investigations on different filters with the entire gas matrix.

The diagrams lead to the conclusion that all investigated air filters can clean pollutants
such as SO2 and H2S with a concentration ψgas = 1 ppm from the cathodic air stream.
Nevertheless, a 10% breakthrough of both gas contaminations could be detected in early
phases with the dual-layer filter, which is kept certainly on the same level for the next 24 h.
On the state-of-the-art (SOA) filter, a 10% SO2 breakthrough is measured as well. In general,
the filtration of both components is not crucial for all investigated filters. On the other hand,
all filters exhibit no cleaning effect for CO emissions, so that CO measurement reaches the
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value upstream of the filter instantly after switching the gas matrix to the sample. Further
investigations with a CO concentration ψCO = 5 ppm upstream the filter show the same
behavior on all filters. Therefore, they are not included in Figure 3. For ammonia and
toluene, the investigated filters show different behaviors. For instance, the triple-layer
filter can offer an enhanced performance in terms of removing both ammonia and toluene
emissions from the air. Under the investigated circumstances, 10% breakthrough of the
ammonia filtration on the triple-layer filter is detected first at tNH3,10% = 5.5 h. Furthermore,
the performance of the triple-layer filter is followed by the dual-layer filter, while the SOA
sample cannot filter ammonia during these investigations. Therefore, additional filter
materials are essential for the successful filtration of ammonia. Toluene emissions can be
cleaned slightly better with the SOA filter in comparison to the dual-layer filter. In order to
build up a worst-case scenario such as cold start hydrocarbon emissions from a gasoline
engine in front of the fuel cell component, the filters are challenged with a relatively high
concentration of toluene. However, it can be concluded that the toluene filtration behavior
of all filters is not on a critical level.

Although the filters are challenged with NO2, the NOx emissions including NO and
NO2 are shown in Figure 3, because a reduction of NO2 to NO is observed during the tests
and NO is another pollutant for the fuel cell stack. All filters show low filtering efficiency
with respect to NOx species, which will be analyzed in detail below.

NO and NO2 concentrations from the investigations in Figure 3 are separately exam-
ined in Figure 4. The NO2 reduction behavior of the investigated filters is different. The
dual-layer filter has a higher NO2 slip at the beginning of the filtering phase, whereas the
SOA and the triple-layer filter have a higher reduction performance, thus higher NO slip
after the filtration process. NO and NO2 traces are evaluated further on the isolated acid
filter of the triple-layer filter during the whole filtering duration.
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In order to investigate the long-term NOx filtration behavior, only the acid filter from
the triple-layer filter is challenged by NO2 and the standard air composition including N2,
O2, CO2, and H2O. In Figure 5, the results are depicted from the long-term investigations
on the acid filter of the triple-layer filter with ψNO2

= 10 ppm for tduration = 26 h (a) as
well as ψNO2

= 50 ppm for tduration = 13 h (b). After dropping below a filter efficiency
ηFilter = 30 %, the tests are finished.

Both measurements start with an intensive reduction of NO2 to NO in addition to a
slight filtration. At a low NO2 concentration upstream of the acid filter from the results
in Figure 5a, a high NO slip can still be observed after 26 h of testing, while at high NO2
concentrations upstream of the filter in Figure 5b the NO2/NO balance is shifted to NO2
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species after approx. 8 h. In general, a high NO2 slip from the filter is expected due to an
increased NO2 amount at the inlet.
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Another investigation is carried out on the NH3 filter of the triple-layer filter to
understand the filtration mechanisms and check its regeneration behavior. The results
are shown in Figure 6. In this measurement, the NH3 filter is challenged with only
ψNH3

= 60 ppm in addition to the standard air contamination. After dropping below
a filter efficiency ηFilter = 80%, NH3 dosing is stopped and the filter temperature is slowly
increased by electrical heating of the inlet gas. In accordance with the thermal management
of fuel cell applications, a regeneration temperature of TRegeneration = 80 ◦C is selected to
keep the regeneration effort low.
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During the heat-up phase, neither NH3 nor other species slipped through the filter.
Subsequently, the gas and the filter are cooled down to TMeasurement = 40 ◦C and the filter
is challenged by NH3 again. However, the filtration of NH3 is continued with the same
breakthrough as well as the same filtration efficiency. Therefore, regeneration of this filter
is not possible under these boundary conditions, so that the filter must be replaced for
further use of the fuel cell.

3. Discussion

In these experimental studies, three commercially available filters were tested: a
triple-layer filter and two dual-layer filters. The LGB investigations conclude that each
contamination behaves differently on each filter. In order to distinguish the filtration
mechanisms, each gas component is discussed separately in the following. The principle
of all filter types is the physisorption of the pollutants on substrates with a big surface
area (BET (Brunauer–Emmett–Teller) surface >> 100 m2/g). This will be supported by
additional mechanistic systems: acid/basic chemisorption and catalytic reactions. No
chemical storage reactions can be observed at the investigated temperatures.

The NOx components (NO and NO2) were only slightly filtered. With its basic surface,
the acid filter supports the filtration mechanisms. The filtering of both NOx components
has to be improved for a robust application. The observed formation of NO from NO2
is a catalytic process, most likely caused by the challenged filter itself, because filter-
specific differences were detected under the same boundary conditions as can be seen in
Figure 4. For a detailed explanation of NO2 to NO reduction, further analyses such as
energy-dispersive X-ray (EDX) analysis and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) must be considered within future works, in order to recognize
intermediates in a NO2/NO balance. NOx species can also be removed from the filter
via different methods as in other applications. In automotive exhaust gas after-treatment
systems, lean NOx traps store NOx emissions at comparably very high temperatures
above 200◦C, which are converted into N2 under rich conditions, mainly with CO as a
reducing agent. Another option is a thermal regeneration of passive NOx adsorbers, where
NOx emissions are released and converted into a downstream catalyst. Here, a similar
regeneration of the filtered NOx components to harmless products is not applicable, due to
the absence of suitable reducing agents and due to the low filter temperatures. An electrical
heater and a bypass line could regenerate the filters and release the NOx emissions back
into the ambient air. A more reasonable for the environment, but less practicable way
would be to drain the filters externally via temperature or pressure shocks. With this, the
contamination in the intake air does not exit into the ambient air again and the system
setup literally cleans the air.

In the case of toluene, the only possible filter mechanism is physisorption in which the
hydrocarbons are physically bound to the filter surface. Catalytic reactions would require
much higher temperatures. For further improvement, the surface area of the filter can be
increased. Active charcoal can also act as a reversible storage volume, as in the case with
charcoal filters in the vent pipes of gasoline fuel tanks.

High filtration efficiencies can be achieved for H2S and SO2. As mentioned earlier,
these gas species cause very high damage to the fuel cell and they must be filtered from
cathode air. Maintaining a sufficient filtration efficiency is very important and essential for
the lifetime of the fuel cell.

A successful filtration of ammonia is possible. However, it requires an additional
filter, because ammonia as a basic component needs an acid-coated filter material (e.g.,
NH3-filter of the triple-layer filter).

According to the literature, CO in the cathodic stream does not cause any direct
impairment in the performance of the fuel cell. CO oxidizes in the presence of oxygen
in the air to CO2, which has also no influence on the performance initially. In the long
term, however, CO2 can induce in a liquid water phase the formation of carbonic acid
(H2O + CO2 → H2CO3 ), which can potentially damage the conventional membrane ma-
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terial. Further investigations are necessary to define an efficient filtration method for CO
without forming CO2.

The investigations have shown that a multi-layer concept is required since the gases
in the air have different properties. This can increase the number of gases to be filtered and
delay the aging of the fuel cell. Filtration efficiency can be improved by increasing the filter
surface area.

In addition, a larger filter surface area can be created by increasing the porosity of
the surface without changing the volume. For both solutions, packaging in the vehicle
(installation space for the filter) needs consideration. In addition, the potential development
of the backpressure and the increased power requirements of the compressor must be taken
into account. For multi-layer filter applications, one approach is to design the individual
layers very thinly to keep the filter volume in the desired range.

Ongoing and future activities will extend the range of testing to the dynamic behavior
of air filters under realistic conditions in road and rail transport and to the effects of air
pollutants on fuel cell stack performance and durability. In this regard, the concentration
peaks of several contaminations caused by, e.g., a vehicle driving ahead or the filtration
efficiencies at cold start conditions can be investigated in future work. Furthermore,
modeling of air filter efficiency and breakthrough under stationary and transient conditions
will be pursued to investigate and develop advanced predictive hybrid operating strategies
for road types with high local air pollution by means of simulation. Regeneration solutions,
e.g., as discussed with thermal measures and a bypass line can increase the filtration
robustness significantly. Realizing a purely battery-electric or fuel cell idling tunnel passage
could reduce the cumulative contamination of the fuel cell stack and increase its lifetime.

4. Materials and Methods

In order to characterize and compare the performance of the various cathode filters
for the fuel cell systems, a laboratory gas test bench (LGB) is used to generate synthetic
gas mixtures. It was originally designed for investigations on exhaust gas after-treatment
catalysts, but here adapted for the boundary conditions of fuel cell cathode air filter
investigations. The entire test bench consists of three main parts: the measurement devices,
the monitor and control unit, and the reactor unit. The sample, flow controller, heater, and
valves are installed as shown in Figure 7. The capabilities of the test bench have already
been published in several scientific works [35–37]. The temperature of the gas flow and the
temperatures upstream of the filter sample are controlled by a two-stage heating system.
The gas mixture of N2, O2, CO2, and H2O is heated by two preheaters via a separate line.
The required total heating power is provided by a main heater. In order to avoid undesired
impurities in the carrier gas nitrogen, ultrapure nitrogen 6.0 (purity higher than 99.9999%)
is used for these investigations. The water and toluene required for the tests are provided
via a separate vaporizing system. The fluids are stored in a tank and fed to the evaporator.

On the gas analysis side, a large number of components are measured simultaneously
with a Fourier transform infrared spectrometer (FTIR) MultiGas 2030 from MKS Instru-
ments, Inc. (Andover, MA, USA). This measurement is based on the absorption of infrared
light by the individual gas components. Exhaust gas components such as water, NO, NO2,
ammonia, and toluene, which are particularly important for the present work, can be
recorded with FTIR with high accuracy. From the output of the FTIR measuring device,
the analysis gas is carried through a condenser to separate liquid water. Subsequently, the
dry gas flow is fed into a combined measurement system, which contains a non-dispersive
infrared analyzer (NDIR) for CO2 measurement and a paramagnetic detector (PMD) for
O2 determination. A flame ionization detector (FID), which is a Thermo-FID, is used to
record the total of various hydrocarbons (THC) in the analysis gas. In addition to the
original setup of the test bench, further measurement devices for CO, SO2, and H2S are
utilized to be able to conduct measurements for these species in a range between 0 and
5 ppm with a high resolution in ppb. For CO measurements, APMA-370 from Horiba
Instruments is used, which is also based on non-dispersive infrared (NDIR) absorption
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technology with a different calibration range. Two APSA-370 devices from Horiba Instru-
ments enable the measurement of SO2 and accordingly H2S with the principle of ultraviolet
fluorescence (UVF).
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Since a wide filter surface is required for the investigations, a separate sample holder
is used with a diameter dFilter = 100 mm, as depicted in Figure 8. The synthetic gas
stream can be supplied in the desired concentrations, which are regulated by different
mass flow controllers (MFC) from the corresponding gas bottles. The concentrations of the
different species are checked with a bypass measurement directly from the dosing unit
to the measurement devices before and after each measurement to detect possible drift
phenomena during measurements longer than 24 h. A type K thermocouple is placed near
the tested filter to observe and control the temperature during the tests.

Three cathode air filters are selected for the investigations. The order of the individual
filters is depicted in Figure 8. Both dual-layer filters have a thickness of ddual−layer = 1 mm,
whereas the thickness of the filter layers equals to dtriple−layer = 5 mm for the triple-layer
filter. The clean and unused filters are preconditioned at a relative humidity of φ = 45%
and Tprecond = 22 ◦C for at least tprecond,1 = 14 h in a climate-controlled environment.
After installing the test filter in the holder, it is flown through with clean air for at least
tprecond,2 = 15 min at the same flow rate as described in the ISO 11155-2 standard for “Road
Vehicles - Air filters for passenger compartments” [38].

All filters are analyzed under the microscope and microscopic sample images with the
corresponding magnification can be seen in Figure 9. All filters have a pre-filter to avoid the
dust from the air. From these images, it can be observed that the active carbon filter (black) is
used for each filter type as the last component from the inlet side, which enables the filtration
of the most components. The particle size of the granules in the active carbon filter varies
for the chosen filter types. In the SOA filter, a granule size varies from dActiveCarbon,SOA,min =
433.9 µm to dActiveCarbon,SOA,max = 1081.5 µm, whereas the granules of the dual-layer filter are
between dActiveCarbon,DL,min = 394.1 µm and dActiveCarbon,DL,max = 484.3 µm. The granules of
triple-layer vary between dActiveCarbon,TL,min = 113.6 µm and dActiveCarbon,TL,max = 593.9 µm.
The carrier material is also partially integrated into a fiber structure as seen for the NH3-
filter of the triple-layer filter. In this filter, the size of the granules can vary between



Catalysts 2021, 11, 1339 11 of 14

dNH3−Filter,TL,min = 392.8 µm and dNH3−Filter,TL,max = 910.3 µm. In conclusion, the surface
of the filter can be increased with an optimized structure and there is a potential for further
improvements in the filter technology for the cathode side of the fuel cells.
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All investigations are carried out with a flow velocity vFlow = 0.06 m/s, which
results in a volume flow

.
VFlow = 28.274 NL/s for the individual measurements. The

pressure of the filter is set to p = 1.2 bar for all investigations. In order to realize realistic
and comparable boundary conditions as they are expected in future applications, the
temperature of the filters is set to TFilter = 40 ◦C before challenging the filters with gas
contamination. The air relative humidity φ = 50% is adjusted via a water vaporizing
system in advance. The duration of each measurement is determined by the filter efficiency
of the sample, whereas the filter challenging is finished after reaching a filter efficiency
of ηFilter = 90% or the minimum duration tmeas,min = 10.000 s. The maximum duration
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of one measurement takes tmeas,max = 24 h. Table 2 summarizes the gas contamination
for the filter investigations. To avoid very long test durations, such as days or weeks, an
accelerated stress test procedure is applied. Accordingly, concentrations are set to higher
values than actually expected in air for pollutants. The concentrations of N2, O2, CO2, and
H2O remain constant for all tests. For isolated investigations of the particular filters, the
residual gas contamination is varied by increasing the gas concentration or by ignoring the
components from the total gas matrix.

Table 2. Gas contamination for the filter tests at LGB.

Component Concentration

NH3 60 ppm
NO2 10/50 * ppm
CO 1 ppm

C7H8 80 ppm
SO2 1 ppm
H2S 1 ppm
H2O 3.64% **
CO2 410 ppm
O2 20.5%
N2 Rest

* For the test with varying gas contamination. ** This concentration correlates to an air relative humidity of 50%.

5. Conclusions

The filtration of the air pollutant emissions in the cathodic stream plays a very im-
portant role in the aging behavior of PEM fuel cells. Within this work, different filters
were investigated on a laboratory test bench in an adjustable air contamination spectrum
including ammonia, nitrogen oxides, liquid hydrocarbons as well as sulfurous components.
The following conclusions can be drawn from the results:

• The most dangerous sulfurous components H2S and SO2 for the cathode side can be
filtered by all investigated filters.

• For the NOx components (NO and NO2) only minor filtration was observed. This was
attributed to the acid-base catalysis of the filters.

• A higher filter surface enables filtration of the hydrocarbons, as shown in the example
of the toluene.

• For a successful filtration of NH3, a further acid-coated filter is required.
• CO components in the cathodic stream cannot be filtered with the available filters.

In order to maintain a cathodic air stream without any hazardous air contamination
for the cathode and the membrane, concepts with multilayered filters are necessary for the
different properties of the gas molecules. Good filtration of the air contamination provides
an extension of the lifetime of the fuel cell systems.
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