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Abstract: In gasoline-driven vehicles, fuel vapor retaining systems are used to prevent the emission
of hydrocarbons from the fuel tank into the atmosphere. In this paper, which is Part 2 of our
publication, measurements of regeneration processes of the activated carbon by flushing it with
humid nitrogen gas of 70% relative humidity are represented. Using purge air with high relative
humidities, representing realistic conditions, it can be observed that water is accumulated in the
activated carbon. For ethanol-containing fuel blends, additional accumulation of ethanol in the
carbon occurs, decreasing the adsorption capacity of the carbon for standard fuel’s components
considerably. State-of-the-art testing procedures use purge air with about 50% relative humidity
for the regeneration of the activated carbon filters. As this often does not represent real operation
conditions, the working limits of the fuel vapor retaining systems could not be identified up to now.
Furthermore, the determination of the butane working capacity as a quality parameter of the fuel
vapor retaining systems is also based on the assumption of relatively low air humidity. Consequently,
a new quality criterion has to be established.

Keywords: activated carbon filter; adsorption behavior; fuel vapor mix; fuel vapor retaining system;
Raman spectroscopy

1. Introduction

Since the 1970s, fuel vapor retaining systems (FVRS) have been used in gasoline-
powered vehicles to prevent emissions of fuel vapors into the environment. According
to the Renewable Energy Directive RED I (2009/28/EC) [1] and the Renewable Energy
Directive RED II (Directive (EU) 2018/2001) [2], up to at least 14% of renewable energy
should be used in the transport sector. The addition of bioethanol seems to play an
important role in this. However, detailed effects of the use of bioethanol fuel blends on the
functionality of the FVRS are currently unknown.

Results of a Technical Inspection Association (TUV) study [3] show that the FVRS fail
more frequently in long-term use with the gasoline-ethanol blend E5 (5 vol % ethanol in
gasoline). The reason for this is assumed to be that ethanol reduces the working capacity
of the activated carbon [3]. This hypothesis is supported by the fact that high ethanol
concentrations were detected in the activated carbon after a long period of use of the
activated carbon filters [3,4]. In addition, investigations by the European Commission [5]
focused on the rinsing process of the activated carbon, with particular attention being paid
to the rinsing time. Among other things, it was found [5] that ethanol has a higher affinity
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for activated carbon than hydrocarbons, which can lead to a reduction in the adsorption
capacity of the activated carbon for hydrocarbons.

The verification of the functional capability of the activated carbon filters is described
in the Type-IV test [6]. This test describes in detail the conditions of the canister fuel aging,
but in all regulations [6,7], there is no information about what humidity the purge air
should contain. Therefore, a relative humidity (RH) of 50 &= 10% is often assumed. The
effect of higher moisture content of the purge air on the long-term behavior of the activated
carbon filters is not considered.

In actual operation, the FVRS is purged by drawing in ambient air. If the relative
humidity of the ambient air in Germany [8] is considered, it is always above 70% RH. Since
the activated carbon filter is a lifetime component, it is important to ensure its long-term
stability even when using bioethanol blends during regeneration with a realistic humid
ambient air.

In the first part of the article [9], the measurement results for the tests with EO (100% n-
pentane as gasoline substitute fuel) or E10 (10 vol % ethanol in 90 vol % n-pentane) and
dry purge N, were addressed. Here, the results obtained when purging with moist Nj
(70% RH) are presented and discussed.

2. Materials and Methods

In principle, in the following figures, all individual data points are connected by
interpolated lines as a visual aid.

2.1. Determination of the Evaporative Emissions (Type-1V Test)

To prevent emissions of volatile components of fossil fuels into the environment,
activated carbon filters are used, which completely adsorb the vapors emitted from the
tank under all operating conditions. The necessary regeneration of the activated carbon
filter takes place cyclically by flushing with ambient air and releasing the volatile organic
compounds desorbed into the engine intake tract. The aging process of activated carbon
filters is described in ANNEX I of “Regulation No 692/2008” “Determination of evaporative
emissions (Type-1V test)” [10]. The quantity used to check the functionality of the activated
carbon filter is the butane working capacity (BWC). Its determination is regulated in
American Society for Testing and Materials (ASTM) standard D 5228 [11]. It is a measure
of the ability of activated carbon to adsorb and desorb butane from dry air under defined
conditions. According to the Type-1V test, the BWC is determined over 150 cycles and
should not fall below 95% of the original BWC.2.2. Activated Carbon and Adsorptives.

The most commonly used activated carbon in the FVR systems is BAX 1100. The
pore structure of the activated carbon was investigated by N; adsorption at —196 °C. The
isotherm obtained is shown in Figure 1. BAX 1100 is characterized by a high specific surface
area of approximately 1300 m?/g and a high proportion of micropores and mesopores
(Figure 1). It has a bulk density of 355 + 30 g/L.

The adsorption isotherms for n-pentane and ethanol on the BAX 1100 can be found in [9].

For the investigations discussed here, water adsorption is of central importance.
Figure 2 illustrates the water adsorption isotherm of BAX 1100 at 24 °C. It was determined
by using two different methods, thus demonstrating the reproducibility of the results.
The course of the adsorption isotherm—type V according to International Union of Pure
and Applied Chemistry (IUPAC)—is typical for the sorption of water vapor on activated
carbons. Due to the strong hydrophobicity of BAX 1100, it hardly adsorbs any water up to
relative humidities of 50-60%. Adsorption by capillary condensation only increases sharply
above approx. 70% RH. During desorption, a strongly pronounced hysteresis is observed
with a remaining residual load.



Processes 2022, 10, 397 30f13

700 -

600 -

! Il Il Il Il Il Il Il 1 1
L UL L L L L L L L L L L L L L L L L L L

01 02 03 04 05 06 07 08 09 1
p/po/ -

Figure 1. Nitrogen adsorption isotherm of BAX 1100 at T = —196 °C, py (=196 °C) = 1013.5 hPa.
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Figure 2. Adsorption of water vapor on BAX 1100 at T = 24 °C, pg (24 °C) = 29.8 hPa.

The investigations were carried out with the adsorptive n-pentane (E0) as a representa-
tive substitute fuel for certified gasoline [12] and bio-ethanol in the mixture with n-pentane
as a biofuel blend (E10).

Based on the course of the water isotherm, which only shows a considerable uptake
of water at higher water concentrations, and due to the fact that the relative humidity of
the air in Germany is always above 70% relative humidity throughout the year [8], the
experiments were carried out with nitrogen at a relative humidity of 70% at 24 °C.

Nitrogen (N3) was used as the carrier gas for all components used, namely water,
n-pentane, and ethanol. In the purge phase, N, was loaded with water vapor up to a
relative humidity of 70%. The Ny, in each case as a substitute for air, was present in purity
5.0, the water as a monodistillate. The n-pentane of purity > 94 vol % (Stockmeier Chemie,
Duisburg, Germany) was used. The ethanol from the agricultural origin (Fa. Stidzucker AG,
Mannheim, Germany) had a purity of 99.85 vol % and was undenaturated.
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The adsorptive concentrations for the fuel vapors were:

EO: 70 vol % n-Pentane and 30 vol % Nj.

E10: 46 vol % n-Pentane, 3 vol % ethanol, and 51 vol % N».

From this, the thermodynamics of ideal gas mixtures was used to calculate the fuel
vapor rate with 20 L/h N as a carrier gas:

EO: ThEO %40g/h E10: mElO %27g/h
Consequently, the fuel respectively adsorptive vapor rate was larger for EQ than for E10 [9].

2.2. Determination of the Breakthrough Behavior

To determine the breakthrough behavior of activated carbon filters, the time- and
location-dependent sorption processes were investigated experimentally by simultaneously
measuring the temperature behavior and the fuel vapor concentrations. For this purpose,
an activated carbon tank with a volume of 1 L was used. The experimental procedure was
slightly modified based on the results obtained with dry purge N [8]. As the results for
E10 showed [9], ethanol broke through at a maximum concentration of 3 vol %. Therefore,
for the following studies, it was assumed that the breakthrough ethanol concentration
was negligible compared to the pentane concentration. The system was reprogrammed
to sum only the breakthrough-pentane signal from a Raman detector until the limit of
2 g was reached. The Raman detector includes a cw Nd:YVOy laser, which operates
at A = 532 nm. The Raman signals are measured by a spectrometer (Ocean Optics, Duiven,
The Netherlands) in combination with a back-thinned charge couple device (CCD) chip.
The laser beam is focused on a test cell. The Raman scattered light is collected perpendicular
to the incident laser beam by a telescope with a large solid angle on the collecting side
and an optical filter to suppress the unwanted Rayleigh signal. The light is then focused
into an optical fiber with a 200 pm core diameter and guided to a spectrometer with a
back-thinned CCD area sensor with a peak quantum efficiency of 90%. Thermal noise is
minimized by thermal conditioning of the CCD detector. The detectable spectral range
is from 530 nm to 620 nm resulting in a Raman shift from 0 cm~! to 2700 cm~!. In order
to increase the Raman signal intensities considerably and, as a result, to achieve short
measurement times, a multipass approach was used. More details on the Raman detector
can be found in [13-18]. When the above-described limit is reached, the system is switched
from adsorption to a hold time of 10 min and then purged with nitrogen in countercurrent.
The experimental procedure for the long-term experiments with moist nitrogen as purging
gas was as follows (Table 1). All tests were carried out at 24 °C.

Table 1. Procedure of the experiments with humid N as purge gas at 24 °C.

(@) Measurement of the species behind the filter during the loading with EO- or E10-vapor
criterion for technical breakthrough: mass of n-pentane having passed the FVRS, 2 g

(b) Holding time [10]: 10 min
(c) Countercurrent purge (1 h): exchange of 300 bed volumes with 300 1/h N; (70% RH)

More detailed information on the experimental procedure can be found in [9], and
the experimental setup is explained in detail in [19]. In the following text, from the total
of eight thermocouples used, reference is made only to the data of four (T305, T310, T315,
T320), which are marked in bold in Figure 3.
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Figure 3. Schematic structure of the activated carbon filter with the thermocouples used (size
indication in mm).

2.3. Determination of Water Content of the Activated Carbon Bed

The water content of the activated carbon bed was determined by Karl Fischer titra-
tion. This was done with the Titrator of Schott “TitroLine KF” (SI Analytics, Mainz,
Germany). To ensure the correctness of this method in the presence of ethanol, Imidazole
and Methylimidazole were added to the Karl Fischer reagent so that the real water content
was determined.

3. Results and Discussion
3.1. Analysis of Long-term Experiments with EO and Humid Nitrogen (70% RH)

Figure 4 shows the concentration and temperature curve for the 10th cycle of long-term
measurement. It is evident that the pentane initially adsorbs completely until it begins to
break through after approx. 750 measuring points. After 1020 measuring points, i.e., after
approx. 51 min, the maximum pentane concentration is detected. Reaching the maximum
pentane concentration is followed by a holding time of 10 min. Then, desorption starts for
1 h in countercurrent with humid nitrogen loaded with 70% relative humidity. In addition,
the temperature curve in the adsorber is shown using the example of four thermocouples
distributed axially in the activated carbon filter. The adsorption front moves from the
bottom to the top of the adsorber, i.e., initially, an evolution of heat is observed at the
bottom of the adsorber (T305). Subsequently, the adsorption front moves further upwards
in the adsorber so that first the thermocouple T310, T315, and finally T320, which is located
at the upper end of the activated carbon bed, detect the heat tint. In the 10th cycle, the
temperature difference between T305 and T320 is approximately 15 °C.

In Figure 5, the analog measurement results for the 250th cycle are shown. The time
until the pentane breaks through completely has shortened to only 44 min. In addition, the
temperature behavior in the adsorber has changed fundamentally. After 297th cycle, the
highest temperature is found at the bottom of the adsorber, while it is colder at the top.
Here, the temperature difference between top and bottom is approx. 13 °C.

The investigation of the E0/70% RH Ny system shows that the temperature behavior
in the activated carbon filter changes with increasing cycle number (Figure 6). While in the
initial cycles, the temperature in the activated carbon filter increases upward (T320 > T305)
as the number of cycles increases, the temperature decreases at the top until the tempera-
ture distribution is reversed so that T320 < T305. This behavior can be explained by the
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introduction of water into the activated carbon filter by countercurrent flushing with moist
N; (70% RH). A more detailed explanation follows in Section 3.1.1.
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Figure 4. Concentration and temperature profile in the filter for EO/humid N in 10th cycle.
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Processes 2022, 10, 397 7 of 13

+®-T305 -8 T310 =&~ T315 —=- T320
80
70 %
A
‘:'Eii-\-a 3\\
u = - -
S D S
g EWC A SE G S WP NP PIP SEan g S O
2 50 \ &\ ~-‘3‘"9"3""E--E'--E'E'""..‘.::Q@.':..g_
§ \ B i i D VNI Sl s o4
£
© 40 \eoe..@_o—o«e"e"e-o,@'—@ws-.ge'—oe\s_ g
30
20 - ‘ 3 , -
0 50 100 150 200 250 300
Cycle number

Figure 6. Dependence of the temperature behavior on the cycle number for EO/humid N.

3.1.1. Water Content of the Activated Carbon for the system E0/humid N,

To determine the water content of the activated carbon bed, samples were taken at
different heights of the filter and analyzed by Karl Fischer titration. For this purpose,
activated carbon samples were taken from the bottom, middle, and top of the filter at the
end of adsorption in the 300th cycle. The water content was highest at the top of the filter
at 39.5 wt% and decreased towards the bottom (see Figure 7).

Desorption] |t
| ]

20.5 wt%

|
I} Rdsorption

Figure 7. Water content of the activated carbon bed after adsorption in the 300th cycle.

These results show that during adsorption in the 300th cycle, a large amount of water
is already present in the activated carbon filter. This water is introduced into the bed by the
regeneration of the activated carbon with moist nitrogen after each adsorption cycle. Since
desorption takes place in countercurrent to adsorption, i.e., from top to bottom, the water
enters the activated carbon filter from above, where it then accumulates in the activated
carbon bed.
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As adsorption progresses, the front of the adsorption heat moves from the bottom to
the top of the activated carbon bed. This was found in the measurements with dry flushing
nitrogen [9].

In the case of the regeneration of the activated carbon with humid N, (70% RH), the
conditions are changed. Due to the introduction of water from above into the activated
carbon bed, on the one hand, active centers of the activated carbon are occupied by wa-
ter so that the adsorptive E0 or E10 is adsorbed less. The heat of adsorption released
decreases accordingly.

On the other hand, capillary condensation of the water occurs when a certain water
concentration is exceeded. The water, then present in liquid form, acts as a temperature
sink due to its high heat capacity, causing the temperature at the top of the activated carbon
bed to drop.

3.2. Analysis of Long-term Experiments with E10 Vapor Phase and Humid Nitrogen (70% RH)

Figure 8 shows the concentration and temperature curve for the 10th cycle of a long-
term measurement of E10 during regeneration with moist Np. The results are similar
to those in Figure 4, with pentane breakthrough occurring after approximately 49 min.
Again, there is a temperature difference between T305 and T320 of about 16 °C, and the
temperature in the filter increases from bottom to top.
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Measured values, every 3 s

Figure 8. Concentration and temperature profile in the filter for E10/humid N, in 10th cycle.

The following figure (Figure 9) shows the measurement results for the 250th cycle.
After approx. 43 min, the breakthrough threshold of the pentane (see Table 1) is reached.
Taking into account the lower fuel rate of 27 g /h of E10 compared to 40 g/h of E0, the equally
long breakthrough time means that the capacity of the activated carbon is considerably
lower when E10 is used. While in the case of pure pentane (E0), about 28 g of pentane can
be passed over the activated carbon before the pentane reaches its breakthrough threshold,
this is only about 18 g in the case of E10.
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The temperature behavior in the filter changed considerably. The temperatures nearly
equalized throughout the filter bed.
These temperature changes with the number of cycles are shown in Figure 10. This
change in the temperature behavior of the activated carbon filter can be explained, as in
the case of the E0/moist N system, by the entry of water through rinsing with 70% RH
nitrogen. This water accumulation is impressively confirmed by the Karl Fischer titrations.
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Figure 10. Dependence of the temperature behavior on the cycle number for E10/humid Nj.

3.2.1. Water Content of the Activated Carbon for the System E10/humid N,

For this experiment, too, the water content of the activated carbon bed was determined

by Karl Fischer titration. However, here the samples were taken from the filter after
desorption had taken place in the 260th cycle. Again (Figure 11), the water content was
highest at the top of the activated carbon filter and then decreased towards the bottom.
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The absolute values were still somewhat higher than in the experiment with E0 and
moist nitrogen.

Desorption| |t

40.1 wt%

33.6 wt%

29.3 wt%

|
|1 Bdsorption]

Figure 11. Water content of the activated carbon bed after desorption in the 260th cycle.

3.3. Comparison of the Experiments with E10 and Purging with Dry or Humid Nitrogen

When conducting an experiment with E10 and dry nitrogen to purge the activated
carbon filter, it is seen that as the pentane breaks through, ethanol also breaks through
according to its vapor pressure at the prevailing experimental conditions (Figure 12). This
behavior occurs in all cycles and can be clearly seen in Figure 12 for cycles 8 and 77.

Concentration data were taken every 3 s.
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Figure 12. Breakthrough of ethanol for the system E10/dry N in the 8th and 77th cycles.
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In the case of the system E10 and moist nitrogen (70% RH) as flushing gas, the
following breakthrough behavior (Figure 13) over all cycles of the experiment is seen. The
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water breakthrough with a concentration of about 2.5 vol %, which corresponds to the
partial pressure of the water at the prevailing temperature, is obvious. With the pentane,
however, no ethanol breaks through here, quite in contrast to the experiment with dry
flushing nitrogen.
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Figure 13. No breakthrough of ethanol for the system E10/humid N in the 8th and 260th cycle.

The investigations thus show that the regeneration of the activated carbon filter with
moist nitrogen (70% RH) in the case of E0 and E10 leads to an accumulation of water in the
activated carbon bed. In the case of E10, however, there is also an accumulation of ethanol
in the activated carbon.

3.4. Determination of the Butane Working Capacity
The butane working capacity (BWC) is defined as follows:

m —m
m/m [%] _ loaded Heel (1)
Mynloaded

It is defined for adsorption and desorption from dry air. If an activated carbon adsorbs
butane, a certain amount of butane usually remains in the activated carbon after desorption,
the so-called heel. In the tests carried out here, however, desorption was carried out with
nitrogen at a relative humidity of 70%, resulting in water accumulation in the activated
carbon. This increases the value of myy.; and may result in a negative value of BWC.
Therefore, the butane working capacity is not a suitable instrument to test the functionality
of the activated carbon filters under real conditions.

4. Conclusions and Outlook

The measurements have shown that a relative humidity of 70% leads to an accumula-
tion of water in the activated carbon. If ethanol is added to the gasoline, the ethanol also
accumulates in the activated carbon. Since ethanol is preferentially adsorbed over hydro-
carbons, the working capacity of the filter for the gasoline vapors is reduced considerably.
Thus, it was found that one reason for the increased failure of the fuel vapor retaining
systems (FVRS) when using gasoline-ethanol blends is the high relative humidity of the
purge air as it prevails under real conditions.

Test procedures for activated carbon filters of fuel vapor retaining systems use a
relative humidity of only approximately 50% for the purge air, which is considerably lower
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than the relative humidity under real conditions. As a look at the water adsorption shows,
failures of the FVRS do not occur under these unrealistic conditions.

Consequently, the butane working capacity as a test variable is also unsuitable for
checking the FVRS under realistic conditions.

To ensure the functionality of the FVRS in the future, the air drawn in from the envi-
ronment should be pre-dried by, for example, zeolite filters to prevent water accumulation
in the activated carbon fills.
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