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The use of CaCOs;, FeCl;, and FeOOH as powder sorbents for a plasma-based
hydrogen sulfide removal from biogas mixtures was investigated. No plasma-
enhanced surface reactions were observed during the processing. However, the
high surface area provided by the powders led to an increased deposition of
atomic sulfur. The dissociation of H,S in dielectric barrier discharges was found to
be effective for gas purification purposes, but limited by the backwards reaction.
Medium high gas velocities in a nozzle-like plasma reactor and high retention
times in a subsequent expansion vessel thus further improved the desulfurization
efficiencies. Furthermore, methane production was observed, whereas the sources

could not yet be fully identified.
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1 Introduction

The occurrence of sulfur-containing compounds in gas streams
usually is a problem due to their corrosive and poisonous
behavior. This is an issue especially for biogas plants, where
hydrogen sulfide typically appears at significant concentrations
between 100 and 5000 ppmv, depending on the used substrate
[1,2].

Several techniques are available to reduce the hydrogen sul-
fide content in biogas. These are [2]:
- Biocatalytic desulfurization using sulfur bacteria and atmo-
spheric oxygen which leads to the oxidation as expressed in
Egs. (1) and (2), thus forming atomic sulfur as well as sulfuric
acid, which remains in the substrate.

st +2 02 e d HQSO4 (2)

However, the biocatalytic desulfurization technique has sev-
eral disadvantages. The temperatures, oxygen feed, and reten-
tion times have to be adjusted carefully to ensure proper desul-
furization efficiencies. Typically, atmospheric air is used for the
oxygen feed, thus deteriorating the quality of the biogas by
nitrogen dilution. In addition, the oxygen content may tempo-
rarily exceed the explosive limit. Furthermore, the production
of sulfuric acid leads to corrosion at the biogas plant. High
residual H,S concentrations require this technique to be com-
bined with additional purification methods.

- Bioscrubbers combine a wet gas scrubber operated with
sodium hydroxide solution that is regenerated by sulfur bacte-
ria in a separate vessel. This technique enables residual H,S
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concentrations in the range of 50 ppmv. However, the opera-
tional efforts are much higher than with all other techniques.

- Adding iron salts to the fermenter leads to a precipitation of
iron sulfides within the substrates, see Eqs. (3) and (4). The
residual H,S concentrations for this technique vary between 50
and 300 ppmv. For H,S values below 50 ppmv, a significant
excess of iron salts is necessary, associated with notable ex-
penses and problems with the disposal of the fermentation resi-
due. Thus, this technique is mainly used for primary desulfur-
ization.

Fe>* + 8>~ —FeS (3)

2 Fe*t +3 8% 5 Fe,S, (4)

— The use of activated carbon as adsorption filter leads to low-
er residual H,S concentration than all other techniques. The
H,S is permanently chemisorbed via oxidation as denoted in
Eq.(5). The sorbent, however, is rather expensive and can
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hardly be reused. Therefore, this is the most expensive desul-
furization technique currently available on the market.

1

— The use of plasma discharges applied to biogas has been sci-
entifically demonstrated with respect to the production of syn-
thesis gas [3], usually employing thermal plasmas [4], but also
non-thermal plasma discharges [5]. Plasma discharges have
also been employed for H, production [6,7], mostly via
reforming processes [8] such as direct reforming [9], steam
reforming [10] or partial oxidation [11,12]. Quite often the
plasma discharges are combined with catalysts to improve the
efficiencies [13].

A possible decomposition of methane is disadvantageous for
gas purification purposes [14], but this can easily occur in a
plasma discharge, e.g., via oxidation or polymerization [15].
Nevertheless, plasma discharges have been proven to be
promising for the conditioning of biomethane by Sekine and
co-workers [16]. They used dielectric barrier discharges
(DBDs) and low-energy pulsed electric discharge to dissociate
the hydrogen sulfide, thus producing elemental sulfur. While
the DBD setup was found to be most promising for desulfur-
ization purposes, the other discharge produced synthesis gas
from biomethane with higher efficiencies.

The endothermic process of H,S dissociation within a plas-
ma has already been studied for pure H,S [17, 18], the reaction
enthalpies have been determined to be 300 k] mol™ H,S [19].
However, this process has mostly been investigated at low pres-
sures, e.g., at 20 kPa by Gutsol et al. [20]. The dissociation was
found to take place more effectively at high temperatures [21],
but sufficient efficiencies were gained only in combination with
other systems, so far [22,23]. Furthermore, DBDs are able to
oxidize H,S towards H,SO, [24] and to induce reactions with
surfaces [25]. The use of a packed-bed reactor, however, only en-
hanced the dissociation via the gases’ residence time [26]. Never-
theless, some catalysts have been employed to enhance the dis-
sociation of H,S towards the production of atomic sulfur [27].

In an earlier study, the effect of DBD plasma on a gas stream
of 20vol % of H,S in atmospheric air was investigated [28].
Whereas an empty reactor led to the
deposition of atomic sulfur at the reac-
tor walls and the formation of small
amounts of SO, within the gas stream,
a powder charge of CaCO; placed
inside the plasma region resulted in a
removal of over 99 % of the initial H,S
content and over 98% of the SO,
impurities [28].

The present study employed two
DBD reactors. These were designed to

optimize either one of the two observed
effects. The first reactor was designed
to improve the use of CaCOj; as well as
iron salts as sorbent. This was intended
to extend the previous studies on the
use of powder sorbents for these pur-
poses [28]. The second reactor was

c-C
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designed to extract the sulfur fastest possible from the plasma
region and thus minimize the deposition of atomic sulfur at
the reactor walls. Both DBD setups were tested with different
feed gas mixtures to proof possible application for biogas puri-
fication.

2 Materials and Methods

Plasma treatments have been carried out employing DBD reac-
tors optimized for gas retention times and different deposition
processes. The first reactor, denoted as powder reactor in the
following, was designed to store powder amounts of approx.
1g inside the plasma region. Further, the reactor enables the
extraction of powder samples after plasma treatment at differ-
ent positions in the reactor for further analysis. The powder
reactor is schematically presented in Fig. 1.

The reactor consists of a stainless-steel base plate with gas
in- and outlet pipes having an inner diameter of 8 mm. Six
vertical quick clamps (Holex 37-6625-0) ensure a tight fit of the
ceramic block made from Macor® (130x49x 13 mm°, see
Fig.1a). The ceramic acts as dielectric barrier and allows an
easy maintenance, while a Viton® sealing ring prevents gas
leakage. Fig.1b includes a partial cutaway section along the
line c-c marked in Fig. 1 a, revealing the 1-mm discharge gap
(area 100x10 mm?). Fig. 1 ¢ gives a more detailed view of the
discharge gap as well as the countersunk high-voltage electrode
at the opposite face of the ceramic block, leaving approx. 1 mm
Macor® as dielectric barrier. Calcium carbonate powder
(Sigma-Aldrich, >99.95 %), iron(III) oxide-hydroxide powder
(Sigma-Aldrich, catalyst grade) and iron(IIT) chloride hexa-
hydrate (Sigma-Aldrich, >97 %) served as model sorbents.

The second plasma reactor, denoted as DBD nozzle with
expansion vessel, was designed to separate the deposition zone
of the generated sulfur particles from the plasma zone. High
velocities and thus short retention times of the gas should min-
imize deposition of solid material in the plasma nozzle. In the
downstream cylindrical expansion vessel the gas velocities are
significantly lowered. The resulting high retention times ensure
that the main fraction of the sulfur deposits on the reactor
walls. As depicted in Fig.2a, the DBD nozzle has an inner

C) Macor dielectric
countersunk HV electrode
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Figure 1. (a) Top view of the powder reactor, (b) side view with a part cutaway section along
the line marked as c-c, (c) detail view on the cutaway section.
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Figure 2. Sketches of the plasma nozzle (upper part) with
expansion vessel (lower part) as partial section view (a) and
computational flow dynamic simulation of the velocity distribu-
tion (b) with particle traces for an input flow of 0.5 SLM.

diameter of 3 mm and a length of 35 mm, the diameter of the
expansion vessel is 98 mm. The velocity distribution inside the
reactor has been simulated with computational fluid dynamics
(Autodesk Simulation CFD) for a carrier gas flow rate of
0.5 standard liters per minute (SLM) as depicted in Fig.2b.

The maximum velocity of 1.35ms™" is reached inside the
plasma nozzle, related to an average residence time, i.e., treat-
ment time, of about 0.03 s. For particles with a diameter above
0.5 um, the expansion vessel serves as an inertial separator. The
main separating principles are deflection and deceleration of
the gas stream. Due to a centrifugal acceleration of up to
50 ms 2 particles with a diameter above 2 pm would be unable
to follow the deflection of the gas stream at the bottom. The
average residence time of the gas phase inside the expansion
vessel is above 100 s which is more than sufficient for decelera-
tion and separation of smaller particles. For particles with an
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aerodynamic diameter below 0.5pum, diffusion separation
applies through Brownian motion with particles attaching to
the walls of the vessel. Although the particle size distribution is
unknown, one can assume good separation rates for most par-
ticle sizes.

An alternating high-voltage Fourier synthesis pulse genera-
tor (Ingenieurbiiro Dr.Jiirgen Klein, S/N 040-3) with a pulse
duration of 0.6 us at adjustable peak voltage and repetition rate
is connected to the dielectric isolated high-voltage electrode.
The counter-electrode is linked to the ground potential.

Commercial test gas mixtures with 100 ppmv H,S in N,
(99.999 %; Westfalen AG, Germany) as well as synthetic biogas
(50% CO,, 50% CHy, 50 or 100 ppmv H,S; Westfalen AG,
Germany) were supplied to the DBD devices via commercial
thermal mass flow controllers (red-y smart GSC-C, Vogtlin
Instruments AG).

The output gas composition was directly monitored via an
online biogas analyzer (ExTox ET-8D). The analyzer is
equipped with infrared channels for CH, and CO, and two
electrochemical sensors for H,S with an upper range of 100
and 3000 ppmv.

Additional analyses were conducted with a commercial sys-
tem (MFM Analytical Systems, Multigas Analyzer MGA). For
the quantitative analysis of the mass spectra, background spec-
tra before starting the gas dosage were subtracted. Due to miss-
ing references for some species present within the spectra,
especially ions, radicals, and metastables generated within the
plasma, no correction for relative sensitivity factors or frag-
mentation intensities was included.

The chemical compositions at the surfaces of the sorbent
powders were determined using a commercial Raman micro-
scope (Senterra, Bruker Optik GmbH) equipped with a
532-nm laser light source and a sulfur reference (Fluka,
Sulfur Sg, 99.999 %).

3  Results and Discussion

Earlier results on the removal of hydrogen sulfide from air
streams [28] suggested a formation of CaSO,4, which has been
verified in the meantime (not shown here). The formation of
CaSO, from CaCOj; and H,S, however, requires additional oxy-
gen in order to be completed. These positive results using sor-
bent powders should be extended towards an application for
biogas desulfurization, investigated in the powder reactor
(see Fig. 1). To exclude effects caused by humidity and further
pollutants like terpenes and silanes, only synthetic biogas mix-
tures were employed.

3.1 Calcium Carbonate Sorbents in the
Powder Reactor

The powder reactor was equipped with CaCO; powder for the
conditioning of a biogas mixture of 50 % CO,, 50 % CH,, and
approx. 50 ppm H,S. The development of the H,S concentra-
tion during the plasma treatment is illustrated in Fig.3. The
plasma reduced the H,S content by about 65 %. However, the
data points vary strongly by + 15 ppm. The reason for this vari-
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Figure 3. Development of the H,S concentration over time
within a biogas test mixture during plasma treatment including
CaCOs sorbent powder.

ation can be understood when beholding the sorbent powder
afterwards.

Fig. 4 depicts Raman spectra from the CaCO; powder sor-
bent after plasma treatment in a biogas mixture. For compari-
son, the spectra of pristine CaCO; powder (blue line) and a sul-
fur (Sg) reference powder (red line) are also given. The reaction
product exhibits strong Raman bands of both CaCO; and Sg.
However, no indications for CaSO, or other solid sulfur-con-
taining compounds were found. The lack of oxygen in the bio-
gas test gas hinders the formation of sulfate groups. Instead,
the deposition of Sg via dissociation of H,S seems to occur. Fur-
ther, this leads to the formation of H,S via reverse reaction with
gaseous hydrogen from earlier H,S dissociation. These concur-
rent forward and reverse reactions are dependent not only on
the earlier sulfur deposition onto the powder, but also on the
gas flow conditions through the powder sorbent. All of these
are continuously changing during operation of the plasma

—— powder after plasma treatment
—— sulphur reference
calcium carbonate reference
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Figure 4. Raman spectra from a powder sorbent after plasma
conditioning of a biogas mixture (black line) in comparison to
pristine CaCOs (blue line) and sulfur (Sg) reference (red line).
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reactor. For these reasons, the CaCO; powder is not suitable to
be employed for the plasma-based removal of H,S from biogas
streams.

Similar experiments were conducted employing the iron(III)
salts FeCl; and FeOOH (not shown). These compounds exhibit
a spontaneous reactivity against H,S, forming some FeS on the
surface. However, the plasma was not able to improve these
reactions. Instead, it only led to the dissociation of H,S and
thus to the deposition of atomic sulfur. Therefore, the further
experiments focus on the use of this dissociation process for
biogas purification purposes.

3.2 Powder Reactor without Powder Filling

Fig.5 depicts the residual H,S after plasma treatment in the
powder reactor without any powder sorbent. Tests were done
with a biogas mixture (50 % CO,, 50 % CHy,, approx. 100 ppm
H,S) employing different pulse repetition rates, i.e., frequen-
cies, and peak voltages. According to Penetrante and co-work-
ers [29], the depletion of many gaseous pollutants in plasma
processes follows an exponential behavior dependent on the
amount of energy transferred into the working gas; c.f. also
Schmidt et al. [31].

biogas test mixture 100 ppm H,S
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Figure 5. Residual H,S content in a biogas mixture after plasma
treatment at different frequencies and peak voltages.

Since the transferred energy is related to the peak voltage as
well as the repetition rate, the results in Fig. 5 were fitted using
an exponential function as given by Eq. (6).

\4
b ©)

p(H>S) ~ e

The resulting curves are displayed in Fig. 5 as solid lines. The
H,S content was reduced down to 61, 58, 54, and 52 ppm at
decay constants  of 5.56, 5.24, 4.63, and 3.99kHz for peak
voltages of 6, 8, 10, and 11.33kV, respectively. This supports
the assumption that the desulfurization process via dissociation
in DBD plasma depends mainly on the energy transferred into
the gas stream.
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Fig. 6 illustrates the development of the CH, concentration
in a biogas mixture versus the pulse repetition rates, i.e., fre-
quencies, and peak voltages. A depletion of CH,, e.g., via oxida-
tion or polymerization [14, 15], was not detected but rather a
minor increase in CH, content was found. Though results are
very noisy, the data gives the impression of a linear dependence
on the repetition rate, which corresponds to the energy trans-
ferred to the gas stream. Linear regressions yield slopes of 220,
350, 540, and 630 ppm kHz ™' at peak voltages of 6, 8, 10, and
11.33 kV, respectively. In contrast, the correlation between CH,
increase and peak voltage is not linear.

biogas test mixture 100 ppm H,S

® 6 kV
| //:
51.0 A 10 kV //
O A x T
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50.0 4
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Figure 6. CH, concentration in a biogas mixture after plasma
treatment at different frequencies and peak voltages.

This hydrogen for the CH, synthesis reaction according to
the reaction

4 H, + CO, = CH, + 2 H,0 )

is partly supplied by the dissociation of H,S [32]. However, the
50 ppm H,S would certainly not be sufficient for the measured
CH, increase of up to 1.3vol %. The same applies for residual
water fed with the gas stream. A possible redox reaction

CH, + CO, = 2 H,O + 2 C(s) (8)

would lead to a proportionate reduction of both, methane and
carbon dioxide, leading to precipitation of atomic carbon and
production of water vapor. However, this can also be excluded,
since there is neither an influence on the water content in the
exhaust gas (additional mass spectra not shown), nor any sign
of carbon within the sorbent powder; c.f. Raman spectra in
Fig. 4. Thus, the H, source for the CH, production is not yet
cleared out and needs further investigations.

The depletion of H,S via dissociation as well as the produc-
tion of CH, were verified for the powder reactor without any
powder sorbent using different test gas mixtures and various
techniques for gas analysis, again. The H,S removal, however,
severely suffered from the backwards reaction due to the sulfur
deposited in the plasma region. Therefore, a new reactor sys-
tem was developed in order to prevent the reverse reaction.
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3.3 Plasma Nozzle with Expansion Vessel

The reactor used for the experiments described in the following
combines a plasma nozzle and an expansion vessel to separate
the sulfur from the plasma region and thus inhibit the backward
H,S formation reaction (see Fig.2). Gas mixtures of 100 ppm
H,S diluted in N, were used to test the dissociation yields and
the expected deposition of sulfur in the expansion vessel. The
results for the residual H,S content at different peak voltages
and varying velocities of 1.56 (black squares), 3.13 (red circles),
and 6.25 SLM (blue triangles) are summarized in Fig. 7.

Test gas N,, 100 ppm H,S

100
. m 1,56 sim
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A 6,25slm
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Figure 7. Voltage dependence of residual H,S in N, after plasma
processing at different gas velocities.

For 15kV the plasma did not ignite stably, leading to several
data points at an initial H,S concentration of about 93 ppm.
Fitting the data to exponential decay functions yields decay
constants of 3.39, 3.85, and 4.79kV for 1.56, 3.13, and
6.25 SLM, respectively. This indicates that higher voltages, i.e.,
larger powers are required at higher gas velocities. The reduc-
tion of 93 ppm H,S down to 3.6 ppm at a proportionate pro-
duction of H, (not shown in the figure) shows an effective dis-
sociation of the H,S. After the experiments, the vessel was
covered with a yellow deposit, whereas only little debris could
be found within the nozzle.

Fig. 8 presents a Raman spectrum of the solid substance from
the expansion vessel (black line) compared to a sulfur Sg refer-
ence (red line). The spectrum of the substance clearly resem-
bles the sulfur reference as well as the stretching and bending
vibrations of sulfur Sg [30].

4  Conclusions

The formation of CaSO, from CaCO; and H,S in an air plasma
does not occur in oxygen-poor gases. Instead, a deposition of
elemental sulfur (Sg) was found. For biogas, the presented pow-
der reactor led to a plasma-driven reduction of H,S by approx.
65%. The residual H,S content was highly fluctuating likely
due to a significant backward reaction of the Sg deposited on
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Figure 8. Raman spectra of yellow deposit found in the expan-
sion vessel after desulfurization (black line) compared to a sulfur
reference (red line).

the CaCO; powder. The reverse reaction obviously depends on
the amount of sulfur and hydrogen present in the plasma as
well as on the gas flow conditions.

Using powders with an intrinsic reactivity against H,S like
FeCl; and FeOOH, a spontaneous surface reaction forming FeS
was found. This reaction, however, is self-constraint to only
take place on the very surface. The activation by the plasma led
to the reduction of H,S at similar rates as for CaCO; powder,
again depositing atomic sulfur (Sg). Fluctuations of the residual
H,S contents as well as the H,S reformation were similar to the
experiments employing CaCO; powder. Obviously, the use of
powder sorbents is not preferred for the actual application as
plasma-driven desulfurization of biogas.

An operation of the powder reactor without filling in any
sorbent powder resulted in a removal of only about one-third
of the H,S at the same retention times and power supply. The
influence of the peak voltage on the dissociation rate for H,S
was relatively low compared to the effect of the repetition rate
of the pulses. Therefore, it is assumed that the reduced electric
field strength due to the powder filling should also have a mi-
nor impact on the reaction rates. The main influence of the
powder should then be given by its surface area, by which the
possible number of adsorption sites would increase. These
arguments are well supported by the significantly smaller fluc-
tuation of the residual H,S content when using the powder
reactor without any filling.

Beside desulfurization, a notable production of CH, was
observed which depends linearly on the energy density. The
source of H,, required to produce amounts of up to 1.3 vol %
CH,, however is not yet identified. The dissociation of H,S
might only lead to the formation of up to 100 ppm of H,. Fur-
ther tests have to be conducted to clarify these effects.

An optimized desulfurization reactor was implemented by
combining a DBD plasma nozzle with a downstream expansion
vessel. Here, dissociation of the H,S takes place at high gas
velocities inside the nozzle, but only few sulfur stuck to the
nozzle walls whereas most of it accumulates in the expansion

Chem. Eng. Technol. 2017, 40, No. 2, 333-339
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vessel. Due to this spatial separation of dissociation and deposi-
tion, the H,S concentration could be reduced by around 96 %.
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