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Abstract

Atmospheric microwave plasma was applied to the processing of the partially cleaned producer gas obtained from sewage
sludge gasification. The plasma processing resulted in residual tar compounds conversion and changes in the gas composi-
tion. During the tests with a different gas flow rates and microwave power inputs, liquid and gaseous samples were collected
to evaluate the plasma reactor’s performance. The conversion efficiency ranged from 19 to 100% and it depended on the
specific energy input (SEI), gas flow rate, initial tar concentration, and the nature of the tars compounds. Generally, it was
shown that the conversion rate increased with the SEI and that the aliphatic, cyclic and substituted compounds were converted
much easier than benzene. Moreover, applying plasma led to the production of heavier aromatics (i.e. naphthalene, indene,
acenaphthylene) but the rise in their concentration was significantly smaller than the amount of converted compounds. The
gas composition changes revealed in the increase of H, and CO concentration that was an effect of hydrocarbons and CO,
conversion. Additionally, it was indicated that the microwave plasma reactor’s performance was noticeably worse than in the
case of the laboratory test with a simulated producer gas. This was mainly attributed to differences in the reactors’ geom-
etry, lower hydrogen concentration and the presence of inorganic deposit on the reactor’s walls that might have inhibited
microwaves transfer. In general, the microwave plasma technology seems promising in the context of cleaning and upgrading
the producer gas, however, further optimization research is necessary to make it more reliable and less energy consuming.
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Statement of Novelty

Biomass-derived producer gas treatment in the context of
tar conversion is a current and important research issue.
Many plasma techniques have been investigated to solve
the problem of tar’s presence. However, most of them con-
sidered simplified model mixtures of gas and a model tar
compound. There is a negligible amount of research that
applies a real producer gas obtained in the gasification pro-
cess. Moreover, none of them includes microwave plasma,
which has a few promising features considering producer
gas valorization. Therefore, the main goal and novelty of
this work were to investigate the microwave plasma treat-
ment of the gas derived from sewage sludge gasification
and to compare it with the results obtain in laboratory
research using model mixtures.

Introduction

Biomass gasification is gaining rapt attention in the con-
text of renewable energy and sustainable development
[1, 2]. One of the reasons for it is that gasification can
be considered as one of the most flexible fuel conver-
sion processes. The producer gas can be utilized in boil-
ers, engines, turbines, or even fuel cells [3]. Moreover, it
can be converted into syngas or hydrogen which might be
applied in chemical syntheses of many products, including
components of liquid fuels, methanol, and fertilizers [4].
Additionally, biomass can be considered as a renewable
source (neutral in terms of CO, emission [2, 5]) that is
widely and relatively evenly distributed along the earth
thus accessible locally [5]. The biomass gasification may
become even more attractive if wastes were considered
as the gasification fuel. Gasification of the sewage sludge
could be a good example of such an approach.

The abundancy of sewage sludge is now a major con-
cern in many countries [6—8]. The development of sew-
age treatment plants, being a result of directives and
large financial expenditures of the European Union [8, 9],
results in a significant increase in the production of sew-
age sludge [7, 8, 10]. Moreover, there are directives that
significantly limit or even completely prohibit landfilling
of the sewage sludge [7, 11]. The use of sewage sludge as
fertilizers is also significantly limited [7, 9], due to a high
content of heavy metals and pathogens contained in it [6,
7]. A solution to this was found in thermal processing of
sewage sludge. The most common approach is the incin-
eration [7, 12], but it involves the emission of significant
amounts of pollutants such as SO,, NO,, and heavy metals
[7, 13]. Alternatively, sewage sludge could be processed
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via gasification resulting in the production of valuable pro-
ducer gas of flexible utility [7, 10, 11].

Despite its advantages, biomass gasification is insepa-
rably connected with tars production and sewage sludge
gasification is no exception. Tars may be defined in many
ways and assigned to a few categories but generally, they
are a mixture of heavy organic compounds—mainly aro-
matics [14, 15]. These compounds tend to condensate at
the temperature range of 150-350 °C [15, 16] and elevated
pressure [17] thus resulting in malfunctions of mechani-
cal devices as well as fouling and blocking of pipelines
and filters [15, 18]. In fact, tars may be considered as a
waste stream from the gasification process, that is the main
obstacle in the process commercialization [14, 18, 19]. The
most common approach to remove tars from the gas stream
is to use mechanical, usually wet methods that involve
scrubbers or washing towers [15, 19, 20]. However, this
method does not solve the tars problem completely but
instead “pushes” it away creating a wastewater stream that
consists of tars [19]. A more proper approach involves
tar conversion rather than its removal. Since the yield of
tars may vary from few to even 10 wt% (or more) [14]
they may carry a considerable amount of energy. Methods
that can allow for tar conversion may be classified into
thermal, catalytic, and plasma methods [18]. While the
thermal methods seem to be the most simple, they require
a very high temperature (e.g. 1200 °C [21, 22]) that may
be hard to achieve and can cause material problems. Cat-
alytic methods require a significantly lower temperature
of ca. 500-700 °C [15, 23] but the catalyst itself may be
expensive and vulnerable to poisoning and deactivation
(as it is in the case of the most commonly tested nickel
catalyst [23, 24]). The poisoning may be especially prob-
lematic in the case of sewage sludge gasification, due to
its high content of S and N [12, 13]. Sulfur and nitrogen
compounds present in the produced gas are a well-known
catalyst poison [25-27]. Plasma methods, although the
most expensive in terms of investment and operational
cost, do not suffer from the drawback that can be attributed
to other conversion methods. In fact, they might be con-
sidered as a specific hybrid of catalytic and thermal meth-
ods due to a usually high temperature of plasma and the
presence of reactive species (e.g. radicals, electrons, ions,
and excited molecules), that may significantly enhance the
decomposition process [18, 28]. Consequently, similarly
to catalytic methods, plasma may provide high conver-
sion rate of tars into valuable products that will result in a
general improvement of biomass conversion. However, the
main drawbacks of plasma methods are high investment
and operational costs. The operational costs are mostly
connected with electric energy consumption thus a sig-
nificant cost reduction could have been achieved if the
plasma methods would be coupled with renewable energy
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sources. Such a connection seems especially appropriate
since the quick start/stop procedure of plasma reactors is
advantageous in terms of quickly changing natural sources
of energy (wind of sunlight) [29]. Energy efficiency of
plasma reactors variates widely depending on the process
conditions and plasma types, but the recent research show
that as high values as 20-60 g of converted tar compounds
per kWh could be achieved [29, 30] with the specific
energy input (SE[—ratio between power supply and volu-
metric gas flow rate, see “Assessment Methods”) section
usually below 1 kWh/Nm?®. With the SEI close to 1 kWh/
Nm? or even higher, it can be concluded that application of
plasma method is not reasonable in case of air gasification
with the gas calorific values usually around 4-6 MJ/Nm?
(1.11-1.67 kWh/Nm?) [14]. However, the application of
high SEI plasma could be justified in the context of more
valuable products, like syngas, hydrogen and subsequent
chemicals. Many plasma techniques have been investigated
in terms of tars conversion, e.g. corona discharge [31,
32], dielectric barrier discharge [33, 34], arc plasma [12,
35], gliding arc plasma [36-38], and microwave plasma
(MWP) [28, 39—-41]. The previous research of the authors
proved that MWP might allow high conversion of tar com-
pounds, while at the same time it influences gas composi-
tion increasing the content of H, and CO at the cost of CO,
and hydrocarbons [28, 40]. This can be achieved not only
by a high temperature of the atmospheric MWP, which
can usually range from ca. 5000 to 6000 K, but also due to
the high concentration of radicals, i.e. O, OH, and H, that
enhanced the conversion reaction [28, 40, 42]. MWP may
also be considered as a promising method for tar conver-
sion due to its electrodeless character (electrodes are the
most life-limiting factor in plasma techniques [18], what
may be especially problematic in the context of aggres-
sive producer gas conditions), relatively cheap components
[43], and the possibility for scaling up due to commercial
production of microwave generators with a wide range of
power from few to hundreds of kW.

Although there is a lot of research on plasma applica-
tion in tar conversion, most of it involves simplified condi-
tions, e.g. using nitrogen and/or argon as a plasma gas or
model tar compounds like toluene. There are very few arti-
cles where a real producer gas [12, 31, 35] is applied and
none of them involve MWP. While the authors’ recently
published article [28] presents the results from the lab-
scale MWP tar conversion in the atmosphere of simulated
producer gas, it is still quite a simplification. Therefore,
the goal of the experiments presented in this article was
to test the MWP tar conversion when a real producer gas,
derived from sewage sludge gasification, was applied. The
motivation behind those works was to verify the results
from simplified, simulate, lab-scale experiments [28, 40]

and to recognize any potential problems that may arise
when a real producer gas is converted in the MWP reactor.

Experimental Section
Experimental Setup

For the purpose of the experiment, REMIX S.A. company
(Poland, Swiebodzin) provided a test facility with a gasifier.
The pilot-scale gasification plant investigated in this research
was composed of four basic units: supply unit of feedstock,
gasifier itself, producer gas cleaning line, and the furnace
for the utilization of unburnt pellets. The gasified material
was prepared from dried sewage sludge in the form of pel-
lets with the diameter of 6 and 8 mm and stored in a silo,
from which they were conveyed to the fuel hopper on top
of the gasifier. The gasification reactor was the downdraft
gasifier made of heat-resistant steel with an internal diameter
of 0.42 m and a height of 1.82 m. The pilot plant operated
periodically: the prepared batch of sewage sludge pellets
was loaded into a sealed container from which the feedstock
was delivered to the gasifier by means of a cellular feeder
and bucket elevator with a capacity of 20 kg/h. Air electri-
cally heated up to 400 °C was supplied by the compressor
to the reactor throat as a gasifying agent with a capacity of
about 20 Nm*/h. The average equivalence ratio (ER—ratio
of air used to stoichiometric air) was 0.4. The incompletely
gasified char-pellets were burned-out in the BFB furnace.
The amount of char collected after gasification was approxi-
mately 60% in relation to the mass of pellets.

Figure 1 presents the scheme of the producer gas cleaning
line. In the initial step, the gas was cleaned with the use of
mechanical methods that include cyclone, disintegrator (cen-
trifuge), two scrubbers (one with oil and one with water),
demister, and a filter with sawdust. After passing the initial
cleaning step, the gas was heated up to 120 °C to prevent
condensation of water at the inlet of the MWP reactor.

The principle of work of all atmospheric, electrodeless
MWP reactors is identical [28, 39, 41, 42]. The plasma
discharge is initiated and sustained due to absorption of
microwave radiation. The microwave generator provides
radiation (in this case with the frequency of 2.45 GHz) that
transfers through a waveguide. This kind of plasma reactors
may work without electrodes and the plasma is generated
in a quartz tube where microwave radiation affects flowing
gas. The only exception to the electrodeless character of the
reactor is the moment of plasma ignition. During this short
stage, a tungsten rod is introduced into the quartz tube to
focus microwave energy and provide ionization of the gas
and further development of the plasma discharge. After the
ignition, the rod is removed from the reactor. The plasma gas
is introduced into the reactor tangentially, what increases the
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Fig. 1 Scheme of the gas cleaning pathway connected to the gasifier

stability of the plasma discharge and protects the reactor’s
walls from contact with the plasma. Practically, most of the
electrodeless, atmospheric plasma reactors have very similar
construction [28, 39, 41, 42] but some differences may occur
in the geometry of the reactor, the generator’s power and
the presence of additional auxiliary devices. The major dif-
ference in the case of presented results was using four MW
generators in series. The upper two generators were of 5 kW
power while the two lower ones were of 3 kW. Since the
microwave generation efficiency is ca. 60%, the microwave
power was 3 kW and 2 kW, respectively. Each of the micro-
wave generation lines ended in a movable plunger which
allows optimizing microwave absorption/reflection ratio
[42]. The reactor’s quartz tube was 1500 mm length and its
inner diameter was 36 mm. The quartz tube was cooled with
the use of five auxiliary fans located alongside the reactor.
The purpose of cooling was to prevent overheating of the
quartz and damaging of the reactor. For the same reason,
no thermal insulation was applied. The MWP reactor was
designed and manufactured by PROMIS-TECH Sp. z o.0.
(Wroctaw, Poland).

At the outlet of the reactor, a two-stage cooler (fed with
air and water) was connected. After the cooler, the gas was
passing a gas meter (Intergaz, BK-G16 M) and eventually
was stored in gasbag or burned in a flare.

Material

The feedstock, sewage sludge, was obtained from a wastewa-
ter treatment facility in Swiebodzin (Poland). The material
was dried and pelletized at REMIX S.A. test facility prior
to gasification. The properties of the sewage sludge are pre-
sented in Table 1.
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Table 1 Properties of the gasified sewage sludge

Parameter ~ Value (%) Uncertainty Standard

Moisture 8.0 0.1 CEN/TS 15414-1:2010
Ash? 32 0.2 PN-EN 15414-3:2011
c? 36.2 0.6 PN-EN 15407:2011

H? 5.04 0.32 PN-EN 15407:2011

N? 6.22 0.11 PN-EN 15407:2011

s? 1.77 0.08 PN-EN 15408:2011

o? 18.77 0.63 Calculated from balance
*Dry basis

Experimental Procedure

The initial operating parameters of the gasifier were as
mentioned above (“Experimental Setup” section). After
initiation of the gasification process with the use of hot air
(400 °C), the air feed was controlled to keep the reduction
zone temperature at the level of 725+ 50 °C. After reaching
a reasonable repeatability of the temperature and the gas
composition (usually 3—4 h after the start-up), the producer
gas (preliminarily cleaned by with mechanical methods) was
passed through the MWP reactor as the only plasma gas.
Prior to that, the MWP reactor was started-up and worked
for ca. 10 min on air, that was gradually shut down with the
producer gas introduction.

The whole experiment concerning MWP reactor appli-
cation in gas cleaning was divided into two stages. Dur-
ing the first stage, only two upper microwave generators
were applied resulting in microwave power of 3 and 6 kW,
respectively. The second stage was performed with the use
of three and all four generators thus the microwave power
was respectively 8 and 10 kW. These two stages have been
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distinguished due to the experiment’s schedule and some
problems considering matching all four generators and
providing plasma discharge development along them. The
MWP reactor operation time was ca. 40 min in case of each
stage. It should be also noted that the main parameter used
to control the gasification process was the temperature inside
the bed. This temperature was controlled by the stream of
gasifying agent—air. As a result, the gas flow rate in the
MWP reactor changed as well. Additionally, partial blocking
of the producer gas cleaning line filters and pellets sinter-
ing in the reactor also could have affected the gas flow rate.
Table 2 summarizes the conditions of all four experiments
with different microwave power, gas flow rate, and result-
ing SEI. Since the gasification was performed in a periodic,
semi-continuous fix bed gasifier, the gas composition could
have varied within the process. Moreover, as it can be seen
in Table 2 even the gas flow rate could vary significantly
depending on the run. Due to hard to achieve stability and
repeatability of the process, as well as the time-consuming
character of the experiments, the sampling of the gas was
done only once for every case. As a result, no error analyses
were performed and it should be noted that the results pre-
sented in the further part of the article might be burdened
with a high uncertainty. Nevertheless, the results show clear
trends and they might be used for comparison with previ-
ous results or provide valuable leads considering process
improvement.

For the purpose of composition analyses, the gas was
sampled before MWP reactor (1st sampling point in Fig. 1)
and after passing it (2nd sampling point in Fig. 1). In the lat-
ter case, the sampling was done twice for each SEI applied in
the stage. The gas was sampled with the use of a condition-
ing unit (M&C, PSS 5/3) equipped with a peristaltic pump
(180 NL/min) for 10 min. Before reaching the conditioner,
the gas was passing through an absorption unit that consisted
of three Dreschle flasks filled with isopropanol (75 mL) and
kept in a chiller (— 10 °C) (PolyScience, SDO7R-20). Addi-
tionally, the conditioner was followed by a gas analyzer
(GEIT, GAS 3100R) allowing for the measurement of CO,
CO,, and H,. Finally, the gas was pumped into the Tedlar
bag (5 L) and transported to a laboratory for the gas chro-
matograph (GC) analyses. The GC analyses were applied for

Table 2 Operating parameters of the plasma reactor during process-
ing of the producer gas from sewage sludge gasification

Parameter Run

1.1 1.2 2.1 2.2
SEI (kWh/Nm?) 0.29 0.59 1.14 1.44
Gas flow rate (Nm>/h) 17 17 14 9
Power supply (kW) 5 10 16 13
Microwaves power (kW) 3 6 10 8

both gas and liquid samples. The liquid samples (a mixture
of isopropanol with tars) were analyzed with the use of GC
(Agilent 7820) equipped with a mass spectrometer (Agilent
MSD 5977) and HP-5M column. These analyses allowed
identifying the tar compounds in the producer gas and quan-
tifying some of them. The GC (HP 6980) equipped with a
flame ionization detector (FID) and RT-Alumnia Bond KC1
column (Restek) was used for gas analyses. The purpose of
these analyses was to identify and quantify the main light
hydrocarbons (C,—C;) present in the producer gas. More
information considering chromatographic analyses, includ-
ing temperature programs, can be found in the previous work
[40]. All the GC samples were analyzed at least three times.
The results of the GC analyzes present average values with
standard deviation.

Measurements of particles concentration in the producer
gas were made using the gravimetric method according to
the Polish standard (PN-Z-04030-7). This method base on an
isokinetic suction of the gas through a fiberglass filter (in 1st
sampling point in Fig. 1). The sampling was done with the
use of gravimetric dust meter (EMIO, EMIOTEST 2598).
Samples of collected dust were dried to evaporate water at
105 °C and then at the temperature of 200 °C to remove
organic compounds. Knowing the total gas flow rate, the
final mass of the filter was used to calculate the particles
concentration. The dust sampling was done twice.

Additionally, a residue deposited on the walls of the reac-
tor during the plasma processing was collected and analyzed
with the use of scanning electron microscope (SEM) (Phe-
nom, XL) equipped with energy dispersive spectroscopy
(EDS) detector and X-ray diffraction method (XRD) with
the use of symmetric 6/26 Bragg—Brentano geometry system
(Philips, X’PERT).

The analyses of the dried sewage sludge (see Table 1) and
its ash (see Table 7) were done by an external laboratory
(Laboratory of Fuels and Activated Carbons, Institute for
Chemical Processing of Coal, Zabrze, Poland).

Assessment Methods

The conversion efficiency () of tars compounds was calcu-
lated as follows:

G —-C
n= Ce x 100% (1)

where, C,—refers to the initial, inlet concentration of con-
verted compound (i.e. benzene, toluene) (g/Nm3), C—refers
to final, outlet concentration of converted compounds after
MWP processing (g/Nm?).

Alternatively, a simplified approach for estimation of the
conversion efficiency may have involved area of the peaks
from GC analyses instead of the actual concentration. In
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that case, concentrations (C, and C) were substituted with
peak’s area (S).
Specific energy input (SEI) was defined as follows:

kWh P
SE1<@> =7 2

where, P—MWP generator power supply (kW), V—volu-
metric gas flow rate (Nm*/h).

It should be explained that for the purpose of all the cal-
culations an assumption was made that the volumetric gas
flow rate did not change noticeably due to plasma treatment.
Therefore, the inlet and outlet gas flow rate were equal. This
assumption was partly proven during some of the test by the
measurements of the gas flow rate with and without plasma
working. It was also validated by the fact, that the gas com-
position did not change significantly due to plasma treatment
and the dominating compound was nitrogen (see Table 3).

Results and Discussion
MWP Impact on the Permanent Compounds

Table 3 presents the analyses of the gas composition (consid-
ering permanent compounds) from both stages of the experi-
ment. As it can be seen, the composition of the gas differs in
both tests, which confirms that the work of the gasifier was
not stable and not repeatable. Moreover, the gas obtained
in the gasifier was of low quality, resulting in a low content

increase in the former was around 20-30%, although some
doubts may occur in the case when the SET of 1.14 kWh/
Nm?® was applied. This result does not fit into the general
trend of hydrogen content increase with the use of plasma
(Table 3). This might have been caused by an error made
during sampling or analysis, or from the unstable gasifica-
tion process and temporary changes in the gas composition.
There are no such ambiguities in the case of CO, since its
concentration significantly increased in each run, and this
increase ranged from 200 to 300%. Changes in the CO
and H, concentration were associated with a simultaneous
decrease in CO, and CH, (as well as other hydrocarbons)
yield. The CO, may dissociate due to the high temperature
of the plasma as in R1:

CO, - CO+0 (R1)

Moreover, carbon dioxide may interact with H, (R2) and
CH, (R3) as well as with unprocessed char and soot (see R5)
in Boudouard reaction (R4):

CO, + CH, —» 2CO + 2H, (R2)
CO, +H, - CO+H,0 (R3)
CO, +C — 2CO (R4)

Methane (and other hydrocarbons) may simply decompose
due to thermal dissociation (R5) but it may also react with
H,O0 that is present in a producer gas (R6). It should be also
mentioned that CH, decomposition may be enhanced by the
reaction with H radicals (R7).

of CO, H,, and CH,, and at the same time a high content of = CH, + CH, — 2C + 4H, (RS)
CO,. Nevertheless, the presented data quite clearly indicate
the positive impact of MWP. The use of plasma resulted H,0 + CH, — CO + 3H, (R6)
in a significant increase in the content of H, and CO. The
g 2 CH, +H — CH; + H, (R7)
Table 3 Permanent gas components for the 1st and 2nd stage of the tests
Component Ist stage 2nd stage
Before plasma reactor After plasma reactor Before plasma reactor After plasma reactor
SEI (kWh/Nm®) SEI (kWh/Nm®)
0.29 0.59 1.14 1.44
H, (%) 3.18 4.19 4.05 2.86 2.81 343
CO (%) 471 7.17 9.57 3.77 10.81 10.81
CO, (%) 14.09 12.98 11.37 15.32 10.09 10.08
Methane (%) 2.22+0.01 1.59+0.00 1.21+0.00 1.30+0.02 0.41+0.00 0.51+0.00
Ethane (%) 0.12+0.00 0.114+0.00 0.11+0.00 Trace amounts <0.010
Ethylene (%) 0.97+0.01 0.71+0.00 0.60+0.00 0.25+0.00 0.09+0.00 0.10+£0.00
Propane (%) 0.01+0.00 0.02+0.00 0.02+0.00 Trace amounts <0.010
Propene/-yne* (%) 0.18+0.00 0.18+0.00 0.16+0.00 Trace amounts <0.010
Acetylene (%) 0.19+0.00 0.18+0.00 0.26+0.00 0.19+0.00 0.19+0.00 0.21+0.00

*The analyses did not allow to identify the compound unambiguously
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It is also possible, for a water—gas shift reaction (R8) to
take place in the lower part of the MWP reactor, where the
temperature decreases:

CO + H,0 & CO, + H, (RS)

A more detailed information considering the interaction
between permanent compounds in the presence of MWP
may be found in the previous work [28].

Analyzing the impact of plasma on light hydrocarbons
present in the gas, it can be seen that methane and ethane
show a clear decrease with the increasing SEI. In the case
of other compounds, there is no such a clear trend, and their
concentrations fluctuate around relatively stable values. With
a multicomponent mixture, it is difficult to clearly indicate
the reasons for this behavior. It should be noted that all of
these compounds can decompose and, at the same time, cre-
ate due to recombination of methane and other hydrocarbon
decomposition products, as indicated in the literature [44,
45] and previous research of the authors [28].

In conclusion, the obtained data quite clearly demonstrate
a positive effect of MWP on the quality of the gas, resulting
in the increase of CO and H, concentration at the cost of
CO, and hydrocarbons.

MWP Impact on the Aromatic Compounds

Table 4 shows the concentration of the main, quantified
aromatic compounds that were identified in the producer
gas and changes in the tar composition resulting from the
plasma application. Besides the compounds shown in the
table, the producer gas also contained other compounds that
are graphically depicted in the chromatograms (Fig. 2a, b).

Analyzing the data in the table and chromatograms, it
can be concluded that the producer gas consisted mainly of
low-boiling organic compounds. These compounds included
aromatics (mainly benzene and its substituted forms), cyclic
compounds (substituted cyclopentane and cyclohexane com-
pounds), and aliphatic compounds (C;—C, ). The main, dom-
inating compounds were benzene and toluene. At the same
time, the gas also contained small concentrations of heavier
compounds, i.e. indene, naphthalene and acenaphthylene.

Before considering the impact of plasma on the conver-
sion of compounds contained in the gas, it should be noted
that the individual tests differed not only in the SEI but also
in the volumetric gas flow rate (see Table 2) as well as the
initial concentrations of these compounds. While these
facts make it difficult to directly and accurately compare the
results, it does not affect the general trends and characteris-
tics of the process.

Figure 3a, b provide the surface of the peaks of chosen
tar compounds that were qualified in samples taken during
the experiment. Additionally, the figures include conversion
rate estimated on the basis of peak’s area (which is usually

Table 4 Changes of the aromatic compounds concentration due to MWP processing

2nd stage

Ist stage

Compound

After plasma reactor

Before plasma reactor

After plasma reactor

Before plasma reactor

SEI (kWh/Nm?)

SEI (kWh/Nm®)

1.44

1.14

0.59

0.29

1 (%)

C (mg/Nm3)

1 (%)

C (mg/Nm3)

Cy (mg/Nm3)

N (%)

C (rng/Nm3)

1 (%)

C (mg/Nm3)

Cy (mg/Nm3)

71.8+1.4
85.2+0.8

517.8+7.0
89.4+1.1

62.7+2.1
785+1.3

683.0+19.7
130.2+£3.3

1833.0+88.5
605.4+32.8

71.6+0.9
Na

513+1.7

443.0+4.7
124.6+0.4

18.7+7.3

31.8+5.3

739.1+61.6
299.3+21.3

908.9+30.6

438.5+13.8

Benzene

23.0+0.6
10.0+0.3
2.3+0.1

149+0.4
10.8+0.3

11.9+1.0

13.0+£0.2

Toluene

Na

Na

Indene

Na

Na

Na
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Fig.2 a Chromatograph from the Ist stage liquid samples. Black
line—gas before MWP reactor, green line—gas after MWP reac-
tor (SEI=0.29 kWh/Nm®), red line—gas after MWP reactor
(SEI=0.59 kWh/Nm”), —1,2-dimethylcyclopentane,
3—heptane, 4—methylcyclohexane, 5—2-methylheptane, 6—tolu-
ene, 7—1,4-dimethylcyclohexane, 8—octane, 9—ethylcyclohexane,

linearly proportional to concentration). Comparing these
data with Table 4, it can be observed that a definitely higher
conversion rate was achieved for cyclic compounds, aliphatic
and substituted benzene compounds (including toluen +e)
than for the benzene itself. While the SEI of 0.29 kWh/
Nm? provides only a limited conversion rate (ranging from

@ Springer

14—propylbenzene, 15—1-ethyl-3-methylbenzene, 16—mesitylene,
17—decane, 18—indene, 19—naphthalene. b Chromatograph from
the 2nd stage liquid samples. Black line—gas before MWP reactor,
green line—gas after MWP reactor (SEI=1.14 kWh/Nm’),
gas after MWP reactor (SEI=1.44 kWh/Nm?), labels as in Fig. 3a
except: 20—Benzothiophene. (Color figure online)

ca. 6 to 80% depending on the compound), the increase in
Specific Energy Input up to 0.59 resulted in a significant
improvement in the conversion rate (ranging from ca. 60 to
100% depending on the compound). In the case of higher
SEI almost all tar compounds were completely converted.
Only Styrene and p-Xylene achieved lower but still high
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conversion rate of 77-86% and 91-96%, respectively. The
conversion rates obtained for toluene and benzene were
lower, but their initial concentration was definitely higher.
At the same time, gas conditioning using MWP also resulted
in a noticeable increase in the concentration of indene, naph-
thalene, and acenaphthylene (Table 4). In general, it can be
concluded that the increase in SEI resulted in an increase
in the conversion rate of most compounds, but at the same
time contributed to the increase in the share of heavier

SEI=1.14 (peak's area)
X SEI=1.44 (conversion)

M SEI=1.44 (peak's area)

components such as indene, naphthalene, and acenaphthyl-
ene. However, the disproportion between the decomposed
and created compounds should be noted—the decrease in the
concentration of benzene and toluene was about two orders
greater than the increase in heavier compounds.

The observed influence of plasma on the changes in tar
compounds composition is consistent with literature data
and previous experiments. The relatively low degree of ben-
zene conversion is related to the high thermal stability of
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this compound [21, 22, 40], the presence of light organic
compounds that may recombine to benzene [28] and the
possibility of benzene formation due to the decomposition
of its substituted forms (like toluene [40]). Moreover, the
decomposition products of benzene and other aromatics
can lead to the formation of heavier compounds, includ-
ing indene, naphthalene, and acenaphthylene. This process
mainly involves reactions between phenyl radical (which is
an important intermediate product of benzene decomposi-
tion) and light hydrocarbons and their radicals (mainly C,H,
but also C; compounds)—eventually, this condensation pro-
cess may lead to the production of soot [28, 40, 46]. In fact,
thermal decomposition of benzene leading to the creation of
phenyl radical (R9) and the following products seems natural
in the context of MWP’s high temperature [40].

C¢Hy; - C¢Hs +H (R9)
However, the addition of H,0, CO,, and H, makes new
reaction pathways available, due to the presence of O, OH

and H radicals (R10, R11, R12) [47], thus enhancing the
conversion rate [28, 40].

H+CcHs —» CHs + H, (R10)
C¢Hz + OH - C;H;s + H, R11)
C¢Hg+ 0 - C(HsO+H (R12)

Moreover, these compounds, especially CO, and H,O,
strongly influence the final conversion product leading to
the formation of CO and H, rather than soot and hydrocar-
bons [28, 40]. Therefore, it may be stated that MWP enables
tar compounds conversion due to high temperature and the
presence of radicals. However, the radicals may be produced
not only due to thermal dissociation but also thanks to vibra-
tional excitation, which is typical for MWP and compounds
like CO,, H,, and N, [48, 49]. The direct influence of elec-
trons or ions is rather negligible in the case of MWP due to
low energy of the former [48] one and low concentration
of the latter one [50]. More information considering MWP
characteristics and its influence on tar compounds conver-
sion may be found in the previous works [28, 40].

Comparison of the Simulated and the Sewage
Sludge-Derived Producer Gas Results

The results presented in this paper are valuable due to the
fact that they considered using MWP to clean a “real” pro-
duces gas obtained from the gasification process. However,
this final step was preceded by an extensive research on a
small laboratory scale with the use of model tar compounds
and simulated gases [28, 40]. Referring to this lab-scale
results and comparing them to those presented in this paper
should provide a deeper insight into the process and allow
pointing out any explicit differences.

Table 5 shows a composition of the simulated producer
gas used in the previous research [28] and the producer gas
obtained from sewage sludge gasification. The figure pre-
sents both the composition before and after plasma treat-
ment. Since SEI is one of the most proper parameters allow-
ing for the comparison of the process efficiency, two runs
with the SET closest to the “real” producer gas case (1.25 and
1.67 compared to 1.44 kW/Nm?®) were chosen for the presen-
tation of the simulated gas case results. Despite significant
differences in the initial concentration of the producer gas
components, the changes in the gas composition are consist-
ent, leading to an increase in the H, and CO concentration
at the cost of CO, and hydrocarbons. What is different is the
scale of these changes. While the relative increase in H, and
CO is similar (20-30% in the case of H, and 200-300% in
the case of CO) the absolute is significantly smaller in the
case of gasification derived producer gas. Since CO and H,
are produced from CO, and hydrocarbons this drop in their
absolute share can be clearly connected with the decrease
in CH, and CO, conversion rate that characterize the “real”
gas case.

Similar conversion drop can be attributed to benzene.
Table 6 presents data considering benzene conversion (as
a model tar compound or tar component) in both cases:
the simulated lab-scale and the sewage sludge gasification
experiments. Despite similar SEI, the lab-scale experiments
showed a higher conversion rate. This is especially inter-
esting since the higher conversion rate was achieved even

Table 5 Comparison of changes

. Component (%)
in permanent gases due to

Sewage sludge producer gas Simulated producer gas [28]

MWP processing of sewage

SEI=1.44 kWh/Nm®

SEI=1.25 kWh/Nm® SEI=1.67 kWh/

sludge-derived producer gas and Nm?

simulated producer gas
H, 2.86 343 8.43 10.64 8.52 12.11
CcO 3.77 10.81 8.26 17.56 8.21 20.27
CO, 15.32 10.08 12.81 5.55 12.78 3.92
CH, (and other)* 1.743 0.825 3.837 1.388 3.794 0.625

*Methane was the dominating compound considering light hydrocarbons in the sewage sludge producer
gas and the only light hydrocarbon in the simulated gas. However, the values presented in the table include
also ethylene and acetylene that were present in a noticeable amounts in both cases (in the simulated gas
they were among conversion products [28])
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Table 6 Comparison of changes

. . Component (%) Sewage sludge producer gas Simulated producer gas [28]
in benzene concentration due
to MWP processing of sewage SEI=1.44 kWh/Nm? SEI=1.25 kWh/ SEI=1.67 kWh/
sludge-derived producer gas and Nm? Nm?
simulated producer gas
Initial benzene concentration (mg/Nm3) 1833 8760 8760
Final benzene concentration (mg/Nm3) 518 2279 1234
Conversion efficiency (%) 71.8 72.6* 84.8%*

*Experiments with simulated producer gas were connected with noticeable changes in volumetric gas flow
rate thus calculation of conversion had to include it [28]

though the initial benzene concentration was significantly
higher (8.76 to ca. 0.9-1.8 g/Nm>). It can be pointed out that
the gas derived from gasification included other hydrocar-
bons (including aromatics typical for tars). However, even
if the concentration of benzene and toluene is summed up, it
is far <8.76 g/Nm?>. The other hydrocarbons (see Fig. 3a, b)
concentration is probably an order lower than the concentra-
tion of benzene (basing on the peak’s area). Moreover, these
other compounds (including toluene), are converted much
easier than benzene. It should be also mentioned, that the
lab-scale experiments were characterized by a higher con-
centration of CH, (compared to C,—C; compounds concen-
tration in the other case). It is important since the presence
of methane (or any other light hydrocarbon) can significantly
decrease benzene conversion rate due to the secondary crea-
tion of aromatics and competitive consumptions of radicals
that are crucial in decomposition/conversion of hydrocar-
bons [28]. Summarizing, the sewage sludge gasification test
showed a lower conversion rate of CO, and hydrocarbons
despite their lower initial concentration and similar SEI.
This phenomenon may have been a result of a few factors.
Some influence may be assigned to the reactor’s geometry.
Firstly, there were some differences in the space velocity
comparing both reactors. In the case of simulated lab-scale
experiments, the space velocity (calculated on the basis of
normal conditions) was 0.64 s (for SEI=1.66 kWh/Nm?) or
0.48 s (for SEI=1.25 kWh/Nm?). In the second case (experi-
ments with the producer gas), the space velocity was 0.61 s
(SEI=1.44 kWh/Nm?), 0.39 s (SEI=1.14 kWh/Nm?), and
0.32 s (SEI=0.29 and 0.59 kWh/Nm?). Therefore, it can
be seen that in most runs in the “real” gas experiments, the
space velocity was lower and so was the reaction time. How-
ever, it should be noted that the calculation of the space
velocity did not include gas temperature or the fact that the
gas flow was swirled. The second factor connected with the
reactors’ geometry comes from a microwave energy distribu-
tion. In the case of simulated experiments, the reactor had
only one generator focusing the whole microwave power
(1.8 kW) in a small volume. The 10 kW reactor had four
generators alongside the reactor’s quartz tube. Therefore,
while the SEI might have been similar in both cases, the
energy distribution has been quite different. In the second

case, lower energy density might have resulted in a lower
concentration of OH, O and H radicals which play a crucial
role in organic compounds conversion [28, 40].

The stepwise distribution of the microwave energy along-
side the quartz tube might have been also unfavorable due
to another factor. During the experiments with producer
gas, a residue layer was deposited on the inner walls. This
deposit could have absorbed microwaves and inhibited their
penetration through the gas. Interestingly, the deposit from
the “real” gas experiments was quite different from the one
obtained in the simulated gas experiments. The latter one
was of purely organic origins. It was easy to remove from the
quartz tube by blowing it off or washing. It was composed
only of C, H, and N and its creation could have been easily
and completely inhibited by the addition of CO, or H,O [28,
40]. In the case of the experiments with the sewage sludge-
derived producer gas, the deposit was hard to remove, and it
was created even though the gas included CO, and H,O. The
SEM analyses proved that the deposit included, beside C,
H, N and S, also elements like Al, Si, Fe, and O suggesting
a partly inorganic origin of the deposit. Moreover, analysis
of the experimental diffraction patterns (Fig. 4) allowed to
state, that while the most of the deposit was in the form of
amorphous, probably carbonous particles, crystalline phases
as graphite and quartz, with the most intense peaks posi-
tion similar to standards from JCPDS base (card numbers:
25-0284 and 33-1161, respectively), were also clearly iden-
tified. The presence of few additional peaks, nevertheless
not very intensive, indicated the presence of other complex
constituents in the deposit, corresponding to the standard
cards no: 42-1491 (composed of Al, Si N and O). This is
in contrary to the purely carbonous and amorphous struc-
ture of the soot obtained during the simulated lab-scale
experiments [28]. The inorganic nature of the “real” gas
experiments seems natural due to the high amount of ash
in the sewage sludge (Table 1). In fact, the measurement
of particles showed that their concentration was as high as
2.13-3.30 g/Nm?. This fact emphasizes another difference
between the “real” and the simulated gas deposits. While the
former one could have originated from the particles already
present in the treated gas, the latter one was produced only
due to the processes inside the plasma reactor. Consequently,
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conversion of the producer gas deposit involved heterogene-
ous reactions that could have been additionally limited by
inorganic structures. In the case of simulated gas deposit,
its creation could have been inhibited due to naturally
faster homogenous reactions, i.e. between H,0/CO, and
soot precursors. Additional information considering the
deposit might be also derived from the sewage sludge’s
ash characteristic. Table 7 presents the composition of the
ash and its characteristic temperatures. As it can be seen,
the ash includes a lot of Si and Al what is consistent with
the SEM and XRD analyses. Moreover, the softening and
flowing temperatures of the ash are significantly below the
temperatures that are obtained in the plasma reactor [28].

2-Theta angle

Therefore, it seems possible that the inorganic material in
the producer gas was melted in the plasma core and depos-
ited on the cooler walls of the quartz tube. The problem of
deposit interfering with the microwaves transfer and plasma
stability is a common issue in the MWP processing of car-
bon sources [42, 51].

Finally, another important factor that may have caused a
difference in the conversion rate could have been connected
with the hydrogen concentration. Hydrogen, or more specifi-
cally its H radicals (and derived OH radicals), has a positive
effect on enhancing decomposition of hydrocarbons both
aromatic (like benzene) and light ones (like methane). In
the experiment with the producer gas, the H, concentration

Table 7 Sewage sludge ash

parameters Parameter (standard) Value Uncertainty

Ash chemical composition (Q/LP/65/A:2013) % (mass yield)
SiO, 25.52 1.10
AL O, 6.00 0.19
Fe,0; 26.98 1.87
CaO 11.82 1.30
MgO 2.77 0.10
P,04 21.70 1.30
SO, 1.65 0.09
Mn;0, 0.11 0.02
Na,O 1.36 0.09
K,0 2.90 0.11

Characteristic temperatures (Q/LP/35/A:2011), semi reductive atmosphere (°C)
Sintering 850 24
Softening 1050 19
Melting 1100 5
Flowing 1190 21
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was 2-3 times lower than in the case with the simulated gas
experiments (Table 5). As a result, the influence of H radi-
als might have been significantly limited. Additionally, the
deposit on the quartz tube walls, inhibiting the microwave
transfer, might have lowered the H population even more
(as well as the temperature in the reactor). Consequently,
the endothermic reaction R8 might have changed its direc-
tion (as in R13) and take part in decreasing the conversion
rate [40].

C¢Hs + H, - H+ C¢Hg (R13)

Conclusion

Atmospheric MWP was applied as a method for producer
gas processing. The producer gas was generated by sew-
age sludge gasification and partially cleaned via mechanical
methods. Applying the MWP allowed to significantly reduce
the concentration of residual tar compounds in the gas and
positively influenced permanent gases composition.

The results showed that a higher conversion rate was
achieved for substituted aromatics, as well as substituted and
aliphatic hydrocarbons. A moderate conversion efficiency
could have been attributed to benzene. Basing only on the
quantified tar compounds, in the case of the highest SEI,
the tar concentration was reduced from ca. 2453 to 643 mg/
Nm? (including benzene as a tar compound) or from ca.
620 to 125 mg/Nm? (excluding benzene). As a result, the
achieved conversion efficiency was ca. 73.8% or 79.9%,
respectively. However, it should be indicated, that the real
conversion rate was definitely higher since these values
did not include other, unquantified tar compounds. While
their concentration was minor in comparison to benzene or
toluene, their conversion efficiency was much higher, often
reaching 100%.

Besides tar compounds conversion, MWP treatment
resulted in an increase in H, and CO concentration due to
the conversion of CO, and hydrocarbons. This change in the
composition may be especially attractive if the gas was to be
used for synthesis or H, production purpose.

Despite these advantages, the process might have some
unwanted features. During the hydrocarbons conversion
small amount of heavier aromatic, i.e. naphthalene, indene,
and acenaphthylene were produced. However, the amount of
these byproducts was disproportionately smaller (few mg/
Nm?) than the amount of converted compounds (thousands
of mg/Nm?). Another problematic issue was the formation of
a char/inorganic deposit on the reactor’s walls. It is believed
that this deposit limited the transfer of the microwave radia-
tion into the quartz tube thus lowering the process efficiency
and decreasing the conversion rate. This problem was mainly
the result of the sewage sludge high ash content and its high
melting and flowing temperatures.

Generally, the presented results and their comparison
with the previous ones imply that the MWP technology may
be considered as promising in terms of tar conversion and
producer gas valorization. However, some further efforts are
required to optimize the process, making it less energy con-
suming, limiting the heat losses and preventing formation
of the deposit.
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