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1. INTRODUCTION AND OBJECTIVES

The fight against climate change and the urgent need to reduce the environmental burden
significantly encouraged the exploration of sustainable and environmentally friendly alternative
energy sources. Among these alternatives, biomass is a promising solution due to its renewable
nature and ability to significantly reduce greenhouse gas emissions.

Even though biomass is a renewable energy source, its cultivation, collection and processing
can have harmful environmental effects. In addition, during the burning of biomass, pollutants
and substances which are harmful to the environment, e.g. solid particles, nitrogen oxides and
volatile organic compounds may be released. Biomass gasification is a promising technology
to solve these problems, but the used catalysts and adsorbents in the process play a critical role
in increasing the process efficiency and reducing the emission of harmful substances.

During the gasification of biomass, various sorbents are utilized to capture the produced
carbon dioxide. Adsorbents capture carbon dioxide molecules through physical or chemical
interactions, preventing their emission into the atmosphere.

In the doctoral dissertation, the thermal and thermo-catalytic gasification of agricultural
biomass, with steam and without steam was investigated, in order to increase the synthesis gas
yield and reduce carbon dioxide emissions. During the research work, to enhance the process
efficiency, the possibility of reusing the used catalysts was also studied. In addition, to further
decrement of carbon dioxide content, different adsorbents were used, whose reusability and

impact assessment were monitored through regeneration cycles.



2. EXPERIMENTAL WORK

The purpose the experimental work was to investigate the composition of the obtained
synthesis gas during the gasification of different biomass and to reduce the amount of carbon
dioxide. The thermal degradation of five different raw materials was investigated between 200-
800°C where the carbon dioxide capturing effect was studied in case of four different
adsorbents, using a model gas mixture. Regarding the investigation of raw materials, the main
aim was to select a widely available material, that has an adequate lignocellulose content, also,
a significant amount of hydrogen and carbon monoxide is produced during its gasification.
Therefore, the effect of the moisture content of raw material on the product composition and
energy consumption was examined, while during the investigation of adsorption of CO; the
most effective adsorbent was selected and its cyclic carbon dioxide capturing capacity was
studied.

The effect of the main gasification parameters (steam:biomass ratio, temperature, catalysts)
on the product composition and the synthesis gas yield was also investigated. At first, the
temperature of the 1% and then the 2" reactor zone was determined, after the effect of the
steam:biomass ratio in the range of 0.2-1.8 was investigated. As catalyst, a natural zeolite, a
synthetic zeolite, a mesoporous material and a carbon dioxide capturing material was chosen,
on which nickel by wet impregnation was applied, and the effect of the individual catalysts and
its regeneration cycles was examined (Ni/Clinoptilolite (4,9 Si/Al ratio, 18 m?/g specific surface
area); Ni/ZSM-5 (18,6 Si/Al ratio, 335 m?/g specific surface area); Ni/Al,O3 (0,6 m?/g specific
surface area); Ni/CaO (55 m?/g specific surface area)).

During the experiments, a low and a high-temperature measuring point was determined,
where the synthesis gas yield was significant with steam. Finally, the two best catalysts were
chosen and the most effective adsorbent was placed in a post-situ way into the gasification
process, for further carbon dioxide content decrement.



3. NEW SCIENTIFIC RESULTS

3.1. The investigation of moisture content of raw material

It was found that during the gasification by the mixing of the examined maize biomass and
the used Ni/ZSM-5 catalyst, in the presence of steam at a lower temperature (200-500°C), with
0% and 20% moisture content, carbon dioxide and C»-Cs hydrocarbons were the dominant
components. Furthermore, the highest hydrogen yield was produced at 40% moisture content,
and that of the H2/CO ratio could be maximized at 900°C. Under the same conditions, the
highest amount of synthesis gas was produced from the raw material without moisture content,
and in this case the CO/CO: ratio was the highest.

3.2. Adsorption experiments

a) It was found that the tested, not the ones as references, adsorbents (NaX with 0.03 Si/Al
ratio, 15.9 m?/g specific surface area, Zeosorb 5A with 1.5 Si/Al ratio, 448.2 m?/g specific
surface area, 3.9 Si /Al ratio, Clinoptilolite with a specific surface of 16.5 m?/g), Clinoptilolite
had the highest CO- capacity; 1.5 mmol CO,/g at 0°C, 1.1 mmol CO2/g at 30°C, and 0.8 mmol
CO2/g at 60°C. The CO> capturing capacity was changed significantly in case of the studied
Clinoptilolite (Ca-type, formula: KNaxCax(SisAl7)O72¢24H20) as a result of temperature
changes. The investigated Clinoptilolite initially contained 44% clinoptilolite, 8% crystal balite,
24% sanidine, and 23% amorphous phase, in which the crystal water content in the
Clinoptilolite structure decreased significantly with increasing temperature above 200°C.
Besides, above 500°C in the natural zeolite the proportion of clinoptilolite was decreased
significantly, while that of the amorphous and sanidine phases increased. In the case of low heat
treatment (<200°C), the water content in the Clinoptilolite structure was disadvantageous in

terms of CO: capturing capacity.

b) It was observed that with the increment of treatment temperature of Clinoptilolite, its
carbon dioxide capacity showed continuous improvement as the regeneration cycles progressed
up to 400°C (~60% increase in capacity), then in case of 600°C and 800°C a decrease in
capacity was detected as a result of a structural change. In addition to the changes in the
structure, the CO> capturing capacity of the tested Clinoptilolite showed an enhanced tendency
due to the increment of its specific surface are (especially the microporous surface area) due to

the miniaturization caused by the multiple regeneration.



3.3. Gasification preexperiments

a) It was found, that during the thermal degradation (between 200-800°C) of the examined
maize biomass, the yield of hydrogen and methane increased by nearly 25% as the enhancement
of temperature. Utilizing 400°C in the 1% reactor zone, the hydrogen yield was the highest in
the presence of Ni/CaO and Ni/Cinoptilolite catalysts, while the greatest carbon monoxide and
synthesis gas content occurred in the presence of Ni/Clinoptilolite.

b) It was showed that during the gasification of the used agricultural biomass, until
steam:biomass ratio = 1 with Ni/ZSM-5, the amount of carbon monoxide and carbon dioxide
decreased by the increment of steam:biomass ratio, while the presence of Ni/CaO carbon
monoxide and hydrogen yield was increased, while in the presence of Ni/Clinoptilolite the
H>/CO ratio was the highest.

3.4. Gasification experiments

With my experimental results, it was proved that the activity of the tested catalysts (Ni/ZSM-
5, Ni/Al>,03, Ni/CaO and Ni/Clinoptilolite) in gasification reactions differed significantly from
each other, on the other hand, the effect on gas composition and yield was also significantly

influenced by the temperature of the reactor zones and the regeneration cycles.

a) It was determined that at temperatures of 400°C in the first reactor zone and 700°C in
the second reactor zone (without steam), the amount of carbon dioxide was significantly
reduced through 10 regeneration cycles in the examined Ni/ZSM-5. The amount of carbon
monoxide was observed to decrease with the regeneration cycles. Regarding the hydrogen
content, it was found that in the presence of Ni/ZSM-5, an increasing trend was observed during
the 4™ to 9" regeneration cycles. During low-temperature catalytic gasification (in the presence
of steam), the amount of carbon monoxide could be reduced starting from the 4"-5t
regeneration cycles, while the carbon dioxide content decreased in each cycle beginning with
the 2" cycle. Concerning the hydrogen content, it was established that an increase could be
achieved during the first regeneration cycle in the presence of Ni/ZSM-5. During high-
temperature catalytic gasification (without steam), the amount of carbon dioxide could be
significantly reduced as the regeneration cycles progressed, while the amount of carbon
monoxide could be increased in each of the regeneration cycles. During high-temperature
catalytic gasification (in the presence of steam), the carbon dioxide content increased as the
regeneration cycles progressed, while the carbon monoxide content exhibited a significant
decrease depending on the regeneration cycles. The generally decreasing carbon dioxide and

hydrogen content, along with the increasing CO content, can be explained by the catalyst's high
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Si/Al ratio, specific surface area, and acidity, while the increasing hydrogen content is attributed
to the nickel content and high Si/Al ratio of the catalyst.

b) It was determined that at temperatures of 400°C in the first reactor zone and 700°C in
the second reactor zone (without steam), the amount of carbon dioxide was significantly
reduced through 10 regeneration cycles in the examined Ni/Al2Os. The amount of carbon
monoxide was observed to change with a decreasing trend during the regeneration cycles.
Regarding the hydrogen content, an increasing trend was observed during the 4™ to 9
regeneration cycles. During low-temperature catalytic gasification (with steam), the amount of
carbon dioxide could be reduced starting from the 4" and 5" regeneration cycles. The hydrogen
content showed increasing values in each of the regeneration cycles. During high-temperature
catalytic gasification (without steam), the carbon monoxide content decreased in each
regeneration cycle, while the CO- content increased. The hydrogen content exhibited increasing
values during the 2" to 7" regeneration cycles. During high-temperature catalytic steam
gasification, the carbon dioxide content could be reduced between the 1% and 2™ cycles as the
regeneration cycles progressed, while the carbon monoxide and hydrogen content showed a
significant decrease depending on the regeneration cycles. The slight effects of the catalyst can
be explained by its small specific surface area, and the slight decrease in carbon dioxide content
is attributed to catalyst sintering, leading to the formation of micropores.

c) It was determined that at temperatures of 400°C in the first reactor zone and 700°C in
the second reactor zone without steam, the amount of carbon dioxide was significantly reduced
through 10 regeneration cycles with Ni/Clinoptilolite. The amount of carbon monoxide
increased until the 6™ regeneration cycle and then decreased. Regarding the hydrogen content,
it was observed that it decreased in each cycle. During low-temperature catalytic steam
gasification, it was observed that the amount of carbon monoxide could be significantly reduced
starting from the 5" regeneration cycle, while the amount of carbon dioxide could be
significantly reduced in each of the regeneration cycles. Regarding the hydrogen content, an
increase was achieved in each regeneration cycle. During high-temperature catalytic
gasification (without steam), it was found that the amount of carbon dioxide could be
significantly reduced, while the CO content could be increased until the 3" regeneration cycle.
The hydrogen content showed a slight decrease. During high-temperature steam catalytic
gasification, it was observed that the carbon dioxide content increased as the regeneration cycles
progressed, while the CO content increased until the 7 regeneration cycle. The hydrogen

content showed decreasing values in the presence of the Ni/Clinoptilolite. The decreasing



carbon dioxide content and increasing CO content can be explained by the catalyst’s high
quadrupole moment and acidity.

d) It was determined that at temperatures of 400°C in the first reactor zone and 700°C in
the second reactor zone without the use of steam, the amount of carbon dioxide was reduced by
Ni/CaO until the third regeneration cycle. The amount of carbon monoxide was observed to
decrease with the regeneration cycles. Regarding the hydrogen content, it was found that it
decreased in each cycle relative to the relevant measurement points. During low-temperature
catalytic steam gasification, it was observed that the content of carbon monoxide, carbon
dioxide, and hydrogen was significantly reduced in each cycle. During high-temperature
catalytic gasification (without steam), it was noted that the amounts of carbon dioxide and
hydrogen could be significantly reduced as the regeneration cycles progressed, while the CO
content could be increased until the 6™ regeneration cycle. During high-temperature catalytic
steam gasification, it was demonstrated that the carbon dioxide content could be reduced until
the 6" regeneration cycle, and the carbon monoxide content showed a significant decrease
depending on the regeneration cycles. The hydrogen content exhibited decreasing values in the
presence of the applied catalysts. In the presence of the Ni/CaO catalyst, it was observed that
the carbon dioxide content could mostly be significantly reduced, attributed to the carbon
dioxide capture properties of CaO (especially when steam and low temperatures were applied).
Additionally, an improvement in the efficiency of the carbon dioxide capture properties was
observed, which can be explained by the catalyst's sintering when low temperatures were
applied in the first reactor zone.

e) It was demonstrated that during low-temperature catalytic gasification (at a reactor
zone temperature of 400°C), the syngas yield remained nearly constant in all regeneration
cycles in the presence of the examined Ni/ZSM-5, Ni/Al.Os, and Ni/CaO. However, a
significant increase in syngas yield was observed until the 6th regeneration cycle in the presence
of Ni/Clinoptilolite. In the presence of the examined catalysts, the H2/CO ratio varied between
0.06 and 0.36, while the CO/CO: ratio ranged from 0.7 to 1.3. It is important to note that the
highest H2/CO ratio was provided by the zeolite catalysts in all regeneration cycles.

f) It was determined that during low-temperature catalytic gasification (at a reactor zone
temperature of 400°C) in the presence of steam, the syngas content remained nearly constant in
the presence of Ni/Al,Oz and Ni/CaO, while the zeolite catalysts yielded outstanding values
until the 6™ regeneration cycle. In the presence of the examined zeolite catalysts, the H2/CO
ratio varied between 0.01 and 0.15, while the CO/CO: ratio ranged from 1.2 to 1.9, the latter

being suitable as a feedstock for methanol synthesis.
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g) Itwas established that during high-temperature catalytic gasification (at a reactor zone
temperature of 800°C) and in the presence of steam, the syngas content was slightly reduced
until the 5" regeneration cycle and then significantly reduced by all examined catalysts.
Additionally, in the presence of the catalysts, the H2/CO ratio varied between 0.20 and 0.40,
while the CO/CO; ratio ranged from 1.09 to 2.1.

Ranking the effectiveness of catalysts:

- Extent of average carbon dioxide reduction: Ni/Clinoptilolite > Ni/CaO > Ni/ZSM-5 >

Ni/Al203

- Increase in average CO/COgz ratio: Ni/Clinoptilolite > Ni/ZSM-5 > Ni/CaO > Ni/Al,O3

- Increase in average H./CO ratio: Ni/Clinoptilolite > Ni/ZSM-5 > Ni/CaO > Ni/Al,O3

- Increase in average syngas yield: Ni/Clinoptilolite > Ni/CaO ~ Ni/Al203> Ni/ZSM-5

- Optimal syngas yield with suitable gas composition: Ni/Clinoptilolite ~ Ni/ZSM-5 >

Ni/CaO ~ Ni/Al203

3.5. Gasification with post-situ adsorption

a) It was found that during the catalytic gasification at low temperature (first reactor zone
temperature 400°C) in the presence of steam, the carbon monoxide content increased until the
5™ regeneration cycle in the presence of Ni/ZSM-5, and then decreased, while that of with
Ni/Clinoptilolite, a continuous increase was observed as a function of regeneration cycles. It
was determined that using post-situ adsorption, the carbon dioxide content can be greatly
reduced in the presence of the tested Ni/Clinoptilolite. In addition, the synthesis gas yield can
be increased by nearly 50% in the presence of Ni/Clinoptilolite and by nearly 45% in the
presence of Ni/ZSM-5 during high-temperature catalytic gasification in the presence of steam

(800°C first reactor zone temperature).

b) It was determined that as the regeneration cycles progressed, the adsorbed carbon dioxide
content decreases, where the main reason was the successive heat load during the regeneration
(400°C) of the adsorbent, which caused transformation in the adsorbent structure, which
resulted in a decrease in the efficiency of carbon dioxide adsorption. In addition, it was showed
that in the presence of Clinoptilolite (placed as a post-situ adsorbent), the carbon dioxide
content can be reduced by almost 50%, in addition, the carbon monoxide content can be
increased by up to 20-60%, while the hydrogen content can be increased by 25-65%. It was

found, that in case of post-situ adsorption, the synthesis gas yield in the first reactor zone



(400°C) can be increased by 68-160% on average, while at high temperature (800°C) it can be
increased by 9.7-53.0%.

c) It was showed, that with post-situ adsorbent in the process, as well as with the tested
Ni/ZSM-5 and Ni/Clinoptilolite catalysts, the value of carbon dioxide emission can be reduced

by 94-100% in each of the regeneration cycles.

4. INDUSTRIAL APPLICATION OF THE RESULTS

The achieved results are greatly contributed to the chemical and mechanical engineering
design of the large laboratory scale, complex gasification reactor system as the aim of the
project ID number 2019-1.3.1-KK-2019-00015, "Establishment of a circular economy-based
sustainability competence center at the University of Pannonia ". The reactor system is suitable
for the gasification of different types of biomass with a capacity of 0.8-2.0 kg/h, with or without
steam, at a temperature range of 800-1000°C and a pressure range of 1-5 bar. In addition to the
gasification and reforming reactors, the complex reactor system also includes adsorber-
desorber, absorber-desorber units and chemical gasification unit. With this reactor system, it
will be possible to test the gasification and product purification processes on an enlarged scale

using real raw materials.
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