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Moreover, alter reaction conditions play a crucial role in the production
efficiency, selectivity, and overall yield of higher hydrocarbon in SAF

range.

. GHG to SAF characterized by a simpler infrastructure compared to some

other biofuel production pathways, as many of its components—such as
reactors and hydrogen processing units—are similar to those already used
in refining and gas industries. This technology can be integrated into
current production lines in industries helps reduce construction costs and

accelerates commercial deployment.

. The syngas by-product generated from chemical looping step can serve as

valuable feedstocks into established technologies such as Fischer-Tropsch
to produce a wider range of liquid fuels. This flexibility allows the process
to adapt to market needs and supports integration with other industrial
systems, reducing waste and maximizing resource utilization. By utilizing
these by-products, the sustainable greenhouse gas-to-fuel pathway aligns
with the principles of the circular economy and enhances its adoption with

existing industrial infrastructure.

. The establishment of knowledge exchange on sustainable aviation fuels

and the conduction of economic feasibility studies comparing this pathway
with other SAF production technologies such as HEFA (Hydroprocessed
Esters and Fatty Acids) and PTL (Power-to-Liquid) is crucial for large-

scale deployment.
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CONCLUSION AND RECOMMENDATION

The conversion of greenhouse gases into sustainable aviation fuel
(GHG to SAF) using chemical looping bi-reforming of methane, followed by
alcohol-to-jet (ATJ) technologies, as indicated by current research, presents a
promising opportunity. GHG can be regarded as free feedstocks that support
carbon cycle economy. This is particularly relevant given the high levels of
carbon dioxide and methane emissions from various sources such as the
energy sector (oil and gas extraction, electricity generation, and
transportation), heavy industries (cement, steel, and petrochemicals), fertilizer
use, landfills, and wastewater. Furthermore, with the major airports beginning
to transition toward the use of SAFs, the GHG to SAF technology can be
considered one of the multiple sources for producing this fuel that enhances

the flexibility of the industrial energy system.
To implement this GHG-to-SAF project, it is recommended to:

1. establish pilot-scale units in high-emission economic zones, linking them
to emission sources like cement factories, gas plants, and oil refineries to

supply carbon CO,/CH, as feedstock.

2. Integrating this system with other initiatives, such as clean hydrogen

production, will further enhance its feasibility.

3. Although the current GHG to SAF cost is higher than that of conventional
petroleum-based jet fuel, research and development in catalytic processes
offer a promising path to cost reduction. Advances in catalyst design such
the use of LaTaO, perovskite possesses multifunctional and engineered
oxygen vacancies demonstrates potential for improved selectivity,

conversion efficiency, and stability for enhancing process efficiency.
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on acidic (B-site: Ta>* and/or Pd?*) or defective sites, those active sites have
ability to promote B-substitution over linear growth. The strength of acidic B-
cation often influenced by A-site substitutions or framework distortions. The
formation of branched isomers, enhancing fuel quality in terms of cold flow
and combustion. Alternatively, when the skeletal rearrangement occur to the
aldehyde intermediate via; carbocation formation over Bronsted acid site
followed by methyl shifts to rearrange linear intermediates into branched
structures over metal site. As a result of the above data in consequence with
characterization data of the prepared LTO, NLTO and LPTO, it can be

concluded that:

1) LTO catalyst shows moderate and mid-strong Lewis acid sites that stabilize
n-C46-OH formation than iso-alcohol and alcohol with >C; [Eagan et.al.
2019].

2)NLTO catalyst possesses higher basicity, high BET surface area and good
electronic structure than LTO due to Na (that act as basic site) substitution
in A-site, which contributes to enhance aldol condensation reaction, thus
led to the low gaseous byproduct and high selectivity to higher alcohol
(>C+-OH), which favorable for SAFs production.

3) The LPTO catalyst with Pd substituted B-site showed superior selectivity
to i1s0-C4.6-OH among the other two catalysts, which can be attributed to the
increase in its acidity due to B-substitution with higher acidic Pd?* in
addition to the appearance of Brgnsted acidic [Zhong et.al. 2022].

4)Based on the catalyst active site and product distributions, proposed

reaction pathways is illustrated in Fig. (3-14).
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chemical nature to complete the complex network of reaction mechanism very
efficiently [Karthikeyan et.al. 2016]. Herein, the prepared perovskite mixed
oxide structure is a type of tandem catalysts with ordered structure that
provided the required proximity between acidic/basic sites, redox sites, and
electronic properties or oxygen vacancies (VO-), which may be required for
the cascade reactions to occur. First, let us understand the mechanism of each
product formation facilitated by specific active sites within the perovskite
catalyst surface. 1) The n-C,-OH produced due to cross condensation
reaction via a sequence of complex reaction mechanisms [Karthikeyan et.al.
2016]. The process begins with ethanol adsorption over Lewis acid sites
located on the B-cations (Ta**& Pd?*) and oxygen vacancies (VO°). Then the
adjacent active site with efficient distance can facilities aldehydes transfer to
redox-active or basic sites to undergo dehydrogenation to form acetaldehyde
[Tzeng et.al. 2020]. Acetaldehyde intermediates then enter C—C coupling via
aldol condensation (aldolation to aldehyde & condensation to
crotonaldehyde). Basic and oxygen vacancies facilitate this transformation by
stabilizing reaction intermediates and enhancing bond formation.
Crotonaldehyde hydrogenated to butanal then butanol [Kozlowski & Davis
2013; Ramasamyet.al. 2015; Bravo-Suarez et.al 2013]. Herein, the moderate
acidity on the prepared LTO and two modified catalysts can play important
role in enhancing Guerbet reaction by facilitating internal hydride transfer
[Ueda et.al. 1992]. Sequentially, the product butanol with ethanol can undergo
cross-condensation reaction to form higher alcohol (>C,), a step need active
basic site that can strongly enough to adsorb the lower alcohol produced and
reiterate Guerbet before desorption to the bulk as products, this is the case
with NLTO catalysts. During bioethanol upgrading over the herein catalyst,

iso-alcohol was also an important products. Isomerization of n-alcohol occur
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Notably, LTO catalyst gives the highest n-C4.6-OH selectivity. LPTO
catalyst shows the highest iso-Cy4.6-OH selectivity (Fig. 3-12). While, NLTO
catalyst shows highest > C,-OH selectivity among other catalysts. Fig. (3-13)
indicates that, the iso/n-OH ratio is higher over LPTO, lower over LTO and
can enhance with the increase in reaction temperature and formation of higher
alcohol carbon-chain. This can attributed to the substituting of A/B-site with
Na*/Pd?* cations, lead to change in texture properties via defect formation that
alter the oxygen mobility in side oxygen vacancies of the catalysts, facilitating
its role in the reaction. In addition to the change in acid/base character, that
enhances active site responsible for dehydrogenation/hydrogenation reaction,

as concluded from characterization data.
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Figure 3-13: The ratio of iso-/n-OH produced from ethanol upgrading over perovskite
catalysts at different reaction temperature

3-3: Reaction mechanism
The coupling chemistry play important role when use LaTaO,

perovskites and its two substituted (A-site & B-site) in bioethanol upgrading
to jet precursors (ATJ). The ATJ process is a type of cascade chemical
reactions that tack place via concerted multifunctional pathway. Those
pathways need catalysts with active sites that coexist in molecular distances,

so the proximity between the active sites with different functionality and the
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this catalyst, when B-site (Ta>*) is substituted (with Pd?*), the iso-C,.7-OH
become the primary product with selectivity 7.5-52.14% in liquid
composition, followed by n-C,..-OH with selectivity reach 16.97% at 400°C,
higher alcohol (> C7;-OH) reach 6.06% at 400°C. This can be attributed to
higher acidity, which activate isomerization reaction, as confirmed by NHs-
TPD analysis. Moreover, the A-site substituted (with Na®) perovskite
structure (NLTO), shows ethanol conversion reaches 94.7% at 400°C with
99% of liquid products. All over the reaction temperatures, this conversion is
the highest with respect to the other two catalysts (LTO & LPTO). The
composition of liquid products over NLTO catalyst is mainly; iso-C4-OH
with selectivity 0.04-39%, n-C,4.c-OH of selectivity 8.45-24.75%, high amount
of higher alcohol (>C;—OH) reach 27.12% of liquid composition at 400°C.
The high selectivity to higher alcohols can be attributed to the presence of
weak basic sites (Na* or La®*) with small number of moderate and mid-strong
acid site on catalyst surface.

At 400°C
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Figure 3-12: Effect of A/B-site substitution on liquid products distributions during
bioethanol upgrading at 400°C
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[Atmanli & Yilmaz 2020]. While, the >C;—OH (n- or iso-) can use directly as
sustainable aviation fuels (SAFs) after hydrogenolysis step [Li & Wang 2017;
Chen et.al. 2021]. Markedly, the C4.s and >C; higher alcohol can easily
separate via simple distillation method, which is important aspect from

application point of view [Zhong et.al. 2022].

As represent in histograms in Fig. (3-11), the catalytic upgrading of
bioethanol over parent LTO shows low ethanol conversion ~ 8% at 100°C
increased up to 81% when reaction temperature reach 400°C, with the
formation of liquid product with selectivity that increase from 6.6% up to 94%
as temperature increase from 100 to 400°C. At lower reaction temperature,
ethylene (in gases) produce from dehydration reaction occur over catalyst
active acid sites. Acetaldehyde, the main liquid product, is formed due to
hydrogen transfer (dehydrogenation reaction) over the La®*/Ta>* basic acid
sites [V asquez et.al. 2019]. The selectivity of acetaldehyde decrease (~ 46%
at 100°C) with increase of reaction temperature to reach 2.7% at 400°C. In
return, high increase in the selectivity to upgraded alcohol (C4s-OH);
n-alcohol (n-C4.6-OH) up to 61% and iso-alcohol (iso-Cy4.6-OH) up to ~29% at
400°C, due to aldol condensation/dehydrogenation of acetaldehyde via
Guerbet mechanism [Balestra et.al. 2023]. Higher alcohol with carbon
number more than C; (> C,—OH) was also appeared and reach ~ 6.94%
selectivity at 400°C, through further Guerbet reactions for alcohols of the
lower carbon (butanol + ethanol). The Guerbet pathway can confirmed by the
presence of crotonaldehyde in liquid products. [Gagliardi et.al. 2024]. Upon
substitution in A/B-site of LTO perovskite structure, the activity was boosted
and selectivity was affected as follow; on using LPTO catalyst, the ethanol

conversion reach 90.98% with liquid selectivity 78% at 400°C. However, over
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Figure 3-11 : Liquid products distributions during bioethanol upgrading over the
prepared catalysts

Figure (3-11) summarizes the composition of liquid produced from
bioethanol upgrading carried out on the three-perovskite catalysts prepared
herein (LTO, NLTO & LPTO). Generally, the liquid products consists of;
Acetaldehyde, n-butanol, iso-butanol, n-pentanol, iso-pentanol, n-hexanol,
iIso-hexanol, crotonaldehyde, higher alcohol (normal + isomer) and small
fraction of aromatics (phenolic compounds). As the focus herein was on
assessing the feasibility of achieving a medium to high molecular weight
alcohol appropriate for jet fuel processing. Therefore, for simplicity, the liquid
products were grouped into n-C4-¢-OH (n-butanol, n-pentanol, n-hexanol),
150-C4-6-OH (iso-butanol, iso-pentanol, iso-hexanol) and higher alcohol
(alcohol with carbon chain > C;) as this category is capable of exhibiting the
necessary blend properties. Where, n-C4--OH and is0-C4-6-OH can use as

precursor for jet fuel production and/or directly use as diesel fuel alternative
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Figure 3-10: Ethanol conversion, liquid and gas selectivity during bioethanol upgrading
over the prepared catalysts

Furthermore, both ethanol conversion and liquid selectivity increase
with increase reaction temperature, while the selectivity to gaseous
byproducts decreased with increase reaction temperature. The low selectivity
to gases product, indicate that both cracking and intra/inter molecular
dehydration reactions (ethylene & DEE) are unfavorable over those catalysts.
NLTO catalyst play an important role in inhibition of gaseous byproducts
formation, which attributed to the absence of very strong acid sites as
confirmed by TPD analysis [Liao et.al. 2023], as confirmed by NH3-TPD data.
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consumption and costs. Furthermore, the nature of the intermediates affects
the environmental footprint, as cleaner products reduce hydrogen
requirements and minimize CO: emissions during hydroprocessing.
Ultimately, the performance, economic viability, and sustainability of the
entire ATJ pathway depend heavily on the quality and suitability of the
ethanol upgrading products, making this step a critical focus in process

optimization.

The three perovskite catalysts used herein are LaTaO, (LTO), A-site
substituted NagsLagsTa;0Os (NLTO) and B-site substituted LaPdsTaos0s
(LPTO). Generally, the catalytic activity results indicate that, all perovskite
catalysts can use as an efficient catalyst for bioethanol upgrading to jet fuel
precursors with small difference. Figure (3-10) illustrate the ethanol
conversion, liquid and gas selectivity over the prepared catalysts, which
indicate that, the catalytic activity increase in the order LTO < LPTO<NLTO.
The NLTO catalyst shows higher selectivity to liquid products and lower
selectivity to gas, while the reverse with LPTO catalyst. This can be attributed
to the high surface area of NLTO than LPTO catalyst, in addition the stronger

acidity of LPTO catalyst that can catalyze the cracking reaction.



195 - 2025

viability, and sustainability of the entire ATJ pathway depend heavily on the
quality and suitability of the ethanol upgrading products, making this step a

critical focus in process optimization.

_—
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Figure 3-9: Circular carbon economy via GHG conversion into SAFs

The product obtained from this step plays a pivotal role in determining
the efficiency and outcome of subsequent stages ATJ technology. The
chemical composition and molecular weight distribution of the upgraded
ethanol products (linear or branched alcohols, olefins, or oxygenates)
significantly influence downstream processes such as oligomerization,
hydrodeoxygenation, and hydrogenation in addition to catalysts and process
conditions choice. Whereas, branched alcohols like iso-butanol are
particularly desirable due to their favorable cold flow properties and higher
energy density in the final jet fuel. Additionally, achieving a high yield of C4—
C; intermediates is essential, as these serve as key building blocks for forming
jet fuel-range hydrocarbons (typically Cs—Ci6). Consequently, the ethanol-
upgrading step that yields a narrow carbon range or high oxygen content may

necessitate more complex downstream processing, increasing energy

o1
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3-2: Catalytic activity test (ATJ)
In this part, the alcohol used for ATJ process is bioethanol that

produced from catalytic conversion of GHG using Cu/Mn spinel ferrite
catalysts, as discussed above. At first, the bioethanol upgrading reactions (2"
step of ATJ processes, Fig. (3-9)), were tested in continuous flow system
working under atmospheric pressure at temperature range from 100-400°C in
inert atmosphere. In this process, the catalyst active site plays a crucial role in
converting ethanol to hydrocarbon jet fuel, where, the process (ATJ) typically
involves several reactions: dehydration/dehydrogenation, cyclization (or
conjugation), hydrogenation, and sometimes aromatization and/or
isomerization [Pechstein et.al. 2017]. Where, the presence of acid sites
(Bransted and/or Lewis) can activate both ethanol dehydration (to ethylene)
and/or ethylene oligomerization (C—C coupling, to higher hydrocarbon).
While the main role of metal sites is olefins hydrogenation to paraffin,
deoxygenation and isomerization. On the other hand, basic sites are less
commonly concentrated than acidic or metallic sites, but they can play
important supporting roles and can change the mechanism pathway of the
reaction. Basic sites support aldol condensation pathway of carbonyl-
containing intermediates (acetaldehyde) derived from ethanol, to form longer-
chain oxygenates. Which can be subsequently hydrogenated/deoxygenated to
hydrocarbons (jet fuel blend). Basic sites can also neutralize acidic coke
precursors and remove carbonaceous species; extending catalyst life in
tandem acid-base systems. Basic sites can modify product selectivity in
conjunction with acidic or mineral sites. In this study, tandem catalyst based
on LaTaO, perovskites structure with multifunction sites (acid/base, redox,
and electronic sites) were examined aiming to enhance ethanol upgrading to

higher alcohol as SAFs precursor. Where, the performance, economic
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can adsorb over both Lewis (electron-deficient atom) and Brgnsted (surface
hydroxyl’s proton transfer) acid sites. Nevertheless, the thermal stability of
NH3; molecules adsorbed on Lewis acid sites is higher than that of molecules
connected to Brgnsted acid sites, implying that the mid-strong acid sites are
mostly Lewis acid sites. LTO perovskite sample shows two strong desorption
bands one at ~340°C and another at ~520°C, indicate moderate and mid-
strong, respectively, Lewis acid sites. This indicate that, LTO sample lacks
strong Bransted acidity, but can exhibit moderate to mid-strong Lewis acidity,
arises from surface-exposed Ta®* (act as moderate Lewis acids) and possibly
La** (act as basic & less effective as acid site) ions [Jung et.al. 2013].
Moreover, after A-site substitution, NLTO samples shows two very weak
desorption bands at ~ 360°C (moderate Lewis acid sites) and 660°C (strong
Lewis acid sites), show consistent results of low acidity due to the basic nature
of Na* and the stability of Ta**-O bonds. Nevertheless, NHs-TPD of B-site
substitution as in LPTO sample shows two broad bands, weak one at~ 170°C
assigned to Bronsted acidity related to surface OH". In addition to strong band
maximized at ~ 700°C assigned to strong Lewis acid sites. Generally, B-site
(Ta%") act as Lewis acid sites and the substitution in it can alters the oxidation
state, coordination, and adding distort local environments, which changes how
strongly NHs binds, so increase number of acidic sites [Farooq et.al. 2019;
Aihara et.al. 2023]. Herein the Ta>* substituted with more acidic Pd?* cation

result in higher desorption temperatures, reflecting stronger acidity.

The previous NH3-TPD indicate that the A/B-site substitution could
change the acid/base character of LaTaOj-perovskite, which has important
Impact on the catalytic performance of the newly prepared catalysts, as will

see in the activity section.
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at ~ 820-880°C due to Ta-O reduction and/or oxygen vacancies formation.
Moreover, the lower reduction temperature with high intensity of M-O
reduction peak of NLTO sample, with respect to that in LTO sample, may be
attributed to the high degree of defect formation. This defect arises from A-
site substitution, enhances oxygen transfer and facilities bulk lattice reduction
(Ta>* — Ta*") [Margellou et.al. 2023; Lohne et.al. 2012]. On the other hand,
the H,-TPR profile of LPTO (Pd substituted B-site) indicate that, the B-site
substitution shift TPR peak (M-O reduction) to lower reduction temperature.
This can be attributed to the partial substitution of Ta>* (B-site) with more
reducible cation Pd?* can introduce charge imbalance and promote oxygen

vacancies that enhance H, uptake.

G. Temperature Programmed Desorption of ammonia (NHs-TPD)
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Figure (3-8): NH3 -TPD of the prepared perovskite samples
Temperature programmed desorption of ammonia (NHs-TPD) provides

an important information about its surface acidity, which plays a critical role
in ethanol upgrading reactions (ATJ) such as dehydration, dehydrogenation,
iIsomerization, oligomerization and hydrocarbon cracking. The data from
NHs-TPD profile (Fig. 3-8) give clear insights about the acid site number,
strength, and distribution over the prepared LTO-perovskites. Notably, NH;
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F. Temperature Programmed Reduction (TPR)
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Figure 3-7: TPR of the prepared perovskite samples
Temperature-Programmed Reduction (TPR) of is a key method to study

the reducibility, which is important to understand the reaction mechanism
over the catalyst active site. H,-TPR profiles of the prepared perovskite
samples are shown in Fig. (3-7), which indicate that, all LaTaO, based
perovskite are thermally stable and not easily reduced below 600—-700°C in
the current H>-TPR conditions. This can be attributed to the high oxidation
state and strong Ta—O bonding [Jiatong et.al. 2021; Maillard et.al. 2004].
However, TPR curve of layered LTO catalyst shows two peaks; the first small
one at ~ 370°C may be attributed to the reduction of the extra-framework or
free metal oxides, while the second one is a minor reduction peak at ~ 890°C,
corresponding to the stepwise partial reduction of TaO (Ta*" to Ta*" or Ta*").
This peak is accompanied with a shoulder at ~ 840°C due to the formation of
oxygen vacancies or defect sites, after annealing. The high reduction
temperature of LTO is responsible for its low reactivity with respect to the
other two catalysts (will discuss later). The modification of LaTaO, perovskite
via A-/B-site substitution can greatly affect its reducibility. H,-TPR profile of
NLTO sample (A-site substituted) shows little or no H> consumption below

~800 °C, indicating very slow reducibility. Only high intense peak is shown
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perovskites decrease after A/B-site substitution due to the difference of metal
ionic radius.

E. Photoluminescence spectroscopy
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Figure 3-6: Photoluminescence spectra of the prepared perovskite samples
The photoluminescence technique is reveal the electronic properties

appeared due to defects occur in any structural. The photoluminescence
spectra of the three-perovskite samples (LTO, NLTO & LPTQO) are shown in
Fig. (3-6). The LTO profile has only one asymmetric broad band centered at
~ 498nm due to charge transfer emission, associated to the tantalum sub-
lattice [Gasparotto et.al. 2011]. After A/B-site substitution with Na or Pd,
respectively, there is no shift in the lattice emission at A ~ 498nm, but large
decrease in its intensity occur, which may be related to the defect formation/
oxygen vacancies creation as confirmed by XRD data. Moreover, a new band
at A ~ 617nm was appear which associated to the emission from charged
oxygen vacancies (VO¥*), indicating the defect formation due to lattice metal
substitution, as confirmed by XRD data. This vacancy can facilities the

electron mobility and enhance catalyst activity.
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The BET surface area of the three prepared perovskite samples are
follow the order NLTO > LPTO > LTO as shown in Table (2). The increase
of specific surface area of A/B-site substituted samples (NLTO & LPTO) than
that of parent one (LTO), may be attributed to the different in atomic radius
between metals in new perovskite structure, which cause defect formation that

can increase the interapore network leading to increase in surface area.

Table 3-1: Textural properties of the prepared samples

SBET Vp I'p V Micropore SMicropore SExternal
m?/g cclg A cclg m/g m/g
NaLaTaOs 25.0 0.014 1.13 0.004 23.806 12.66
LaPdTaOss 15.8 0.011 14.21 0.003 5.99 9.78

LaTaOa4 9.8 0.012 24.06 0.00 0.00 9.79

D. Scanning electron microscope

Figure 3-5: SEM of the prepared three-perovskite samples

Figure (3-5) shows the scanning electron microscopy (SEM) images of
LTO, NLTO and LPTO perovskites. The three samples shows nano-
crystallites as confirmed by XRD data. The particle size of the prepared
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of two different particles (Ta and Na, La or Pd), or intera-particles that

confirms the incorporation of metal species into Ta lattice causing the pore
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structure. Bands at A ~700—-1000 cm™! associated to strong B—O stretching
(especially in Ta—O bonds). The band at A ~ 1500cm* can assigned to the H-
O-H bending. Moreover, the main band at A ~ 900cm™ assigned to M-O
stretching in perovskite, and affected by the change in M—O—M bond length
of B-site. The presence of those bonds confirm the metal oxide framework
(MOg octahedra) formation in perovskites structure [Cordrey et.al. 2015]. The
peak at A ~ 1650-1700 cm™ is due to bending of physically adsorbed water.
Finally, the broadband at A ~ 3000—4000 cm* assigned to stretching vibration
of OH or H,0, which have intramolecular hydrogen bond. The similarity of
the FTIR spectra after either A-site or B-site substitution with that of parent
LaTaO, indicate that this substitution still keep on the perovskite structure.
[Gao et.al. 2002]. The presence of MOy species in the three LaTaO,4 based
perovskite catalysts can harmony there surface properties and -OH
adsorbability, which responsible for the interaction of reactants with catalyst

active sites [Suszko et.al. 2025].

C. Texture properties
Texture properties of the prepared LTO, NLTO, and LPTO perovskites

are displayed in Fig. (3-3,4) and Table (3-1). All samples exhibited type IlI
isotherm, indicating the formation of multilayer. The isotherm accompanied
by H1 type hysteresis loop, as shown by parallel adsorption and desorption

branches, produced by wedge shaped interconnected pores.

The pore size distribution of the prepared samples (Fig. 3-4) was
determined by using BJH method applied to the desorption branch. The figure
reveals that all samples exhibits multi-modal pore size distribution in the
meso-range 20-50A, as confirmed by v-t plot (Fig. 3-4). The multi model PSD

suggests the presence of either inter-particles, which resulted from the mixing
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(NaLaTa,0,) [Evans et.al. 2021]. This can be confirmed by 26 shift and
slightly increase in diffraction peak width in NLTO pattern (Fig. 3), in
addition to the presence of new lines that confirm the replacement of La** with
Na* forming the layered double perovskite structure with crystal size ~ 24 nm
as calculated from Scherer’s equation. On the other hand, the substitution of
Ta>* (0.146 nm) cation in B-site with Pd?* (0.137 nm) lead to the formation of
double perovskite structure great with some defect (LaPdTaOg) and crystal
size ~ 19 nm. This confirming by the increase in the diffraction line width and

appearing of new phase [Essehaity et.al. 2021].

B. Infrared spectroscopic analysis:
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Figure (3-2): FTIR pattern of the prepared three-perovskite samples

Figure (3-2) shows FTIR spectra of the three synthesized perovskite
samples. The three samples have similarly spectra with; bands at A range 450—
500cm™ assigned to the bond-bending mode, which is sensitive to change in
the M-O-M bond angles. Bands at A range 500-800cm™ assigned to stretching
vibration of metal oxide (La—O, Ta-O, Pd—O & Na—-0) bonds in perovskite
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3. RESULT AND DISCUSSION

3-1: catalyst characterization
A. X-ray diffraction analysis:
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Figure 3-1: XRD profile of the prepared three-perovskite samples

The XRD pattern for the three perovskites (LTO, NLTO and LPTO) in
Figure (3-1) represent well-determine sharp peaks, indicating the crystalline
nature of all perovskite samples. The parent LTO exhibit a single-phase
diffraction pattern can be indexed to perovskite LaTaO,4, matched with the
layered perovskite in JCPDS standard data (JCPDS file: 47-769) [Gasparotto
et.al. 2011]. There is no other phases was observed, indicating high purity and

high ordered structure,

The substitution of La%* cation in A-site with Na* cation lead to
structure construction and defect formation due to substitution of large La3*

with smaller Na* cation forming the so-called layered double perovskite
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products were analyzed using gas chromatography (Agilent 6890 plus HP)

equipped with capillary column HP-30 connected to FID detector.
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temperature (-196°C) using a NOVA2000 gas sorption analyzer
(Quantachrome Corporation) system. All samples were degassed at 200°C for
2h in a nitrogen atmosphere prior to adsorption to ensure a dry clean surface.
Photoluminescence (PL) spectra were recorded on Cary Eclipse Fluorescence
Spectrometer (Agilent, USA) equipped with Xe lamp at excitation wavelength
of 350 nm. Temperature programmed reduction (TPR) was performed using
Quantachrome (Nova Win). 0.059 g of samples was loaded to a continuous
tubular quartz micro-reactor and pretreated in N, (20 ml/min) at 200°C prior
to run. Then tested in hydrogen/nitrogen (80 mi/min) up to 900°C (10°C/min).
The outlet gas was monitor by thermal conductivity detector (TCD).
Temperature programmed desorption of ammonia (NH3;-TPD) Wwas
conducted using Quantachrome (Nova Win), 0.059 g sample was loaded to a
continuous tubular quartz microreactor controlled by a Eurotherm 2408 TRC.
Pretreated in N2 (20 ml/min) at 200°C prior to run. The composition of the

outlet gas was detected using TCD.
2-3: Catalytic activity test

The catalytic conversion of ethanol was performed in a fixed-bed
continuous flow system worked at atmospheric pressure. 0.5g catalyst diluted
with the same amount of SiC was packed into a stainless steel reactor of 500
mm length and 8 mm internal diameter. The reactor was placed in a vertical
furnace, where they were heated under a nitrogen stream (50 ml/min) at
reaction temperature (100-400°C). Ethanol was continuously injected to the
catalyst hot zone using syringe infusion micro pump. The liquid hour space
velocity (LHSV) was set (F/W) ~ 0.2 mIiming?, where, F is flow rate (mol/h)
and W is catalyst weight (g). The converted products and unreacted stream

are condensed using a cooled trap (25°C) connected at the reactor bottom. The
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2. EXPERIMENTAL METHODS

2-1: Catalyst preparation
Three perovskite structures were prepared in this work; layered LaTaO,

perovskite (LTO) and two double perovskite; A-site substituted
NapsLaosTa,0s (NLTO), and B-site substituted LaPdosTaosOs (LPTO). All
structures are prepared via ecofriendly microwave-assisted method [Garcia-
Rodriguez et.al. 2023]. Microwave-assisted synthesis has gained attention for
its safety, efficiency and speed. Firstly, the metal chloride precursors
dissolved in deionized water and carefully mixed in appropriate
stoichiometric ratios. Then, KOH drops were added to reach pH 14, and the
solution was stirred for additional 6hrs. The mixture then transferred into the
microwave reactor at 100W for 30 minutes. The solid products washed with
deionized water and dried overnight at 100°C, and then calcined in air
atmosphere at 400°C for 6hrs where the perovskite structures were obtained.
2-2: Catalysts characterizations

X-ray diffraction analysis (XRD) was carried out for crystallographic
structure and chemical composition studies. Shimadzu XD-1 diffractometer
was used for this analysis in 20 between 20-80° with Cu Ko radiation (A =1.54
A). The average crystallite size (D) was calculated using the well-known
Scherrer relation. The Fourier transform infrared spectroscopy (FTIR) are
presented to characterize functional groups, in frequency range 400—4000cm"
1 with resolution 4cm™ (Bruker Tensor-27, Germany). Scanning electron
spectroscopy analysis (SEM) was performed on Carl Zeiss (Germany) to
study surface morphology. Atomic elemental compositions (%) were
estimated from SEM-EDS analysis. Textural properties were determined

from N, adsorption—desorption isotherms measured at liquid nitrogen
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CHAPTER TWO

EXPERIMENTAL METHODS

2-1: Catalyst preparation
2-2: Catalysts characterizations
2-3: Catalytic activity test
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fuels, supports circular carbon usage, and aligns with global efforts to

decarbonize energy and transport sectors.
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the field of SAFs technologies. From an environmental perspective, this
process directly utilizes two of the most potent greenhouse gases (CH4 &
CO2) as feedstocks for ethanol production, instead of releasing them into the
atmosphere. This is significantly; affect the mitigation of overall carbon
emissions from jet production process. Moreover, the use of CO2 as soft
oxidant is inherently cleaner than use of atmospheric air, thereby eliminating
nitrogen-based pollutants such as NO,. Additionally, the syngas (produced in
this process as bi-product) is free of nitrogen dilution, making it purer and
easier to process into downstream products, like ethanol, methanol, hydrogen,
or synthetic fuels and also directly to SAFs, depending on market demand.
From economic perspective, greenhouse gases can consider as |o0w-cost and
readily available feedstocks whether from natural gas or biogas. This reduces
raw material costs compared to traditional ethanol production methods that
rely on food-based biomass or sugars. The chemical looping configuration
also enhances thermal efficiency by separating the oxidation and reforming
steps, which minimizes energy loss and lowers overall energy consumption.
Moreover, this process can be integrated directly with industrial facilities that
emit greenhouse gases, reducing the need for complex gas transport systems
and enabling companies to transform their waste emissions into a revenue-
generating product. The technology also offers market flexibility. Finally,
projects based on CL-SCMR are well-positioned to benefit from
environmental regulations and global climate initiatives. They may qualify for
carbon credits, government subsidiaries, or green financing, all of which
improve the economic feasibility and attractiveness of the technology for
large-scale deployment. In summary, CL-SCMR presents a compelling route
to ethanol production for ATJ technology, by combining environmental

sustainability with economic viability. It transforms harmful gases into clean
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down for the steam activation (water splitting) step (0.5 h) aiming to; re-
oxidize the previously reduced catalyst and remove carbon deposited during
first step, so, avoid catalyst deactivation. 5) Smart nano-structured Cu/Mn
spinel ferrite composite were used as oxygen carrier, which shows stable and
effective catalytic properties in this reaction. The catalyst prepared via
ultrasonic assistance technique as green preparation method. The
characterization data indicate that, the prepared Cu/Mn spinel ferrite deviated
from ideal spinel cluster, this causing good bulk oxygen migration to catalyst
surface, so increase catalytic activity. 6) The reaction tack place at moderate
temperature (~700°C), Cu-Fe catalyst shows high metal synergetic effect,
which lead to; high CH,4 conversion and ethanol selectivity reach to > 50%
(Fig. iii). The bi-product during this reaction is syngas (H/CQO) which can

consider as value add product and/or feedstock in other reaction.
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Fig. 1-1: Ethanol production via innovated CL-SCMR using Cu/Mn spinel ferrite

catalysts

To the best of our knowledge, the use of the innovated CL-SCMR
process for greenhouse gas conversion to ethanol can offers significant

environmental and economic advantages, making it a promising approach in
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NiO/CeO,-ZrO; as catalyst. Nevertheless, the problem in this process is high
energy consumption (working temperature ~ 900°C), often requiring fossil-
based energy, in O, atmosphere methane can easily over-oxidize to CO-,
which reduces overall yield, moreover, the used catalysts often suffer from

thermal instability or sintering at high temperatures.

Here it is necessary to focus on that, greenhouse gases utilization in
ethanol production to use as intermediate in ATJ process offering a powerful
tool in the fight against climate change. It merges carbon capture, renewable
energy, and aviation innovation to create a truly sustainable flight path for
the future.

On the basis of the above statement, our research group recently
reported a novel approach for ethanol production directly from greenhouse
gas (CH4/CO,) using coast effective Cu/Mn spinel metal ferrite catalyst [Abd
El-Hafiz et.al. 2021] .The mean propose of this research is direct conversion
of greenhouse gasses into ethanol in a single catalytic reactor. The used
process is methane bi-reforming via chemical looping (CL-SCMR)
technology. The idea herein depends on; 1) Carbon dioxide conversion need
hydrogen and methane conversion need oxygen, since two gases are presence
together in different sources (natural gas, shale gas, biogas, and flared gas,),
so, their conversion together as a combination of oxygenation/reduction is
beneficial rather than the extra cost of their separation. 2) The use of CO; as
soft oxidant avoid complete combustion of methane to CO,/H,0. 3) The use
of water steam enhance the rate of ethanol release from catalyst surface before
further reaction occur, aiming to ethanol production with high selectivity. 4)
The chemical looping step (CL-SCMR) used to obtain ultra-stable SCMR
reaction (Fig. 1-1). For this propose, the steam/carbon dioxide methane

reforming reaction was turned on (1h) for novel ethanol production, then shut-
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resulting bioethanol also affect the catalytic system efficiency of the
conversion steps (dehydration, oligomerization and hydrogenation).
Impurities in ethanol can poison the catalysts or reduce their yield, so reliable
ethanol production ensures smooth conversion and high fuel quality. Without
a reliable and sustainable supply of ethanol, its use in ATJ production

becomes limited or uneconomical.

On the other hand, LanzaTech company utilizes a fermentation process
to convert waste carbon gases (CO,, CO and CH,) into ethanol using a specific
strain of bacteria [ArcelorMittal & LanzaTech 2023; Handler et.al. 2015]. In
which, the waste gases capture from industrial emissions (steel mills), then
the captured gases fed into bioreactors using a proprietary strain of bacteria
(like Clostridium autoethanogenum). The bacteria essentially eat the carbon-
containing gases and produce ethanol as byproduct [Huang et.al.
2025]. Finally, the ethanol produced used directly as a fuel blender or further
processed into jet fuel. Although, LanzaTech’s process is innovative and
environmentally promising, but faces challenges; i) the bacteria used in
fermentation step are sensitive to impurities in the gas stream (sulfur
compounds or heavy metals), ii) the biological processes is a slow reaction
rates and get low volumetric product (i.e. low ethanol output per reactor size).
Singh and co-worker indicate that [Singh et.al. 2020], ethanol can be
synthesized from greenhouse gases via indirect method, in which, CO,/CH,4
firstly convert to syngas (CO/H;) via dry reforming reaction at high
temperature (>800°C); then syngas convert to ethanol by Fischer-Tropsch
synthesis. Nevertheless, the high-hydrogen and high-energy consumption
make the process of a great challenge. Other researcher tries to get ethanol
directly from CH,/CO, [Okolie et.al. 2019] using O, as oxidant and
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1-3. Production of bioethanol (from GHG) for ATJ technology

The production of high-energy SAFs requires major companies to
carefully, study each stage of the fuel's lifecycle. These companies rely on
low-carbon carbohydrates derived from renewable sources as feedstocks.
They are also developing renewable electricity and renewable natural gas for
use in the production process. This reduces costs and adds attractive properties
to global markets, matching or sometimes surpassing existing products. Based
on this approach, research and development of bioethanol production plays a
critical role as one of bottlenecks steps that greatly affect the success of
alcohol-to-jet (ATJ) technology. The availability, purity, and cost of ethanol
determine the scalability and affordability of the final ATJ-SPK fuel. The cost
of ethanol production, including feedstock costs, conversion efficiency,
energy requirements, and separation/purification systems, all affects the

overall cost of ATJ production.

Bioethanol can produce via different process such as; renewable
biomass fermentation (e.g. Corn-based ethanol) [Liu et.al. 2025; Zhou et.al.
2022], catalytic oxidative coupling of methane (MOC) [Ramaiyan et.al. 2024;
Chen & Mao 2024] or catalytic conversion of syngas (produced from either
renewable or non-renewable source) via Fischer-Tropsch synthesis (FTS) [Ma
et.al. 2024]. All of those processes has its own problem such as; biomass
fermentation that pose a threat to food production/ecosystems, harm the
environment and create deforestation. In addition to, high energy input
system, low ethanol yield and complex/expensive purification system [Hou
et.al. 2025]. Furthermore, the other two processes (FTS & MOC) are multistep
processes and occur at high temperature reactions (>800°C), which need high

energy input, mostly oil and natural gas. The quality and composition of the
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2%Ni@5%Fe@Hp catalyst for olefins polymerization to jet fuel. This
strategy yielded jet fuel with a high selectivity (80.1%). Gagliardi and
coworker, [Gagliardi et.al. 2024], also developed a strategy for the catalytic
upgrading of ethanol to blends with properties close to those suitable as SAFs,
via one-pot approach, using copper nanoparticles supported by zirconium
(and lanthanum) oxides. The reaction depend on promoting several successive
reactions; i) catalytic transfer hydrogenation, ii) aldol condensation, iii)
dehydrogenation, and ketonization. The products were a mixture of oxidized

addition products (Cs-C14) With properties suitable for use as jet fuel.

Table 1-1. Different catalyst used for ethanol to SAFs technology
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ethanol conversion and product selectivity, which in turn affects the
subsequent steps, the type and properties of the final jet fuel (Table 1-1).
Vertimass Company is adopting a process to convert alcohols to aromatics
and hydrocarbon mixtures (> Cs) for use as jet fuel, following a "hydrocarbon
pool" pathway using catalysts such as V-ZSM-5 and Ga-ZSM-5 [Li et.al.
2017; Narula et.al. 2017]. While, PNNL laboratory announced in 2017 the
selective conversion of ethanol to jet fuel hydrocarbons, carried out in two
stages; i) dehydration process to form one- or two-pot oligomers catalyzed by
acidic zeolites, followed by ii) the formation of oligomers using nickel
catalysts supported by a combination of aluminosilicate and acidic silicates.
These processes produce C4-Cy3 mixtures that are hydrogenated to produce
saturated fuel [Lilga et.al 2017]. In another study, an Ag-ZrO,/SiO, catalyst
was used to convert ethanol into a butane-rich mixture, which can then be
converted into longer hydrocarbons for use as jet fuel [Dagle et.al. 2020]. The
so obtained blend fueled a new All Nippon Airways commercial passenger
flight from Seattle to Tokyo, which tested, in 2019. A new approach was
developed depends on direct C-C coupling of ethanol to higher alcohol using
Na/Ni@C catalyst, then the high-carbon alcohols products separated to C4,-C7
and Cg-Cy6 alcohols via convenient fractional distillation. After that, Cg-Cis
alcohols mainly consist of B-branched primary alcohol are subjected to
hydrodeoxygenation using Co-Mo,C catalyst. The produced Jet fuel
hydrocarbons obtained from this approach is mainly Cg-C16 branched alkanes,
which is beneficial for the cold flow properties [Liao et.al. 2022]. For further
developing ATJ as an efficient route for low-carbon jet fuel production, other
study selectively converted ABE (acetone/butanol/ethanol) into jet fuel [Luo
et.al. 2023]. This strategy was based on an integrated process in a double-bed

reaction mode using a SAPO-34 catalyst for alcohols dehydration and
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from gas-fermented ethanol [Holmgren et.al. 2018; Lanzatech 2016; Griffin
& Schultz 2012]. As in literature, several alcohols currently derived from
renewable feedstocks have been under consideration for use in ATJ
conversion, including higher or lower alcohols. Higher alcohols give high
ATJ upgrading yield, while low carbon alcohols have advantage of final
product with more even distribution of carbon numbers, so more closely
resembles conventional petroleum-based jet fuel, which is a complex mixture
containing hundreds of hydrocarbons.[Luo et.al 2023; Zou et.al. 2025; Liao
et.al. 2022].

The jet fuel blendstock produced via the ATJ pathway, known as ATJ-
SPK (Synthetic Paraffinic Kerosene), certified under ASTM D7566. Notably,
the standard initially approved only isobutanol, then updated in 2018 to allow
ethanol-based ATJ-SPK, of blend-wall ~50% with conventional jet fuel.
Nevertheless, isobutanol production process is much more complex than that
of ethanol production also isobutanol yield is much lower than ethanol,
resulting in limited availability of isobutanol compared to ethanol [Higashide
et.al. 2011; Lin et.al. 2015]. That is why the author deal herein with ethanol

as feedstock for ATJ process.

The ATJ process based on three main catalytic reactions; i) alcohol
dehydration/dehydrogenation, ii) oligomerization, iii) hydrogenation
followed by fractionation of the final paraffin products. Ethanol dehydration
reaction is also a rate-determining step in ATJ process, where it has two
pathways either intramolecular dehydration to ethylene or intermolecular
dehydration to ethers, while ethers is unfavorable in olefin polymerization
step [Chen et.al. 2010; Perez et.al. 2014]. The properties of the catalyst used

In this reaction and the reaction conditions have a significant impact on the
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1-2. Alcohol to jet technology

As stated above, the aviation industry requires "drop-in" biofuels that
are compatible with existing turbines and fuel systems. Therefore, the aviation
industry employs strict regulations for the deployment of new technologies,
including those aimed at decarbonizing air travel, to maintain consistent and
safe operation. In the US, bio-derived aviation fuels must meet ASTM D7566
standards. While some production pathways have been approved and
demonstrated commercial success, further development is needed to reduce
costs and increase availability through additional feedstocks [Geleynse et.al.
2018]. Alcohol to jet (ATJ) technology is a renewable, drop-in SAF pathway
that converts bio- or waste-derived alcohols into jet-grade hydrocarbons. ATJ
offers a versatile and scalable solution for decarbonizing aviation, especially
when using non-food, waste-based feedstocks. The ATJ pathway is approved
under ASTM D7566 and is considered a promising route due to its
compatibility with existing feedstocks (like corn, sugarcane, or waste

biomass) and drop-in fuel properties.

Companies like Gevo and LanzaTech are developing the ATJ process
for commercialization. Gevo drived ATJ-fuel from corn sugar and cellulosic
sugar, and conduct demonstration flights in collaboration with Alaska
Airlines. Gevo employs a proprietary isobutanol fermentation technology that
features a genetically engineered yeast strain along with an advanced
separation system known as the Gevo Integrated Fermentation Technology
(GIFT) [AAF 2016]. On the other hand, LanzaTech focused on converting gas
feedstocks such as steel mill flue gases and gasified biomass into valuable

fuels through fermentation. It also achieved successful production of SAFs
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engines (jets and turboprops) that mainly composed of kerosene-based
hydrocarbons (Cs—Cis range), including paraffins, naphthenes, and small
amounts of aromatics (e.g. Jet A, Jet A-1, and JP-8). ii) Aviation Gasoline
(AvGas), used in piston-engine aircraft, and this contains iso-octane and other
light alkanes, blended with aromatics and tetraethyllead (TEL) in leaded
grades (AvGas 100LL).

1-1. Sustainable Aviation fuels (SAFs) Production

SAFs can derive from Fischer-Tropsch (FT) process (Power-to-Liquid)
using syngas obtained from biomass gasification, as feedstock, produce good
selectivity for jet fuel and in general can help reduce emissions [Eyberg et.al
2024]. Nevertheless, the resulting jet fuel from FT has low aromatic content
and low energy density, which causes problems in its use such as leakage and
low efficiency [Nyholm et. al. 2025]. Lignocellulosic also studied as
feedstocks for renewable jet production, via hydro-processed depolymerized,
hydro-deoxygenation and/or hydrogenation, but these processes give low fuel
yield and consume high hydrogen during reaction time [Mawhood et.al 2015;
Cheng & Brewer 2017]. Sustainable feedstocks like vegetable oils and animal
fats are also important feedstocks for aviation fuel production in the literature
and applied industrially [Del Monte et.al 2022]. However, the widespread
utilization of these resources for aviation fuel production could drive up the
costs of those raw materials, adversely affecting the oleo-chemical companies
that use them in its manufacture (high-value chemicals, like bio-polymers,

lubricants, and cosmetics).
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1. Literature survey

Nowadays, with the global energy, demand rises alongside concerns
about climate change, air pollution, and resource depletion, the renewable
energy is considered as the key to sustainable development and reducing
emissions. So, the investing in renewable and sustainable energy is essential
to achieving a low-carbon future, meeting international climate targets such
as the Paris Agreement (2015), and advancing the United Nations Sustainable
Development Goals (SDGSs), especially, the seventh goal, which is the
affordable in clean Energy. Therefore, in recent decades, significant efforts
have focused on developing a sustainable and economically viable process for
producing clean transportation fuels. In particular, as global aviation
transportation continues to grow, expected to double by 2050, so does its
contribution to greenhouse gas (GHG) emissions, specially, when aviation
fuel produced from petroleum-based resources, the aviation industry has
recognized that sustainable aviation fuels (SAFs) are essential for reducing
environmental impact, decreasing reliance on petroleum, and enhancing the
sustainability of air transport. SAFs as a renewable alternative to fossil jet
fuel; it can reduce life-cycle CO: emissions up to 80%, depending on the
feedstock and production pathway. It classified as a "drop-in fuel", meaning
it can be blended to fossil jet fuel (typically up to 50%) with full compatibility
with existing aircraft engine and infrastructure. Moreover, SAFs also offers
improved combustion efficiency, contributing to better engine performance.
Therefore, by enabling a circular carbon economy, SAFs aligns with global

goals for renewable energy, climate action, and sustainable development.

The main component of aviation fuel varies based on the type of aircraft

and engine. There are two primary categories; i) Jet Fuel, used in turbine
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CHAPTER ONE

LITERATURE SURVEY

1-1: Sustainable Aviation fuels (SAFs) Production
1-2: Alcohol to jet technology (ATJ)

1-3: Production of bioethanol (from GHG) for ATJ technology
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GLOSSARY
ATJ Conversion of alcohol to jet fuel
LTO The prepared LaTaO4 perovskite
NLTO A-site substituted NaopsLaosTa>0e
LPTO B-site substituted LaPdosTaos0e
SDGs United Nations Sustainable Development Goals
GHG greenhouse gas
SAFs that sustainable aviation fuels
FTS Fischer-Tropsch synthesis
GIFT Gevo Integrated Fermentation Technology
ATJ-SPK (Synthetic Paraffinic Kerosene
AvGas Aviation Gasoline
JF Jet Fuel
MOC oxidative coupling of methane
CL-SCMR methane bi-reforming via chemical looping technology
XRD X-ray diffraction analysis
FTIR The Furior transform infrared spectroscopy
SEM Scanning electron spectroscopy analysis
Brunauer-Emmett-Teller method for Texture properties
BET
Measurements
PL Photoluminescence spectroscopy
TPR Temperature programed reduction
NH3-TPD Temperature programed desorption of ammonia
LHSV liquid hour space velocity
FID Flame ionization detector
JCPDS standard data
DEE Diethyl ether
n-Ca-s-OH Normal-alcohol with carbon number range 4-6
is0-Ca-6-OH Isomer-alcohol with carbon number range 4-6
>C7—-OH Alcohol with carbon number more than 7
HEFA Hydro-processed Esters and Fatty Acids

PTL

Power to liquid
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variation of catalyst selectivity can attributed to the difference in BET
surface area, electronic properties and Acid/Base ratio as confirmed by
characterization data. Finally, the mechanism of ethanol upgrading over

the prepared LaTaO4 perovskite catalysts was suggested.

Part I\VV: Recommendations

. Establish pilot units in high-emission industrial zones and connect them
to CO2/CHa sources (such as cement plants and refineries).

. Integrate the project with clean hydrogen production to enhance
technical and environmental feasibility.

. Reduce costs through the development of catalysts like LaTaOs and
optimizing reaction conditions to improve conversion and selectivity.

. Enable easy industrial integration due to infrastructure similarities
with existing industries (oil refining and gas processing).

. Utilize by-products (e.g., syngas) as feedstock for producing additional
fuels through processes like Fischer—Tropsch, supporting circular
economy principles.

Establish knowledge-sharing platforms and conduct economic
feasibility studies to compare this technology with other SAF pathways
such as HEFA and PTL, facilitating industrial-scale deployment.

21
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of layer perovskite. Effect of A/B-site substitution structure change and
defect formation, forming the so-called layered double perovskite
(NaLaTa,0,) and double perovskite (LaPdTaOg). FTIR spectra confirms
the metal oxide framework (MOg octahedral) formation in perovskites
structure. 3) Texture properties indicate relatively high surface area
perovskite samples, ordered as follow; NLTO > LPTO > LTO.
Photoluminescence technique indicate that, A/B-site substituted samples
revealed the oxygen vacancies (VO) formation, which facilities the
electron mobility and can enhance catalyst activity. H,-TPR profiles
shows high thermal stability of all samples, where, A-/B-site substitution
can greatly affect structure reducibility, that enhances oxygen transfer
and facilities bulk lattice reduction (Ta** — Ta*"). Moreover, NHs-TPD
data indicate different surface acidic character of the prepared samples;
LTO has Lewis acid sites of moderate to mid-strong sites, NLTO shows
weak acidic character due to A-site substitution with Na of high basic
nature. While, LPTO shows low number of Bronsted acidity in addition
to large number of strong acid sites, which has important impact on the

catalytic performance.

Part 1V: Detailed discussion about the catalytic bioethanol upgrading product

and mechanisms; i) all catalysts shows high bioethanol conversion
reaches 94.7% over NLTO, with low gases product (20%) at 400°C. ii)
The liquid products are mainly; acetaldehyde, crotonaldehyde,
n-/iso-Cy46-OH, and >C--OH. iii) LTO catalyst shows the highest n-C,.6-
OH selectivity (61% of liquid product). LPTO catalyst shows the highest
150-C4.6-OH selectivity (iso/n-OH ~ 3.2 at 400°C). While, NLTO catalyst
shows highest > C;-OH selectivity (27% at 400°C), not a small ratio that

can directly use as SAFs after simple hydro-deoxygenation step. iv) the
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1. Renewable and sustainable energy demand and the 2050 goal as
defined by the International Civil Aviation Organization (ICAQO).

2. Insight into SAFs Challenges; i) future demand that require hundreds of
millions of biomass tons annually matching current U.S. availability; ii)
the costlier of SAF than conventional jet fuel, impacting airline operating
costs and requiring further R&D investment; iii) Electrification is not
feasible for large aircraft in the near term, making SAF the only scalable
option for decarbonizing aviation.

3. SAFs Production Pathways and Limitations. 2) An overview of ATJ
technology as a new route to jet fuel production that certified under
ASTM D7566. 3) bioethanol production techniques and its challenge and
finally the variety of catalysts that used to ATJ processes and their
challenges

Part Il: discuss the experimental methods;

1. Catalyst preparation, which take place via simple microwave-assisted
method. Three tandem catalysts are prepared based on layered LaTO,
perovskite (LTO), A-site substitutions by Na to form NagsLagsTa,Os
(NLTO) and B-site substitutions by Pd, to form LaPdy5Tays06 (LPTO).

2. Some insights about the instruments that used for catalysts
characterizations such as; X-ray Diffraction analysis (XRD), Fourier
Transform Infrared  Spectroscopy (FTIR), photoluminescence
spectroscopy (PL), NHs-Temperature Programmed Reduction (NH3-
TPR) and scanning electron microscopy (SEM).

3. Detail description of catalytic ethanol upgrading process, continuous
flow system used, reaction conditions and the product analysis method.

Part 1V: Detailed discussion about catalysts characteristics and their

influences on ethanol upgrading. XRD reveals the successes preparation
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Executive Summary
Reliance on renewable and sustainable energy is essential to ensure

long-term energy security, due to the limited availability of fossil fuels and
their impact on climate change. Unlike fossil fuels, renewable one does not
emit significant amounts of greenhouse gases, making it critical for achieving
global carbon neutrality goals and protecting ecosystems. Therefore, the
annually consumption of sustainable & renewable energy has increased
worldwide; reaches ~50-27% in America, 35% in Asia-Pacific, 26% in
African continent and 20% in Middle East. Whereas, the increase of
nonrenewable energies consumption is maximum in Africa (only ~2.9%) and
Middle East (only ~3.6%), according to the Statistical Review of World
Energy reports in 2018 [BP 2018].

One of the most significant innovations in renewable and sustainable
energy is the use of bioethanol, whether as a transportation fuel blend,
hydrogen carrier, heating or power generation source [Swiatek & Stawik
2010]. When bioethanol produced using renewable electricity or biological
methods, it becomes an economical, carbon-neutral, or even carbon-negative
fuel. Our team has important innovation system focused on direct bioethanol
production from greenhouse gases (CO., CHa), via chemical looping bi-
reforming process over spinel ferrite structure. Then convert it into hydrogen
and/or value-added products through series of researches and projects. This
process helps reduce harmful emissions and converts carbon waste into a
usable form of energy. As an extension of this fruitful work, the current
research focuses on catalytic upgrading of bioethanol to higher alcohols that
can be directly use as sustainable aviation fuels (SAFs) precursor (ATJ
technology).

Part I: of this research provides an introduction and literature survey about;
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iii) The catalyst give high ethanol conversion with high liquid selectivity.
NLTO catalysts is highly selective toward higher alcohols (27% of
>C7-0OH), that can potentially use directly as jet fuel precursor after

few steps (distillation and/or mild hydrogenation).

To implement the GHG-to-SAF project, it is recommended to establish pilot units
in industrial zones with high CO2/CHa emissions. Integrating the project with clean
hydrogen production also enhances its feasibility. Although the current production cost is
high, advancements in catalyst development such as LaTaOa perovskite and optimization
of reaction conditions could reduce costs and improve efficiency and selectivity. The
technology features a simple infrastructure and can be integrated into existing production
lines, reducing capital costs and accelerating deployment. Secondary products like syngas
can be used as feedstocks in other processes, such as Fischer—Tropsch synthesis, promoting
industrial integration and aligning with circular economy principles. Finally, establishing
platforms for knowledge exchange and conducting economic feasibility studies to compare
this pathway with other SAF technologies like HEFA and PtL is essential for effective

scale-up.
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products are mainly; acetaldehyde, crotonaldehyde, n-/iso-C,4¢-OH, and >Cy-
OH. LTO catalyst shows the highest n-C45-OH selectivity (61% of liquid
product). LPTO catalyst shows the highest iso-C4.6-OH selectivity (iso-/n-OH
~ 3.2 at 400°C). While, NLTO catalyst shows highest >C;-OH selectivity
(27% at 400°C), not a small ratio that can directly use as SAFs after simple
hydro-deoxygenation step. The different characteristics of those
multifunctional catalytic systems (OSC, redox, acidity and basicity), are able
to change the mechanism of ethanol conversion reaction to get different
intermediates that affect the SAFs production and characteristics. This work
can consider as an effective for ATJ sectors as:

1) The process of bioethanol production take place directly via chemical
looping bi-reforming (CO2/H,O) of methane, which helps industries
monetize their waste gases by converting them into valuable and
marketable fuel. The process represents cost-effective, scalable solution
that aligns with both climate and economic development goals. The
bioethanol produced from this process is ultrapure agueous ethanol that
can directly use as feedstock in ATJ process, saving the purification
economy.

2) On the other hand, the bioethanol upgrading to jet fuel (ATJ) precursor
take place under mild conditions (atmospheric pressure and 400°C).

1) The used catalysts are relatively cheap and simple.

i) The prepared tandem catalysts (LTO, NLTO & LPTO) shows good
texture properties with multifunctional active sites (oxygen vacancies,
metal and acid/base), so, they can promote the cascade series of
reactions at mild conditions. However, the catalysts selectivity
changes according to their characteristics, which would achieve
multiple uses for the products.
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unigue geometric, electronic, or acid/base properties that favor certain types
of reactions. The strong acidic sites might favor dehydration reactions leading
to olefins intermediate, while strong hydrogenation sites might favor the
conversion of these olefins to alkanes. Different intermediates lead to
different hydrocarbon molecules (Fig. 2), which intern produce fuel with

varying properties (boiling point, viscosity, and freezing point).

- ([#}] [Ar] REACTION SYSTEM REACTION COMIDMTHONS:
OH o +  Aromatics  JET FUEL Continuous gas-flow  5-100 v/v % EROM in inert
Ethanal Ethylene CAT: V-Z5M-5 or P= 1atm
TR TH T 275 - 3%0 %
REACTION SYSTEM REALCTHON COMNDITRHONS:
OH ““I' “"”& Jet-range {Ar': JET FUEL l':"'||'..:\-ukg-l'.':'.'. For the gas-phate
Lasrranal o | | [Ofig] obefing [H] CAT1: polyfunctions rEactions
[Ciig) catahyst e.g. 10- 100 wfv % ERDH ini inwert
Butenes rich Ni/beta reclite Py= 1 atm
olefing tiream CATI: PUALD, P; = 13.6 atm
T,=325%
T,=260°C
x1 s Aldehydes,
B ® @t
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o
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[Ar]: Aromatiz; ket I roger

Figure 2: Different published mechanism for ETOH to SAFs
[Gagliardi et.al. 2024]
Based on the above considerations, this work report for the first time in

literature, the use of relatively cheap and simple tandem catalyst based on
LaTaO, perovskite (and two A/B-site substitutions by Na/Pd, respectively
(NaLaTa,Os & LaPdTaOg)), as highly active/selective catalyst, to be use for
ATJ process. The process occur in continuous flow system under mild
conditions (atmospheric pressure and temperature from 100-400°C). The
alcohol feedstock is ethanol that produced from catalytic CH, bi-reforming
via chemical looping process. The catalyst prepared by microwave-assisted
method. Then characterized via different analytical techniques; XRD, FTIR,
PL, NHs-TPD and SEM. All catalysts shows high ethanol conversion reaches
94.7% over NLTO, with low gases product (<20%) at 400°C. The liquid

13
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sequentially use as ATJ feedstock is a promising approach to mitigate climate
change, create sustainable opportunities, and promoting the circular economy
[Abd El-Hafiz et.al. 2021]. This can get the process away from food security
and sources, where the corn and sugarcane is the main source of ethanol in the
already studied ATJ process, [Teixeira et.al 2024]. Moreover, the ethanol
produced from such process (CO,/CH,reforming) can obtained either as pure
compounds or agueous solution, while the other methods usually produce
mixture of compounds, making the upgrading process more complex
[Ramasamy, et.al. 2022]. Nowadays, ethanol has different application, as
feedstock in chemicals industries [Spivey & Egbebi 2007], fuel additive
increase the octane number of gasoline and reduce NO,/COy emissions and
ethanol considered as high hydrogen carrier that can reformed to a hydrogen-
rich gas [Ebiad, et.al. 2012; R.A. Elsalamony et.al. 2013; Abd El-Hafiz et.al.
2015; Abd El-Hafiz & Ebiad 2015].

The substantial attention given for ethanol conversion to jet fuel (i.e.
SPK-AT]J: synthesized paraffinic kerosene from Alcohol), is evident in the
very recent patents and publications [Wyman & Hannon 2021; 2019; 2020;
Dagle et.al. 2020]. The main synthetic strategies patented to date, depend on
the synthesis of highly active/selective catalysts used for bioethanol upgrading
to highly active intermediate (ethylene, acetaldehyde, butenes or ethylacetate)
that can easily oligomerize to jet fuel range (Cs-Cyi6). Where, the jet fuel can
produced from the bioethanol upgrading via four mechanisms (Fig. 2), which
depending on the intermediate produced from bioethanol dehydration and/or
dehydrogenation processes [Gagliardi et.al. 2024]. Significantly, the
intermediates identity are indeed influenced by the active sites present on the
catalyst, that dictate the types of chemical reactions may occur and in turn

determines the specific intermediates may produce. These active sites have
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a few place in the market [IEA 2024]. SAFs can be produce from waste oils,
algae, agricultural residues, lignocellulosic materials and even municipal
waste. [Mansy et.al. 2025], or other sustainable feedstocks as in Figure (1).
SAFs can also derive from Fischer-Tropsch (FT) process of syngas obtained
by biomass gasification. All those process can make SAFs a viable and low-
carbon alternative to fossil fuels. Unfortunately, the cost of implementing
those approaches is prohibitively expensive compared to petroleum based jet
fuel, where the traditional fuel constitutes a well-established business model
worldwide. Additionally, in some cases the produced fuel's characteristics,
including low aromatic content and energy density, can lead to efficiency
losses and leakage problems.

Figure 1: processes of biomass conversion to jet fuel [Mansy et.al. 2025]
Given these factors, alcohol to jet process (ATJ) is emerged as new

alternative SAFs pathways. Commercially, bioethanol has a significant
attention as ATJ feedstock due to its availability and present global
production, which easily depend on renewable sources. Bioethanol produce
from biological fermentation of waste crop, but this is expensive and energy
inefficient due to low vyield and high impurity, which greatly affect the
sustainability of ATJ process. Nevertheless, the use of waste gas such as
greenhouse gases (CHs, CO, & H,0), from flow gas, to produce ethanol, that

11
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INTRODUCTION

Renewable and sustainable energy demand is directly linked to
transportation sectors, which in turn is influenced by economic growth and
global events. Aviation industry is one of those sector that shifting towards
sustainable aviation fuel (SAFs) to face many challenges, including economic
fluctuations in fuel prices, energy security concerns due to dependence on
fossil fuels, and environmental pressures resulting from greenhouse gas
emissions. Arab countries have opportunities to lead in SAFs production and
export due to their infrastructure and resources. Where, some countries like
the UAE, Saudi Arabia, Bahrain, Qatar, Kuwait, Egypt and Oman are making
progress in this field. The Organization of Arab Petroleum Exporting
Countries (OAPEC) is promoting cooperation and knowledge sharing to
develop the SAFs industry in the region [OAPEC, 2024].

In line with the International Air Transport Association (IATA), the
aviation industry has adopted the sustainable aviation fuel (SAFs) in order to
tackle carbon emissions and mitigate its ecological impact. IATA mandate a
net-zero carbon emissions by 2050 and CO, capture capacity exceed 700
Mt/year, while ensuring energy resilience [IATA 2022; IATA, 2024].
Sustainable aviation fuels (SAFs) can reduce carbon emissions over jet fuel
lifecycle by 80%, as well as can reduce particulate matter and other pollutants.
To achieve these demands, the production of SAFs aim to increase 56 times
by 2050 (449 billion liters, according to IATA) than its level in 2025 [Airlines
for America 2020; IATA 2020].

Although crude oil distillation remains the dominant production
pathway for jet fuel, innovative processes for obtaining SAFs from alternative
and renewable sources are currently being researched worldwide. According

to the International Energy Agency (IEA), those pathways have already found
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Abstract

Prospects for integrating renewable energy technologies, and
technologies based on their sources, into the transport, cooling and
heating sectors in OAPEC countries

Dr. Mustafa Mohamed Arafa Morsi Ibrahim

This research investigates the potential for integrating renewable energy technologies and renewable-compatible
systems into three key non-electric sectors—transport, heating, and cooling—in OAPEC member countries. These sectors
are often overlooked in decarbonization strategies. Given their reliance on fossil fuels and their growing contribution
to greenhouse gas (GHG) emissions, they pose a signifcant challenge to achieving energy security, environmental
sustainability, and socioeconomic equity across the Arab region.

The study develops a future-oriented analytical framework based on energy demand projections for the period
2025-2050 across 11 Arab countries. It employs three policy-relevant scenarios: Business-As-Usual (BAU), Moderate
Transition, and Aggressive Transition. These scenarios simulate the varying degrees of adoption of six clean technologies,
namely: electric vehicles (EVSs), hydrogen-powered trucks, heat pumps, solar thermal systems, district cooling, and grid-
connected photovoltaic (PV) systems. These technologies were selected based on their maturity, compatibility with the
targeted sectors, and potential for emission reduction and cost optimization.

A central innovation in the study is the use of persistent emissions modeling. Rather than simply accounting for
annual avoided emissions, the model integrates the lifetime emissions savings of each technology while adjusting for
annual degradation. This enables a more realistic estimation of the environmental impact of technology adoption. The
study also incorporates a broad set of co-benefts—including avoided mortality due to fne particulate matter (PM2.5)
and extreme heat, fuel cost savings, and system-wide operating expenditure reductions.

Results indicate that, under the Aggressive scenario, the adoption of these technologies could reduce cumulative CO,
emissions in the three sectors by up to 33% by 2050 compared to the BAU trajectory. In addition, the shift could result
in fossil fuel savings exceeding 500 million tonnes of eq. CO2, contributing directly to national energy security goals
and reducing fscal burdens associated with fuel subsidies.

From a health and environmental perspective, the study fnds that nearly 60,000 premature deaths could be avoided
across the region by 2050, primarily due to reduced exposure to PM2.5 emissions and heat-related stress. These benefts
are particularly salient for vulnerable populations in urban areas with limited access to cooling technologies. By
integrating these non-market benefts into the system cost analysis, the net cost of transition becomes negative in several
countries, reinforcing the economic rationality of early investment.

To examine policy pathways, the study evaluates the role of carbon pricing in accelerating the uptake of clean
technologies. It simulates carbon price trajectories ranging from $20 to $60 per ton of CO, , analyzing their effects on
technology deployment, emission trajectories, and Fscal revenues. The results demonstrate that even moderate carbon
pricing can make several technologies economically viable while generating substantial public revenues that could be
reinvested in infrastructure, social protection, and innovation.

The research concludes with key policy recommendations. First, national energy strategies should explicitly include
non-electric sectors within their decarbonization frameworks. Second, countries should prioritize investment in high-
impact, low-cost marginal abatement cost (MAC) technologies, especially those with proven co-benefts. Third, carbon
pricing should be introduced gradually with adequate safeguards for low-income groups and domestic industries. Fourth,
regional cooperation under the OAPEC framework should be enhanced to facilitate knowledge transfer, joint fnancing,
and harmonized standards for clean technology deployment.

In sum, this study provides a robust evidence base for policymakers and stakeholders seeking to expand the energy
transition beyond the electricity sector. It highlights both the urgency and the opportunity in addressing emissions from
transport, heating, and cooling through scalable, affordable, and socially benefcial technologies. The fndings reaffrm
that a holistic approach—grounded in data, economic logic, and regional collaboration—can help OAPEC countries
achieve their sustainable development and climate goals without compromising energy access.

Director of Technology Department at the Egyptian Petrochemicals Holding Company - Arab Republic of Egypt
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Abstract

Sustainable Aviation Fuel from Greenhouse Gases through
Ethanol, Using Highly Active LaTa-Perovskite Catalysts

Dr. Dalia Radwan Abdel Hafez Mohamed

The current research aims to contribute to the global race to fnd sustainable and renewable
energy solutions. Direct conversion of greenhouse gases into ethanol, which can be used to
generate sustainable fuels, is a promising solution to be part of this race. Further, the ethanol
conversion is an emerging strategy for jet-fuel production (ATJ), but still faces signifcant
challenges. Therefore, this research focuses on the use of highly active and selective catalysts
based on LaTaO, perovskite and their two A-/B- substitutions by Na/Pd, respectively
(NaLaTa,0O, and LaPdTaO,) for bioethanol upgrading into sustainable jet fuel precursor (ATJ).
The catalysts were prepared via microwave-assisted method and then characterized using
various analytical techniques; XRD, FTIR, SEM, PL, TPR and NH,-TPD. The ATJ process
occur in continuous Fow system under atmospheric pressure in the temperature range of 100-
400°C. All catalysts exhibit high ethanol conversion reaches 94.7% over NLTO at 400°C,
with low gas fractions (< 1%). The liquid products are mainly; acetaldehyde, crotonaldehyde,
n-/iso-C, -OH, and >C_-OH. The LTO catalyst exhibits the highest selectivity for n-C, .-OH
(~ 61%). The LPTO catalyst exhibits the highest selectivity for iso-C, .-OH (~ 3.2%). While,
NLTO catalyst exhibits the highest selectivity for >C_-OH (~ 27%), a signifcant percentage
that can be directly used as SAFs after a simple hydrodeoxygenation step. Systematic
investigations can indicate that, the outstanding performance of the prepared perovskite
catalysts originated mainly from the synergistic effect of the fnely tuned electronic, redox
and Acid/Base properties. Those properties affected by A-/B-site substitution confrming the
variation of catalysts selectivity. Generally, the greenhouse gases utilization in transportation
fuels production is a promising approach to mitigate climate change and create sustainable
opportunities. This approach can contribute to; reducing emissions, reducing dependence on
fossil fuels, providing sustainable energy sources, promoting the circular carbon economy,
and encouraging innovation and technological progress.

Professor at the Petroleum Research Institute - Arab Republic of Egypt
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