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Abstract

Although perovskites are extensively investigated in many areas, studies using perovskites as catalysts for biomass pyrolysis are
still quite limited. While various transition metals can be inserted into perovskites to form different perovskites, it is critical to
investigate the effects of various transition metallic substituents on the characterization of catalysts. This work involves the
evaluation of nine perovskite-type catalysts in terms of their effectiveness and suitability for pyrolysis of date stone biomass.
LaCoO;, LaMnO; and LaNiO; perovskite catalysts were prepared by sol-gel, hydrothermal and microwave methods and
characterized by X-ray powder diffraction, scanning electron microscopy and surface area measurement. Pyrolysis of date stones
has been performed in tubular reactor at 520 °C with 100 °C/min and a nitrogen gas flow rate of 100 cm*/min. The influences of
catalyst preparation method on catalytic cracking of pyrolysis vapours in terms of bio-oil yields were examined. Additionally, the
effect of B metal in ABO; perovskite structure on catalyst character and pyrolysis yields were examined in detail. According to
results, highest bio-oil yield was achieved as 23.4% with LaMnO; catalyst synthesized with sol-gel method. All perovskite-type
catalysts have reduced the bio-oil yield and improved the water and gaseous yield as expected. This study paves the way for
developing more challenging perovskite catalysts for the renewable energy sources.

Keywords Perovskite - Sol-gel method - Hydrothermal synthesis - Microwave synthesis - Catalytic pyrolysis - Catalyst
effectiveness

1 Introduction

Renewable biomass-based liquid fuels have advantages like
being CO, neutral, being simple to transport and having low
sulphur content compared with petroleum fuels which would
make them primary option to fossil fuels in the future [1, 2].
One of the promising techniques to produce liquid fuels as of
biomass is known as pyrolysis. It is one of the best methods
for proficient conversion of feedstock into valuable products.
The operation takes places in an inert ambience (1 bar, N,) and
at fair temperature (400-550 °C) within short residence time.
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Lignocellulosic structured biomass pyrolysis is graded in three
products; liquid (bio-oil), solid (bio-char) and gas. Low-
quality and dark brown bio-oils cannot be utilized in diesel
engines because they are quite unstable as being oxygenated.
Therefore, the bio-oil requires to be upgraded to eliminate its
oxygenated compound contents in terms of high acidity, vis-
cosity and water contents [1].

Catalytic pyrolysis is generally utilized for bio-oil
upgrading and tar reforming/wax elimination. It involves the
adding of catalysts to the pyrolysis. Using the catalyst can
develop the products’ quality and leads to the selection of
valuable products. The catalyst’s usage is supposed to im-
prove the reactions of the tar molecules in pyrolysis products
giving lighter and less complex tar molecules [3, 4]. The cat-
alysts enhance the quality of the pyrolysis bio-oil through
cracking, deoxygenation, oligomerization, cyclization, aroma-
tization, alkylation, isomerization and polymerization [5]. In
particular, deoxygenation proceeds from by three main path-
ways; decarboxylation, decarbonylation and dehydration pro-
ducing CO,, CO and H,0, respectively [6]. The catalysts are
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also noticed as decreasing the formation of carboxylic acids
which makes bio-oil less corrosive and persuade the reactions
that take part in the removal of the reactive oxygenated species
(like carbonyl compounds) making bio-oil having higher
heating values and better stability [3, 7].

A high degree of deoxygenation has been accomplished
using strong acidic, especially zeolitic catalysts, which gener-
ate large concentrations of aromatic hydrocarbons. However,
high density of acidic sites of the catalyst leads to a sharp
reduce in the bio-oil yield due to extreme cracking. Besides,
the catalyst undergoes an extensive coking, which results in its
rapid deactivation [6]. Developing perovskites providing a
better performance in terms of bio-oil properties, such as low-
er oxygen content and higher quality, can help to overcome
this situation.

The study of perovskites is of great interest due to the range
of electrical and magnetic properties [8]. Perovskite-type ma-
terials are mixed-valence oxides with the unit formula of
ABOs. In perovskite structure, A and B are cations with co-
ordination numbers 12 and 6, respectively, and have been
extensively studied in catalytic, energy and environmental
implementations. Catalytic perovskites have been examined
for the reforming reactions. Furthermore, resistance to coke
development and particular tolerance to sulphur poisoning of
perovskite catalysts originates from a low binding energy,
which appoints them appropriate for heavy-hydrocarbon
reforming [9].

In the literature, there are studies in which numerous cata-
lysts containing zeolites (like ZSM-5, HZSM-5 and FCC),
alkaline (like Na,CO5/y-Al,05, K,CO3, Ca (OH), and
MgO), metal oxides (like Cu/Al,O5, Fe/Al,03) and mesopo-
rous catalysts (like Ni/SBA-15, Co/SBA-15, Fe/SBA-15, Al/
SBA-15, AI-MCM-41) that have been utilized for bio-oil con-
version [4—7, 10-12]. However, there is even less data on with
perovskite catalysts in the utilization of only bio-oil upgrading
systems [13, 14].

Perovskites have been rarely utilized to catalyse the con-
version of biomass or its other substituents like lignin into
high-value products. For instance, Wang et al. had indicated
that both the conversion rate of lignin and the yield of aromat-
ic aldehydes were enhanced when LaFe,_,Cu,O; was used to
catalyse the oxidation of lignin [15]. In order to fill the lack of
this area, for the first time in the literature, perovskite-type
catalysts were applied on the conversion of biomass to liquid
fuel without upgrading in this study.

The date tree in the world is frequently found in Middle
East of Asia and Egypt, Algeria and other North African-
Mediterranean countries [16—19]. As of 2004, the world’s
annual date production is 6.7 million tons [18, 20]. As a result
of increasing demand, this number reached to 7.2 million tons
in 2010. According to this production, it is accepted that ap-
proximately 720,000 tons of stone as a waste is produced
annually [21, 22].
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As the date stone makes up approximately 10% of the
weight of the date, a considerable amount of biomass is pro-
duced annually [16, 18, 23, 24]. It is also used as a renewable
energy source by direct combustion of the date core. Activated
charcoal obtained from date stone is used as filter for automo-
bile exhaust gases and adsorbent for toxic organic and inor-
ganic compounds. There are many studies on the production
of activated carbon from this agricultural waste chemical pro-
cess. According to the studies, the chemical structure of the
date stone with low ash content is very suitable for the pro-
duction of activated carbon. Therefore, converting the date
stone to activated carbon is one of the most promising and
useful ways in terms of waste [18, 23, 25, 26]. It is used as a
sorbent for the removal of synthetic dyes, phenol and heavy
metals from the inexpensive, easy to access and renewable
date stone. However, pyrolysis of the date stone is in the
literature with a limited number of studies [27]. The objective
of this work is to assess the catalyst performance of LaCoQOs3,
LaMnO; and LaNiOs in the pyrolysis of date stone. The ef-
fects of the catalyst preparation method, B metal type in ABO;
perovskite structure, and bio-oil yield as desired product have
been achieved. In addition, reusability of the optimum catalyst
which is chosen according to bio-oil yield was studied.

2 Materials and methods
2.1 Biomass

Date stone (DS) used in this study were imported from
Algeria. DS were washed with distilled water and stored at
room temperature after drying. After the raw material was air-
dried in the laboratory environment, it was milled in Armfield
FT-7A mill. The average particle size was determined by siev-
ing from four different sieves: Dp> 1.8 mm, 1.8 >Dp >
0.85 mm, 0.85>Dp>0.425 mm, and Dp >0.425 mm. The
proximate analysis of DS was based on the American Society
for Testing and Materials (ASTM) standards (moisture con-
tent: ASTM E871-82, ash: ASTM D1102-84, volatile matter:
ASTM E872-82 and fixed carbon is calculated by the
difference).

2.2 Catalyst preparation

The prepared catalysts were denoted as SG, HM and MW for
sol-gel method, hydrothermal synthesis and microwave meth-
od, respectively.

2.2.1 Sol-gel method

The LaCoO;, LaMnO; and LaNiO; were prepared according

to conventional sol-gel method [28, 29]. La(NO3);-6H,0
(ABCR), Ni(NO3),'6H,0 (Carlo Erba), Co(NO3);-6H,O
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(Carlo Erba), Mn(NO3),-4H,0O (Sigma Aldrich), citric acid
monohydrate C¢HgO- (Carlo Erba) and ammonium carbonate
(Carlo Erba) were utilized as reagents. Appropriate amount of
the reagents was used after preparing 1 M salt solution. After
adding citric acid to homogenic solution, 1 M (NH,4),CO;
solution was added to modify pH at 6. Then, the solutions
were evaporated at 60 °C to complete sol-gel formation.
Drying catalysts at 210 °C in an oven was followed by calci-
nation at 700 °C for 5 h with a heating rate of 5 °C/min.

2.2.2 Hydrothermal synthesis

The hydrothermal synthesis of LaCoOs3, LaMnO; and LaNiO;
was carried out in 100-ml Teflon-lined reactors with a filling
capacity of 50%. Before synthesis, stoichiometric amounts of
La(NO3);-:6H,0 (ABCR), Ni(NO3),-6H,0 (Carlo Erba),
Co(NO3)3-6H,0 (Carlo Erba), Mn(NO3),4H,O (Sigma
Aldrich) solutions were prepared in advance. Then, a KOH
aqueous solution was added drop by drop up to the pH value
of 13 for whole co-precipitation. Crystallization was carried
out in Teflon-lined reactor under autogenous pressure at
200 °C for 2 days, and finally the crystalline powder was
filtered after washing with deionized water [30]. The crystal-
line powder was dried at 100 °C for 12 h. The final products
were moved into crucible and calcined at 700 °C for 5 h with a
heating rate of 5 °C/min.

2.2.3 Microwave synthesis

The precursors were prepared mixing a certain amount of
nitrates of lanthanum, manganese, cobalt and nickel under
stirring in the microwave synthesis procedure at room temper-
ature. The pH was fixed at 8.5 using 1 M NHj solution under
vigorous stirring until obtaining a homogeneous product
which was then transferred into a Milestone ETHOS TC
Microwave employing microwave processing [31]. The in-
strument which was equipped with temperature and
pressure-monitoring device was operated at 200 °C and
2.45 GHz with a power supply of 720 W for 30 min. The solid
products gained by centrifugation and filtration have been
washed with distilled water and then dried at 100 °C for
12 h. The resulting powder was milled and then calcined at
700 °C for 5 h.

2.3 Experimental method

The pyrolysis experiments were carried out under N,
using electricity heated and well-swept fixed-bed tubular
reactor made of 310 stainless steel with a length of 90 cm
and an inner diameter of 2.5 cm. Both pyrolysis temper-
ature and heating rate were controlled using a proportion-
al-integral—derivative (PID) controller in the tests. A ro-
tameter was utilized to control N, before entering into the

reactor. Temperature measurements were attained from
the bed by the thermocouple in the middle of the reactor
to control the temperature and were monitored from the
control panel. At the end of pyrolysis, the liquid phase
was collected in a glass liner located in a cold trap main-
tained at about 0 °C. The liquid phase involved aqueous
and bio-oil phases which were divided and weighed. The
solid product (char) was removed from reactor and
weighed; then, the gas yield was considered by the
difference.

Experiments were conducted both in the absence and pres-
ence of perovskite-type catalysts. For the first group of exper-
iments, DS were heated up to a constant temperature of
520 °C with a constant heating rate of 100 °C/min and then
held for 15 min. In the second group of tests, effects of
perovskite-type catalyst preparation method and B metal in
perovskite’s ABOs structure on product yields were investi-
gated in detail. In “in situ” catalytic pyrolysis process, a bio-
mass sample is usually physically mixed with catalyst and
pyrolysed at preferred temperature. In this work, 0.5 g catalyst
was mixed with 9.5 g DS at pyrolysis temperature of 520 °C
with 100 cm®/min N, and heating rate 100 °C/min. All the
yields were given in an ash-free and dry basis, and their values
were calculated as the average of two parallel tests error less
than +0.5%.

2.4 Analytical techniques

The ultimate analysis of DS was implemented using an
elemental analyser (Leco CNH628 S628) for C, H, and N.
Oxygen was calculated by the difference. The thermal
behaviour of DS to 1000 °C with a heating rate of
10 °C/min, under a nitrogen and air (20.8% O,/N, bal.)
atmosphere (50 ml/min), was studied using a Setaram,
Labsys evo thermogravimetric analyser. The FT-IR spec-
trum of biomass was recorded using a Perkin Elmer
Spectrum 100 Model in wave number range of 4000—
400/cm by ATR module. The biomass and perovskite cat-
alysts were characterized for morphologies using scanning
electronic microscopy (SEM) (Zeiss Supra VP 40).

Perovskites were positioned on carbon bands and coated
with a platinum thin layer in Ar atmosphere with Quorum
QI50RESDC Sputter Coater. Crystalline structures of perov-
skites were determined via PANalytical X Pert Pro Materials
Research Diffractometer using CuKo radiation. The X-ray
tube was operated at 45 kV and 40 mA and the X-ray pattern
was scanned with a step size of 2°/min from 10 to 90° (26).
The textural characteristics including Brunauer—-Emmett—
Teller (BET) specific area, pore volume and average pore
diameter (Barrett-Joyner-Halenda (BJH) method), were mea-
sured by N, adsorption-desorption in a Micromeritics ASAP
2020.
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2.5 Catalyst effectiveness

The performance of a catalyst depends on factors like the
improved liquid product, particularly the formation of hydro-
carbons containing aliphatic and aromatic compounds, the
reduction of solid product and water, the acidity and pore size
of the catalyst [32].

The catalyst performance is related to its activity and selec-
tivity:
K effectiveness — Y;.S;

In the formula, Kgecsiveness is catalyst activity, Y is desired
product yield and S; is desired product selectivity.
The yields are calculated using the following equations:

Yi (w%) = desired product (g)/biomass as dry ash (g),
S; = desired product (wt.%) /undesired product (wt.%).

3 Results and discussion
3.1 Biomass characterization

The proximate analysis was performed on date stones having
average particle size of 1.026 mm and bulk density of 560 kg/
m’ to determine the weight fractions of moisture, volatiles, ash
and fixed carbon (Table 1). DS was found richer in
holocellulose (57.77%) than lignin (25.77%). Likewise,

Table 1 Proximate,

structural and ultimate Proximate analysis (%)

analyses (wt.%) of DS Moisture 433
Volatile 78.85
Fixed carbon 15.86
Ash 0.97

Structural analysis (%)

Extractives 16.46
Hemicellulose 14.81
Lignin 25.77
Cellulose (by difference) 42.96
Holocellulose 57.77

Ultimate analysis (%, dry basis)

Carbon 54.45
Hydrogen 5.64
Nitrogen 0.53
Oxygen (by difference) 39.38
H/C 1.24
o/C 0.54
HHV (MJkg)" 19.45

* Calculated using Dulong formula
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ultimate analysis was also used to determine the elemental
composition by means of weight fractions of carbon, hydro-
gen, oxygen and nitrogen (Table 1). Using elemental analysis
results, calorific value of date stone was calculated as
19.45 MJ/kg using Dulong Formula and H/C ratio was found
to be 1.24. The chemical composition and higher heating val-
ue (HHV) of the DS were found in the expected range for date
stone biomass, with high volatile matter contents and low ash
percentages [20, 23, 24, 26].

3.1.1 Thermal decomposition behaviour of date stone

Derivative weight loss profile of DS is illustrated in Fig. 1. In
general, the pyrolysis diagram can be investigated in three
parts: (i) dehydration T < 110°, (ii) devolatilization (200—
600 °C), (iii) stabilization and decomposition of the carbona-
ceous matter (600-800 °C) [33]. According to thermal gravi-
metric (TG) and thermogravimetric derivative (DTG) curves
of DS, first weight loss occurred in the range of 80-225 °C
with the removal of the moisture. This weight loss, which
indicates the amount of moisture contained in the biomass,
is 5.36%. The main decomposition of the DS arose in the
temperature range between 200 and 500 °C. The sharp peak
at233 °Cis ascribed as hemicellulose and a second sharp peak
at 344 °C indicates the cellulose. Lignin decomposition oc-
curred between 200 and 700 °C. The matter remaining after
the mass losses in the biomass comes from the ash and
undecayed carbon.

3.1.2 FT-IR spectrum of date stone

FT-IR spectra were taken to elucidate the chemical structure
of the raw material and the analysis result is given in Fig. 2. In
the figure, it is obvious that the date stone consists of various
functional groups. When the spectrum is examined, the wide
and widespread -OH peaks observed at 3309-3295 cm™ " in-
dicate the presence of alcohol, phenol or carboxylic acids;
2922-2853 cm ! in the peak seen asymmetric and symmetri-
cal C-H vibrations show the presence of aliphatic structures.
The peaks around 1743—1740 cm™' represent carbonyl
groups, while the peaks between 1634 and 1615 cm™" origi-
nate from olefinic C=C vibrations and C=0 vibrations found
in aromatic structures. The peaks observed around 1029—
1016 cm™ " are due to C-O vibrations. Peaks showing aromatic
C-H structure in the range of 918 cm' and 717 cm™' were
observed.

3.1.3 SEM images of date stone

SEM is a potential technique for exploring morphology of
solid fuel particles [34]. When the SEM images in Fig. 3 were
examined, the date stone has indented protruding particles and
an almost non-porous structure. Date stone has some internal



Biomass Conv. Bioref.
Fig. 1 Derivative weight loss 120 0.9
profile of DS -0.1
100 12
20 2.2 g
o -3.2
60 -4.2
&) <
= -5.2 E
40 62
20 -7.2
-8.2
0 9.2
0 200 400 600 800 1000

pores and cracks, while obvious pores not distinctively found.
Date stone particles have irregular shapes in deed.

3.2 Characteristics of prepared catalysts

Catalysts prepared by sol-gel, hydrothermal and microwave
methods were denoted as SG, HM and MW, respectively.
Cobalt, manganese and nickel were labelled as Co, Mn and

Ni, respectively.

3.2.1 Specific surface area (Sger)

One of the major problems related to perovskite synthesis is
lower specific surface area achievement when compared with
other metal oxides [35]. The results of the BET specific sur-
face area (Sggt) of the synthesized catalysts are illustrated in
Fig. 4. The Mn-based samples calcined at 700 °C have com-
paratively higher Sggr values which are approximately
10.3 mz/g. Conversely, Sger values of Ni-based and Co-
based catalysts are ca. 7.9 and 6.8 m?/g, respectively. While

Fig. 2 FT-IR spectrum of date —
stone \

%T

Temperature (°C)

the highest surface area catalysts for LaMnO3; and LaNiOj
were obtained by microwave method, the highest surface area
of LaCoOj; catalyst was found in hydrothermal method.
Generally, sol-gel method leads to lower surface area when
compared with the other methods.

Sger results are quite in agreement with the results of the
LaCoO3;, LaMnOj; and LaNiO; catalysts found in the litera-
ture [28, 36, 37]. As a result, it was observed that there is an
apparent effect on the surface area of the preparation method
when compared to B metal selection.

3.2.2 X-ray diffraction (XRD)

Figure 5 shows the ex-situ XRD profiles of LaCoO;, LaMnO;
and LaNiOj catalysts. XRD patterns prove the presence of the
perovskite characteristic diffraction lines at 32.84°, 32.56° and
32.77° for sol-gel synthesized LaCoO; (ref. code: 98-015-
6452), LaMnOj (ref. code: 98-009-6038) and LaNiOs (ref.
code: 98-009-1042), respectively. In LaCoO5 samples, cubic
Co0304 (ref. code: 98-062-4571) was observed to be formed

M
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Fig. 3 Date stone micrographs

during the thermolysis of the citrato complex and it has not
entered the composition of the cobaltate with very low peak
intensity obtained by applying sol-gel method [38]. On the
other hand, orthorhombic LasCo5;0;( (ref. code: 98-008-
6177) and hexagonal H3;LaOj (ref. code: 98-024-5674) phases
were observed in the hydrothermally prepared catalyst. In the
XRD spectrum of the catalyst prepared by microwave meth-
od, orthorhombic LasCo030;¢ (ref. code: 98-008-6177) and
cubic Co30y (ref. code: 98-062-4571) phases are observed.
In the literature, La;Co50 phase has been detected in solid-
state synthesis when the cations were not in good proportions.
Besides, the lack of lanthanum or the excess of cobalt are
known to partially stabilize the La;Co30,( phase, remaining
at ambient temperature [39].

Hexagonal LaMnOj (ref. code: 98-009-0355) and hexago-
nal La,Oj5 (ref. code: 98-004-4692) phase have been observed
in hydrothermal method in trace amount at 20 =48.7°. It is
believed that the different (or assumed as impurity in the lit-
erature) phases formed are caused by the fact that lanthanum

migrates to different forms in dry air atmosphere during cal-
cinations. The monoclinic LaMnQOj (ref. code: 98-016-2003)
and hexagonal H3L.aO; (ref. code: 98-024-5671) phases were
formed in the XRD spectrum of the catalyst prepared by the
microwave method.

XRD plots of LaNiOj catalysts illustrated that hexagonal
LaNiOj (ref. code: 98-009-1042) phase and orthorhombic
La,NiOy (ref. code: 98-006-3398) were obtained by sol-gel
method. The XRD graph of the hydrothermally prepared
LaNiOj; catalyst shows that the structure consists of hexagonal
LaNiO; and a small amount of hexagonal La,O3 (ref. code:
98-010-0205) phases at 20 =43.4°. Only the tetragonal
La,NiOy (ref. code: 98-000-2569) is visible in the XRD spec-
trum of the catalyst prepared by the microwave method. The
structure of La,NiO,4 seen in microwave method belongs to
the perovskite structure of A,BO, [40, 41]. Previous studies
have shown that at low calcination temperatures, the amount
of pure perovskite is insufficient, while pure perovskite is
obtained at 850 °C. However, the amount of La,NiO, phase

15 -

10 -

12,9
I 11,7
£ 8.8 9,6
5 7,4 8.4
# 5 6,6
52
42
0 - | |
CoSG CoHM CoMW MnSG MnHM MnMW NiSG NiHM NiMW

Fig. 4 Sggr results of the perovskite catalysts
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Fig. 5 XRD patterns of a Co SG,
b Co HM, ¢ Co MW, d Mn SG, e
Mn HM, f Mn MW, g Ni SG, hNi
HM, and i Ni MW perovskite

catalysts. * LaCoQO;, ® LaMnOs,

(0] LaNiO3, 0 H3LaO3, A L8.203,

C0304, # La4O3010, + LazNiO4

Intensity (a.u.)

increased as Ni migrated to Ni** form at higher temperatures
[40].

Among the synthesis methods, sol-gel was found to be
superior when pure phase is considered. Different perovskite
structures can be accomplished via microwave method.

The pore size distributions of the catalysts in terms of
Harkins and Jura [42] plot with FAAS correction are given
in Fig. 6. The pores in structures of perovskites were well and
not uniformly distributed. Wide pore size distribution for the
whole samples was observed, ranging from 5 to 80 nm. The
BJH cumulative pore volume curves given in Fig. 6 also in-
dicate the loss in pore volume in case of cobalt used perov-
skites. Figure 6 indicates that the decrease in pore volume is
more important in the micropore region. For better compari-
son, the volume in the entire range of pores is divided into two
regions which were corresponded to the pores of diameters up
to 50 and 50-100 nm, respectively. Thus, using different
metals affects in terms of more volume in micropores and
smaller mesopores (up to 50 nm) compared with that of the
larger mesopores (> 50 nm) and macropores (> 125 nm).

3.2.3 Scanning electron microscopy

SEM images of LaCoO3, LaMnOj3; and LaNiO; are shown in
Fig. 7 with different magnification sizes. When SEM images
of catalysts prepared by different methods are examined, the
sol-gel-prepared catalysts (Fig. 7a, d, g) are found as spongy-
like structures and contain small pores. These pores can be
described as gas outlet points and are assumed to be at the
temperature at which the catalyst produces intense NO, gas
between 120 and 220 °C during the drying gel stage. SEM
images of the catalysts prepared by hydrothermal synthesis
(Fig. 7b, e, h) showed spherical particles bringing pores. The
particles are seen in clustered groups. In the LaCoOs; catalyst

20 30 40 50 60 70 80 90

2 Theta

synthesized by the hydrothermal method, rod clusters occa-
sionally occurred. In microwave synthesis, the target which
is small particle in size has been attained. While LaNiO3 com-
position displayed small spherical particles, microwave syn-
thesis had led the LaMnOj catalyst obtain large spherical par-
ticles and clustered and occasionally rod-like structures. When
the catalysts were prepared by microwave method (Fig. 7c,
f, 1), quick crystallization occurred compared with hydrother-
mal method as expected. Besides, this quick crystallization
leads formation of agglomeration in some parts of LaMnO;
catalyst.

3.3 Catalytic activity

In this study, non-catalytic and catalytic date stone pyrolysis
was evaluated in terms of product yields. Indeed, the catalytic
pyrolysis experiments investigated the influence of (a) the
catalyst preparation method and (b) the nature of B metal on
activity.

As a result of the non-catalytic pyrolysis experiments
(Fig. 8), the yield of bio-oil was found to be 24%. In case of
catalyst existence, the catalyst preparation method and active
metal side (B) affected the surface properties, morphology,
homogeneity and particle size of the catalyst as mentioned in
the literature [43]. All these factors directly affected the prod-
uct yields. Among the three methods used, the highest bio-oil
yields were obtained by the sol-gel method which were
followed by microwave and hydrothermal methods. When
active metal side effects are compared, the highest bio-oil
yield was obtained with the manganese metal used ones for
all synthesis methods.

In the presence of catalyst in pyrolysis, bio-oil, char and gas
yields decreased. The decrease for the bio-oil when a perov-
skite catalyst used could be attributed to competing reaction,

@ Springer
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Fig. 6 The pore size distribution
of aNi SG, b Mn MW, ¢ Mn SG,
d NiMW, e Co HM, fMn HM, g
Co SG, h Ni HM, and i Co MW
perovskites

most likely conversion reactions occurring during pyrolysis.
This suggests that the additional conversion of bio-oils over
the catalysts resulted in a decrease of bio-oil yield. Besides,

Pore volume (cm”g.nm)
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the perovskite catalysts helped conversion of the biomass ox-
ygen to water and thus resulting in low liquid yield. The in-
corporation of the perovskite to the reaction system caused to
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Fig. 8 Product yield distribution of non-catalytic and catalytic date stone pyrolysis experiments

a decrease in the quantity, nevertheless also an improvement
in the quality of the bio-oil for formation of more H,O.
Perovskite-type catalysts increased the yield of water by pro-
moting the extension of dehydration reactions of oxygenated
compounds during pyrolysis.

3.3.1 Catalyst effectiveness

Bio-oil selectivity is an important parameter indicating the
effectiveness of converting a certain biomass into various hy-
drocarbons besides oxygenated compounds [4]. In order to
analyse the effectiveness of pyrolysis reactions, conversion
in terms of activity and bio-oil selectivity are evaluated for
each test. The desired product in the calculation of selectivity
and yield is bio-oil; undesired products are char, water and
gas. As a result of pyrolysis, the catalyst which has the highest
yield of desired liquid product is the most effective catalyst.
The activity calculations of the catalysts are given in Table 2.

Table2 The performance of the perovskite catalysts in terms of activity
and selectivity

Catalyst Y (% ag.) Si Keffectiveness
NC 23.80 0.31 —
Co SG 21.71 0.28 6.02
Co HM 21.11 0.27 5.69
Co MW 19.43 0.24 4.69
Mn SG 23.45 0.31 7.18
Mn HM 22.57 0.29 6.58
Mn MW 22.00 0.28 6.20
Ni SG 23.33 0.30 7.10
Ni HM 17.44 0.21 3.69
Ni MW 22.73 0.29 6.66

According to the results, the perovskite effectiveness is
strongly affected by the preparation method rather than B-
site metal type. Among the synthesized perovskites, sol-gel-
prepared LaMnOj3 provided highest bio-oil yield. When the
effect of the preparation method was considered, it was found
out that hydrothermal synthesis followed sol-gel method. On
B-side metal effect, nickel was followed by manganese.
Cobalt was the least active catalyst among the used ones.

3.3.2 Catalyst reusability

A catalyst plays a vital role in heterogeneous chemical reac-
tions. On the other hand, catalysts have a limited life time.
Catalysts are known to be deactivated by a long duration of
reaction, thermal degradation, poisoning and sintering. Hence,
the reuse technology of spent catalysts is a worth contempla-
tion before becoming useless waste [44, 45]. In this study,
reusability experiments were carried out at optimum number
of tests according to the literature [46, 47]. The experiments
were conducted in the presence of LaMnOs, which is the most
active catalysts in date stone pyrolysis, with N, flow rate of
100 cm?® /min, 100 °C/min heating rate, 15-min residence time
and 520 °C pyrolysis temperature. The catalyst is placed in a
layer of steel wool between the reactant and the biomass,
thereby providing pyrolysis vapours over the catalyst. The
results obtained from pyrolysis experiments and the product
distributions are given in Fig. 9. In general, bio-oil and gas-
eous product yields improved, while water and char product
yields declined. This can be related to by the fact that the
vapours released during the pyrolysis pass through the cata-
lyst, the more efficient decomposition and the volatile sieve
occur. In the second use compared with the first use, the liquid
and solid products decreased while the water and gaseous
product yield increased. In the third, the fourth and the fifth
uses of the catalyst, the productivity of the liquid, water and

@ Springer



Biomass Conv. Bioref.

40

E Bio-0il%

35

30

N
w
>

25

20

Yield (%)

15

10

LT

N

Water%

E Char% HEGas%

Fig. 9 Five-run recycling test of sol-gel-prepared LaMnOj; for pyrolysis of DS

solid products was decreased while the gas product yield was
raised. Similar results were accepted by different researchers
in the literature [48]. In a review published in 2001 by Sutton
et al., a number of nickel-containing catalysts have been re-
ported to be effective in the gasification of biomass and have
been used effectively for this purpose. The reusability of the
Mg/Al-MCM-41 catalyst synthesized was investigated by
Karnjanakom et al. in their work in 2017 and the correlated
amount of total hydrocarbon decreases with the amount of
coke build-up on the active surface of the catalyst causing
the catalyst to lose its activity during the reaction [47].

3.4 Bio-oil characterization
3.4.1 Elemental analysis of bio-oils

One of the important parameters about bio-oil is the elemental
composition. Elemental composition of bio-oils, O/C and H/C
molar ratios and higher heating values were evaluated under
thermal pyrolysis, and catalytic pyrolysis bio-oils are given in
Table 3. In catalytic pyrolysis, optimum catalyst was selected

as LaMnO; catalyst arranged by sol-gel method used accord-
ing to bio-oil yield. The carbon content of catalytic pyrolysis
bio-oil is superior to non-catalytic one. The hydrogen content
of bio-oil improved with existence of perovskite. For the H/C
ratios of bio-oils, catalytic pyrolysis gave higher ratio than
non-catalytic pyrolysis rising from 1.51 to 1.64.
Additionally, the energy density of non-catalytic bio-oil was
enhanced as pointed out by the HHVs of the bio-oils.

3.4.2 Functional groups of bio-oils

The vibrational spectrum of a molecule is considered as a
unique physical property and characteristic of a molecule.
FT-IR analysis gives an infrared spectrum which is very use-
ful as a fingerprint for the identification of functional groups
of unidentified compounds by producing characteristic and
reproducible absorption. This valuable contribution aids to
show whether the molecule is linear or branched chain aliphat-
ic or aromatic compound [49]. FT-IR outcomes of bio-oils
attained under catalytic and non-catalytic conditions are sum-
marized in Fig. 10. FT-IR results confirmed that bio-oils

Table 3 Elemental composition
of bio-oils, O/C and H/C molar

Non-catalytic bio-oil

Sol-gel-prepared LaMnO; used bio-oil

ratios and higher heating values

(HHV) evaluated under thermal C 60.92 64.51
pyrolysis and catalytic pyrolysis H 775 8.92
bio-oils N 6.48 0.10
O* 24.85 26.47
H/C 1.51 1.64
o/C 0.30 0.30
Molar formula CH, 52N0.0000.30 CH, 65N0.0100.30
HHV (MJ/kg) 27.31 29.92

@ Springer
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Fig. 10 FT-IR spectrum of non-catalytic and catalytic bio-oil

restrained similar functional groups with a variation in inten-
sity. The O-H stretching vibration band at 3335 cm ™' is sig-
nificantly reduced and virtually missed in perovskite used bio-
oil spectrum. The C-H stretching vibrations between 2900 and
2800 cm ' and C-H deformation vibrations between 1450 and
1350 cm™' showed the existence of alkanes. These peak in-
tensities increased in catalytic bio-oil. Moreover, the location
of bending vibration of C-H groups at 1375 cm ' delivered
additional indication of the methyl groups. The peaks between
1675 and 1575 cm™ ! indicated C-C stretching vibrations
which indicated the presence of aromatics and alkenes.
These peaks are more evident for non-catalytic pyrolysis.
The C-O stretching vibrations between 1740 and 1680 cm '
represented the presence of aldehydes or ketones. The inten-
sities of these two peaks of non-catalytic bio-oil are higher
than catalytic one. The existence of both C-O and O-H

1600 1400 1200 1000 800 600 380

stretching vibrations also proved the presence of carboxylic
acids and derivatives, so non-catalytic bio-oil was found richer
in terms of these compounds compared with perovskite cata-
lyst used bio-oil. The area between 800 and 650 cm '
contained various bands related with the aromatic, out of plane
C-H bending. The high intensity of these bands of non-
catalytic bio-oil indicates that the aromatic hydrogen was
found in aromatic rings with high degree of substitution.

3.4.3 "H-NMR-based structural analyses

"H-NMR spectra were obtained for non-catalytic and opti-
mum catalyst (LaMnOj; prepared by sol-gel) used bio-oils
and the results are set in Table 4. The region of the spectra,
from 0 to 1.5 ppm, signifying aliphatic protons was the more
settled for all bio-oils (>50% of all protons) representing great

Table 4 Results of "H-NMR of bio-oils in terms of percentage hydrogen total

Proton assignment

Chemical shift region (ppm) Non-catalytic bio-oil Sol-gel-prepared LaMnO; used bio-oil

CHj; v or further from an aromatic ring 0.5-1.0
[3 -CHj;, CH, and CH vy or further from an aromatic ring 1.0-1.5

CH,; and CH f to an aromatic ring (naphthenic) 1.5-2

CHj;. CH; and CH to an aromatic ring 2.0-3.0
Ring-join methylene (Ar-CH,-Ar) 3.04.5
Phenolic (OH) or olefinic proton 4.5-6.0
Aromatic 6.0-9.0

Aldehydes (R-CHO) and/or carboxylic acids (R-COOH) 9.0-12.0

10.23 11.33
45.00 42.72
8.70 6.15
13.25 10.24
423 7.70
12.66 16.26
593 5.60
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aliphatic content. Catalytic bio-oil had less pronounced pro-
duction of alkanes compared with non-catalytic. The 1.5—
3.0 ppm region signifies protons on aliphatic carbon atoms
to be bonded to a C=C double bond (aromatic or olefinic) or
are two bonds away from a heteroatom. Non-catalytic bio-oil
contains greater levels of protons in this area. In the 3.0-
4.5 ppm spectrum, it represents protons on carbon atoms next
to an aliphatic alcohol or ether or a methylene group that links
two aromatic rings. The attendance of these oxygenated com-
pounds (4.23% in non-catalytic bio-oil), qualified an incre-
ment (7.70%) as a consequence of the catalyst. The region
between 4.5 and 6.0 ppm shows aromatic ether protons and
many of the hydrogen atoms of carbohydrate-like molecules.
These sorts of molecules are in higher amount in especially
catalytic bio-oil which is consistent with the O content. The
aromatic region which falls between 6.0 to 9.0 ppm has sim-
ilar amounts of the protons in the bio-oils. The aromaticity of
the bio-oil of non-catalytic pyrolysis was slightly higher than
the catalytic bio-oil. Then, aldehydes and carboxylic acids
(9.0 to 12.0 ppm) were not identified in any of bio-oils.
Overall, the "H-NMR analysis demonstrated that aliphatic
protons are most predominant for bio-oils derived from date
seed in both catalytic and non-catalytic conditions. While the
perovskite catalyst decreased the aliphatic compounds, it in-
creased the total oxygenated compounds in terms of phenolics
in comparison with non-catalytic bio-oil.

4 Future perspectives

This study provides both date seed yields and bio-oil charac-
terization result in lab scale which can be utilized further for
adapting large scales. The data from this work can be imported
in order to evaluate in a techno-economic model including
investment and operating cost of a date seed catalytic pyroly-
sis process similar to the study reported by Vasalos et al.
(2016). Their study focused on the economic assessment of
catalytic bio-oil production from processing biomass as well
as establishing a detailed design and cost models via ASPEN.
According to their results, low-cost biomass and inexpensive
catalysts are the vital factors deciding the future of catalytic
pyrolysis process [50]. Their study opens a new window in
order to lay out the benefits of lab-scale pyrolytic runs in
favour of carrying the experiments to industrial scale besides
its environmental benefits. On the other hand, this still needs
to be investigated in depth in future work.

5 Conclusion
Date stone was used as feedstock for pyrolysis bio-oils. Its

high carbon content makes it an appropriate feedstock for
bio-fuel production. When the SEM images were examined,

@ Springer

the date stone has indented protruding particles and an almost
non-porous structure. Among the synthesis methods, sol-gel
was found to be more effective when pure phase is considered.
Manganese-based perovskites has higher Sggr values com-
pared with Ni and Co ones. The pores in structures of perov-
skites were well and not uniformly distributed. Wide pore size
distribution for the whole samples was observed, ranging from
5 to 80 nm. In the presence of a perovskite catalyst in pyrol-
ysis, bio-oil, char and gas yields decreased. The decline in bio-
oil yield in terms of perovskite used could be attributed to
competing reaction, most likely conversion reactions occur-
ring during pyrolysis. This suggests that the additional con-
version of bio-oils over the catalysts resulted in a decrease of
bio-oil yield. Among the catalysts, LaMnO; prepared by sol-
gel is the most effective catalyst. According to the results, the
perovskite effectiveness is strongly affected by the preparation
method rather than B-site metal type. The results showed that
using perovskite can be as a potential way of producing ade-
quate amounts and the quality of bio-oil needs to be performed
as in future researches.
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