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ABSTRACT: Bioenergy is predicted to significantly contribute to the global energy needs of both
developed and developing economies. Co-pyrolysis of halophytes offers a solution for a sustainable
supply of feedstock in coastal and water-scarce regions. This novel research introduces an experimental
investigation of co-pyrolysis of saline-tolerant flora (date palm waste and Salicornia bigelovii) to address
sustainable waste management, bioenergy production, and efficient resource utilization in xeric regions.
To examine the impact of the thermic condition on the pyrolysis products (bio-oil, biochar, and gas),
the experiments have been conducted at three different temperatures (400, 500, and 600 °C). This
pioneering study revealed that the co-feed bio-oil is acidic (pH 3.76—4.39) and has a high energy
content (HHV 32.29—36.29 MJ/kg) that surpasses most woody biomass. The produced biochar was
chemically stable, high in ash (40.09—47.62 wt %), high in fixed carbon (30.12—38.12 wt %), highly
alkaline (pH 9.37—10.69), and low in HHV (16.30—17.2 MJ/kg). Increased pyrolysis temperature
enhances biochar stability and fixed carbon, thus benefiting long-term carbon sequestration if applied in
the soil. However, due to its high alkalinity, the application of this biochar in naturally alkaline sandy
soils, such as in coastal deserts, requires careful monitoring. The hydrogen content in the gaseous phase significantly improves with
rising temperature, reaching HHV = 24.12 MJ/kg at 600 °C, due to the enhanced ash catalytic effect. Overall, this study constitutes
an important contribution to advancing bioenergy, sustainable feedstock, carbon capture, and waste management strategies in
drought-prone areas.

Bio-oil Biochar Biogas

1. INTRODUCTION be struck between maximizing carbon content and ensuring
biochar’s suitability for its intended use, which includes but is
not limited to carbon sequestration, soil modification, and

Environmental obstacles linked with the utilization of conven-
tional fuels' have led to an increase in demand for more

efficient renewable and green energy sources. Among the energy.9 The bio-oil or liquid produced through this process is
currently available renewable energy sources, biomass presents characterized by its rich content of organic chemical
a high potential to meet the energy demands of modern compounds. Depending on the feedstock composition and
societies in developed and developing economies.” It is pyrolysis temperature, the yielded bio-oil can undergo
projected that by the year 2050, biomass will have the additional refinement processes to achieve a higher fuel quality
capability to generate 3000 terawatt-hours (TWh) of and use as raw material for chemical production.'®™"
electricity, leading to an annual reduction of 1.3 billion metric Similarly, the pyrolysis gas includes a wide range of gases,
tons of CO, equivalent emissions.”’ including hydrogen and carbon monoxide, and its heating
As part of sustainable power solutions, biomass can be value can vary significantly with the feedstock composition and
converted to energy via thermal, biological, and physical pyrolysis temperature.
methods. Thermal conversion through pyrolysis has attracted The importance of the feedstock or biomass material used
considerable interest owing to the broad range of potential for the pyrolysis process is of main interest, as previously
applications for its resulting products, including bio-oil, gas, mentioned. The United Arab Emirates (UAE) has a hyper-arid
and biochar."™” The thermal conversion process involves the climate; hence, halophytes such as Salicornia bigelovii grown in
decomposition of biomass or general organic matter in a arid lands using saltwater are a good choice for biomass
controlled inert environment, breaking the material into a material. Moreover, the UAE and the whole MENA'® have an

pyrolysis effluent: vapor and biochar. After condensation, the
pyrolysis vapor reduces to an organic liquid and an
uncondensed gas (NCG). The quality of the resulting products
during the thermal degradation is primarily controlled by two
main factors: the temperature at which pyrolysis occurs and
the type of feedstock used.® For this reason, optimizing the
temperature and feedstock composition is essential to attain
the intended quality of products. For instance, a balance must
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Figure 1. Schematic illustration of the batch tubular reactor and the pyrolysis vapor condensation setup.

abundance of agricultural residues of date palms,14 which is
indigenous dry terrain halophyte. S. bigelovii, which shall be
referred to as Salicornia for simplicity, is reported to have
originated in the Mediterranean Basin and is considered to
enhance sustainable agriculture due to its salt-tolerance
characteristic, which alleviates the strain on freshwater
resources.'” Date palm tree'® is an alternative classification
of halophilic flora that thrives in challenging habitats'” (saline
water and hot temperatures) and is cultivated for its edible
fruit naturalized in tropical and subtropical regions world-
wide.'® In the MENA realm,'” the date palm tree is the most
prevalent agricultural crop, contributing approximately 2.8
million tons of waste annually.> The UAE annual production
of date palm waste exceeds 0.5 million tons,”’ making the
thermal decomposition of this biomass a promising venue to
switch these remains instead of being discarded in landfills.”’
Both types of plants, date palm and Salicornia, have garnered
attention as mono feedstocks for multiple applications, though
in limited numbers compared to other types of woody biomass.
The summary of the latest studies> on date palm waste and
Salicornia pyrolysis during the past 6 years is shown in Table 1.
The literature indicated the promising utilization™ of the
pyrolysis yields in bioenergy production,'®**™*¢
sequestration,zs’”’28 829

carbon
and soil enhancement.*®

Despite their potential for bioenergy applications, there is
limited literature on the transformation of date palm waste
through pyrolysis®® and Salicornia as co-feed. One study
reported results on co-feeding date palm waste and Salicornia
but this was only focused on deriving the pyrolysis kinetics
through the thermogravimetric analysis (TGA) analysis.’!
Therefore, this study marks a pioneering effort in exploring the
co-pyrolysis process involving date palm waste and Salicornia,
contributing significantly to advancing sustainable waste
management and resource utilization strategies in xeric regions.
A key focus of this research lies in conducting a comprehensive
examination of how varying pyrolysis temperatures impact the
properties and chemical composition of the resulting products,
with particular emphasis on their potential applications in
energy generation, carbon sequestration, and soil improve-
ment. The decision to employ a 1:1 mixing ratio serves as a
strategic starting point to maximize output and effectively
address the challenge of high waste generation. While not
conclusively established as the optimum co-feeding ratio, this

balanced ratio allows for an equal representation of both date
palm waste and Salicornia in the co-feed mixture, facilitating a
thorough assessment of their combined pyrolysis behavior.
Moreover, the deliberate choice to investigate temperatures of
400, 500, and 600 °C enables insight into the optimal
conditions for enhancing output and product quality. These
selected temperatures were strategically chosen to cover a
broad spectrum of pyrolysis conditions, aiming to capture
potential changes in product composition and quality across
different temperature regimes. Furthermore, this research
extends beyond conventional bio-oil applications, exploring
the broader benefits of co-pyrolysis and addressing a significant
gap in the literature regarding the transformation of date palm
waste and Salicornia through co-pyrolysis. The novelty of this
research lies in its systematic investigation of the effects of
pyrolysis temperature on the product characteristics from a
new type of biomass mixture that has never been investigated
in the past, thus offering promising avenues for more efficient
biomass resource utilization, especially in arid regions.

2. EXPERIMENTAL PROCEDURES

2.1. Feedstock and Pretreatment. The Salicornia plant
was obtained from experimental farms at the International
Center for Biosaline Agriculture (ICBA)*® in Dubai, UAE, and
was watered using high-salinity water. The Phoenix dactylifera
waste including plant leaves, leaf stems, and empty fruit
bunches® was gathered from date palm trees cultivated in the
American University of Sharjah (AUS) premises and was
irrigated using municipality-treated wastewater. The date palm
waste and Salicornia were air-dried for a few days with direct
sunlight exposure at outdoor temperatures of approximately 40
°C. The dehydrated biomass was diced into small bits and
processed into fragments using a cutting mill (Retsch - SM 200
model).”” Using a vibrating shaker, these particles were then
sieved to achieve a size range40 of 0.5-1.0 mm (sieve
opening). The co-feed was then prepared by mixing equal
proportions to create a single feedstock.

2.2. Experiment Setup and Procedure. A diagram
representation of the pyrolysis setup used in this study is
shown in Figure 1, and the operating conditions are shown in
Table 2. Briefly, the setup is divided into the batch tube
reactor, the gas condensation, and the liquid (bio-oil and
aqueous phases) collection. The initial segment of the system

https://doi.org/10.1021/acsomega.4c02972
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Table 2. Summary of the Operating Conditions of the Batch
Tubular Reactor

parameter experiment condition

sweeping gas (nitrogen)

inlet temperature (°C) 25

flow rate (ml min™") 400—-700
biomass

Co-feed mixing ratio 1:1

average particle size (mm) 0.294

fixed bed sample weight (g) 65
reactor

sample holder dimensions (cm) 10.0 length, 4.2 diameter

operation mode fixed bed
temperature (°C) 400—-600
heating power (W) 1200

represents the pyrolysis reactor where biomass is introduced
through a stainless-steel boat, which serves as a carrier for the
biomass during the reaction, and a container for the resulting
biochar postpyrolysis. The boat is positioned inside a quartz
tube with high resistance to temperatures up to 1100 °C. An
electric furnace (Type: CHY-T1200) is used to heat the quartz
tube. A thermocouple is placed inside the furnace near the
quartz tube, ensuring continuous monitoring and control of
the pyrolysis temperature. The gas condensation section is
connected to the end of the quartz tube consisting of dry ice
condensers and round bottle flasks designed to collect bio-oil.
The condenser’s gas outlet is connected to a cotton filter and
silica gel to clean the gas before it is discharged into a gas bag,
collected for gas chromatography (GC) sampling, or released
through a vent. Before the experiment is begun, nitrogen gas is
introduced into the system as a sweeping gas to create and
maintain the inert environment within the pyrolysis reaction
zone.

At the start of the experiment, the biomass boat is loaded
with around 65 g of biomass and positioned on the left cold
side of the quartz tube, away from the heating zone of the
furnace. A wire is connected to the end of the reactor and
utilized to pull the biomass boat toward the middle of the
furnace once the desired temperature is reached. The pyrolysis
vapor passes through the dry ice condenser to produce the
liquid in a collection flask and a noncondensable gas. At the
end, the furnace tube is cooled to ambient temperature to
collect the biochar from the boat.

The liquid product comprises two distinct phases: aqueous
and heavy. The aqueous phase, characterized by its low
viscosity and light color, stands in contrast to the heavy phase,
known as bio-oil, which exhibits higher viscosity and a darker
color. These two phases separate easily by gravity when placed
in a separation funnel. To ensure precision in mass balance,
glassware is weighed both before and after experimentation.

2.3. Characterization Methods. 2.3.1. Product Yield.
The pyrolysis product yield was assessed by collecting and
determining the quantity of the products. To ensure accurate
measurement of the pyrolysis products, the reactor tube, dry
ice condenser, cotton filter, and liquid collection flasks were
thoroughly inspected and weighed before and after the process.
The amount of noncondensable gas (NCG) was estimated by
the difference (NCG = Biomass-liquid-biochar). Each test was
conducted 3 times to confirm the reproducibility. The yield
proportion of the pyrolysis liquid, including bio-oil and

aqueous components, and the biochar were calculated utilizing
the subsequent equation

mass of product (biochar, bio-oil, NCG)
mass of feed biomass
X 100 (1)

2.3.2. Proximate and Elemental Analysis. Proximate
analysis was performed to ascertain the water content, ash,
and volatiles in both the feedstock and the biochar. The fixed
carbon content (FCC) was determined by deducting the total
water content, ash, and volatiles from 100%. The moisture
content was determined according to standard protocol CEN/
TS 14774—1:2004. The ash content was determined using the
procedure outlined in CEN/TS 14775:2004 and the
subsequent equation

yield % =

100

%100 X ———0
(100 — MC%) )

mg

AC % = X

In which m; denotes the mass of the sample post-treatment, m,
is the mass of sample pretreatment, and MC% represents the
water content percent. The volatiles are calculated using the
standard procedure outlined in CEN/TS 15148:2005 and the
following equation

100 (my — m,)

my

VC%:[ — MC%| X

100 ]
100 — MC%
(3)

The ultimate analysis to assess the concentration of _C, H,
_N, and _S was carried out by employing an elemental
analyzer. The oxygen matter was determined by a difference
from 100%. The thermogravimetric analysis (TGA) was
performed, applying a consistent ramp rate of 10 °C/min
across the spectrum of 25—900 °C, with nitrogen gas
employed as the carrier medium throughout the experimental
procedure.

2.3.3. Heating Value (HHV). The HHV?? of the feedstock
and the products of pyrolysis were determined by an oxygen
bomb calorimeter”’ (model: IKA C5003). The HHV of the
noncondensable gas was determined based on the molar
concentration of its flammable components as follows:*'

MJ “
HHV|—|= ) (x, x CV)
[Kg] ; (4)

where i.--n refer to each NCG component, x; is the mass
fraction in the gas product, and CV is the calorific value of
component gas in MJ/kg.

2.3.4. Chemical Characterization of the Heavyweight Bio-
Oil and NCG. The constituents of the heavyweight bio-oil were
analyzed using gas chromatography/mass spectrometry (GC/
MS) (model: QP2010 Ultra Thermal Desorption, Shimadzu).
For quantitative results, standard solutions n-tridecane and
diglycerate were mixed with ethanol and the heavyweight bio-
oil, before injection. The GC oven temperature program was
initially set at 60 °C for 2.0 min hold time and at 5 °C/min to
300 °C held for 10 min. MSD source temperature was 230 °C
and the GC column temperature was 280 °C. The naming of
the chemical compounds was executed using NIST 2017
libraries, and the precision of each compound peak was
validated manually. The noncondensable gas composition was
analyzed using GC (Agilent 490 Micro GC system model)*

https://doi.org/10.1021/acsomega.4c02972
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equipped with a gas dryer and two columns to detect
lightweight gases, CO,, H,, CO, and CH,, and heavyweight
gases C,H,, C,H,, C;H,, C;Hg, and n-C Hy,.

2.3.5. Acidity, Conductivity, and Salinity Analysis. The pH
and electrical conductivity (EC) of both the feedstock and
biochar were determined by utilizing a digital meter (HI-
5521—02 model). A 5.0 g amount of finely powdered feedstock
and biochar was mixed in 50 mL of DI-water at 1:5, agitated
via a magnetic stirrer for 1 h, and soaked for 30 min. The solid
matter was isolated from the liquid employing vacuum
filtration, and the pH, salinity, and EC were measured in the
filtrate using pH probe (HI 1043B) and salinity and EC probe
(model: HI 76312). The acidity level of the pyrolysis liquid,
encompassing both organic and aqueous phases, was assessed
by using a dedicated probe (HI 1043 model) for pH
measurement.

2.3.6. Surface Area and Morphology. Scanning electron
microscopy model (SEM, Tescan VEGA3 SEM, Czech
Republic) combined with energy-dispersive X-ray spectroscopy
(model: energy-dispersive system (EDS), Oxford Instruments
INCA X-Act, United Kingdom)*' was used to examine the top
structure and elemental composition of the feedstock and
biochar specimens. In preparation for the analysis, approx-
imately 1 mg of the samples was positioned on carbon films
attached to a metal stud, which was subsequently introduced
into a vacuum environment. Prior to analysis, the specimens
were coated with gold or platinum within a sputter chamber to
ensure conductivity. SEM imaging and qualitative analysis of
elemental composition using EDS was recorded. The samples’
surface area was evaluated utilizing Brunauer—Emmett—Teller
(BET) technique with the aid of a gas sorption analyzer
(model: Autosorb-iQ32 Quantachrome) using liquid nitrogen
(N,) at —196.15 °C. Before analysis, the samples underwent
preparation involving heating at 100 °C and degassing for
approximately 4 h.

3. RESULTS AND DISCUSSION

3.1. Feedstock Characteristics. The results of the co-feed
analysis are shown in Table 3. The proximate analysis showed
a moisture content of 7.18%, a volatile matter content of
60.65%, an ash content of 20.3%, and a fixed carbon content of
11.9%. The elevated ash percentage in the mixture is primarily

Table 3. Characteristics of the Co-Feed Biomass

proximate analysis (wt %)

moisture 7.18 + 0.65
volatiles 60.65 + 0.60
fixed Carbon” 11.88

ash 20.29 + 0.25

ultimate analysis (wt %)

C 33.67
H 3.65
N 0.88
S 0.24
o’ 41.28
hemicellulose (wt %) 17.57
cellulose (wt %) 32.16
lignin (wt %) 24.87
HHV (MJ/kg) 14.93

“Fixed carbon = 100 — (Moisture + Ash + Volatile). Y0% = 100% —
(C% + H% + N% + S% + Ash%).

attributed to the existence of high ash in the individual
feedstock, as reported by Makkawi et al. The arid climate of
the UAE, which is limited in rainfall and has a high evaporation
rate, contributes to increasing the inorganic elements in the
soil, which subsequently accumulate in the plant leaves and
stems as ash. Compared to the reported literature on the
proximate analysis of Salicornia seed and seedless plant,*" and
that of date palm,”® it is observed that the co-feed has lower
volatiles but higher ash and fixed carbon content. High ash in
the feedstock reduces its heating value, therefore, limiting its
potential use as a solid fuel. The ultimate analysis results show
that the co-feed has a similar composition in terms of C, H, S,
N, and O content close to that is reported for the individual
date palm and Salicornia plant feedstocks.””***' The co-feed
mixture has a HHV of 14.93 MJ/kg, compared to 17.52 MJ/kg
for the date palm waste and 13.27 MJ/kg for the Salicornia
seedless plant. The estimated lignocellulosic composition of
the co-feed reveals hemicellulose, cellulose, and lignin contents
of 17.6, 32.2, and 24.9%, respectively, which is close to the
reported data for date palm waste.*”

The TGA profiles presented in Figure 2 show the thermal
decomposition behaviors of the date palm waste, Salicornia,
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Figure 2. Thermogravimetric analysis (TGA) curves of date palm
waste,”” salicornia, and co-feed.

and their co-feed sample. In general, the three profiles show
similar trends. The onset of major mass loss is observed at
around ~190 °C and extends up to ~550 °C. This is the range
of temperature where major degradation of hemicellulose and
cellulose decomposition takes place and is commonly referred
to as the active pyrolysis stage.”” The lignin predominantly
decomposes at a higher temperature (>500 °C.), which is
commonly referred to as passive pyrolysis stage; however,
some of the lignin may also decomposes within the active
pyrolysis stage. The proximate analysis presented in Table 3
aligns well with the observed TGA profiles. Initially, moisture
is released up to around 25 to 110 °C; subsequently, a
relatively thermally stable phase with minimal mass loss
persists up to approximately 200 °C. Hemicellulose decom-
position occurs within the range of 200 to 280 °C, followed by
cellulose devolatilization and decomposition spanning 280 to
390 °C for date palm, whereas for salicornia and co-feed,
devolatilization occurs up to 410 °C. Similar temperature
ranges for significant devolatilization have been reported in the
literature for plant-based biomass.'”*>**~*
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3.2. Measurement of Pyrolysis Products. The output
yield obtained from pyrolyzing the co-feed mixture of
Salicornia and date palm at 400, 500, and 600 °C is presented
in Figure 3. This is presented in comparison to the distribution

m Biochar % ®Bio-Oil ®mAqueous =NCG

Date palm at 550 °C

Salicornia seedless at 550 °C

Salicornia seed at 550 °C

Co-feed at 400 °C
[this study]

Co-feed at 500 °C
[this study]

Co-feed at 600 °C
[this study]

Figure 3. Distribution of the pyrolysis products from co-feed at
different temperatures in comparison to pure feeding cases (date
palm, Salicornia seed, and seedless plant) reported in the
literature,'”>>*!

of the pyrolysis product from the pure feedstocks. In the case
of co-feeding, the results show that at a lower pyrolysis
temperature of 400 °C, a higher biochar yield of 49.53% was
produced, accompanied by a lower NCG yield of 10.19%. The
substantial biochar yield at this temperature suggests a limited
devolatilization. With the escalation of pyrolysis temperature
from 400 to 600 °C, there is a progressive decline in biochar
yield. This decline is likely due to the increased escape of
volatile substances at elevated pyrolysis temperatures. These
volatile components are converted into bio-oil through
condensation, while noncondensable gases are collected in
the gas bag. Simultaneously, the biochar decrease promotes the
generation of heavyweight bio-oil and NCG. The generation of
heavyweight bio-oil remains relatively unchanged, i.e.,
independent of temperature. However, NCG production
exhibits an upward trend with increasing temperature,

measuring 10.19, 12.78, and 19.59% at 400, 500, and 600
°C, correspondingly.

The results of pure feed pyrolysis as reported by Makkawi et
al. revealed that the bio-oil yields from these feedstocks vary.
When pyrolyzed at 550 °C, the bio-oil yields for Salicornia
seed, Salicornia seedless plant, and date palm are found to be
approximately 35.3, 7, and 8%, respectively. Among the
biomass sources, Salicornia seed exhibited the highest bio-oil
yield at 35.3%, while both date palm and Salicornia seedless
plants exhibited bio-oil yields of less than 10% at S50 °C.
Comparative results between pure biomasses and the co-feed
mixture revealed significant differences. This result suggests
that in the case of co-feeding, the pyrolysis is significantly
affected by the presence of ash, coming from the salicornia
plant and date palm waste, thus leading to a considerable
decrease in heavyweight bio-oil yield. Additionally, the high
ash content promotes gas dryness and the decomposition of
cellulose fiber in biomass, resulting in the formation of water-
soluble compounds that are redirected to the aqueous phase
instead of being present in the bio-oil.

3.3. Noncondensable Gas (NCG). The components of
the NCG and its HHV are shown in Figure 4. The figures
illustrate the mass proportion of 4 primary lightweight gases,
including H,, CO, CO,, and CH,, in addition to 4
heavyweight gases within the C,—C, range. The gases with the
highest concentrations among all samples were CO and CO,.
Carbon dioxide was the predominant gas, and the findings
unveiled that escalating the temperature led to a decrease in
the gas with percentages of 69.34, 65.08, and 45.11% at
temperatures of 400, 500, and 600 °C, correspondingly. The
significant portion of CO, within the gas can mainly be linked
to the increased oxygen content in the feedstock and
potentially to the breakdown of organic matter facilitated by
the ash. The CO, and CO are within the range reported for
various types of feedstocks.'” The levels of H, and CH,
increase with increasing temperature, and this contributes to
improving the gas HHYV, especially at the pyrolysis temperature
of 600 °C. Tar cracking may also contribute additional CO and
H, to the gas. It is also plausible that the presence of a
substantial amount of ash metal in the biochar enhances
(catalyzes) the formation of H,, CH,, and CO. Another
noteworthy observation is that the heavy gas mixtures (C,—

o
o
°

®
S
v
°

ol
<
ol

70 - = Co-feed at 400 °C
® Co-feed at 500 °C
= Co-feed at 600 °C
60 4
T 50 A
3
=
S 40 1
&
-
8 307 She
[4 @ .
g “ s
“ 20
o
10 o 2 g o
o @ =
2.
0 e
H2 Cco CH4

C2-C4 HHV (MJ/Kg)

Figure 4. Chemical composition and HHV of NCG of the co-feed pyrolysis.

https://doi.org/10.1021/acsomega.4c02972
ACS Omega 2024, 9, 24082—-24094


https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02972?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.

acs.org/journal/acsodf

)

SEM HV: 18.0 kV.
View field: 296 pm
SEM MAG: 700 x | Date(m/dly): 04/05723 | CIF - American University of Sharjah

SEM HV: 18.0 kV
View field: 293 um

SEM MAG: 708 x | Date(m/dly): 04/05723 | CIF - American University of Sharjah

Figure 5. SEM images of the co-feed biomass and char at 400, 500,
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and 600 °C.

C,) are mostly present in minimal concentrations (<5%). The
existence of C,—C, gases minimally affects the HHV of the
NCG due to their comparatively minimal concentrations. The
HHYV values obtained in the co-feeding were 6.59, 8.56, and
24.12 MJ/kg at 400, 500, and 600 °C, correspondingly. Lower
temperatures lead to a higher production of CO,. As a result,
the energy content of the co-feed at lower temperatures, 400
and 500 °C, is relatively low compared to fossil fuels. However,
it is potentially adequate to supply the necessary heat to
maintain the pyrolysis procedure. At the higher temperature of
600 °C, the co-feed exhibits a significantly higher energy
content, approaching the energy content of fossil fuels, which
is around S0 MJ/kg.*® This increase in energy content is
credited to the increased generation of H,, CO, and CH, at the
higher temperature of 600 °C.

3.4. Characteristics of Biochar. 3.4.1. Physical and
Chemical Characteristics. Scanning electron microscope
(SEM) images, captured at identical levels of magnification,
resolution, and power, depicted by the biochar samples are
presented in Figure 5. Through visual examination of the
images, there are no notable distinctions in the structure.
However, the BET surface area, discussed in the next section,
depicts a different picture.

The elemental composition of the char at the different
pyrolysis temperatures was compared with that of the
feedstock biomass, as shown in Figure 6. Notably, in all
biochar samples, nitrogen content was significantly higher
compared to other elements. Nitrogen values ranged from 30
to 59%. It is important to note that carbon, which serves as an
adhesive material, and gold, utilized as a coating material, are
intentionally excluded from the EDS analysis, to confirm the
accurateness of the results. The second major element detected
in all samples was chlorine (Cl), followed by the presence of
several minor elements, for instance, Mg, Na, _Si, _Ca, _K,
_and O. The presence of salts, potentially including sodium

u Co-feed biomass ~ ®Biochar @ 400 C

Macro Elements EDX (wt. %)

[¢]

Si Ca Na Cl N K

Figure 6. EDX elemental composition (normalized mass %) analysis
of co-feed biomass and biochar produced at 400, 500, and 600 °C.

chloride (NaCl), magnesium chloride (MgCl), and calcium
chloride (CaCl,), is expected to be introduced by the saline
irrigation water.

Proximate and elemental analyses were performed on the
biochar samples and compared to the feedstock and reported
literature as shown in Table 4. As expected, the findings
indicate that as the temperature of pyrolysis increases, the
moisture and volatile content drops. This decrease can be
recognized to the discharge of moisture and volatiles, resulting
in an increased concentration of ash and carbon through
carbonization. The ashes and its features show a crucial part in
determining the potential uses of biochar, such as its use as a
solid fuel, soil remediation agent, water treatment medium, or
catalyst. All feedstocks demonstrated a linear rise in the ash
content as the temperature increased. The elemental analysis
of _C,_H, N, _S,and _O contents, along with FC and the
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Table 4. Proximate and Elemental Analysis of the PCM Produced by Co-Feeding at 400, 500, and 600 °C in Comparison to

Literature Data for Pure Feedstocks

co-feed (this study)

date palm®®

22 - . 41
date palm waste salicornia

400 °C 500 °C 600 °C 400 °C 500 °C 600 °C 550 °C seed 550 °C seedless plant 550 °C

Proximate Analysis

moisture (%) 5.67 552 3.65 3.13 2.96 335 243 3.89 171

volatiles (%) 24.12 14.73 10.61 20.25 9.31 6.85 22.71 40.9 16.42

fixed carbon (%) 30.12 34.63 38.12 63.41 71 72.44 64.77 20.54 39.96

ash % 40.09 45.12 47.62 16.34 19.68 20.71 10.09 34.67 4191
Ultimate Analysis

C (%) 39.77 39.88 42.08 66.87 72.3 72.89 53.26 49.61

H (%) 1.58 125 0.81 3.54 211 1.74 3.94 2.89

N (%) 1.08 1.03 0.96 045 0.42 0.39 235 039

S (%) 0.15 0.18 0.21 1.36 1.02 0.98

0 (%) 17.34 12.55 832 11.44 45 328 578 5.61

H/C 0.48 0.38 0.23 0.63 0.35 0.28 0.89 0.71

Table 5. Co-Pyrolized PCM HHYV, Surface Area (BET), Acidity, Salinity, and Conductivity at 400, 500, and 600 °C

as2

co-feed (this study) salicornia®’ date palm
400 °C 500 °C 600 °C seed 550 °C seedless 550 °C 400 °C 500 °C 600 °C
HHV (M]/kg) 16.8 17.2 16.3 225 16.6 24"
BET (m’/kg) 4.64 6.5 7.69
acidity (pH) 9.37 9.73 10.69 7.46 11.27 822 8.40 8.75
salinity (ppt) 28 3074 29.85 2541 29.65
conductivity (mS/cm) 43.16 47.20 45.85 34.52 45.67 6.67 7.53 8.07

“Date palm tree residue, comprising frond midrib and frond base, was subjected to pyrolysis in a stainless-steel container within an electric muffle

furnace for 4 h to produce biochar. bAuger reactor, Biochar at 525 °C."”

H/C ratio, provides insights into the affect of pyrolysis
temperature on the biochar characteristics. The observed trend
indicates a systematic alteration in the elemental composition
of the char with increasing the pyrolysis temperature.
Specifically, the H, O, and N contents exhibited a decreasing
trend as the pyrolysis temperature increased. This phenomen-
on is attributed to the removal of oxygen and hydrogen-
containing surface functional groups through dehydration.”
The sulfur content was generally low across all samples, with
values ranging from 0.15 to 0.35%. Conversely, the C content
in the biochar increased with escalating pyrolysis temperature,
rising from 33.67% in the feedstock to 39.77—42.08% in the
biochar samples. As shown in Table 4, the C content in the
biochar samples is less than 50% for the co-feed; therefore,
according to the European Biochar Certificate (EBC)
guidelines, this shall be referred to as pyrogenic carbonaceous
material (PCM) in the rest of this paper. The observed rise in
carbon content after pyrolysis reflects the transformation of
feedstock into more carbon-rich structures.*®*’~* This also
increases the PCM stability and benefits carbon sequestration
and soil amendment. Similarly, the observed reduction in
oxygen and hydrogen contents further enhances the stability,
as the removal of these elements implies a drop in labile
functional groups and a rise in aromatic carbon structures.”
The HHV, pH, and surface area (BET analysis) of the co-
feed PCM at three different temperatures are shown in Table
S. The HHV was 16.8, 17.2, and 16.3 M]/kg at 400, 500, and
600 °C, correspondingly. The HHV of the PCM exceeded that
of the feedstock reported in Table 3, which has an HHV of
14.93 MJ/kg. The potential application of PCM for energy
generation largely depends on its HHV."” The process of
pyrolysis enhances the carbon concentration in biochar,
thereby increasing its HHV. However, in cases where the

24089

feedstock contains excessive ash, the HHV of the resulting
PCM decreases, reducing its potential as a solid fuel. However,
PCM can offer significant value as a soil modification,
particularly in improving the fertility of poor soils. The ash
content serves as a source of essential nutritional elements for
plant growth and reproduction, such as _P, K, _Ca, and_Na.
The BET analysis reveals that the surface area of the PCM
expands as the temperature rises. These results align with
previous studies, where it is reported that higher pyrolysis
temperature enhanced the PCM pore size and specific surface
area while reducing the PCM yield>>>' The PCM acidity,
salinity, and electrical conductivity are crucial parameters that
prompt potential applications of PCM as a soil amendment
and its ability to adjust the pH level in soils. The evaluation of
these interrelated properties provides valuable insights into the
effectiveness of PCM in agricultural and environmental
contexts. The pH levels of PCM are crucial in assessing its
appropriateness for various soil compositions. The pH and
salinity of the PCM demonstrate an increase in pH after
undergoing pyrolysis at various temperatures (Table S). The
pH values measured were 9.37, 9.73, and 10.69 at 400, 500,
and 600 °C, respectively. This transformation can be attributed
to the breakdown of organic compounds during the pyrolysis
process, leading to the release of acidic components and the
concentration of ash, which consists of metallic compounds.
The increase in alkalinity of PCM after pyrolysis has been well-
documented in the literature.”* This change is noteworthy
because alkaline PCM can influence soil quality either
positively or negatively depending on the circumstances.
Salinity refers to the concentration of salts present in the
PCM. The concentrations of salinity and electrical conductivity
increased with increasing temperature of pyrolysis, indicating
an increased salt content in the PCM, leading to enhanced ion

https://doi.org/10.1021/acsomega.4c02972
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Figure 7. Stability in terms of H/C and O/C molar ratios and fixed carbon.

date palm waste and Salicornia at 400, S00 and 600 °C.

The data represent the feedstock and PCM produced from co-feed of

exchange and greater conductivity. Consequently, the con-
ductivity of the soil can increase when PCM is applied,
facilitating the movement of nutrients and ions, which can
benefit plant growth. However, it is crucial to exercise caution
when using this PCM in soil that is saline by nature. Prolonged
application of PCM with elevated salinity can potentially result
in soil contamination with heavy metals and extreme salt
accumulation. This is particularly relevant in sandy desert
areas, where the soil is already naturally high in pH and rich in
minerals. In such environments, an excessive rise in salinity
over time can hinder plant growth and negatively impact soil
health. Furthermore, the arid conditions of deserts pose
additional challenges with regard to soil leaching. With limited
rainfall and high temperatures, leaching of excess salts from the
soil becomes minimal, ans exacerbating the potential risks
associated with the PCM-induced salinity increases. Therefore,
careful consideration should be given to the specific soil
conditions and environmental factors before implementing
PCM as a soil amendment, particularly in regions susceptible
to salinity and low leaching rates.

3.4.2. Stability and Carbon Capture Potentials. The molar
ratio of H/C and O/C serves as an indicator of PCM stability,
with the European Biochar Certificate (EBC) establishing
thresholds of H/C < 0.7° and O/C < 0.4 for stability.
Another metric for assessing stability is the fixed carbon
content, which reflects the degree of carbonization and the
potential for long-term carbon sequestration.”” In the data
presented in Figure 7, PCM produced from co-feed processes
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at 400, 500, and 600 °C consistently falls within the stability
thresholds set by IBI and EBC. Increasing pyrolysis temper-
ature correlates with increased PCM stability, as evidenced by
lower H/C and O/C ratios (e.g., co-feed biochar at 600 °C
(H/C = 023, O/C = 0.15)) and higher fixed carbon
percentages (38.12%). Comparatively, the feedstocks exhibit
instability, characterized by O/C ratios exceeding 0.4 and H/C
ratios surpassing 0.6, along with limited fixed carbon; however,
the co-feed PCM demonstrates stability suitable for long-term
carbon sequestration, indicating its potential superiority over
individual biomass usage. The stability of PCM is positively
associated with its fixed carbon content, as demonstrated by
comparison with pure biomass samples. Overall, pyrolysis
shifts original biomass toward the lower left corner of the
stability plot, aligning with IBI and EBC guidelines.

3.5. Bio-Qil (Organic Phase) Properties. 3.5.1. Bio-Oil
Chemical Composition. The organic composition of the
resulting heavy-phase bio-oil was determined by utilizing a
GC/MS system. The findings are presented as a percentage of
the total area for the detected compounds as shown in Table 6
for the main ten compounds (the full list of compounds is
shown in Tables S1—S3). At 400 °C, notable compounds
include (1,4,4-trimethyl-cyclohex-2-enyl)-acetic acid, phenol,
and 4-tetradecene, constituting 5.44, 4.92, and 4.22% of the
bio-oil, respectively. As the temperature rises to 500 °C, a shift
in the composition is observed, with 1-tetradecene, cetene, and
3-cyclopropenoic acid,1-butyl, methyl ester emerging as
predominant components, accounting for 12.09, 7.07, and
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Table 6. GCMS Compounds Name List of Bio-Oil Produced
at 400, 500, and 600 °C

area

6.16% of the bio-oil, respectively. Additionally, compounds like
n-tetracosanol-1 and 1-tridecene show significant presence at
this temperature. At the highest temperature of 600 °C, the
composition further evolves, with 1-pentadecene, 3-tetrade-
cene, and methanesulfinylbenzene being prominent, making up
4.95, 444, and 4.22% of the bio-oil, respectively. Notably,
certain compounds, such as phenol, 2,2’-methylenebis[6-(1,1-
dimethylethyl)-4-methyl-], appear consistently across different
temperature regimes, albeit at varying proportions. These
findings underscore the temperature-dependent nature of bio-
oil composition during pyrolysis and highlight the potential for
tailored production of bio-oil with desired chemical profiles.
The results depict a composition rich in both saturated and
unsaturated hydrocarbons. Saturated hydrocarbons consist of
carbon atoms bonded by single bonds such as alkanes.
Unsaturated hydrocarbons, on the other hand, contain at
least one double or triple carbon—carbon bond, such as in
alkenes and alkynes.””*° Based on the detected compounds,
the composition of the bio-oil is grouped as shown in Figure 8.
The saturated and unsaturated hydrocarbons varying in
concentration between 25 and 36% in terms of area
percentage. The selectivity toward these hydrocarbons
exhibited a pattern of 35.3% at 500 °C > 33.03% at 600 °C
> 25.5% at 400 °C. During the process, the decarboxylation of
carboxylic acids occurred, resulting in the generation of CO,,
alongside a significant presence of ester hydrocarbons. The
selectivity toward ester hydrocarbons decreased from 24.2% at
400 °C to 15.07% at 600 °C, possibly attributed to cracking at
higher temperatures, causing volatiles to convert into NCG
gases such as CO, and lighter hydrocarbons. The presence of
proteins in the material influenced the generation of diverse
nitrogen-containing compounds. Amino acids, constituting
proteins, contributed to the creation of nitrogen-containing
heterocyclic chemicals such as cyano/nitriles and amines/
amides. The selectivity toward N-aromatic compounds peaked
at 600 °C (7.1%), followed by 6.54% at 500 °C and 3.62% at
400 °C, attributed to increased cyclization and aromatization
reactions at higher pyrolysis temperatures. A comparable
pattern was previously noted and documented by Kuttiyathil et

compound name (%)

400 °C Bio-Oil
(1,4,4-trimethyl-cyclohex-2-enyl)-acetic acid S.44
phenol, 2,6-dimethoxy- 4.92
4-tetradecene, (Z)- 422
carbamic acid, (3-methylphenyl)-, 3.51

3-[(methoxycarbonyl)amino phenyl ester

1-tetradecene 3.31
2-propenal, 3-(2-nitrophenyl)- 3.01
phenol 2.86
mandelic acid 2.67
1-heptacosanol 2.6
hexatriacontane 2.53

500 °C Bio-Oil
1-tetradecene 12.09
cetene 7.07
3-cyclopropenoic acid,1-butyl, methyl ester 6.16
n-tetracosanol-1 5.66
carbamic acid, phenyl ester 542
1-tridecene 5.36
dodecane, 1-chloro- 4.56
4H-1,2,4-triazole-4-amine, N-[(2-nitrophenyl)methylene]- 3.62
4-methyl-2-propyl-1-pentanol 3.61
phenol, 2,2"-methylenebis[6-(1,1-dimethylethyl)-4-methyl]- 2.73

600 °C Bio-Oil
1-pentadecene 4.95
3-tetradecene, (E)- 4.44
methanesulfinylbenzene 4.22
10-heneicosene (c,t) 3.36
1-tridecene 3.19
1-hexadecanol 3.04
octadecane, 1-(ethenyloxy)- 3
benzene, 4-methyl-1,2-dinitro- 247
phenol, 2,2"-methylenebis[6-(1,1-dimethylethyl)-4-methyl]- 228
heneicosanoic acid, methyl ester 2.13

400 °C 500 °C
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Figure 8. Chemical composition of co-feed heavy-phase bio-oil produced at 400, S00 and 600 °C.
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al.>” The existence of cellulose fiber and hemicellulose in the
biomass led to the production of low-molecular-weight
carbonyl compounds, such as aldehydes and ketones.
Secondary reactions and the transformation of levoglucosan
resulted in additional low-molecular-weight oxygenates and
noncondensable gases, favored by the pyrolysis temperatures
and vapor residence times. The bio-oil demonstrated selectivity
of 9.01, 2.95, and 2.76% toward furan derivatives at 400, 500,
and 600 °C, correspondingly. Ketone molecules identified in
the bio-oil were mainly 2-cyclopenten-1-one structures, which
are common byproducts of cellulose and hemicellulose
pyrolysis. The concentration of ketones decreased with
increasing temperatures, aligning with prior findings from the
literature.”®

Phenolic chemicals detected in the bio-oil are primarily
sourced from lignin, a biopolymer composed of phenyl-
propanoid monomers linked via C—O and C—C linkages. The
selectivity toward phenolics decreased with increasing temper-
ature: 10.84% at 400 °C > 3.25% at 500 °C < 3.36% at 600 °C.
The phenols produced from the pyrolysis of phenylalanine and
other amino acids included phenol and 2,6-dimethoxy-phenol.
Phenolics are also responsible for synthesizing aromatic
hydrocarbons through deoxygenation. Pyrolysis typically
results in bio-oil with high oxygen content due to various
oxygenated compounds like aldehydes, ketones, acids, and
phenolics present during the process. However, the existence
of these oxygenated compounds can lead to bio-oil instability
and engine corrosion, reducing the attractiveness of bio-oil as a
fuel. The bio-oil also had high-water content and extreme
acidity, which could cause corrosion and instability during
storage and emissions of nitrogen oxides (NO,) after burning.
To utilize crude bio-oil as a feedstock for transportation fuel, it
would be necessary to remove these oxygenated and
nitrogenated species. Conversely, the compounds identified
as most abundant in the bio-oil has the potential to act as
antioxidants, potentially minimizing reactive oxygen. These
compounds might serve as antioxidants in the bio-oil itself or
when blended with biodiesel to enhance stability. Moreover,
these chemicals could be isolated and utilized commercially as
antioxidants in various biolubricants.

3.5.2. Pyrolysis Liquid HHV and Acidity. The HHV of the
co-feed pyrolysis liquid (organic phase bio-oil and aqueous
phases) is presented in Table 7. The results were 32.29 36.29,

Table 7. Co-Feed Pyrolysis Liquid (Organic and Aqueous
Phases) HHV and Acidity Produced at 400, 500, and 600 °C

this study salicornia*'“
seed seedless
400 °C 500 °C 600 °C 550 °C 550 °C
HHV (organic phase) 32.29 36.29 33.73 24.89 29.28
(M)/kg)
pH (organic Phase) 4.17 3.76 4.39 8.5 5.2
pH (aqueous Phase) 3.44 3.73 4.18 9.6 4.9

“Auger reactor.

and 33.73 MJ/kg at 400, 500, and 600 °C, correspondingly.
These values are within the high range compared with bio-oil
produced from woody feedstocks. Moreover, the obtained
results were higher than the reported HHV for bio-oil for pure
date palm waste bio-oil (20.88 MJ/kg at 550 °C) and from
Salicornia seed and seedless plant bio-oil samples produced at
550 °C (24.9 and 29.3 MJ/kg, correspondingly). These

findings indicate that the co-feed mixture yields bio-oil with
higher HHV content than pure feedstock. This highlights the
advantage of combining different biomass sources to optimize
the HHV of the final bio-oil. The acidity of the bio-oils
generated through pyrolysis is observed to vary with the
temperature changes. Bio-oils from date palm and seedless
Salicornia exhibit acidity, typical of acidic substances.'”
However, the presence of seeds contributes to increased
alkalinity compared with pure date palm. The acidity levels are
notably low for heavy and aqueous phases in the co-feed bio-
oil. In contrast, bio-oils from S. bigelovii seedless, date palm
waste, and other lignocellulosic biomass are acidic with a pH
below 6, similar to values reported in the literature for bio-oils
from woody biomass or general agricultural waste.'””**' Due
to their lipid-rich nature, Salicornia seeds produce bio-oils with
a pH equal to or greater than 6. The aqueous phases of the
co-feed bio-oils have a high-water content of approximately
71—=72%. At the highest temperature 600 °C, the pH of the
heavy and light phases bio-oil recorded the highest values of
4.39 and 4.18, respectively. However, bio-oils directly obtained
from pyrolysis may be difficult to use as fuels and therefore lack
significant commercial value without additional improvement.
This is attributed to their high oxygen content, poor stability,
and corrosivity. The challenge with bio-oils from lignocellu-
losic biomass lies in their complex composition, comprising
aldehydes, aliphatic, ketones, aromatic alcohols, carboxylic
acids, ethers, and phenolic derivatives. Addressing these
challenges necessitates the ex situ removal of oxygen through
processes such as hydro-deoxygenation, alongside mechanistic
pathways involving hydrocracking and hydro-isomerization
reactions.”

4. CONCLUSIONS

This research introduces the first experimental analysis of the
co-feed pyrolysis of date palm waste and S. Bigelovii within the
temperature range of 400—600 °C. Both types of feedstocks
are classified under halophyte plants and are expected to
significantly contribute to advancing bioenergy development in
xeric regions. The quality of the feedstocks and pyrolysis
product distribution were compared to the pure feedstock
cases. The impact of the pyrolysis temperature was found to
follow the classic trend reported in the pyrolysis literature,
where the PCM decreases, while the gas increases with
increasing pyrolysis temperatures. The co-feed produced
moderate bio-oil yield (~19.9 mass%) with high calorific
value (average HHV = 34.1 MJ/kg). The hydrogen in the
NCG increased significantly with temperature, leading to a
substantial increase in the NCG HHV (24.12 MJ/kg at 600
°C), influenced by the increased ash catalytic effect at high
temperature. The PCM produced from within the temperature
range of 400—600 °C has an average HHV of 16.7 MJ/kg and
an average acidity of pH = 9.93. The PCM has also been found
to be high in ash due to the nature of the feedstock. This PCM
may find better application as a soil amendment; however, the
long-term impact of such an alkaline and high ash PCM in
naturally alkaline soil, such as in xeric soil, should be treated
with caution. Moreover, increased pyrolysis temperature is
confirmed to enhance the PCM stability, as evidenced by low
H/C and O/C molar ratios and increased fixed carbon
percentages, aligning with EBC and IBI guidelines and
suggesting the superiority of co-feed PCM over individual
biomass usage. Finally, these findings demonstrate the
potential of co-feeding date palm waste with S. biggilovii as a

https://doi.org/10.1021/acsomega.4c02972
ACS Omega 2024, 9, 24082—-24094


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

sustainable method for waste management while producing
renewable energy and PCM. Moreover, while the potential of
co-pyrolysis for sustainable energy and soil enhancement is
promising, further research into the potential toxicological
impacts of PCM as a soil amendment is essential to ensure its
safe and effective utilization.
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