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Abstract

Climate change, global warming, and rise in water levels are environmental problems caused by the high emissions of
greenhouse gases, and the most harmed one is carbon dioxide. Biochar is a material produced by thermochemical conversions
with oxygen-depleted conditions of organic materials, and this process calls pyrolysis. Recently, it has been evaluated as a carbon
dioxide capture, and its porous structure, structural properties, and production methods are easy. Al Ghaf (Prosopis cineraria)
tree is one of the United Arab Emirates’ national trees with a wide range of intriguing properties, including high nutritional
value, medicinal/pharmaceutical potential, and biosorption. This paper focuses on the biochar synthesized from three parts of the
Al Ghaf tree: leaves, roots, and branches, to determine which part can achieve the maximum carbon dioxide capture. The ability
of the produced biochar to capture carbon dioxide was tested through direct gas—solid interaction inside an integrated fluidized
bed reactor. The carbon dioxide adsorption capacity was expressed by two methods related to (a) the loaded biochar mass and
(b) the total amount of carbon dioxide fed to the reactor. The carbon dioxide adsorption capacity results concerning the loaded
mass were 6.88%, 5.50%, and 3.63% for leaves, roots, and branches, respectively. At the same time, the results based on the
total amount of carbon dioxide fed were 65.5%, 58.7%, and 37.7% for leaves, roots, and branches, respectively. Such results
were confirmed by the physicochemical characteristics of the synthesized biochar using Scanning Electron Microscopy with
Energy Dispersive X-ray Analysis, Thermogravimetric analysis (TGA), and X-ray diffraction analysis. Al Ghaf tree requires
further study and inquiry to identify the most appropriate applications.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Carbon dioxide is one of the greenhouse gases emitted by human activities. According to NASA’s Jet Propulsion

Laboratory, human activities have increased CO, concentration in the atmosphere by 48% since 1850 [1]. Currently,
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36 billion tonnes of carbon dioxide are released into the atmosphere yearly, but at a much lower rate than before [2].
This increased CO; emission is a projection of the earth’s climate change or global warming [3]. People have started
to step beyond this serious problem, and some CO, capture projects are being taken to decrease emissions [4].
Biochar is one of the carbon dioxide capture techniques with an adsorption capacity of carbon dioxide. In addition,
it is a solid product of biomass from oxygen-absent or oxygen-limited pyrolysis, and its applications can significantly
contribute to carbon sequestration [5]. It is a low-cost material due to its sources: plant waste, food waste, and other
types of waste [6]. Many studies shall test all major factors affecting adsorption capacity [7,8]. Carbon dioxide
adsorption capacity depends on the feedstock type [9,10], where each has its particular feature to host and let CO,
molecules attach to the available active site on the biochar.

Al Ghaf is one evergreen tree that lives in arid regions [11] and lives above 120 years. It can be found in the desert
in deserts in Asia, mainly in the Arabian Peninsula and semi-arid regions of the Indian sub-continent with “Khejri”
and “Janadi” (local name in India), “Jand” (local name in Pakistan) [12,13]. Al Ghaf is classified as a leguminous
tree, described as “evergreen”. After all, it appears green all seasons of the year and is “drought-tolerant” because
it can survive in a difficult, harsh climate with scarce rainfall in the desert environment (Fig. 1a). The well-known
example of Al Ghaf has been in Bahrain for 400 years, called their “Tree of Life”, and it is still growing in the
desert without apparent water sources [11,14]. Another feature of this distinguished tree is its extra tolerance to
high salinity irrigation levels of up to 4500 ppm [15,16]. Their roots can grow as deep as 30 meters to access
groundwater, and then its presence is an indicator of the presence of underground water [11,14,15].

YEAR OF TOLERANCE

(b)

Fig. 1. (a) Al Ghaf tree growing in the UAE desert, (b) The symbol of “Year of Tolerance” in UAE.

In the United Arab Emirates (UAE) heritage, the Al Ghaf tree has a particular consideration in the lives of tribes.
Officially, it was declared in 2008 as the national tree of the UAE [11,16,17], while in 2019, the Year of Tolerance,
it was chosen to give a bright symbol for peace (Fig. 1b), steadfastness, and coexistence in the UAE [11,17,18].

There have been few studies on the Ghaf tree and its environmental benefits. This tree can be used to make
biochar, and it may produce good results, reducing carbon dioxide emissions in the UAE. This research aims to
assess the carbon dioxide adsorption capacity of Al Ghaf tree sections, specifically the leaves, roots, and branches,
which store the most carbon. Biochar samples were also examined for their chemical, physical, and morphological
properties to understand better Al Ghaf tree’s features and major components.

2. Materials and methodology

The three parts of the Al Ghaf tree: leaves, roots, and branches Al Ghaf samples were obtained from a local
house garden in Abu Dhabi, UAE. Around 500 g from each sample were separated, washed, and then left to dry
under the sun for 48 h, as shown in Fig. 2. Dried samples lost their initial mass and became 400 g. These dried
samples were grounded using a grinder, then sieved to get an average size of 300 um. Then, the samples were
placed in a furnace to proceed with the pyrolysis process at 300 °C with a retention time of 10 °C/min for a heating
time of 120 min without oxygen.
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Fig. 2. Al Ghaf samples (a) branches, (b) roots, and (c) leaves while drying under the sunlight.

Pyrolysis parameters, i.e., temperature, heating, and retention times, are important because they determine the
biochar yield and properties. With high-temperature organic matter, nitrogen, Ca, and Mg in biochar’s decreased
whereas the total carbon and phosphorus increased. Low retention times cause an increase in the biochar yield.
Longer heating times (120 min) resulted high average biochar yield.

Different tests were done on these biochar samples to determine more properties of this tree and its parts
by Scanning Electron Microscope (SEM), X-ray Diffraction (XRD), Energy Dispersive X-ray Analysis (EDX),
Thermogravimetric Analysis (TGA), and the dissolution test. Furthermore, the same tests were applied to samples
after exposure to CO, for comparison purposes.

CO, exposure to these samples occurred in a fluidized bed reactor (FBR). The outlet stream was attached with a
CO, gas analyzer to determine CO, capture. FBR [10,19] has a cylindrical reactor with 8 cm diameter and 100 cm
length. Each sample weight 80 g and was uploaded one at a time at room temperature (22-25 °C). The measured
height of the uploaded solid particles inside the reactor was 4.8 cm. Due to technical operations, the flow rate was
2.8 L/min for the leaves sample but reduced to 1.5 L/min for the roots and 1.8 L/min for the branches samples.
The supplied gas source was a 10% CO, and 90% air gas cylinder mixture. The use of this fluidization method
to determine the capacity of CO, capture is restricted to carefully adjusting its affecting parameters such as the
amount of uploaded solid particles, average particle size, and flow rate.

3. Results and discussion

The dissolving test, which measures pH, TDS, and conductivity of the resulting solution, was performed on these
samples using a ratio of 1 g of biochar to 10 ml of deionized water for the first test. This test measures the acidity
and alkalinity of the solution and its electrolyte content, as summarized in Table 1. Both branches and roots biochar
have values close to each other with a neutral pH medium of approximately 7, while a little bit reduced to 6.3
pH value for leaves biochar. Such difference is due to the presence of mineral substances that causes around the
doubled increase of TDS and conductivity with 1700 ppm and about 2300 uS, respectively.

Table 1. Results of dissolution test.

Sample TDS [ppm] Conductivity [uS] pH
Leaves biochar 1700 2317 6.3
Roots biochar 800 1141 7.1
Branches biochar 908 1287 7.4

The biochar’s thermal breakdown and devolatilization characteristics were studied using thermogravimetric
(TGA) and derivative thermogravimetric (DTG) analysis. DTG test was adjusted to increase the temperature from 25
to 880 °C with a heating rate of 10 °C/min. Fig. 3a & b indicated that the thermal decomposition was approximately
complete below 500 °C, and the major decomposition has the largest peak with a range (230-530 °C). The DTG
curves revealed three degradation phases, as presented in Fig. 3b. The first phase has a weight loss classified by
the volatilization of the water content and volatile organic compounds. The largest weight loss occurred between
300 °C and 530 °C, depending on the type of biochar. In this temperature range, the hemicelluloses and cellulose
were decomposed. For each biochar, Hemicellulose decomposes between 160 and 360 °C, and cellulose decomposes
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Fig. 3. (a) TGA and (b) DTG curves of the three biochar types.
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Fig. 4. XRD data of biochar synthesized from Al Ghaf leaves, branches, and roots.

between 240 and 390 °C. The decomposition temperature range of lignin is wider and higher, i.e., between 250 and
700 °C [20,21]. During the decomposition of the three components, they overlap and can therefore be considered
pseudo-components. The third phase has additional weight loss, which the decomposition of complex lignin can
explain. Again, TGA data showed that branches and roots biochar have very close properties while leaves biochar
has a significant difference.

Compatible observations of TGA data can be noted by investigating the XRD data, shown in Fig. 4, where the
lignin trend is noticed by the very similar trend of both branches and roots biochar. Sharp peaks are noted for the
leaves’ biochar trend line. Generally noting that the major substances in these samples are: lignin, cellulose, and
hemicellulose, and they have their corresponding 2@ angle. Nevertheless, sometimes these values shift when some
fraction of these substances or different crystallinity exists. For example, amorphous cellulose at 18.5° can be shifted
to 16.5° or 20.5° depending on the presence of other substances and their fraction [10,21-25]. Other sharpest peaks
at 35.2° and 38.9° [21,25] recorded to the leaves biochar indicate that it has a richer amount of different cellulose
crystallinity than the amount found in branches and roots biochar. Both branches and roots showed higher thermal
stability in their TGA curves due to the higher amounts of amorphous lignin that degrade at relatively higher
temperatures than cellulose and hemicellulose.

Exposure of CO, to these biochar types was achieved in the fluidized bed reactor (FBR), where the constant
concentration of CO, gas source is supplied, and its pressure and flow rate are controlled. The measurements of
CO, concentration at the output stream were recorded manually at each specific time. These measurements are
the concentration of CO, that leaves the reactor unreacted. By subtracting these values from the initial constant
concentration of the CO, gas mixture supply, which is 10% (v/v), the amount of the reacted (captured/consumed)
CO; during the interaction with the biochar loaded in the (FBR) can be calculated. Fig. 5a, b & ¢ show the trend
of CO, consumed (calculated) for each biochar (blue color), which are obtained from the recorded data (red color).
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Table 2. Obtained gas analyzer measurements results.

Sample Exposure time to CO, Total amount of CO, fed kg CO, consumed CO; consumed per
CO; [min] consumed [g] to the reactor during the  per kg uploaded total CO; fed to the
exposure time [g] biochar [%] biochar [%]
Leaves biochar 15 5.5 8.4 6.88 65.5
Roots biochar 25 44 7.5 5.50 58.7
Branches biochar 22 29 7.7 3.63 37.7
CO2 consumed
[g/min]
a €02 Consumed €02 Consumed
ol {e/min) b (8/min]
030 \ YY) b —~ c
- ™ \\ o N S
\ b \
”‘ % - \ - \
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Fig. 5. Data of gas analyzer for CO, captured by (a) branches biochar (b) leaves biochar and (c) roots biochar. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

“Fast process” is the initial conclusion of these plots. It took 15-25 min, summarized in Table 2, for the gas analyzer
readings to reach the value of the initial CO, supplied concentration, and then the end of the experiment, stopped
CO, flowing. The simple unit conversion factor, including the flow rate and the density of CO,, was done to get
them into the unit [g of CO, consumed/min].

Consequently, the total CO, consumed can be easily calculated by calculating the area under the curve technique,
done by “Graph” software. Table 2 summarizes the two methods of illustrating CO, capture. First, in various
references to the unit, kg of CO, captured per kg of the biochar loaded in the reactor is commonly stated. Such
values, 6.88% for leaves biochar, 5.5% for roots biochar, and 3.63% for branches biochar, are relatively low
compared with reported values of another biochar, palm leaf biochar [10], which had a value of 9.0% at the
same pyrolysis conditions. Furthermore, investigation in the published results of other biochar types found that
the maximum capacity of CO, adsorbed by Al Ghaf was found for leaves biochar, 6.8% is within the range of
biochar derived from P. nigra wood (4.9%), hickory wood (6.1%) and sugar cane bagasse (7.3%) [26].

Further comparison of CO, capture ability can be obtained by expressing the captured carbon dioxide as a
percentage of total carbon dioxide fed to the experiment during the exposure time. This demonstrates the biochar’s
ability to adsorb CO, and allows a direct comparison of Al Ghaf biochar’s types. As mentioned in Table 2, the
values were 65.5% for leaves biochar, 58.7% for roots biochar, and 37.7% for branches biochar. It indicates that
leaves biochar and roots biochar can adsorb more than half the amount of CO, entered into the reactor. In contrast,
branches biochar can adsorb up to one-third of the total amount of CO, fed, confirmed by results of TGA, XRD,
and images obtained by SEM.

Scanning Electron Microscope-Energy Dispersive X-ray spectroscopy (SEM-EDX) was applied to analyze
biochars’ chemical and structural properties. Fig. 6(a), (b), and (c) are images of branches, leaves, and roots biochar,
respectively, before the exposure to CO2, while (d), (e), and (f) are for the same order after CO2 exposure. They
show the structure of each biochar, including fibers and pores. The most interesting observation was the presence of
some mineral carbonates and small white dots in (d), (e), and (f) images. This notice’s expectation can be because of
calcium and magnesium in the Al Ghaf tree, which is larger than that in spinach and lettuce [27]. Thus, expanding
on that initial information is worthwhile by performing more experiments and tests on this intriguing tree.

The EDX analysis of the SEM was used for determining the elemental content of the C and O content as
major elements of the produced biochar. Several dots and areas were analyzed for each biochar. Fig. 7 presents the
obtained results showing a high consistency between the O/C Atomic ratio and the capacity of CO, adsorbed by
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SEMHV: 200KV |
SEM MAG: 1.00 kx |

Fig. 6. SEM images of Al Ghaf (a) branches (b) leaves (c) roots biochar before exposure to CO,, (d), (e), and (f) are of Al Ghaf branches,
leaves, and roots biochar after exposure to CO;.

the biochar of Al Ghaf leaves, roots, and branches. The O/C atomic ratio was 0.43, 0.40, and 0.35 for leaves, roots,
and branches, respectively, which is proportionate with the carbon dioxide adsorption capacity of 6.88%, 5.50%,
and 3.63% for leaves, roots, and branches, respectively.

Two expressions of CO, adsorption capacity were presented, showing the most commonly used by relating the
amount of adsorbed CO; to the mass of the adsorbent biochar. It showed a significant capacity of Al Ghaf leaves
biochar to CO2 adsorption capacity with the value of 6.8%, which exceeds the capacities of other plants’ biochars.
It is reported that the biochars of rice husk, Coconut shells, Carrot peels, wheat flour, and vine shoots showed
adsorption capacities of 6.24, 6.04, 5.64, 5.7, 6.08%, respectively [28-31].

The second expression relates the amount of CO, captured to the total amount of CO, fed to the reactor during
the exposure time. Its calculated results confirmed the advantage of Al Ghaf leaves biochar with a value of 65.5%.
Some amendments can be done to improve carbon dioxide’s future biochar adsorption capacity. Other pyrolysis
conditions may affect carbon dioxide capture. Samples must be compared with the dried so the difference will be
extra visible.

4. Conclusion and recommendations

Biochar deserves more attention to investigate and discover its precious features, mainly low expenses and
naturally available. This paper focuses on the national tree in the United Arab Emirates (UAE), available in the
Arabian Peninsula and semi-arid regions of the Indian subcontinent.

Three parts of Al Ghaf tree were chosen for the study: roots, branches, and leaves, and making biochar from
these parts by pyrolysis at 300 °C for two hours in oxygen absence. To better understand the Al Ghaf tree’s features
and major components, TGA and XRD tests were performed. They showed approximately identical properties for
branches and roots biochar but significantly different for leaves biochar. It has much amount of amorphous lignin
and complex crystallinity of cellulose. SEM images discovered the morphological structure of the biochar, and
it gave an interesting observation about the leaf’s biochar where some calcium and magnesium carbonate were
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Fig. 7. EDX analysis of Al Ghaf biochar (a) branches (b) leaves, and (c) roots.

scanned. Compared with the previously obtained results of CO, adsorption for other materials, Al Ghaf biochar
showed a significant superiority and higher efficiency.
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