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Abstract
Activated Carbon (AC) is a porous material widely utilized in energy storage, electromagnetic wave absorption and, among many other applications. 
Despite the economic and environmental benefits of recycling date palm leaves (Phoenix dactylifera L.) into AC, there is limited research on the 
characterization of AC produced via date palm leaves, particularly in pellet form. The study aims to evaluate the structure, mechanical and electrical 
properties of “Activated Carbon Pellets (ACPs)” derived from “Pre-Carbonized Date Palm Leaves (PCDPLs)” with varying concentrations of LiCl. 
The ACPs were ball-milled, treated with LiCl and pelletized before undergoing carbonization at 700 ℃. The resulting Activated Carbon Pellets 
(ACPs) were analyzed for particle size distribution, bulk density, Young’s Modulus (YM), crystallite dimension, Specific Surface Area (SSA) and 
Electrical Conductivity (EC). The percolation theory was applied to analyze YM data. Results indicated that YM increased with LiCl concentration, 
with the highest value observed at 1.2 M LiCl. The critical density for YM, determined using percolation theory, was 0.7 g/cm³. The ACPs exhibited 
SSA ranging from 1099.1 to 1545.8 m²/g and the EC varied from 0.531 and 0.642 × 10⁵ (Ohm’m)⁻¹, demonstrating a significant enhancement 
compared to untreated samples. In conclusion, LiCl activation, combined with controlled heating, significantly improves the physical and electrical 
properties of ACPs made from date palm leaves, with bulk density being a key factor in these improvements.
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Introduction
“Activated Carbon (AC)” is a type of absorbent substance widely 

manufactured in research laboratories. In addition to being an active component 
in double-layer capacitors [1,2], it is utilized for several other purposes, such 
as energy storage [3], effective electromagnetic wave absorption [4], water 
purification [5], greenhouse gas adsorption [6] toxic substance removal [7] and 
the uptake and removal of methylene blue [8]. The adsorptive capabilities of 
AC are attributed to its unique characteristics, which are utilized in a variety of 
liquid and gas phase applications [9].

AC can be prepared from carbonaceous materials by either a chemical 
or physical method. The chemical method involved an activation process with 
the suitable chemical agent in order to improve the pore-sized distribution on 
the surface, facilitating absorption capacity. Therefore, several carbon-rich 
substances have been examined to create AC with a large surface area, such 
as oil palm leaves [10] oil palm empty fruit bunches [11,12] olive stone [13] 
cellulose material [14] coconut shell [15] soybean dregs [16] and date palm 
leaves [ 17].

Furthermore, AC materials are usually synthesized as pellets, granules 
and powders. The pellet form is dense, chemically stable and uniform with 

fewer voids, which makes the characterization of physical, electrical properties 
and surface morphology easier. Electromechanical applications of carbon 
materials require excellent chemical stability, homogeneity, density and 
adequate contact points. Hence, measuring electrical and physical conductivity 
is essential. Consequently, multiple methods have been utilized to improve 
the characteristics of AC substances such as the pyrolysis mechanism [18,19] 
pelletizing pressure [15,20] and activation process [15,21,22].

The present study addresses the challenge of manufacturing AC via 
renewable resources with benefits including low cost, low ash and high carbon 
content. Date Palm Leaves (DPL) have been recognized as a promising 
precursor. Despite the possible economic benefits of recycling palm leaves into 
useful products as highlighted [23]. The Date Palm Leave (DPL) is classified as 
lignocellulose biomass, which is typically composed of cellulose, hemicellulose 
and lignin as the main products and the pyrolysis mechanism are reported 
elsewhere [24]. There is extensive research on chemical activation by KOH 
[15,25,26], K2CO4 [21,22] and H3PO4 [22,27] but is not much research on 
the detailed characterization of AC made from date palm leaves chemically 
activated with LiCl especially in the pellet form. The LiCl compound has been 
used in medical applications as well as the identification of mood-stabilized 
regulators [28], as bipolar disorder treatment [29] and as promoting the 
proliferation of neural stem cells [30]. Also, the physical properties of LiCl 
have been studied elsewhere [31]. Moreover, the structural, mechanical and 
electrical characteristics of AC as a function of activating agent concentration 
have not been extensively examined in prior research. This research aims to fill 
this gap by evaluating the structure, crystallite dimension, bulk density, Young's 
modulus, specific surface area and Electrical Conductivity (EC) of AC pellets 
made from DPL. The study utilizes a multistep heating profile to activate with 
LiCl and carbonized at 700 ℃ in a nitrogen environment in order to determine 
the Young's modulus and determine the critical density at which Young's 
modulus disappears by applying the percolation theory is subsequently 
applied to analyse the results. Moreover, the crystallite dimensions, correlation 
between crystallite dimensions and specific surface area and bulk density and, 
finally, electrical conductivity were investigated and the results were compared 
with data that had been previously published.
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Methodology

Sample preparation

The date palm leaves were first allowed to air dry for three weeks, 
then were crushed into smaller fragments. These fragments exhibited 
microstructural disturbance, shrinkage and weight loss after a 4-hour pre-
carbonization process. According to Abbas FM, et al. [32] the emission of 
volatile components and tar was the primary cause of the mean weight loss 
of nearly 31%. To improve their self-adhesive characteristics, the PCDPLs 
underwent ball milling for 20 hours to achieve a finely ground powder. The 
result of the particle size distribution of the fine grain powder is illustrated in 
Figure 1. The fine grain powder was then treated with different concentrations 
of LiCl (0-1.6) by Moles (M) in a separate glass container. After 16 hours of 
magnetic stirring, each mixture was dried for 4 hours at 100℃. After milling 
the dried mixture for 5 more hours, it was then sieved. In accordance with 
the method provided by Abdulrahman AE, et al. [15] utilizing a "Vulcan Box 
Furnace 3-1750", two grams of PCPLs were pelletized under a pressure of 15 
metric tons prior to carbonization “at 700℃ in a nitrogen atmosphere utilizing 
a multistep heating profile”. Subsequently, the system was allowed to gradually 
cool to room temperature. The carbon pellets were then thoroughly cleaned 
with hot distilled water to remove LiCl particles and impurities until a pH of 6 
was reached. Results were averaged from five replicates of each sample and 
analyzed based on the LiCl (M). A micrometer was utilized to measure the 
pellet's dimensions both before and after carbonization and the bulk density 
was measured.

“Young’s Modulus (YM)” of carbon pellets was measured utilizing 
“ultrasonic techniques”. The signal from the Ultrasonic pulsar receiver 
(Model 500 PR) was analyzed by PICO ADC 200 software for the 
calculation of longitudinal ultrasonic Velocity (v) and YM in the sample. 
The ultrasonic signal was standardized utilizing (Sigradur-K), a standard 
glassy carbon material. The one-dimensional form of the wave Equation is 
represented by YM as follows.

2YM Vρ=                                                                                              (1)

A threshold from percolation theory above the critical density (ρc) was 
utilized to examine the findings of YM data as [33].

~ ( ) t
cYM ρ ρ− 				                  (2)

Where ρc is the critical density,

Plotting logarithm YM against logarithm (ρ-ρc) (Equation 3) for densities 
(ρ) higher than ρc for many values of ρc always results in a linear relationship 
with slope (t) equal to 2 [34]

log ~ ( )cYM ρ ρ− 				                  (3)

Utilizing "Bruker Advanced Solution AXS D8 equipment working at 40 kV 
and 30 mA", the "X-ray Diffraction (XRD)" profiles of "Activated Carbon Pellets 
(ACPs)" were produced. The "Cu Kα X-ray radiation" applied had a wavelength 
(λ) of 1.5406 Å. “Pellets were scanned at 2θ angles with a step size of 0.04°”, 
encompassing a range of 10° to 80°. Corrections were made for instrumental 
broadening and background line intensity in the XRD data. Graphitic-like 
crystallite stacking height (Lc) was calculated with the "Trace 1.4 program 
from Diffraction Technology" by applying Bragg's Equation and Sherrier 
Equation. This program removes Kα2 peaks from diffraction patterns, 
smooths peak shape, subtracts background lines and adjusts individual 
peak intensities [17].

,
, cosc a

c a

kL λ
β θ

= 				                  (4)

Where “θ is the scattering angle position, l is the wavelength of X-ray 
diffraction, K is a shape factor which is equal to 0.9 for Lc and 1.84 for La and β 
c,a is the width of a reflection at half- height expressed in radians”.

Figure 1.  A) Raw PCDPLs, B) Palletization mold, C) PCDPLs pellets and D) ACP 
produced at 700 ℃.

The relationships between d002 and Lc can be deduced by assuming that 
for large Lc=1/Lc approaches zero, then d002 vs. 1/Lc should follow a linear 
relation as [15],

002 3.354
c

d
L
ϕ

= + 			                                  (5)

Where 3.354 is the d002 for the pure graphite structure and φ is the slope.

The amorphous content was estimated by the Richards BP [35] 
assumption as the interlayer spacing could be related to the probability that 
the nearest neighbor layer planes are ordered (p1) for turbostratic carbon by 
the following equation

002 0.3351 0.086(1 1)d p= + − 		                 (6)

Total probability=probability that the nearest neighbor ordered (crystal 
content) (P1) + probability that the nearest neighbor are disordered (amorphous 
content) (P2) =1 then the amorphous content (p2) can be given as:

2 11p p= − 					                   (7)

The Equation 6 given written as

002 0.0334 0.086 2d p= + 			                 (8)

The values of amorphous content was calculated manually as the following 
Equation:

002( 0.3354)2 100
(0.086)

dp =
= ×

The “Surface Area (SA)” of porous material can be estimated from the 
Bulkdensity (ρ) and Stack Height (Lc) of the graphitic-like structure have been 
proposed by Dresselhaus MS, et al. [36] and further used by the Arof AK, et al. 
[37] and Abdulrahman AE, et al. [15].

2

c

S
Lρ

 
=  
 

					                   (9)

DC “ Electrical Conductivity (EC)” was measured via “ four-point-probe 
equipment (Keithley Micro-Ohmmeter)” as:

dEC R
A

= 					                 (10)

Where “d is the sample thickness, R (Ohm) is the electric resistance and A 
is the area of the sample”. The accuracy of the data was subsequently verified 
via a graphite sheet as a reference standard.
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Results and Discussion

Particle size distribution of the PCDPLs

The particle size distribution of PCDPLs produced by the ball milling 
process for 20 hours is illustrated in Figure 2. The Figure exhibits a strong 
positive correlation between LiCl and YM, indicating that as the value of 
LiCl increases, so does the value of YM. The samples displayed different 
distributions, skewed towards the larger sizes of the following distribution: 6 
percent ›100 µm, 10 percent 43–50 µm, 40 percent ‹26.2 µm and 14 percent 
>16.3 µm Figure 4 showing most of the particle sizes were ‹50 µm.

Bulk density and Young's modulus
Table 1, shows the results of bulk density measurements, ranging from 

1.348 to 1.380 g/cm-3. The bulk densities of the ACPs increased rapidly from 0 
to 1.2M LiCl and then decreased thereafter. This suggests that a concentration 

of 1.2M LiCl yields the highest bulk density as compared to the other 
concentrations, which is significant for producing densely activated carbon 
pellets. The results determined that an increase in ρ values is accompanied 
by an increase in longitudinal (V), which contributes to changes in the YM of 
the ACPs produced.

Table 1 and Figure 3 determined that the YM of the ACPs increased 
minimally from “5.8 GPa to 10.7 GPa”, aligning with the YM of ACPs from 
the date palm leaves treated with KOH (5.35- 10.53) GPa as reported by 
Abdulrahman AE, et al. [15]. Additionally, the YM range for solid carbon pellets 
from DPL, prepared at various compression pressures(5 GPa-7.1 GPa), 
suggests that both KOH treatment and compression pressure have comparable 
effects [20]. This observation is consistent with our findings on the response of 
KOH concentration, suggesting a similar response to compression pressure. 
The highest YM value of 10.53 GPa was observed at a KOH concentration of 
0.25M, exhibiting that LiCl activation increases the mechanical performance 
of the grain powder and optimizes the activation process for palm leaf grain 
powders.

Percolation theory

Additionally, YM, as per percolation theory, was analyzed for ACPs with 
densities exceeding the critical density (ρ > ρc) by fitting Log YM vs. Log (ρ–ρc) 
as illustrated in Figure 4 and represented by Equation (2). The fitting process 
involved altering the values of ρc until achieving the best linear curve fit, 
resulting in a slope of 2.12, which is very close to the accepted universal value 
of t=2 [34]. “The y-axis intercept is -4.9 and the fitting value of ρc was revealed 
to be 0.7 g/cm3”, representing the percolation threshold or critical density before 
YM disappears. “This indicates that the percolation theory correlates with the 
bulk density of the carbon samples as interpreted by the increase in the bulk 
density of the sample above 0.7 g/cm3. This value is higher than the critical 
density of the activated carbon base treated with KOH of (0.05 g/cm3) [38] and 
is almost three times than that for solid carbon pellets derived from DPL treated 
with a different compression pressure (0.025 g/cm3) [34]. These results confirm 
the validity of percolation theory in describing how YM variations for ACPs 
depend on LiCl treatment in relation to percolation transition.

Figure 4 illustrates a scatter plot exhibiting a positive relationship among 
pressure difference log(p-pc) and Log(YM) indicating that as the Log(p-pc) value Figure 2. Particle size distribution of the PCDFLs milled for 20 hrs.

LiCl (M) ρ (g/cm-3)        V (m/s) YM (GPa) Log (YM) Log (p-pc)

0 1187 ± 26.12 2216.58 5.832  ±  0.124 0.766 2.688

0.2 1230 ± 31.01 2385.4 6.999  ±  0.082 0.845 2.724

0.4 1264 ± 23.91 2499.49 7.897  ±  0.562 0.897 2.751

0.6 1301 ± 22.85 2548.61 8.451  ±  0.411 0.927 2.779

0.8 1318 ± 19.32 2692.11 9.552  ±  0.501 0.980 2.791

1 1325 ± 21.09 2764.48 10.126  ±  0.43 1.005 2.796

1.2 1358 ± 25.67 2804.78 10.683 ± 0.62 1.029 2.818

1.4 1314 ± 20.87 2772.59 10.101 ± 0.452. 1.004 2.788

1.6 1296 ± 26.33 2736.18 9.703 ± 0.337 0.987 2.775

Abbas FM, et al. [17] - - 7.03-10.15 - -

Abbas FM, et al. [20] - - 2.81-6.92 - -

Sigradur-K (from the suppliers 1540 - 35.70 - -

Sigradur-K 1540 - 34.90 - -

Table 1. LiCl (M), Bulk Density (ρ), Longitudinal Velocity (V), YM (GPa), Log (YM) and Log (p- pc) of ACPs produced.

increases, the Log(YM) value also tends to increase. Thus, it can be concluded 
that YM of the material increases with increasing pressure difference.

XRD

The XRD analysis found that the structure of all the carbon pellets produced 
is a turbostratic carbon structure, due to the presence of a considerable quantity 
of amorphous carbon in the sample, as revealed by the higher background 
line in the X-ray diffraction intensity profiles as shown in Figure 5. This Figure 
illustrates a black curve labeled raw X-ray data exhibiting the intensity of the 
X-rays diffracted by the sample before any corrections were made. It also 
displays a red curve labeled X-ray data corrected to the background line 

exhibiting the intensity of the diffracted X-rays after subtracting the background 
signal. This correction has been applied, revealing “two broad diffraction peaks 
corresponding to (002) and (100) reflection”

Planes located at approximately 23.55-24.2° and 43.59-44.9° diffraction 
angles (Two θ), respectively. The corrected X-ray diffraction data was further 
fitted in Gaussian distribution carve to release interference data as displayed in 
Figure 6. Finally, Figure 7 represent the trace X-ray programs used to calculate 
the crystallite dimensions (Lc and d002).

The crystallite dimension (Lc) values were calculated using Equation (1) 
with trace X-ray diffraction programs to assess measurement accuracy as 
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range from 1.56 nm-1.82nm with d002 values similar to that of activated carbon 
type H (Ac-TypH (0.36 nm) [39]. The staking order or crystallite dimension 
(Lc) of the ACPs varied with bulk density, indicating that the improvement in 
staking orders depends on bulk density, as illustrated in Figure 8. In addition, 
the relationship between d002 and Lc was found to obey the linear Equation of 
d002 vs. 1/ Lc,

Where d002 approaches 0.3354 where Lc approaches infinity and the 
slope (φ) is equal to=0.00822 (nm)2 as shown in Figure 8 and the Equation 
(8) is given as:

002
0.008220.3354

c

d
L

= + 			               (11)

Constant φ=4.13 and the cut y- axis equal to 3.366 Å which is close 
to that of purr graphite 3.354 Å, given by Equation (2), justifying that the 
crystallite dimensions can be controlled by stacking height of the non-gradation 
composite carbon material.

The measurements of the amorphous content give pc values in a range 
0.3244–0.28256 indicating the structure of the carbon sample to be about 
32.44 to 28.256 % amorphous structure as summarized in Table 2 and plotted 
in Figure 9. These findings indicate that the LiCl applied on pre-carbonized 

Figure 3. YM vs. LiCl (M).

Figure 6. XDR data of the ACP corrected data fitted into Gaussian curve.

Figure 7. Trace, XRD program used to calculate crystallite dimension.

Figure 4. Log (YM) vs. Log (ρ-ρc) to estimate critical density (ρc).

Figure 5. XDR data of the ACP raw data and corrected data background line to zero 
intensity profiles.

provided in Table 2 and Figure 8. The Lc values range from almost 0.88 nm 
to 1.34 nm, corresponding to approximately~ 3 to 4 graphene layers with an 
interlayer spacing equal to that of a pure graphite structure (approximately 
~3.35 Å) and the interlayer spacing, d002 values range from 0.3596 nm to 
0.3633 nm, as represented in Table 2 and Figure 6. The Lc values produced 
are comparable to those of ACPs from date palm leaves treated with KOH (0.99 
nm-1.08 nm) [34]. This values is lower that solid carbon in pellets form based 
on date palm treated with different compression pressure, the Lc values in the 
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LiCl (M) Lc (nm) d002 (nm) Amorphous Content   (p2) %
0.0 0.88 ± 0.42 0.3633 32.44
0.2 1.16 ± 0.33 0.3622 31.163
0.4 1.22 ± 0.09 0.3619 30.814
0.6 1.24 ± 0.11 0.3605 29.186
0.8 1.26 ± 0.08 0.3601 28.721
1.0 1.28 ± 0.06 0.3598 28.372
1.2 1.34 ± 0.61 0.3597 28.256
1.4 1.31 ± 0.52 0.3596 28.1410
1.6 1.28 ± 0.43 0.3605 29.186

Faber K, et al. [39] 0.7 0.360 -
Abbas FM, et al. [20] 1.56-1.82 0.365-0.370 -
Abbas FM, et al. [32] 9.2-13.5           - -
Azahar AA, et al. [38] 8.4-13.5            - -

Table 2. LiCl (M), Stack height (Lc), and interlayer spacing (d002) and p2 % of ACPs produced.

Figure 8. d002 vs. 1/Lc.

date palm leaves powder can transform the crystalline carbon structure to a 
more crystallite state.

Specific Surface Area (SSA)

The SSA of carbon produced was calculated using Equation (2) as 
represented in Table 2 and Figure 10, exhibiting that LiCl activation can 
produce carbon pellets with high specific surface areas ranging from 1099.1–
1545.8 m2/g, characterized by an acceptable pore structure. This finding 
aligns with the non-permeable carbon derived from oil palm leaves treated 
with KOH, which exhibit an SSA of 1658 m²/g [32] and higher than those from 

olive stones activated with H3PO4, 1221 m2/g) Yakout SM and El-Deen GS 
[27]. From activated carbon monoliths and carbon nanotube [40] and oil palm 
empty fruit bench 1215 m²/g [41,42]. Notably, the untreated sample with LiCl (0 
M) exhibits the highest specific surface area among the ACPs, indicating the 
prevalence of microporous, mesoporous structure compared to other samples. 
This suggests that LiCl activation can manufacture CPs with highly specific 
surfaces suitable for various applications, including increased adsorption 
properties and as electrodes for supercapacitors. These results highlight the 
beneficial impact of LiCl activation on improving the SSA of the produced AC 
(Table 3).

Electrical Conductivity (EC)

Table 2 represents the electrical conductivity of the ACPs produced, plotted 
against LiCl (M) in Figure 11. The results revealed that 1.2 M LiCl exhibited 
higher EC as compared to other concentrations attributed to increased 
electrical contacts between conducting microcrystalline. This indicates that 
the samples benefited from enhanced conductivity through LiCl activation 
due to improved formation of conductive layers. Furthermore, carbon with a 
higher EC generally suggests a more ordered structure as compared to lower 
EC samples. The relationship between EC and bulk density is illustrated in 
Figure 10, exhibiting a linear relationship where the EC of the ACPs varies with 
bulk density. This indicates that the increment of the EC depends on the bulk 
density of the ACPs or the products produced as depicted in Figure 12.

Conclusion
The Activated Carbon Pellets (ACPs) were successfully prepared 

employing LiCl activations. The YM of these ACPs was consistent with those 

Table 3. LiCl (M), Specific Surface Area (SSA) and Electrical Conductivity (EC).

LiCl (M) SSA (m2/g) EC x105 (Ohm-m)-1

0.0 1545.8 ± 47.3 0.531 ± 0.005
0.2 1401.7 ± 51.2 0.558 ± 0.01
0.4 1297.0 ± 44.1 0.580 ± 0.007
0.6 1239.7 ± 37.5 0.604 ± 0.007
0.8 1204.3 ± 38.4 0.615 ± 0.006
1.0 1179.3 ± 51.2 0.620 ± 0.011
1.2 1099.1 ± 49.6 0.642 ± 0.008
1.4 1161.9 ± 55.1 0.613 ± 0.012
1.6 1205.6 ± 46.2 0.601 ± 0.006

Abbas FM, et al. [32] 1308-1658 -
Dolah BNM, et al. [40]                       987-1704 -

Yakout SM and El-Deen GS [27]                     1221 -
Yulianti RT, et al. [41]                     1225 -

Graphite                        - ~1 × 105
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Figure 9. P2% vs. LiCl (M).

Figure 12. EC as a function of bulk density.

Figure 10. SSA vs. LiCl (M).

Figure 11. EC vs. LiCl (M).

prepared from pre-carbonized samples activated with KOH. Percolation theory 
demonstrated a significant correlation with the bulk density of the carbon 
samples, indicated by the “increase in bulk density of the AC sample above 
the critical density of 0.7 g/cm³ for YM”. The structure of all the carbon pellets 
produced is a turbostratic, with crystallite dimensions improved by increasing 
the LiCl concentrations up to 1.2 M. in addition, the LiCl (M) activation caused 
to transform the crystalline structure of the AC produced to a more crystallite 
state.

The specific surface area of the ACPs ranges from 1099.1–1545.8 m2/g, 
making them suitable for numerous applications. The EC of ACPs was found 

in the range of 0.531-0.642 × 10⁵ (Ohm’m)-1, more than half the value of pure-
graphite (⁓1 × 10⁵), indicating significant improvement through LiCl activation. 
Therefore, the combination of LiCl activation and a heating profile of up to 700 
℃ and pre-carbonized properties of DPL play an essential role in enhancing 
the physical and electrical properties of the produced ACPs. The bulk density 
of ACPs varied linearly with their EC, indicating that the improvement is 
dependent on bulk density.

Limitation and Future Implications
The study limitations include a limited temperature range (700 ℃) and 

reliance on a single LiCl activation method. Additionally, the study was restricted 
to date palm leaves as the precursor, which may not be generalized to other 
carbonaceous materials. In order to further improve the electrical and physical 
characteristics of ACPs, future studies should focus on optimizing the activation 
process and examining alternative activating agents. This might increase their 
applications in energy storage, water purification and electromagnetic wave 
absorption, leading to more effective and long-lasting solutions in these fields. 
Future research should investigate the scalability of manufacturing ACPs from 
various other agricultural waste products, which could result in more affordable 
and environmentally friendly waste recycling procedures.

Research Highlights
1.	 Preparation of Activated Carbon in Pellets form (ACPs) from date 

palm leaves by LiCl activation at 700 ℃ in a nitrogen environment, 
using a multi-step heating profiles.

2.	 Characterize of Young's modulus, crystalline structure, surface area 
and electrical conductivity of the ACPs produced as a function of LiCl 
concentrations by moles.
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