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Characterization of Carbon Pellets Prepared from Date Palm 
Leaves (Phoenix dactylifera L.) by Compression Pressure: X-
ray Diffraction Measurements and Applications

Abstract
Solid carbon pellets (SCPs) were prepared from the self-adhesive properties of palm leaves (Phoenix dactylifera L.) by compression pressure 
from 5 to 21 metric tons and carbonization at 1000°C. Characterizations of solid carbon pellets (SCPs) were carried out in terms of crystallites 
dimensions, lattice constant, Young's modulus, and volumetric strain experience. The Young’s was also estimated from the crystallites dimensions 
by applying the microscopic cross-linking model given by (Emmerich 1995) as a class of X-ray diffraction application. X-ray diffraction intensity 
shows that the structure of the SCPs is turbostatic, and its crystallite dimensions are improved by increasing the compressive pressure, while it is 
lattices constant remain constant. Increasing compressive pressure led to a gradual increase in Young’s modulus and volumetric strain experience. 
The crystallite dimensions, elastic modulus and volumetric strain could be facilely adjusted by changing the compression pressure. The estimated 
Young’s modulus from microscopic cross-linking model was in a good agreement with that measured by ultrasonic techniques, showing that the 
behavior of the Young’s modulus is related to the crystallite dimensions. These results can be concluded that the crystal dimension can play an 
essential role in the phenotypic and description of SCP pellets, indicating the applicability of microscopic cross-linking model to estimate the 
mechanical properties of the carbon materials.
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Introduction
Solid carbon materials have been developed in various physical forms, 

from reliable products such as powder, granules, and pellets, to increase 
their industrial applications [1,2]. The shape of the pellet form is particularly 
useful because it is dense or contains particle sizes closed together in a solid 
manner. In addition, the shape of pellet form can provide a more fundamental 
understanding of the physical properties of carbon and the interactions that 
occur at its surface.

Pure carbon can occur naturally in three allotropic forms: cubic, graphite, 
and diamond. Graphitic carbon is extremely soft, opaque, and is used as 
solid lubricant, filler, and electrically conductive. Other part is conventional 
carbon material such as non-graphite has been used as electrical parts in 
cars electrodes for fuel cells electrical cables and engineering applications 
[3]. Recently, carbon material has been used as catalyst supports [4], super-
capacitive electrodes [5], electromagnetic wave absorbers and potassium-ion 
storage mechanism [6,7].

Biomass material widely used to produce carbon material such as 

Pistachio-nut [8], cellulose fiber [9,10], Lignocellulose [11], olive stones [12], 
and soybean dregs [6]. Therefore, various attempted methods have been made 
to improve the solid carbon properties, such as self-adhesive and mechanical 
properties [13], and thermal properties [14]. Frequently, conversion of the 
precursor into a fine grain powder by pre-carbonizing at low temperature and 
grinding of the fine grain powder is very important to improve its self-adhesive 
properties [13]. This statement comes of predicting the mechanical behavior 
of the grain particles subjected to different pressure [15,16]. Therefore, the 
increased compaction pressure reduces the inter-granular distance by 
reducing the voids, forming a solid bond that can improve the mechanical 
performance of the solid carbon pellets.

It is well known that X-ray interference intensity offers more or less 
direct details of the atomic arrangement in crystals structure and detects the 
crystallite dimensions such as crystallites parameters. An empirical model 
has been estimated to link a crystallite dimensions and volume fraction with 
Young’s as a function of annealing temperature by the Emmerich FG, [17] as 
class of X-ay diffraction application. They consider that the bulk of the carbon 
matrix was made up of two phase-granular structures (micro-crystallites and 
cross-links), and at the micro-structural level, the Young’s modulus is controlled 
by its crystallite parameters. 

So far, biomass date palm leaves (Phoenix dactylifera L.) have been used 
to prepare solid carbon pellets in the present work, as a low cost material, 
abundant and easily can prepare in a large amount. The objective of this 
work is to prepare solid carbon pellets from date palm levers and characterize 
crystallite dimensions, Young’s modulus and volumetric strain experience as 
a function of compression pressure. Young’s modulus were also estimated by 
applying a microscopic cross-ling modules [17] by assuming that the changes 
in Young’s modulus for carbon samples as a function of heat treatment 
temperature occur similarly as a function of their compression pressure.
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Sample Preparation

Materials and methods

The leaves of the date palm (Phoenix dactylifera L.) leaves were collected 
from date palm trees in rural areas, urban areas, and cities in southern Saudi 
Arabia. Date palm leaves (DPLs) are cut into small pieces, washed thoroughly 
with hot distilled water to remove dust and impurities and dried in an oven at 
100oC for 1 hour before being pre-carbonized at 280oC in a vacuum chamber 
for 4 hours, to cause them to shrink and break the palm leaves microstructure 
and realizing non carbon content [18]. The average weight loss was about 
34%, mainly due to the loss of volatile components and tar [19].

Carbonated date palm leaves are pre-made by ball milled for 20 hours to 
make a fine grain powder that can pass through a 120-micron sieve. The sifted 
grain powders were stored in clean, self-sealing plastic bags in silica gel until 
use. Approximately 2 g of grain powder was converted to pellets by applying 
5 to 21 metric tons of pressure in a mold of 2.1 cm in diameter and 8.5 cm 
in length. All grain pellets that exhibited an excellent binding property were 
measured by bulk density and elastic modulus using ultrasonic techniques, 
before being carbonized at 1000oC in a nitrogen environment using a multi-
step heating profile (Vulcan Box Furnace 3-1750). The heating profile schedule 
was: 1oC/min from room temperature to 375oC keeping for 1 hour before 
resuming heating at 3oC/min to 800oC and then 5oC/min to 1000oC and finally 
keeping it for 5 minutes. Then the system was automatically allowed to cool 
down naturally to room temperature. The obtained carbon pellets were washed 
thoroughly with distilled water and hot distilled water to remove impurities until 
a pH concentration of 5, and dried again at 100˚C for 2 hours. 

The dimensions of the pellet before and after carbonization were measured 
using a micrometer. The weights of the pellets before and after carbonization 
were taken using a balance, and their bulk densities were determined from the 
ratios of their mass to volume. Results are given as the averages of 6 replicates 
of each sample were analyzed as a function of compression pressure.

X-Ray diffraction (XRD)

The wide angle XRD diffraction scattering intensity data of the solid carbon 
pellets were obtained using an X-ray diffractometer (Bruker Advanced Solution 
AXS D8) operated at 40 kV and 30 mA, with Cu Kα- X-ray radiation. The 
pellets were scanned at 2Ɵ between 1oand 80o, with a step size of 0.04o. The 
diffraction spectrum was corrected for instrumental line broadening and fitted 
into a symmetrical Gaussian distribution curve. The crystallite dimension of 
the solid carbon pellets, such as d002 spacing stack diameter (La) and stack 
height (Lc) was calculated from the full width at half maximum (FWHM) of the 
diffraction peaks (002) and (100) using Bragg’s and Deby-Sherrier equations 
(1) and software trace 1.4 X-ray diffraction program Varian 5 from Diffraction 
Technology PTG LTD, Australia to evaluate measurement accuracy.

,
,

(1)
cosc a

c a

KL λ
β θ

=                                                                           (1)                                                    

where  is the scattering angle position,  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, 
c, a is the width of a reflection at half-height expressed in radians. For the 
accuracy measurement the values of d002 and La were fitted to the Takahashi 
H, et al. [20] expression, demonstrated that a relationship between d002 and 
Lafor the non-graphitic carbon as a single linear function given as:

002
9.53.354 (2)

a

d
L

= +                                                                         (2)

Where 3.354 (Ǻ) is the interlayer spacing of pure graphite.

Lattice constant 

The carbon pellets produced are assumed to have a hexagonal structure, 
and then the lattice constant can be calculated as the following [21].

2 2 2
2 2 2

2 2( ) ( ) (3)
3 4o o

lSin h k hk
a c
λ λθ = + + +                                          (3)

Where (hkl) are Muller indices and co are lattice constants of a graphitic-

like structure and λ is the X-ray wavelength of 1.54Å.

Ultrasonic measurement

The longitudinal velocity (V) and Young’s Modulus of solid carbon pellets 
were determined using an Ultrasonic Pulsar-Receiver (Model 500PR) operating 
at 25 MHZ and equipped with PICO ADC-200 software. The pulsar section 
produces electrical pulses that are converted into ultrasonic signals using 
identical transducers. Petroleum jelly (Vaseline) was applied as a coupling 
medium at the probe sample interface. Reference glassy carbon (Sigradur 
K) was used to calibrate the ultrasonic signal and measure the samples' 
longitudinal velocity and Young’s modulus. The glassy carbon scale (Sigradur 
K) agreed well with the value given by the supplier with an error of < 1%.

The Young’s modulus (E) of the one-dimensional form of the wave 
equation in a weak attenuation region is given by Deraman M, et al. [13]:

2 (4)E Vρ=                                                                                           (4)

Microscopic cross-linking model

Young’s modulus (E3) of carbon samples as derived by Emmerich FG [17] 
models is given in Equation (5), considering that the structure of carbon pellets 
was assumed to be made of granular cubic.
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Where, Ψ is a factor that has dimension of force and represents the degree 
of stiffness of the carbon material, L is the cube root of the mean grain volume 
and is given as:

1
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                                                                        (6)

La is the stack diameter and Lc is the stack height of the grain cell and 
10/6 is a factor related to strength. n is the order of strength, which is given as:
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where, i is denoted as structural parameter of the carbon sample taken at 
initial value (carbon pellet prepared of 5 metric tons considered as initial value, 
and X is the volume fraction which is given by X=ρ/ρs, where ρ is the density 
of carbon sample and ρ is the density of a pure graphite [13].
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Where i is denoted as a structural parameter of the carbon sample taken 
at initial value carbon pellet prepared of 5 metric tons of pressure considered 
as initial value.
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Volumetric strain experience

The change in the volumetric strain (ɛyy) experienced due to change in 
stress in any direction perpendicular to stress volume is given as:

(10)o
o

o o

Mv and
v v

ρ∆
=                                                       (10)

Where v is the volume of the sample after it has decreased by from its 
initial volume Vo, and Mo is the initial mass of the sample, and its change in 
the pressure and the original bulk density (ρo) of the sample. The bulk density 
ρ(ɛ) of the sample as a function of volumetric strain experience is given as:
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The volumetric strain experienced by the grain pellets from the compression 
pressure can be considered as ‘corresponding’ to the strain experienced by the 
SCPs With this ‘corresponding-consideration’, the volumetric strain experience 
of the SCP was estimated from equation (12).

Results and Discussion 

X-ray diffraction (XRD) 

Figure 1, represent the X-ray diffraction profile diffraction intensity, initially 
at (002) and (100) reflection Bragg's peaks, was broad with higher background 
intensities profiles showing that typical of non-graphitic carbon, indicated that 
the structure of SCPs is turbostatic [22]. Also, this diffraction profile has been 
corrected to the background line and fitted to the Gaussian distribution curve, 
as shown in Figure 1. The Gaussian distribution shows the diffraction profile is 
broad and overlapped reflection, consist of peaks, i.e., (002), (100), and (004), 
corresponding to diffraction angles of 25.55°, 45.22o and 54.20° respectively. 
After correction, the diffraction intensity and Bragg’s peaks were the same as 
in graphite, and the layer separation was slightly further apart than in graphite 
as shown in Figure 1.

Crystallite parameters 

Table 1, and Figures 2 and Figures 3, shows that the crystallite parameters 
Lc, and La increased with increasing pressure from 5 to 14 metric tons, and 
decreasing of the interlayer spacing (d002) with increasing pressure from 5 
to 11 metric tons, showing that an improvement in the crystalline dimensions 
in the Solid carbon pellets, with compression pressure. The increases in Lc 
and La and parameters in d002 of the CPs indicated that the system behaves 
more as a graphite-like structure. A similar observation on the carbon based 
wood (stress breading above 16 metric tons of pressure.16 metric tons of 
pressure gave the highest values for Lc, and La, indicating that it is an optimum 
pressure to prepare grain pellets. Table 1, also show above 11 metric tons of 
pressure the mean interlayer spacing greatly fluctuated until 16 metric tons 
and drastically decreased showing that a more crystals has been formed. 
While decreasing of Lc, and La above 16 metric tons of pressure give use 
information reduction on the crystals structure. The values of d002,Lc, and 
La were compared with those of other carbon materials from phenanthrene 
and polyvinyl chloride (PVC) charred at the same temperature (1000oC) [23]. 
The d002 and Lc values are close to these values, but Lais less than those of 
carbon pellets from cotton cellulose Table (1) (Figure 2 and Figure 3).

In addition, the measurement of the d002 and La were found to obey the 
linear equation of d002 vs. 1/ La whered002, approaches the value for pure 
graphite structure, where La approaches infinity as shown in Figure 4, and the 
equation (13) is given as:

002
9.933.354 (13)

a

d
L

= +                                                        (13)

There was good agreement between the constant values of equation, 
(9.5), for the non-graphitic carbon and that estimated from the fitting data 
values, (9.93) for Takahashi H, et al. [20]. The values of the d002 explain that 
the structure of our SCPs sample as (Figure 4) [9].

Lattice constant 

The lattice constant values for the hexagonal structure (ao and co) are 
shown in Table 1, increasing the compressive pressure did not significantly 
change the lattice constant of the carbon pellets, although there was a 

decreasing trend, possibly due to a reduction in crystalline structure through 
the higher amorphous content in the solid carbon pellets or pre-carbonized 
pellets. We consider that the carbon pellets.

Produced from date palm leaves have similar X-ray diffraction and, 
therefore, a similar lattice constant. This observation is supported by the results 
for other indigenous carbon (celluloses). The results also show a significant 
reduction in the lattice constant compared to pure graphite.
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Figure 1. X-ray diffraction of carbon pellet fitted into gaussian distribution.

Table 1. MTS, crystallites dimensions (d002 (Å), d001 (Å), Lc (Å) and La (Å)) and lattice 
constant of the carbon pellets.

Metric 
Tons d002 (Å) d100 (Å) Lc (Å) La (Å) Co (Å) Ao (Å)

05 3.70 2.13 15.5 27.14 4.74 1.72
07 3.69 2.13 16.3 28.94 4.73 1.72
09 3.67 2.13 17.3 29.49 4.72 1.72
10 3.66 2.13 17.9 30.65 4.71 1.71
11 3.67 2.11 17.1 29.69 4.71 1.71
13 3.69 2.11 16.3 29.94 4.72 1.71
14 3.66 2.11 17.9 30.65 4.71 1.71
15 3.68 2.10 16.8 31.27 4.72 1.71
16 3.67 2.09 18.0 31.67 4.69 1.71
17 3.68 2.09 16.3 29.94 4.71 1.70
19 3.65 2.08 17.4 30.65 4.69 1.70
21 3.64 2.08 16.1 29.69 4.70 1.70

Naph - - 16.1 - - -
Phen - - 15.6 60 - -
PVC - - 16.0 - - -

graphite 3.35 - - - 6.71 2.46

Note: Naph and Phenis for carbon precursor Naphthalene and Phenanthrene and PVC 
is for carbon precursor Polyvinyl chloride (PVC) carbonized at 1000 ºC [23].
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Figure 2. d002 (Å) vs. compression pressure.
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Bulk density 
The bulk densities of the pellets were recorded before and after the 

carbonization process presented in Table 2, and the result of all evaluated 
solid carbon pellets was low bulk density. The bulk solid density increased 
but the apparent density decreased slightly after carbonization despite losing 
considerable weight and significant volume shrinkage. Similar behavior for 
carbon pellets from oil palm materials [13] cotton cellulose and oil palm stone 
[7]. On the other hand, the bulk density increased rapidly with increasing 
compression pressure up to 13 metric tons, indicating that maximum density 
was achieved. Finally, the density of the solid carbon pellets increased 
rapidly with compression up to 15 metric tons of pressure and subsequently 
decreased. It may be due to the dense packing of the material, collapse of 
the pores and decrease in air gap between the carbon particles as well as 
improved microstructures, which could be the factors accountable for the 
increase in mechanical performance (Table 2). 

Young’s modulus 
Young's modulus of carbonate pellets increased rapidly with compressive 

stress from 5 to 17 metric tons and decreased to over 17 metric tons, indicating 
that the increased compaction pressure reduced the inter granular space by 
reducing voids in the grains (Table 2 and Figure 5). Similar observations also 
found that Young's modulus of biomass granule carbon from empty palm oil 
clusters increased linearly with increasing molarity of the acid used to process 
self-adhesive carbon granules [13] and biomass carbon from heat treatment of 
bagasse coconut at different temperatures [17].

Increasing compressing pressure from 5 to 17 metric tons returns the 
carbon pellets with an acceptable Young’s modulus as shown in Table (2) 
and Figure (5). These results are consistent with the expectation that a pre-
carbonized pellet containing less volatile will develop a better microstructure 
and stronger inter-particles bonding during carbonization. However, the carbon 
pellets from PCDPLs are still porous compared to glassy carbon (Sigradur K). 

Young’s modulus of pre-carbonized pellets prepared at a pressure of 21 
metric tons was the same as that of cotton cellulose. Table 2 also shows that 
the Young’s modulus of the carbon pellets increased by 1.29 to 1.76 times 
compared to before carbonization. A similar observation is found in carbon 
from wood. The Young’s modulus of solid carbon was approximately 1.13 to 
1.7 times higher than that of grain pellets (Table 2 and Figure 6). 

Microscopic cross-linking model

Estimation of Young’s modulus (3 for the carbon pellets were carried 
out by fitting the crystallite dimensions and volume fraction to equation 10, 
by adjusting the value of degree of stiffness (Ψ) until both E2 and E3 were 
approximately equal as shown in Figure 6 and Table 3. The fit seems to be 
reasonably good for almost all the data points, except for the data samples 
prepared at compression pressure below 11 metric tons pressure. It is possibly 
the crystallite structure is not yet fully developed when the carbon pellet 
prepared bow 11 metric tons of pressure. The fitted values of x, f1, f2, f3, and 
E2 are given in Table 3 and Figure 5. 

Figure 6 also shows that pressure above 11 metric tons is stable for 
preparing PCDPL pellets. On the other hand, this increase in Young’s modulus 
of the carbon pellets can be attributed to the transformation of intermolecular 
cross-links between chain molecules. The value of degree of stiffness (Ψ) was 
found to be equal to that given by Emmerich FG [17] for a carbon sample from 
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Figure 3. La (Å) and Lc (Å) vs. compression pressure.
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Figure 4. d002 (Å) vs. 1/La (Å) of the carbon pellets.

Table 2. Metric tons, thickness (T1,2) diameter (D1,2), bulk density (ρ1,2) and young’s 
modulus (E1,2) of carbon pellets before and after carbonization.

Metric 
Tons

Before Carbonization After Carbonization

T1 
(mm)

D1 
(mm)

ρ1 
(gcm-

3)
E1 (GPa) T2 

(mm)
D2 

(mm)

Ρ2 
(gcm-

3)
E2 (GPa) E2/E1

5 2.76 27.07 1.237 2.17±0.11 1.96 19.6 1.063 2.81± 0.42 1.29
7 2.57 27.11 1.312 2.68±0.13 1.83 19.57 1.072 3.33±0.67 1.24
9 2.52 27.12 1.357 2.98±0.15 1.74 19.51 1.124 4.3±0.21 1.58
10 2.48 27.12 1.37 3.12±0.16 1.81 19.45 1.212 4.72±0.56 1.67
11 2.43 27.03 1.379 3.26±0.16 1.82 19.37 1.222 5.21±0.17 1.65
12 2.44 27.07 1.384 3.37±0.17 1.8 19.37 1.293 5.39±0.29 1.65
14 2.42 27.03 1.383 3.51±0.18 1.79 19.38 1.256 5.48±0.33 1.76
15 2.41 27.04 1.38 3.63±0.18 1.77 19.34 1.281 5.92±0.41 1.74
16 2.4 27.14 1.376 3.69±0.19 1.79 19.41 1.244 6.11±0.19 1.74
17 2.41 27.1 1.373 3.87±0.24 1.77 19.38 1.298 6.32±0.13 1.72
19 2.39 27.06 1.371 4.07±0.21 1.79 19.39 1.323 6.34±0.20 1.65
21 2.41 27.09 1.38 4.26±0.24 1.75 19.37 1.276 6.39±0.13 1.56

a - - 4.00 - - -
b 3.67b

SIG-Kc - - - - -
1.54

35.00
SIG-Kd - - - - - 34.9

Note: aKompella and Lambros, bpre-heated cotton pellets, carbon pellets based cotton 
and cSIG-K (Sigradur K) given by supplier and dis measured value.
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bagasse coconut, estimated as a function of heat treatment temperature. This 
result indicates that the degree of stiffness (Ψ) is the same in both carbon 
samples, even though they were produced from different raw materials and 
different methods of preparation. The estimate (E3) of the carbon pellets 
using the microscopic cross-linking model was in good agreement with the 
experimental data, making it suitable to be used for estimating the Young’s 
modulus for carbon material. The result also agrees with our assumption that 
the changes in Young’s modulus for carbon samples as a function of heat 
treatment temperature occur similarly as a function of their compression 
pressure (Figure 6). 

Volumetric strain experience

The volumetric strain experienced of the SCPs estimated from the 
equations (5) verses compression pressures are summarized in Table 3 and 
plotted in Figure 7. Showing that the solid carbon pellets hydrostatic pressure 
respond to the volumetric strains experience. The apparent volumetric 
strain experience increased rapidly up to 16 metric tons of pressure as well 
as showing a fluctuation behavior at large pressure (above 16 metric tons). 
This fluctuation behavior indicates a stress broadening effects when the grain 
pellets were subjected to a higher compression pressure. The results also 
found that 16 metric tons of pressure is the optimum for pelletize the grain 
powder (Table 3 and Figure 7). 

Conclusion

Date palm leaves were found suitable for making carbon pellets without 
any binding agent, by various compression pressures. The XRD diffraction 
intensity showed an increasing trend of the crystallite dimensions with the 
compression pressure. The d002and Lc values calculated from the broad peak 
profile were of the value of the same order of magnitude as those obtained 
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Figure 6. Young’s modulus of CPs fitted to microscopic cross-linking data vs. CP.

Table 3. Metric tons (MTs), volume faction (X), MCLP (X, f1, f2 and f3), young’s modulus 
(E3) and volumetric strain experience for the CPs.

Metric Tons X f1 (nm-2) f2 f3 E3 (GPA) Volumetric Strains
05 0.48 2.21 2.14 1.100 5.11 0.000
07 0.50 2.21 2.77 1.100 6.32 0.021
09 0.54 1.96 2.67 1.12 6.11 0.071
11 0.57 1.84 2.78 1.13 5.66 0.122
13 0.58 1.62 3.09 1.15 5.79 0.175
14 0.56 1.96 2.89 1.12 6.20 0.182
15 0.57 1.84 3.11 1.13 6.29 0.186
17 0.58 2.09 2.92 1.11 6.67 0.185
19 0.57 2.47 3.02 1.08 7.09 0.177
21 0.56 1.96 2.64 1.12 6.11 0.174

Ψ               0.98 

Hint: MCLD (Microscopic Cross Linking Data) and Ψ is the degree of stiffness.

R =0.98322 SD=0.01598 
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Figure 7. Volumetric strain experience of the CPs vs. CP.

for glass-like carbon. The analysis of the d002and La data was subjected to 
the linear relation introduced by Takahashi H, et al. [20]. Such compression 
pressures did not improve the lattice constant of the CPs produced. 

The result shows that it is possible to control the bulk density by changing 
the compression pressure of the PC DPLs powder before carbonization. 
Increasing pellet pressure was found to be effective in enhancing Young’s 
modulus. Based on the results, the microscopic cross-linking model can be 
used to characterize the Young’s modulus of the carbon pellets, where it can 
identify the origins of microstructure in the carbon sample. It has been shown 
that it is possible to combine structural properties in a heterogeneous material 
like carbon to perform such a characterization. 

It can be concluded that the crystallite dimensions can play an essential 
role in the phenomenological description of carbon samples, indicating the 
applicability of the microscopic cross-linking model. The volumetric strain 
was increased by increasing the compression pressure up to 13 metric tons, 
and additional fluctuations because of the stress roasting behaviors at higher 
compression pressure. 
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