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Abstract
A series of activated carbon pellets (ACPs) prepared from pre-carbonized palm leaves treated with KOH having a concentration of (0.0 - 0.07) 
by moles (M) for carbonization at different temperatures from 500°C to 1000°C in a nitrogen environment, using a milt step heating profile. The 
experimental sets were carried out to characterize the crystallite units, specific surface area and spring length between two cubic volume granular 
structures. The crystallite units such as interlayer spacing (d002), layer height (Lc) and layer diameter (La) were analyzed using the wide-angle 
X-ray Diffraction (XRD). The ultrasonic technique was used to measure the longitudinal velocity (V). The XRD analysis found that the structure of 
all the ACPs produced is turbostratic, showing that the activated carbon prepared below 1000oC has a disordered structure containing defective 
layer planes, which is expected to occur in small crystallite units. The d002 values were increased with KOH concentration and decreased with 
increasing carbonization temperature and becomes very dependent on 1/La at a higher carbonization temperature. The Lc and La values were 
found to increase linearly with increasing carbonized temperature. The specific surface areas (SSA) were estimated by the layer height (Lc) and 
bulk density (ρ). The specific surface areas (SSA1) were further estimated by a mathematical model given by Emmerich FG and CA Luengo by 
substituting the bulk density (ρ). The results show fair agreement between SSA and SSA1 for the ACPs, treated with 0.02 M, 0.06 M and 0.07 
M KOH. The spring length of two cubic volume granular structures was decreased with increasing KOH concentration. Our results proved the 
capability of the mathematical model to estimate specific surface area in terms of longitudinal velocity and crystallite units. The results also show 
that it is possible to prepare activated carbon with high surface area.
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Introduction

Activated carbon is the collective name for a group of porous carbons 
manufactured to exhibit an extraordinarily large internal surface area and 
pore volume and size distribution. The unique characteristics of activated 
carbon are responsible for its adsorptive properties, which are exploited in 
many liquid-and gas-phase applications. The usefulness of activated carbon 
is due to increases in its applications such as removal of methylene from 
aqueous solution [1], adsorptions [2,3], water purification [4]. The activated 
carbons also have been evaluated as supercarpacitor [5]. A surface area 
is an important characteristic of activated carbon that greatly determines 
the properties and applications. Therefore, there are many carbonaceous 

materials that have been tested for a high surface area by KOH activations 
with bituminous coal of 3300 m2/g [6], grape seed of 1222 m2/g [7] and the oil 
palm leaves of 1685 m2/g [8].

Frequently, activated carbon is available in three main forms; these 
are powder, granular and pellet forms [9]. The pellet form is particularly 
useful because it is dense or contains particle sizes closed together in a 
solid manner [10]. In addition, the pellet form is required to characterize 
the physical, chemical and electrical properties [10,11]. The activated 
carbon prepared is either by treatment of a char with oxidizing gases, or 
carbonization of carbonaceous materials with simultaneous activation by a 
chemical, physical [10] or pressurized physical activation methods [12]. The 
crystalline structures of the carbon material have been used to describe the 
degree of graphitization based on an agreement of its interlayer spacing 
(d002) with that of pure graphite [13]. However, it has been reported that, with 
an increase in heat treatment temperature, the crystalline structure for the 
carbon becomes well arranged, the degree of graphitization increases and 
the interlayer spacing decreases [14-17]. Also it has been found that the 
porous properties of activated carbon produced decreased with increasing 
carbonization temperature [18,19]. Very often, the crystallite units and their 
statistical distribution play the fundamental role in describing the physical 
and mechanical properties, such as elastic medullas [14], thermal diffusivity 
[20] and surface area [21] of the carbon materials. A mathematical model 
has been proposed to estimate the elastic modulus based on crystallite units 
as a function of heat treatment temperature [14]. This mathematical model 
was further used to estimate the elastic modulus of the carbon pellets as 
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taken for each measurement and the average obtained. The bulk densities 
are determined by dividing their weight into volume (Figure 1).

The X-ray diffraction intensity of the carbon samples was measured 
using an X-ray diffractometer (Bruler Advanced Solution AXS D8), operating 
at 40 kV and 30 mA, using a Cu K X-ay radiations with a wavelength of 1.54 
Å. The measurements of X-ray diffraction were taken for each sample, at 
diffraction angle of 2 over the ranges of 5oC – 60oC in steps size of 0.04oC. To 
characterize the crystallites units such as interlayer spacing (d002), layer high 
(Lc) and layer diameter (La) of the graphitic like-crystallites from the reflection 
Bragg’s peaks intensity plan, a correction must be made so they have 
zero background line intensity and free from overlapping and instrumental 
broadening effects. The crystallite units of the activated carbon sample such 
as d002 spacing, layer diameter (La) and layer height (Lc) can be calculated 
from the full width at half maximum (FWHM) of the (002), (100) and (110) 
diffraction peaks intensity by Bragg’s and Deby-Sherrier equations using the 
Trace 1.4 X-ray diffraction program version 5 from Diffraction Technology 
PTG LTD, Australia to assess the accuracy. Trace 1.4 programs refines the 
intensity of each peak (as a separate variable) smooth the peak shape, as 
well as subtracts the background line and eliminates the K 2-peak from the 
diffraction intensity.

,
,

(1)
cosc a

c a

KL λ
β θ

=                  (1)

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, βc, 
a is the width of a reflection at half-height expressed in radians. For accurate 
measurement, the values of d002 and La were fitted to the [24] expression 
(Equation 2), demonstrating the relationship between d002 and La for the non-
graphitic carbon as a single linear relation, given as:

002
9.5 3.354 (2)

a

d
L

= +                  (2)

The longitudinal velocity of the carbon pellets before and after 
carbonization was measured using the Ultrasonic Pulser-Receiver, Model 
500 PR operated at 25 MHz at room temperature and the PICO instrument 
with the ADC-200 program. The pulsar section generated electric pulses that 
were converted into ultrasonic signals using matched transducers. Petroleum 
jelly was applied as a coupling medium at the probe-sample interface. A 
reference glassy carbon Sigradur-K (SIG-K) was used to calibrate the 
ultrasonic signal and measure the longitudinal velocity. The measurement 
of (SIG-K) agreed well with the value given by the supplier with an error of 
< 1%. 

a function of compression pressure [11,12]. Several attempts have been 
applied to improve the physical and mechanical properties, such as pre-
carbonization process and self-adhesive properties [5,10], compression 
pressure [11].

In the present work, biomass palm leaves have been used as stating 
materiel to prepare activated carbon by KOH activation, due to a high 
carbon yield and low ash content. The palm leaves have been evaluated 
as an indicator of heavy metal atmospheric pollution in arid and semi-arid 
environments [22] and biomass carbon precursor for the activated carbon 
and carbon nanodots [11,12,23]. The crystallite units (Lc, La, and d002) were 
analyzed by X-ray diffraction and the specific surface area was estimated 
from crystallite unit Lc and the bulk density [12]. The specific surface was 
estimated using the mathematical model purposed by the Emmerich FG 
and CA Luengo [14] using the modification given in the present work. An 
ultrasonic technique was used to calculate the longitudinal velocity and the 
glassy carbon (Sigradur K) was used as a reference.

Materials and Methods

Sample preparation and measurements

Initially the raw palm leaves were held for 4 hours at 280°C in a vacuum 
chamber to cause them to shrink and break the palm leaves microstructure. 
The palm leaves after this had substantially the same shape, but with a 
greatly reduced weight of 34%, changed colors and reduced size casing 
to reduce bulk density. The pre-carbonized palm leaves was milled into 
a fine grain powder before being impregnated in KOH solution having a 
concentration of (0.0 - 0.07) by moles (M), with magnetic starrier for one 
untie mixed and kept for 16 hours, dried and converted into a pellets form 
by applying 12 metric tons of pressure. The carbonizations were performed 
using Vulcan Box Furnace (3-1750) equipment at different temperatures from 
500°C to 1000°C in a nitrogen atmosphere using a multi-step heating profile 
schedule as following at 1oC/min from room temperature to 375oC of where 
it was held for 1 hour before heating was resumed at 3oC/min to (500- 800oC 
and then 5oC/min to 900-1000oC where it was finally held for 5 minutes at 
each carbonized temperature. After 5 minutes, the system was automatically 
allowed to cool down naturally to room temperature. The pellets produced 
were washed thoroughly with hot distilled water to remove the KOH contents 
and clean their surface until a pH of 5 and dried in an oven at 100°C for 
4 hours (Figure 1). After removing of the KOH content, it will leave pores 
with a different pore size distribution in the final product. The diameter and 
thickness of the pellets were measured using a micrometer with six readings 
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Figure 1. Heat treatment profile (P) used to prepare activated carbon pellets.
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Mathematical Methods

Emmerich FG and CA Luengo [14] proposed a mathematical model to 
estimate the elastic modulus (E) of the carbon material from the crystallite 
units (Lc, La, and d002) and volume fraction (X) as a function of their heat 
treatment temperature via the estimated diagram of a cubic granular volume 
structures (Figure 2) by assuming that the carbon granular structure to be 
mainly made of graphite-like microcrystalline, micropores and mesopores 
as:

2
3

1
32

1 10 (3)
6 1

n XE
L X

γ
   =         − 

                (3)

The elastic modulus (E) in weakly attenuation materials can be given 
as [10].

2 (4)E Vρ=                  (4)

Substitute equation (4) into equation (3) as:
2
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ρ γ
   =         − 

                (5)

Where

P = The bulk density 

V = The longitudinal velocity 

γ = Constant related to force and represents the degree of stiffness of 
the sample

L = The cube root of the mean granular volume structure, equal to 
1
32( )( )

4 a cL L 
  

X = The volume fraction of the sample, can be given as: 
grf

ρ
ρ

Po = The bulk density of pure graphite (2.26 g m-3)

n = Is an integer defines the order of change, given as:

002

002

1
1 log

log 2
1

c

c

i

L
d

n
L

d

  
+  

  =   
+  

   

Where i is the initial value, in order to fit this model in our AC samples it 

is necessary to estimate the initial X-ray diffraction data, for the untreated AC 
pellets (0.0 M) has been used as an initial value in this work. By substituting 
the X value as:

1 2 2 1
3 3 3 3 2( ) (6)o o V Hρ ρ ρ ρ− =                  (6)

Where

2
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                 (7)

Specific surface area (SSA)

The specific surface area (SSA) was estimated an empirically crystallite 
parameter (Lc) and the bulk density (ρ) using the equation (5) [16]

2 (8)
c

SSA
Lρ

=                  (8)

2 (9)
cSSAL

ρ =                  (9)

To estimate the specific surface area from the mathematical model [14] 
by substituting equation (7) into equation (4) to improve the accuracy of our 
measurements. Finally, Equation 13 is the second order polynomial equation 
by solving equation 10 to give two values ether – or +.

1 2
3 3
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3 32 22 2 (10)o o
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             (10)
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Spring length (SP)

The spring length is the distance between two cubic granular volume 
structures is given as [15].
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                (13)

Results and Discussion

The carbonization process of untreated and treated grain pellets for 
sufficient time at an appropriate carbonization, a heat treatment temperature 
at (500ºC to 1000ºC). Showing a large weight losses and volume change 
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Figure 2. Schematic diagram of cubic volume granular structure in two dimensional proposed by Emmerich FG and CA Luengo [14].
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occurred with the body physically shrinking to maintain its structural integrity 
[25]. This indicated that the grain pellets were subjected to compressive 
stresses during the heating process. Therefore, during the heating process, 
it is expected that the volume is reduced due to loss of adsorbed water and 
volume reduction due to release of tar and volatile compounds [26,27]. 

X-Ray diffraction

The XRD analysis found that the structure of all the carbon pellets 
produced is non-graphitic structure revealed by the higher background line 
intensity profiles [28]. Broad Bragg’s peaks were visible in the XRD spectrum 
of the all-carbon samples prepared from untreated and treated grain powder 
as shown in Figure 3. It shows that the diffraction intensity, initially at (002) 
and (100) Bragg's peaks, was broad, but as the carbonization temperature 
increased, the diffraction intensity sharpened at 1000oC carbonization 
temperature. The sharpened intensity profiles indicate that the CPs have 
a more crystalline structure, as the carbonization temperature increases up 
to 1000oC. Otherwise, it is due to reduction of the porous properties with 
increasing the carbonization temperature [18,19] (Figure 3).

Figure 4 represents the X-ray diffraction intensity for activated carbon 
pellets prepared at 1000oC for background and instrumental broadening and 
fitted into Gaussian distribution curves. Similar corrections were carried out 
to all of the diffraction intensities on the activated carbon pellets (Figure 4).

Figure 5 represents the variation of the interlayer spacing d002 for the 
AC activated with KOH having a concentration of (0 – 0.07 M) plotted as a 
function of carbonization temperatures and tableted in Table 1. The results 
show that d002 data decreased linearly with increasing the HTT and increased 
linearly with increasing the KOH concentration. Increases in the d002 may 
lead to reduction in crystalline structure by development of the pore structure 
and increasing surface roughness because of releasing the KOH molecules 
from the activated carbon pellets produced (Figure 6). While the decrease 
in the d002 indicates that there is an improvement of the crystalline structure, 
to more as a graphite-like structure when the carbonization temperature 
increased from 500oC to 1000oC. A similar observation has been made 
on another carbon precursor cellulose with increasing temperature [15,21] 
(Table 1, Figures 5 and 6). 

Lc and La were greatly increased with increasing carbonization 
temperatures as shown in Figure 7 and summarized in Table 1. Justifying 

that the system behaves more and more as a graphite-like structure with 
increasing carbonization temperatures. A similar observation on crystallite 
parameters was made on activated carbon from petroleum coke chemically 
activated with KOH [29]. The La obtained was close to those from other 
carbon materials prepared from polymeric carbon and petroleum coke 
annealed at different temperatures [29]. Increasing the carbonization 
temperature caused Lc and La to increase from 6.5 nm to 9.4 nm and from 
9.9 nm to 31.4 nm respectively. These findings indicate that the samples 
acquired larger crystallite parameters at the higher temperature. It was also 
indicated that the crystallite units decreased with increasing molarities of 
KOH used (Figure 7).

The relationships between d002 and La can be deduced by equation (2) 
that for large La the approaches zero and that d002, vs. 1/La obey the linear 
equation as shown in Figure 8. The data fitted the data very well except the 
samples prepared at 500oC to 600oC (Equation 14). It could be their structure 
did not yet achieve the structure, with the constant equal to 9.44 and cut axis 
of 3.354 Å. However, at a higher carbonization temperature (d002) becomes 
very depend on 1/La (Figure 8).

002  3.354  9.44 /  (14)ad L= +                 (14)

Specific surface area

The data in Table 2 represents the specific surface area (SSA) of the 
ACPs estimated from the bulk density and layer height (Lc) using Equation 
(9) and the specific surface area (SSA1) estimated by solving the polynomial 
Equation (12). The data shows that the specific surface area increased 
consistently with increasing KOH-concentration. It seems that activated 
carbon pellets have an excellent specific surface area of (1308.7-1658 m2/g), 
which is a range of the commercial activated carbon from coconut shell of 
(800 – 1500 m2/g) [30] and the oil palm leaves of 1685 m2/g [8].

The data show that a very good agreement between SSA and SSA1 
by adjusting the value degree of stiffness (γ) of 0.14 for the ACP samples 
treated with 0.02 M, 0.06 M and 0.07 M KOH, while, the value of SSA is quite 
high compared to that of SSA1 for the ACP treated with 0.03 M, 0.04 M and 
0.05 M KOH, indicate that there is an erroneous.

This implies that the KOH treatment can control the pore size of the 
CPs, with a high specific surface area achieved by low KOH concentration. 

Figure 3. X-ray diffraction of  CPs treated with 0.02 M  KOH,  carbonized at  (500 - 1000°C).
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Therefore, we consider that equation 12 is more accurate to be used to 
estimate the specific surface area, due to including the crystallite units (Lc, La 

and d002), longitudinal velocity (V) and bulk density of the pure graphite (ρo), 
compared to that of equation (7) which contains only the bulk density (ρ) 
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Figure 4. X-Ray diffraction intensity fitted into gaussian distribution.
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Table 1. Carbonization temperature, crystallite units (Lc, La and d002) of the activated carbon and the review data. 

Crystallite units
Carbonization temperatures (oC) Review data

500 600 700 800 900 1000 A B C A

Lc(002) (Å) 06.7 07.0 08.6 09.1 09.4 10.3 09.2 09.0 07.7

La(100) (Å) 09.9 12.0 18.9 23.1 25.3 27.6 23,4 22.1

D(002) (Å) 3.82 3.81 3.78 3.74 3.73 3.70 3.80

Note: A is for carbon precursor polyfurfuryl alcohol (PFA) [18], B for the activated carbon precursor (petroleum cokes) [30] and C for carbon precursor (phenol formaldehyde), 
carbonized up to 1000°C [32].
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Figure 7. Variation of  La and Lc  as a function of carbonization temperature.

Table 2. KOH (M), bulk density (ρ), longitudinal velocity (V), surface area (SSA1 and SSA) and the errors % for the ACs carbonized at 1000°C.

KOH (M) Ρ (g/cm3) V (m/s) SSA1 (m2/g) SSA (m2/g) Error %

0.00 0.925 2288 - - -

0.01 1.132 2289 2037.5 1308.7 -

0.02 1.164 2744 1399.8 1408.4 00.01

0.03 1.189 2831 1299.2 1450.1 15.90

0.04 1.201 2724 1394.0 1616.8 22.30

0.05 1.206 2794 1361.0 1605.1 24.40

0.06 1.233 2603 1525.9 1583.3 00.57

0.07 1.246 2396 1603.0 1658.2 00.55

Note: SSA1 were estimated from the X-ray diffraction date and SSA was measured.
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Table 3. KOH (M), d002 (Å), Lc (Å), La (Å) and SP (Å for the ACPs).

KOH (M) d002 (Å) Lc (Å) La (Å) SP
0.00 3.73 - - 42.91
0.01 3.74 13.5 24.4 41.83
0.02 3.75 12.2 23.8 39.03
0.03 3.76 11.6 23.2 36.98
0.04 3.77 10.3 22.6 35.45
0.05 3.78 10 22.0 34.24
0.06 3.79 9.8 21.4 32.08
0.07 3.80 9.2 20.8 30.66

A 3.83 08.4 -

Note: Ais for the activated carbon from olive stones [29].

Figure 8. Variation of  d002  vs. a1/La.
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and layer height (Lc) of the samples. The above results confirm the validity 
of the mathematical model by Emmerich FG and CA Luengo [14] and the 
polynomial equation (10) given in this work for deriving specific surface area 
of the carbon pellets.

The microscopic structure of the carbon samples was assumed to be 
made of granular cubic. The predicted specific surface area SSA1 using the 
microscopic cross-linking model based on such an assumption was in good 
agreement with the SSA estimate of bulk density and layer height, making it 
suitable to be developed and used for estimating the surface area of the pore 
materials. Good prediction results of the specific surface area demonstrated 
the reliability of the model (Table 2).

Spring length

Table 3 and Figure 9 show the spring length between the cubic granular 
volume structures was decreased linearly with increasing KOH concentrations 
from 42.9 Å to 30.7 Å and such reduction on the spring lengths are probably 
due to the formulation of pores. However, that the ACPs pellets could only 
be stretched up to a certain point before cracking or deforming, when treated 
with a higher KOH concentration (Table 3 and Figure 9). 

Conclusion

Analysis of X-ray diffraction profiles of the activated carbon pellets 
(ACPs) at different carbonization temperatures, at a higher carbonization 
temperature conferred greater order, which, in turn, resulted in the formation 
of a more graphite-like structure. In addition, the increases in Lc and La and 
decreasing d002 in the ACPs produced, indicated that the system behaves 
more and more as a graphite-like structure with increasing temperature. 

Based on the results, the mathematical model can be used to characterize 
the specific surface area and spring length between the two cubic volume 
granular structures of the activated carbon pellets, where it can identify 
the origins of microstructure in the carbon sample. The estimated specific 
surface areas (SSA and SSA1) are in good agreement and the spring length 
between two cubic volume structures was decreased with increasing KOH 
concentration. These results show that it is possible to combine the structural 
properties of a disordered or inhomogeneous material like carbon to perform 
such a characterization. Therefore, it can be concluded that the crystallite 
parameters can play a fundamental role in describing the physical properties 
of the ACPs produced.
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