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Optimization by Experimental Design of Activated Carbons Preparation and their Use
for Lead and Chromium ions Sorption
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Abstract: The best conditions for obtaining activated carbons with good adsorption capacities were
assessed using an experimental design technique. The influence of four parameters (temperature, duration
of carbonization, the precursor material and the chemical activating agent) on the adsorption capacity
(iodine number) was studied. It was exhibited best experimental conditions (Makoré as precursor material,
ZnCl2 as chemical agent, temperature and duration equal respectively to 800 °C and 8h) for which an
activated carbon with iodine number of 512 mg/g was obtained. The ability of this carbon for lead and
chromium ions removal from synthetic aqueous solution was also evaluated. It was exhibited a good
adsorption for carbon particles size inferior to 0.1 mm. Moreover, lead ion was better adsorbed than
chromium ion since a strong adsorption rate (about 100%) was reached for this first, after 15 min. 
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INTRODUCTION

Activated carbon is a form of carbon that has been
processed to make it extremely porous and thus to
have a very large surface area available for adsorption
or chemical reactions. They have been found to be
efficient and economically cheap materials to remove
organic and mineral micropollutants from solution[1-2].
Agricultural by-products such as apricot stones,
sugarcane bagasse, nutshells, forest residues and
tobacco stems were used by many authors to prepare
theses microporous materials[4-8]. It can be produced by
two processes. In the one hand by Physical reactivation
for which the precursor is developed into activated
carbons using gases. This is generally done by using
carbonization at temperatures in the range 600-900 °C,
in absence of air (usually in inert atmosphere with
gases like argon or nitrogen) or activation/oxidation by
exposition to oxidizing atmospheres (carbon dioxide,
oxygen, or steam) at temperatures above 250 °C,
usually in the temperature range of 600-1200 °C. In the
other hand by Chemical activation in which, the raw
material is impregnated with certain chemicals Prior to
carbonization. The chemical is typically an acid, strong
base, or a salt (phosphoric acid, potassium hydroxide,
sodium hydroxide, zinc chloride, respectively). Then,

the raw material is carbonized at lower temperatures
(450-900 °C). It is believed that the carbonization /
activation step proceeds simultaneously with the
chemical activation. This technique can be problematic
in some cases, because, for example, zinc trace
residues may remain in the end product. However,
chemical activation is preferred over physical activation
owing to the lower temperatures and shorter time
needed for activating material[9].

Moreover, it is well known that obtaining activated
carbon quality depends on various factors. Thus, in
order to optimize the conditions for these porous
materials production, work approaches using
mathematical models are increasingly used[9-12]. 

In this work, the determination of the optimal
conditions for obtaining activated carbons and their use
as adsorbent for lead and chromium ions sorption from
aqueous solutions were investigated.

MATERIALS AND METHODS

Experimental Design: Experimental design is a set of
experiments that are performed on the process or
system, the input data is changed by the output
responses and the relations between inputs and outputs.
The main goal of experimental design is to determine
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the variables which have the maximum effect on the
responses. Various types of experimental designs exist.
The most commonly used one, due to its simplicity, is
the Complete Factorial Plan, noted 2k, which is the
combination of all levels (2) of all factors (k)[13-15]. In
the Complete Factorial model, the main and the
interaction effects of various factors are determined by
fitting the data to a first-order polynomial equation:

Y = a0 + a1X1 + a2X2 + … + akXk + … + a12X1X2 +
…+ ak-1kXk-1Xk + a1…kX1X2…Xk         (1)
where Y, the iodine number (mg/g) was the measured
response, ai the main effect of the factors Xi and aij the
interaction effect between factors i and j. a0 is a
constant term.  

The evaluations and statistics of the coefficients of
the polynomial are achieved in this work by using a
least square method[16].

The quality of activated carbons is generally
appreciated taking into account porosity, size, capacity
of adsorption, specific surface, regeneration etc.
According to Afrane and Achaw[17], the sole criterion
for selection is often the adsorption capacity of the
treated carbon. The latter depends on the size and
distribution of pores and the surface area of the
activated carbon[18]. It has long been established that
these properties depended in part on the type of
precursor material and the conditions of preparation[19-

21]. So, in the present work, four factors were taken
into account at the beginning, such as precursor,
chemical activation agent, carbonization duration and
temperature. The precursor materials were shell of
Tieghmelia heckelii fruit commonly named Makoré and
shell of Delonix regia fruit, commonly named
Flamboyant while the activation agents were ZnCl2, 1N
and H3PO4, 30%.

General Procedure for Activated Carbon
Preparation: The shell of Makoré and fruit of
Flamboyant were collected from agricultural areas,
washed with distilled water, cut into small pieces and
dried at steam room for 24 hours. The resulting
materials were impregnated with zinc chloride or
orthophosphoric acidic for 10 hours and then
carbonized in electric furnace at various temperature
and time defined in Table 1. The carbon was washed
with distilled water until pH 7. It was oven dried at
105 °C during 2 hours and cooled in a dessicator. The
resulting material was finally ground and stored in a
hermetic flask.

Characterization of Activated Carbon: The activated
carbons were characterized by their iodine number that
was determined according to ASTM procedure D-4607,
2006[22].

Batch Experiment Procedure for Metallic Ions
Removal: Batch equilibrium experiments for removal
of lead and chromium ions from synthetic aqueous
solutions were carried out using the best carbon
obtained. A mixture containing 10 g/L of adsorbent and
50 mL of metallic solution at pH = 2, was agitated by
a magnetic agitator at room temperature. After a
defined time, the sample was withdrawn and filtered.
The initial metallic concentration C0 and the final
concentration C1 were performed using atomic
absorption spectrophotometer (A model AA20). The
rate of adsorption (%) of Pb and Cr ions was
calculated according to the following equation: 

Adsorption rate (%)         (2)
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RESULTS AND DISCUSSION

Optimization of Conditions of Activated Carbon
Production: Tables 2 and 3, illustrate respectively the
experimental design results and the coefficients of the
polynomial. A coefficient is assumed to be statistically
significant if its absolute value exceeds twice the
experimental standard deviation[23]. On this basis, the
iodine number is considered as dependent on the
temperature, the activation, the carbonization duration
and the precursor. A significant interaction between the
chemical activation agent and the temperature can be
noted. From the results, it comes out clearly that the
activation temperature generates elevated capacities of
adsorption. Indeed it well known that the temperature
influences the development of carbon porosity and
consequently its capacity of adsorption[7,9,24-26].
Furthermore, the use of ZnCl2 leads to an increase in
the iodine number. It seems also to be preferable to
increase the duration of the carbonization[7] and to use
the Makoré as precursor 

In order to analyze the interaction between the
activation agent and the temperature, figure 1 is
presented. The values in every small square represent
the combinations of the levels of the two. It appears
clearly that the use of ZnCl2 as activation agent at high
temperature (i.e. 700 °C) is favorable to the
development of the adsorption capacity of the carbon
in accordance with Benrachedi work[7].

Overall, on the basis of the foregoing, a new
experimental field with two variables, namely
temperature and duration of carbonization has been
postulated. The Makoré and ZnCl2 are respectively used
as precursor and oxidant. Table 4 gives the
experimental design and the results.
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Table 1: Experimental field.
Variables Factors Levels

-----------------------------------------------------------------------
Low (-) High (+)

X1 Precursor Makoré Flamboyant
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
X2 Activation agent H3PO4, 30% ZnCl2, 1N
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
X3 Carbonization duration (h) 3 5
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
X4 Temperature (°C) 500 700

Table 2: Experimentation designs and experimental results 
N° Precursor Activation agent Duration (h) Temperature (°C) Iodine number (mg/g)
1 Makoré H3PO4, 30 % 3 500 138.790
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 Flamboyant H3PO4, 30 % 3 500 114.900
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 Makoré ZnCl2, 1N 3 500 121.990
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 Flamboyant ZnCl2, 1N 3 500 110.290
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
5 Makoré H3PO4, 30 % 5 500 189.280
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
6 Flamboyant H3PO4, 30 % 5 500 139.360
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
7 Makoré ZnCl2, 1N 5 500 143.120
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
8 Flamboyant ZnCl2, 1N 5 500 132.550
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
9 Makoré H3PO4, 30 % 3 700 144.640
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
10 Flamboyant H3PO4, 30 % 3 700 124.430
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
11 Makoré ZnCl2, 1N 3 700 347.400
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
12 Flamboyant ZnCl2, 1N 3 700 193.740
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
13 Makoré H3PO4, 30 % 5 700 224.680
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
14 Flamboyant H3PO4, 30 % 5 700 149.480
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
15 Makoré ZnCl2, 1N 5 700 385.350
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
16 Flamboyant ZnCl2, 1N 5 700 365.550

Table 3: Estimation and statistics of coefficients
Coefficient b0 b1 b2 b3 b4 b12 b13 b14 b23 b24 b34

value 189.1 -22.8 35.9 27.1 52.8 -1.6 3.4 -10.8 4.6 45.2 12.3
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Standard deviation 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6 9.6

Table 4: Experimentation designs and results link to temperature and duration of carbonization.
N° Duration (h) Temperature (°C) Capacity of adsorption (mg/g)
1 6 800 404.060
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
2 8 800 511.856
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
3 6 900 482.042
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
4 8 900 438.068

Table 5: Optimal conditions of activated carbon preparation
Precursor Activation agent Duration Temperature Adsorption of capacity
Makoré ZnCl2, 1N 8 Hours 800 °C 511.856 mg/g
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Fig. 1: Interaction between the activation agent and the temperature of activation

Fig. 2: Interaction between duration and carbonization temperature

The calculation of the different coefficients of the
factors gives b0 = 452.76; b1 = 22.21; b2 = 7.30 and
b12 = - 44.19. The statistical analysis of these values
allowed conclusion to be drawn concerning the effect
of the two factors considered. From the results (Figure
2), it appears that the highest iodine number illustrated
the best capacity of adsorption is achieved at a
minimal carbonization temperature (800°C) and a
maximal duration (8 hours). These results show that the
increase in the temperature of carbonization improves
the adsorption capacity of carbon. However, beyond
800°C, the contrary effect seems to occur. Indeed, there
is a light decrease of carbon adsorption capacity when
the temperature increases from 800 to 900°C. Finally,
by taking in account the whole results of this study,
the optimal conditions of activated carbon preparation
are reported in Table 5.

Application to Lead and Chromium Ions Sorption:
The tests of adsorption are carried out with carbon
prepared in the experimental conditions reported in
Table 5. Figure 4 describes the adsorption of lead and
chromium for different activated carbon particle size,
i.e. A (particle size # 0,1 mm), B (0,1 mm < particle
size # 0,25 mm) and C (0,25 mm < particle size #

0,5 mm). The analysis of Figure 3 shows that the size
of the carbon particles influences significantly the
adsorption rate and the equilibrium time. It appears
that, when the size of particle is weak, the adsorption
is high and fast. These results are in agreement with
the literature[27]. In addition, lead is better adsorbed
than chromium whatever the experimental conditions.

This difference can be explained by several factors
such us the ionic radius, the potential ionic, the
chemical properties and the hydrated radius of these
two metal[28]. The hydrated radius of lead is smaller
than the one of chromium, and can consequently
penetrate easily in the small pores. In addition, the lead
ionic potential is bigger than the one of the chromium.
Thus, the possible interaction between the functional
groups at the surface of carbon and the lead ions are
strong. It results a bigger affinity of carbon for lead. 

Conclusion: This work is based on the use of the
experimental designs for the preparation of activated
carbon. This technique permitted to determine the
optimal conditions of activated carbon preparation
possessing the best adsorption capacities, from local
vegetal material.
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Fig. 3: Adsorption rate of Lead and Chromium on activated carbon of different sizes as a function of the contact
time

Otherwise, adsorption of lead and chromium ions
from aqueous solutions was carried out with for
different particles sizes the best carbon obtained. The
obtained results confirm its strong adsorption capacity,
particularly when the size of carbon particles is weak.
Thus, from the results, it is possible to finalize a
reliable and little costly process of production of
activated carbon with an interesting adsorption capacity. 
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