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ABSTRACT. In this study, Ricinodendron heudelotii (akpi) shells are used as precursor to prepare activated 
carbon via chemical activation using phosphoric acid. The characterization of the obtained activated carbon is 
performed using X-ray diffraction (XRD), Boehm titration method and adsorption of acetic acid. The results show 
that the prepared activated carbon has a microstructure and a higher specific surface area (1179 m2/g), suggesting 
that the acid treatment has a significant positive influence on its sorption properties. The maximum adsorption 
capacity and pollutant elimination efficiency are found to be 43.48 mg/g and 90%, respectively. These results 
suggest that this low cost agent is an efficient tool to remove organic pollutants especially imidacloprid from 
wastewater. 
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INTRODUCTION 
 

Pesticides (insecticide, weed-killer, fungicide, etc.) are substances used in a wide range of 
applications especially in agriculture and households to eradicate pests including insects, wild 
grasses and vector-borne diseases. Although their use has revolutionized worldwide agricultural 
practices and forced back some diseases [1-3], pesticides can easily spread to all parts of 
environment thus, causing enormous ecosystem problems. In addition, they can bring resistance 
in some target species which can contribute to deteriorate the environment and to threaten 
human well-being [4]. For this reason a new class of insecticide has emerged. Imidacloprid is 
belonged to this new class used to control sucking insects including aphids, weevils, and many 
species of biting and stinging insects [5]. Because it has efficiently been used in agricultural 
application against pests and seed treatments, imidacloprid is one of the most used insecticides 
particularly in Ivory Coast (more than 60% of the insecticides used in cocoa crops) [6]. 
Moreover, it has been found to have a potential capability to contaminate soils, surface and 
ground water [7] and has been considered to be a fatal and persistent pesticide as its half-life 
(DT1/2) is between 40 days and 288 days [6, 8]. 

Several methods including photocatalysis, electrocoagulation, biological treatment and 
disinfection are employed for pesticide removal [9-12]. However, these processes are somehow 
known to be in most cases limited, to use a long procedure or to be costly. To resolve these 
issues, adsorption has been widely investigated as one of the most prominent methods to remove 
such waste. The main material frequently employed in this technique is activated carbon which 
has the advantage to possess large surface area, excellent internal and external functions, large 
adsorption capacities and good adsorption kinetics [13-16]. The most commonly used precursors 
are agricultural wastes particularly coconut shell, rice bran, seed hull of the palm tree and olive 
stones [14, 16, 17]. The properties and the efficiency of these activated carbons depend mainly 
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on the characteristics of the precursor, preparation conditions and the type of activation. For this 
last point, chemical activation is largely employed in which phosphoric acid is widely used 
because of its non-polluting character, good quality of prepared carbon and ease of elimination 
of residues by water after carbonization [18].  

In this work, we have prepared activated carbon from akpi shells. In fact, akpi is widely used 
in Ivorian cookery and traditional medicine. Herein, we are promoting a low-cost activated 
carbon from the waste of these shells which are considered irrelevant for human use. The 
obtained activated carbon has been chemical activated using phosphoric acid and has been 
applied for imidacloprid removal in aqueous media. The results suggest that this activated 
carbon is efficient adsorption agent for organic pollutant removal in aqueous media.  

 

EXPERIMENTAL 
 
Raw material 
 
Akpi-shells were freely provided by women from the region of Sikensi (south Ivory Coast) 
during the harvest of akpi almond.  
 
Reagents 
 
All reagents were of analytical grade and were used as received without any purification. 
Sodium hydroxide (99%) and sodium chloride (98%) were purchased from Scharlau (European 
Union), orthophosphoric acid (H3PO4, 85%) and sodium carbonate (Na2CO3, 99.9%) from 
Merck (Germany), sodium bicarbonate (NaHCO3, 99.7%) from Prolabo (France), acetic acid 
(96%), hydrochloric acid (37%) from Carlo Erba (France) and, imidacloprid standard (98%) was 
provided by Dr. Ehrenstorfer GmbH (Germany). 
 
Preparation of activated carbon  
 
Akpi shells are thoroughly washed with deionized water in order to eliminate any dirt and dried 
for 24 h at 110 oC. After this step, 20 g of these dried shells are kept for 48 h in 10 mL of 
orthophosphoric acid (14.8 M). The obtained samples are carbonized at 500 oC in nitrogen gas 
for 2 h in a muffle furnace (Nabertherm West Germany). The resulting samples are cooled and 
then repeatedly washed with deionized water until pH 7 to remove the activation reagent and 
undesired products. The samples are dried again for 2h and stored in desiccator. The final 
product is crushed to have a granular form (~1 mm) of activated carbon from akpi. The obtained 
product is denoted as akpi activated carbon (AAC). For further investigation, akpi non-activated 
carbon (ANC) was prepared in a similar way without the orthophosphoric acid treatment step. 
 
Activated carbon characterization  
 
For the determination of the crystal structures, the samples of carbon were analyzed with a 
diffractometer using XRD (D8 Advance Bruker, Germany) with a germanium detector for the 
angle 2θ between 20-120o with the scan rate of 0.01o/s.  
 
Chemical characterization of activated carbon and surface properties 
 
The adsorption of acetic acid is used as easy, safe and economical method to determine the 
specific surface area of prepared activated carbon [19, 20]. In this study, 20 mL of acetic acid 
with concentrations ranging from 0.01 M to 0.1 M are placed into flasks and 0.1 g of activated 
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carbon is added in each flask under stirring at 200 rpm till time t (time to be optimized). Then, 
the obtained substrate was filtered. The titration of the samples with NaOH (0.1 M) using 
phenolphthalein as color change indicator was permitted to access the amount of adsorption qe at 
the time t according to Equation (1): 
 

��	(mg⁄g) 	= 	
(�����)

�
×V                       (1) 

 
where C0 and Ce are the concentrations of acetic acid at initial and equilibrium time respectively, 
V is the suspension volume and, m the mass of activated carbon. Equation (2) (Langmuir 
equation) with Equation (3) are used to access the specific surface area of prepared activated 
carbon: 
 

�� =
�����

�����
                          (2) 

 
S= 	 q� .s.N�                          (3) 
 
where qm (mol/g) is the maximal capacity of adsorption of the activated carbon, s = 21Å2, is the 
surface area for acetic acid molecule and NA = 6.2x1023 mol-1, Avogadro constant.  

Quantitative determination of functional groups of carbonized akpi shells was done using 
Boehm titration method. 50 mL of the solutions of NaOH, Na2CO3, NaHCO3 and HCl with the 
same concentration of 0.05 M were placed into 100 mL flasks, and 1 g of akpi activated carbon 
was added. The flasks were closed and stirred up to 48h at room temperature (27 oC). After that, 
the samples were centrifuged to remove the carbon and HCl is used for the titrations of the 
NaOH, Na2CO3 and NaHCO3 solutions. This titration with HCl provides information about the 
surface character.  

In order to determine the pH of the activated carbons, 3 g of activated carbon were added to 
a flask containing 60 mL of deionized water and then covered. The mixture was gently brought 
to boil for 3 min. After filtration and cooling of the solutions at room temperature, the pH was 
determined by pH-meter. However, ash contents were determined by following method: firstly 
the carbon was ground and sieved in order to have samples with a 0.5 mm size. Secondly, 1 g of 
this sample was placed in tarred porcelain crucible and put in a furnace at 500 oC for 2h, and 
finally cooled at room temperature and reweighed. 

 
HPLC analysis of imidacloprid 
 
The concentration of imidacloprid was analyzed using a HPLC system Shimadzu Prominence 
LC-20A series (SHIMADZU, Japan) equipped with UV-Vis detector SPD-20A (set on 252 nm). 
The column used is Shimadzu VP-ODS C18 (250 x 4.6 mm). The mobile phase was 
acetonitrile/0.01% acetic acid-water (40:60, v/v) at a flow rate of 1.0 mL/min, and the injected 
volume was 20 μL. Under this operating condition, the retention time of imidacloprid was found 
to be 5.82 min [6]. 
 
In HPLC measurements, 0.1 g of activated carbon was mixed with 20 mL of 10 and 20 mg/L of 
the standard imidacloprid solution in two different conical flasks. These mixtures were left 
under stirring at 200 rpm for different times of 0, 0.25, 0.5, 0.75, 1, 1.25, 1.30, 2 and 3 h. After 
each contact time, the solution was filtered and the final concentrations of imidacloprid were 
determined by HPLC. 
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RESULTS AND DISCUSSION 
 

Physico-chemical characteristics of the activated carbon 
 
Performance of the preparation process 
 
To evaluate the performance of the preparation and activation process, the product yield was 
investigated. For this purpose a weight (W1) of akpi-shell is carbonized at 500°C. After cooling, 
the carbon was finally dried to a constant weight (W2). The yield decrease is obtained using 
Equation (4): 
 

% 	�����=
� ��� �

� �
× 100                                                               (4) 

 
According to Table 1, the yield is found to be around 35%. The ash content of the akpi 
carbonaceous material gives 2.35% and 3.88% for ANC and AAC, respectively. This increase in 
ash with activation may be due to the presence of polyphosphates from the activation with 
H3PO4 [18].  
 
Table 1. Mass yield of akpi-shell. 
 

Weight (W1) of akpi-shell 
before carbonization (g) 

Weight (W2) of akpi-shell after 
carbonization (g) 

Mass percent of carbon (% C) 

5  1.78 35.6 
10 3.43 34.3 
20 7.04 35.2 
50 17.5 34.9 

 
Specific surface area of prepared activated carbon  
 
The adsorption of acetic acid onto carbon was performed to access the specific surface area of 
the carbons (Figure 1). The different parameters of the isotherm and the specific surface areas 
are summarized in Table 2. As displayed in this Table, without activation, the specific surface 
area of akpi carbon is around 401 m2/g. This value is almost higher than those obtained with 
common activated carbon (Table 3). This result denotes that the akpi shells can be a good 
precursor to prepare activated carbon. Furthermore, this study revealed that the specific surface 
area of akpi carbon increase with activation. This increase in specific surface area of the 
produced AAC should be due to the activation agent. Indeed, according to the literature, 
chemical activation of carbon considerably improves the specific surface [18, 21]. 
 
Table 2. Adsorption of acetic acid parameters using Langmuir isotherms.  
 

Carbon R2 qm (mol/g) Surface area (m2/g) 
AAC 0.993 9.328x10-3 1179 
ANC 0.990 3.175x10-3 401 

 
Table 3.Surface area of prepared carbon without activation. 
 

Carbon Specific surface area (m2/g) Reference 
ANC 401 This study 
Non activated carbon from olive waste 120-400 [20] 
Non activated carbon from  peanut Shell 147 [22] 
Non activated carbon from  green soya shell 194 [22] 
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Figure 1. Langmuir plots for acetic acid adsorption onto AAC and ANC. Each data point 
represents the average value from three measurements. Error bars show the standard 
deviations. 

 

Adsorbent surface properties 
 

According to the previous studies [23, 24], the acidity or basicity of the surface is an important 
parameter in activated carbon application. These properties are evaluated by titration as 
described in the experiment part. It is known that Na2CO3 reacts with carboxyl and lactonic 
groups. The difference between the nCSF (the moles of different functions on the surface of the 
activated carbon) titrated with NaOH and the nCSF measured with Na2CO3 denotes the quantity 
of phenols on the surface. The difference between the groups titrated with Na2CO3 and those 
titrated with NaHCO3 is assumed to be lactones [25]. In order to determine the pH of the 
activated carbons, 3 g of activated carbon were added to a flask containing 60 mL of deionized 
water and then covered. The mixture was gently brought to boil for 3 min. After filtration and 
cooling of the solutions at room temperature, the pH was determined by pH-meter. As displayed 
in Table 4, the pH values indicate acid and neutral character of AAC and ANC, respectively. 
The distribution of functional groups according to Boehm titration method is consistent with the 
pH values. This high acidic surface of AAC is mainly due to the chemical activation which can 
increase carboxylic group [18].  
 
Table 4. Surface properties of carbons. 
 

Carbon 
type 

carboxylic 
(mmol/g) 

Lactone 
(mmol/g) 

Phenolic 
(mmol/g) 

Total acidic sites 
(mmol/g) 

Total basic sites 
mmol/g) 

pH 

AAC 0.69 0.63 0.05 1.37 0.88 5.5 
ANC 0.24 0.40 0.18 0.82 0.96 7.2 
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X-ray diffraction (XRD) 
 
The crystalline structure of the prepared activated carbon was explored using XRD technique. 
Figure 2A shows the typical XRD pattern of both prepared ANC and AAC. As can be seen, both 
ANC and AAC have similar profile. This result suggests that the chemical activation has no 
effect on the structure of AAC. However, the sharp peak at 2θ = 30o in the case of AAC, can be 
attributed to the presence of microcrystalline carbon fragments, thus resulting in better layer 
alignment and amorphous structure [26, 27]. The obtained carbon can therefore be identified as 
amorphous structure and may be a good adsorbent. 
 

 
Figure 2. (A) XRD profiles of ANC and AAC and (B) adsorption kinetic of imidacloprid on 

AAC. Each data point represents the average value from three measurements. Error 
bars show the standard deviations. 

 
Kinetic adsorption study 
 
To determine the kinetic order and the time required to reach adsorption equilibrium, the 
adsorption kinetic study of imidacloprid on AAC is carried out at room temperature with two 
different concentrations of imidacloprid solution. For this purpose, 0.1 g of activated carbon was 
mixed with 20 mL of 10 and 20 mg/L of standard imidacloprid solution in two different conical 
flasks. These mixtures were left under stirring at 200 rpm for different times of 0, 0.25, 0.5, 
0.75, 1, 1.25, 1.30, 2 and 3 h. After each contact time, the solution was filtered and the final 
concentrations of imidacloprid were determined by HPLC. The amount of adsorbed 
imidacloprid onto AAC is calculated according to Equation (5) [28]. 
 

��		 = 	
(�����)

�
×V                        (5) 

 
where qt (mg/g) is the amount of adsorbed imidacloprid per unit mass of akpi-shell activated 
carbon, C0 and Ct  are the initial and the final concentration (ppm) of imidacloprid, respectively, 
V is the initial solution volume (L), m the mass of the activated carbon (g). 

Figure 2B displays the adsorption study of the imidacloprid on AAC for different times. As 
exhibited, the process of adsorption is relatively fast and reaches equilibrium within 90 min. 
This result may suggest the efficiency of the prepared activated carbon and 90 min can be used 
as equilibrium time.  

Moreover, to acquire the order of the imidacloprid adsorption kinetic, three kinetic models 
were used. 
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Pseudo-first order with equation: 

lnC – ln C0 = - k1t                        (6) 

Pseudo-second order which can be formulated as  

1/C – 1/C0 = k2t                        (7) 

Intraparticle diffusion with equation 

qt = kit
1/2                             (8) 

where qt is the amount of imidacloprid adsorbed at the time t, C0 and C are the initial and any 
time concentrations of imidacloprid respectively and, the first rate constants ki for diffusion, k1 
for pseudo-first order model and k2 for the model of pseudo-second order. 
 
Table 5. Obtained parameters of the three applied kinetic models for imidacloprid adsorption. 
 

Initial 
concentration 

(mg/L) 

Pseudo-first order Pseudo-second order Intraparticle diffusion 
k1 

(min-1) 
R2 P k2 

(g.mg-1.min-1) 
R2 P ki 

(g.mg-1.min-1/2) 

R2 P 

20  0.021 0.992 4.58 0.013 0.998 5.35 0.393 0.98 13.22 
10  0.018 0.993 3.37 0.018 0.981 8.28 0.184 0.96 21.36 

k: rate constant, R2: correlation coefficients and P: percentage deviation. 
 

The curves of each kinetic model were plotted (Figure 3) and the different parameters are 
given in Table 5. As can be observed, the intraparticle diffusion model gives the smallest 
correlation coefficients. However, it seems that all of these models are applicable as for each 
model the coefficient of correlation is higher than 0.96. It is therefore necessary to use a test of 
normalized percent deviation (P) defined by Equation (9). 
 

� = �
���

�
�∑ �

���,������,����

��,���
�                     (9) 

 

where qt,exp is the experimental amount of adsorbed imidacloprid and qt,cal the corresponding 
predicted adsorbed amount according to the applied model with the best fitted parameters at the 
same time t, and N the number of data points.  
 From the Table 5, it can be seen that the lower value of P is from pseudo-first order. This 
result proves that pseudo-first order well describes the kinetic adsorption of imidacloprid on 
AAC. The results from this work are in good agreement with those reported in the literature [29, 
30]. 
 

Adsorption study at equilibrium  
 

For further investigation of the adsorption study at equilibrium, 0.5 g of fabricated activated 
carbon was mixed with different imidacloprid concentrations ranging from 1.25 to 50 mg/L in 
100 mL flasks. Then the mixtures were left under stirring at 200 rpm for 90 min at room 
temperature [31]. After equilibrium time, the samples were filtered and analyzed using HPLC. 
The amount of adsorbed imidacloprid per unit mass of AAC at equilibrium, qe, was calculated 
using Equation (2). The adsorption isotherm of imidacloprid onto fabricated activated carbon 
was carried out at room temperature (27 oC) for 90 min (Figure 4A). As exhibited, the adsorbed 
amount of imidacloprid increases with the concentrations of imidacloprid at equilibrium. This 
adsorption of imidacloprid may therefore be classified as L-type and may suggest that 
imidacloprid has a good affinity for AAC. This result denotes that there is no competition 
between imidacloprid and the solvent at the sites of adsorption [32]. 
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Figure 3. Kinetic model for (A) pseudo-first order, (B) pseudo-second order and (C) intraparticle 

diffusion. Each data point represents the average value from three measurements. Error 
bars show the standard deviations. 

 
Several models are commonly used to assess the adsorbent capacity to remove pollutants 

from aqueous solutions. However, the most used models are Langmuir, Freundlich and Temkin 
[33]. Their equations are respectively given below (Equation 10-12): 

 
�

��
= 	

�

���

�

��
+

�

��
                     (10) 

 

	����= ln�� + 
�

�
ln��                     (11) 

 

�� =
��

∆�
ln �� +

��

∆�
ln ��                    (12) 

 
where Ce (ppm) and qe (mg.g-1) are the concentration and the amount of the adsorbed 
imidacloprid per unit mass of activated carbon at equilibrium respectively, b (L.mg-1) and qm 

(mg.g-1) are the Langmuir constant and the maximum adsorption capacity of the adsorbent, KF 

(mg.L-1) and 1/n are the Freundlich constant and the heterogeneity factor, respectively, T 
temperature (K), K0 is Temkin isotherm constants, R (8.314 J.mol-1.K-1) is the universal gas 
constant and ∆Q is heat of adsorption. 
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Figure 4. (A) Isotherm adsorption of imidacloprid onto akpi activated carbon, plots of 

imidacloprid adsorption onto AAC with (B) Langmuir model, (C) Freundlich model 
and (D) Temkin model. Each data point represents the average value from three 
measurements. Error bars show the standard deviations. 

 
The different obtained isotherm parameters of Langmuir (Figure 4B), Freundlich (Figure 

4C) and Temkin (Figure 4D) of imidacloprid adsorption onto AAC are summarized in Table 6. 
According to this Table, the obtained R2 from Freundlich and Langmuir models are higher than 
0.98 suggesting that both Freundlich and Langmuir models fit well for the description of 
imidacloprid sorption on AAC. However, the obtained value 1/n = 0.536 < 1 implies that the 
adsorption process is chemical sorption [34]. On the other hand, the linear correlation of Temkin 
gives R2	≥ 0.96, therefore this model can also be used to describe imidacloprid adsorption. The 
positive value of adsorption heat (∆Q) using this model suggests that the adsorption process is 
exothermic model [33]. 
 
Table 6. Equilibrium adsorption isotherm parameters for imidacloprid sorption onto AAC. 
 

Model Linear correlations (R2) qm (mg/g) ∆Q  (KJ/mol) K0 b Ln k 1/n 
Langmuir 0.990 43.48 … ... 0.1493 ... …. 
Temkin 0.965 …. 105.138 1.019 … … … 

Freundlich 0.983 … … … … 1.895 0.536 
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Influence of pH solution on the imidacloprid adsorption 
 
To study the effect of pH on the imidacloprid adsorption on AAC, the experiments were carried 
out using 100 mL of 10 mg/L imidacloprid mixed with 0.5 g of activated carbon. The initial pH 
was adjusted to 2.1, 3.35, 4.25, 6.9, 8 and 10.27 with 0.1 M HCl or 0.1 M NaOH (Figure 5A). 
The suspensions were then left under stirring at 200 rpm for 90 min (equilibrium time) at room 
temperature and the amount of adsorbed imidacloprid was determined using Equation (13): 
 

% rétention = 
(�����)

��
×100                    (13) 

 
where C0 and Ce are the concentrations of imidacloprid at initial and equilibrium time 
respectively. 

As shown in Figure 5A, the adsorbed amount of imidacloprid is low in acidic and basic 
media. The best adsorption process is obtained at pH 6.9 suggesting that the pH significantly 
affects the adsorption process. Similar results were reported by Daneshvar et al. [31]. The pH 
effect may be due to the variation of the surface charge of AAC when the pH changes [35]. The 
competition between imidacloprid and H+ ions in acidic or OH- ions in basic solution may also 
reduce the efficiency of AAC [36]. 

 

 
Figure 5. Influence of (A) pH and (B) adsorbent dose on the adsorption of imidacloprid. Each 

data point represents the average value from three measurements. Error bars show the 
standard deviations. 

 
Influence of the amount of the activated carbon on the imidacloprid adsorption 
 
The effect of sorbent dose on the uptake of imidacloprid was carried out using different masses 
of activated carbon (0.1, 0.2, 0.5, 1, 1.5 and 1.6 g). The experiments were performed by stirring 
20 mL of 10 mg/L of imidacloprid with the above different sorbent masses till the equilibrium 
time (90 min) and then the amount of adsorbed imidacloprid were determined (Figure 5B). 

It is observed that the removal percentage of imidacloprid with AAC increases from 32.12 to 
99.32% when the weight of adsorbent increases. This result infers that 80 g/L of AAC can be 
used as activated carbon to eliminate more than 99% of imidacloprid in waste water. 
 
Comparison of cost of manufactured carbons 

An estimation of manufacturing cost of prepared carbons (AAC and ANC) is investigated 
(Table 7). Compared with other commercial activated carbons in a local market, the cost of the 
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activated carbon produced with akpi shell is very low indicating that it should be possible to 
obtain a good activated carbon with very reasonable low-cost. 
 
Table 7.  Estimated cost of carbons product by akpi shell (Dollar US/ kg). 
 

Parameters ANC AAC 

Akpi shell and transportation 0.36 0.36 
Phosphoric acid * 16.35 
Power consumption 29.62 29.62 
Deionized water 11.00 11.00 
Package 1.06 1.06 
Total cost 42.04 58.39 

 

CONCLUSION 
 

In this work, activated carbon prepared from akpi shell using phosphoric acid as activation agent 
has been applied to remove imidacloprid from aqueous solutions. The obtained results show that 
this activated carbon exhibits a high specific surface area (1179 m2/g). Even its non-activated 
displays a relatively high specific surface area (401 m2/g) compared with those commonly used. 
In addition, it is found that up to 99% of imidacloprid can be removed using this fabricated 
activated carbon. According to these results, it is obvious that akpi shell may constitute a 
suitable precursor for the preparation of a low cost powerful activated carbon for organic 
compound removal. This fabricated activated carbon can therefore have an importance in 
diverse application such as wastewater treatment, chemical and pharmaceutical industry 
pollutant removal in different compartments of the environment.  
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