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Industrial and urban wastewater contributes significantly to environmental pollution. That is why, it is 
essential that wastewater be treated before being discharged into the environment. The aim of this 
study is to evaluate the performance of Activated Carbon (AC) from neem seed shells for the removal 
of a complex mixture of dye and heavy metals (Methylene B
aqueous solution. The AC used in this study was produced by chemical activation with phosphoric 
acid (85%) at an impregnation ratio of 1/3, at 120°C for 6 hours, followed by pyrolysis at 528°C for 1 
hour. The AC contai
indices, and a heterogeneous surface rich in functional groups (alcohols, carboxylic acids, esters, 
aldehydes, ketones, ethers and lactones). The study of adsorption kinetics r
second order model best describes the adsorption of all the pollutants studied, except for the copper, 
which is better described by the pseudo
adsorption of all pollutants, except 
of Ni(II) ions is best described by the Freundlich model. The results indicate that AC is more effective 
at removing dye than heavy metals, with an affinity order of BM > Ni(II) > Fe(II) > 
shows that neem seed shells, considered waste, are an excellent precursor to produce commercial AC 
that can be used to treat wastewater.
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INTRODUCTION 
 

In recent years, human activities, particularly industrial activities, 
have been generating increasingly large quantities of wastewater 
(Donkadokula et al., 2020; Lakherwal, 2014). This wastewater is 
generally full of with various types of pollutants that are often toxic, 
poorly biodegradable and bioaccumulative, such as heavy metals, 
dyes, pesticides, pharmaceutical compounds, etc. 
Ani et al., 2020; Ks & Belagali, 2013; Ouyang et al., 2020)
direct discharge of these industrial effluents into the environment 
without prior treatment contributes significantly to the pollution of 
surface water and groundwater (Ahsaine et al., 2018)
toxicity, low biodegradability and bioaccumulative nature, strict 
discharge standards are often imposed to preserve the living 
environment, the ecosystem, and the environment. Compliance with 
these standards has led to the development of effective treatment 
methods for the removal of these multifaceted pollutants before being
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ABSTRACT 

Industrial and urban wastewater contributes significantly to environmental pollution. That is why, it is 
essential that wastewater be treated before being discharged into the environment. The aim of this 
study is to evaluate the performance of Activated Carbon (AC) from neem seed shells for the removal 
of a complex mixture of dye and heavy metals (Methylene Blue (MB), copper, nickel and iron) in 
aqueous solution. The AC used in this study was produced by chemical activation with phosphoric 
acid (85%) at an impregnation ratio of 1/3, at 120°C for 6 hours, followed by pyrolysis at 528°C for 1 
hour. The AC contains has high porosity, methylene blue (39.21 mg.g
indices, and a heterogeneous surface rich in functional groups (alcohols, carboxylic acids, esters, 
aldehydes, ketones, ethers and lactones). The study of adsorption kinetics r
second order model best describes the adsorption of all the pollutants studied, except for the copper, 
which is better described by the pseudo-first order model. Isotherm modelling shows that the 
adsorption of all pollutants, except for the Ni(II) is best explained by the Langmuir model, while that 
of Ni(II) ions is best described by the Freundlich model. The results indicate that AC is more effective 
at removing dye than heavy metals, with an affinity order of BM > Ni(II) > Fe(II) > 
shows that neem seed shells, considered waste, are an excellent precursor to produce commercial AC 
that can be used to treat wastewater. 
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In recent years, human activities, particularly industrial activities, 
have been generating increasingly large quantities of wastewater 

. This wastewater is 
llutants that are often toxic, 

poorly biodegradable and bioaccumulative, such as heavy metals, 
dyes, pesticides, pharmaceutical compounds, etc. (Anfar et al., 2020; 
Ani et al., 2020; Ks & Belagali, 2013; Ouyang et al., 2020). The 

industrial effluents into the environment 
without prior treatment contributes significantly to the pollution of 

(Ahsaine et al., 2018). Due to their 
toxicity, low biodegradability and bioaccumulative nature, strict 

tandards are often imposed to preserve the living 
environment, the ecosystem, and the environment. Compliance with 
these standards has led to the development of effective treatment 
methods for the removal of these multifaceted pollutants before being 

 
discharged into receiving environments. Among these methods, 
adsorption on activated carbon remains the most effective one for the 
removal of these types of recalcitrant molecules. The objective of this 
study is, on the one hand, to develop activated carbon fr
biomass, particularly neem seed shells, and, on the other hand, to 
evaluate the effectiveness of the adsorption process for treating 
complex mixtures of dyes and heavy metals (methylene blue, copper, 
nickel, and iron) in aqueous solution in order 
treatment scheme for these toxic and recalcitrant molecules.
 

MATERIALS AND METHODS
 
Raw materials introduction and pre
neem seeds used in this study have collected in Babol (Kaolack, 
Senegal). They were first dried and sorted, then shelled to separate the 
shells from the kernels (Figure 1). 
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Industrial and urban wastewater contributes significantly to environmental pollution. That is why, it is 
essential that wastewater be treated before being discharged into the environment. The aim of this 
study is to evaluate the performance of Activated Carbon (AC) from neem seed shells for the removal 

lue (MB), copper, nickel and iron) in 
aqueous solution. The AC used in this study was produced by chemical activation with phosphoric 
acid (85%) at an impregnation ratio of 1/3, at 120°C for 6 hours, followed by pyrolysis at 528°C for 1 

ns has high porosity, methylene blue (39.21 mg.g⁻¹), and iodine (788.20 mg.g⁻¹) 
indices, and a heterogeneous surface rich in functional groups (alcohols, carboxylic acids, esters, 
aldehydes, ketones, ethers and lactones). The study of adsorption kinetics reveals that the pseudo-
second order model best describes the adsorption of all the pollutants studied, except for the copper, 

first order model. Isotherm modelling shows that the 
for the Ni(II) is best explained by the Langmuir model, while that 

of Ni(II) ions is best described by the Freundlich model. The results indicate that AC is more effective 
at removing dye than heavy metals, with an affinity order of BM > Ni(II) > Fe(II) > Cu(II). This study 
shows that neem seed shells, considered waste, are an excellent precursor to produce commercial AC 
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harged into receiving environments. Among these methods, 
adsorption on activated carbon remains the most effective one for the 
removal of these types of recalcitrant molecules. The objective of this 
study is, on the one hand, to develop activated carbon from local 
biomass, particularly neem seed shells, and, on the other hand, to 
evaluate the effectiveness of the adsorption process for treating 
complex mixtures of dyes and heavy metals (methylene blue, copper, 
nickel, and iron) in aqueous solution in order to propose an effective 
treatment scheme for these toxic and recalcitrant molecules. 

MATERIALS AND METHODS 
Raw materials introduction and pre-treatment of raw materials: The 
neem seeds used in this study have collected in Babol (Kaolack, 

ere first dried and sorted, then shelled to separate the 
).  
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Fig.1.Neem seeds (a), almonds (b) and shells (c) 
 

The shells werethen washed with distilled water, dried at 105°C for 
24 hours, werethen crushed and sieved to obtain a powder with a 
particle size of less than 800 μm, which wasused to prepare the 
activated carbon. 
 
Activated carbon production process: Activated carbon is prepared 
by chemical activation with phosphoric acid (H₃PO₄, 85%). Neem 
shell powder was impregnated with the activation solution at a 
precursor/activation agent mass ratio of 1:3. The mixture obtained 
was stirred for 1 hour at room temperature (approximately 25°C) to 
ensure even distribution of the activation agent (Figure 2). After 
impregnation, the material was dried in an oven at 120°C for 6 hours, 
then carbonized in a furnace at 528°C for 1 hour. The charcoal 
obtained was purified by washing with distilled water and dried in an 
oven at 105°C for 24 hours (Figure 3). 
 

 
 

Fig.2. Aspect of impregnated shell powders 
 

 
 

Fig.3. Aspect of activated carbon 
 

Preparation of complex mixtures: The stock solutions of methylene 
blue and metal salts (Fe(NH₄)₂(SO₄)₂.6H₂O, NiSO₄.6H₂O and CuSO₄) 
are prepared by dissolving them in distilled water and then diluted to 
obtain the desired concentrations. 
 
Characterisation of activated carbon  
 
Determination of pyrolysis yield 
 
The pyrolysis yield reflects the loss of biomass mass. To calculate is 
we use the following equation: 
 

 
 

Y stands the pyrolysis yield in %; Wf, the weight after pyrolysis in g; 
Wf, the weight of dry matter before pyrolysis in g. 
 
Determination of moisture content: Moisture content is determined in 
accordance with standard NF V 03-603 to measure the loss in mass of 
a sample weighing approximately 1 g that has been dried in an oven at 
105°C until a constant mass is obtained. 
 
Determination of ash content: The ash content is determined in 
accordance with standard NF V 03-922 by incinerating the dry sample 
at 550°C for 3 hours, then calculated based on the difference in mass 
before and after incineration. 
 
Determination of volatil materialscontent: The volatile materials 
content is determined by the loss in mass of a dry sample that was 
incinerated in an oven at 1000°C for 3 hours. 
 
Determination of pH and electric conductivity: The pH and electrical 
conductivity are determined in accordance with ASTM 3838-80 
method(Elango & Govindasamy, 2018). To do this, approximately 1 g 
of sample is added to 100 mL of distilled water and stirred 
continuously at a speed of 1500 rpm for 1 hour at 25°C.  The pH and 
conductivity of the filtrate are then measured using a multifunction 
pH meter (HI 2211, Hanna Instruments, French) 
 
Determination of bulk density: The apparent density is determined by 
using a graduated test tube by relating the mass of the adsorbent to the 
apparent volume occupied using the following formula: 
 

 
 
BD is the bulk density of the sample in g.cm-3; W is the weight of the 
sample in g and V is the volume occupied by the sample in cm-3. 
 
Determination of true density: The true density is determined using a 
graduated cylinder by relating the mass of the adsorbent to the 
apparent volume occupied using the following formula:  
 

 
With:  

 
 
TD where is the apparent density of the carbon in g.cm-3; W is the 
weight of the carbon weighed in g; V is the actual volume occupied 
by the weight of activated carbon in cm3; Vep is the volume of the 
test tube and V is the total volume occupied by the carbon and the 
fluid. 
 
Determination of pore volume: The porous volume is calculated from 
the apparent density and the actual density using the following 
formula: 
 

 
 
VPwhere V is the porous volume; BD is the bulk density in g.cm-3; 
TD is the true density in g.cm-3. 
 
Determination of porosity: Porosity is one of the essential parameters 
that characterize adsorbents. It represents the fraction of the void 
space in activated carbon relative to its total volume, including the 
inter-particle void space (Waji, 2018). It is determined by using the 
following formula:  
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ɛ where is the porosity of the material in %; VP is the void volume in 
cm3;  VT is the total volume of the empty test piece incm3. 
 
Determination of iodine index: The iodine index is determined 
according to AWWA B 600 – 78(Maazou et al., 2017). A known 
mass of the adsorbent, previously dried at 105°C for 24 hours, is 
placed in contact with a solution of iodine of known volume and 
concentration and stirred. After filtration, a known volume of the 
filtrate is titrated with sodium thiosulphate in the presence of starch. 
The iodine index is determined using the following formula:  
 

 
 

II being the iodine index in mg.g-1; Ci, the initial weight concentration 
of iodine in mg.L-1; Cf, the final weight concentration of iodine in 
mg.L-1; V, the volume of the adsorbed iodine solution in L; and wAC, 
the weight of adsorbent in g. 
 
Determination of methylene blue index: The methylene blue index is 
determined by using the method described in the work of DAS (Das, 
2014). A known mass of pre-dried adsorbent is placed in contact with 
a solution of known concentration of methylene blue for 30 minutes 
under continuous stirring. The suspension is then filtered, and the 
residual concentration of methylene blue is determined using a UV 
spectrophotometer (Agilent Technologies Cary 60 UV-Vis) at a 
wavelength (λ) of 654 nm. The methylene blue index is determined by 
the following formula: 
 

 
 
IBMis the methylene blue index in mg.g-1, Ci the initial weight 
concentration of methylene blue in mg.L-1, Cf the final weight 
concentration of methylene blue in mg.L-1, V the volume of the 
adsorbed methylene blue solution in L, wAC the weight of adsorbent in 
g. 
 
Determination of functional groups: Fourier Transform Infrared 
Spectroscopy (FTIR) was used to determine the nature of the 
functional groups on the surface of the adsorbents. A spectrometer 
(FT-IR PerkinElmer Spectrum Two) coupled with a digital computer 
capable of plotting spectra between 4000 and 400 cm-1 was used. 
 
Scanning electron microscope analysis: The morphological analysis 
of the activated carbon surface was performed using scanning electron 
microscopy (SEM) with a Hitachi S800 microscope at different 
magnifications (X 300, X 1000 and X 2500). 
 
Determination of pH of point zero charge (pHPZC): The pH of point 
of zero charge (pHPZC) was determined according to the protocol 
proposed by BOUDRAHEM et al. (Saidi et al., 2019). 50 mL 
solutions of 0.01 M NaCl were prepared in several Erlenmeyer flasks. 
Their pH values were adjusted to the desired values using 0.01 M 
NaOH or HCl solutions. Once the pH was constant, approximately 
0.15 g of adsorbent was added to each Erlenmeyer flask. The 
Erlenmeyer flasks are sealed and shaken for 24 hours. The filtrates are 
then recovered, and their pH is measured again. The final pH curve as 
a function of the initial pH is used to determine the pHPZC, 
corresponding to the intersection point of this curve with the first 
bisector. 
 
Evaluation of activated carbon performance for the removal of a 
mixture of dye and heavy metals: The effectiveness of activated 
carbon for wastewater treatment was assessed by studying its 
performance in removing a mixture of dye and heavy metals 
(methylene blue, copper, nickel and iron) in aqueous solution. 
 
Adsorption of complex mixtures: Adsorption tests were carried out in 
a stirred batch reactor in 250 mL mini reactors at room temperature 
(approximately 25°C) and at a stirring speed of 400 rpm. The effects 

of contact time, adsorbent dose, initial pollutant concentration, 
temperature and pH are studied. After each adsorption test, the 
solutions are filtered through filter paper and the filtrates are analyzed 
to determine the residual pollutant concentration. The dye and heavy 
metal contents are determined by UV-Vis spectroscopy (Agilent Cary 
60 spectrophotometer) and Atomic Absorption Spectroscopy (AAS) 
(Spectro Technologies, Thermo Scientific, iCE 3000 Series), 
respectively. The adsorption capacity and removal rate are calculated 
using flowing equations: 
 

 
 

 
 
Qebeing the adsorption capacity in mg.g-1, Ci is the initial weight 
concentration of MB in mg.L-1, Cf  is the weight concentration of the 
solution after adsorption in mg.L-1, V is the volume of the solution in 
L, and T is the MB removal rate in %. 
 
Optimisation of the adsorption process: The operating parameters for 
the adsorption of the dye and heavy metal mixture (BM, Ni(II), Cu(II) 
and Fe(II)) are optimised using the single factor at a time 
methodology. This approach consists of studying the effect of each 
factor individually while keeping the other parameters constant. The 
experimental range selected for the adsorption of the mixture is 
presented in Table 1. 
 

Table 1. Experimental areas of pollutant adsorption studied 
(Diop et al., 2022; Ndiaye et al., 2022) 

 
Parameters Range and level 

Low values High values 
Adsorbent dose (g.L-1) 0,5 3 
Contact time (min) 15 90 
Initial concentration (mg.L-1) 25 100 
pH 4 10 

 
Modelling of adsorption kinetics and isotherms: To better 
understand the mechanism of pollutant adsorption in a complex 
mixture and to determine the equilibrium adsorption capacities and 
maximum adsorption capacities of coal for each of these pollutants, 
adsorption kinetics and isotherms were modelled (Table 2). The 
kinetic models chosen were the pseudo-first order, pseudo-second 
order, intra-particle diffusion and Elovich models (Table 3), while for 
the isotherms, the models studied were the Langmuir and Freundlich 
models. 
 

RESULTS AND DISCUSSION 
 
Physicochemical parameters of activated carbon: The results 
presented in Table 2 show that activated carbon contains low moisture 
(2.21%) and ash (1.13%) content, suggesting its high potential as an 
adsorbent. The bulk density value (0.53 g.cm-3) falls within the 
typical range (0.20 to 0.55 g.cm-3) for activated carbons used in 
wastewater treatment(Baghel et al., 2011). This is an advantage for its 
industrial use as an adsorbent. The high porosity of the charcoal 
(61.06%), ranging from 40 to 85% according to AWWA, indicates a 
highly developed structure that is suitable for industrial use in water 
treatment(Elango & Govindasamy, 2018). The pore volume (1.15 
cm3.g-1) of activated carbon is comparable to that of activated carbons 
based on coconut shells (Nieto-Delgado et al., 2011) and rubber 
(Yousatit et al., 2020) (1.14 - 1.44 cm3.g-1), chitosan (0.67 - 1.39 
cm3.g-1) (Wang et al., 2021), cow dung (1.13 cm3.g-1) (Demiral & 
Demiral, 2008).This confirms that neem husks are a good precursor to 
produce commercial activated carbon. The high methylene blue 
(39.21 mg.g-1) and iodine (788.20 mg.g-1) indices of the activated 
carbon reflect the heterogeneity of its porosity.  
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Table 2. Equations of kinetic models 

 
Models Equations Curves Parameters 
Pseudo-premier ordre 1

𝑄௧

=
𝐾ଵ

𝑄௘

1

t
+

1

𝑄௘

  
1

𝑄௧

 𝑣𝑠 
1

𝑄௘

 
Qt: adsorption capacity at time t in mg.g-1 ; 
K1: pseudo-first-order rate constant in min-1;  
t : contact time in min ;  
Qe: equilibrium adsorption capacity in mg.g-1. 

Pseudo-second ordre 𝑡

𝑄௧

=
1

𝑄௘

𝑡 +
1

𝐾ଶQ ଶ
௘

 
𝑡

𝑄௧

 𝑣𝑠 𝑡 
Qt: quantity of solute adsorbed by the material at time t in 
mg.g-1 ;  
K2: apparent rate constant of the pseudo-second order in 
g.mg-1.min-1;  
Qe: adsorption capacity at equilibrium in mg.g-1. 

Diffusion intraparticulaire      Q
t
 = K

int
.t

1/2  

+
 C Q

t
 vs t

1/2 
 Qt: adsorption capacity at time t in mg.g-1;  

Kint:rate constant of intra-particle diffusion in mg.g-1.min-1; C: 
the constant related to the thickness of the boundary layer in 
mg.g-1. 

Elovich 
𝑄௧ =

1

𝛽
𝑙𝑛𝑡 + 

1

𝛽
𝑙 𝑛(𝛼𝛽) 

Qtvs lnt Qt: adsorption capacity at time t in g.mg-1;  
α: initial adsorption rate in mg.g-1.min-1;  
β: desorption constant in g.mg-1. 

 
Table 3. Equations of the isotherm models studied 

 
Models Equations Curves Parameters 
Freundlich 

𝑙𝑛𝑄௘ =
1

𝑛
𝑙𝑛𝐶௘ +  𝑙𝑛𝐾ி 𝑙𝑛𝑄௘ 𝑣𝑠 𝑙𝑛𝐶௘  Qe: equilibrium adsorption capacity in mg.g-1; 

Ce: equilibrium solute concentration in mg.L-1; 
KF and n: empirical constants (dimensionless) to be determined. 

Langmuir 𝐶௘

𝑄௘

=
1

𝑄௠௔௫

𝐶௘ +  
1

b𝑄௠௔௫

 
𝐶௘

𝑄௘

 𝑣𝑠 𝐶௘ 
Qe:amount of BM adsorbed at equilibrium in mg.g-1;  
Qmax:maximum amount adsorbed at monolayer saturation or 
maximum adsorption capacity in mg.g-1; 
Ce: weight concentration at equilibrium in mg.L-1; 
b: is the Langmuir constant. 

Temkin Q
E 

= B
T
lnC

e
 + B

T
lnA

T 
 Q

E 
vslnC

e
 Qe:amount of BM adsorbed at equilibrium in mg.g-1;  

Ce: weight concentration at equilibrium in mg.L-1;  
R: ideal gas constant in J.K-1.mol-1; 
T: absolute temperature in K; BT: constant related to adsorption heat; 
AT: constant related to equilibrium in L.mg-1. 
b: Temkin isotherm constant related to adsorption heat. 

 
Table 4. Physicochemical parameters of activated carbon 

 
Parameters Units Values AWWAstandard(Nicholson, 1887) 
Moisture content % 2.21 5-8 
Ash content % 1.13 5-15 
Bulk density g.cm-3 0.5320 0.25 
True density g.cm-3 1.2028 - 
Pore volume  cm3.g-1 1.1416 - 
Porosity % 61.06 40 – 85 
Methylene blue indexmethylene mg.g-1 39.21 > 450 
Iodine index mg.g-1 788.20 600 -1100 
pH  - 4.48 6 – 8 
pHPZC - 6.05 - 
Electric conductivity électrique µs.m-1 252.40 - 

 

 
Fig. 4. Fourier Transform Infrared Spectrum of Activated Carbon 
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The iodine index value confirms that the activated carbon produced 
complies with AWWA standards (600–1100 mg.g-1) for wastewater 
treatment (Adib et al., 2016; Wagner & Jula, 2018; Yusufu et al., 
2012). The pHPCN of the activated carbon is 6.05 (Table 4). This 
means that when the pH in the solution is below 6.05, the surface 
charge of the activated carbon is positive, thus promoting the 
adsorption of anions for this pH range. On the other hand, at pH 
values above 6.05, the surface of the activated carbon becomes 
negatively charged, promoting the adsorption of cations (Begum et 
al., 2021; Kalidou & El Hadji Moussa, 2022). Finally, its electrical 
conductivity (252.4 µS.cm-3) is close to those reported in the literature 
(Elango & Govindasamy, 2018). 
 
Structural analysis of activated carbon 
 
Structural analysis of activated carbon by Fourier Transform 
Infrared Spectroscopy (FTIR): The FTIR spectrum of activated 
carbon (Figure 4) shows a broad band between 3000 and 3600 cm-1 
with a maximum at 3318.85 cm-1, which can be attributed to the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
presence of a hydroxide (OH) group from alcohol, phenol, and 
carboxylic acid function(Jawad et al., 2021; Vyavahare et al., 2018). 
The low-intensity bands between 3600 and 3900 cm-1indicate the 
presence of free OH groups from water adsorbed by the activated 
carbon (Kaçan & Kütahyalı, 2012). The presence of a band at 2912.3 
cm-1characteristic of an aliphatic C-H bond in alkanes was also noted 
(Abou Oualid et al., 2020). An intense band with a peak at 1582.06 
cm-1could be attributed to the stretching vibration of the carboxyl 
group C=O of carboxylic, ketone, aldehyde, lactone, or ester functions 
or to the C=C stretching of aromatic groups(Jawad et al., 2021; Sahu 
et al., 2010).The peaks at 1151.12cm-1 and 1022.36 cm-1are attributed 
to vibrations of C-O bonds in alcohols, ether oxides, Esters 
(Akhouairi et al., 2019; Fernandez et al., 2014; Jawad et al., 2021; Li 
et al., 2015; Pan et al., 2016), or carboxylic groups to vibrations of 
phosphoric groups (P-O) in esters (P-O-C or P-O-P) or (P=O) (Pan et 
al., 2016). The presence of phosphoric groups (P-O, P=O and P-O-P) 
on the surface of activated carbon may result from the impregnation 
process. The low-intensity bands at 1203.4 cm-1 and 1330.6 cm-1may 

 
Fig. 5. SEM images of activated carbon (magnification ×300 (a), ×1000 (b)) 

 

Table 5. Kinetic parameters of the adsorption of the mixture on activated carbon based on neem shells 
 

Parameters Cu(II) Ni(II) Fe(II) BM 
Pseudo-first order model 
Qe 7.59 24.69 16.84 25.12 
K1 43.83 0.156 2.33 0.28 
R2 98.22 72.42 98.13 95.90 
Pseudo-second order model 
Qmax 6.58 24.75 16.78 25.06 
K2  0.11 1.88.10-5 0.0004 1,29.10-5 
R2 97.34 100 99.99 100 
Diffusion intraparticulaire model 
Kp  0.50 0.04 0.30 0.06 
C 0.35 24.28 13;75 24.50 
R2 90.08 90.81 82.39 70.30 
Elovich model 
Α 0.39 1.37E+79 192944,48 2.77E+52 
Β 0.62 7.65 1.01 5.06 
R2 95.75 86.18 90.48 81.26 

 
Table 6. Parameters of the isotherms studied 

 
Polluants BM Cu(II) Ni(II) Fe(II) 
Langmuir model 
Qmax 52.08 6.17 66.67 25.12 
B 48.00 0.22 0.34 0.17 
R2 99.44 99.02 95.30 97.08 
Freundlich model 
KF 61.31 3.28 16.73 9.71 
N 4.30 7.70 1.76 4.77 
R2 98.98 96.38 99.28 95.93 
1/n 0.23 0.13 0.57 0.21 
Temkin model 
BT 0,62 7,65 1,01 5,06 
AT 0,39 1,37.1079 1,93.105 2,77.1052 
R2 95,75 86,18 90,48 81,26 
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be due to vibrations of the –CH2 and -CH3 bonds(Abou Oualid et al., 
2020; Jawad et al., 2021; Vyavahare et al., 2018). 
 
Overall, the FTIR spectrum of activated carbon shows that the 
functional groups present on the surface of activated carbon are 
alcohols, carboxylic acids, esters, aldehydes, ketones, ether oxides 
and lactones. The presence of these multiple and diverse functional 
groups can make the surface of the carbon more reactive. 
 
Morphological analysis of activated carbon by SEM: Low 
magnification scanning electron microscopy images (Figure 5a) show 
irregular particle size and shape in the carbon powder. Those at higher 
magnifications (Figures 5b) also show a highly porous morphology 
of the activated carbon, with the presence of several cavities of 
different sizes and shapes, corroborating the development of 
heteroporousness on the surface of the carbon. The heterogeneous 
development of the carbon's porosity suggests a high capacity for 
binding various molecules (dyes, heavy metals, pesticides, fats, 
etc.)(Pehlivan, 2018; Wang et al., 2020) 

 
Optimisation of operating parameters for mixture removal 
 
Influence of contact time on mixture adsorption: The evolution of 
the quantity of adsorbed pollutants shows two distinct phases for all 
pollutants. The first corresponds to rapid adsorption characterised by 
a significant increase in the quantity retained, followed by a phase in 
which the variation becomes small until equilibrium is reached, 
reflecting the gradual saturation of the activated carbon. This initially 
rapid absorption is also facilitated by a high driving force, which then 
decreases under the effect of electrostatic repulsion (Wang et al., 
2023). The equilibrium time depends on the nature of the pollutant: it 
is reached in 15 minutes for BM and Ni(II) ions, compared to 60 and 
75 minutes for Cu(II) and Fe(II), respectively. This difference can be 
explained by the complexity of the mechanisms involved, such as ion 
exchange, precipitation, complexation, electrostatic attraction, or 
physical adsorption (Ifthikar et al., 2018). 
 

 
 

Fig. 6. Kinetics of mixture removal on activated carbon  (C0 = 50 
mg.L-1; m = 0,1 g; V = 100 mL; T = 25°C) 

 

 
 

Fig. 7. Effect of adsorbent weight on mixture removal 
(C0 = 50 mg.L-1; t = 120 min; V =100 mL; T = 25°C) 

 

 
 

Fig. 8.Effect of initial concentration on mixture removal (T = 60 
min; m = 0,1 g; V = 100 mL; T = 25°C) 

 

Influence of adsorbent mass on mixture adsorption: The amount of 
pollutant adsorbed generally increases forth with the mass of 
adsorbent, particularly for Cu (II) and Fe(II) ions, while the removal 
of BM and Ni(II) ions varies just a little. Thus, when the mass of 
adsorbent increases from 0.05 to 0.2 g, the removal rate of Fe(II) ions 
increases from 31.18 to 63.74%, while that of Cu(II) ions decreases 
from 50.50 to 18.52%. This trend can be explained by the increase in 
the exchange surface area and the number of adsorption sites (Diop et 
al., 2022; Tsamo et al., 2019). On the other hand, BM and Ni(II) ions 
are almost completely removed at the lowest mass. Above 0.2 g, 
removal increases slightly for all pollutants. 
 

 
 

Fig. 9. Effect of the pH of the initial solution on the removal of the mixture 
(C0 = 50 mg.L-1; m=0.1 g; t = 120 min; V=100 mL; T = 25°C) 

 
Influence of initial pollutant concentration on mixture 
adsorption: The elimination rate is strongly influenced by the nature 
of the pollutant and tends to decrease with increasing initial 
concentration of the solution, regardless of the species studied. The 
established order of affinity (BM > Ni(II) > Fe(II) > Cu(II)) remains 
constant regardless of the initial concentration of the pollutant. This 
affinity hierarchy can be explained by the intrinsic physicochemical 
properties of the different species, in particular the ionic radius, 
hydrated radius, electronegativity, and hydrolysis constant of the 
metal ions. Indeed, the order of ionic and hydrated radii follows the 
order Fe(II) > Cu(II) > Ni(II), while electronegativities follow the 
sequence: Ni(II) (1.91) > Cu(II) (1.90) > Fe(II) (1.85). The strong 
affinity of charcoal for Ni(II) ions can be explained by its low ionic 
and hydrated radii, which promotes better diffusion through the pores 
of the adsorbent and increased fixation (Imaga et al., 2015). The 
affinity of carbon for Fe(II) ions may be linked to the developed 
macroporosity of carbon, as evidenced by the methylene blue index. 
This trend may also be due to the difference in electronegativity 
between the species (Abdi et al., 2018). This difference in affinity 
may also be due to the types of bonds formed between the adsorbed 
pollutants and the surface functional groups of the adsorbent (phenol, 
hydroxyl, carboxyl, carbonyl, semi-quinone, sulfonate, amine, amide 
groups, etc.) (Ifthikar et al., 2018; Ramirez et al., 2020; Supong et al., 
2020). Cu(II) ions generally bind with carboxyl groups, forming ring-
shaped complexes with multi-dentate chelating compounds, whereas 
Ni(II) and Fe(II) ions have 1:1 stoichiometric relationships (Mahdi et 
al., 2019). 
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Influence of pH on mixture adsorption: The variation in the removal 
rate as a function of pH depends on the nature of the pollutant, while 
maintaining the same order of affinity regardless of pH. This rate 
changes little with pH for BM and Ni(II) ions, but increases rapidly 
with Cu(II) ions. On the other hand, it decreases above pH 7 with 
Fe(II) ions, probably due to their precipitation. The optimal pH for 
removal is 10 for all the pollutants studied, with the exception of 
Fe(II) ions, for which the optimum is reached at pH 7. The increase in 
dye and Cu(II) metal ion fixation at pH values above pHPZC (6.05) can 
be explained by the negative charge on the surface of the activated 
carbon, which promotes electrostatic attraction with metal cations at 
pH values below the pHPZC of the carbon. the surface of the carbon is 
positively charged, leading to increased competition between H+ ions 
and pollutants, as well as electrostatic repulsion that is unfavorable to  
their adsorption(Campos et al., 2020). 
 
Modelling the adsorption kinetics of the mixture: The modelling 
results (Table 5) show that the pseudo-second-order model is the 
most suitable model for describing the binding of pollutants to the 
activated carbon surface, with correlation coefficients of 97.34, 100, 
99.99 and 100 for Cu(II), Ni(II), Fe(II) and BM ions, respectively. 
The high values indicate that the mechanism is 
chemisorption(Sherugar et al., 2022). The low coefficients of 
determination obtained with the intra-particle diffusion model for all 
pollutants also indicate that this mechanism is not a decisive step in 
the adsorption process of the multi-component system. The 
equilibrium adsorption capacities calculated using the pseudo-second 
order model are 25.06, 6.58, 24.75 and 16.78 mg·g⁻¹ for BM, Ni(II), 
Cu(II) and Fe(II), respectively. These results confirm that carbon is 
more effective at removing dye than metal ions. However, it is more 
effective at removing Ni(II) ions than other metal ions. The 
adsorption rates (K2) show that the binding of the ions studied on the 
surface of the activated carbon depends on the nature of the pollutant. 
The order of binding rate is as follows: BM > Ni(II) > Fe(II) > Cu(II). 
The difference in binding rate may be due to the difference in the 
types of bonds between the adsorbed species and the functional 
groups of the activated carbon (Kim & Kim, 2020). 
 
Modelling of adsorption isotherms for the mixture: The Langmuir 
model best describes the adsorption of BM, Cu(II) and Fe(II) ions, 
indicating single-layer sorption chemistry on a homogeneous surface, 
while the adsorption of Ni(II) ions is explained by the Freundlich 
model, reflecting multi-layer adsorption on a heterogeneous surface 
(El Maguana et al., 2020) (Table 6). The relatively high correlation 
coefficients obtained with the Freundlich model for BM, Cu(II) and 
Fe(II) show that their adsorption can also be described by this model. 
On the other hand, the low correlation coefficients associated with the 
Temkin model indicate that the biosorption of these species is not 
correctly represented by this model. This difference in binding 
mechanism may be due to differences in the physicochemical 
properties of the species studied(Kouakou et al., 2013; Tran et al., 
2020).The maximum adsorption capacities predicted by the Langmuir 
model are 52.08 mg.g-1 (BM), 6.17 mg.g-1(Cu(II)), 66.67 mg.g-

1(Ni(II)) and 25.12 mg.g-1(Fe(II)). These results show that activated 
carbon is more effective for dyes than for metal ions, with selectivity 
varying depending on the ions (Agbozu & Emoruwa, 2014; Alslaibi et 
al., 2014; Imaga et al., 2015). In the literature, the maximum 
adsorption capacities for binding the pollutants studied are higher than 
those for the adsorption of Cu(II), Cd(II) and Ni(II) on fly ash in a 
multi-component system (BM, Cu(II), Ni(II) and Fe(II))(Visa et al., 
2010), but remain low compared to other activated carbons. 
 
The affinity of the adsorbent depends on the nature of the pollutant to 
be adsorbed and the nature of the adsorbent. The order of selectivity is 
as follows: Ni(II) > Cu(II) > Fe(II) for activated carbon based on olive 
pit waste (Alslaibi et al., 2014), while for adsorbents based on raw 
and activated sorghum husks, according to IMAGA et al. (2015), it is: 
Ni(II) > Cu(II) (Imaga et al., 2015). However, it is Fe(II) > Cu(II) for 
activated carbon based on coconut shells, according to the work of 
AGBOZU (Agbozu & Emoruwa, 2014). The KF and n constants of 
Freundlich are indicators of adsorption capacity and intensity, 
respectively (Aksu, 1998; El Maguana et al., 2020). The higher the 

values of these KF and n constants, the easier it is for the adsorbate to 
bind to the surface of the adsorbent(Kassa et al., 2019; Kim & Kim, 
2020). The values of these constants for BM and Ni(II) and Fe(II) 
ions indicate a strong affinity of activated carbon for these 
molecules(Agbozu & Emoruwa, 2014). The values of the 
heterogeneity factors (1/n), which are less than 1, confirm the affinity 
of activated carbon for these molecules and confirm the nature of 
chemisorption-type adsorption. This result is consistent with those of 
the kinetic study. 
 

CONCLUSION 
 
The treatment of wastewater before its discharge into the receiving 
environment is now a necessity for the preservation of the 
environment. The objective of this study was to develop activated 
carbon from neem shells and to evaluate its effectiveness in removing 
a complex mixture of dyes and heavy metals. Characterisation of the 
activated carbon showed good adsorption performance, confirmed by 
high methylene blue and iodine indices. Kinetic analysis showed that 
adsorption follows the pseudo-second-order model for BM, Cu(II) 
and Fe(II) ions, while that of Ni(II) ions is better described by the 
pseudo-first-order model. Modelling of the adsorption isotherms 
showed that the Langmuir model applies to all pollutants except 
Ni(II) ions, for which the Freundlich model is more suitable. The 
results also highlight a difference in the affinity of the pollutants 
studied. Overall, neem shell-based activated carbon is more effective 
at removing dyes than heavy metals, with an affinity order for the 
latter of Ni(II) > Fe(II) > Cu(II). These differences reflect distinct 
binding mechanisms depending on the adsorbate. In summary, this 
study demonstrates that neem shells are an excellent precursor to 
produce activated carbon suitable for wastewater treatment, 
particularly wastewater containing both dyes and heavy metals. To 
complement this study, it would be interesting to evaluate the 
effectiveness of activated carbon in treating real wastewater, as well 
as in removing other recalcitrant molecules such as pesticides and 
pharmaceutical compounds. 
 
Key points: Valorisation of neem (Azadirachta indica A. Juss) seed 
shells, co-products of neem seed exploitation, through the production 
of activated carbon; Evaluation of the performance of activated 
carbon developed for the removal of a mixture of dyes and heavy 
metals; Modelling of adsorption kinetics and isotherms. 
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