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a b s t r a c t
In order to prepare an efficient activated carbon, facile chemical activation of carob seeds using nitric 
acid was investigated. Box–Behnken design coupled with response surface methodology was used to 
optimize the preparation conditions process for efficient sorption of cadmium and cobalt ions. The 
effect of various factors including impregnation ratio, activation time and activation temperature 
was studied extensively. The obtained activated carbons were evaluated through iodine number, 
methylene blue index and by their sorption capacities of cadmium and cobalt ions. Experimental 
results showed that the activation temperature and impregnation ratio were the most significant 
influencing factors. For the iodine number, the greater value of 1,034.83 mg/g was obtained for a 
carbon-impregnated with 0.05 g/g and activated at 500°C for 1 h 30 min. While the maximum value 
of the methylene blue index was 279.59 mg/g, it was acquired for activated carbon with an impregna-
tion ratio of 0.075 g/g, activated at 500°C for 2 h. In the case of the elimination of the heavy metal ions, 
the carbon activated at 500°C during 2 h with an impregnation ratio of 0.025 g/g has a higher sorption 
capacity for cadmium ions. While, in the same conditions but for 1 h, the maximum sorption of cobalt 
was obtained. The highest sorption capacities via the Langmuir isotherm model were 91.92 mg/g 
for cadmium and 79.18  mg/g for cobalt, respectively. Structural properties and surface chemistry 
of the optimized activated carbons were studied by X-ray diffraction, Fourier-transform infrared 
spectroscopy, scanning electron microscopy, Boehm titration and pHpzc. The obtained activated 
carbon-based carob seeds would be one of the potential adsorbents for heavy metal ions removal.
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1. Introduction

In aquatic ecosystems, cadmium and cobalt are con-
sidered highly toxic heavy metals. They possess the abil-
ity to concentrate along the food chain and to accumulate 
in certain organs of the human body. Therefore, the elim-
ination of these species from various industrial effluents is 
essential to reduce their effect before releasing in the envi-
ronment. Many methods and techniques of depollution 
were evaluated during the last years. Among these tech-
niques, we can cite the chemical precipitation processes 
[1], ultrafiltration [2], ion exchange [3], solvent extraction 
[4], electrochemical treatment [5] and adsorption [6]. This 
latter can be considered as an efficient and economical 
method for the removal of heavy metals at different con-
centrations. The principle of adsorption treatment is to trap 
the ions of heavy metals by a solid material called adsor-
bent. Among the most using adsorbents, activated carbons 
are the most effective due to their highly porous structure, 
their large surface area and their greater sorption capacity.

In recent years, several less expensive and renewable 
precursors have been used for the production of activated 
carbon such as carob shells [7], Thapsia transtagana stems [8], 
almond shell and orange peel [9], Theobroma cacao pod husk 
[10], Citrullus colocynthis peel [11], marine red alga Pterocladia 
capillacea [12], Diplotaxis harra [13], sawdust [14], coffee-shell 
[15], mung bean husk [16], date palm tree [17], chestnut oak 
shells [18] and sea mango [19].

For the preparation of activated carbons, there are two 
main types of activation methods: physical activation and 
chemical activation. The physical method, also commonly 
known as the gas activation method. In the physical activa-
tion process, the carbonized raw materials are activated at a 
high temperature of 1,073–1,273 K with water vapor [20], flue 
gas (a mixture with water vapor, CO2, N2, etc.) [21], or air and 
other activated gases to form a developed microporous car-
bon material. Then, the chemical activation method includes 
the addition of chemicals into the raw material or chars, 
after the heating under the protection of inert gas to yield 
activated products. Chemical activation is widely applied 
due to its lower activation temperature, its shorter activa-
tion time, its higher product yield, and its greater specific 
surface area as compared to the physical process. At pres-
ent, the well-known chemical agents used are ZnCl2, H3PO4, 
H2SO4, K2S, KCNS, HNO3, H2O2, KMnO4, (NH4)2S2O8, NaOH, 
KOH and K2CO3 for the production of activated carbons 
with a high surface area and appropriate porous structure 
[22–26]. In the chemical activation process, the preparation 
of activated carbon depends on many factors including the 
impregnation ratio, the activation temperature, the activation 
time and other factors. Afterward, in order to optimize such 
studies, the experimental design is a quick and cost-effective 
method applied to understand and optimize any manufac-
turing processes [7,8,27].

The present work explored the use of carob seeds as 
a potential feedstock for activated carbon preparation by 
nitric acid activation. The influences of impregnation ratio, 
activation temperature and activation time on the per-
formance of activated carbon (AC) were investigated by 
Box–Behnken experimental design. Four responses were 
analyzed, which are; iodine number (IN), methylene blue 

index (MB index), cadmium Cd(II) and cobalt Co(II) ions 
removal. The ACs produced at the optimal conditions were 
characterized by the Fourier-transform infrared spectros-
copy (FTIR), scanning electron microscopy (SEM), X-ray 
diffraction (XRD), Boehm titration and the point of zero 
charge (pHPZC). Equilibrium data for metal ions sorption 
was tested by Langmuir and Freundlich isotherm models.

2. Materials and methods

2.1. Materials

All the chemicals used in this study were of analytical 
grade, Cd(NO3)2·4H2O (98%), Co(NO3)2·6H2O (98%), NaCl 
(99.5%), iodine (I2) (100%), sodium thiosulfate (Na2S2O3·5H2O) 
(99%), Na2CO3(99%), NaHCO3 (99%) and HCl (37%) were 
purchased from Sigma-Aldrich (Germany). HNO3 (65%) 
was provided by Sharlau (Spain). NaOH (99.5%) from 
Merck (Germany). Potassium iodide (KI) was obtained from 
Pharmac (Morocco) and methylene blue was purchased from 
Panreac (Spain).

2.2. Preparation of activated carbons

The carob seeds were collected from the region of 
Khenifra in Morocco. Firstly, they were crushed and sieved 
to the desired particle sizes (1–2  mm). The powder was 
impregnated with nitric acid at an impregnation ratio 
of (g  HNO3/g carbon) of 0.025, 0.050 or 0.075 at 50  mL of 
distilled water during 6 h. After, the samples were heated at 
105°C for 24 h to remove excess moisture. Then, the impreg-
nated products were thermally activated in a furnace at 
400°C, 500°C or 600°C during desired activation times (1 h, 
1 h 30 or 2 h) under a flow of N2 gas. The residual nitric acid 
was eliminated from the activated carbons by washing with 
hot deionized water until neutral pH. The obtained powder 
was then dried at 105°C until constant weight, powdered 
using a domestic mixer and sieved in particles of size lower 
than 125  μm using a normalized sieve. Finally, the result-
ing powder was kept in a hermetic bottle for further tests. 
The activated carbon yield after the carbonization process 
was estimated by 10%.

2.3. Characterization of activated carbons

2.3.1. Iodine number

Iodine number was measured according to the ASTM 
D4607-94 method; 1 g of each AC was boiled for 30 s with 
10.0 mL of 5% HCl solution and subsequently cooled. About 
100  mL of 0.1  N iodine solution was added to the mixture 
and stirred for 30  min. The resulting solution was filtered 
and 50  mL of the filtrate was titrated with 0.1  N sodium 
thiosulfate using starch as an indicator.

The iodine number was calculated using the following 
equation:
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where N1 is the normality of the iodine solution; V1 is the 
volume of iodine added; VHCl is the volume of HCL (5%) 
added; Vf is the filtered volume used in the titration; NNa2S2O3

 
is the normality of the solution of sodium thiosulfate; VNa2S2O3

 
is the volume of sodium thiosulfate poured and MC is 
the mass of activated carbon.

2.3.2. Methylene blue index

The methylene blue index is a measure of mesoporos-
ity (2–5  nm) present in activated carbon. It is defined as 
the maximum amount of dye adsorbed on 1.0 g of adsor-
bent. In order to have maximum sorption capacities of 
methylene blue onto ACs, the adsorption isotherms were 
investigated. A stock solution of methylene blue was pre-
pared by dissolving the desired weight of MB dye in dis-
tilled water. Sorption experiments were investigated in 
a series of beakers containing 100  mL of MB solution by 
adding 100 mg of each AC. Sorption equilibrium was estab-
lished for different methylene blue initial concentrations 
between 20 and 500  mg/L for 12  h at room temperature. 
After each sorption experiment, samples were centri-
fuged at 3,400 rpm for 10 min and dilution has been made 
to have a final concentration in the region of calibration. 
Then, residual concentrations were determined using the 
spectrophotometric method at the wavelength of maximum 
absorbance of 665 nm.

2.3.3. Heavy metal ions removal

Firstly, metal ions solutions of cadmium or cobalt 
ions were prepared by dissolving the desired weight of 
Cd(NO3)2·4H2O or Co(NO3)2·6H2O in distilled water. Then, 
subsequent solutions at desired concentrations were pre-
pared by dilution. Adsorption experiments were established 
in a series of beakers containing 50  mL of the metal ion 
solution at 100  mg/L and 50  mg of activated carbon sam-
ple. The mixtures were stirred for 3 h at 500 rpm. The pH of 
solutions was adjusted at 6.50 during the experiment with 
either 0.1 M of HCl or NaOH and measured by a sensION+ 
PH31 pH meter. After each sorption experiment, samples 
were centrifugated at 3,400  rpm for 10  min and the metal 
ion concentrations were determined using a Perkin-Elmer 
atomic absorption spectrophotometer (AAnalyst 200).

The adsorption capacity at equilibrium was defined as 
the amount of adsorbate per gram of adsorbent (in mg/g) 
and was calculated using the following equation:

q
C C
R

=
−( )0 	 (2)

where q is the adsorbed quantity (mg/g), C0 is the initial 
dye concentration (mg/L), C is the residual heavy metal ion 
concentration (mg/L), and R is the mass of activated carbon 
per liter of aqueous solution (g/L).

Sorption equilibrium for optimized activated carbons 
was investigated for different metals through an initial 
concentration between 20 and 200  mg/L. The experimental 
results were correlated to Langmuir and Freundlich isotherm 
models via non-linear fitting using Origin 6.0 software.

2.3.4. Surface chemistry

Functional groups of activated carbons were examined 
by FTIR using a Scotch-SP1 spectrophotometer. The samples 
are packaged in the form of pellets, consisting of 0.5–2 mg of 
the activated carbon, diluted in 100 mg of KBr. The results 
are presented in transmittance for wavenumbers between 
4,000 and 500  cm–1. Basic and oxygenated acidic surface 
groups were quantified by Boehm titrations [28]. The pH 
point of zero charge (pHPZC) was determined by the pH drift 
according to the method proposed by Noh and Schwarz 
[29]. The morphological characteristics of the prepared acti-
vated carbon were analyzed by SEM using a FEI Quanta 200 
model. A small amount of each sample was finely powdered 
and mounted directly onto an aluminum sample holder 
using a two-sided adhesive carbon model. Crystallographic 
characterization of the activated carbons was examined by 
XRD measurements. The XRD patterns were recorded at 
room temperature using a Bruker-axis D2-phaser advance 
diffractometer equipped with a copper anticathode (CuKα 
line, λ = 1.5406 Å) operating at 30 kV and 10 mA. The sam-
ples were irradiated in a 2θ angular range varying from 10° 
to 80°, with a measurement step of 0.01° and counting time 
in steps of 0.5 s/step.

2.4. Experimental design

In the present study, the three-level three factorial Box–
Behnken experimental designs with 17 experiments were 
applied to optimize the preparation conditions and heavy 
metals removal efficiency of activated carbons. The factor 
levels were coded as −1 (low), 0 (central point) and 1 
(high). Table 1 shows the Box–Behnken design levels for 
the experimental parameters used: impregnation ratio (X1), 
activation time (X2) and activation temperature (X3). The 
Design Expert 8.0.7.1 Trial software was used for generat-
ing the statistical experimental design and analyzing the 
observed data. A manual regression method was used to fit 
the second-order polynomial equation (Eq. (3)) to the exper-
imental data and to recognize the relevant model terms. 
Considering all the linear terms, square terms and by lin-
ear interaction items, the quadratic response model can be  
described as:

Y = �b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + b13X1X3 + b23X2X3 +  
b11X2

1 + b22X2
2 + b33X2

3	 (3)

where Y is the responses of interest (iodine number (Y1), 
methylene blue index (Y2), the adsorption capacity of 
Cd(II) (Y3) and adsorption capacity of Co(II) (Y4)).

Table 1
Process factors and their levels

Factors Levels

–1 0 +1

X1 Impregnation ratio (g/g) 0.025 0.050 0.075
X2 Activation time (h) 1 1.50 2
X3 Activation temperature (°C) 400 500 600
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3. Results and discussion

3.1. Optimization of preparation conditions

3.1.1. Experimental results

The experimental matrix of factors in coded and actual 
values and results for the four responses studied are shown 
in Table 2. From this table, it could be seen that the activation 
temperature and the impregnation ratio have a significant 
effect on the development of the iodine number. The max-
imum iodine number value of 1,034.83  mg/g was obtained 
for an activated carbon impregnated with a ratio of 0.05 g/g 
and activated for 1  h 30  min at a temperature of 500°C. 
Furthermore, the methylene blue index varies between 79.11 
and 279.59 mg/g. The higher mesoporosity was obtained for 
the activated carbon impregnated with a ratio of 0.075  g/g 
and activated at 500°C for 2  h. The maximum adsorption 
efficiency of cadmium was 50.05 mg/g for activated carbon 
impregnated with a ratio of 0.025 g/g and activated for 2 h at 
a temperature of 500°C. The activated carbon impregnated 
with a ratio of 0.025 g/g and activated for 1 h at a tempera-
ture of 500°C gives the highest cobalt adsorption capacity of 
43.51 mg/g.

In addition, the regression analysis was performed to fit 
the response functions with the experimental data. The val-
ues of the regression coefficient obtained are presented in 
Table 3. The impregnation ratio has a positive effect on the 
iodine number, the methylene blue index and a negative 
effect on the elimination of heavy metal ions. However, the 
activation time has a positive effect on the methylene blue 
index, on the elimination of cadmium and a negative effect 
on the iodine number and on the removal of cobalt. While 
the activation temperature had a negative effect on the four 
responses. In addition, the analysis of interaction effects 

indicates significant interactions on the four responses with 
negative or positive effects. The significant interactions are 
on the iodine number, one between the impregnation ratio 
and the activation temperature (b13  =  73.31) with a positive 
effect and another one significant interaction between acti-
vation temperature and activation temperature with a 
negative effect (b33 = –224.80).

3.1.2. Analysis of variance

Analysis of variances (ANOVA) was used to deter-
mine the significant effects and interactions on the four 
responses at a confidence level of 95%. The data for the 
coded quadratic models are presented in Tables 4a–d. The 
results showed that the equations adequately represented 
the actual relationship between each response and the 

Table 2
Factorial experimental design matrix coded, real values and experimental results of the four responses

Run Coded values Actual values Responses (mg/g)

A B C A B C IN MB index Cd(II) Co(II)

1 –1 0 –1 0.025 1h30 400 863.10 153.68 45.07 25.19
2 0 0 0 0.050 1h30 500 1,034.83 228.84 36.12 27.48
3 1 –1 0 0.075 1h00 500 974.79 187.84 32.14 32.06
4 0 –1 –1 0.050 1h00 400 835.17 208.06 34.13 20.61
5 –1 –1 0 0.025 1h00 500 849.13 192.49 30.15 43.51
6 1 0 –1 0.075 1h30 400 960.82 237.52 49.05 27.48
7 0 0 –1 0.050 1h30 400 932.90 171.04 43.58 22.90
8 0 1 0 0.050 2h00 500 918.94 212.24 46.07 22.14
9 –1 1 0 0.025 2h00 500 891.02 147.02 50.05 38.17
10 0 1 1 0.050 2h00 600 611.77 104.89 15.22 5.34
11 1 1 0 0.075 2h00 500 1,002.71 279.59 29.15 30.53
12 –1 0 1 0.025 1h30 600 304.60 79.11 24.68 11.45
13 0 1 –1 0.050 2h00 400 904.90 265.40 45.57 31.30
14 0 0 1 0.050 1h30 600 653.66 104.08 12.74 6.11
15 0 –1 1 0.050 1h00 600 765.36 91.49 14.73 13.74
16 0 –1 0 0.050 1h00 500 1,030.64 239.94 22.69 33.59
17 1 0 1 0.075 1h30 600 695.55 86.88 15.22 11.45

Table 3
Values of model coefficients for the four responses

Main coefficients Y1 Y2 Y3 Y4

b0 1,011.29 216.61 38.65 24.77
b1 87.78 34.14 –4.23 –2.12
b2 –12.57 8.93 5.22 –1.60
b3 –153.94 –60.41 –13.99 –9.01
b12 –14.87 33.43 –5.92 –0.11
b13 73.31 –19.02 –3.36 –0.57
b23 –30.58 –14.52 –2.11 –4.45
b11 –76.56 –18.56 2.94 5.66
b22 –12.30 8.04 –5.05 5.00
b33 –224.80 –60.82 –5.85 –12.34
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significant variables. The F-value implies that the mod-
els are significant and values of “Prob.  >  F” less than 0.05 
indicates that model terms are significant. Especially larger 
F-value with the associated P-value (smaller than 0.05. con-
fidence interval) means that the experimental systems can 
be modeled effectively with less error. Consequently, the 
effects considered as significant model terms can be used to 
optimize the experimental system.

3.1.2.1. Iodine number

According to the ANOVA analysis for the iodine 
number (Table 4a), the significant effects are impregnation 
ratio (X1), activation time (X2), activation temperature (X3) 
and the interactions X1X3, X2X3, X1

2, X3
2 (Eq. (4)). The impreg-

nation ratio and the interaction between the impregnation 
ratio and the activation temperature have a positive effect 
on the iodine number. While other factors and interac-
tions have a negative effect. Therefore, the increase in the 
impregnation ratio increases the iodine number resulted 

in an increase in the microporosity of activated carbons. 
On the other hand, the increase of the activation time and 
the activation temperature reduces the number of iodine.

Y1 = �998.99 + 90.75X1 – 13.75X2 – 153.94X3 + 73.31X1X3 – 
30.58X2X3 – 74.10X1

2 – 219.86X3
2	 (4)

3.1.2.2. Methylene blue index

According to the ANOVA analysis (Table 4b), the 
main effects influencing the methylene blue index are the 
impregnation ratio (X1), the activation time (X2), the acti-
vation temperature (X3) and the interactions X1X2, X1X3, X3

2 
(Eq. (5)). The impregnation ratio, the activation time and 
the interaction between the impregnation ratio and the 
activation time have a positive effect on the methylene 
blue index response. However, the activation tempera-
ture and the interactions between the impregnation ratio 
and the activation temperature and between the activation 
temperature and the activation temperature have a negative 

Table 4a
Analysis of variance of iodine number

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob. > F

Model 502,592.97 7 71,799.00 12.18 0.001

Significant

X1 65,887.95 1 65,887.95 11.18 0.009
X2 1,981.40 1 1,981.40 0.34 0.576
X3 209,458.61 1 209,458.61 35.55 0.0002
X1X3 21,495.96 1 21,495.96 3.65 0.088
X2X3 4,098.44 1 4,098.44 0.70 0.426
X1

2 22,499.58 1 22,499.58 3.82 0.082
X3

2 190,450.68 1 190,450.68 32.32 0.0003
Residual 53,031.81 9 5,892.42
Corr. total 555,624.78 16

R2 = 0.9068; R2
aju = 0.7870

Table 4b
Analysis of variance of methylene blue index

Source Sum of  
squares

Degree of 
freedom

Mean  
square

F-value p-value  
Prob. > F

Model 61,877.73 6 10,312.96 16.29 0.0001

Significant

X1 8,679.42 1 8,679.42 13.71 0.004
X2 1,157.11 1 1,157.11 1.83 0.206
X3 32,404.56 1 32,404.56 51.20 3.09E-05
X1X2 4,828.44 1 4,828.44 7.63 0.020
X1X3 1,446.66 1 1,446.66 2.29 0.162
X3

2 1,4848.95 1 14,848.95 23.46 0.001
Residual 6,329.10 10 632.91
Corr. total 68,206.83 16

R2 = 0.9471; R2
aju = 0.8791
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effect. As a result, the methylene blue index increases when 
the impregnation ratio, the activation time and the inter-
action between the impregnation ratio and the activation 
time increase. Therefore, the increase of the MB index 
induces the increase of the activated carbons mesoporosity.

Y2 = �231.17 + 34.14X1 + 10.49X2 – 56.93X3 + 33.34X1X2 – 
19.02X1X3 – 60.44X3

2	 (5)

3.1.2.3. Removal of cadmium

For the cadmium removal response (Table 4c), the 
most important factors are the impregnation ratio (X1), 
the activation time (X2), the activation temperature (X3) 
and the interactions X1X2, X1X3 and X3

2 (Eq. (6)). The activa-
tion time has a positive effect on the removal of cadmium 
ion. On the other hand, other factors and interactions indi-
cate a negative effect. Moreover, the removal of cadmium 
decreased when the impregnation ratio, activation tempera-
ture and X1X2, X1X3, X2

2 and X3
2 interactions varied from lower 

to higher levels. Therefore, if the activation time is at the 
high level (2 h), the removal of cadmium increased.

Y3 = �41.31 – 4.23X1 + 5.22X2 – 13.48X3 – 5.92X1X2 –  
3.36X1X3 – 6.61X2

2 – 6.78X3
2	 (6)

3.1.2.4. Removal of cobalt

Based on Table 4d, the most significant effects for the 
removal of cobalt are the impregnation ratio (X1), the acti-
vation time (X2), the activation temperature (X3) and the 
interactions X1X3, X2X3, X1

2 and X3
2 (Eq. (7)). While, the 

impregnation ratio, the activation time and the activation 
temperature and the X1X3, X2X3 and X3

2 interactions had a 
negative impact on the removal of cobalt ions. However, 
the interaction between the impregnation ratio and the 
impregnation ratio has a positive effect. In other words. 
The adsorption of cobalt increases if the impregnation 
ratio, the activation time and the activation temperature 

Table 4d
Analysis of variance of removal of cobalt

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob. > F

Model 1,779.65 7 254.24 12.47 0.001

Significant

X1 35.28 1 35.28 1.73 0.221
X2 13.19 1 13.19 0.65 0.442
X3 717.14 1 717.14 35.17 0.0002
X1X3 1.31 1 1.31 0.06 0.806
X2X3 86.91 1 86.91 4.26 0.069
X1

2 88.90 1 88.90 4.36 0.066
X3

2 810.95 1 810.95 39.77 0.0001
Residual 183.52 9 20.39
Corr. total 1,963.17 16

R2 = 0.9323; R2
aju = 0.8453

Table 4c
Analysis of variance of removal of cadmium

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob. > F

Model 2,511.20 7 358.74 16.33 0.0002

Significant

X1 133.45 1 133.45 6.08 0.036
X2 272.70 1 272.70 12.42 0.006
X3 1,817.37 1 1,817.37 82.741 7.83E-06
X1X2 151.42 1 151.42 6.89 0.028
X1X3 45.16 1 45.16 2.06 0.185
X2

2 95.32 1 95.32 4.34 0.067
X3

2 149.66 1 149.66 6.81 0.028
Residual 197.68 9 21.96
Corr. total 2,708.88 16

R2 = 0.9464; R2
aju = 0.8776
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and the interactions between ‘the impregnation ratio and 
the activation temperature’, between ‘the activation time 
and the activation temperature’ and between ‘the activation 
temperature and the activation temperature’ are in their 
low levels.

Y4 = �29.77 – 2.10X1 – 1.12X2 – 9.01X3 – 0.57X1X3 –  
4.45X2X3 + 4.66X1

2 – 14.35X3
2	 (7)

3.1.3. Response surface analysis

Three-dimensional (3D) response surface plots of the 
predictive quadratic model for the significant interac-
tions are shown in Figs. 1–4. For the iodine number and 
cobalt removal, the most important interactions are acti-
vation temperature/impregnation ratio and activation 
temperature/activation time. For the methylene blue index 
and cadmium removal, the most significant interactions 

are activation time/impregnation ratio and activation 
temperature/impregnation ratio.

3.1.3.1. Iodine number

From Fig. 1a, it could be seen that the iodine num-
ber increase with decreasing the activation temperature 
regardless of the impregnation ratio. The maximum iodine 
number was observed at an activation temperature of 
400°C with an activation time of 2  h. Fig. 1b indicates that 
the iodine number increases if the activation tempera-
ture decreases whatever the activation time. For that, the 
maximum iodine number was obtained at an activation 
temperature of 400°C and an impregnation ratio of 0.075 g/g.

3.1.3.2. Methylene blue index

It can be seen from Fig. 2a that the increase of activa-
tion time and impregnation ratio provokes an increment 

 

(a) (b) 

Fig. 1. Surface response plot for the iodine number.

 

(a) (b) 

Fig. 2. Surface response plot for the index of methylene blue.
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in methylene blue index. The maximum methylene blue 
index was observed at an activation time of 2  h and an 
impregnation ratio of 0.075  g/g when the activation 
temperature is set at 500°C. Moreover, Fig. 2b indicates 
that the methylene blue index increases when the acti-
vation temperature decreases and the impregnation ratio 
increases. The maximum value of the methylene blue 
index was obtained with an impregnation ratio of 0.075 g/g 
and activation at 400°C for 2 h.

3.1.3.3. Cadmium ions removal

The adsorption of cadmium increases with the increas-
ing activation time and the decreasing of impregnation 
ratio as can be seen from Fig. 3a. Cadmium removal has 
acquired the maximum at an activation temperature of 
500°C for 2 h with an impregnation ratio of 0.025 g/g. Also, 
the cadmium removal increased at the higher activation 
time and lower impregnation ratio (Fig. 3b). Maximum 
capacity of cadmium removal is obtained at an activation 

temperature of 400°C, an impregnation ratio of 0.025  g/g 
and an activation time of 2 h.

3.1.3.4. Cobalt ions removal

Fig. 4a indicates that the removal of cobalt increases 
with the decrease of the activation temperature and the 
impregnation ratio. The maximum response is obtained 
at an activation temperature of 400°C when the impreg-
nation ratio increases during 2 h. Also, Fig. 4b shows that 
the removal of cobalt increases with increasing activation 
temperature at any activation time. The maximum removal 
of the cobalt is observed at 500°C with an impregnation 
ratio of 0.025 g/g during 2 h.

3.1.4. Normal probability plot of residuals

The normal residual probability curves for the iodine 
number, methylene blue index, cadmium and cobalt ions 
removal are shown in Fig. 5. We can see from the figure that 

 

(a) (b) 

Fig. 3. Surface response plot for the removal of cadmium.

  

(a) (b) 

Fig. 4. Surface response plot for the removal of cobalt.
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for the four studying responses, the data points are close 
enough to the straight line, which shows that the experiments 
are at the origin of a normally distributed population [30].

3.1.5. Optimization

The desirability function was used to optimize the four 
responses including iodine number, methylene blue index 
and the removal of cadmium and cobalt ions. The maxi-
mum value of the desirability function (1.000) is obtained at 
an activation temperature of 500°C, an activation time of 2 h 
and an impregnation ratio equal to 0.025  g/g. Under these 
optimum conditions, predicted points for iodine number, 
methylene blue index, sorption of Cd(II) and Co(II) were 
998.99 ± 76.76 mg/g, 213.17 ± 25.16 mg/g, 41.31 ± 4.69 mg/g 
and 29.77  ±  4.52  mg/g respectively. Then, in order to 
obtain the maximum adsorption capacities, adsorption 
tests must be carried out under the optimum conditions.

For instance, after this statistical experimental approach 
using the Box–Behnken experimental design coupled with 
the surface of response, the optimized activated carbons 
have been determined. Therefore, the structural, textural 
properties and the chemical surface of these efficiently 
activated carbons were investigated. This can lead to iden-
tifying the specific characteristics of achieved activated 
carbons through the cadmium and cobalt sorption process.

3.2. Characterization of activated carbons

3.2.1. Fourier-transform infrared spectroscopy

The FTIR spectra of activated carbons are presented in 
Fig. 6. The figure shows a band at about 3,435 cm−1 attributed 
to (O–H) vibrations of hydroxyl groups for alcohols or phe-
nols. The band at 2,132 cm−1 is ascribed to (C=C) vibrations 
of alkyne groups. The band at 1,736  cm−1 is attributed to 
carbonyl (C=O) groups. The olefinic (C=C) absorption band 

 

(a) (b) 

(c) 
(d) 

Fig. 5. Normal probability plots of residuals for the four responses: (a) iodine number, (b) MB index, (c) Cd(II) and (d) Co(II) removal 
capacities.
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appeared at 1,643 cm−1, while the skeletal C=C vibrations in 
aromatic rings caused the two bands at 1,505 and 1,428 cm−1. 
The appearance of bands between 1,300 and 900 cm−1 could 
be assigned to C–O stretching vibrations. The band caused 
by O–H out-of-plane bending vibrations band is located at 
580 cm−1.

3.2.2. Boehm titration and pHpzc

The types and amounts of functional groups present in 
activated carbons were determined by the Boehm titration 
method which provides qualitative and quantitative infor-
mation on the surface charge and hence the adsorption 
capacity of the activated carbons. From Table 5, it can be seen 
that the surface of the activated carbons consists mainly of 
acid groups than basic groups, indicating that the obtained 
activated carbons have an acidic character. It was observed 
that the concentrations of carboxylic and phenolic groups 
are higher than those of lactonic groups. Table 5 shows also 
the pHpzc values of the activated carbons. All the samples 
displayed values in low acidic to the neutral domain in accor-
dance with the Boehm titration. This result suggests higher 
cation exchange properties for cadmium and cobalt ions.

3.2.3. SEM observation

The SEM micrographs of four ACs produced under 
different conditions are presented in Figs. 7a–d. The fig-
ure indicates that the ACs exhibits heterogeneous surface 
structures with irregular pores, which may depend on 
preparation conditions. Figs. 7a and c corresponding to ACs 
obtained under the optimal conditions show cracks, crevices, 
and some grains in various sizes in large holes. Therefore, 
it can be concluded that this activated carbon present an 
adequate morphological profile to adsorb metal ions. The 
activated carbon samples are shown in Figs. 7b and d indi-
cate numerous cavities significantly damaged [31]. These 
cavities created further active sites.

3.2.4. XRD patterns of the activated carbons

The XRD patterns of the activated carbons are shown in 
Fig. 8. The figure shows an amorphous structure for the four 
samples, which is an advantageous property for well-defined 
porous adsorbents. The diffractograms have similar profiles; 
a peak at 25° and another one at 43°. These peaks are thus 
attributed respectively to carbon graphite reflections (002) 
and (100) and dehydrated hemicellulose. The highest inten-
sity of the peak at 2θ equal to 25° results from the parallel 
layer stacking of the graphite turbostratic structure and the 
peak at 2θ of order 43° is attributed to the regular structure 
in the different segments of the plane. For the four samples, 
no obvious change of (002) diffraction peak can be shown 
from the XRD spectrums, but the peak around 2θ  =  43° 
slightly decreases. The smaller microcrystalline can increase 
the number of unsaturated carbon atoms on the edges and 
corners of the sample surface, leading to the enhancement 
of sample surface reactivity and adsorption performance. 
Besides, according to the Bragg equation, the formation 
of interlamellar pores between layers of crystallite (100) 
can be enhanced by the incremental interlamellar space.

3.3. Adsorption isotherms

The equilibrium relationships between adsorbent 
and adsorbate are best explained by sorption isotherms. 
After the optimization of the preparation conditions, the 
activated carbons having a greater ability for the removal of 
cadmium and cobalt ions are AC1; impregnated at 0.025 g/g 
and activated at 500°C during 2  h and AC2; impregnated 
at 0.025 g/g and activated at during 1 h. Fig. 9 shows that 
the equilibrium sorption increased with a rise in equilib-
rium concentration. This augmentation was due to a higher 
driving force for mass transfer at high concentrations in 
solution. Furthermore, the AC1 has a greater sorption effi-
ciency for cadmium and AC2 presents a higher sorption 
efficiency for cobalt. The equilibrium data were analyzed 

Fig. 6. FTIR spectra of activated carbons (a) 0.025 g/g-2 h-500°C, (b) 0.075 g/g-1 h-500°C, (c) 0.025 g/g-1 h-500°C and (d) 0.05 g/g-1 h-500°C.
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by the well-known Langmuir and Freundlich isotherm 
models. These isotherms are useful for estimating the total 
amount of adsorbent needed to adsorb a required amount 
of adsorbate from the solution.

The Langmuir model presumes monolayer adsorption 
onto a surface containing a finite number of adsorption 
sites [32]. The linear form of Langmuir isotherm is repre-
sented as follows:

q
q K C
K Ce

m L e

L e

=
+1

	 (8)

where qm (mg/g) is the maximum monolayer biosorption 
capacity and KL (L/mg) is the Langmuir equilibrium constant 
related to the adsorption affinity. Ce is the equilibrium 
concentration.

Table 5
Chemical groups on the surface and pHpzc of the adsorbents

Activated carbon Carboxylic 
groups (meq/g)

Lactonic 
groups (meq/g)

Phenolic 
groups (meq/g)

Total acid 
groups (meq/g)

Total basic 
groups (meq/g)

pHpzc

0.025 g/g-2 h-500°C 0.4700 0.4420 0.4630 1.3750 0.3990 6.73
0.075 g/g-1 h-500°C 0.4720 0.4420 0.4640 1.3780 0.4030 6.62
0.025 g/g-1 h-500°C 0.4550 0.4640 0.4820 1.4010 0.4330 6.23
0.050 g/g-1 h-500°C 0.4580 0.4470 0.4550 1.3600 0.4540 6.35

Fig. 7. SEM micrographs of activated carbon (a) 0.025  g/g-2  h-500°C, (b) 0.075  g/g-1  h-500°C, (c) 0.025  g/g-1  h-500°C and 
(d) 0.05 g/g-1 h-500°C.
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The Freundlich isotherm is an empirical model of 
heterogeneous surface sorption with non-uniform dis-
tribution of heat sorption and affinities [33]. The form of 
the Freundlich equation can be stated as follows:

q K Ce F e
n= 1/ 	 (9)

where KF (mg1−1/n/g/Ln) is the Freundlich constant and n is the 
heterogeneity factor. The KF value is related to the adsorp-
tion capacity; while 1/n value is related to the adsorption 
intensity or surface heterogeneity ranges between 0 and 1. 
When 1/n is close to zero, the surface becomes more hetero-
geneous. If 1/n is within 0.1 and 1, the adsorption process 
is good, but as the 1/n constant is closer to 1, heterogene-
ity of the adsorbent surface is less important. A constant 
close to 0.1 shows the importance of heterogeneity [34].

Table 6 indicates that the Langmuir model described 
better experimental data. The n value for the Freundlich 

model is greater than 1, indicating a favorable adsorption 
process. The adsorption capacities obtained by the Langmuir 
model are 91.92  mg/g for cadmium sorption, obtained by 
the activated carbon impregnated to 0.025  g/g during 2  h 
with an activation temperature of 500°C, and 79.18 mg/g for 
cobalt sorption obtained by the activated carbon impreg-
nated to 0.025 g/g during 1 h with an activation temperature 
of 500°C, respectively.

The maximum Langmuir adsorption capacities men-
tioned above were compared with other active carbons 
studied in the literature (Table 7). It may be found that the 
assumed optimum activated carbons have higher adsorp-
tive efficiencies than the majority of active carbons used 
for the adsorption of cadmium and cobalt.

4. Mechanism sorption process

The performance quality of prepared activated carbons 
has been examined via different analysis including iodine 

Fig. 8. XRD patterns of activated carbon (a) 0.025 g/g-2 h-500°C, (b) 0.075 g/g-1 h-500°C, (c) 0.025 g/g-1 h-500°C and (d) 0.0 5g/g-1 h-500°C.

 

(a) (b) 

Fig. 9. Experimental points and nonlinear fitted curves isotherms of ACs (a) Cd(II) onto 0.025  g/g-2  h-500°C and (b) Co(II) onto 
0.025 g/g-1 h-500°C.



M. Farnane et al. / Desalination and Water Treatment 204 (2020) 174–188186

number, MB index and heavy metals sorption using statis-
tical experimental design. While the purpose of this work 
was investigated according to the sorption process. The sub-
stances adsorbates are already classified on two different 
types which are organic compounds and heavy metal ions. 
In this regard, the MB dye was studied via the MB index 
and the heavy metal ions are presented by cadmium and 
cobalt ions. In general, the adsorption capacity and affinity 
of these materials are determined by structural and textural 
physical properties and by surface chemical nature of 
activated carbons.

According to the temperature range during activation of 
carob seeds, oxygen on the carbon surface was presented in 
two types of surface groups: one was presented as carboxyl 
and lactones evolved on degassing as CO2 and is acidic in 
nature. The other oxygen group is quinones, evolved by 
degassing as CO and is nonacidic in nature [42]. The amounts 
of these two types of groups depend on the raw mate-
rial and the steps of the preparation of activated carbons. 
Therefore, the activated carbon still as being an amphoteric 
material due to the existence of both negatively and posi-
tively charged sites on its surface. When activated carbon 
is placed in an aqueous solution, the type of sites dominate 
depends on the solution of pH. In aqueous solution, the 

acidic surface of oxygen groups under ionization produced 
H+ ions, the degree of ionization depended on the pH solu-
tion. The formation of surface functional groups determines 
the surface charge for electrostatic interactions and reactive 
sites for chemical interactions between the activated carbon 
surface and the studying toxically substances. It could be 
seen that the sorption of cationic species depends on the acid 
oxygen-containing surface functional groups; However, the 
removal of non-ionic or anionic adsorbate compounds was 
closely correlated to the surface basicity and oxygen-free 
Lewis basic sites [43].

In fact, the sorption of heavy metal ions and organic 
compounds is considered to take a trade-off relationship 
concerning the surface acidity as an example of MB which 
is a cationic dye. It was also widely recognized that organic 
molecules sorption onto activated carbon has been done 
through the interaction between the functional groups 
including carboxylic, phenolic and lactonic groups situated 
at the activated carbon surface and the groups of organic 
molecules. Also, this sorption may be established via hydro-
gen bonding and/or electron donor–acceptor mechanism 
[44]. The adsorption mechanism of heavy metals ions onto 
activated carbon was switched from ion exchange with 
the acidic functional groups to the cationic metal ions 

Table 7
Sorption capacities (mg/g) for activated carbons

Activated carbon Activating agent Cd(II) Co(II) References

Activated carbon bagasse ZnCl2 38.03 – [35]
Activated carbon Phragmites australis H3PO4 40.42 – [36]
Activated carbon Phragmites australis (NH3)3PO4 58.33 – [36]
Activated carbon Phragmites australis (NH3)2HPO4 46.42 – [36]
Activated carbon sweet lime peels (303 K) ZnCl2 105.13 – [37]
Activated carbon sweet lime peels (313 K) ZnCl2 107.67 – [37]
Activated carbon sweet lime peels (323 K) ZnCl2 110.99 – [37]
Activated carbon oxalate–treated K2C2O4 – 50.76 [38]
Activated carbon Thespesia populnea bark H2SO4 – 22.72 [39]
Activated Glebionis coronaria L. KOH 115.99 46.80 [40]
Activated Glebionis coronaria L. H3PO4 118.78 82.55 [41]
Activated Diplotaxis harra H3PO4 51.83 69.86 [13]
Activated carob shell KOH 90.58 77.24 [7]
Activated carob seeds (0.025g/g-2h-500°C) HNO3 91.92 – This study
Activated carob seeds (0.025g/g-1h-500°C) HNO3 – 79.18 This study

Table 6
Isotherm parameters for the sorption of Cd(II) and Co(II) of AC-0.025g/g-2h-500°C and AC-0.025 g/g-1 h-500°C

Isotherms Parameters 0.025 g/g-2 h-500°C Cd(II) 0.025 g/g-1 h-500°C Co(II)

Langmuir
qm (mg/g) 91.92 79.18
KL (L/mg) 0.02 0.02
R2 0.99 0.99

Freundlich
N 3.79 2.85
KF (mg1–1/n g/Ln) 18.79 10.22
R2 0.99 0.99
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interaction. This result evolved the higher cation exchange 
properties for cadmium and cobalt ions and for cationic 
organic molecules (MB).

On other hand, the prepared activated carbons were 
positively charged below the point of zero charge (pHpzc) 
and negatively charged above it. At pH ≥ pHpzc, the acti-
vated carbon surface is charged negatively, so Cd(II) and 
Co(II) ions and MB molecule which are positively charged, 
may be easily bound to negatively dissociated forms of 
the activated carbon groups producing complexes with 
its surface groups. Although, at pH  <  pHpzc, the acti-
vated carbon surface is positively charged which facili-
tates the anionic organic compounds and anionic metal 
ions sorption via interactions adsorbate/adsorbent. Hence, 
some studies established that the activated carbons with 
anionic surfactants were negative at all pHs tested because 
the hydrophilic negatively charged head groups of the 
surfactants are arranged toward the aqueous phase [45].

5. Conclusion

This study established the feasibility of preparing acti-
vated carbons from carob seeds biomass for heavy metal 
ions removal. The activation was done by HNO3, which 
yielded a good quality of activated carbon with high perfor-
mance for the removal of cadmium and cobalt ions. In this 
approach, the Box–Behnken experimental design coupled 
with response surface methodology was used to optimize 
the preparation conditions of activated carbons for study-
ing the removal of both heavy metal ions. The three most 
influential factors are investigated including impregnation 
ratio, activation time and activation temperature in order to 
study the iodine number, MB index, cobalt and cadmium 
ions. In the iodine number, the influential factors are the 
activation time and activation temperature with a negative 
impact and the impregnation ratio with a positive impact. In 
the case of the methylene blue index, the influential factors 
are the impregnation ratio and activation time with a posi-
tive impact while the activation temperature has a negative 
impact. For the elimination of cadmium, the impregnation 
ratio and the activation temperature with a negative impact, 
however, the activation time has a positive impact. Hence, for 
the elimination of cobalt, all factors have a negative impact. 
For the iodine number, the major value (1,034.83 mg/g) was 
obtained for a carbon-impregnated with 005 (g/g) and acti-
vated at 500°C for 1 h 30 min. For the methylene blue index,  
the maximum value (279.59 mg/g) was acquired for activated 
carbon with an impregnation ratio of 0.075 (g/g), during an 
activation time of 2 h at an activation temperature of 500°C. 
On the other hand, the carbon activated at 500 °C during 2 h 
with an impregnation ratio of 0.025 g/g has a higher sorption 
capacity of cadmium ions. While, in the same conditions but 
for 1 h, the maximum sorption of cobalt was obtained. Under 
these optimum preparation conditions and via Langmuir 
isotherm modeling, the highest sorption capacities were 
91.92 mg/g for cadmium and 79.18 mg/g for cobalt ions.
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