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a b s t r a c t
This study investigates the preparation of activated carbons from Thapsia transtagana stems using 
chemical H3PO4 activation and their ability for cationic and anionic dyes removal from aqueous solu-
tion. Central composite design and response surface methodology (RSM) were used for the optimi-
zation of the preparation conditions and dyes removal efficiency. Five responses were targeted which 
are iodine number (IN), methylene blue index (MB index) and removal efficiency for methyl violet 
(MV), methyl orange (MO) and indigo carmine (IC). From the experimental results, the maximum 
iodine number and methylene blue index obtained were 1,082.22 and 397.54 mg g–1, respectively. 
The highest removal efficiency for methyl violet was obtained by activated carbon sample activated 
at 400°C for 145 min with an impregnation ratio of 2 g g–1. For methyl orange, the best conditions 
were activation temperature of 450°C, impregnation ratio of 1.5 g g–1 and activation time of 155 min. 
For indigo carmine, activation temperature of 500°C, impregnation ratio of 2 g g–1 and activation 
time of 145 min. Under these conditions, the maximum adsorption capacities were 358.68 mg g–1 
for methyl violet, 305.88 mg g–1 for methyl orange and 196.06 mg g–1 for indigo carmine. The best 
activated carbon samples were characterized by Fourier transform infrared spectroscopy, XRD and 
scanning electron microscopy–energy-dispersive X-ray. The functional groups were also determined 
by Boehm titration.
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1. Introduction

The presence of dyes in effluents is a major concern due 
to their adverse effect to many forms of life. The discharge 

of dyes in the environment is worrying for both toxicologi-
cal and esthetical reasons [1]. Dyes are an important class of 
pollutants which came in large amounts from textile, dyeing, 
paper and pulp, and tannery and paint industries [2]. It is 
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already demonstrated that the industrial effluents containing 
dyes reduce light penetration, preventing the photosynthe-
sis of aqueous flora [3]. Moreover, many dyes are toxic and 
even carcinogenic thus affecting the aquatic biota and human 
health [4–6].

Many technologies are employed to achieve the regula-
tory standard for treated water discharge such as sorption, 
coagulation/flocculation, chemical oxidation, membrane sep-
aration, electrochemical, aerobic and anaerobic microbial 
degradation. From all these processes, adsorption is a pre-
ferred method due to its low cost and effectiveness [7–10]. 
Also, adsorption removes the entire dye molecule, leaving 
no fragments in the effluent. In adsorption process, activated 
carbon is the most generally used adsorbent for dye removal 
from effluent [11], due to its high efficiency. For economic 
reasons, many low cost and abundant biomaterials were 
tested as sorbents in their native form or after activation, such 
as avocado kernels seeds and Ziziphus lotus fruit peels [12], 
Thapsia transtagana stems (TTS) [13], prosopis africana seed 
hulls [14], pecan shell [15], Elaeagnus angustifolia L. fruits [16], 
orange peel [17], bamboo [18], rattan sawdust [19], rice husk 
[20], waste tea [21], Acacia mangium wood [22], date stones 
[23] and banana waste [24].

Generally, activation of precursor can be carried out 
either through physical or chemical activation method. 
Physical activation involves the carbonization of the raw 
materials under inert atmosphere followed by the activation 
of the resulting char at high temperature in the presence of 
carbon dioxide or steam. This process has several draw-
backs represented in the low carbon yield and high energy 
consumption [25]. While, in chemical activation, the precur-
sor material is impregnated with activating agents such as 
potassium hydroxide (KOH) [26], zinc chloride (ZnCl2) [27], 
phosphoric acid (H3PO4) [28], potassium carbonate (K2CO3) 
[29], etc. Thereafter, the impregnated material is subjected 
to heat treatment in an inert atmosphere. These chemi-
cal agents have dehydrating properties that influence the 
pyrolytic decomposition and prevent the formation of tars 
and volatile organic compounds during activation at high 
temperature producing high efficiency activated carbon.

Indeed, the H3PO4 activation mechanisms are identified 
and published on this subject reveals a dual activation mode 
[30]. First, phosphoric acid acts as an acid catalyst that pro-
motes depolymerization of the macromolecules making up 
the biomass (cellulose, hemicellulose and lignin) whereas 
encouraging the formation of cross-linking through dehy-
dration, cyclization and condensation reactions. Second, 
H3PO4 is known to promote the formation of phosphate 
and polyphosphate bridges that connect and cross-link the 
fragments derived from the macromolecules making up the 
biomass [31]. This means that the insertion of phosphate 
groups leads to a dilation process, which, after elimination 
of the acid, leaves a matrix in a developed state with an 
accessible porous structure.

The production of activated carbons with high yield, 
large surface area and suitable pore size depends upon 
the production conditions [32]. These conditions must be 
properly balanced in order to obtain activated carbons 
with desirable properties. The main factors of the prepa-
ration method that influence the properties of activated 
carbons are impregnation ratio; activation temperature and 

activation time [33,34]. The best operating conditions for 
the production of activated carbon can be evaluated by the 
use of a sufficient experimental design. Response surface 
methodology (RSM) is a set of statistical and mathematical 
techniques used for designing experiment, response surface 
modeling through regression, evaluating the effects of sev-
eral factors and searching optimum conditions for desirable 
responses and reducing number of experiments [35].

The objective of this study was the utilization of TTS 
biomass as a new precursor for highly efficient activated car-
bons by phosphoric acid activation and their evaluation for 
both cationic and anionic dyes removal. Central composite 
design (CCD) combined with RSM was used to decrease in 
the number of experimental runs. The conditions optimized 
were impregnation ratio, activation temperature and acti-
vation time. Five responses were targeted which are iodine 
number (IN), methylene blue index (MB index) and removal 
efficiency for methyl violet (MV), methyl orange (MO) and 
indigo carmine (IC). The ACs produced at the optimal con-
ditions were characterized by Fourier transform infrared 
spectroscopy (FTIR), XRD, scanning electron microscopy–
energy-dispersive X-ray (SEM-EDX) and the point of zero 
charge (pHPZC). The functional groups were also determined 
by Boehm titration.

2. Material and methods

2.1. Material

All the chemicals/reagents used in this study were of 
analytical grade. H3PO4 (85%), HCl (37%), I2 (99.8%–100.5%), 
Na2S2O35H2O, Na2CO3, NaHCO3 (99.5%–100.5%), commer-
cial activated carbon (powder form) (100%), methyl violet, 
methyl orange and indigo carmine were purchased from 
Sigma-Aldrich (Germany) (100%). Methylene blue was 
purchased from Panreac (Spain) (100%). HNO3 (65%) was 
provided from Scharlau (Spain). NaOH (≥99%) from Merck 
(Germany), potassium iodide (KI) (100%) was obtained 
from Pharmac (Morocco). The characteristics and chemical 
structure of the dyes are listed in Table 1.

2.2. Preparation of activated carbons

The TTS were used as precursor for the preparation of 
activated carbon. They were cut into small pieces and pow-
dered to a particle size less than 125 μm using a domestic 
mixer. 15 g of the biomass were impregnated with H3PO4 
as the activating agent at desired mass ratio. The samples 
were heated at 105°C for 24 h to remove excess moisture 
and loaded in a stainless steel vertical tubular reactor placed 
into a furnace under purified nitrogen atmosphere. After 
activation at desired temperature during desired time, the 
residual phosphoric acid was eliminated from the activated 
carbons by deionized water. The obtained powder was then 
dried at 105°C, powdered, sieved using a normalized sieve 
and stored in hermetic bottle for further tests.

The method of calculating the volume of H3PO4 is:
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The impregnation ratio of the activating agent with the 
precursor was computed using Eq. (1):

Impregnation ratio  
dried weight of H PO
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2.3. Design of experiments using central composite design

CCD was used to study the individual and synergetic 
effect of the three factors toward defined responses. This 
method can reduce the number of experimental trials 
required to evaluate main effect of each parameter and their 
interactions [36]. It is characterized by three operations 
namely: 2n factorial runs, 2n axial runs and six center runs 
[37]. For this case, it translated into eight factorial points, six 
axial points and six replicates at the center which gives a total 
of 20 experiments as calculated from Eq. (2):

Total number of experiments   ncN nn( ) = + +2 2  (3)

where n is the number of factors, nc is the number of center 
points (six replicates).

The two-level independent variables were coded as +1 
and –1 for high and low values, respectively, and were used to 
represent the eight factorial points. The six axial points were 
located at (±α, 0, 0), (0, ±α, 0), (0, 0, ±α), and the six replicates 
were at the center (0, 0, 0) [38]. Alpha (α) approximately show 
the distance of the axial from center point, which is rotatable 

and strongly depends on the number of factorial points and 
can be calculated from Eq. (3) [39]:

α = Np
1 4/  (4)

In this study, the independent variables studied were 
activation temperature (A), impregnation ratio (B) and acti-
vation time (C). These three variables with their respective 
ranges were selected based on the literature and preliminary 
studies as given in Table 2 [40].

The optimal conditions for the studied responses which 
are iodine number, methylene blue index and removal 
efficiencies for methyl violet, methyl orange and indigo 
carmine were determined using the quadratic model given 
by Eq. (4) [41]:
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where Y is the predicted response, b0 is the constant coef-
ficients, bii is the quadratic coefficient, bij is the interaction 
coefficient and xi, xj are the coded values of the considered 
variables.

The quality of the fit to the polynomial model was 
expressed by the correlation coefficient (R2). The significance 
and adequacy of the used model was further explained using 
F-value (Fisher variation ratio), probability value (Prob > F) 
and adequate precision (AP) [41].

Table 1
Molecular structure and physical characteristics of the dyes

Dye name Generic name Molecular structure lmax (nm) Mw (g mol–1)

Methyl violet (MV) Basic violet 1 584 393.95

Methylene blue (MB) Basic blue 9 663 319.85

Methyl orange (MO) Acid orange 52 465 327.33

Indigo carmine (IC) Acid blue 74 610 466.36
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2.4. Evaluation of activated carbons

2.4.1. Iodine number (IN)

It is a simple and commonly used technique for the 
rapid assessment of activated carbons quality. It is a mea-
sure of micropore content of the activated carbon (0–2 nm) 
by adsorption of iodine from solution. The iodine number 
values expected for good quality AC to be equal to or higher 
than 900 mg g–1. It has been also reported that the typical 
I2 number range is 500–1,200 mg g–1 which is equivalent to 
the surface area between 900 and 1,100 m2 g–1 [42]. The iodine 
number is defined as the milligrams of iodine adsorbed by 
1.0 g of carbon when the iodine concentration of the filtrate 
is 0.02 N. It was determined according to the ASTM D4607-
94 method [43]. 1 g of each ACs is treated with 10.0 mL of 
5% HCl and boiled for 30 s and subsequently cooled. About 
100 mL of 0.1 N iodine solutions 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 indicator.

2.4.2. Methylene blue index (MB index)

The methylene blue index is a measure of mesoporosity 
(2–50 nm) present in activated carbon. It is defined as the 
maximum amount of dye adsorbed on 1.0 g of adsorbent. 
To have maximum sorption capacities of methylene blue 
onto ACs, the adsorption isotherms were investigated. 
Stock solution of methylene blue was prepared by dissolving 
desired weight in distilled water. Sorption experiments were 
investigated in a series of beakers containing 100 mL by add-
ing 100 mg of each ACs. Sorption equilibrium was established 
for different methylene blue initial concentration between 
20 and 500 mg L–1 at initial solution pH of 6.5 and room 
temperature. Residual concentrations were determined by 
spectrophotometric method at the wavelength of maximum 
absorbance of 663 nm.

2.4.3. Dyes removal efficiency

The dye solutions of methyl violet, methyl orange and 
indigo carmine at a concentration of 500 mg L–1 were prepared 
by dissolving desired weight of each dye in distilled water. 
Sorption experiments were investigated at room temperature 
in a series of beakers containing 50 mL of the dyes solution 
at a concentration of 500 mg L–1 and 50 mg of each activated 
carbon and commercial activated carbon. The mixtures were 
stirred for 2 h. After each sorption experiment, samples were 
centrifuged at 3,400 rpm for 10 min. The residual concen-
tration was determined using UV–Vis spectrophotometer.

The adsorption capacity of the dyes at equilibrium was 
defined as the amount of adsorbate per gram of adsorbent 
(in mg g–1) and was calculated using the following equation:

q
C C
R

=
−( )0  (6)

where q is the adsorbed quantity (mg g–1), C0 is the initial dye 
concentration (mg L–1), C is the residual dye concentration 
(mg L–1) and R is the mass of activated carbon per liter of 
aqueous solution (g L–1).

Adsorption isotherms were carried out by adding 0.05 g 
of activated carbons into a number of beakers containing 
50 mL at different initial concentrations (100–500 mg L–1) of 
dye solution at initial pH and room temperature. Equilibrium 
data obtained were analyzed using Langmuir and Freundlich 
isotherm models.

The Langmuir isotherm model is represented as follows:

q
q K C
K Ce

m L e

L e

=
+1

 (7)

where qm (mg g–1) is the maximum monolayer adsorption 
capacity, KL (L mg–1) is the Langmuir equilibrium constant 
related to the adsorption affinity and Ce is the equilibrium 
concentration.

The Freundlich equation can be stated as follows:

q K Ce F e
n= 1/  (8)

where KF (mg1–1/n g–1 L1/n) 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.

2.5. Surface and chemical characterization

The surface morphology of precursor material and  
optimized activated carbon was observed by SEM. Measure-
ments were obtained with VEGA3-EDAX (TESCAN, Czech) 
equipped with an EDX. Small amount of each sample was 
finely powdered and mounted directly onto aluminum 
sample holder using two-sided adhesive carbon model. The 
functional groups present on the surface of activated carbon 
were determined by FTIR (FTIR-2000, PerkinElmer, USA). 
The infrared spectra of the starting material and activated 
carbons were collected in a range of 4,000–400 cm–1. The 
XRD measurements were performed at room temperature 
on a D2 Phaser diffractometer, with the Bragg–Brentano 

Table 2
Process factors and their levels

Variable Code Coded variable levels

–α –1 0 1 +α

Activation temperature, °C A 366 400 450 500 534
Impregnation ratio, g g–1 B 0.66 1 1.5 2 2.34
Activation time, min C 105 115 130 145 155
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geometry, using CuKα target (λ = 1.5406 Å) operated at 30 
kV and 10 mA. The XRD scans were recorded in the 2θ 
range 10°–80° with step size 0.01° (0.5 s/step). The acidic 
and basic functional groups on the surface of ACs were 
determined quantitatively by the Boehm’s titration method 
[44]. About 0.1 g of each sample was mixed with 50 mL of 
0.01 M aqueous reactant solution (NaOH, Na2CO3, NaHCO3 
or HCl). The mixtures were stirred at 500 rpm for 24 h at 
room temperature. Then, the suspensions were filtrated by 
a 0.45 μm membrane filter. To determine the oxygenated 
groups, back titrations of the filtrate (10 mL) were achieved 
with standard 0.01 M HCl solution. Basic groups were also 
determined by back titration of the filtrate with 0.01 M 
NaOH solution. The point of zero charge (pHPZC) was deter-
mined by the pH drift method according to the method pro-
posed by Noh and Schwarz [45]. The pH of NaCl aqueous 
solution (50 mL at 0.01 mol L–1) was adjusted to successive 
initial values in the range of 2–12 by addition of HNO3 and/
or NaOH. Moreover, 0.05 g of each adsorbent was added in 
the solution and stirred for 6 h. The final pH was measured 
and plotted vs. the initial pH. The pHPZC was determined 
at the value for which pHfinal = pHinitial.

3. Results and discussion

3.1. Experimental results

This study investigates the relationship between five 
responses (iodine number (Y1), methylene blue index (Y2), 

adsorption capacity of methyl orange (Y3), adsorption 
capacity of methyl violet (Y4) and adsorption capacity of 
indigo carmine (Y5)) and three independent factors (activa-
tion temperature (A), impregnation ratio (B) and activation 
time (C)). Table 3 shows the preparation conditions and the 
experimental results for the five responses. From the table, 
it could be seen that the adsorption capacity of dyes was 
influenced by the three factors. The best conditions for the 
removal of methyl violet were obtained by activated carbon 
sample activated at 400°C for 145 min with an impregna-
tion ratio of 2 g g–1. For methyl orange, the best conditions 
were activation temperature of 450°C, impregnation ratio of 
1.5 g g–1 and activation time of 155 min. For indigo carmine, 
activation temperature of 500°C, impregnation ratio of 
2 g g–1 and activation time of 145 min. Under these condi-
tions, the maximum sorption capacities were 358.67 mg g–1 
for methyl violet, 305.88 mg g–1 for methyl orange and 
196.06 mg g–1 for indigo carmine. The methylene blue index 
varied between 237.59 and 397.54 mg g–1, which indicated 
a great mesoporosity for all activated carbon samples. The 
greater iodine number of 1,082.22 mg g–1 is obtained for 
the activated carbon activated at 500°C for 115 min with an 
impregnation ratio of 2 g g–1.

Moreover, regression analysis was performed to fit the 
response functions with the experimental data. The values 
of regression coefficient obtained are illustrated in Table 4.  
From this table, it can be seen that the regression coeffi-
cients for the impregnation ratio factor are higher than 
those of the other factors. Also, there is an increase in the 

Table 3
Experimental design matrix coded, real values and experimental results for the responses

Run Activation 
temperature (°C)

Impregnation 
ratio (g g–1)

Activation 
time (min)

Responses (mg g–1)

Coded Actual Coded Actual Coded Actual
Iodine 
number

Methylene 
blue index

Methyl 
orange

Methyl 
violet

Indigo 
carmine

1 0 450 0 1.5 0 130 1,019.39 307.21 270.35 311.93 159.32
2 0 450 0 1.5 0 130 1,015.20 302.36 266.15 311.37 157.74
3 1 500 –1 1 –1 115 976.11 258.17 246.45 239.86 149.34
4 0 450 0 1.5 1.682 155 1,038.94 318.40 305.88 349.66 188.97
5 0 450 0 1.5 –1.682 105 1,004.03 313.26 260.66 304.89 149.87
6 –1 400 –1 1 1 145 1,029.16 313.50 253.56 239.58 136.48
7 0 450 0 1.5 0 130 1,023.58 310.43 262.60 313.34 154.07
8 –1.682 366 0 1.5 0 130 1,031.96 284.51 255.82 291.66 128.61
9 1 500 1 2 –1 115 1,082.22 317.48 295.89 338.68 176.64

10 –1 400 –1 1 –1 115 1,001.24 293.25 246.77 217.90 117.32
11 0 450 0 1.5 0 130 1,012.41 305.99 269.71 307.99 158.79
12 0 450 –1.682 0.66 0 130 997.05 237.59 205.43 101.34 76.64
13 1 500 –1 1 1 145 948.19 245.16 239.99 206.64 130.97
14 –1 400 1 2 1 145 1,045.92 397.54 287.47 358.68 164.57
15 1 500 1 2 1 145 1,059.88 339.57 289.09 352.47 196.06
16 –1 400 1 2 –1 115 990.07 339.59 270.67 317.00 131.49
17 0 450 0 1.5 0 130 1,011.01 306.13 268.74 304.33 160.37
18 0 450 1.682 2.34 0 130 1,048.71 357.97 303.94 337.55 148.55
19 0 450 0 1.5 0 130 1,018.00 305.69 265.51 310.53 155.64
20 1.682 534 0 1.5 0 130 1,066.86 302.15 302.65 300.95 169.55
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adsorption capacities with the increase of the impregnation 
ratio. Therefore, we can conclude that the most influencing 
factor on the five responses was the impregnation ratio. The 
activation temperature has a negative effect on methylene 
blue index, however, it presented a positive effect on iodine 
number, methyl orange, methyl violet and indigo carmine 
removal. While, the increase in the impregnation ratio and 
activation time enhanced the five responses.

3.2. Analysis of variance

The analysis of variance ANOVA was performed for ade-
quacy and significance of predicted model. After discard-
ing the insignificant terms, the ANOVA data for the coded 
quadratic models for the five responses at a confidence level 
of 95% are represented in Tables 5a–e. The effect of a fac-
tor is defined as the change in the response produced by a 
change in the level of the factor. This is frequently called a 
main effect because it refers to the primary factors of inter-
est in the experiment. The ANOVA results showed that the 
equations adequately represented the actual relationship 
between each response and the significant variables. The 
F-value implies that the models are significant and values 
of “Prob > F” less than 0.05 indicate that models terms are 
significant. Especially larger F-value with the associated 
p-value (smaller than 0.05, confidence interval) means 
that the experimental systems can be modeled effectively 
with less error. Therefore, interaction effects as adequate 
model terms can be used for modeling the experimental 
system.

3.2.1. Iodine number

According to the ANOVA for the iodine number, the 
significant model factors are the activation temperature 
(A), impregnation ratio (B), activation time (C), the interac-
tion between activation temperature and impregnation ratio 
(AB), the interaction between activation temperature and 
activation time (AC) and the quadratic term of activation 
temperature (A2) (Eq. (6)).

Y A B C AB
AC A

1 1 015 16 4 29 22 71 6 70 26 47
16 59 8 54
= + + + + −

+

, . . . . .
. .

    
  22  (9)

The activation temperature, the impregnation ratio, the 
activation time, the interaction between activation tempera-
ture, impregnation ratio and the quadratic term of activation 
temperature showed a positive effect on the iodine number. 
Although, the interaction between activation temperature 
and activation time showed a negative effect on the iodine 
number, the impregnation ratio has the largest significant 
effect on the iodine number due to the high F-value (42.82) 
followed by the interaction between activation temperature 
and impregnation ratio, the interaction between activation 
temperature and activation time and the quadratic term of 
activation temperature with an F-value of 34.19, 13.64 and 
6.51, respectively. Hence, it could be seen that the number of 
micropores are higher with the impregnation ratio of 2 g g–1 
in the studied domain. In fact, at high level of the significant 
model terms, the activation reaction may take place rapidly 
producing a development of the porosity of the obtained acti-
vated carbons, and moreover, an increase in the microporosity.

For the iodine number, the most significant interactions 
were the interaction between activation temperature and 
impregnation ratio and the interaction between activation 
temperature and activation time. It could be seen from Fig. 1a 
that the iodine number increased with increasing activation 
temperature and impregnation ratio when the activation 
time is fixed at 115 min. Fig. 1b shows that the iodine num-
ber increased with increasing activation temperature and 
decreasing activation time when the impregnation ratio is 
fixed at 2 g g–1.

3.2.2. Methylene blue index

For methylene blue index, the most significant effects are 
activation temperature (A), impregnation ratio (B), activation 
time (C), interaction between activation temperature and 
impregnation ratio (AB) and the interaction between impreg-
nation ratio and activation time (BC) and the quadratic term 
of activation time (C2) Eq. (7).

Y A B C AB
BC C

2
2

303 68 11 26 35 61 7 01 2 91
9 01 5 96

= − + + + +

+

. . . . .
. .

    
   (10)

The impregnation ratio and activation time and interac-
tion effects between activation temperature and impregnation 

Table 4
Values of model coefficients for the five responses

Main coefficients Y1 Y2 Y3 Y4 Y5

b0 1,017.16 305.91 267.41 309.75 157.38
b1 4.29 –11.26 6.71 1.47 12.59
b2 22.71 35.61 23.56 62.94 18.70
b3 6.70 7.01 6.26 8.67 8.66
b12 26.47 2.91 5.08 3.30 6.25
b13 –16.59 –8.55 –4.56 –10.25 –6.33
b23 4.15 9.01 1.20 8.29 6.40
b11 8.31 –2.28 2.88 –3.85 –1.46
b22 –1.07 –0.71 –5.80 –31.02 –14.35
b33 –1.61 5.71 4.28 7.12 5.76
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ratio, impregnation ratio and activation time and quadratic 
term of activation time showed a positive effect on the 
methylene blue index response. However, the activation 
temperature presented a negative effect on the develop-
ment of mesopores. According to Table 5b, the impregnation 
ratio has the utmost effect on methylene blue index based 

on the highest F-value of 56.26 whereas activation tempera-
ture and activation time produced analogous impacts on 
this response with F-values of 5.63 and 2.20, respectively. 
The interaction effects between activation temperature 
and impregnation ratio, impregnation ratio and activation 
time and that of quadratic term of activation time were 

Table 5a
ANOVA results of the response surface quadratic model for iodine number

Source Sum of 
squares

Degree of 
freedom

Mean  
square

F-value p-value 
Prob > F

Lack  
of fit

Comment

Model 16,870.08 6 2,811.68 17.08 0.00002 11.62 Significant
A 252.03 1 252.03 1.53 0.23791
B 7,051.10 1 7,051.10 42.82 0.00002
C 620.24 1 620.24 3.77 0.07428
AB 5,629.14 1 5,629.14 34.19 0.00006
AC 2,245.51 1 2,245.51 13.64 0.00271
A2 1,072.07 1 1,072.07 6.51 0.02412
Residual 2,140.60 13 164.66
Corrected total 19,010.67 19

R2 = 0.8874; R2
adj = 0.8354.

Table 5b
ANOVA results of the response surface quadratic model for methylene blue index

Source Sum of 
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob > F

Lack  
of fit

Comment

Model 21,003.08 6 3,500.51 11.36 0.00016 71.08 Significant
A 1,735.06 1 1,735.06 5.63 0.03374
B 17,334.41 1 17,334.41 56.26 0.00001
C 677.69 1 677.69 2.2 0.16188
AB 68.1 1 68.1 0.22 0.64605
BC 662.49 1 662.49 2.15 0.16632
C2 525.34 1 525.34 1.71 0.21426
Residual 4,005.27 13 308.1
Corrected total 25,008.35 19

R2 = 0.8398; R2
adj = 0.7659.

Table 5c
ANOVA results of the response surface quadratic model for methyl orange removal

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob > F

Lack  
of fit

Comment

Model 9,429.39 6 1,571.56 9.38 0.00042 30.53 Significant
A 615.27 1 615.27 3.67 0.07755
B 7,592 1 7,591.1 45.32 0.00001
C 541.54 1 541.54 3.23 0.09543
AB 207.26 1 207.26 1.24 0.28615
AC 169.69 1 169.69 1.01 0.33256
C2 303.63 1 303.63 1.81 0.2012
Residual 2,177.64 13 167.51
Corrected total 11,607.02 19

R2 = 0.8702; R2
adj = 0.7533.
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Table 5d
ANOVA results of the response surface quadratic model for methyl violet removal

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob > F

Lack  
of fit

Comment

Model 71,851.64 7 10,264.52 98.79 <0.00001 16.04 Significant
A 29.62 1 29.62 0.29 0.60318
B 54,164.20 1 54,164.20 521.29 <0.00001
C 1,036.71 1 1,036.71 9.98 0.00824
AC 856.79 1 856.79 8.25 0.01405
BC 561.31 1 561.31 5.40 0.03847
B2 13,689.91 1 13,689.91 131.75 <0.00001
C2 819.93 1 819.93 7.89 0.01578
Residual 1,246.86 12 103.91
Corrected total 73,098.50 19

R2 = 0.9871; R2
adj = 0.9754.

Table 5e
ANOVA results of the response surface quadratic model for indigo carmine removal

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value p-value  
Prob > F

Lack  
of fit

Comment

Model 12,339.77 7 1,762.82 27.26 <0.00001 12.75 Significant
A 2,166.63 1 2,166.63 33.5 0.00009
B 4,782.96 1 4,782.96 73.95 <0.00001
C 1,035.1 1 1,035.1 16 0.00176
AC 327.45 1 327.45 5.06 0.04399
BC 334.16 1 334.16 5.17 0.04221
B2 2,943.97 1 2,943.97 45.52 <0.00002
C2 509.96 1 509.96 7.89 0.01581
Residual 776.11 12 64.68
Corrected total 13,115.88 19

R2 = 0.9408; R2
adj = 0.9063.

 
Fig. 1. Surface response plot for the iodine number: (a) interaction between impregnation ratio and activation temperature and 
(b) interaction between activation time and activation temperature.
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slightly inconse quential with F-values of 0.22, 2.15 and 1.71, 
respectively.

The effect of interaction between activation tempera-
ture and impregnation ratio on methylene blue index can be 
observed by 3D response surface plot as shown in Fig. 2a. 
It can be seen from this figure that the methylene blue index 
increased with the decreasing of the activation temperature 
and the increase in impregnation ratio. A maximal methy-
lene blue index response is obtained with an activation time 
of 145 min. Fig. 2b shows that when the impregnation ratio 
and activation time was increased, the methylene blue index 
also increases.

3.2.3. Methyl orange removal

The most significant effects for methyl orange removal 
response are activation temperature (A), impregnation ratio 
(B), activation time (C), the interaction between activation 
temperature and impregnation ratio (AB), the interaction 
between activation temperature and activation time (AC) and 
the quadratic term of activation time (C2) Eq. (8).

Y A B C AB
AC C

3
2

265 24 6 71 23 56 6 26 5 08
4 56 4 53
= + + + + −

+

. . . . .
. .

    
   (11)

Thus, all the term showed a positive effect on methyl 
orange removal except the interaction between activation 
temperature and activation time. It can clearly be seen from 
Table 5c that impregnation ratio has the utmost effect on 
methyl orange removal based on the highest F-value of 45.32. 
The other terms were slightly inconsequential. Therefore, 
the removal of methyl orange increased when impregnation 
ratio varied from low to high levels. Hence, high adsorp-
tion capacities of methyl orange were observed for activated 
carbons with high impregnation ratio.

From Fig. 3a it can be observed that the adsorption 
capacity for methyl orange increases with the increase in acti-
vation temperature as well as impregnation ratio. The methyl 
orange removal increased when the activation temperature 

and activation time increased (Fig. 3b). The maximal methyl 
orange removal was obtained with an activation time of 
145 min and an impregnation ratio of 2 g g–1.

3.2.4. Methyl violet removal

The significant model terms for methyl violet removal 
are the activation temperature (A), impregnation ratio (B), 
activation time (C), the interaction between activation tem-
perature and activation time (AC), the interaction between 
impregnation ratio and activation time (BC) and the qua-
dratic terms of impregnation ratio (B2) and activation time 
(C2) (Eq. (9)).

Y A B C AC
BC B

4
2

306 61 1 47 62 94 8 67 10 25
8 29 30 65

= + + + − +

− +

. . . . .
. .

    
  77 47 2.  C  (12)

The activation temperatures, the impregnation ratio, the 
activation time, the interaction between impregnation ratio 
and activation time and the quadratic term of activation time 
have a positive impact on methyl violet removal. However, 
the other terms showed a negative effect. The linear term of 
impregnation ratio and the quadratic term of impregnation 
ratio have the greatest effect on the methyl violet removal 
with an F-value of 521.29 and 131.75, respectively, followed 
by linear term of activation time, the interaction between 
activation temperature-activation time, quadratic term 
of activation time and interaction between impregnation 
ratio-activation time with F-value of 9.98, 8.25, 7.89 and 5.4, 
respectively.

The most significant interactions were the interaction 
between activation temperature and activation time and 
the interaction between impregnation ratio and activation 
time. It was observed from the 3D response surface plot as 
shown in Fig. 4a that the methyl violet removal increasing 
with increasing the impregnation ratio and activation time, 
when the activation temperature is fixed at 450°C. Fig. 4b 
shows that when the activation time increases whatever the 

 

Fig. 2. Surface response plot for the methylene blue index: (a) interaction between impregnation ratio and activation temperature and 
(b) interaction between activation time and  impregnation ratio.
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activation temperature, the methyl violet removal response 
increases.

3.2.5. Indigo carmine removal

Based on the ANOVA data for indigo carmine removal 
response, the most significant factors are activation tempera-
ture (A), impregnation ratio (B), activation time (C), inter-
action between activation temperature and activation time 
(AC), interaction between impregnation ratio and activation 
time (BC) and quadratic terms of impregnation ratio (B2) and 
activation time (C2) (Eq. (10)).

Y A B C AC
BC B

5
2

156 20 12 59 18 70 8 66 6 33
6 40 14 21

= + + + − +

+ +

. . . . .
. .

    
  55 90 2.  C  (13)

The interaction between activation temperature and 
activation time has a negative impact on indigo carmine 
removal. However, the other terms showed a positive effect. 
The impregnation ratio, the quadratic term of impregnation 
ratio, the activation temperature and the activation time have 
the greatest effect on the indigo carmine removal with an 
F-value of 73.95, 45.52, 33.5 and 16.00, respectively.

The most significant interactions were the interaction 
between activation temperature and activation time and the 
interaction between impregnation ratio and activation time. 
Fig. 5a shows that the indigo carmine removal increased 
with increasing the activation temperature and activation 
time. Maximal indigo carmine removal is observed with an 
impregnation ratio of 1.5 g g–1. Fig. 5b shows that when the 
impregnation ratio and activation time increase, the indigo 

 
Fig. 3. Surface response plot for the methyl orange removal: (a) interaction between impregnation ratio and activation temperature 
and (b) interaction between activation time and activation temperature.

 
Fig. 4. Surface response plot for the methyl violet removal: (a) interaction between activation time and impregnation ratio and (b) 
interaction between activation time and activation temperature.
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carmine removal response increases. The maximal indigo 
carmine removal was obtained at an activation temperature 
of 450°C.

3.3. Diagnostic model

The predicted and experimental results of five responses 
obtained at optimum conditions are listed in Table 6. As can 
be seen, the predicted values obtained were quite close to 
the experimental values, indicating that the models devel-
oped were successful in capturing the correlation between 
the responses and activated carbon preparation conditions. 
Therefore, the R2 are in reasonable agreement with the R2

adj. 
Besides, R2 are greater than R2

adj. In addition, The model 
F-value for the iodine number, methylene blue index, methyl 
orange, methyl violet and indigo carmine removal were 
17.08, 11.36, 9.38, 98.79 and 27.26, respectively. These values 
implicate that models are significant.

3.4. Normal probability plot of residuals

The normal probability plot of the residuals is presented 
in Fig. 6. The normality of the data can be checked by plotting 
a normal probability plot of the residuals. If the data points 
on the plot fall fairly close to the straight line, then the data 
are normally distributed [46]. It appears that in the iodine 
number, methylene blue index and dyes removal responses, 
the data points were fairly close to the straight line and it 
indicates that the experiments come from a normally distrib-
uted population.

3.5. Optimization analysis

The objective of this study was to find the optimum 
process parameters that will produce activated carbons with 
high iodine number, high dyes removal, as well as high 
methylene blue index, but is very hard to optimize these 
responses under the same conditions. Therefore, the opti-
mum conditions for three variables; activation temperature, 

activation time and impregnation ratios, were obtained using 
numerical optimization feature of Design-Expert 10.0.0. From 
the experimental results, the maximum iodine number and 
methylene blue index obtained were 1,082.22, 397.54 mg g–1, 
respectively. The best conditions for the removal of methyl 
violet were obtained by activated carbon sample activated at 
400°C for 145 min with an impregnation ratio of 2 g g–1. For 
methyl orange, the best conditions were activation tempera-
ture of 450°C, impregnation ratio of 1.5 g g–1 and activation 
time of 155 min. For indigo carmine, activation temperature 
of 500°C, impregnation ratio of 2 g g–1 and activation time of 
145 min. Under these conditions, the maximum adsorption 
capacities were 358.67 mg g–1 for methyl violet, 305.88 mg g–1 
for methyl orange and 196.06 mg g–1 for indigo carmine. 
In addition, it was observed that the experimental values 
obtained were in good agreement with the values predicted 
from the models, with relatively small errors between the 
predicted and the experimental values, which were only 
0.01% for iodine number, methyl violet and indigo carmine 
removal responses, 0.04% for methyl orange removal and 
0.02% for the methylene blue index responses.

3.6. Structural and textural properties of activated carbons

3.6.1. SEM observation of ACs

Fig. 7 shows the SEM images of the precursor and the 
selected activated carbons in various preparation conditions. 
Large and well-developed pores were clearly found on the 
surface of the activated carbons, compared with the original 
precursor. It can be seen from these images that the external 
surface of optimized ACs is full of pores of different sizes 
and shapes that have been developed during the chemical 
activation with different impregnation ratio of H3PO4 and 
heat treatment process. The production conditions strongly 
influence the porous structure of resulting activated carbon. 
Therefore, the pore diversity on the surface of each activated 
carbon prepared under optimal conditions could be the 
reason for the high sorption capacity.

 
Fig. 5. Surface response plot for the indigo carmine removal: (a) interaction between activation time and activation temperature and 
(b) interaction between activation time and impregnation ration.
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3.6.2. Energy dispersive X-ray analysis

The results of the EDX are given in Table 7. The raw 
material of TTS has higher carbon content, followed by oxy-
gen, aluminum and low amounts of sodium, chlorine and 
potassium. After the impregnation by H3PO4, an increase of 
the carbon content by 24.17% and a decrease of the oxygen 

content by 19.49 for activated carbon prepared at 400°C for 
145 min with an impregnation ratio of 2 g g–1. For activated 
carbon prepared at 450°C for 155 min with an impregnation 
ratio of 1.5 g g–1, there is an increase of the carbon content 
by 27.90% and a decrease of the oxygen content by 23.48%. 
For activated carbon prepared at 500°C for 145 min with an 
impregnation ratio of 2 g g–1, there is an increase of the carbon 

  

 

 
Fig. 6. Normal probability plots of residuals for the five responses: (a) iodine number, (b) methylene blue index, removal capacities 
(c) methyl violet, (d) methyl orange and (e) indigo carmine.
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content by 27.03% and a decrease of the oxygen content by 
22.00%. These results indicate that the presence of carbon in 
significant quantity provided active surface for the attach-
ments of the organic pollutants to the surface of the activated 
carbons.

3.6.3. X ray diffraction

The X-ray diffractograms of activated carbons prepared 
under optimal conditions are shown in Fig. 8. This figure 
shows an amorphous structure of all activated carbons with 
similar profiles. It is clearly seen that activated carbons pos-
sessed broad band at 24° and a weak band around 38°–45° 
assigning to the (002) and (100) crystal planes. The simple 
broad band at 24° may be attributed to the band of graphite. 
The weak intensity of the band around 38°–45° indicates the 
low crystallinity of graphite structure.

3.6.4. Boehm titration and pH of zero charge

The surface chemistry of carbon materials is basically 
determined by the acidity and basicity of their surface. 
Boehm titration is one of the most widely used methods to 

quantify acidic groups with different strengths on activated 
carbons. Table 8 presents the estimated chemical groups. 
The table shows that the surface of activated carbons is 
rich in acidic groups with a small amount of basic groups. 
Also, the quantity of phenolic and lactonic groups was 

 
Fig. 7. SEM micrographs of: (a) precursor (TTS), (b) AC-500°C/145 min/2 g g–1, (c) AC-400°C/145 min/2 g g–1 and (d) AC-450°C/155 
min/1.5 g g–1.

Table 7
Percentage atomic of: (a) precursor (TTS), (b) AC-400°C/145 
min/2 g g–1, (c) AC-450°C/155 min/1.5 g g–1 and (d) AC-500°C/145 
min/2 g g–1

Element Atomic %

a b c d

C 63.27 87.44 91.17 90.03
O 31.45 12.03 7.97 9.45
P – 0.53 0.86 0.51
Al 4.62 – – –
Na 0.2 – – –
Cl 0.14 – – –
K 0.12 – – –
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significantly higher compared with the amount of carbox-
ylic groups. Hence, the greater adsorption performance of 
cationic and anionic dyes of these activated carbons can be 
related to the availability of this type of functional groups. 
The pHPZC value is another characteristic which shows the 
acidic and basic properties of adsorbents beyond a definite 
pH value. It represents the pH value at the point where net 
charge on the surface of adsorbent is zero. Below pHPZC, 
adsorbent has positive surface charge, while it is negative 
above pHPZC. The pHPZC of the optimized activated carbons 
represented in Table 8. These values are in agreement with 
Boehm titration result, which show a dominance of acidic 
groups at the surface of the activated carbons.

3.6.5. Infrared spectroscopy

The FTIR spectra of the biomass TTS and the activated 
carbons were presented in Fig. 9. It can be seen from the 
figure that the surface groups of the activated carbons were 
different from the biomass. Some peaks were of low inten-
sity or even disappeared in the prepared ACs compared 
with the raw TTS. This is due to the thermal degradation 
effect during the carbonization and activation processes 
which resulted in the destruction of some intermolec-
ular bondings. For the precursor, there is a large band at 
3,700–3,200 cm–1 attributed to the stretching vibration of 
hydrogen bended of the hydroxyl group linked in cellulose, 
lignin, adsorbed water and N–H stretching [47]. The bands 
at 2,935 cm–1 are due to the C–H stretching vibration. The 
stretching vibration band at 2,880 cm–1 is due to methoxy 
group (CH3–O). The small band at 1,676 cm–1 is assigned 
to O–H bending. The spectra also indicate the bands at 
1,615.95 cm–1 characteristic of asymmetric stretching of C=O 

double bond vibrations of ketones, aldehydes, lactones or 
carboxyl groups [48].

The activated carbons present similar profiles with 
different band intensities. The band between 3,700 and 
3,200 cm–1, correspond to O–H stretching vibrations of the 
hydroxyl functional groups including hydrogen bond-
ing, was of low intensity in ACs. This reduction in the 
peak intensity corresponds to the reduction in hydrogen 
bonding which may be due to the reaction between H3PO4 
and precursor [49]. The band appearing on the spectrum 
between 1,700 and 1,500 cm–1 is attributed to vibrations of 
the C=O bonds. The shoulder at 970–900 cm–1 is attributed 
to chemical ionized bonding P+–O [50] or the symmetric 
vibration in the P–O–P chains (polyphosphate) [51]. This 
band is an indication of the presence of phosphorus-oxygen 
compounds in the samples. It appears that activation of the 
samples impregnated with H3PO4 leads to decomposition of 
phosphoric compounds. Also, the shoulder at 640–600 cm–1 
could correspond to vibration elongation of P–O–C (ali-
phatic), asymmetric elongation of P–O–C (aromatic), P–O 
stretching in >P=OOH, strain P–OH asymmetric stretching 
P–O–P in polyphosphates in complex phosphate-carbon.

3.6.6. Adsorption isotherms

According to CCD approach, the activated carbon having 
a highest potential ability to remove dyes was determined. 
In fact, the activated carbon activated at 400°C during 145 min 
with an impregnation ratio of 2 g g–1 was considered as opti-
mized activated carbon for studying the isotherm models of 

 

Fig. 8. XRD patterns of ACs: (curve a) 400°C/145 min/2 g g–1, 
(curve b) 450°C/155 min/1.5 g g–1 and (curve c) 500°C/145 
min/2 g g–1.

 

Fig. 9. FTIR spectra of: (curve a) precursor (TTS), (curve b) 
AC-400°C/145 min/2 g g–1, (curve c) AC-450°C/155 min/1.5 g g–1 
and (curve d) AC-500°C/145 min/2 g g–1.

Table 8
Chemical groups on the surface of the ACs and their pHPZC

Activated carbon Functional groups (meq g–1) pHPZC

Carboxylic Lactonic Phenolic Total acid Total basic

CA-400°C/145 min/2 g g–1 0.441 0.494 0.516 1.451 0.399 4.97
CA-450°C/155 min/1.5 g g–1 0.445 0.498 0.532 1.475 0.406 4.58
CA-500°C/145 min/2 g g–1 0.433 0.501 0.515 1.449 0.413 4.27
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dyes adsorption. The adsorption isotherms were illustrated 
in Fig. 10. It was observed from this figure that the adsorption 
efficiency increases with increasing the initial concentration 
of dyes. The characteristics of these adsorption isotherms 
were described using Langmuir [52] and Freundlich [53] 
models.

Table 9 lists the fitting results of Langmuir and Freundlich 
isotherm models. The table shows that the correlation 

coefficients of Freundlich equation are lower than those of 
Langmuir model. The results from the fitting to Freundlich 
model show that the n values are greater than 1, which fur-
ther support a favorable adsorption. Moreover, the maxi-
mum adsorption capacities obtained with the application of 
the Langmuir isotherm model are 439.08, 452.584, 288.610 
and 188.252 mg g–1 for methylene blue, methyl violet, methyl 
orange and indigo carmine, respectively, onto the optimized 

 
Fig. 10. Experimental points and nonlinear fitted curve isotherms of AC-400°C/145 min/2 g g–1: removal of (a) methylene blue, 
(b) methyl violet, (c) methyl orange and (d) indigo carmine.

Table 9
Isotherm parameters for the adsorption of methylene blue, methyl violet, methyl orange and indigo carmine onto AC-400°C/145 
min/2 g g–1

Isotherm model Parameters Methylene  
blue

Methyl 
violet

Methyl 
orange

Indigo 
carmine

Langmuir
qm (mg g–1) 439.080 452.584 288.610 188.252
KL (L mg–1) 0.082 0.026 0.060 0.017
r2 0.993 0.975 0.997 0.998

Freundlich
n 2.992 2.266 4.190 2.977
KF (mg1–1/n g–1 L1/n) 88.628 42.012 78.131 23.515
r2 0.968 0.964 0.994 0.991
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AC. The maximum Langmuir adsorption capacities men-
tioned above were compared with previous studies on var-
ious activated carbons with different preparation conditions 
(Table 10). It could be seen that the experimental data in the 
present study are higher than the most prepared activated 
carbons used in literature.

4. Conclusion

This study examined the feasibility of preparing efficient 
activated carbons from Thapsia transtagana stems and their 
application in the removal of cationic and anionic dyes from 
aqueous solution. It was concluded that H3PO4 activation 
can successfully turn the TTS biomass into activated car-
bons with great performance. A CCD was used to optimize 
the production of activated carbons by studying the effects 
of the most important in the activation process (activation 
temperature, impregnation ratio and activation time). It 
was observed that the experimental values obtained were in 
good agreement with the values predicted from the models, 
with relatively small errors between the predicted and the 
experimental values. The best conditions for the removal 
of methyl violet were obtained by activated carbon sample 
activated at 400°C for 145 min with an impregnation ratio 
of 2 g g–1. For methyl orange, the best conditions were acti-
vation temperature of 450°C, impregnation ratio of 1.5 g g–1 
and activation time of 155 min. For indigo carmine, activa-
tion temperature of 500°C, impregnation ratio of 2 g g–1 and 
activation time of 145 min. Under these conditions, the max-
imum adsorption capacities were 358.68 mg g–1 for methyl 
violet, 305.88 mg g–1 for methyl orange and 196.06 mg g–1 
for indigo carmine. The adsorption performance of the opti-
mum activated carbon for cationic dyes was higher than 
a commercial activated carbon (267.86 mg g–1 for methyl 
orange and 192.01 mg g–1 for methyl violet), but lower for 
indigo carmine (230.75 mg g–1). The mesoporosity of pre-
pared activated carbon is higher than that of the commer-
cial activated carbon (397.54 mg g–1 instead of 288.95 mg g–1 
in methylene blue index). Whereas, the microporosity of 
prepared AC less than that of the commercial activated 
carbon (1,082.22 mg g–1 instead of 1,115.71 mg g–1 in iodine 
number).
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