
Research Article
Activated Carbon from Prickly Pear Seed Cake: Optimization of
Preparation Conditions Using Experimental Design and Its
Application in Dye Removal

Y. El Maguana ,1 N. Elhadiri,1 M. Bouchdoug,1 M. Benchanaa,1 and A. Jaouad2

1Research Laboratory on Materials Reactivity and Process Optimization «REMATOP», Department of Chemistry,
Faculty of Science Semlalia, Cadi Ayyad University, B.P. 2390 Marrakech, Morocco
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In the present study, the experimental designmethod was used to optimize the preparation conditions of an activated carbon from
prickly pear seed cake by phosphoric acid activation. )e parameters studied include impregnation ratio, carbonization tem-
perature, and carbonization time. )e optimal conditions for the preparation of the activated carbon with high adsorption
capacity for methylene blue were identified to be an impregnation ratio of 2.9, carbonization temperature of 541°C, and car-
bonization time of 88min.)e obtained activated carbon was characterized by SEM/EDX, FTIR, pHpzc, and its capacity to adsorb
methylene blue. FTIR analysis and pHPZC showed the acidic character of the activated carbon surface. )e adsorption capacity of
the optimal activated carbon was found to be 260mg·g−1 for methylene blue. )e adsorption equilibrium of methylene blue was
well explained by the pseudo-second-order model and Freundlich isotherm. Furthermore, the performance of the produced
activated carbon was examined by the methyl orange removal.

1. Introduction

)e generation of large quantities of the agricultural
byproducts and industrial wastes has become a crucial
problem inmany countries all around the world, particularly
in countries where the environmental concerns have been
raised in the last few years. )us, the scientific community
has become increasingly concerned with the waste treatment
by developing innovative chemicals and materials. )e
utilization of the remaining residues has a positive impact on
reducing solid wastes, on the production of low-cost ma-
terials with high added value, and on the protection of the
environment [1]. Consequently, the organic solid wastes are
valorized toward different value-added products: animal
feeding [2, 3], composting-fertilizer [4, 5], energy [6, 7],
biofuels [8, 9], activated carbon [10, 11], etc.

)e activated carbon is defined as a carbonaceous solid
characterized by its large specific surface and its high

adsorption capacity towards gaseous or dissolved com-
pounds. It is extensively used in a variety of applications
such as gas purification, water purification, metal extraction,
gold recovery, medicine, sewage treatment, air filters in filter
masks, filters in compressed air, and so on [1, 12, 13]. )us,
activated carbons have been prepared from walnut shells
[14], olive stones and sugar cane bagasse [15, 16], coconut
shell [17], wood sawdust [18], argan shells [19], etc.

Activated carbon can be prepared, by physical or
chemical activation, from different organic materials rich in
carbon [12].)e physical activation comprises two steps that
starts with the carbonization of the precursor followed by the
activation of the resulting material in an oxidizing atmo-
sphere such as carbon dioxide, steam, or a combination of
both at the elevated temperature range of 800°C to 1100°C
[20]. On the other hand, the chemical activation comprises
one step that involves the impregnation of the raw material
with an activating agent such as KOH, ZnCl2, and H3PO4,
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and after the carbonization of the impregnated material at
the temperature range of 400°C to 600°C and washing, the
final activated carbon is produced [13]. )e chemical acti-
vation offers several advantages: one step process, low energy
cost, high yield in carbon, and efficient activated carbon with
mixed porosity [12, 21].

)e prickly pear cactus is native to the United States,
Mexico, and South America, but it grows as well in other
areas, including Africa, Australia, and the Mediterranean
region. It is specie of plant that has the ability to live in arid
and semiarid zones with a small amount of water. )e
prickly pear fruit seeds represent a source of good quality
edible oil, which can be utilized in nutritional, cosmetic,
perfumery, and pharmaceutical industries because it pres-
ents higher concentration of phenolic compounds and es-
sential fatty acids (linoleic acid or omega-6). )is oil offers
nutritional and antioxidant properties such as nourishing,
antiaging, protection against certain types of cancer, etc. )e
prickly pear seed oil requires between 800 kg and 1000 kg of
prickly pear fruit to extract 1 liter of oil. )erefore, a con-
siderable amount of waste seeds (prickly pear seed cake) was
generated during the oil extraction [22–24].

)e aim of this work is to prepare an activated carbon
from prickly pear seed cake by chemical activation using
phosphoric acid (H3PO4) as a chemical activator for the dye
removal from aqueous solution. H3PO4 has been used as an
activator in several researches for the preparation of the
activated carbons from various agricultural byproducts
[25–30]. H3PO4 minimizes the formation of tars and other
liquids that could clog up the pores of the activated carbons
[20]. )e response surface methodology was used to study
the influence of the impregnation ratio, the carbonization
temperature, and the carbonization time which are the most
influential factors on the characteristics of activated carbons
on the adsorption of methylene blue (MB) and to determine
the optimal conditions of the preparation [25, 26, 31, 32].
)e activated carbon prepared at the optimal conditions was
characterized by different methods to determine the mor-
phological features, the surface functions, and the point of
zero charge. )e efficiency of the obtained activated carbon
was tested by the removal of methyl orange from aqueous
solution.

2. Materials and Methods

2.1. Preparation of Activated Carbons. )e prickly pear seed
cake used in this study was brought from a prickly pear seed
oil processing unit in the region of Oujda, Morocco. It was
dried at 110°C for 24 h, crushed, and sieved to obtain par-
ticles size less than 200 μm. )e raw material was activated
using phosphoric acid.)us, 5 g of the prickly pear seed cake
was impregnated by 50mL of phosphoric acid solution
(85%) to give an impregnation ratio between 1 and 3. )e
impregnation ratio was determined as the mass ratio of the
phosphoric acid to the precursor (impregnation ratio�mass
of phosphoric acid/mass of precursor). )e mixture was
stirred at 60°C for 1 h and dried at 110°C for 12 h to remove
the residual water. )e dried mixture was put in a tubular
furnace (Carbolite Ltd, UK) and heated at a rate of

20°Cmin−1 and held at different carbonization temperatures
between 400 and 600°C during desired carbonization time
varied between 1 h and 2 h. )e carbonization is carried out
with nitrogen in a reactor of stainless steel with a flow of
200 cm3·min−1. After cooling to room temperature, the
produced activated carbon was then repeatedly washed with
distilled water until the pH of the washing solution reached a
constant value (between 6 and 7) and dried at 110°C
overnight. Finally, the product was ground (granulometry
less than 100 μm) and stored for later experimental uses.

2.2. Adsorption Tests. )e adsorption capacity of the pre-
pared activated carbons was determined by performing
batch mode adsorption. )e adsorption amounts were de-
termined by adding 0.01 g of activated carbon samples to
flasks containing 100 cm3 of adsorbate solution. )ese flasks
were kept in a shaker of 180 rpm at room temperature
(20°C). After adsorption, the residual concentration of
methylene blue and methyl orange was determined by the
spectrophotometric method (UV-3100PC Spectrophotom-
eter) at 664 nm and 462 nm, respectively. Methylene blue
was chosen in the optimization step to study the mesopores
of the activated carbons and also serves as a model com-
pound for adsorption of organic contaminants from
aqueous solution [12].

)e amount of adsorption qe at equilibrium is defined as
the amount of adsorbate per gram of adsorbent (in mg·g−1)
and was calculated by the following equation:

qe �
C0 −Ce

m
× V, (1)

where C0 and Ce (in mg·L−1) are the initial and equilibrium
concentrations in aqueous solution, respectively; V (L) is the
volume of the solution; and m (g) is the mass of the
adsorbent.

2.3. Activated Carbon Yield. )e yield of the activated
carbon is defined as the ratio of the mass of the acti-
vated carbon obtained after activation, washing, and drying
to the mass of the precursor. It was calculated based on the
following equation:

yield(%) �
m

m0
× 100, (2)

where m (g) is the mass of the activated carbon produced
and m0 (g) is the mass of the precursor.

2.4. Characterization Techniques. Scanning electron mi-
croscopy coupled with energy dispersive x-ray spectroscopy
(SEM/EDX) was used to examine the morphology and the
development of porosity of activated carbon prepared under
the optimal conditions as well as to determine its elemental
composition using TESCAN VEGA3–EDAX instrument
with an accelerating voltage of 20 kV. )e surface functional
groups of the optimal activated carbon were carried out by
Fourier transformed infrared (FTIR) spectroscopy on a
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Nicolet 5700 spectrometer in the scanning range of 4000 to
400 cm−1 (64 scans, at a resolution of 4 cm−1).

)e pH at point of zero charge (pHpzc) corresponds to the
pH at which the surface net charge of the adsorbent is zero. It
was determined according to the method described by Baccar
et al. [33]. 50mL of 0.01M NaCl solution was taken and its
initial pH was adjusted between 2 and 10 using 0.1M of HCl
and NaOH with a pH meter. )en, 100mg of adsorbent was
added to each flask.)ese flasks were kept for 48h and the final
pH of the solutions was measured.)e pHpzc of adsorbent was
identified by the intersection of the curves, pHf� f (pHi).

2.5. Response Surface Methodology. )e response surface
methodology is a mathematical and statistical technique
useful for modeling and analyzing problems or responses
affected by different factors [12]. It was used to optimize the
impregnation ratio (U1), the carbonization temperature
(U2), and the carbonization time (U3) in the experimental
domains described in Table 1.)e response analyzed was the
adsorption of methylene blue. It was related to the im-
pregnation ratio, the carbonization temperature, and the
carbonization time by a model is given as follows:

Y � b0 + b1X1 + b2X2 + b3X3 + b11X
2
2 + b33X

2
3

+ b12X1X2 + b13X1X3 + b23X2X3,
(3)

where Y is the response (methylene blue adsorption). X1, X2,
and X3 are the coded variables related to the impregnation
ratio (U1), carbonization temperature (U2), and carbon-
ization time (U3), respectively. b0 is a constant, b1 represents
the weight of impregnation ratio, b2 represents the weight of
carbonization temperature, and b3 represents the weight of
carbonization time. b12 is the interaction effect between the
impregnation ratio and the carbonization temperature, b13 is
the interaction effect between the impregnation ratio and the
carbonization time, and b23 is the interaction effect between
the carbonization temperature and the carbonization time.
b11, b22, and b33 can be regarded as a curve shape parameter.

In the present study, the Doehlert design was applied
using NEMROD software (New Efficient Methodology for
Research using Optimal Design) for generating the exper-
imental design, estimating the coefficients, and analyzing the
results. It is worth noting that this design permits to rep-
resent the response studied in all the experimental domains
with a minimum number of experiments for later predi-
cation of response in each point of the domain [1].

3. Results and Discussion

3.1. Response Analysis and Interpretation. Table 2 presents
the Doehlert experimental design and experimental results.
)e experimental domain center was repeated three times in
order to validate the experimental error and to test the
reproducibility of the response [1, 34]. Estimated values of
coefficients for the response methylene blue adsorption (Y)
are given in Table 3.

)e amount of adsorption of methylene blue on the
activated carbon, given in Table 2, varies between 56.07
and 234.81mg·g−1. As seen from the estimated values of

coefficients (Table 3), the methylene blue adsorption is
influenced by the impregnation ratio (b1 � 46.33) and car-
bonization temperature (b2 �13.99) with positive impact
and by carbonization time (b3 �−45.30) with negative im-
pact.)e impregnation ratio and carbonization time seem to
be the more influential factors. Moreover, one significant
interaction exists between impregnation ratio and carbon-
ization temperature (b12 � 61.83). )e increase in impreg-
nation ratio produces a significant increase in the adsorption
of methylene blue (Figures 1(a) and 1(b)).)e increase of the
methylene blue removal could be due to the development of
the porous structure and to the increase in P-content [12].
)e same results were also observed by Tounsadi et al. [27].
Figures 1(b) and 1(c) show that the increase in the calci-
nation time induces a major reduction in the adsorption of
methylene blue. Furthermore, it can be observed from
Figures 1(a) and 1(c) that the best adsorption capacity is
obtained in the center of the experimental domain of the
temperature (500°C). )ese results conform to those ob-
tained by Patnukao et al. [35].)us, it is necessary to operate
at high level of impregnation ratio and at low level of
carbonization time and in the center of the domain of in-
terest to have a better adsorption capacity.

)e adsorption of methylene blue Y2 can be described as
follows:

Y � 160.467 + 46.33X1 + 13.99X2 − 45.30X3 + 53.51X
2
1

− 45.01X
2
2 − 13.26X

2
3 + 61.83X1X2.

(4)

3.2. Optimization. )e impregnation ratio, carbonization
temperature, and carbonization time are optimized simul-
taneously using the desirability function included in the
Nemrodw software to determine the optimal conditions for
the preparation of activated carbon with high adsorption
capacity for methylene blue. )e desirability function varies
in the interval [0,1], the value 1 corresponds to the maxi-
mum satisfaction (desired value), and 0 corresponds to an
unacceptable response [36, 37]. )e maximum of the
function gives the best global compromise for the response
in the studied domains and corresponds to the optimal
experimental conditions. All the information and results of
the multicriteria optimization are given in Table 4. After the
calculation by the Nemrodw software, the optimal point
which corresponds to themaximum of the global desirability
function is found for an impregnation ratio of 2.9, car-
bonization temperature of 541°C, and carbonization time of

Table 1: Experimental domains for the Doehlert experimental
design.

Factors Undimensional
variables

Experimental
domain

U1: impregnation ratio X1 1 to 3
U2: carbonization temperature
(°C) X2 400 to 600

U3: carbonization
time (min) X3 60 to 120
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88min. At these conditions, the predicted value of methy-
lene blue adsorption calculated from the model was
271.56mg·g−1. In order to validate the model, three activated
carbon samples were prepared under the optimal conditions.
)e methylene blue adsorption of the obtained adsorbent
was 260mg·g−1, which is higher than that of the raw prickly
pear seed cake (23.81mg·g−1). It is clear from these results
that the chemical activation and the carbonization increase
the adsorption capacity of methylene blue. )e difference
between the experiment and the predicted values is very
lower, which confirm the good accuracy of the model. )e
yield of the activated carbon prepared under the optimal
conditions was 56.48%. )e methylene blue adsorption
capacity of the activated carbon obtained in this study is
comparable to or greater than that of the activated carbons
found in literature [38–43].

3.3. Characterization of the Optimal Activated Carbon.
Figure 2 shows SEM micrographs of raw prickly pear seed
cake and optimal activated carbon. It illustrates that the
prickly pear seed cake surface was modified by chemical
activation; the pores are clearly identified in the surface of
the prepared activated carbon, which seems to be the main

factor that resulted in the higher adsorption capacity of the
resulting activated carbon. )e results of the elemental
analysis of the activated carbon using EDX (Figure 3) in-
dicate that the major elements present in the prickly pear
seed cake are carbon (57.1%) and oxygen (42.5%). )e
optimal activated carbon contains higher amounts of carbon
(79.1%) and oxygen (19.8%) and less amount of phosphorus
(1.1%).

Figure 4 corresponds to the FTIR spectrum of activated
carbon prepared under the optimum conditions. )e band
located at around 3425 cm−1 was attributed to O–H
stretching vibrations in hydroxyl groups [22]. )e band
appearing at 2380 cm−1 was ascribed to P–OH stretching
vibrations [44].)e band at 1627 cm−1 could be attributed to
the C�C stretching in aromatics [45]. According to Barka
et al. [22] and Prahas et al. [25], the peak at 1170 cm−1 is
indicative of the stretching vibrations of P�O, P�OOH, and
O–C in P–O–C and the peak at 1080 cm−1 can be ascribed to
the ionized linkage P+–O− in acid phosphate esters and to
symmetrical vibrations in a chain of P–O–P. )e peak at
521 cm−1 could be assigned to P–O stretching vibrations
and/or to aromatic structures [26, 44]. )ese results indicate
that the activated carbon contains a variety of functional
groups, which have enhanced the adsorption capacity of the
solid.

)e pHPZC value of the activated carbon obtained under
optimal conditions was 3.8 (Figure 5). When the pH is lower
than 3.8, the surface of the activated carbon gets positively
charged and the surface is negatively charged in pH values
higher than 3.8. )erefore, the activated carbon produced
from prickly pear seed cake at the optimal conditions has an
acidic characteristic, which is in agreement with FTIR
analysis which indicates the presence of oxygen functions on
the surface of the activated carbon. Consequently, in
aqueous solution (pH 6–7), the activated carbon surface
acquires a negative charge, which is the result of the in-
teractions between the ions in the solution and the func-
tional groups on the surface of the adsorbent, which will
promote the adsorption of positively charged compounds.

Table 2: Doehlert experimental design, experimental conditions, and experimental results.

Exp. No.
Doehlert experimental design Experimental conditions Exp. response

X1 X2 X3
U1 U2 U3 Y

°C Min mg·g−1

1 1.0000 0.0000 0.0000 3.00 500.00 90.00 234.81
2 −1.0000 0.0000 0.0000 1.00 500.00 90.00 193.15
3 0.5000 0.8660 0.0000 2.50 586.60 90.00 190.42
4 −0.5000 −0.8660 0.0000 1.50 413.40 90.00 143.30
5 0.5000 −0.8660 0.0000 2.50 413.40 90.00 151.09
6 −0.5000 0.8660 0.0000 1.50 586.60 90.00 75.54
7 0.5000 0.2887 0.8165 2.50 528.87 114.50 191.59
8 −0.5000 −0.2887 −0.8165 1.50 471.13 65.50 136.68
9 0.5000 −0.2887 −0.8165 2.50 471.13 65.50 210.28
10 0.0000 0.5774 −0.8165 2.00 557.74 65.50 223.13
11 −0.5000 0.2887 0.8165 1.50 528.87 114.50 100.47
12 0.0000 −0.5774 0.8165 2.00 442.26 114.50 56.07
13 0.0000 0.0000 0.0000 2.00 500.00 90.00 160.53
14 0.0000 0.0000 0.0000 2.00 500.00 90.00 158.10
15 0.0000 0.0000 0.0000 2.00 500.00 90.00 162.77

Table 3: Estimated values of coefficients for response Y.

No. Coefficient Significance (%)
b0 160.467 0.0118∗∗∗
b1 46.33 0.0438∗∗∗
b2 13.99 0.469∗∗
b3 −45.30 0.0454∗∗∗
b11 53.51 0.0972∗∗∗
b22 −45.01 0.137∗∗
b33 −13.26 1.90∗
b12 61.83 0.116∗∗
b13 −11.13 6.4
b23 −6.33 17.1
∗∗∗Statistically significant at the <99.99% level. ∗∗Statistically significant at
the 99% level. ∗Statistically significant at the 95% level.
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Figure 1: Variation of the methylene blue adsorption as a function of (a) impregnation ratio and carbonization temperature, (b) im-
pregnation ratio and carbonization time, and (c) carbonization temperature and carbonization time.

Table 4: Characteristics of maximum for response Y.

Response Lower limit Target value Weight dmin (%) dmax (%) Cal. value Exp. value
Y�MB adsorption (mg·g−1) 180 280 1 88.11 92.78 271.56 260
d: desirability of response Y; dmin: minimal desirability of response Y; dmax: maximal desirability of response Y; Cal. value: calculated value; Exp. value:
experimental value.

(a) (b)

Figure 2: SEM of (a) raw prickly pear seed cake and (b) optimal activated carbon.
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3.4. Study of the Influence of Some Factors on the Removal of
Methylene Blue

3.4.1. Effect of Contact Time. )e amount of the adsorption
of methylene blue on the activated carbon prepared at the
optimal conditions was presented as a function of time in

Figure 6. It shows that the adsorbed amount increased
with contact time at the initial stage of adsorption and
almost remained constant at 180min. )e adsorption
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Figure 3: EDX of (a) raw prickly pear seed cake and (b) optimal activated carbon.

1.05

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

Tr
an

sm
itt

an
ce

 (%
)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm–1)

Figure 4: FTIR spectra of the activated carbon prepared at the
optimal conditions.

10

8

6

4

2
2 4 6 8

pH
f

pHi

pHf = pHi
pHf = f(pHi)

Figure 5: pHpzc of the activated carbon prepared at the optimal
conditions.

6 International Journal of Chemical Engineering



process of methylene blue was rapid at the beginning of
the process due to the availability of active sites on the
exterior surfaces, and after the saturation of those active
sites, the methylene blue entered to the pores of the
adsorbent with a slower rate to reach the equilibrium time
[46]. )e amount of methylene blue removed by the
optimal adsorbent at the equilibrium time (180min) was
260mg·g−1.

3.4.2. Effect of Initial Methylene Blue Concentration. As seen
from Figure 7, the increase in initial methylene blue con-
centration produces an increase in adsorption of methylene
blue.)is observation can be explained by the fact that when
the concentration gradient between the aqueous solution
and the solid phase increases, the diffusion rate increases
[36]. Moreover, the increase in the initial concentration
increases the contact probability between methylene blue
and the activated carbon [47].

3.4.3. Effect of Initial pH Solution. )e solution pH has been
identified as an important operating parameter governing
the adsorption of dyes onto the adsorbents because the
solution pH can affect the surface charge of the adsorbent
and dye molecules. Figure 8 illustrates the adsorption
capacity of the activated carbon as a function of solution
pH. As can be seen from Figure 8, the adsorption capacity
of the activated carbon increases with increasing solution
pH. )is can be explained by the increase of negatively
charged sites on the surface of the activated carbon, which
favors the electrostatic attraction between the positively
charged dye and the activated carbon. It should be noted
that the point of zero charge of the activated carbon was 3.8,
implying that the surface of the activated carbon is neg-
atively charged at pH> 3.8, which favors the adsorption of
the methylene blue as a cationic dye. At pH< 3.8, the
surface of the activated carbon is positively charged and the
methylene blue adsorption is inhibited, due to an elec-
trostatic repulsion between the methylene blue and the
positively charged surface.

3.5. Adsorption Kinetics Models. In order to predict the
mechanism of the adsorption process of methylene blue
onto the adsorbent prepared under optimal conditions, the
pseudo-first-order (equation (5)), pseudo-second-order
(equation (6)), and intraparticle diffusion (equation (7))
models were tested to fit the experimental data. We
employed pseudo-first-order and pseudo-second-order
models in their nonlinear forms to determine the kinetic
parameters because, in this way, the kinetic parameters
are predicted better than in the linearized forms of these
models [48]:

qt � qe 1− e
−k1t

 , (5)

qt �
k2q

2
et

1 + k2qet
, (6)

qt � kidt
1/2

+ c, (7)

where qe (mg·g−1) is the adsorption amounts at equilibrium,
qt (mg·g−1) is the adsorption amounts at time t (min); k1
(min−1), k2 (g·mg−1·min−1), and kid (mg·g−1·min−1/2) are the
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Figure 6: Effect of contact time on the methylene blue adsorption
(adsorbent dose� 0.2 g L−1; C0 � 200mg L−1; T� 20°C; pH ∼ 7).
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adsorption rate constants of pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models, re-
spectively; and c is a constant related to the thickness of the
boundary layer.

)e validity of these models was evaluated by the co-
efficient of regression R2 and by the normalized standard
deviation ∆q (%), defined as follows:

Δq(%) � 100

�����������������

 qexp − qcal /qexp 
2

N− 1



, (8)

where qexp and qcal are the experimental and calculated
equilibrium adsorption capacity value, respectively, and N is
the number of data points.

)e calculated kinetic parameters of pseudo-first order
and pseudo-second order are summarized in Table 5. )e
results (Table 5 and Figure 9) showed that the fitting data to
the pseudo-second-order model gave the higher R2 value
and lower Δq value than the pseudo-first-order model.
Additionally, the adsorption capacity calculated by the
pseudo-second order is closer to the experimental value.
)erefore, the pseudo-second-order model can describe the
adsorption process of methylene blue on the obtained ac-
tivated carbon. )is result suggests that the boundary layer
resistance was not the rate-limiting step [22].

)e plot of the intraparticle diffusion model is shown in
Figure 10. )e plot is multilinear during the time range,
having three linear segments, which indicated that intra-
particle diffusion was not the only rate-limiting mechanism
in the adsorption process. )e first stage is attributed to the
diffusion of methylene blue through the solution to the
external surface of the adsorbent. )e second portion was
ascribed to the intraparticle diffusion. )e third portion is
attributed to the final equilibrium stage for which the
intraparticle diffusion starts to slow down due to the de-
crease in the methylene blue concentration [22, 49].

3.6.Adsorption Isotherms. )e adsorption isotherm describes
the interaction between the adsorbate molecules and the
adsorbents when the system reaches the equilibrium [17, 18].
)e experimental data were fitted to the Langmuir and
Freundlich models to find which one can be used to describe
the adsorption process of methylene blue on the surface of
activated carbon. )e Langmuir isotherm is based on the
assumption of monolayer adsorption on a homogenous
surface without interaction between adsorbates [14, 50], while
the Freundlich isotherm assumes the multilayer adsorption
on heterogeneous surface [51]. We employed the Langmuir
isotherm and Freundlich isotherm in their nonlinear forms
given by equations (9) and (10) respectively. )e theoretical
model that most appropriately describes the experimental
data was chosen from the correlation coefficient R2 and the
normalized standard deviation Δq:

qe �
qm · KL · Ce

1 + KL · Ce
, (9)

qe � KFC
1/n
e , (10)

where Ce is the equilibrium concentration of the adsorbate,
qe is the amount of adsorption at the equilibrium, qm is the
monolayer adsorption capacity, n is the Freundlich intensity
constant, and KL and KF are the Langmuir and Freundlich
constants, respectively.

)e adsorption isotherm for methylene blue onto acti-
vated carbon is shown in Figure 11, and the calculated
parameters are listed in Table 6. It can be seen from Table 6
that the adsorption process is well fitted to both Langmuir
(R2 � 0.993) and Freundlich (R2 � 0.999) models. )e stan-
dard deviation of the Langmuir isotherm is higher than that
of the Freundlich isotherm. )erefore, the adsorption
process can be described more appropriately by the
Freundlich isotherm, which indicates the multilayer ad-
sorption on the heterogeneous surface with a different en-
ergy distribution [49]. )e 1/n value which is between 0 and
1 indicates the favorable adsorption of methylene blue on the
activated carbon [41, 52].

3.7. ?ermodynamic Study. )e thermodynamic parame-
ters, including the free Gibbs energy (ΔG°), enthalpy (ΔH°),
and entropy (ΔS°), were calculated using equations (11) and
(12) to evaluate thermodynamic feasibility of the adsorption
processes:

ΔG° � −RT ln K
0
e , (11)

ln K
0
e  � −
ΔH°

R
·
1
T

+
ΔS°
R

, (12)

where R is the universal gas constant (8.314 J·K−1mol−1), T is
the absolute temperature (Kelvin), and K0

e is the thermo-
dynamic equilibrium constant.

)e thermodynamic parameters were obtained by per-
forming the isotherm of adsorption at different temperatures
and making the nonlinear fitting of the isotherms. From the
best fitted model (usually KL of Langmuir, KS of Sips, and Kg
of Liu), the equilibrium constant K is obtained. It could be
obtained as dimensionless by multiplying the value of K
(expressed in L·mg−1) by the molecular weight of adsorbate
(methylene blue; 319.85 g·mol−1), 1000, and then the unitary
standard concentration of the adsorbate (1mol·L−1) and
making the division by the activity coefficient c (equation
(13)) [53]. To consider that the activity coefficient is unitary
(equal to 1), we considered that the adsorbate solution is very
diluted:

K
0
e �

1000 · KL · molecular weight of adsorbate(  · [adsorbate]°

c
.

(13)

)e values of ΔH° and ΔS° can be determined from the
slope and intercept of the plot of ln(K0

e) versus 1/T. )e
values of ΔG°, ΔH°, and ΔS° were calculated and are listed in
Table 7. )e negative values of ΔG° indicate the feasibility
and spontaneous of the adsorption processes of methylene
blue onto optimal activated carbon. )e positive values of
ΔH° and ΔS° indicated the endothermic nature of the ad-
sorption process and the increased randomness at the solid-
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solution interface during the fixation of the methylene blue
on the active sites of the studied adsorbent. )e value of ΔH°

is smaller than 40 kJ·mol−1, which reveals that the adsorption
of methylene blue onto activated carbon was a physisorption
process in nature.

3.8. Application: Removal ofMethyl Orange from the Aqueous
Solution. )e removal of methyl orange (MO) by the
optimal activated carbon was studied as a function of
time, adsorbent dose, and initial concentration. From
Figure 12, the time required to reach the equilibrium was

120min. Figure 13 shows the effect of the adsorbent dose,
ranging from 0.2 to 2 g·L−1, on the removal of methyl orange.
It can be seen that the methyl orange uptake increased with
increasing the adsorbent dose and reached almost 100 % at
2 g·L−1. )is is due to the increase in the number of the
available adsorption sites for the adsorption of methyl orange.
)e removal amount of methyl orange at equilibrium time
increased, respectively, from 19.83 to 336.12mg·g−1 with an
increase in the initial dye concentration from 20 to 600mg·L−1
(Figure 14). )ese results demonstrated that the obtained
activated carbon is effective for removing dyes from aqueous
solution.

Table 6: Langmuir and Freundlich isotherm parameters at 20°C.

Langmuir Freundlich
qm � 257.86mg·g−1 KF � 169.85 ((mg·g−1) (L·mg−1)1/n)
KL � 0.3936 L·mg−1 n� 12.31
R2 � 0.993 R2 � 0.999
Δq � 4.22 Δq � 1.23

Table 7: )ermodynamic parameters for MB adsorption on op-
timal activated carbon.

Temperature
(K)

ΔG°

(kJ·mol−1)
ΔH°

(kJ·mol−1)
ΔS°

(J·K−1·mol−1)
293 −33.96 9.66 82.64
303 −34.54
313 −35.62

Table 5: Pseudo-first-order and pseudo-second-order kinetics parameters.

qe,exp (mg g−1)
Pseudo-first order Pseudo-second order

qe,cal (mg g−1) k1 (min−1) R2 Δq (%) qe,cal (mg g−1) k2 (g·mg−1·min−1) R2 Δq (%)
260 245.50 51.1 10−3 0.95 9.9 268.60 0.28 10−3 0.99 3.8
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Figure 9: Nonlinear fits of pseudo-first-order and pseudo-second-
order kinetics for methylene blue adsorption onto activated carbon.
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Figure 10: Plot of the intraparticle diffusion model for methylene
blue adsorption onto activated carbon.
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Figure 11: Nonlinear fits of the Langmuir and Freundlich iso-
therms for methylene blue adsorption onto activated carbon.
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4. Conclusion

)e results of the present study showed that the prickly pear
seed cake is a suitable precursor for the production of ad-
equate activated carbon for dye removal from industrial
effluents. )e optimal conditions for the preparation of the
activated carbon with high adsorption capacity for methy-
lene blue were identified to be an impregnation ratio of 2.9,
carbonization temperature of 541°C, and carbonization time
of 88min. At these conditions, the yield in carbon and the
adsorption of methylene blue were 56.48% and 260mg·g−1,
respectively. FTIR analysis indicated the presence of various
functional groups (oxygen functions and phosphorus
compounds) on the surface of the obtained activated carbon,
which gave the adsorbent an acidic surface (pHPZC � 3.8).
)e adsorption of methylene blue was described by the
pseudo-second-order model and Freundlich isotherm. )e
adsorption capacity was tested using the methyl orange and
the result was almost 100% removal efficiency at an ad-
sorbent dose of 2 g·L−1 and initial concentration of
100mg·L−1. )e results demonstrated that the obtained
activated carbon is effective for removing dyes from aqueous
solution.
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