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Abstract: Activated carbon obtained from Opuntia ficus indica by sodium hydroxide activation
was employed for the adsorption of p-nitrophenol from water. The activated carbons obtained
were characterized by Fourier transforms infrared spectroscopy, sorption of nitrogen, scanning
electron microscopy, and Boehm titration. Effects of pH, contact time, amount of adsorbent,
and temperature on the adsorption of p-nitrophenol were studied. Adsorption isotherms were
analyzed using Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich models, and the
thermodynamic parameters have been determined. The adsorption of p-nitrophenol was spontaneous,
exothermic, and propitious at 15 °C and adopted the pseudo-second order model, and the most
credible isotherm was Langmuir’s one. The activated carbon used in this work has good p-nitrophenol
adsorption characteristics, and the study of the desorption and reuse of this carbon shows that it
retains a removal rate greater than 94% after five cycles of adsorption-desorption.

Keywords: porous carbon; activated carbon; adsorption; p-nitrophenol; Opuntia ficus indica

1. Introduction

Currently, one of the most serious environmental problems is pollution caused by human,
agricultural, and industrial activity [1-4]. Thus, numerous studies make it possible to affirm that
even at low levels, the pollution has unfriendly impacts on our health and our environment. Indeed,
the effluents are often loaded with many pollutants that are not very biodegradable, which makes
their treatments sometimes difficult to apply. Among the pollutants that pose a potential hazard
to nature are phenolic compounds such as p-nitrophenol [1,4,5]. p-nitrophenol is a monocyclic
organic compound, commonly utilized for peptides, dyes, explosives, and plastics synthesis, and is
considered a forerunner for the synthesis of herbicides, fungicides, pesticides, and insecticides [6,7].
Therefore, p-nitrophenol is a typical example of sewage pollutants from many industrial processes,
including agricultural, chemical, petrochemical, and pharmaceutical [1,8]. This compound is toxic to
human health even at low concentrations and is indexed in the list of dangerous pollutants established
by the United States Environmental Protection Agency [1]. In this respect, particular attention should

Processes 2020, 8, 1242; doi:10.3390/pr8101242 www.mdpi.com/journal/processes



Processes 2020, 8, 1242 20f 15

be bestowed to p-nitrophenol and should be removed from wastewater before reuse or disposal.
For that, a diversity of physicochemical and biological techniques has been implemented to clean up
the wastewater loaded with p-nitrophenol. These techniques include the biological degradation [9],
chemical precipitation [10], degradation [11-15], and adsorption on solid supports [1,5,16,17].

Among these techniques, adsorption has proved to be the easiest with good efficiency [1,8,18] and
the most used adsorbents to eliminate a wide variety of pollutants are activated carbons due to their
highly developed porosity, good thermal stability, and variable surface area [19-24]. However, activated
carbon is expensive, and its regeneration for possible reuse remains limited and makes it more expensive.
To remedy this problem and reduce the cost of production of activated carbon, the use of agricultural
and forestry waste as inexpensive, renewable resources and readily available as a precursor for making
coal has heightened considerably. These resources include corncob wastes, banana peels, potato peels,
date stones, pistachio wood, stems, bark, and shells, etc. [21-29]. Activated carbon is the preferred
adsorbent for removing pollutants from wastewater [22,29-31]. Thus, the researchers focused on the
production of activated carbon from biomass and renewable natural sources as an alternative to fully
utilizing these resources [22,29-31]. Thus, Giuliano et al. [32,33] presented a sustainable approach to
the use of biomass based on on-site use for the production of biofuels by lignocellulosic biorefinery with
low CO, emissions. This promotes the use of renewable biomass as a raw material for the production
of various biobased products.

In this context, the Opuntia ficus indica was exploited in the present work as a forerunner to
produce activated charcoal by carbonization and chemical activation using sodium hydroxide solution.
Indeed, in Tunisia, Opuntia ficus indica is a widely planted biomass and appears in the form of a shrub
with a height of up to 5 m, and has an extraordinary water storage capacity [34,35]. This gives it the
possibility of withstanding the climatic conditions of arid and semi-arid zones, and consequently a
geographical distribution throughout the country, offering the possibility of being used industrially
for the production of activated carbon. The activated carbon obtained was characterized by different
physicochemical, morphological, and textural methods. The prepared adsorbent was used in batch
mode for the retention of p-nitrophenol. To optimize the appropriate conditions for the retention of
p-nitrophenol, the impact of the amount of adsorbent, the starting pH, the contact time (t), the starting
p-nitrophenol concentration and the temperature (T) on the p-nitrophenol suppression was studied.
The kinetics and thermodynamics of the adsorption have been reported and the adsorption isotherms
have been investigated using the Temkin, Freundlich, Dubinin-Radushkevich, and Langmuir models.

2. Materials and Methods

2.1. Materials

The trunk of Opuntia ficus indica (TOFI) was exploited as a forerunner to produce activated carbon.
TOFI was reclaimed from the oasis of El-Guettar-Gafsa, southwest of Tunisia. The epidermal cells of the
TOFI were removed, and then TOFI was rinsed repeatedly to withdraw sand and hydrophilic impurities.
Finally, the TOFI was cut into chips (3 x 2 x 1 cm?). The resulting chips were desiccated at ambient for
7 days and thereafter dried at 105 °C for 24 h.

Sodium hydroxide (NaOH, 98%) and hydrochloric acid (HCl, 37%) were provided by
Sigma-Aldrich (Tunis, Tunisia). Sodium carbonate (NayCOj3, 99%), sodium bicarbonate (NaHCOs3, 99%),
and p-nitrophenol (p-NP, CcHs5NO3, 99.5%) were provided by Fluka (Tunis, Tunisia).

2.2. Adsorbent Preparation

Activated carbon was produced in two stages, carbonization and activation. The raw material
was pyrolyzed for 2 h in a tube furnace heated from room temperature to 450 °C with a gradient of
5 °C/min under a nitrogen throughput of 100 mL/min. The cooling process was driven by the inertia of
the oven.
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During chemical activation, the effect of the activation ratio was studied. For each test, 1 g of the
biochar obtained after carbonization was impregnated for 2 h in 5 mL of a sodium hydroxide solution
by varying the mass activation ratio (RAM = myaon/MBiochar = 0.5/1, 1/1, 2/1, 3/1). The mixtures
obtained were put in a basin of water at 50 °C for 24 h. Afterwards, the samples were parched at 105 °C
until obtaining invariable mass. The carbons were chilled to room temperature and then pyrolyzed
again within 100 mL/min of nitrogen at 600 °C (5 °C/min) for 2 h. The obtained materials were chilled
to ambient and washed successively with 0.1 mol/L of HCl and distilled water in a soxhlet extractor
until a neutral pH of the washing solutions was reached. The material obtained were desiccated at
105 °C for 2 h and then ground and kept in a closed box.

The yield of the obtained carbon was calculated by applying Equation (1):

masso factivatedcarbon (g)
R (%) = 1
(%) initial mass (g) @

2.3. Characterization

Surface groups of prepared material were identified by Fourier Transform Infrared Spectroscopy
(FTIR) analysis using a Shimadzu 8400S spectrometer (France).

Textural parameters were obtained from N, adsorption isotherms. The isotherms were obtained
using a Micromeritics ASAP 2020, at 77 K.

The pH of the zero-charge point (pHzcp), acidic (carboxylic, lactonic, phenolic), and basic groups
of obtained material were obtained as previously described [27]. The pHzcp was measured using the
pH drift method, which consists in plotting the graph of pHf = f (pHi), wherepHi is the initial pH and
pHf is the pH of the solution after addition of the activated carbon. Acidic groups were evaluated
using the Boehm method [27]. A mass of carbon was added to basic solutions (sodium carbonate,
sodium bicarbonate, and sodium hydroxide). The solutions were agitated and filtered. Then, a HCI
solution was added to the obtained filtrates and neutralized by adding NaOH solution, and the
equivalent points were determined. The number of functional groups was calculated taking into account
that the Nay,CO3 negates the carboxylic and lactonic groups, NaHCO3 negates the carboxylic groups,
and NaOH negates the phenolic, lactonic, and carboxylic groups [27]. Basic groups were determined
using HCl solution instead of basic solution [27]

The texture of carbon was examined by scanning electron microscopy using a Philips XL-30
instrument equipped with a charge-coupled device CCD camera.

2.4. Adsorption of P-Nitrophenol

The influence of adsorption parameters on the elimination of p-NP by active carbon was studied.
These parameters include the initial p-NP concentration, the contact time, the pH, the adsorbent dose,
and the temperature.

Regardless of the parameter under study, the experiments were performed in a batch reactor
by contacting a mass of the active carbon with 10 mL of p-NP solution (C;, mg/L) and brought to
the desired temperature and pH. The mixture is stirred, and after the given time, the samples are
centrifuged and the residual concentration is measured using the method detailed by Obeid et al. [18].
This method involves mixing equal volumes of the p-NP solution to be analyzed and a solution of
sodium carbonate (0.5 mol/L) to ensure complete conversion to phenolate ions. The absorbance of the
resulting mixture was measured by Beckman UV/Visible DU 800 spectrometer at 400 nm.

The adsorption capacity Q. (mg/g) was calculated conform to the Equation (2):

0, = (GG xV @

m

where, C; and C. (mg/L) are the initial and equilibrium concentrations of p-NP, V (L) is the volume of
the p-NP solution, and m (g) the mass of the active carbon.
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2.5. The Measurements of the Kinetics of P-Nitrophenol Adsorption

The adsorption kinetics of p-NP on activated carbon was monitored at pH = 2 using a mass of
60 mg of activated carbon while varying the initial p-NP concentration (10, 50, 80, 100, and 150 mg/L).
The models of pseudo-first order (3) [36] and pseudo-second order (4) [37] were used to describe the
obtained data.
n(Qe — Qt) = InQe — kyt ®)
t 1 t

_— - — 4

Qt Q2 Q @)

where, Q. and Q;(mg/g) are, respectively, the adsorbed quantities at equilibrium and at time “t”, while k;
and k; represent the rate constants for pseudo-first and pseudo-second order adsorption, respectively.

2.6. Modeling Isotherms

The isotherms were obtained at 15, 30, and 40 °C under the selected operating conditions (pH = 2,
m = 60 mg, t = 120 min) while varying the p-NP concentration from 10 to 150 mg/L. The experimental
data were modeled using the theoretical models of Temkin, Freundlich, Dubinin—-Radushkevich,
and Langmuir (Table 1).

Table 1. Mathematical models and their linear forms.

Isotherm Non-Linear Form Linear Form Plot
. CQ.K
Langmuir [35] Quis = 17, & -rettd e
Freundlich [39] Quis = KFCC" ln(Qads) In(Kg) + 1 In(C,) In(Qugs)vs ln(Ce)
Temkin [40] Quis = B In(ArCe)  Quas = B In(Ar) + &L ln(Ce) Quis vs In(Ce)

Dubinin-Radushkevich [41] Quis = qee‘ﬁgz In(Quis) = ln(Qe) pe? In(Quys)vs &

Quis—the amount adsorbed (mg/g), Kr—Langmuir constant (L/mg), Q,—the amount adsorbed at equilibrium (mg g™h),
C.—the concentration of the solution at equilibrium (mg-L~ 1), Kg—Freundlich constant (mg (A=1/m).1 (/). ‘1),
(1/n)—Freundlich coefficient, B—Temkin constant relating to heat of adsorption (L-g™!), Ar—Temkin constant
relating to adsorption potential, R—universal gas constant (k]/kg mol K), T—temperature (K), f—constant related
to the mean free energy of adsorption (mol?/kJ?), e—Polanyi potential.

2.7. Errors

To evaluate the concordance of the experimental data and the theoretical models, various error
functions were used, namely the regression coefficient (R?), the root mean square residual error (EQRM),
the chi-square error nonlinear analysis (x?), and normalized standard deviation (AQ).

n B 2
EQRM = \/Zl‘zl(QexZ Qmod) (5)
Qex Qo
Xz o Z meod d) ©
2
2 {(Qexp = Quiod ) / Qex
so = 2@ G0 o

Qexp and Q4 are, respectively, the experimental adsorbed quantity and calculated from the model,
n is the number of measurement.
2.8. Regeneration and Reuse

To estimate the effectiveness of activated carbon from Opuntia ficus indica for repeated use
after adsorption, the carbon was recovered and resuspended in 20 mL of a solution of sodium
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hydroxide (0.1 mol/L) for 3 h. Then followed centrifugation and washing with 30 mL of distilled water
at 80 °C. Finally, a centrifugation to recover the carbon, which will be dried at 105 °C for 4 h to be
used again.

3. Results and Discussion

3.1. Caracterization of Activated Carbon

The production of active carbon from Opuntia ficus indica was carried out in two stages: The first
step is pyrolysis at 450 °C. The second step involves activation and a second pyrolysis. Thus, we were
interested in studying the effect of the impregnation ratio (Figure 1).The yield of active carbon passes
through a maximum for a mass activation ratio equal to 2. In this respect, an impregnation ratio of 2
and a pyrolysis time of 2 h at 600 °C will be taken as the optimum parameters for preparing activated
carbon from Opuntia ficus indica.

95 -+

R (%)

85 T T T T T T 1

0 1 2 3
RAM (w/w)

Figure 1. Effect of impregnation ratio on activated carbon yield.

The infrared spectrum of the activated carbon obtained under these conditions (Figure 2) has a
broad band around 3439 cm™! relating to the hydroxide (OH) groups. A weak 1747 cm~! band relating
to the carbonyl elongation vibrations (C = O). An adsorption band at 1614 cm™! attributed to the
elongation vibrations of the (OH) groups of the carboxyl groups.

Transmittance
3439

1747
1614

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 2. FTIR spectrum of activated carbon derived from Opuntia ficus indica.
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These findings confirm the Boehm titration results mentioned in Table 2. The obtained active
charcoal has on its surface a number of basic groups greater than that of the acidic groups (lactonic,
carboxylic, and phenolic) (Table 2). This confirms the basic character of coal where its pHzcp is 9.1.

Table 2. Principal properties of active carbon.

Total pore volume (cm?/g) 0.017

Pore diameter (A) 55.35
Specific surface Sggt (mz/g) 332

Carboxylic groups (mmol/g) 0.243

Lactonic groups (mmol/g) 0.073

Phenolic groups (mmol/g) 0.294

Total basic groups (mmol/g) 0.756
pHzcp 9.1

Observation by scanning electron microscope shows that the activated carbon is structured and
characterized by a very porous fibrous appearance (Figure 3). Activated carbon retained the lumen
shape of the starting fibers with different size pores forming a mosaic of cells like a bee niche.

Figure 3. SEM microphotographs of active carbon: Surface, (a) and (b), section (c) and (d).

3.2. Adsorption in Batch Mode

3.2.1. pH Effect

The pH is an important factor influencing the adsorption, as it influences both the surface of the
adsorbent and the functional groups of the adsorbate and hence the adsorption mechanism. The effect
of pH on the retention rate of p-NP was studied by varying the pH from 2 to 12 (Figure 4).
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18 -

O T T T T T T

0 2 4 6 8 10 12
pH

Figure 4. Effect of pH on adsorption of p-NP.

It seems that adsorption is favored in acidic medium. The adsorbed amount of p-NP varies slightly
as the pH increases from 2 to 4 and then begins to decrease, which continues as the pH increases.
This stipulates that the p-NP is preferably adsorbed on the surface of the active carbon in its
molecular form, because at acid pH the p-NP, which has pKa of 7.15 [8], is in its molecular form.
The decrease in adsorption capacity as the pH increases can be associated to the electrostatic repulsion
existing between the surface of active carbon and the phenolate anions in solution [42]. Indeed,
the p-NP begins to dissociate at pH = 4, while at the same time, the surface of active carbon is positively
charged at pH lower than pHzcp = 9.1 and takes a negative charge at pH>pHzcp, which disadvantages
the p-NP adsorption in basic medium. In this respect, the possible mechanism of adsorption can be
envisaged by the electrostatic interactions between the surface groups of the active carbon and the
functional groups of the p-NP. The aromatic cycle of p-NP forms a donor-acceptor complex with the
carbonyl groups on the surface of active carbon, whose oxygen acts as an electron donor and the
aromatic ring acts as an acceptor, hence the formation of a partially covalent bond. The nitro group is
an electron withdrawing group that lowers the electron denseness in the p-NP cycle, which promotes
the attraction of adsorbate molecules by the active carbon. This is in conformity with the literature.
Ofomaja [42] investigated the use of mansonia wood sawdust for the retention of p-NP and has shown
that adsorption is favored in acidic medium (pH < 4). Similarly, Cotoruelo et al. [43], Dhorabe et al. [8],
and Petrova et al. [4] proved that an acidic medium is more suitable for the retention of p-NP on active
carbons produced from lignin, Acacia glauca sawdust, and apricot stones.

3.2.2. Effect of Mass of Adsorbent

The variation of the adsorbed quantity and the removal rate of p-NP as a function of the adsorbent
mass are shown in Figure 5. This study was carried out at pH = 2, while varying the amount of the
adsorbent from 15 to 150 mg. The disappearance of the p-NP increases with the mass of the carbon
until reaching a maximum elimination rate corresponding to a mass of 60 mg. The percentage removal
of p-NP increased from 43.84% at a mass of carbon of 15 mg to 99.26% at the mass of 60mg. For an
adsorbent mass greater than 60 mg, the removal rate of p-NP varies slightly. In fact, with the increase
in the carbon mass, the number of adsorption sites increases, which causes agglomeration of the
adsorbent particles. Consequently, a stabilization of the elimination rate will be observed with a
decrease of the adsorbed quantity. So, a mass of 60 mg of adsorbent will be chosen for the continuity of
this work.
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Figure 5. Mass effect on adsorption of p-NP.
3.2.3. Effect of Contact Time

In order to examine the impact of the contact time on the retention of p-NP, experiments were
done at the chosen optimum pH (pH = 2), a mass of 60 mg of adsorbent, and a volume of 10 mL of
the p-NP solution (100 mg/L), varying the contact time from 20 to 1080 min. The adsorbed quantity
increases with increasing contact time (Figure 6).

16 4 3 2 3
5 i
o
£ 7
O’m i
8 .
0 T T T T T T T T T T T T T T T T T T T T T T T 1
0 300 600 900 , . 1200
t (min)

Figure 6. Effect of time on retention of p-NP.

The removal of p-nitrophenol is speedy up to 60 min, and then slowly decreases to equilibrium
for a duration of 120 min. The initial step is distinguished by rapid adsorption linked to accessibility
to active sites on the surface of the adsorbent, which results in a strong elimination of p-NP.
After 120 min, the p-NP removal percentage became constant, indicating that equilibrium has
been reached. To ensure equilibrium, the optimum contact time has been guesstimated at 120 min,
which will be considered for the continuity of this study.

3.2.4. Kinetics of Adsorption

The kinetics study was carried out at pH = 2 using an adsorbent mass of 60 mg while varying
the initial concentration of p-NP (10, 50, 80, 100 and 150 mg/L). To dissect the adsorption process,
pseudo-first order and pseudo-second order kinetic models were applied (Table 3).
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Table 3. Kinetic parameters of pseudo-first and pseudo-second order models for the adsorption of
p-NP on activated carbon.

Concentration (mg/L) 10 50 80 100 150

Qe-exp (Mg/g) 1.647 8.147 12.453 14.467 14.901

Qe-cal (Mg/g) 0.091 0.067 0.040 1.723 2415

k1 (min~1) 0.005 0.004 0.003 0.006 0.005

Pseudo-first R2 0.726 0.894 0.440 0.761 0.881
order 22 190.43 8730.40 34211.28 839.93 609.88
AQ 0.9821 1.1065 1.1177 0.8715 0.7947
EQRM 1.4795 8.0681 12.3758 12.6809 12.7932

Qe-cal (Mg/g) 1.666 8.176 12.453 15.174 16.420

Pseudo-second kzﬂ(ﬂ% r;‘g 0.157 0.278 0.337 0.011 0.007
order R2 1.000 1.00 1.000 0.999 0.999
X2 0.08394 0.00298 0.002835 0.5185 1.21162

AQ 0.0082 0.000046 0.000029 0.0052 0.0119
EQRM 0.1246 0.05205 0.06263 0.93499 1.48680

Quantities of adsorbed p-NP (Q,..,;) determined using the pseudo-second order model were very
close to experimental ones (Qc-cxp), with much higher regression coefficients (R?) than those found
by the kinetic model pseudo-first order. Similarly, the values of x?, EQRM, and AQ determined for
the pseudo-second order model were lower than those obtained for the pseudo-first order model.
This suggests that the p-NP adsorption on active carbon is dictated by the pseudo-second order model.

To better understand the number of steps and foresee the governing step of the adsorption process,
we used the intraparticle model given by the following Equation (8):

Qi =kst"® +C ®)

where, kj; (mg-g_l) is the intraparticle diffusion constant and C is a constant.

The graphical representation of Q; versus t*° for 100 mg/L p-NP solution is shown in Figure 7.
It shows two linearities, suggesting that the adsorption of p-NP can be dominated by more than one step.
A rapid first step assigned to the diffusion of p-NP through the outer surface of the active carbon,
comes after the intraparticle diffusion of p-NP molecules to the sites on the surface. The constant rates
of intraparticle diffusion of the second part of the Q; = f (1) for different concentrations (10-150 mg/L)
are presented in Table 4.

154 -
I
oy ®
E -
et Y
OJ -
14.6 -
138 T T T T T T 1
0 10 20 30
t0.5 (minO.S)

Figure 7. Kinetic model of intraparticle diffusion for the retention of p-NP (C; = 100 mg/L).
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Table 4. Kinetic parameters of the intraparticle diffusion model for the retention of p-NP on
activated carbon.

Concentration (mg/L) 10 50 80 100 150
Qe-cat (mg/g) 1.6522 8.154 12.453 14.438 2.415
kg; (mg/g min®?) 0.0004 0.0009 0.0002 0.0326 0.027
C 1.6479 8.1442 12.451 14.080 15.467
R? 0.918 0.976 0.495 0.968 0.913

The second linear part of the intraparticle diffusion is an affine function, assuming that the latter
was not the decisive step in the adsorption of p-NP. The correlation coefficient associated with this
model (R? = 0.82) is quite significant, which proves that intraparticle diffusion occurs during the
adsorption of p-NP on active carbon.

The surface properties of activated carbon influence the adsorption process. The size of the p-NP
molecule is approximately 7.5 A [16], whereas the activated carbon with an average pore size of 55 A,
and thus has a surface suitable for the retention of p-NP molecules. In addition, the adsorption of p-NP
is favored through m-7t type interactions between the surface functions of activated carbon and the
phenolic nucleus of p-NP. Indeed, the presence of the nitro group, electro-attracting effect on the p-NP
enhances this interaction and generates hydrogen bonds between the surface functions (COOH, OH)
with oxygen nitro groups in the p-NP.

3.2.5. Adsorption Isotherms

Adsorption isotherms provide information on the type and maximum capacity of adsorption.
In this study, the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms were used for
the analysis of the experimental data. The adsorption isotherms “Q, = f (C.)” obtained at different
temperatures (15 °C, 30 °C, and 40 °C) by changing the initial concentration of p-NP from 10 to
150 mg/L, are represented in Figure 8.

16
@
o
E
o
8
—15°C 30°C —40°C
0 T T T T T T T T 1
0 20 40 60 80
Ce (mg/L)

Figure 8. Adsorption isotherms of p-NP on active carbon.

The appearance of the curves proves that the present adsorption is of type L according to Giles
and his collaborators [44], and that the adsorption of p-NP seems to be in monolayer. The results of
the modeling of the experimental data according to the theoretical models of Langmuir, Freundlich,
Dubinin-Radushkevich, and Temkin are illustrated in Table 5.
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Table 5. Values of the isothermal parameters at different temperatures.

Temperature (°C) 15 30 40
Qumax (mg/g) 16.835 13.623 12.738
Ky (L/mg) 22 2.1524 0.4866
R 0.0030-0.0045 0.0030-0.0443 0.0135-0.1704
Langmuir R? 0.9986 0.9981 0.9972
b 0.2471 0.5748 0.1296
AQ 0.0023 0.0040 0.0019
EQRM 0.5482 0.8159 0.3301
g 0.2312 0.3111 0.3442
Kp 13.1615 6.7957 4.0551
Freundlich R? 0.6591 0.8420 0.8258
P 16.0993 5.3508 4.6874
AQ 0.3277 0.1052 0.0929
EQRM 5.4382 2.7908 22914
B (J/mol) 1.8330 2.2286 2.0725
Ar(L/g) 1731.49 41.4929 10.2229
Temkin R2 0.8079 0.9712 0.9274
P 5.2655 0.7642 1.2520
AQ 0.2602 0.0204 0.0338
EQRM 2.1942 0.7590 0.9398
Qumax (mg/g) 17.1209 11.8012 9.5020
B (mol?/kJ?) 0.0126 0.0431 0.1449
Dubinin-Radushkevich R; 0.5924 0.9288 0.8720
X 0.3163 3.2227 3.6093
AQ 0.0041 0.0351 0.0631
EQRM 0.5497 1.7442 1.6527

The regression coefficients (R? > 0.99) obtained from the Langmuir model at different temperatures
are the highest, indicating that this model is the appropriate one for drawing the adsorption of p-NP
on activated carbon. This result is verified by the low values of x?, AQ, and EQRM. This suggests
monolayer coverage of p-NP on the surface of activated carbon.

Values of the equilibrium constant of the Langmuir isotherm (R ), determined from Equation (9),
range from 0 to 1, indicating that retention of p-NP onto active carbon is propitious in the conditions
adopted in this work. This is confirmed by the 1/nr values of the Freundlich model, which are less

than 1.
1

- 1+ Ki.Cy

In addition, the increase in Ry associated with the increment in temperature indicates that
adsorption is more pronounced at low temperature [17,45]. This results in a decrease in the amount of

Ry )

adsorbed from 16.83 to 12.73 mg/g by raising the temperature from 15 to 40 °C. In the same context,
the values of the Freundlich constant (Kg), which are directly related to the adsorption capacity,
decrease with increasing temperature, proving that the retention is disadvantage at high temperature.

3.2.6. Thermodynamic Study

Thermodynamic parameters AG®, AH®, and AS° were estimated by Equations (10) and (11) [46]
(Table 6).

AG® = —RTInK} (10)

AS°  AH®

InkK, =
ML= R T RT

(11)
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where, K}, (L/mol) is the Langmuir constant, R is the perfect gas constant (8.314 J/mol K), and T (K) is
the absolute temperature. AH® and AS® are obtained from the slope and the ordinate at the origin of
the linear curve In K = f (1/7).

Table 6. Thermodynamic parameters of the adsorption of p-NP.

Temperature (K) AG° (J/mol) AH® (J/mol) AS° (J/mol K)
288 —35756.70
303 —-31762.92 —-114114.43 -271.99
313 —28939.15
The negative value of the free enthalpy (AH° = -114114.43 ]/mol) demonstrates an

exothermic adsorption. The values of AG® are negative, which indicates that the adsorption of
p-NP is spontaneous. Values of AG® are less than —20 kJ/mol, demonstrating that adsorption is
governed by a physisorption partially affected by chemisorption. Moreover, AG® increases with
the temperature from —35.75 kJ/mol at 288 K to —28.93 kJ/mol at 313 K, which implies that p-NP
adsorption on active carbon is more favorable at lower temperature. Finally, the negative value of
AS° (=271.99 J/mol K) corresponds to a decrease in the disorder at the activated carbon-solution interface.

3.2.7. Regeneration and Reuse of Activated Carbon

After adsorption of p-NP, the adsorbent is recovered and reused for adsorption of p-NP again for
five adsorption-regeneration cycles. The results obtained are collated in Table 7.

Table 7. Five cycles of adsorption-desorption of p-NP on activated carbon.

Cycle Adsorption (%) Desorption (%)
1 99.3 99.1
2 99.0 99.0
3 98.5 99.0
4 96.2 98.3
5 94.0 98.0

The adsorption capacity of activated carbon decreased slightly (<6%) from the first to the
fifth cycle. The small reduction in p-NP uptake indicates that sites on the carbon surface have
retained their morphological properties. The adsorption of p-NP on activated carbon, resulting from
Opuntia ficus indica, seems to be reversible. Thus, the spent adsorbent can be regenerated and reused
after treatment with 0.1 mol L~! sodium hydroxide solution followed by washing and drying at 105 °C.
Indeed, p-NP reacts with sodium hydroxide to form sodium phenolates which desorb readily from the
activated carbon.

4. Conclusions

The adsorption of p-NP on active carbon obtained from Opuntia ficus indica by activation
with sodium hydroxide was the subject of this work. The specific surface area of the obtained
carbon was 332 m?/g to be used successfully for the retention of p-NP. The adsorption of p-NP on
activated carbon is maximal at initial pH = 2, with a removal percentage of 99.3%. The optimum
adsorptions parameters were found to be: Adsorbent dose = 6 g/L, C; = 100 mg/L, temperature = 15 °C,
and time = 120 min. The kinetics study indicates that the retention of p-NP on the obtained carbon
obeys the kinetic model of pseudo-second order. The experimental isotherms are more suitable to
the Langmuir model at all temperatures studied. The thermodynamic analysis confirmed that the
adsorption of p-NP on active carbon derived from Opuntia ficus indica was spontaneous and exothermic.
With increasing temperature, the increase in AG® values implies that the adsorption of p-NP is favored
at low temperature. The desorption and reuse tests of the carbon used in this work have shown that
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this carbon can be a reusable adsorbent for five adsorption-desorption cycles for the removal of p-NP.
Thus, because of its adsorbent properties and the availability of the precursor of this carbon, it can be
prepared and used economically for the treatment of waste water polluted by p-NP. Opuntia ficus indica
could be considered an interesting and promising source for low-cost preparation of activated carbon
as efficient adsorbent for p-NP removal, which represents a good option, especially for the countries
without forests.
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