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Agricultural residues like coconut shell are widely available in Benin Republic and can be used as adsorbent. In
this study, we determine the limits of pharmaceutical substances adsorption by activated carbon from coconut
shells. The synthesis of this adsorbent was optimized by the Response Surface Methodology (RSM) with two
factors: the impregnation ratio IR and activation temperature. The iodine value was considered as the perfor-
mance (response) parameter of this synthesis. After characterizing the prepared activated carbon, adsorption
tests were performed on diclofenac sodium (DCF) and amoxicillin (AMX) by varying the contact time and the
adsorbate-adsorbent ratio Rags. The synthesis results showed that the optimal physicochemical properties of the
activated carbon were observed at 740 °C with phosphoric acid (IR = 1.66). Under these optimal conditions, the
activated carbon from the coconut shells presented a large microporous specific surface (Sppr = 437 m%/g and
Vinicro = 0.21 em®/g), optimal iodine adsorption (930.28 mg/g), amorphous and low heterogeneous chemical
composition. In addition, the prepared activated carbon was an excellent adsorbent for the removal of the
pharmaceutical substances studied. The experimental adsorption data followed the Langmuir isotherm and the
pseudo first-order kinetic model. However, the efficiency varied depending on the nature of the adsorbate and
the adsorbate-adsorbent ratio was the main limiting factor in the adsorption process. Optimal elimination greater
than 98% was noticed with R,qs=0.10 and a contact time of 15min (90 min) for DCF (AMX). However, we
noticed the complete elimination of AMX (DCF) for Rags < 0.075 (Rags < 0.040). It was observed that the removal
efficiency of pollutant was not defined by the adsorption rate constant but the reactivity with the adsorbent.

et al., 2015; Verma and Haritash, 2020; Xiong et al., 2019).
In general, conventional treatment methods are very selective and

1. Introduction

The presence of emerging pollutants, even at low concentrations,
highly threatens the aquatic environment. Commonly referred to as
micropollutants, they come directly or indirectly from domestic, hos-
pital, industrial wastewater and runoff water (Luo et al., 2014; Mailler
etal., 2017). Among the micropollutants, those of pharmaceutical origin
constitute a significant concern because they are the most common and
are at risk for aquatic biota (Busch et al., 2016; Deblonde et al., 2011).
Their toxicity varies according to the therapeutic class and the active
principle. For example, diclofenac is very toxic to living organisms
(Shao et al.,, 2019) while amoxicillin only affects cyanobacteria
(Gonzalez-Pleiter et al., 2013). These two drugs are among the most
present pharmaceutical micropollutants in the environment (Cizmas
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ineffective in removing pharmaceutical micropollutants (Falds et al.,
2016; Margot et al.,, 2013; Pasquini et al., 2014). New treatment
methods and techniques complementary to conventional methods are
often required. Advanced treatment techniques developed to remove
pharmaceutical micropollutants from the environment include adsorp-
tion, ozonation, electrochemical-oxidation, photodegradation, etc.
However, considering the ease of implementation, adsorption is the
most cost-effective treatment technique (Kovalova et al., 2013). And
activated carbon is the most studied adsorbent because of its treatment
efficiency and its affordable cost (Burakov et al., 2018). The main ad-
vantages of using activated carbon are its high surface area (Suhas et al.,
2016) and its ease of regeneration using the sun (Miguet et al., 2016) .
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Table 1
Properties of amoxicillin and diclofenac.
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Parameter Amoxicillin (AMX)

Diclofenac

sodium

(DCF)

Therapeutic class Antibiotic
Molecular structure

H
Molecular formula C16H19N305S
CAS number 26787-78-0
Molar mass (g/mol) 365.4

Purity 99 %, Pharmaquick-Benin

Solubility in water at 20°C 3.43
(gL

Anti-inflammatory

Cl

O Na*

HN
Cl
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Fig. 1. The activated carbon preparation process.

Chemical activation is more studied in the literature than physical
activation and presents the best final product in terms of quality and cost
ratio (Heidarinejad et al., 2020; Jodeh et al., 2016). An Acid or base
reagent is usually used as activating agent (Budi et al., 2017). The most
effective activated agents are potassium hydroxide (Azmi et al., 2015; Li
et al., 2017) and phosphoric acid (Balogoun et al., 2015; Gratuito et al.,
2008; Gueye et al., 2014; Heidarinejad et al., 2020). The reason is the
high potential of macromolecule fragmentation and pore creation by
PO,% and K*ions (Marsh and Rodriguez-Reinoso, 2006). The main
disadvantage of activation with potassium hydroxide is its toxic effect
and the low yield of charcoal induced (Hui et al., 2015) while phos-
phoric acid is environment friendly and cost-effective (Jawad et al.,
2020; Sun et al., 2016).

In general, the quality of activated carbon depends on three main
factors: the impregnation ratio, the temperature of activation and the
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duration of activation (Das and Mishra, 2017). Using response surface
methodology (RSM), these main factors can be optimized to prepare
activated carbon (As et al., 2015; Asfaram et al., 2015; Senthilkumar
et al.,, 2017; Tan et al., 2008a). According to this method, the impreg-
nation ratio and the activation temperature are the most significant
factors (Vargas et al., 2010). The adsorption process can be modeled
using Langmuir and Freundlich isotherms which are widely used
because of the simplicity of their mathematical expression (Lesaoana
et al., 2019; Moussavi et al., 2013; Nayl et al., 2017). Combined with
pseudo first-order, pseudo second-order or intra-particle diffusion
models, Langmuir and Freundlich isotherms best express adsorption of
activated carbon (Mahmood and Abdulmajeed, 2017; Nekouei et al.,
2015; Putra et al., 2009). The option of kinetic study via a numerical
model of fluid dynamics is possible but its accuracy is minimal (Mad-
dodi et al., 2020). However, the appropriate model depends on the
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Table 4
Validation of model and optimum operating conditions.

Table 2
Experimental design matrix and results.
Experiment plan Response
Codes variables Actual variables Iodine value (mg/g)
N° X1 Xy X1 X2 Exp RSM
Factorial Design
1 -1 -1 1 500 439.82 480.14
2 1 -1 2 500 658.86 645.36
3 -1 1 1 700 717.69 690.96
4 1 1 2 700 949.69 869.15
Central Composite Design
5 —1.414 0 0.793 600 454.10 436.16
6 1.414 0 2.207 600 620.81 678.98
7 0 —1.414 1.5 458.579 658.86 631.57
8 0 1.414 1.5 741.421 871.37 938.89
9 0 0 1.5 600 821.80 835.40
10 0 0 1.5 600 815.63 835.40
11 0 0 1.5 600 831.57 835.40
12 0 0 1.5 600 870.48 835.40
13 0 0 1.5 600 837.54 835.40
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Fig. 2. Interaction effect of activation temperature and impregnation ratio on
iodine value.

Table 3

ANOVA for response surface quadratic model for iodine adsorption value.
Source Degree of Sum of Mean F- p-

freedom square square value value
Model 5 288,040 57,608 20.32 0.000
X1 1 58,962 58,962 20.80 0.003
X5 1 94,446 94,446 33.31 0.001
X;? 1 134,246 134,246 47.35 0.000
X2 1 4378 4378 1.54 0.254
X1Xs 1 42 42 0.01 0.907
Pure error 7 19,845 2835
Model R? = 93.55%, Rygi® = 88.95%, Rpreq® = 57.46%,CV = 7.24%
summary

pollutant and the nature of the activated carbon (Jodeh et al., 2016;
Tomul et al., 2019). The effectiveness of the treatment is indirectly
dependent not only on the nature of the pollutant but also on the
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Solution proposed by Minitab Software

Solution IR Temperature ( Iodine value Desirability
°Q) (mg/g) composite
1 1.664  741.42 953.61 1
Experimental results
Tests IR Temperature ( Iodine value (mg/g)
°C) Theoretical Experimental
1 1.660  740.00 953.61 921.01
2 915.84
3 953.99
Average  1.660  740.00 953.61 930.28
Table 5

Comparison of iodine value of some coconut tree biomass based activated
carbon.

Precursor Activated Iodine value References
agent (mg/g)
Coconut shell H3POy4 930.28 This study
Coconut shell and KOH 698.37 (Liang et al.,
municipal sludge 798.31 2020)
(Yang et al., 2019)
Coconut shell H3PO4 787 (Balogoun et al.,
2015)
Coconut shell Self- 1280 (Sun et al., 2017)
activation
Coconut leaf HSO04 263 (Jawad et al.,
2016)
Coconut leaf KOH 538 (Rashid et al.,
2016)
Coconut leaf H3PO,4 909 (Jawad et al.,
2017b)
Table 6
Intrinsic characterization of activated carbon.
Analysis Parameters (%)  Raw Activated
biomass carbon
Macromolecular Extractible 18.60
composition Cellulose 34.10
Hemicellulose 14.10
Lignin 32.80
Immediate analysis Volatile matter ~ 80.84 21.76
Fixed carbon 18.73 76.03
Ash 0.43 2.22
Ultimate analysis Carbon 45.28 60.00
Hydrogen 4.05 0.00
Oxygen 42.70 1.43
Nitrogen 0.20 1.22
Phosphorus 0.00 15.21

characteristics of the activated carbon (Mailler et al., 2016).

Several lignocellulosic precursors like biomass waste of coconut tree
have been used to prepare activated carbon (Freitas et al., 2019; Jawad
etal., 2017a). For this study, coconut shells were chosen because of their
great availability in Benin Republic (Balogoun et al., 2015). The effi-
ciency of activated carbon from coconut tree waste has been widely
proven on standard pollutants such as methylene blue (Jawad et al.,
2015) and phenol (Bazrafshan et al., 2016). Few researches present the
applications of activated carbon on pharmaceutical pollutant
(Gonzalez-Garcia, 2018). Furthermore, studies on the adsorption of
more than one pharmaceutical molecule do not provide the same
optimal condition for all the studied molecules. In this particular study,
the optimal removal conditions were assessed to meet both Diclofenac
and Amoxicillin optimal removal. The study’s goal was the preparation
of activated carbon from coconut shells for the adsorption of amoxicillin
and diclofenac. We used dimensionless parameter which express the
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Fig. 3. Intrinsic characterization of activated carbon - a) SEM, b) FTIR and c¢) XRD.

Table 7
Comparison of the textural characteristics of activated carbon from different agricultural residue.
Precursor Activated agent Sper(m?/g)* Vinicro (cm® /g)* dp(nm)* References
Coconut shell H3PO4 437 0.21 2.13 This study
Shea shell H3PO4 477 0.21 - (Telegang Chekem, 2017)
Peanut shell H3PO4 395.80 0.21 3.53 (Georgin et al., 2016)

* : determination according to BJH Method.
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Fig. 4. Effect of initial R,y (a), contact time for AMX (b) and DCF (c).

initial concentration of adsorbent and adsorbate to explore adsorption.
2. Materials and methods
2.1. Materials

The activated carbon used in this study was prepared from coconut
shells. These shells collected from a local cooperative were previously
dried in the sun and then crushed. The 0.5 to 2 mm particle size fraction
was washed and dried at 105 °C for 24 h in the drying oven. Adsorption
was performed on amoxicillin and diclofenac sodium, whose
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characteristics and chemical structure are presented in Table 1 All
chemical products are of an analytical class and the solutions were
prepared with distilled water.

2.2. Preparation of activated carbon and statistical approach to the
experimental design

The activated carbon was prepared using the chemical activation
method: pretreatment, impregnation, carbonization and washing
(Fig. 1).

The impregnation consisted of heating under reflux for 2 h of the
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Fig. 5. Langmiur (a) and Freundlich (b) isotherms.

pretreated biomass and phosphoric acid solution mixture in a liquid/
solid ratio equal to 2. The impregnated mixture was previously filtered
and dried at 105 °C for 48 h before carbonization.

After carbonization, the activated carbon was washed with distilled
water at a pH close to neutrality, then dried at 105°C for 24 h. A
grinding operation allowed the activated carbon grain charcoal to be
refined to a particle size between 0.07 and 0.2 mm.

In this study, the RSM was used to optimize the preparation of
activated carbon. This method enables the assessment by a statistical
model of the influence of the factors on the studied answers. Two factors
(variables) were considered: impregnation ratio IR ( x; ranging from 1 to
2) and activation temperature (x ranging from 500 °C to 700 °C). The
factorial design of two-level square order completed by a central com-
posite design with 4 axial tests and 5 repeat points at the center for a
total of 13 tests were conducted for this statistical modeling (Table 2).
Between the two most considered responses during the activated carbon
preparation, the methylene blue value and the iodine value (Bacaoui
et al., 2001; Bestani et al., 2008; Itodo et al., 2010), iodine value was
adopted as the experimental design response, as it reveals the adsorption
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capacity of micropores (Budnyak et al., 2018; Patnukao and Pavasant,
2008). Experimental data were modeled by second-order polynomial
regression:

@

k
3D biXiX; +e

k k
Y =by+ Zbixi + Zbiixiz +
i=1 i=1 JA =1
where y is the predicted response (iodine value)X;andX; are coded
variables with k = 2;bo,b;,b; and b; represent the coefficients of
interception regression, linear terms, quadratic terms and interaction
terms respectively
The variance analysis was performed to determine the statistical
significance and influence of the independent and interactive variables
of the model and the optimal condition for the preparation of the acti-
vated carbon. MINITAB 19 Statistical Software was used to conduct the
experiment design.
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Table 8
Isotherm parameters for AMX and DCF adsorption on activated carbon.
Isotherms Adsorbate Parameters Values
Langmuir Amoxicillin Qmax (Mg /2) 192.31
Ry 0.0052
K. (L /mg) 0.6420
R? 0.9946
Diclofenac sodium Qmax (Mg /2) 166.67
R; 0.0060
K (L /mg) 0.7143
R? 0.9846
Freundlich Amoxicillin 1 87.94
Kp(mg /g)(mg/L) n
n 4.8286
R? 0.9693
Diclofenac sodium 1 73.38
Kr(mg /g)(mg/L) n
n 4.0967
R? 0.9765

2.3. Characterization of the precursor and the adsorbent

The macromolecular composition which provides information on the
lignocellulosic biomass content was determined by the Van Soest titra-
tion technique (Godin et al., 2011; Pellerin, 2002). The rate of dry
volatile matter (in ATG with a heating rate of 5 °C/min), ash (NF EN 14,
775) and fixed carbon on a dry sample, which were made with the
PerkinElmer TGA 4000 system were determined. Elementary analysis
was made by energy-dispersive X-ray spectroscopy. The scanning elec-
tron microscopy (SEM) and the energy-dispersive X-ray spectroscopy
(EDX) were made using a SEM Phenom Prox, phenomWorld Eindhoven.
The SEM allowed us to examine the change in the physical structure of
the activated carbon. The EDX gave us information on the presence and
content of chemical elements on the material’s surface. The iodine value
corresponds to the quantity in milligrams of iodine adsorbed by one
gram of activated carbon, when the residual concentration is 0.02
normal (CEFIC, 1986). It was determined using ASTM D4607-94 (ASTM
International, 2006). The identification of crystalline materials was
made by the X-ray diffraction method (XRD) using the Empyrean
PANANALYTICAL diffractometer. Fourier-transform infrared spectros-
copy (FTIR) by the Agilent Technology CARY 630 FTIR transmittance
method was used to examine existing functional groups on the adsorbent
surface. The specific surface area was estimated using the
Brunauer-Emmett-Teller (BET) method using the Quantachrome Nova
4200e analyzer. BET surface and pore size and volume calculations were
performed  with  NovaWin, version 11.03 using  the
Barett-Joyner-Halenda adsorption method (BJH).

2.4. Adsorption experiments

Adsorption tests were carried out in batch mode and under agitation
in horizontal under room temperature (between 26 — 28°C). This
agitation method was chosen because magnetic agitation can destroy
large grains during processing (Freihardt et al., 2017). The agitation
speed adjusted to 230 rpm limits the diffusion of the film during the
tests. On a fixed mass of activated carbon .., 50 mL of AMX (DCF) so-
lution with concentration ranging 25 to 250 mg/L (20-200 mg/L) was
put into agitation for a duration of 15 to 120 min (3 to 42 min). To make
dimensionless the quantity of adsorbent put into solution, an
adsorbate-adsorbent ratio (Eq. (2)) R,gswas defined, ranging from 0.025
to 0.25g/g (0.02 to 0.2 g/g) for AMX (DCF).
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GV

Rugs = o
1000 x mcy

@

where R,y is the adsorbate - adsorbent ratio (g/g), V the volum of the
synthetic solution (L), mca the adsorbent mass (g), Co the initial con-
centration of the adsorbate (mg/L)

On each adsorbate, 10 tests were conducted at 25 mg/L (20 mg/L)
and 15-minutes (3-minutes) intervals. The minimal concentration is
function of the detection limit while the maximal concentration used is
in the range of the concentrations found in pharmaceutical wastewater
(Verma and Haritash, 2020; Xiong et al., 2019). Residual concentrations
were determined by a UV-Visible spectrophotometer (DR. 5000 Hach
Lange) at optimum wavelengths of 272 nm (276 nm) for AMX (DCF).
These wavelengths obtained after scanning 200 to 800 nm, are consis-
tent with the work of Chayid and Ahmed (2015), de Franco et al. (2018)
and Tam et al. (2020). The following equation determined the quantities
adsorbed at a time t.

(Co—C)V

mca

3)

=

where g, represents the adsorbed quantity (mg/g), Co and C, the initial
and residual concentration of the adsorbate at t time respectively (mg/L)

The different values g,were used to determine the maximum
adsorption applied to the Langmuir (Eq. (4)) and Freundlich (Eq. (5))
isotherms.Langmuir isotherm:

K. C.
1+ K.C,

C, 1 1
thus— = —-~C, +
qmaxKL

e Gmax

de = qmax
4)

Freundlich isotherm:

q. = KeC"
5)

thuslng,

1
—InC, + InKp
n

where
qe b qmax

: adsorption capacity at equilibrium and Langmuir adsorption (mg/g),
C. : equilibrium concentration in the liquid phase (mg/L), n: Freundlich
coefficient, Kj,Kr constant of Langmuir (L/mg) and Freundlich
(mg/g)(mg/L)
The linear isotherm q. = f(C.)was also drawn to define the signifi-
cant adsorption ratios for studying the adsorption kinetics of the prod-
ucts. The adsorptions kinetics were obtained from the adsorption tests.
The pseudo first-order model (Eq. (6)), pseudo second-order model (Eq.
(7)) and the intra-particle diffusion model (Eq. (8)) were used to analyze
experimental data of this kinetics.Pseudo first - order model:

-1
n

dg
2 =K (g, —
dr 1(q ‘I[)

thusln(q, — q,) = Ing, — Kyt

(6)

Pseudo second - order model:

dg, 2
2 —K(q, —
it 2(q qr)

1 )

t 1
thus— = —t + 3
Kqu

q:r 4.

Intra - particle diffusion model:
g =K% +C (8

where
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Fig. 6. Kinety models pseudo first-order (a) AMX, (b) DCF; pseudo second-order (c) AMX, (d) DCF; and intra-particle diffusion (e) AMX, (f) DCF.

K;

, Ko, K4 : adsorption rate constant of pseudo first - order (1/min),pseudo
second - order (g/mg.min) and intra - particle diffusion (mg/ g.minl/ 2) C:
constant that gives an idea about the thickness of the boundary layer
(mg/g)

3. Results and discussion
3.1. Modeling and optimization of activated carbon preparation
The experimental matrix and the results obtained are presented in

Table 2. The different values of the iodine value are greater than those
obtained on the same biomass activated with KOH by Tan et al.,
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(2008b). Phosphoric acid would be more suitable for activating coconut
shells than potassium hydroxide.

The regression model obtained by the RSM in coded variables is
expressed by a second-degree polynomial (Eq. (3)):

Y = 835.4 + 85.9X, + 108.7X, — 138.9X,> — 25.1X,% + 3.2X, X» 9

In this equation, the positive values of the coefficients show that the
two factors considered have a synergistic effect on the response. Thus,
the increase in the impregnation ratio and the temperature improves the
availability of micropores which resulting in the different values of the
iodine value. The same observations were made for their interaction. On
the contrary, the second-order terms have an antagonistic effect, which
means that very high values of the factors do not allow better avail-
ability of the pores. However, the effect of the interaction of factors
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Table 9
Kinetic parameters of AMX and DCF adsorption.
Adsorbate Raas(g/2) Models
Pseudo first-order model
Ge—cxp(Mg /2) qe-n(mg /g) K1 (1 /min) R?
AMX 0.05 50.00 4.27 0.0296 0.8534
0.10 97.83 40.00 0.0486 0.9630
0.25 193.33 115.86 0.0225 0.9258
DCF 0.04 40.00 2.29 0.1713 0.7210
0.10 97.81 5.62 0.2011 0.9138
0.20 170.25 101.62 0.2681 0.9254
Pseudo second-order model
Ge-exp (Mg /2) Ge-m(mg /g) K3 (g /mg.min) R?
AMX 0.05 50.00 51.02 0.0132 0.9995
0.10 97.83 103.09 0.0021 0.9996
0.25 193.33 227.27 0.0002 0.9844
DCF 0.04 40.00 40.32 0.1337 0.9999
0.10 97.81 98.04 0.0743 1
0.20 170.25 181.82 0.0047 0.9994
Intra-particle diffusion model
Ge-exp(mg /g) Qe—h(mg /g) Kg4(mg /g.min?2) R?
AMX 0.05 50.00 49.75 0.6455 0.9051
0.10 97.83 99.90 3.2622 0.8856
0.25 193.33 191.61 15.3520 0.9307
DCF 0.04 40.00 40.29 0.8485 0.6781
0.10 97.81 98.04 1.1702 0.8998
0.20 170.25 173.38 14.0090 0.9751

(Fig. 2), indicates that the optimal iodine value field corresponds to
1.5 < IR < 2 and a temperature above 650°C.

Table 3 presents the analysis of variance (ANOVA) of the obtained
quadratic model (Eq. (3)). The Fisher value 20.32 associated with the p
—value close to zero (therefore respecting the 95% confidence level)
indicates that the model’s description by second order quadratic
regression is significant. Furthermore, based on the p — value, the sta-
tistically significant terms are the impregnation ratio, the activation
temperature and the quadratic effect of the impregnation ratio.

The coefficient of determination R?= 0.9355 shows the excellent
correlation that exists between the theoretical and experimental values.
The difference between AdjR — squared and PredR — Squaredexceeds
0.2 means that the model can be reduced. Das and Mishra (2017) made
the same observation particularly on the iodine value response to the
RSM. However, this correlation is tolerable with the low value of the
standard deviation corresponding to an acceptable coefficient of varia-
tion (CV = 7.24% < 10%).

Under these conditions, the MINITAB 19 Statistical Software’s
optimal solution and the experimental results are presented in Table 4.
The optimal conditions retained are IR=1.66 and
ActivationTemperature = 740°C for an optimum iodine value
(930.28mg /g). Table 5 shows coconut shell and phosphoric acid as the
best combination of coconut tree biomass and activated agent for iodine
adsorption. Furthermore, the optimum recorded for this study is com-
parable with those reported in the literature from the same precursor
and activated agent.

The activated carbon prepared under optimal conditions was char-
acterized and then subjected to adsorption tests.

3.2. Characterization of raw biomass and activated carbon

3.2.1. Basic physicochemical properties

The results of the macromolecular composition and the ultimate and
immediate analyzes are presented in Table 6. The main macromolecules
are lignin and hemicellulose, which constitute the fractions that
contribute the most to activated carbon production (Cagnon et al., 2009;
Liyanage and Pieris, 2015). In general, the ultimate and immediate
characteristics obtained are similar to those obtained during previous
work on coconut shells (Kang et al., 2011; Ouyang et al., 2013). The
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phosphorus present in the elemental composition of activated carbon
results from the impregnation with phosphoric acid. The apparent dif-
ference that is observed after activation of the lignocellulosic biomass is
an indicator of the precursor quality and the effect of the activating
agent (Mohd Igbaldin et al., 2013). In fact, from the precursor to the
activated carbon, the rate of volatile matter decreases while fixed carbon
and ash increase. Thus, the carbonization considerably reduced the
oxygen of the precursor, causing the significant presence of the mineral
carbon. The hydrogen ratio obtained by Das et al., (2015) being sub-
stantially equal to the humidity of the sample analyzed. The absence of
hydrogen observed in the present study is thought to be due to the
activated carbon storage at 105 °C.

3.2.2. Intrinsic characterization of activated carbon

According to the SEM images obtained in Fig. 3.a, the prepared
activated carbon has a good grain size between 50 and 250 um. The
image at 500x showed heterogeneous shape with pores and cavities that
could easily be revealed above 1000x. These textural characteristics
(Table 7) show a strong adsorption capacity of nitrogen. The average
pore size indicates a co-presence of micropores and mesopores. The
spectrum obtained from the FTIR (Fig. 3.b) gives information on the low
heterogeneous chemical composition of the activated carbon. The low
absorption peaks observed are generally due to decrease functional
groups when switching from raw biomass to activated carbon (Chayid
and Ahmed, 2015). However, the peaks observed around 2260 and 1699
correspond to the stretching C = C of alkynes and C = Oaldehydes and
carboxylic acids. The presence of these different groups is characteristic
of activated carbons originated from coconut shells (Balogoun et al.,
2015; Liyanage and Pieris, 2015). In addition, the crystallographic
surface changes from raw biomass to adsorbent (Fig. 3.c). The peaks
obtained at 20 = 18.00° and 20 = 22.39°are characteristic of lignocel-
lulosic materials (Keiluweit et al., 2010; Kim et al., 2011). The dif-
fractogram of optimized activated carbon is similar to that obtained on
activated carbon based on agricultural residues (Abdul Khalil et al.,
2013; Kong et al., 2016). Thus, the two broad peaks observed at 20 = 23.
93° (002) and 260 = 43.21° (100) testify to its amorphous character with
a bit of crystalline structure. All these fundamental characteristics of
activated carbon permit to test its adsorption potential.
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3.3. Adsorption study

The two parameters that influence the adsorption are the contact
time and the adsorbent dose. By substituting the residual concentration
at equilibrium (C,) by the residual rate of adsorbate at equilibrium (Y,
g—; x 100), the curve R,qs = f(Y.) follows the same shape as that of the
linear isotherm q, = f(C.) (Fig. 4.a). Thus, the increase of the adsorbate-
adsorbent ratio results in a decrease in the removal efficiency. In other
words, adsorption is more effective when the initial dose of absorbent
(adsorbate) increases (decreases). Regarding the contact time, Figs. 4.
b—c confirm the existence of an adsorption time plateau per pollutant
concentration range (Boudrahem et al., 2017). For low initial concen-
trations of the adsorbent, equilibrium is reached quickly with a contact
time varying between 15 and 90 min (3 and 18 min) for AMX (DCF).
From R,gs = 0.10g /g, the curve shows two stages: rapid adsorption
followed by a slow phase until saturation. This is explained by the high
availability of active surfaces which become saturated as adsorption
increases. Similar observations have been made on the adsorption of
trichlorophenol (Hameed et al., 2008) and methylene blue (Kong et al.,
2016). The saturation time observed 90 min and 18 min respectively for
AMX and DCF was considered as equilibrium time at R,4s > 0.10 for the
drawing of the Langmuir and Freundlich isotherms (Figs. 5.a-b). The
parameters of these isotherms are summarized in Table 8. The high

values of the coefficient of determination R? indicate that the two
models of isotherms can express adsorption behavior. However, the
Langmuir isotherm better describes the adsorption of the two pharma-
ceutical molecules. This means that the adsorption occurs on a homo-
geneous surface and the adsorbates are distributed in a monolayer. The
dimensionless separation factor between 0 and 1 proves that the
adsorption of AMX and DCF on the prepared activated carbon is favor-
able. Likewise, the Freundlich coefficient with 1/n < 1 confirms the
adequacy of data adjustment by the Langmuir isotherm (Fytianos et al.,
2000).

Fig. 4.a also indicates strategic values of R,4s. Complete elimination
of AMX (DCF) is recorded for R,gs < 0.075 (Rugs < 0.04) while approx-
imately 80% elimination corresponds to R,gs = 0.25 (Rygs = 0.20) for
AMX (DCF). In addition, for R,4s = 0.10 an elimination of approximately
98% was recorded for both pharmaceutical molecules. Optimal
adsorption of pharmaceutical pollutants might be possible with an
adsorbate-absorbent ratio R,4s = 0.10. Furthermore, the kinetic study
was carried out with these strategic values (Figs. 6.a-f). The results in
Table 9 confirm that the pseudo second-order model best describes the
adsorption of pharmaceutical pollutants (Baccar et al., 2012; Chayid and
Ahmed, 2015). This model is based on chemical adsorption involving
valence forces by sharing or exchanging electrons between adsorbent
and adsorbate (Zhang et al., 2011). Depending on values of rate con-
stant, the adsorption of diclofenac was faster than that of amoxicillin. It
could be explained by the difference in molecular mass and the presence
of radicals in their chemical structure. For the same adsorbate, the value
of K, decreases with the increase of R,y justifying the decrease in the
removal efficiency with the rise in the initial concentration of adsorbate.

4. Conclusion

In this study, coconut shells were used as a precursor to prepare
activated carbon using the chemical method of phosphoric acid activa-
tion. The response surface methodology has proven to be an effective
method of determining the optimal conditions for the synthesis of acti-
vated carbon. The data analysis showed that a minimum temperature of
650 °C and a maximum impregnation rate IR = 2 promote strong iodine
adsorption. However, the optimal solution from the central composite
design corresponds to IR =1.66 and Activation Temperature = 740°C
for a maximum iodine value (930.28mg/g). The results of the physico-
chemical characterization confirm that the activated carbon prepared
has a large microporous specific surface and a better adsorption ca-
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pacity. The adsorption study was tested on two pharmaceutical sub-
stances: amoxicillin and diclofenac sodium. The influencing factors
monitored were the contact time and the initial adsorbate - adsorbent
ratio. A constant equilibrium contact time was observed for high initial
concentrations and the removal efficiency depends mainly on R,g4s. From
isothermal and kinetic studies, it appears that the adsorption of the
molecules studied satisfies the Langmuir isotherm and the pseudo
second-order kinetic model. We noticed that diclofenac was faster
adsorbed than amoxicillin. However, R,43s= 0.10 was the optimal con-
dition for their adsorption. In this study, the experimentations were
conducted in synthetic media. This can be considered as a limit of our
research. Further research should focus on the adsorption behavior of
more drugs on site, in order to validate optimal R,4s for pharmaceutical
wastewater treatment by statistical modeling.
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