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Reactive blue 19 adsorption: optimization, adsorption isotherm and kinetic
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ABSTRACT

The present study reports on the performance of activated carbons derived from cocoa pods impreg-
nated with H,PO, (CCCP) and ZnCl, (CCCZn) on the removal of Reactive blue 19 from a simulated
wastewater. Central composite design, including three factors namely temperature (X,), concentra-
tion of the activating agent (X,) and time (X,) of calcination were used to optimize the production
conditions. From the analysis of variance, the most significant variable was the calcination tempera-
ture. For CCCP activated carbon, optimum conditions were found as follows: X: 600°C, X,: 0.3 M
and X,: 88 min and for CCCZn, they were 600°C, 0.5 M, and 120 min. The experimental values of
iodine number for the both activated carbons were 476.25 and 495.53 mg/g for CCCZn and CCCF,
respectively. It was observed that the experimental values obtained were much closer to those pre-
dicted by the model. The functional groups on the prepared activated carbons were determined
from Fourier-transform infrared spectroscopy and confirmed using Boehm’s titration. X-ray diffrac-
tion analysis showed the presence of amorphous phases in both activated carbons. The scanning
electron microscopy images of both activated carbons showed that the activation stage produced
extensive external surfaces with quite irregular cavities and pores. CCCP and CCCZn showed a
Brunauer-Emmett-Teller surface area of 435.32 and 430.66 m?/g, respectively. Non-linear regression
analysis showed that, equilibrium data were best described by the Freundlich model for CCCP and
Dubinin-Radushkevich for CCCZn. Kinetic studies showed that the adsorption of Reactive blue 19
was better described by the pseudo-second-order model for CCCP, and the Elovich models CCCZn.
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1. Introduction

Water is considered as a precious and limited resource,
which must be managed coherently and rationally. Essential
to life and to all economic activities, water is used for domes-
tic, industrial and agricultural purposes. Its discharge into
the natural environment in the form of effluents, more or
less heavily polluted by heavy metals, hydrocarbons, pesti-
cides and dyes, can have serious consequences in the short
or long term on public health and hygiene [1]. As con-
cerns dyes, they are mostly synthetic and today represent a
large group of chemical compounds.

World production of synthetic dyes is estimated at
800,000 tonne/y. A portion of these dyes, approximately
140,000 tonne/y, is released into the environment during the
manufacturing and dyeing stages of fabrics [2]. Dyes have
many applications in different fields, such as dyeing and
printing on fibers and fabrics of all kinds, coloring of food-
stuffs, as well as colouring of medicines and cosmetics [2].
From a commercial point of view, anthraquinones are the
next most important dyes after azo dyes. Due to their high
stability, they are widely used in the textile field. Reactive
blue 19 belongs to this group of dyes containing the aro-
matic anthraquinone structure. This family of organic com-
pounds is toxic, carcinogenic, refractory and very resistant
to natural biodegradation [3].

Faced with the increasingly marked preponderance of
these agro-industrial discharges, much research has been
directed towards the establishment of efficient depollu-
tion techniques to fix or destroy these pollutants in waste-
water. Some of these techniques include reverse osmosis,
ion exchange, flocculation, membrane filtration, biodeg-
radation, chemical precipitation and adsorption [4]. These
techniques have proven to be effective, but the cost of the
equipment required and the difficulty of implementing
them considerably limit their application [5]. To overcome
these shortcomings, techniques that allow the accumulation
of chemical species on the surface of an adsorbent mate-
rial are increasingly sought.

Activated carbons are carbonaceous adsorbents with
a large specific surface area and a well-developed porous
structure. They are generally prepared by two methods:
by physical activation or by chemical activation. The use
of commercial activated carbons remains limited by their
high purchase price, their dependence on imported and
unavailable raw material such as fossil coal for their pro-
duction; and this has had major economic consequences
[6]. The development of the production of activated car-
bons from lignocellulosic materials is therefore a promis-
ing venture. Large quantities of lignocellulosic materials
are generated daily from agricultural and agro-industrial
activities as biomass wastes. These wastes are available
as an alternative raw material for the production of acti-
vated carbons, thereby mitigating the increasing environ-
mental pollution they cause due to their accumulation.
These assets have therefore prompted increased research
on the production of activated carbons from lignocellu-
losic materials, which are readily available, abundant and
underused. Lignocellulosic materials such as rice waste
[7], olives stones and cotton cake [8], sugarcane bagasse [9]
have been used for the production of activated carbon.

In this study, cocoa (Theobroma cacao) pods were used as
raw materials for the production of activated carbons. This
choice was motivated by the abundance of this biomass.
With a production of between 210,000 and 270,000 ton-
ne/y over the last decade, Cameroon is currently the
fifth-largest cocoa producer in the world [10].

The production of a good quality activated carbon
requires a perfect mastery of the various stages of the syn-
thesis process and the factors that influence this process. In
most of the studies encountered, a factor is set at a certain
level while varying the others in order to determine the opti-
mum preparation conditions. This way of proceeding has
disadvantages such as: the absence of information on the
interactions between the effects of the factors studied, the
large number of experiments to be carried out which conse-
quently requires more time and the use of large quantities
of reagents and energy [11]. Therefore, the surface response
methodology is used to optimize the preparation of acti-
vated carbons and better study the influence of different
variables during preparation.

Several studies utilizing cocoa pods as an adsorbent to
absorb some molecules such as Brilliant green, Rhodamine
B, Methyl orange, Malachite green, Malachite blue, Congo
red, Methylene blue, Remazol violet, Remazol black, Azur
II, Reactive red, Acid violet, Crystal violet, Acid yellow and
Acid blue had been done [12-19]. To our knowledge, none
of them was used to study the kinetics of the absorption
of Reactive blue 19 which is a dye that is reactive, bifunc-
tional, chemically stable, metal-free and highly soluble in
water [20].

Hence, the goal of this study was to utilize empty cocoa
pods as a lignocellulosic material for the production of
highly porous activated carbons by applying response sur-
face methodology (RSM) for the deduce the optimum con-
ditions for the preparation. Furthermore, the kinetic and
equilibrium aspects on the adsorption of Reactive blue 19
onto the resulting activated carbons were modeled.

2. Materials and methods
2.1. Collection and pretreatment of the precursor material

Cocoa pods were used as precursor materials for the
production of activated carbons. They were collected as
waste residue from the harvesting of cocoa, from Santchou
subdivision located in the West Region of Cameroon. The
collected cocoa pods were washed thoroughly with dis-
tilled water to remove dirt from their surfaces, sun dried
and then dried overnight in an oven at 105°C. The dried
pods were cut, crushed, ground and then sieved to obtain
particles of sizes less than 2 mm.

2.2. Chemical activation of the precursor material

The precursor material with particles of diameter less
than 2 mm were impregnated with different concentrations
of solutions of phosphoric acid and zinc chloride. The mix-
tures were stirred for 24 h, then filtered and dried at 105°C
in an oven. The obtained samples were carbonized in an
automatic electric oven (SELECT-HORN) at a tempera-
ture ranging between 400°C and 600°C and time from 30 to



146 A.Z. Mekuiko et al. / Desalination and Water Treatment 300 (2023) 144-157

120 min. The resulting activated carbons were named accord-
ing to the activating agents used as follows: CCCP for car-
bons activated with H.PO, and CCCZn for those activated
with ZnCL,

2.3. Experimental design

RSM is a collection of mathematical and statistical tech-
niques that are useful for modeling and analyzing problems
in which a response of interest is influenced by several vari-
ables simultaneously [21]. A standard RSM design called
central composite design was applied to investigate the com-
bined effect of several variables and to find the optimum
conditions for activated carbon preparation. In this work,
the variables used were (i) calcination temperature (x,); (ii)
concentration of the activating agent (x,) and (iii) calcina-
tion time (x,). The range and levels of these variables are
shown in Table 1. The response was the amount of iodine
adsorbed (Y)).

A second-degree order polynomial was applied to
develop an empirical model which simultaneously cor-
relates the parameters and the targeted response, expressed
as follows:

2 — n
Y =D+ bx, + [Zbiixij + i > bx.x, (1)
i=1 i=1

i=1 j=i+1

where Y is the predicted response, b, is the constant coef-
ficients, b, the quadratic coefficients, bi]. the interaction
coefficients and x, x; are the coded values of the variables
considered.

The statistical software STATGRAPHICS PLUS
VERSION 5.0 was used to analyze the data of the exper-
imental design, analysis of variance (ANOVA) and
regression analysis to fit the equations developed.

Using the central composite design, the total num-
ber of experiments (N) performed were calculated using
the relation (2), given as [22].

N=2"+2n+n =2°+2(3)+4=18 @)

which consists of 2" factorial points, 2n axial points,
and n_central points. The center points were used to deter-
mine experimental error and data reproducibility.

2.4. Physicochemical characterization

2.4.1. Determination of surface functions by the Boehm
method

The acidic surface functional groups such as carbox-
ylics, phenolics and lactonics were determined using the
solutions of the three bases NaOH, NaHCO, and Na,CO,.
In this work, 0.1 g of each activated carbon was introduced
into 30 mL of an aqueous solution of 0.1 M concentra-
tion of each of these 3 bases. The basic surface functions,
were determined by replacing the previous basic solutions
with a 0.1 M solution of HCI. The mixtures were stirred
by means of an Edmund Biithler GmbH multi-station stir-
rer for 24 h at room temperature. After filtration, 10 mL of
each filtrate was titrated using HCI solution for the acid
functions, and the NaOH solution for the basic functions.

Table 1
High and low levels of variables

Variables Low value Center High

(-1) point (0)  value (+1)
Carbonization 400 500 600
temperature X, (°C)
Concentration of 0.3 0.65 1
activating agent X, (M)
Carbonization time 30 75 120
X, (min)

2.4.2. Fourier-transform infrared spectrophotometry

The activated carbons were characterized by infra-
red spectroscopy to identify the functional groups present
on their surfaces. The reflection method used in this work
is that of attenuated total reflection. The infrared spec-
tra of the activated carbons were recorded using a Nicolet
iS5 brand spectrophotometer.

2.4.3. Powder X-ray diffraction

This technique was used to deduce the crystalline or
amorphous structure of the activated carbons. For this pur-
pose, 0.1 g of an activated carbon was placed in a cup, an
X-rays was directed at it and the diffractogram recorded.
The diffraction patterns were recorded using an Empyrean
device (PANalytical, Almelo, Netherlands) with a Cu
ko, radiation (A = 1.540). The scanning was done between
0° to 80°.

2.4.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) was used
to determine the elemental composition of the activated
carbons. The elements making up the activated carbon
samples were then deduced from the peaks generated by
EDX analysis.

2.4.5. Scanning electron microscopy

Scanning electron microscopy (SEM) analysis was
used to determine surface morphology of both the acti-
vated carbons and raw cocoa pods. It was carried out using
SEM analyzer XL30, ESEM, FEI, USA. An electron beam
was used to image samples with a resolution down to the
nanometer scale. The electrons were emitted from a fil-
ament and collimated into a beam in the electron source.
The beam was then focused on the sample surface by a
set of lenses in the electron column.

2.4.6. Brunauer—Emmett-Teller coupled with Barrett—Joyner—
Halenda

The activated carbons prepared had their surface area,
pore volume, and maximum pore radius determined using
a micrometric sorptometer (Thermo Electron Corporation,
Sorptomatic Advanced Data Processing). Prior to anal-
ysis, the sample was degassed for 5 h under vacuum at
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307.13 K. After degassing, the sample was transferred to
the analysis system where it was cooled in liquid nitro-
gen. The Brunauer-Emmett-Teller (BET) specific surface
area of the samples was determined by N, adsorption at
77.13 K; cumulative pore volume was calculated using the
Barrett-Joyner—Halenda (BJH) model.

2.5. Batch equilibrium experiments and analytical method

A stock solution of Reactive blue 19 of concentration
500 mg/L was prepared. Experimental solutions at desired
concentrations were obtained by diluting the stock solu-
tion. The different parameters studied were the pH (varied
between 2.0-8.0), the contact time (0-150 min), and the ini-
tial concentration of Reactive blue 19 (25-80 mg/L). A mass
of 0.1 g of activated carbons was brought into contact with
30 mL of experimental solutions. The mixture was stirred
at 1500 rpm. At equilibrium, the mixtures were filtered,
and the filtrates obtained were analysed using the UV/Vis
spectrophotometer at A value of 418 nm. The amount
(Q,4) of Reactive blue 19 adsorbed was calculated using
the following expression:

_(Ci—CB)V

Qs = @)

m

where C, and C, are the initial and equilibrium concen-
trations of the Reactive blue 19, and V the volume of its
solution, while m is the mass of the activated carbon.

2.6. Modelling theoretical background

In this study, non-linear forms of the two parameter
isotherms models and non-linear forms of kinetic models
were used. Tables 2 and 3 summarize these models.

3. Results and discussion
3.1. Experimental design
3.1.1. Development of regression model equation

Central composite design was used to develop a cor-
relation between activated carbons preparation variables
and the iodine number. The complete experimental design
with their responses is presented in Table 4. This table
shows that the iodine number of CCCP activated carbons
was found to range from 95.17 to 437.80 mg/g, whereas the
iodine number of CCCZn activated carbons ranged from
228.42 to 494.91 mg/g. For both types of activated carbons,
a higher iodine number was obtained at a temperature of
600°C while the smallest iodine number was obtained at
a temperature of 400°C. As a result, the iodine number
increases with the increase in calcination temperature.
Runs 1-4 at the center point were used to determine the
experimental error.

Based on the sequential model sum of squares, the high-
est order polynomials were used for choosing the model,
where the additional terms were significant, and the model
was not biased [31]. For both CCCP and CCCZn activated
carbons, the quadratic model was selected, as suggested by
the software. Egs. (4) and (5) represent the regression model

for the response, iodine number, in terms of the exper-
imental variables.

Y, (CCCP) = -1589.11+ 6.62461X, —382.526X,
+3.00079X, - 0.0051893X? —1.01971X, X,
+0.00264389X X, +586.384X2 —0.150952X, X,
-0.0256262X? )

Y, (CCCZn)=-19.7295 - 0.0221402X, +692.762X,
~2.73907 X, +0.00138221X? - 0.747786 X, X,
+0.000528889X X, —275.615X? +0.453175X, X,
+0.0162257 X ©)

These models can be used to predict the iodine num-
ber for given levels of carbonization temperature (X,), acti-
vating agent concentration (X,) and carbonization time
(X,). The performance of the model developed was eval-
uated based on the correlation coefficients R?. Depending
on the methodology used, a model is validated for a value
of correlation coefficient R? > 75%. In this work, this value
was 88% for CCCP and 83% for CCCZn, indicating there is
a good agreement between experimental data and the pre-
dicted data [32]. This result indicates that 88% and 83% of

Table 2
Non-linear forms of two-parameters isotherm models

Isotherms Non-linear forms References
. _Q,KC,
Langmuir Q.= 1+KC, [23]
Freundlich Q, =K. [24]
Q, =Q, exp(-Kz)
Dubinin-Radushkevich 1 [25]
£=RT ln[l + J
CL’
RT
Temkin Q.=Q, Eln(Ace) [26]
Table 3

Non-linear forms of kinetic models

Kinetics Non-linear forms References
Pseudo-first-order q,=4, (1 - Cik‘t) [27]
Pseud d-ord = m 28

seudo-second-order q, Tekqt [28]

In(a
Elovich q,= ( B)+ln—t [29]
B B

Intraparticle diffusion q, =k t"”+C [30]
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Table 4

Experimental design matrix for optimization using central composite design

Activated carbons preparation parameters Responses
H,PO, ZnCl,
IN'Y, (mg/g) IN'Y, (mg/g)
Run order X, X, X, Exp. value Pre. value Exp. value Pre. value
1 500(0) 0.65(0) 75(0) 228.42 266.26 399.73 430.48
2 500(0) 0.65(0) 75(0) 209.38 219.55 323.59 333.33
3 500(0) 0.65(0) 75(0) 304.56 266.26 342.63 333.33
4 500(0) 0.65(0) 75(0) 342.63 387.58 323.59 333.33
5 500(0) 0.65(0) 30(-1) 152.28 143.42 304.56 354.77
6 400(-1) 0.65(0) 75(0) 114.21 117.29 247.45 255.79
7 500(0) 0.30(-1) 75(0) 342.63 266.26 228.42 301.47
8 500(0) 1.00(1) 75(0) 323.59 288.60 342.63 297.66
9 400(-1) 1.00(1) 30(-1) 133.24 120.57 247.45 262.97
10 400(-1) 0.30(-1) 30(-1) 152.28 197.23 266.49 228.71
11 600(1) 1.00(1) 75(0) 209.38 266.26 399.73 333.33
12 600(1) 0.65(0) 120(1) 304.56 311.44 418.77 438.52
13 400(-1) 1.00(1) 120(1) 95.17 126.28 285.52 295.33
14 600(1) 1.00(1) 120(1) 266.49 272.85 399.73 377.61
15 400(-1) 0.30(-1) 120(1) 171.31 158.64 228.42 232.52
16 500(0) 0.65(0) 120(1) 266.49 231.50 399.73 388.60
17 600(1) 0.30(-1) 30(-1) 418.77 385.16 475.87 459.03
18 600(1) 0.30(-1) 120(1) 437.80 447.97 49491 472.36

X,: Carbonization temperature (°C), X,: Activating agent concentration (M), X,: Carbonization time (min).
Y, and Y,: iodine number (IN), Exp. value: Experimental value, Pre. value: Predicted value.

the variation of iodine number of the CCCP and CCCZn
can be explained by the proposed models.

3.1.2. Analysis of variance

A positive value of a coefficient in Egs. (4) and (5) reveals
a positive effect on iodine number while a negative value
of a coefficient reveals a negative effect on iodine number.
In this regard, one can say that carbonization temperature,
carbonization time, interaction between carbonization tem-
perature and carbonization time and quadratic effect of acti-
vating agent concentration influence positively the iodine
number of CCCP while the other coefficients influence it
negatively. As for CCCZn, carbonization temperature, car-
bonization time, interaction between carbonization tem-
perature and activating agent concentration and quadratic
effect of activating agent concentration influence the iodine
number negatively, while the other coefficients influence it
positively. To evaluate the significance of these effects, the
ANOVA of the quadratic models was done and are listed
in Tables 5 and 6. Values of probability (P-value) less than
0.05 indicate that the model terms are significant while
P-values greater than 0.05 indicate that the model terms
are not significant [33]. In this study, the factors X, and X,
were significant for the iodine number of CCCP while X|
was significant for the iodine number of CCCZn as indi-
cated by the higher F-ratios and P-value less than 0.05 [34].

3.1.3. Response surface, Pareto diagram and main effects of
factors on iodine number

The results obtained are presented by Fig. 1.

Fig. 1 shows the response surfaces, the Pareto diagram
and the influence of the various parameters during the
preparation of activated carbons. For this plot, calcination
time was fixed at zero level (f = 75 min). As can be seen
from this figure, the iodine number generally increases
with increase in temperature. The Pareto diagram shows
that temperature was the most significant factor, while cal-
cination time and concentration of the two activating agents
did not show much effect on the iodine number. This was
expected, because as the calcination time increases, the
more the structure of the raw material becomes porous,
which causes compression on the walls of the various pores
and consequently decreases their volume. Deng et al. [35]
had also found that calcination time did not show much
effect on the surface area obtained for activated carbons
prepared from apricot stones.

3.1.4. Validation of the experimental model

Optimization of the activation parameters was done
using STATGRAPHICS Plus version 5.0 software. The results
are shown in Table 7. The optimal activated carbons were
obtained using the following preparation conditions: 600°C
calcination temperature, 0.3 M phosphoric acid and 88 min
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calcination time for CCCP sample, as well as 600°C calci- Table 6

nation temperature, 0.5 M zinc chloride and 120 min calci-  Analysis of variance for iodine number (CCCZn)
nation time for CCCZn sample. As for the iodine number,
the optimal values were 473.21 and 488.42 mg/g for CCCP ~ Source Sum of squares Df Meansquare F-ratio P-value
and CCCZn, respectively. It was observed that the exper-

X 83,481.10 1 83,481.10 34.86  0.0004*
imental values obtained were in good agreement with X1 36.29 1 3629 002 09051
the values predicted by the model, with relatively small 2 i i ’ ’
errors between the predicted and the experimental values. X 1,304.39 1 1,304.39 o
X2 517.688 1 517.69 0.22 0.6543
Table 5 X X, 5,480.00 1 5,480.00 2.29 0.1688
Analysis of variance using iodine number for CCCP XX, 453152 1 4532 0.02 0.8940
X2 3,088.84 1 3,088.84 1.29 0.2889
Source Sum of squares Df Meansquare F-ratio P-value X, X, 40755 1 407.55 0.17 0.6908
2
X, 9424330 1 9424330 3547 00003 o 2923 1 292535 122 0.3012
X, 2449460 1 2449460 922 o016 K =8%
X, 2,934.71 1 293471 1.10 0.3240
X2 7,296.84 1 7,296.84 2.75 0.1361
XX, 10,190.20 1 1,019.20 383 0.0859 Table7
v Model validation
X X, 1,132.40 1 1,132.40 0.43 0.5322
X2 139815 1 139815 526 0.0510 X X X, Y (mg/g) Error
XX 45.22 1 4522 0.02 0.8994 ° : 0
50 (°C) (mol/L) - (min) 5 value Fit. value (%)
X2 7,296.84 1 7,296.84 2.75 0.1361
A ,296. ,296. . .
R?=88% CCCP 600 0.3 88 495.53 473.21 4.50
DE: Degree of freedom CCCZn 600 0.5 120 476.25 488.42 2.49
T T T T T T I
AC peatue | | | | ©
BiActivating agent concentration —
900 I 300
= B —
(a) | 2 =E
« = = %o
C:Carbonization time \:I %
| [] 3
g |
T R
Standardized effect
AcCarbonizafion temperature | | .
| I =]
= |
©Carhonization fime l:l 5
(b) m|[J £
g |[] £
ac| ] 2
B:Activating agent concentration I
v 2 3 s s
Standardized effect

Fig. 1. Three-dimensional response surfaces, Pareto diagrams: CCCZn (a), CCCP (b) and effects of factors investigated:
CCCZn (c), CCCP (d).
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3.2. Fourier-transform infrared analysis of activated carbons

From the Fourier-transform infrared (FTIR) analysis
it was possible to identify the different functional groups
present on the surface of the activated carbons. The infra-
red spectra obtained for the biomass and the activated car-
bons are illustrated by Fig. 2.

The results obtained show that the functional groups
were not the same in the raw material and activated car-
bons. Some of the functional groups in CCC such as the
O-H stretching vibrations have disappeared. This result
can be explained by the fact that the high temperature in
the activation process broke down some intermolecular
bonds, leading to the disappearance of some functional
groups which were originally present in the raw material.
These include:

3,291.17 ecm™; O-H stretching vibrations;

2,925.12 em™; C-H asymmetric stretching;

Around 1,650 cm™; C=O stretching in esters;

1,028.82 cm™; C-O stretching vibrations in carboxylic
acids, alcohols, phenols and esters.

The spectra of activated carbons CCCZn and CCCP
have the same shape, which means that they have the
same chemical functions on their surfaces. Two peaks are
observed on these spectra:

® Peak around 1,600 cm™; C=C stretching aromatic;

e Peak between 1,250 and 1,000 cm™; C-O stretching
vibrations in carboxylic acids, alcohols, phenols and
esters.

With regards to these spectra, cocoa pods exhibit
hydroxyl functional groups, including hydrogen bonding
(3,600-3,200 cm™), which is much less prevalent in both acti-
vated carbons. The reduction of hydrogen bonding shows
that the phosphoric acid and zinc chloride act as a dehy-
drating agents reacting with the raw materials [8].

—— CCC c-0
——cccP c=C ‘
CCCzn ; 3
Cc=0! |
o H L
) [
= D /V/
] 1 |
= h |
S
Z
2 OH C-H
T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 2. Fourier-transform infrared spectra of cocoa pods and
the activated carbons CCCP and CCCZn.

3.3. Energy-dispersive X-ray spectroscopy

Fig. 3a shows the EDX elemental microanalysis and
the EDX mapping of the raw material. It can be seen from
these that the raw cocoa pods consist only of carbon and
oxygen. The absence of hydrogen is attributed to the EDX
analytical technique which cannot highlight atoms with a
number of protons lower than 4.

Fig. 3b presents the EDX analysis (a-1 and b-1) and ele-
mental mapping (a-2 to a-5, and b-2 to b-5) for the activated
carbons obtained from the cocoa pods biomass; where the
a-series refer to CCCP and the b-series refers to CCCZn,
carbon and oxygen are the main elements found in both
activated carbons, with carbon having the highest per-
centage: 86.7% in CCCZn and 86.9% in CCCP. This result
shows that the carbonized materials, with the high percent-
age of carbon, close to 90% clearly shows that these mate-
rials are indeed activated carbons. The presence of oxy-
gen detected in the EDX spectra of the activated carbons
certainly comes from the numerous surface oxygenated
functions. Moreover, the presence in trace amounts of the
elements P and Zn is due to the residues from the activat-
ing agents ZnCl, and H,PO,. These results are in agreement
with those obtained from FTIR and the surface functions,
which lead to the conclusion that oxygen is the predomi-
nant heteroatom in the activated carbons.

With regard to the EDX analysis, the two activated car-
bons reveal traces of phosphorus (1.2%) and zinc (1.8%).
On the contrary, when looked at from the point of view of
the mapping analyses, there is an unequal distribution of
these two compounds in the activated carbons. showing that
their percentages vary according to the method chosen for
analysis. This inequality can also affect the adsorbent prop-
erties of these two materials because it could lead to a repul-
sion of the pollutant molecules, depending on their nature.

3.4. Boehm's titration results

The surface functionality analysis of activated carbon
was also done by Boehm titration. The results of Table 8
show that, the quantity of acidic groups is higher than the
basic groups on the surface of both activated carbons. The
presence of basic and acidic sites on the surfaces of these
activated carbons gives them a double effectiveness for the
acidic or basic chemical nature of the pollutant to be treated.
These results are in agreement with those obtained from
FTIR and EDX spectroscopies which highlight the presence
of oxygenated groups on the surface of the activated carbons.

3.5. SEM analysis

The SEM analysis was used to determine the mor-
phology of both the activated carbons and the raw cocoa
pods. SEM micrographs of CCCP, CCCZn and raw cocoa
pods are shown in Fig. 4.

The SEM images of CCCP and CCCZn show that the
activation stage produced extensive external surfaces with
quite irregular cavities and pores. These pores result from the
evaporation of the chemical activating reagents (H,PO, and
ZnCl,) during carbonization, thereby leaving empty spaces
[36]. The SEM image of the raw cocoa powder shows that
its surface presents few cavities or voids. This microporosity
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Fig. 3. (a) EDX elemental compositions (a), EDX-mapping (b) and element distribution mapping of C and O (from b-1 to b-2,
respectively) for the cocoa pods. (b) EDX elemental compositions (a-1) and (b-1), mapping analysis (a-2) and (b-2) and elemental
distribution mapping (from a-3 to a-5) and (from b-3 to b-5) of CCCP and CCCZn, respectively.

Fig. 4. SEM images of the raw cocoa powder (A) and the activated carbon samples (B) CCCP and (C) CCCZn.

observed by the SEM results in the raw material can also
be explained by the fact that cocoa pods contain a much
higher content of cellulose and low content of lignin [37].

3.6. X-ray diffraction analysis of powdered activated carbons

The X-ray diffraction (XRD) of the activated carbons
CCCP and CCCZn are shown in Fig. 5. In these figures,

there is a complete absence of sharp peaks in the spectrum
of CCCP. This reveals that activated carbon CCCP prepared
from cocoa pods using phosphoric acid has mainly an amor-
phous structure [38]. On the other hand, the diffraction
patterns of CCCZn shows many peaks: an intense peak at
20 = 37° and several other short peaks at 20 = 31°, 34°, 48°,
56°, 62°, 67°, attributable to the crystalline phases of the
metal. This means that there is an increasing regularity of
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the crystalline structure, which will result in a better align-
ment of the layer.

Furthermore, the crystallinity index (Crl) was calcu-
lated using Eq. (6), to evaluate the impact of activation agent.

Area of all the crystallibe peaks

Crl x100

N Area of all the cristalline and amorphous peaks
(6)

The crystallinity index values of the both activated car-
bons calculated using Origin Pro 2019 software are 60.00%
and 8.34% for CCCZn and CCCP, respectively. These results
thus validate the crystalline nature of the activated car-
bon (CCCZn) obtained by using zinc salt as an activating
agent and the status of amorphous carbon (CCCP) for that
obtained from phosphoric acid. These result are similar
to those reported by Mafo et al. [34].

3.7. BET/BJH analysis

The specific surface area and the pore structure of the
activated carbons were characterized by nitrogen adsorption
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Fig. 5. Powdered X-ray diffraction of CCCP and CCCZn.
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at 77 K. Fig. 6 shows typical N, adsorption-desorption iso-
therms of CCCP and CCCZn activated carbons. According
to IUPAC classification, both isotherms are a mixture of
type I and type IV. From Fig. 6, significant adsorption was
observed from about P/P, = 0.4 with an H, type hysteresis
loop, reflecting the simultaneous presence of micropores
and mesopores [39]. This observation was confirmed with
the structural properties presented in Table 9.

3.8. Adsorption study
3.8.1. Adsorption kinetics modelling

The kinetic models used to describe the adsorption
of Reactive blue 19 are the pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle models. The plots
of the kinetic models are presented in Fig. 7A and B for
both activated carbons. The corresponding constants are
summarized in Table 10.

The results in Table 10 show that the coefficients of
determination of pseudo-first-order, pseudo-second-or-
der and Elovich models are close to unity. These linear
models show that there is competition between chemi-
cal and physical interactions during the adsorption of the
Reactive blue 19. Based on the low values of x? the pseu-
do-second-order and Elovich models better describe the
adsorption of Reactive blue 19 onto CCCP and CCCZn,
respectively. This was confirmed by the low values of their
RSME and HYBRID error functions. Other researchers like

Table 8
Total acid and basic groups on surface of activated carbons

Activated carbons

cccer CCCZn
Carboxylic (meq/g) 0.36 0.36
Lactonic (meq/g) 0.06 0.15
Phenolic (meq/g) 0.36 0.33
Total acid (meq/g) 0.78 0.84
Total basic (meq/g) 0.09 0.15
Character Acid Acid

L

W 02 04 0§ 08 4D
]

pp

Fig. 6. Adsorption—-desorption curves of nitrogen at 77.13 K for CCCP (A) and CCCZn (B).
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Zainal et al. [19] found the pseudo-second-order model as
the best fit for the adsorption of a dye onto activated car-
bon made from cocoa pods and activated with ZnCl,. The
kinetic model of pseudo-second-order highlights inter-
actions of a chemical nature between the adsorbate and
the adsorbent [40]. It reveals that the rate of sorption of
Reactive blue 19 onto CCCP depends on the available active
sites on the activated carbon and the concentration of the
Reactive blue 19 in the aqueous phase [16]. The adsorption
is monolayer and it can be said that chemisorption domi-
nates the adsorption process of Reactive blue 19 onto CCCP
activated carbon. The Elovich model assumes that the
surface of CCCZn activated carbon is heterogeneous [41].

3.8.2. Adsorption isotherm modeling onto CCCP and CCCZn

In this study, equilibrium data were fitted onto four
two-parameter isotherms: Langmuir, Freundlich, Temkin
and Dubinin—-Radushkevich. The plots of the isotherm
models are presented in Fig. 8A and B for both samples.
The corresponding constants are summarized in Table 11.

The results in Table 11 show that all the models can be
used to describe the adsorption of Reactive blue 19 onto
the two activated carbons, CCCP and CCCZn. This is justi-
fied by their high values of the coefficient of determination
R?% The maximum monolayer coverage of Reactive blue 19
onto the different activated carbons elaborated with the
Langmuir model (18.134 and 10.388 mg/g for CCCP and
CCCZn, respectively) is higher than that obtained by De
Luna et al. [42]; who activated cocoa pods with sulfuric acid
for the removal of diclofenac in aqueous solution, and they
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obtained a value of 0.47411 mg/g. Although all the mod-
els have high R? values, the low values of x* and those of
the error functions RSME and HYBRID show that the best
models that describe the adsorption isotherms of Reactive
blue 19 are those of Freundlich for CCCP and Dubinin—
Radushkevich for CCCZn, A similar result was obtained by
Bello et al. [14] for the adsorption of Remazol violet onto an
activated carbon made from cocoa pod.

The results from the Freundlich isotherm model sug-
gest that the adsorption process occurs on heterogeneous
surfaces, with a non-uniform distribution of the heat of
adsorption over this surface, thereby showing multilayer
adsorption [43]. The value of the Freundlich constant n is
greater than 1, indicating that the adsorption is favorable.

The positive values of the adsorption energies obtained
from the Temkin model means that the adsorption process
is exothermic. The low values of the adsorption energy
obtained by the Dubinin—-Radushkevich model ranging
between 8 and 16 kJ/mol, suggest that ion exchange is the
dominant process [43].

3.8.3. Mechanism

There are many active sites involved in the adsorp-
tion phenomena on the surface of activated carbons. These
active sites come from the raw material used and the fab-
rication process of activated carbon. Surface active sites
are mainly oxygenated sites: carboxyl, hydroxyl, quinone,
carbonyl, lactone groups; and optionally amino sites [44].
Regarding CCCP and CCCZn, information provided by the
FTIR analysis and Boehm titration, supplemented by EDX/

Table 9
Parameters of the porous structure of CCCP and CCCZn
Sper Micropore Mesopore
2
(m?/g) Seer Cumulative pore Maximum pore Seer Cumulative pore Maximum pore
(m%/g) volume (cm®/g) radius (nm) (m¥/g) volume (cm?/g) radius (nm)
CCCpP 505.46 495.64 0.1662 0.2856 9.82 0.0131 1.296
CCCZn 483.19 468.97 0.1638 0.2701 14.22 0.0217 1.6822
12 A
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Fig. 7. Plots of non-linear kinetic models for activated carbons CCCP (A) and CCCZn (B).
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Table 10
Non-linear parameters of kinetic models for adsorption of Reactive blue 19 onto CCCP and CCCZn

N° Model Constant Value R? X2 RSME HYBRID
CCCP
1. 134
Pseudo-first-order Q, (mg/g) 913 0.999 0.030 0.158 0.025
K, (min™) 0.690
2. 1
Pseudo-second-order Q, (mg/g) 9-198 0.999 0.002 0.147 0.021
K, (g/min‘mg) 0.528
. mi 7
3 Elovich o (mg/g:min) 35 0.999 0.005 0217 0.047
B (g/mg) 4.568
K .min®s 459
4. Intraparticle diffusion p (mg/gmin®) 0 0.977 0.512 2.160 4659
C (mg/g) 5.658
CCCZn
1. 7.
Pseudo-first-order Q, (mg/s) 566 0.996 0253 0.426 0.226
K, (min™) 0.242
2. 7.987
Pseudo-second-order Q, (mg/s) 0.999 0.006 0218 0.059
K, (g/min‘mg) 0.057
3. mi 965.139
Elovich o (mg/g:min) 0.999 0.005 0.201 0.050
B (g/mg) 1.476
K .min®s 0512
4. Intraparticle diffusion ’ (mg/g-min®) 0.989 0.282 1.434 2.567
C (mg/g) 3.680
Table 11
Non-linear parameters of isotherm models for adsorption of Reactive blue 19 onto CCCP and CCCZn
N° Model Constant Value R? x> RSME HYBRID
CCCP
) Q__ (mg/g) 18.134
1. L max 0.991 0.070 0.808 1.005
angmut K, (L/mg) 0.035
K (L 1.602
2. Freundlich - (L/mg) 0.993 0.055 0.715 0.786
N 1.967
3 Temki a (L/mg) 0308 0.992 0.063 0.767 0.906
. mKin . N . .
b (J/mol) 595.236
Q.. (mg/g) 14.364
4, Dubinin—Radushkevich K (L/mg) 0.003 0.991 0.074 0.832 1.066
E (KJ/mol) 12.909
CCCZn
, Q _ (mg/g) 10.388
1. L max 0.995 0.027 0.433 0.389
angrair K, (L/mg) 0.076
, K, (L/mg) 1.998
2. Freundlich F 98 . . .
reundlic N 2755 0.989 0.068 0.688 0.980
L 0.656
3. Temkin a (L/mg) 0.994 0.033 0.480 0478
b (J/mol) 1039.463
Q... (mg/g) 9.423
4 Dubinin-Radushkevich K (L/mg) 0.002 0.996 0.020 0.377 0.295
E (kJ/mol) 15.811

SEM showed that their surfaces present both acidic and quinone and amine groups and the six electrons of the ben-
basic functions. These chemical functions constitute nucle-  zene nucleus of Reactive blue 19. Fig. 9 shows possible inter-
ophilic and electrophilic sites capable of reacting with the  actions contributing to the mechanism of Reactive blue 19
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Fig. 8. Non-linear isotherms plot of CCCP (A) and CCCZn (B) activated carbons.
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Fig. 9. Possible interactions contributing to the mechanism of Reactive blue 19 adsorption on CCCP and CCCZn.

adsorption on CCCP and CCCZn, knowing that they have
the same surface functions.

Kinetic studies show that there is competition between
chemical and physical interactions during the adsorp-
tion, the main physical mechanisms involved are based
on the Van der Waals forces and hydrogen bonds. Balarak
et al. [45] made similar observations during their work on
adsorption of Acid blue 92 dye from aqueous solutions by
single-walled carbon nanotubes [45]. On the other hand,

n-1u and Ju—7u interactions are observed between the aro-
matic nucleus of activated carbon or with unpaired elec-
trons located at the edge of the sheets of activated carbon.

4. Conclusion

This work was aimed at preparing two activated car-
bons based on cocoa pods by chemical activation. A cen-
tral composite design was conducted to study the effects
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of three activated carbon preparation parameters, which
were the calcination temperature, the calcination time and
the concentration of activating agents, on the iodine num-
ber. Quadratic models were developed to correlate the
preparation variables to the response; the experimental
values were observed to be close to the predicted values.
The optimal activated carbons were obtained using 600°C
calcination temperature, 0.3 M concentration of H PO, and
88 min calcination time for CCCP resulting in 495.53 mg/g
of iodine number. For CCCZn, the optimal conditions were
600°C, 0.5 M, 120 min resulting in 476.25 mg/g of iodine
number. Various functional groups on the prepared acti-
vated carbons were determined from FTIR which was con-
firmed by using Boehm’s titration and EDX analysis. XRD
analysis showed that CCCP activated carbons are amor-
phous while CCCZn activated carbons have a crystalline
structure compared to the crystalline phases of the metal.
The SEM images of both activated carbons showed that the
activation stage produced extensive external surfaces with
quite irregular cavities and pores. CCCP activated carbon
showed a BET surface area of 435.32 and 430.66 m?/g for
CCCZn. The kinetic models used to describe the adsorp-
tion of Reactive blue 19 were the pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle models.
Kinetic studies showed that the pseudo-second-order and
Elovich models better describe the adsorption of Reactive
blue 19 onto CCCP and CCCZn, respectively. Equilibrium
data were fitted by four two-parameter isotherms. The
best models used to describe the adsorption isotherm of
Reactive blue 19 are those of Freundlich and Dubinin-
Radushkevich for the activated carbons CCCP and CCCZn,
respectively.
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