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Activated carbon from almond shells using an eco-
compatible method: screening, optimization,
characterization, and adsorption performance
testing

H. Boulika, ©*2 M. El Hajam,? M. Hajji Nabih,? N. Idrissi Kandri® and A. Zerouale®

Activated carbon as a low-cost adsorbent prepared from almond shells using HzsPO, as a chemical activator
and room vacuum pyrolysis as a physical activator, which is considered to be an eco-compatible
preparation process. Experimental design methodology was used to study and optimize the effects of
eight preparation parameters on |, adsorption expressed by the iodine index (mg g™). It was found that
optimum activated carbon was obtained by chemical activation with HzPO4 at first, followed by physical
treatment at 420 °C under a vacuum pressure of —0.8 bar. The obtained activated carbon was
characterized by a thermogravimetric analyzer, scanning electron microscopy coupled to EDX, X-ray
diffraction, and Fourier transform infrared absorption spectroscopy. The zero-charge pH and the
characteristics of surface chemistry by Boehm titration were determined to predict the acid—base
properties of the prepared material. An adsorption efficiency study of crystal violet dye on the optimally
produced activated carbon was carried out. The obtained results of physicochemical characterization
showed interesting properties of our activated carbon in comparison with those produced by other
high thermal stability, and
a disorganized graphitic crystalline structure were revealed. In addition to the carbon and oxygen
elements, EDX analysis revealed the presence of phosphorus element, and the FTIR analysis indicated

methods. Among these properties, an important porous surface,

the existence of phosphonate groups and an acidic character, which resulted from chemical activation
by HsPO4. An iodine index of 824.85 mg g~! was achieved for optimal preparation. Crystal violet
adsorption studies show a pseudo-first-order kinetic process and fit well with the Freundlich isotherm
model, and thus, the predicted adsorption capacity was 364.27 mg g™~

1 Introduction

Since antiquity, activated carbon (AC) has been prepared from
any solid material loaded with carbon.' It is a material known
for its porous structure, thermostability, and especially for its
adsorbent characteristic.” It is increasingly used in the separa-
tion and purification processes of fluid effluents; it is also
applied as a support for catalysts, supercapacitors, electrodes,
and gas storage processes.*”

The control of its texture, porosity, and chemical character-
istics requires the control and optimization of parameters that
influence its production process by physical and/or chemical
activation.®” Typically, the physical activation consists of the
pyrolysis of the precursor material and the activation of the
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resulting char in steam or carbon dioxide. Chemical activation is
a single-step process and is held in the presence of a chemical
activator, such as KOH, NaOH, K,CO;, H;PO,, and H,SO,.5™"*
Physical activation under atmospheric vacuum is slightly re-
ported by literature and presents several advantages such as
a shorter residence time of volatile matter, a more oxidant-
sensitive biochar surface, and high carbon yield.">** Therefore,
it is expected that activated carbon has important properties.'>**
This is attributed to the effect of the vacuum condition that
reduces oxygen in the system, limits the secondary reaction of the
dangerous organic vapor, and avoids environmental pollution by
recovering these gases. Recently, the use of lignocellulosic wastes
as a precursor for the production of activated carbon has
increasingly attracted scientists,>'® such as almond shells that
account for about 50% of almond production and is character-
ized by a high content of lignocellulosic materials and a spongy
structure because of their high volatile content, high fixed carbon
content, low ash content, zero sulfur content, and low nitrogen
content, making it a competitive alternative precursor for the
preparation of activated carbon, as well as its availability and low
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cost compared to conventionally used raw materials, which are
expensive and non-renewable."”

Experimental design methodology (EDM) has become
a method of choice for assessing factors. A preliminary study
using the asymmetric screening design (ASD) of the parameters
influencing the preparation of activated carbon was achieved.
This type of plan is required to obtain preliminary information
on the influence of these variables on the quality of activated
carbon.” They can generally indicate the trend of the obtained
response at various levels of the factors and give indications of
the choice of the experimental field to be studied in the final
optimization stage.'® The important selected factors have been
optimized by the response surface methodology based on the
central composite design to determine the optimal operating
conditions of the system.

In this context, this study contributes to the protection of the
environment by developing activated carbons based on almond
shells via an eco-compatible method involving chemical prepa-
ration and physical preparation via pyrolysis under vacuum. The
optimization of the various factors influencing the preparation of
the activated carbon by experimental design methodology was
achieved. The characterization of the final product made it
possible to prove its thermal stability, morphology, and determine

Table 1 Analysis of variance for the screening section
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its crystallinity, functional groups, surface functions, and pH with
zero charges. The adsorption of a cationic dye, namely, crystal
violet, onto the optimal activated carbon, was conducted.

2 Results and discussion
2.1 Statistical validation of the model

The statistical validation of the proposed model in the prelim-
inary study concerning the most influencing factors on the
preparation of activated carbon by factorial screening design
was based on three main criteria-analysis of variance (ANOVA),
coefficients of determination (R* & R* adjusted), and residue
analysis.”>*?

The results showed that the main effect of the regression is
significant since the probability of significance of the p-value
risk is 0.0524, which is less than 0.1 for 90% confidence level
(Table 1). In addition, the model does not show a lack of fit. The
calculated values of the R* coefficients of determination and the
adjusted R” are 98% and 95%, respectively, and are sufficient to
validate the model since these letters give good agreement
between the experimental and predicted values.

The results of standardized residual distribution (Fig. 1A) are
consistent with those obtained by the analysis of the variance

Source variation Sum squares Freedom degree Medium square Ratio p-value
Regression 5.2803 x 10* 10 5.2803 x 10’ 35.1783 0.524
Residual 7.5051 x 10? 5 1.5010 x 10?
Sum 5.3553 x 10* 10
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Fig. 1 Standardized residual distribution graph (A), Pareto chart of the cumulative weight contribution (B), graphical study of the level factors

influencing the direction (C).
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cited in Table 1; they show that the residues are distributed
randomly as a function of the response Y. Based on these
results, we conclude that the appropriate model is well
validated.

2.2 Study of the effects of the main factors

The results of the experimental design are presented in the form
of a histogram (Fig. 1B). The analysis of the Pareto diagram,
representing the weight of the cumulative contribution of each
factor to the construction of the proposed model, reveals that
88% (red color of the histogram bar) of this contribution results
from the heat physical treatment temperature (B1), vacuum
pressure (B3), chemical activation before the physical treatment
(B7), and chemical activation using phosphoric acid (B8). This
means that the other factors have no significant effect on iodine
index response; therefore, they do not influence the preparation
of activated carbon. The direction of the response variation as
a function of the level factor and their contribution weights
made it possible to construct the histogram of factors and their
direction of influence, as shown in Fig. 1C. It is noted that all
quantitative factors have a positive effect with different contri-
bution weights, while qualitative factors have important effects
on chemical activation by phosphoric acid before physical
treatment; this is in agreement with the results previously
published.?*-%¢

The temperature of the heat treatment has a significant
effect on the preparation of activated carbon since the increase
in this latter leads to the development of pores; therefore, the
structure becomes more porous due to the degradation of
volatile organic compounds,*” which makes it possible to ach-
ieve a high iodine index. The suction of the gases formed during
the heat treatment promotes the kinetics of formation of the
developed activated carbon and makes it possible to avoid the
fixation of these gases on the walls of the pores; consequently,
the porosity is in direct relation with this factor. The chemical
activation of activated carbon before physical treatment facili-
tates carbonization and develops more structural properties by
creating significant porosities in carbon.*® This is due to the
removal of much of the volatile organic matter. The reaction of
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H;PO, with the biopolymers (lignins, hemicelluloses, and
cellulose) results in the formation of biopolymer fragments
crosslinked by phosphate and polyphosphate bridges,* which
accelerates their thermal degradation and leads to high

porosity.

2.3 Composite design optimization

The optimization of the temperature of the heat treatment (B1)
and the suction pressure (B3) (most influential quantitative
factors) on the response was carried out using a central
composite design with three central test points, keeping the
same level as the previous study factors (Table 2).

2.3.1 Model validation. The statistical significance of the
quadratic model equation was evaluated by analysis of variance
(ANOVA) and a Fisher test, showing that the regression was
statistically significant at 95%. The variance due to regression is
much greater than the residual variance (ANOVA 1; p-value =
0.01 < 0.05), which means that there is a link between the
factors chosen and the response. There is no significant
difference between the variance of lack of fit and the variance of
a pure experimental error (ANOVA 2; p-value = 1.68 > 0.05)
(Table 3). The model has a coefficient of determination R* of
0.98 and an adjusted coefficient of determination Rade of 0.96.
The closer the model is to the experimental data, the smaller the
difference between these data and the predicted values. The
distribution of residues according to the response is random
(Fig. 2), which confirms that there is no link between the
sources of variation.*® Based on the results of coefficient esti-
mation and the study of the interactions between the various
factors governing the iodine index response, the mathematical
model representing the Y response as a function of the most
influential factors is expressed by eqn (1).

Y = 565.705 + 114.21x, + 32.78x,
+108.53x,% + 10.19x,2 + 7.93xx, (1)

2.3.2 Optimization by response surface methodology. To
study the effects of the two selected factors (heat treatment

Table 2 Summarizes the experimental areas of factors with the new ratings

Factor Designation Central level (0) Step variation
Heat treatment temperature (°C) Xy 310 110
Vacuum pressure (bar) X, -0.5 -0.3

Table 3 Analysis of variance for the optimization section

Source variation Sum squares Freedom degree Medium square Ratio p-value
Regression 1.18982 x 10° 5 2.37964 x 10* 1776.045 <0.01
Residual 2.38303 x 10° 5 4.76605 x 10>

Lack of fit 2.35623 x 10° 3 7.85410 x 10” 58.6191 1.68
Pure experimental error 2.6797 2 13.3985

Sum 1.21365 x 10° 10

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Level arcs and response surface showing the effect of heat
treatment temperature (X;) and suction pressure (X5).

temperature and suction pressure) on the iodine index, surface
and response methodology were applied; the contour plots are
shown in Fig. 3. The predicted maximum surface area is indi-
cated by the surface confined in the highest arc of the contour
diagram, the optimum point for the surface (Y) indicated by the
model corresponds to 420 °C for the heat treatment tempera-
ture with a suction pressure of —0.8 bar to reach an iodine index
of 824.85 mg g~ .

2.4 Optimally-activated carbon characterization

2.4.1 Scanning electron microscopy-coupled EDX. The
scanning electron microscopic (SEM) observation of the devel-
oped powdered activated carbon shows a heterogeneous and
coarse texture with an irregular and highly porous surface and
a pore diameter of about 10 um (Fig. 4A and B) that could
suggest the presence of mesopores randomly distributed in the
macroporous walls (Fig. 4C).

The results of the qualitative analysis obtained by SEM
assisted by an electronic microprobe (EDX) (Fig. 4D) reveal the
dominant presence of carbon with a small percentage of oxygen

34396 | RSC Adv, 2022, 12, 34393-34403
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and traces of phosphorus. This suggests that this material
consists essentially of graphite carbon; the presence of phos-
phorus is due to activation by phosphoric acid, which has
reacted with the acidic surface functions.

2.4.2 Fourier transform infrared spectroscopy. The anal-
ysis of the infrared absorption spectrum (FT-IR) of carbon
produced under optimum conditions (Fig. 5A) indicated the
presence of functional groups due to the chemical treatment of
the material. The absorption bands at about 2260 cm™ " and
2100 cm ™" are characteristics of the groups corresponding to
the C=C alkynes,*"*> and the band at 1580 cm " is related to
the stretching of the C=C bonds of the olefins (alkenes) and of
the benzyl rings.** A wide band at about 1100 cm™' corre-
sponding to the deformation in the plane of the C-O aliphatic
bonds is attributed to the carboxylic acids.** The phosphonate
groups exhibiting the characteristic absorption band at about
1055 em ! is attributed to the stretching of the P-OH bond.*
The bands at about 990 cm™" and 750 cm ™" are linked to the
vibrations of the C-H bond.?**

2.4.3 X-ray diffraction. The diffractogram of the prepared
activated carbon has a wide peak in the 26 range of 20° to 25°
and another less intense diffraction peak spread between 40°
and 45° (Fig. 5B), which are attributed to amorphous carbon.**®
These two large diffraction peaks are generally attributed to the
graphite crystal planes of the activated carbon in the low angle
region ((002) of the graphite peak) and the radial spread of the
crystal structures in the high angle region ((100) of the graphite
peak).> Consequently, the obtained activated carbon is in the
form of disorganized graphite.

2.4.4 Thermogravimetric analysis. The analysis of the data
from the TG and its first derivative (DTG) of the optimal acti-
vated carbon is noted in Fig. 5C, which shows a first mass loss of
about 14% when the sample is heated to 140 °C due to the
evaporation of trapped water in the pores of the activated
carbon. Notable thermal stability is observed between 140 °C
and 360 °C. A second continuous mass loss noted from 360 °C
to 480 °C is related to the decomposition of the fragments of the
crosslinked acid functions by phosphate and polyphosphate
bridges formed during the chemical activation. A third mass
loss of 38% is revealed between 510 °C and 550 °C, expressed as
an intense differential peak at about 510 °C related to the total
degradation of the activated carbon.

2.4.5 Zero charge pH. The monitoring of the acid-base
behavior makes it possible to plot the curve of the pH of zero
charges of the activated carbon (Fig. 5D). The obtained pHy,. is
4.5; the adsorbent surface is charged positively at a pH lower
than 4.5 and negatively at a pH higher than 4.5. When the pH
tends toward the pH of zero charges, the density of negatively
charged ions on the carbon surface increases.

2.4.6 Acid-base groups of surfaces. The results of the
identification and quantification of the oxygenated groups on
the surface of the material produced using Boehm titration are
detailed in Table 4. They showed that the material produced
was characterized by an acidic surface with a concentration of
1.699 meq g '; however, a presence of 0.52 meq g ' of basic
functional groups was noted.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimally prepared activated carbon characterization analysis: FT-IR spectrum (A), X-ray diffractogram (B), TG and DTG curves (C), pH

determination curve at zero charge (D).

2.5 Crystal violet (CV) adsorption on the optimal activated
carbon

The effect of pH on CV adsorption over a range of 3 to 6 as
a function of time was studied (Fig. 6A). The obtained results
showed that the maximum adsorption was observed at pH = 5
after 20 min. The pHp,. being 4.5, the surface of the activated
carbon produced under the optimum experimental conditions

© 2022 The Author(s). Published by the Royal Society of Chemistry

is therefore negatively charged, which leads to electrostatic
attractions between the positively charged CV molecules and
the pore surface of the negatively charged activated carbon.*>*°
This improves the fixation of the dye molecules into the acti-
vated carbon surface. At pH = 3, the adsorption equilibrium was
not clearly achieved and presents the lowest removal rate as H"
protons compete with positively charged dye molecules by
binding to the surface of the carbon.*

RSC Adv, 2022, 12, 34393-34403 | 34397
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Table 4 Concentration of surface groups of activated carbon deter-
mined by the Boehm method

Oxygen functions Concentration (meq g~ )

Strong carboxylic acid 0.94
Lactone and weak carboxylic acid 0.089
Hydroxyl and phenol 0.67
Total acid functions 1.699
Basic functions 0.52

The obtained results indicate a maximum adsorption
percentage of 91.77% after 30 min of contact for 10 ppm CV
concentration (Fig. 6B). The observed decrease could be
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explained by the saturation of the active pores due to the high
concentration of the dye toward the available adsorption sites.
These results are in agreement with several previous
works,*175438

2.5.1 Kinetic and isothermal adsorption studies. To iden-
tify the kinetic model and the mechanisms of the adsorption
kinetics of CV on AC, two models were used. The modeling
curves are shown in Fig. 7 and 8. The linearity study of the
experimental data and those predicted for the models, and
the value analysis of the kinetic constants, isothermal
adsorption parameters, adjusted coefficient of determina-
tion (Rajd2 >0.99), and the lowest standard deviation between
the experimental and calculated values and probability value
in Tables 5 and 6 shows better agreement with the pseudo-
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Fig. 6 Evolution of the elimination rate as a function of contact times at different pH values (T = 25 °C, m (AC) = 1 g, [CV] = 100 ppm) (A),
evolution in the adsorption rate as a function of contact times at different initial concentrations of the dye (T = 25 °C, m (AC) =1 g, pH = 5) (B).
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Fig.7 Curvesillustrating the kinetic model of adsorption on AC; pseudo-first order (A), pseudo-second order (B), DC =100 ppm (MG), pH =5 for

(MG), T =25 °C.

1 c
—t
13.87  535.39

9e

Ce/Qe
o
(=)
>

0
#Experimental
®Langmuir prevision

Ce (ppm)

2
7

In(q.) = log(14.43)

Ln(qe)
0\
3 -

2 -1 1 2
=+
¢ Experimental Ln(Ce)
@ Freundlich prevision

Fig. 8 Modeling of adsorption isotherms of CV on AC; langmuir (A) and freundlich (B).
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Table 5 Parameters and their validity criteria of the pseudo-first-order and pseudo-second-order model for the adsorption of CV on CA

Adjusted correlation

Kinetic model Parameter Value coefficient Standard deviation p-value
Pseudo-first order Q. (mgg™) 0.9888 0.6579 0.2790 0.0002
K¢ (min™") —3.6333
Pseudo-second order Q. (mgg™) 193.5341 0.9994 0.0062 0.0000
K¢ (min™") 0.0036
Table 6 Parameters of the different isothermal models for the study of the adsorption of CV on CA at 298 K
Adjusted correlation
Isothermal models Parameter Value coefficient Standard deviation p-value
Langmuir Om (mgg™ 535.99 0.4518 0.0310 0.0043
K (L mg™) 0.03
Freundlich 1/n 0.83 0.9660 0.1527 1.1031 x 10"
K¢ (mg g7) 14.43

second-order kinetic model, and thus well describes the
adsorption phenomenon through the establishment of
chemical bonds (interactions) between the adsorbates and
the functional groups on the surface of the adsorbents that
are responsible for the adsorption capacity of the adsor-
bents.*>*® The Freundlich isotherm adsorption model fits the
phenomenon well, and the predicted adsorption capacity by
the validated isotherm model is 364.27 mg g~ '. These results
are competitive with recent research reported on the
adsorption of CV onto activated carbon prepared from the
rubber seed pericarp;®” Rafiee et al. 2020 prepared activated
carbon from a pistachio shell for the adsorption of

a CV, whose maximum adsorption capacity reached
196.08 mg g~ 1.4

Table 7 compares the present preparation method with
other methods of activated carbon from almond shells by the
iodine index as a basic characteristic for the porosity of acti-
vated carbon and the adsorption efficiency toward the organic
pollutants. The highest activated carbon iodine index
(824.85 mg g~ ') and the elimination of organic pollutants are
achieved by the present method. The other methods are
complex and not eco-compatible compared to this work.
Thus, the prepared activated carbon has good properties as
a low-cost adsorbent for water remediation.

Table 7 Comparison study of activated carbon from almond shell by several processes

Todine index

Almond shell origin Preparation method

(mg g™ Adsorption efficiency

Reference

Chemical activation 824.85
phosphoric acid (1% W)
activation agent before

a physical treatment at 420 °©
C under vacuum (—0.8 bar)
Chemical activation
phosphoric acid activation
agent before applying both
conventional heating (500 °©
C) and microwave heating
(500 W) in succession
Chemical activation by

a solution of ZnCl, (30 wt%)
and a carbonization at 850 °©
C under N, flow (40

mL min~")
Microwave-assisted
impregnation
Carbonization under carbon
dioxide flow of 100

cm® min~" at 800 °C with
chemical modification using
NH,

The northern region of
Morocco

Turkey 791

Turkey 638

Iran

Tunisia 414.78

© 2022 The Author(s). Published by the Royal Society of Chemistry

364.27 mg g~ for crystal
violet dye

This study

148 mg g~ ' for methyl blue izgi et al. 2018 (ref. 47)

dye

1.33 mg g * for methyl blue
dye

Aygiin et al. 2003 (ref. 49)

— Teimouri et al. 2019 (ref. 61)

78% Omiri et al. 2013 (ref. 48)
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3 Materials and methods
3.1 Materials

Almond shells were collected from an industrial unit in the Fez
region of Morocco, separated manually from their hull,
washed, dried at 60 °C for 24 h, then crushed and sieved. A
fraction between 3.15 and 1.25 mm in diameter was selected to
be used in the production of activated carbon. Table 8
summarizes the physicochemical characteristics of the used
almond shells.

3.2 Methods

3.2.1 Preparation of activated carbon process. 1 g of the
pre-treated sample was impregnated with stirring in 5 mL of an
aqueous solution of activating agent (1 g: 5 mL), then filtered
under vacuum, and the filtrate was washed with distilled water
until a neutral pH was obtained. The activated sample was dried
at 110 °C for 12 h and then subjected to a physical treatment
using a system developed in the laboratory allowing carbon-
ization under vacuum with the recovery of the resulting polluted
gases by trapping them in distilled water.

3.2.2 Experimental design methodology. For any process, it
is important to know the influence of different physicochemical
parameters (control factors) on the results of the process.
Asymmetric Screening Design (ASD) was used to reduce the
number of total experiments to identify those that influence the
process of preparing activated carbon.”® We studied the effect of

Table 8 Physicochemical characteristics of almond shell raw material

Characteristics Value
Moisture (% wt) 8.82 + 0.74
Volatile matter (% wt) 73.08 £ 0.66
Ash (% wt) 2.55 + 0.21
Fixed carbon (% wt) 15.55 £ 0.44
Extractives (% wt) 12.64 + 0.52
Lignin (% wt) 27.51 + 0.58
Hemicellulose (% wt) 26.73 +1.38
Cellulose (% wt) 30.94 £+ 0.23
Table 9 Screening parameters and study levels

Levels
Factor Designation 1 2 3
Heat treatment temperature (°C) Bl 200 420
Heat treatment time (min) B2 120 240
Suction pressure (bar) B3 -0.2 —0.8
Chemical treatment time (min) B4 60 180
Chemical treatment B5 20 80
temperature (°C)
Chemical activator B6 5 20
percentage (%)
Chemical activation step B7 Before After Without
Chemical activator type B8 KOH H3;PO, HCI
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eight essential parameters and six quantitative factors at two
levels: the treatment temperature, heat treatment time, suction
pressure, chemical activation time, chemical activation
temperature, and chemical activator percentage. The other two
qualitative factors at three levels are the chemical activator type
and the chemical activation step, which leads to a matrix of
sixteen experiments. The response chosen is the iodine index,
which makes it possible to determine the porosity of the acti-
vated carbon and evaluate its quality.”® Factor levels were
selected based on preliminary experiences and previous works
(Table 9).2>2*

Response surface methodology allows the defining of the
optimal experimental conditions to achieve a maximum
adsorption rate (high iodine index). The chosen design is
a central composite with k factors, which comprises Nt tests of
a complete factorial design 2k, NA star tests on the axes, and N,
central tests.”

The regression (eqn (2)) is expressed by the second order
polynomial model:

Y =by+ Zbixi + Zbiixiz + Zbi/‘xij (2)

i i i#j

where Y is the predicted response (adsorption rate), x; is the
independent variables, x; is the interaction between factors i
and j, by is the model constant, b; is the linear coefficient, b;; are
the quadratic coefficients, and b is the cross-product coeffi-
cients. All analyses and calculations (regression, statistical tests,
and graphs) were achieved with Nemrodw software.

The iodine index, expressed in mg g, is the amount of
iodine (in mg) adsorbed by 1 g of the activated carbon in
a 0.02 N aqueous solution of I,. This index describes the
accessibility of any particle of size less than or equal to that of
the molecule I,. Its determination was carried out according to
the CEFIC 1989 method and AWWA B604-76 standard.*

0.2 g of powdered prepared activated carbon was dispersed
in 20 mL of a solution of I, (0.02 N). The mixture was stirred for
4 to 5 min, filtered, and then examined with a 0.1 N sodium
thiosulfate solution (Na,S,03). The iodine index Q;, was calcu-
lated using the following eqn (3)

o Co X C[h X Vi

QIZ _ Mlg X Vads
2 x Vlz

mca

(3)

where C, is the initial concentration of I,, Cy, is the concen-
tration of Na,S,03, Vi, is the volume of Na,S,0; at equilibrium,
Vi, is the volume of I, dosed, M, is the molar mass of I,, V,q4s is
the I, volume, and m, is the activated carbon mass.

3.2.3 Characterization of activated carbon based on
optimal conditions. A JEOL scanning electron microscope,
model it500 HR, was used to observe the morphology of the
sample surfaces. A Panalytical X'Pert Pro X-ray diffractometer
with a Cu-Ka anode of monochromatic source (1.54 A), set to
an operating voltage of 40 kV and a filament current of 30 mA,
was used to determine the crystallinity of the sample. The
diffractograms were recorded between 26 values of 5.0044°
and 60.1834° with a step of 0.0170°. Thermogravimetric
analysis (TGA) of the samples was done using a Q500 thermal
analysis instrument over the range from 25 °C to 600 °C with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a heating rate of 5 °C min~'. Fourier Transform Infrared (FT-
IR) spectroscopic analysis was carried out by a Bruker Vertex
70 FTIR Spectrophotometer. The main functional groups
contained in the sample were determined from the spectra
recorded as transmittance in a range from 400 to 4500 cm ™.
The pH of zero charges (pHp,.) was measured by dispersing
0.15 g of the activated carbon in 50 mL of a solution of sodium
chloride (0.01 M), the pH of each dispersion was adjusted
(from 2 to 12, with a step of 1) by adding sodium hydroxide or
hydrochloric as appropriate. Stirring was maintained for 48 h
using a multi-stirring system at a temperature of 25 °C. The
mixtures contents were then filtered using filter paper (pore
diameter 0.45 pm).>® The nature of the surface functional
groups was determined according to the Boehm method,
which consists of introducing 0.5 g of activated carbon in
different double-walled reactors containing 50 mL of separate
solutions of HCI (0.1 N), NaHCOj; (0.1 N), Na,COj3 (0.1 N), and
NaOH (0.1 N). The mixtures were stirred magnetically at
300 rpm for 48 h at 20 + 2 °C. After filtration, the excess of the
base or acid was titrated respectively by a solution of HCI (0.05
N) or NaOH (0.05 N).*”

3.2.4 Adsorption test of crystal violet on activated carbon.
The optimal activated carbon was dried for 4 h in an oven at
a temperature of 140 °C and then cooled in a desiccator. For
the batch adsorption experiments, 1 g of the activated
carbon was dispersed in one liter of a solution of Crystal
Violet (CV) (C,5H30N3Cl). The mixture was stirred at 250 rpm
at 25 °C for various contact times of up to 120 min. A
preliminary study of the pH effect on the adsorption rate was
investigated by varying the pH from 2 to 6 using a hydro-
chloric acid solution. Different concentrations of CV solu-
tions (10-200 mg L™ ') were selected to study the effect of the
dye concentration on the adsorption rate. Aliquots were
taken from the reaction mixture at different time intervals;
the remaining dye concentrations were determined using
a UV/visible spectrophotometer at a maximum wavelength of
582 nm.

The adsorption capacity g. (mg g~ ) and percent removal (%
R) of the dye were calculated using eqn (4) and (5)

e = GJn—1Q xV (4)
G — C.

% R= C
0

x 100 (5)
where Cy and C. are the initial and equilibrium dye concen-
trations (mg L"), respectively, V is the dye solution volume (L),
and is m the mass of the adsorbent (g).

3.2.4.1 Kinetic models of adsorption. The
adsorption was studied using two models, namely, pseudo-first-
order®® and pseudo-second order.”* The conformity of the
experimental data with the predicted values by the applied
models was expressed by the fitted correlation coefficients
(Rqja’) and the probability value (pyatue)-

e The pseudo-first order model is expressed by eqn (6)

kinetics of

K,
log(ge — 1) = l0g(ge) — 5353 % ! 6)
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where k; is the pseudo-first order kinetic constant (min™?), g,
and ¢, are the adsorption capacities (mg g~ ') at time ¢ and at
equilibrium, respectively, and ¢ is the contact time (min).

e The pseudo-second order model is expressed by eqn (7)

(7)

r 1 n t
4 Kixq? g
where ks is the pseudo-first order kinetic constant (g
mg ' min~"), ¢, and g. are the adsorption capacities (mg g~ ') at
time ¢ and equilibrium, respectively, and ¢ is the contact time
(min).
3.2.4.2 Modeling of adsorption isotherms. The adsorption
isotherm is used to describe the equilibrium distribution of the
dye between the solid and liquid phases at a given temperature
when equilibrium is reached. Langmuir and Freundlich
isotherms were applied to fit the equilibrium data 9. Each
isotherm is expressed by relative constants that characterize the
surface properties and indicate the adsorption capacity of the
material.*

3.2.4.2.1 Langmuir isotherm. Langmuir isotherm model
assumes that the adsorption is monolayer and occurs at the
surface of the solid with identical homogeneous sites.*" It also
suggests that no further adsorption takes place once the active
sites are covered with dye molecules. The saturated Langmuir
isotherm is represented by eqn (9)*°

&1 .G -
qe m X KL~ g,

where C. is the equilibrium concentration (mg L"), ¢, and g.

are the adsorption capacities (mg g~ ') at time ¢ and equilib-

rium, respectively, g, is the theoretical maximum adsorption

capacity (mg g~ '), and Ky, is a constant denoting the adsorption

energy and the affinity of the binding sites (L mg ™).

3.2.4.2.2 Freundlich isotherm. The Freundlich isotherm is an
empirical model assuming that the thermal distribution on the
surface of the adsorbent is non-uniform, corresponding to
heterogeneous adsorption.*? It is expressed by eqn (9)

log(qe) = log(Kr) +i log(Cy) (©)

where C. is the equilibrium concentration (mg L), g. is the
adsorption capacity (mg g~ ") at equilibrium, n; and K¢ (mg g™ )
are the two Freundlich constants giving an indication of the
adsorption intensity and capacity, respectively.*

4 Conclusion

The use of the almond shells as a precursor for the production
of activated carbon by chemical activation using H;PO, before
physical treatment under vacuum is an eco-compatible method,
where the aspired gases are condensed in distilled water to
prevent their release into the environment. Their optimization
by the experimental design methodology was carried out. The
screening of eight parameters to test their influence on the
developed process made it possible to select four factors that
have a very significant influence on the quality of the activated
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carbon prepared. The optimization of these factors was carried
out by fixing two qualitative factors in their optimum, namely,
the chemical activation with H;PO, before the physical treat-
ment and by varying the two quantitative factors by a central
composite design. A physical treatment temperature of 420 °C
and a vacuum pressure of —0.8 bar were adopted and led to
a maximum iodine value of about 824.85 mg g '. Infrared
spectroscopy reveals the presence of acid and phosphonates
groups due to activation by H;PO,. X-ray diffraction shows
a disorganized graphical structure, thermogravimetric analysis
indicates significant thermal stability between 140 °C and 360 °
C, scanning electron microscopy coupled to the EDX reveals an
irregular and porous outer surface as well as the presence of
carbon and oxygen and traces of phosphorus. The surface
groups determined by the Boehm method are acidic with
a pHp,. of 4.5. These characteristics are important indications
of the effectiveness of this newly developed method. The kinetic
and isotherm adsorption studies of crystal violet on the optimal
activated carbon fits the pseudo-first-order model and the
Freundlich isotherm model; thus, the predicted adsorption
capacity is 364.27 mg g " at a pH of 5.
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