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ABSTRACT

The aim of this work is the study of phenol adsorption in aqueous medium onto raw red clay (RRC)
and treated red clay (TRC) from the Draa-Tafilalet region. The treated clay was obtained by two
attacks, the first with hydrogen peroxide and the second with hydrochloric acid. The two samples
were characterized by various physico-chemical methods, namely fluorescence-X, Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis, differential
thermal analysis, and Brunauer—-Emmett-Teller technique. These methods indicate that the clay is
mainly composed of silica, and alumina, for which chemical treatment is justified by the elimina-
tion of carbonate and the increase in a special surface area from 40.962 for RRC to 64.264 for TRC.
Phenol adsorption tests showed that equilibrium was reached after 200 min of agitation for adsor-
bents at different temperatures (30°C, 40°C, and 50°C), with maximum adsorption yields equal to
3.53 for RRC and 4.88 for TRC. The non-linear modeling indicates that the pseudo-second-order
model describes the adsorption kinetics. In contrast, the corresponding adsorption isotherms follow
the Langmuir and Redlich-Peterson models for the two adsorbents. This shows that the adsorp-
tion is done initially on the monolayer and then moved on to the multilayer. FTIR and XRD anal-
ysis of the adsorbents after adsorption show that the phenol was adsorbed and penetrated into
the interlayer space, resulting in an expansion of the interlayer space.

Keywords: Adsorption; Phenol; Isotherm; Kinetic; Mechanism; Non-linear model

1. Introduction Water resources are scarce, and the amount of water used
for domestic and industrial purposes is increasing. The
discharge of domestic garbage and untreated indus-
trial wastewater into water bodies is the main source of
water pollution. Therefore, the treatment and reuse of

The problem of water and soil pollution was not as
serious in the past as it is now. Due to the development of
industry, this problem began with the Industrial Revolution.
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wastewater are the ultimate solutions to this problem. The
State Environmental Protection Administration of China
has classified organic compounds in water [1]. Phenol has
low solubility, low ionization capacity, and low vaporiza-
tion pressure [1]. In general, phenols are considered prior-
ity pollutants because they are harmful to organisms at low
concentrations and many have been classified as dangerous
pollutants due to their harmful effects on human health.
The United States Environmental Protection Agency (EPA)
requires a reduction of the phenol content in wastewater to
less than 1 mg/L [2].

The different water treatment technologies used to
remove phenolic pollutants are destructive processes such
as destructive oxidation with ozone [3], hydrogen peroxide
[4], or manganese oxides [5], and recovery processes such
as adsorption by porous solids [6], membrane separation [7]
and solvent extraction [8]. For the treatment of the aqueous
phase by adsorption, activated carbon is the most widely
used adsorbent. However, it is very expensive and has high
operating costs [7]. Therefore, in recent years, considerable
attention has been paid to the study of different types of
low-cost materials in order to remove pollutants from the
water phase. Many researchers have studied the adsorption
of phenol on clays. Indeed, according to the chemical com-
position and the crystalline structure, clays can be classi-
fied into several families, the most important of which are
the kaolinite family, the illite family, and the smectite family,
which have the highest adsorption capacity [9-11].

In contrast, the physical and chemical properties of nat-
ural clays, such as cation exchange capacity, specific sur-
face area, porosity and surface acidity, are closely related to
their atomic structure, intercrystallite texture and chemical
composition. These properties are often modified in order
to obtain a very specific adaptation to a well-defined use.
Substitution of exchangeable cations (cation exchange)
[12-14], insertion of organic molecules [15] and treatment
by the acid attack are increasingly practiced on clay mate-
rials [16-21]. Clays activated by the acid attack are gener-
ally used for the preparation of bleaching earth [22-25] and
acid catalysts [23,26-31]. The effect of the attack by sulfu-
ric acid on the physico-chemical characteristics of clays is
very dependent on the treatment conditions (concentration
of the acid, temperature, contact time, etc.). The use of the
concentrated acidic solution at relatively high tempera-
tures for long periods generally leads to deep destruction
of the crystal lattice of the clay with the formation of a sig-
nificant amount of amorphous silica. The attack of the clay
by the acid takes place according to a well-defined mech-
anism, which begins with the adsorption of sulfuric acid
on the surface of the solid to lead to the substitution of the
exchangeable ions by the protons. The exchanged protons
then diffuse towards the active sites of the treated solid
where the chemical reactions take place (cutting of existing
chemical bonds and formation of other bonds). The solu-
ble products of these chemical reactions are subsequently
desorbed in the liquid phase [32,33]. The chemical attack is
accompanied by the gradual dissolution of the solid, which
can then lead to dislocation, or even the collapse, under
severe attack conditions, of the crystal lattice and the for-
mation of amorphous silica [34,35]. The structural cations of
the clay (AI**, Mg?*, Fe*) are replaced, during the acid attack,

by H* protons to lead to a substantial increase in the surface
acidity of the clay.

The aim of this study is the valorization of raw red clay
(RRC) and treated red clay (TRC), by the chemical process
using H,0, and HC], in the retention of phenol in aqueous
solution using adsorption experiments, red clay has proven
to be particularly efficient at removing phenol from waste-
water [36,37]. Before their use, the adsorbents were charac-
terized by X-ray fluorescence, Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermograv-
imetric analysis/differential thermal analysis (TGA/DTA)
and Brunauer-Emmett-Teller (BET). In order to better divine
the experimental kinetic and isothermal data for the adsorp-
tion of phenol onto RRC and TRC, the linear and non-linear
forms of the different kinetic and isothermal models were
used. The R? (coefficient of determination), the Ag (%) (stan-
dard deviation) and the x? (chi-square) of the tests were cal-
culated to determine the validity of the different forms of
these models. The mechanism investigation was discussed
by studying the adsorption isotherms, as well as the anal-
ysis of the adsorbents before and after the adsorption of
phenol by FTIR and XRD.

2. Materials and methods
2.1. Raw and treated clay

The clay used for this work was taken from the Atlas of
Morocco (Goulmima). The clay is crushed and sieved using
a sieve with known openings. Only particles smaller than
315 um are retained. The chemical treatment of raw clay has
undergone two physical and chemical steps: the first physical
step is to disperse 50 g of raw clay in 3 L of deionized water
and stir the mixture at room temperature for 3 h (20°C-22°C).
At this stage, the particles no longer flocculate but are in the
form of a suspension. The suspension is allowed to stand
for 6 h for precipitation. After standing for 6 h, carefully, we
sucked out the suspension of 15 cm above the sediment. This
operation is repeated two more times. The second (chemical)
step proceeds: After the clay is recovered, it is dispersed in
30 mL of hydrogen peroxide H,0O,, and then heated to 70°C
for 30 min, and then hydrogen peroxide (H,0,) removes
organic matter. At a temperature of 25°C, the ratio of 10 g
clay/100 mL solution of hydrochloric acid (5 mol/L) was
treated for 3 h. The clay/acid mixture is separated by cen-
trifugation. The solid phase was washed twice with hot dis-
tilled water to remove excess acid impregnated on its outer
surface, dried in an oven at 80°C for 48 h, crushed, and
then stored away from moisture until the moment of use.

2.2. Characterizations of samples

X-ray fluorescence was performed using an “Axion”
type X-ray fluorescence spectrometer with a 1 kW wave-
length dispersion. This chemical analysis was performed at
the UATRS Laboratory, CNRST in Rabat. XRD patterns were
reported using an X’PERT MPD PRO wide-angle X-ray pow-
der diffractometer provided with a diffracted beam mono-
chromator, and Ni filtered CuKa radiation (A = 1.5406 A).
The 20 angle was scanned between 4° and 30° range with
a counting time of 2.0 s at steps of 0.02°. RRC and TRC
were characterized by using a Fourier-transform infrared
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spectrometer (VERTEX 70). Samples were prepared in KBr
slices in the usual way from very well-dried mixtures of
approx. 4% (w/w). The FTIR spectra were recorded from
4,000 to 400 cm™ and the thermogravimetric analysis/differ-
ential thermal analysis analyses were performed under air
atmosphere in a simultaneous LABSYS evo TGA/DTA ther-
mal analyzer. The samples were heated linearly (T = T, + B-t)
from room temperature to 900°C at the heating rate 20°C/min.
Nitrogen adsorption measurements were obtained using a
Micromeritics ASAP 2010 (Bruker Co., Germany) to obtain the
textural parameters. The cation exchange capacity (CEC) was
determined by using the cobaltihexamine chloride method
[38], which is based on the measurement of the Co remain-
ing in the solution after the exchange of [C (NH,),J** ions.

2.3. Batch adsorption experiments

0.2 g of each type of adsorbent is introduced into a 50 mL
bottle containing 20 mL of phenol. The initial phenol con-
centrations are between 10 and 50 mg/L for the raw red clay
(RRC) and treated red clay (TRC) adsorbents. The kinetic
study was carried out without pH adjustment. The sus-
pensions were stirred using a rotary stirrer at 250 rpm. The
samples are taken at a well-defined time interval. The super-
natant obtained after centrifugation was filtered and then
analyzed using a visible UV spectrometer at 270 nm. The
residual concentration of C, is determined from the UV/vis-
ible spectrometer calibration curve. Eq. (1) is used to deter-
mine the amount adsorbed:

Qads = ‘ =X ‘/sol (1)

adsorbent

where Q_,: adsorption capacity (mg/g), C,: initial concen-
tration (mg/L), C: residual concentration (mg/L), m: mass of
adsorbent (g) and V_ : volume solution (L).

sol”

2.4. Kinetic and isothermal modelling

To determine the phenol adsorption mechanism in both
samples, experimental data were mounted using linear and
non-linear models, respectively. In fact, the modeling of
the adsorption kinetics was carried out by the pseudo-first-
order, pseudo-second-order, and Weber and Morris [39,40].
Adsorption isotherms are helpful in understanding the
mechanism of adsorption. Although several isotherm equa-
tions are available due to their simplicity, in this regard,
research has proposed many isotherms that are based on
the adsorption system, including Langmuir, Freundlich,
and Redlich-Peterson. In this study, the adsorption was per-
formed using non-linear adsorption models by varying the
initial concentration to assess the relationship between the
amount of phenol adsorbed on the adsorbents and their equi-
librium concentration in aqueous solution. The equations
of these three modules [41]:

Pseudo-first-order: ln(qt, - q,) = ln(qt,) -kt;q,=q, (1 —e )(2)

2
fog =l )

t 1 1
+ =
qkt+1

Pseudo-second-order: —=— -
9, q.k, 4.

Weber and Morris: g, =k, Jt+ C, 4)
Langmuir: C - + C ;q,= 4uKiCe (5)
qe KLqm qm 1+ KLCK’

Freundlich: In(q,)=1In(K, )+ 1ln(Ce) ;q, =K. C" (6)

n

B

Redlich - Peterson:g = 1 + g ;
9. A 4,
AC
q,=—— 5 with A=K, (7)
1+K(C,)

Where g : adsorption capacity at equilibrium (mg/g);
C, (mg/L): residual concentration at equilibrium and K, -(L/mg)
represent the ratio between the adsorption and desorption
rate constant. k, and C are the intraparticle diffusion rate
constant and the layer thickness, respectively. K, and n are
Freundlich’s constants that express the adsorption capacity
and the intensity, respectively. K and B (0 < <1) are the R-P
constants.

The calculation of error confirmed the efficacy of these
model analyses, such as the determination factor (R?), stan-
dard deviation [Ag (%)] and the quantification analysis

() [41]:
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3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. X-ray fluorescence

The chemical composition is given as a percentage of the
oxides’ mass. The results obtained for RRC and TRC, pre-
sented in Table 1, show that SiO, and Al O, are the main con-
stituents of the two samples. The SiO, content (72.42% after
treatment with HCI) increases, and the content of AlO,, MgO
and Fe,O, decrease. The decrease in the content of Fe,O, and
MgO is significant. The Na,O and K,O content in the solids
remain almost constant during processing. The presence of
these elements in the sample, and a significant amount of Al
is due to the persistence of silicate alumina phases such as
illite, kaolinite and impurities such as feldspars, which are
insoluble in acid solutions [42]. The elimination of carbonates
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Table 1
Chemical composition of raw red clay and treated red clay

99

Oxide/Mass (%) Si0, ALO, CaO

MgO

Fe,0, K,0 Na,0 TiO LO.L

52.9
72.42

15
7.41

4.67
0.05

431
2.05

Raw red clay
Treated red clay

7.16
4.12

5.59
5.75

0.283
0.280

0.652
0.30

8.78
7.62

L.O.L: Loss on ignition

and organic matter by chemical treatment is justified by
the reduction of the loss of ignition from 8.78% to 7.62%
and the calcium oxide content from 4.67% to 0.05%.

3.1.2. Fourier-transform infrared spectroscopy

The infrared spectra recorded for RRC and TRC pre-
sented in Fig. 1 show the absorption bands of hydroxyl
groups (OH), the Si-O bond and M-OH (with M = Al, Mg,
Fe). The comparison of the spectra obtained with those in
the literature reveals similarities, which easily allowed us to
assign the frequencies of vibration observed. The bands at
3,420 and 1,640 cm™ correspond, to the valency and defor-
mation vibration of water used in the hydration of clay
[43]. Deformation bands appear around 520 cm™ for Si-O-
Al vibration and 465 cm™ for Si-O-Si [44,45]. The infrared
spectrums contain additional bands at 780 cm™, revealing
the presence of the quartz [43], and a band at 1,420 cm™ cor-
responding to the carbonate. In addition, we note the pres-
ence of an intense broadband centered at 1,020 cm™ that can
be assigned to the Si-O vibration of the tetrahedral sheet.
The comparison of FTIR spectra of RRC and TRC indicates
the disappearance of certain absorption bands of the RRC
spectrum, mainly the band located at 1,420 cm™, follow-
ing the disappearance of impurities; these results confirm
that of the chemical analysis.

3.1.3. X-ray diffraction

The constituent phases of clay minerals, as well as the
structural changes resulting from acid treatment, were
evaluated by XRD analysis. The results are shown in Fig. 2.
Indeed, the diffractogram of RRC indicates that the latter
is mainly composed of illite, kaolinite quartz, calcite, dolo-
mite, and feldspar. The chemical treatment process causes
the degradation of calcite and dolomite [46]. However, it
improves the peak of illite. Basal quartz thoughts persist, but
their intensity decreases significantly. After treatment, TRC
is relatively depleted in organic matter and carbonate. From
the TRC spectrum, we also notice that the acid concentration
used did not destroy the crystal structure of the clay.

3.1.4. Thermogravimetric analysis/differential thermal
analysis

The thermal analysis of RRC and TRC confirms the
results obtained by other analysis techniques, particularly
XRD and FTIR. The thermogravimetric analysis curves
(Fig. 3) make it possible to follow the loss of adsorbent mass.
Three mass losses are observed for RRC and only two for
TRC. Moisture water loss occurs at 75°C and 98°C, inter-leaf
water loss occurs at 167°C and 274°C. RRC decarbonisation
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Fig. 1. Fourier-transform infrared spectra of raw red clay and
treated red clay.
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Fig. 2. X-ray diffraction spectra of raw red clay and treated
red clay.

occurs at 775°C. This loss does not appear for the TRC sam-
ple; it can be explained by the removal of carbonates by
the acid treatment. In addition, endothermic peaks around
559°C-575°C were due to the transformation of a quartz
into B quartz [47].

3.1.5. Brunauer—Emmett-Teller

The specific surface area and pore size distribution
of adsorbents are among the most important parameters
describing the quality of adsorbents because they directly
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Table 2
Textural characteristics of raw red clay and treated red clay

Brunauer-Emmett-Teller
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affect their ability to retain analytes. The BET area, the pore
size, and the total pore volume obtained from the analyses
(Table 2) were 40 m*/g, 136.15 A, 01217 cm?/g and 64 m?/g,
31.90 A, 0.0402 cm¥/g, respectively for RRC and TRC. The
isotherms obtained in Fig. 4 are type IV. According to the
International Union of Pure and Applied Chemistry classi-
fication, it is accepted that they are characteristics of mes-
oporous solids. H,-type hysteresis characterizes porous
solids whose pore size, distribution, and shape are not uni-
form. The increase in the BET surface area of TRC indicates
that the porous texture has changed. Usually, this increase
results from the action of the acid, which causes the impu-
rities to dissolve and the replacement of the exchangeable
cations by protons. This phenomenon causes the departure
of the elements AI**, Mg? and Fe®" from octahedral or tet-
rahedral sites. Thus, the empty spaces occupied by these
metals give rise to micropores.

3.1.6. Cation exchange capacity

The analysis of CEC indicates that RRC has a lower
CEC (16.64 meq/100 g) than TRC (21.74 meq/100 g). Indeed,
the chemical treatment of RRC using the HCI solution was
accompanied by a substantial gradual increase in the amount
of SiO, and a decrease in that of ALO,. The increase in CEC
can be interpreted as resulting from the disaggregation

Specifi f Vol Diamet
af::l(rlrfz/su)r ace (C;l:?)e ( Al;)ame “ of clay platelets by the acid attack. The mineral impurities
& 8 responsible for the aggregation of platelets would act in two
Raw red clay 40.962 0.1217 136.15 ways: on the degree of division of the grains on the one hand
and the spacing of the layers on the other hand. This would
Treated red clay 64264 0.0402 31.90 limit access to all exchange sites by blocking and inhibiting
—&— Adsorption; —e— Desorption
304 "1
80 . ! 8,0E-41 {
T ‘ I "g 6,0E-4 :
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Fig. 4. N, adsorption/desorption isotherms of raw red clay and treated red clay.
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the phenomenon of bloating. In the first heating stage, the
moderately active acids could dissolve these impurities
and allow the leaflets to spread apart, thus accessing more
exchange sites. The same phenomenon occurs during acti-
vation by strong acids. In this case, the increase in the CEC
value is brief because of the rapidity of the attack kinetics of
the mineral impurities contained in the clay. In conclusion,
we can promote access to an additional number of exchange
sites, increasing the apparent value of the CEC.

3.1.7.pH

pzc

Fig. 5 shows that the pH_ of RRC and TRC equals 7.8
and 4.94, respectively. The overall surface charge is positive
for solutions with a pH lower than these values and negative
for solutions with a pH higher than pH_ . To interpret our
results, we compare them with the mechanisms proposed by
Yariv et al. [48,49] to explain the fixation of phenol on the
surface of clays. At pH greater than pH  and above pKa
(= 9.89), the dissolution of phenol in water releases ions of
a negative charge (phenolate ions). In this case, phenol is an
ionic compound, so electrostatic repulsive interactions take
place between the phenolate ions and the adsorption sites
(Fig. 6). In the second type of interaction, since the adsorbate
and the adsorbent have the same sign of charge, compensat-
ing ions of opposite charges present in the clay or solution
can form bridges between the adsorbate and the adsorbent.

On the contrary, at a pH below pH_, the phenol and
silanol groups on the surface of the adsorbent were in pro-
tonated form, allowing the adsorption of the phenol mole-
cules to the surface silanol groups by the hydrogen bond.
On the other hand, aluminol has an amphoteric character; in
an acidic environment, it plays the role of a base. Therefore,

12 * - Blanc; * RRC; = TRC
Tt
>*.
(i W * 7.80
8 - * e s
S *******
" »*
:E_e_ % il o S INIIAIVE s
*\
4 ,/’/):***
4.04 e KR
Rl = = S
2 - F*H Pt
T T T T T T T T
o 200 400 600 800 1000 1200 1400 1600
VeeiaHL)
Fig. 5. pH__of raw red clay and treated red clay.
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Fig. 6. Illustration of the adsorption mechanism of phenol by
electrostatic forces.

it can be attracted by electrostatic attraction (Fig. 7). A sec-
ond involves a hydrogen bond between the water hydra-
tion molecules of the interfoliar cations and the functional
group of phenol.

3.2. Adsorption study
3.2.1. Adsorption kinetic

In order to see if equilibrium was reached, the phenol
adsorption onto RRC and TRC was studied vs. the contact
time at different temperatures (30°C, 40°C and 50°C) (Fig. 8).
The results indicate that the amount of phenol adsorbed by
RRC and TRC increases during the first-time interval for
the three temperatures studied. However, this increase was
marked early in the reaction, after the extent of adsorption
gradually decreased. Initially, many active sites were avail-
able on the adsorbent surface; and a significant increase in
adsorption occurred, but these sites became occupied over
time, making adsorption slow [50]. Equilibrium was reached
for the adsorption of phenol on the two samples (RRC and
TRC) after 200 min of contact for all temperatures. The phe-
nol may have adsorbed to the surface. These results also
indicate that the amount of phenol adsorbed on TRC is
high, which shows the value of treating the clay with acid.
This increase can be explained by the positive charge of the
TRC surface at pH = 4, which comes into contact with the
nucleophilic groups through electrostatic interactions and
hydrogen bonds. The amount of phenol adsorbed on both
adsorbents increases with increasing temperature, indicat-
ing that the process is apparently endothermic. This can be
explained based on hydrogen bonding. In aqueous solu-
tions of phenol, there is a strong hydrogen bond between
the phenol molecule and water, resulting in appreciable
solubility. These hydrogen bonds break at higher tempera-
tures, making the phenol less soluble and, therefore, exhibit
a higher tendency to attach to the surface of the adsorbent
instead of remaining in solution [51]. Similar results have
been found in other studies [52]. The increase in adsorption
capacity suggests that the active surface centers available for
adsorption increased with increasing temperature [53].

The modeling of the phenol adsorption kinetics on
the two solids was performed by linear (not shown) and
non-linear (Fig. 8) pseudo-first-order and pseudo-second-
order models. Table 3 gathers the parameters of the two
forms (linear and non-linear) of these two models. Indeed,
a weak correlation was obtained for the linear and non-
linear form of the pseudo-first-order model for the two sol-
ids. Therefore, indicate that the adsorption of phenol on

Fig. 7. Illustration of the adsorption mechanism of phenol by
hydrogen bonds.
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Table 3

Kinetic parameters of linear and non-linear modelling of phenol adsorption at different temperatures onto raw red clay and

treated red clay

Sample Raw red clay Treated red clay

Models Linear equations Non-linear equations Linear equations Non-linear equations
(op (ME/B) 1.88 2.44 3.53 188 244 353 3.66 4.05 488 366 405 4.88
T (°C) 30 40 50 30 40 50 30 40 50 30 40 50

PFOM g, (mg/g) 1.59 1.94 2.22 180 213 333 5.07 0989 633 3814 4157 5.066
K, (min™) 0.017  0.014 0.022  0.032 0.070 0.045 0026 0026 0.022 0.013 0.020 0.012
Aq (%) 36.76 9291 120.15 7596 6.83 9438 218 189 292 3.67 605 8.80
X2 -4.278 -3210 -2939 0.059 0.076 0179 =330 -204 -10.10 0.032 0.086 0.179
R? 0914  0.540 0805 0970 0960 0.943 0.801 0.609 0.790 0.993 0.983 0.981

PSOM g, (mg/g) 2.00 2.42 3.75 198 222 356 4.54 4.48 6.07 4733 4796 6.368
K, (g/mgmin)  0.023  0.022 0.013  0.027 0.06 0.021 0.003 0.008 0.002 0.003 0.005 0.002
Aq (%) 4.55 11.843 8553 3.836 5329 6424 771 1113 729 711 947 7179
X 0.442  2.347 0.903  0.015 0.046 0.083 1.86 2.49 1289 0.097 0.210 0.143
R} 0.999  0.988 099 0993 0976 0975 0980 0987 0981 0980 0.960 0.978

the two adsorbents does not follow the kinetics of pseudo-
first-order. The linear and non-linear forms of pseudo-sec-
ond-order kinetic models were applied to the experimental
data. The correlation coefficient (R?) values of RRC and
TRC, found are close to 1, indicating the best fit of this
model on the phenol adsorption data. The theoretical
results obtained for the quantity of phenol adsorbed at
equilibrium are better suited to the experimental data for
pseudo-second-order kinetics that can be explained by the

low values of Ag. For the adsorption of phenol to the two
adsorbents, the pseudo-second-order model can describe
the adsorption method quite appropriately compared
to the pseudo-first-order model.

3.3. Intraparticle diffusion

The results of the intraparticle diffusion model are
shown in Fig. 9, and in Table 4, the plots of the lines do
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Fig. 9. Intraparticle diffusion model for phenol adsorption onto raw red clay and treated red clay.
Table 4
Parameters of the intraparticle diffusion model equations
Sample Step 1 Step 2
T (°C) k, (mg/g-min) C, RZ SD k,, (mg/g-min) C, R} SD
Raw red 30 0.069 091 0.977 0.004 0.015 1.61 0.998 6.22e-6
clay 40 0.0158 1.825 0.981 8.026e-5 0.053 1.353 0.725 0.018
50 0.045 2.46 0.991 3.12e-4 0 3.53 1 0
Treated red 30 0.311 -0.470 0.998 0.010 0 3.658 1 0
clay 40 0.428 -0.553 0.969 0.095 0 4.049 1 0
50 0.363 -0.226 0.978 0.129 0 4.881 1 0

not go through the origin, which means that the adsorp-
tion involved the intraparticle diffusion does not consti-
tute the step limiting adsorption. Other kinetic models can
control the rate of adsorption [54].

Observation of the figures shows that the adsorption
takes place in two stages: adsorption on the surface of the
materials and then intraparticle diffusion. The first step,
being faster than the second, is attributed to the adsorp-
tion on the external surface; it corresponds to the diffusion
in the boundary layer of the solute molecules, the adsor-
bate migrating from the solution to the external surface of
the adsorbent. The second part is attributed to intraparti-
cle diffusion, which determines the speed of control of the
adsorption mechanism. Intraparticle diffusion slows down,
leading to maximum adsorption and a very low concen-
tration of adsorbate in solution. The values of intercept C

(Table 4) give an idea of the thickness of the boundary layer,
the larger interception, the greater boundary layer effect.

3.4. Equilibrium isotherm

Fig. 10 represents the plot of g, vs. C, at different tem-
perature values (30°C, 40°C and 50°C) using the experi-
mental value and predicted by non-linear models. Table 5
shows the values of the parameters of a non-linear Langmuir,
Freundlich and Redlich-Peterson model.

3.4.1. Langmuir isotherm

The R? values of RRC and of TRC were considered
satisfactory, showing the suitability of the model on the
adsorption experiment. The dimension less constant R, is
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Fig. 10. Phenol adsorption isotherm onto raw red clay and treated red clay at different temperature with, non-linear fit of
Langmuir, Freundlich and Redlich—Peterson models.

Table 5

Model parameters for the phenol adsorption onto raw red clay and treated red clay at different temperatures

Model Sample Raw red clay Treated red clay
T (°C) 30 40 50 30 40 50
Langmuir q, (mg/g) 28.152 30.232 34.844 37.650 46.791 49.971
K, (L/mg) 0.008 0.009 0.008 0.005 0.004 0.006
R? 0.981 0.998 0.994 0.999 0.998 0.994
X2 1.291 0.172 0.412 0.166 0.228 0.580
R, 0.999 0.999 0.999 0.999 0.999 0.999
Aq (%) 103.41 14.92 14.846 27.468 12.895 19.569
Freundlich K, (mg/g) 0.720 1.002 1.071 0.623 0.639 0.864
1/n 0.581 0.541 0.549 0.631 0.654 0.632
R? 0.974 0.980 0.961 0.987 0.998 0.972
X2 2,511 1.527 1.765 1.206 0.358 1.893
Aq (%) 185.363 69.042 38.765 81.198 25.572 38.728
Redlich—Peterson K, . 0.041 0.010 2.678e-4 0.004 0.072 5.594e-5
A 0.284 0.269 0.209 0.186 0.312 0.214
B 0.762 0.980 1.518 1.056 0.622 1.730
R? 0.984 0.998 0.998 0.999 0.999 0.999
X2 1.508 0.177 0.611 0.154 0.011 0.861
Aq (%) 126.76 15.624 22.121 25.610 2.482 24.321
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calculated using Langmuir’s constant, and the initial con-
centration represents the fit of the model for a particular
system. If the value of R, is between 0 and 1, the system
is considered suitable for adsorption purposes. The results
reported in Table 5 show that the value of R, for all tem-
peratures is within this range. Furthermore, the experimen-
tal data and the predicted results obtained for the present
work were found to correlate closely with low values of
the residual sum of the square such as for RRC (x* < 0.580)
and for TRC (x* < 1.291), this which makes this model
applicable to the present work.

3.4.2. Freundlich isotherm

The parameters calculated for the Freundlich isotherm
using its non-linear form are given in Table 5. In the pres-
ent adsorption study, the values of 1/n, for the non-linear
approach are less than 1, which indicates that phenol was
adsorbed favourably by RRC and TRC for all tempera-
tures studied [54]. Likewise, the values of R? obtained are
significant.

3.4.3. Redlich—Peterson

Due to the higher R? values listed in Table 5, the Redlich—
Peterson model gave the best fit at temperatures 30°C,
40°C and 50°C for RRC (R? > 0.98) and for TRC (R* > 0.98).
The values of the B exponent obtained for the adsorption
process on RRC and TRC are 0.622 at 40°C and 0.762 at
30°C, respectively. Indeed, theoretically, the Redlich—
Peterson model is based on the theories of Langmuir and
Freundlich. This correlation with the experimental results
for the adsorption of phenol on the two solids indicates
that the adsorption is initially on the monolayer and then
passes to the multilayer.

3.4.4. Error analysis for equilibrium isotherms

In order to verify the fit of the adsorption model to the
experimental data, error functions are used [55]. In the pres-
ent work, two error functions were applied to the non-lin-
ear data forms by minimizing the error function in a con-
centration range. The comparison of the error functions
shows that the non-linear form of the Freundlich isotherm
was not considered suitable for the adsorption of phenol
by RRC and TRC due to the significant values of the error
functions. However, the Langmuir and Redlich-Peterson
isotherms were able to perfectly describe the experimental
data with low values for the error functions.

%* (Freundlich) > 3*(Langmuir ) > x* (Redlich — Peterson)
Aq(Freundlich) > Ag(Langmuir) > Aq(Redlich — Peterson)

3.5. Thermodynamics studies

the adsorption activation energy representing the min-
imum energy the reactants must have for the reaction to
proceed was determined by the Arrhenius relationship.
Indeed, the variation of the pseudo-second-order rate con-
stant as a function of temperature is expressed by the
following relation:

E
ln(Kz) = ln(A) - R:}

(11)

where E_ is the Arrhenius activation energy of adsorption;
A the Arrhenius factor; R is the gas constant and is equal to
8.314 J/mol'K, and T is the temperature in K. When InK, is
plotted vs. 1/T (the curves are not shown), we obtain a line
with a slope -E /R. The magnitude of the activation energy
results in a type of adsorption, which is primarily physical
or chemical. The range of 540 kJ/mol of activating ener-
gies indicates a mechanism of physisorption while a range
of 40-800 kJ/mol suggests a mechanism of chemisorp-
tion [56]. The result obtained in this study indicates that E,
(RRC) = 28.14 kJ/mol with R? = 0.99 and E_ (TRC) = 38.87 k]J/
mol with R? = 0.98, which indicates that the nature of the
adsorption is physical. values of parameters such as stan-
dard enthalpy (AH®), standard entropy (AS°) and standard
free energy (AG°) can describe the thermodynamics of
adsorption. The standard free energy (AG®) is due to solute
transfer at the solid-liquid interface. The values of AH® and
AS° were calculated using the following equations:

AH®° AS°
In(K, )=- + 12
n(K)=-—2r+= (12)
AG°® = AH° —TAS® (13)

By plotting In(K) vs. 1/T. The results of the thermo-
dynamic study are presented in Table 6.

The high positive values of the standard enthalpy (AH®)
as well as the increase in the amount adsorbed with increas-
ing temperature confirm that the adsorption of phenol mole-
cules at the sites of each adsorbent is endothermic in nature,
so values of (AH®) less than 84 kJ/mol mean that the mole-
cule/particle interactions are physisorption [56]. It is clear
that the adsorption entropy of TRC is greater than that of
RRC. This means that the adsorption of phenol on the TRC
adsorbent results in a less ordered system than the adsorp-
tion of phenol on RRC [58]. The negative values of free energy
AG° mentioned in the table show that the phenol adsorp-
tion process for the two adsorbents is spontaneous and the
degree of spontaneity increases with temperature [57].

3.6. Mechanism study
3.6.1. FTIR after adsorption

Fig. 11 shows the FTIR spectra of RRC and TRC before
and after the adsorption of phenol. In the FTIR spectra
taken before and after the adsorption of phenol, it is clear

Table 6
Thermodynamic parameters for phenol adsorption onto raw
red clay and treated red clay

Adsorbents AH® AS° AG® (kJ/mol)
(kJ/mol)  (J/mol-K) 20°C  40°C  60°C

Raw red clay 16.26 67.91 431 -499 -5.67

Treated red clay 13.2 55.80 -3.73 429 485
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Fig. 11. Fourier-transform infrared spectra before and after phenol adsorption onto raw red clay and treated red clay

that the functional groups characterizing the two adsorbents
appeared at approximately the same frequencies for all the
different concentrations. There are more peaks in the spec-
tra taken after adsorption of phenol, and these peaks refer to
the phenol molecules. Therefore, the increase in absorbance
and additional peaks resulting from the phenol molecules
which entered the structure of the adsorbent indicate adsorp-
tion of phenol from aqueous solution by RRC and TRC. The
new peaks observed at 3,240 and 3,300 cm™ on the spec-
trum of RRC and TRC, respectively correspond to the OH
stretching vibrations of the phenol unit [59]. This indicates
that the phenol was successfully adsorbed on both materials.
Due to the inductive effect of hydrated cations, water mole-
cules can behave like Lewis’s acids. This is because phenol
forms a hydrogen bond (Fig. 6) with water. Such binding
involves a reduction in the energy of the benzene ring delo-
calization, therefore, the comparison of the ring vibration
at 1,600 cm™ of phenol with the same vibration in the spec-
tra after the adsorption of phenol reveals that this band is
shifted to a higher frequency 1,630 cm™. The stretching vibra-
tion of C—O which should be 1,240 cm™ cannot be detected
either in the case of RRC or in the case of TRC because it
overlaps the Si-O adsorption band of the clay. In addition,
the OH deformation band reported at 1,370 cm™ in the phe-
nol spectrum, is not detected after adsorption, perhaps due
to its overlap with other neighboring band but we observe
a band appears at 1,430 cm™.

3.6.2. X-ray after adsorption

The X-ray analysis diffraction of the powders of the
RRC and TRC adsorbents before and after the adsorption of

phenol at different concentrations was carried out and pre-
sented in Fig. 12. The RRC spectra after adsorption indicate
the disappearance of the quartz line which was detected
before adsorption at 20.27°, which means in XRD analysis
an exfoliation of the interfoliar space of the solid, this is due
to the insertion of phenol in this space at a large angle of
inclination [60]. Indeed, the average diameter of the phenol
molecule is 5 A, and depending on the mode of its penetra-
tion into the interfoliar space, the distance to the quartz plane
can only increase if this adsorption mechanism is allowed
[61]. For those of TRC after the adsorption of phenol, it is
observed that there is a reduction in the spectral intensities
without disappearance of the quartz line. This is explained
by the fact that the chemical treatment of the clay increased
its interfoliar space (BET result) therefore, the concentra-
tion of the phenol used was not sufficient to exfoliate the
interfoliar space of TRC. It can also be noted that the main
peaks, initially detected in the case of the two adsorbents,
were detected at the same 20 angles in the spectra after
adsorption with a significant decrease in their intensities.
In addition, the new peaks appeared at 20 = 41.20° and
34.90°, respectively, in the diffractograms of the RRC and
TRC adsorbents, indicating that the interactions involved in
the adsorption process are not of the same nature. In sum-
mary, the combination of FTIR and XRD analyzes provided
evidence of the adsorption of phenol on RRC and TRC.
This study demonstrated that phenol was adsorbed and
penetrated into the interlayer space resulting in expansion
of the interlayer space. The same observation can be made
from the XRD plots (Fig. 12), which are almost identical at
different concentrations, with the reduction of the initial
intensities.
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Fig. 12. X-ray diffraction patterns of raw red clay and treated red clay before and after phenol adsorption.

4. Comparative study of our results

Comparison of the results found in the adsorption of
phenol by a raw red clay (RRC) and by a chemically TRC
with those of previous studies of the adsorption of phenol
by a raw yellow clay and calcined yellow clay, shows that
the quantity adsorbed by the red clay either in the abutment
state or in the treated state is very important for elimination
and that the heat treatment slightly improves the capacity
of adsorption of a clay unlike chemical treatment.

Table 7 compares the quantities adsorbed by other
sources of phenol adsorption in the literature:

5. Regeneration of the adsorbent

Regeneration can be achieved by several methods:
Regeneration methods by displacing the pollution, as well
as regeneration methods by destroying the pollution.

The most common method of regeneration is thermal
regeneration at high temperatures, a pyrolysis process.
Pyrolysis technology burns adsorbed organic matter. In our
case, given that clays are very abundant and less expensive
than other adsorbents, such as activated carbon, regenera-
tion is not necessary.

6. Estimated cost

The most crucial factor when choosing an adsorbent or
treatment approach is the expense of the process. Adsorbent
cost-effectiveness is the main restriction that must be taken
into account when choosing adsorbents in adsorption
technologies. The cost of an adsorbent can be influenced

by a number of variables, such as the adsorbent’s lifetime,
local availability, needed processes, treatment conditions,
and recyclability or reusability possibilities [65,66].

The total cost of phenol removal was estimated on the
basis of the unit price of raw materials, the cost of electric-
ity consumption and the cost of manpower throughout
the phenolic solution treatment process (Table 8).

7. Conclusion

The results obtained revealed the treatment effect of
clays on the structural and textural properties. Based on
measurements of adsorption/desorption isotherms of N,
at 77 K, it is shown that it is possible to improve the spe-
cific surface area without attacking the structure of the
clay. The experimental techniques used allowed us to char-
acterize the adsorbents studied and to demonstrate their
chemical composition. We have thus established that these
adsorbents consist mainly of kaolinite, illite and as asso-
ciated clay minerals. These results also demonstrated the
richness of these adsorbents in quartz, which results in a
high proportion of silica. The results showed that RRC and
TRC can be used as low-cost adsorbents for the removal
of phenol in aqueous media. The adsorption kinetics have
been found to follow the pseudo-second-order model and
have proposed that intraparticle diffusion is not the critical
step in the phenol adsorption mechanism. The adsorption
of phenol was found to increase with increasing tempera-
ture in the range of 30°C-50°C. The best equilibrium data
were described by the Langmuir model at the temperature
range of 30°C-40°C for RRC and at the temperature range
of 40°C-50°C for TRC and by the Redlich-Peterson model
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Table 7
Comparative study of with other published works

Used adsorbent Temperature (°C) Adsorbed quantity (mg/g) References
Raw red clay 10 2.43 Present
Treated red clay 4.05 work
R 11 1 1.112

aw.ye ow clay 40 (61]
Calcined yellow clay 1.239
Activated carbon - 49.720 [56]
Red mud 30 49.309 [36]
Guava tree bark 50 44.702 [62]
Rice husk 35 50.150 [63]
Rice husk ash 35 13.982 [64]

Table 8
Cost effectiveness study

Steps Cost estimates
I. Cost of raw material 0.00002522 $/g
Cost of the raw material is 0.26 MAD/kg corresponding to 0.02522 $/kg
II. Cost of crushing the raw material 0.000109 $/g
In our laboratory, we crushed the raw material using a hammer
Cost of manpower:
Cost of manpower = 112.379 MAD/d
Working hours are assumed to be 8 h/d
In 8 h, 100 kg can be crushed
Crushing cost is therefore = 1.124 MAD/kg, corresponding to 0.109 $/kg
II. Cost of electricity 0.0407 $/operation
Electricity tariff = 1.074 MAD/kWh
Electricity consumption — (number of working hours (h) x power (kW) x electricity tariff (MAD/kWh)
Electricity tariff (MAD/kWh)

Equipment Power in W Time Cost

Mechanical shredder 1600 5 min forl kg 0.0001432 g

Screening machine 110 20 min for 1 kg 0.03938 g

Agitator 530 40 min 0.37948 operation

Centrifuge 50 10 min for 120 mL 0.0007458 operation

Total cost of electricity = 0.41974903 MAD/operation
IV. Cost of manpower 0.136 $
Cost of manpower = MAD112.379 M/d
Working hours are assumed to be 8 h/d
In this case, 1 h is needed for an adsorption operation, so 1 h=0.125 d, and in 1-h the operator can carry out
10 adsorption operations
Cost of manpower = number of hours worked per day x cost of manpower (MAD/d)/number of operations
Manpower cost = 1.405MDA operation
V. Total cost 0.177 $

Cost of an operation = cost of raw materials + cost of electricity + cost of man-
power = $0.000025 + 0.0407 + 0.133309

Operation cost = 1.823 MAD

Cost of an operation = 0.177

Note the currency conversion used for the entire calculation is $1 = 10.31 MAD
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at 40°C for both adsorbents, whereas at 40°C the Freundlich
model was best suited to the experimental data for the
adsorption of phenol on RRC and TRC. The thermody-
namic study showed that the adsorption of phenol is spon-
taneous, physisorbed and endothermic on RRC and TRC.
FTIR and XRD analyzes of the adsorbents after adsorption
show that the phenol was adsorbed and penetrated into
the inter-layer space resulting in an expansion of the latter.
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