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ARTICLE INFO ABSTRACT

This study evaluates pyrophyllite clay as an efficient adsorbent for methylene blue (MB)
removal from aqueous solutions. The clay was characterized via XRD, SEM-EDX, and FTIR to
elucidate its structural, morphological, and functional properties. Batch adsorption experiments
systematically examined the effects of adsorbent dosage, contact time, solution pH, and initial
MB concentration, revealing optimal performance with pH-dependent uptake peaking in both
acidic and basic ranges. Langmuir isotherm analysis determined a maximum adsorption
capacity (qmax) Of 69.44 mg/g, indicative of monolayer coverage. Kinetic data best fitted the
pseudo-second-order model (R? > 0.99), confirming chemisorption as the rate-limiting step.
Thermodynamic parameters (AG® < 0, AH® > 0) and negative interaction energies from
molecular simulations further demonstrated spontaneous, endothermic, and thermodynamically
favorable adsorption processes, aligning closely with experimental findings. These results
highlight pyrophyllite's potential as a low-cost, eco-friendly alternative for dye-laden
wastewater remediation.
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1. Introduction based adsorbents [3,4]. Pyrophyllite (Al,Si;O19(0OH),) is

one of the few 1:1 layered aluminosilicates with a

The presence of chemical dyes, especially methylene
blue (MB, CisH1gCIN3S), is one of the major reasons of
water pollution and, as a result, they are considered to be
the most serious threat to fish life and humans because they
are not easily degradable, and are generally very toxic, and
ability to accumulate in tissues [1]. The world market for
MB is more than 700,000 tons each year and even such a
small quantity as 1-10 mg/L cause bleaching of the light-
dependent plant stage and bio-mutation of the organisms
[2]. Common methods of dye treatment like coagulation
and advanced oxidation processes are expensive, create
sludge, and therefore, it is necessary to find cheaper and
more environmentally-friendly options, like natural clay-
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composition predominantly of silica (~55% SiO,), thus it
possesses low cation exchange capacity and moderate
surface area [5,6]. Due to these very properties, it can be
used for the effective uptake of cationic dyes such as MB
through ion exchange and surface complexation methods.
Its acid activation increases the veracity of its pores and its
adsorption capacity [7], while the Moroccan variants of
pyrophyllite, containing quartz, illite, smectite, and
kaolinite, obtain negatively charged surfaces at the pH >
pHy.c for dye binding to be most productive [8,9]. The
process of MB adsorption takes place through electrostatic
attraction at neutral-alkaline pH (7-12), plus it is supported
by means of hydrogen bonding and n-m interactions
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[10,11]. The most recent developments are basically the use
of pyrophyllite-derived geopolymers that are porous for the
enhanced removal of dyes, the production of clays with
thermal stability that have more than 85% regeneration
over five cycles through adsorption-thermolysis, and the
acid-activated [12]. Moroccan clays that are giving more
than 90% MB removal at very low dosages (0.5 - 2 g/L)
[13]. But even with the above progress, problems regarding
industrial scale-up and the control of secondary pollution
still exist, thus making it very necessary to carry out
intensive research on kinetics, isotherms, and reusability
studies to come up with methods that are in line with the
sustainable water goals [14]. This study investigates MB
adsorption onto raw and activated pyrophyllite from
aqueous solutions, evaluating key parameters including
contact time, solution pH, and initial dye concentration.
Adsorption kinetics were modelled using pseudo-first-order
and pseudo-second-order equations to determine rate
constants, while equilibrium data were fitted to Langmuir
and Freundlich isotherms to assess maximum capacity and
adsorption affinity.

2. Materials and Methods
2.1. Chemicals

The commercial cationic textile dye methylene blue
(MB), used in this study, was purchased from Sigma-
Aldrich and employed without further purification. Its
characteristics are summarized in Table 1. Aqueous MB
solutions were prepared by dissolving the required dye
mass in bidistilled water [15,16].

Table 1.
Characteristics of Methylene Blue.
Name Methylene blue
@iND\
i HyC CH
Chemical structure 3 \T " N/
CH, e LHJ
Family Thiazine
Molecular formula C16H15CIN3S
3,7-Bis(dimethylamino)phenazathionium
IUPAC name chloride
Molar mass (g/mol) 319,85
Solubility in water 20
(g/L) at 20 °C
Melting point (°C) 190
Amax(nm) 664

2.2. Chemical composition of the adsorbent

Pyrophyllite, an aluminosilicate clay with the chemical
formula Al,Si4;O0.9(OH),, is a dioctahedral 2:1 (TOT)
layered mineral consisting of one octahedral sheet
sandwiched between two tetrahedral sheets [17]. All
tetrahedral sites are occupied by Si** ions, while two-thirds
of the octahedral sites contain AI** ions, leaving the

remaining third vacant. The electrically neutral TOT layers
are held together by weak van der Waals forces [18].

2.3. PZC determination

The point of zero charge (pHpzc) for pyrophyllite
samples was determined using a standard batch
equilibration method. Nine vials, each containing 0.05 g of
adsorbent in solutions adjusted to initial pH values (pH;)
from 2 to 10, were stirred for 24 h at room temperature.
After filtration, the final pH (pHs) of the supernatants was
measured using a pH meter with a glass electrode. The
difference (ApH = pHs - pH;) was plotted against pH;, with
the intersection at ApH=0 defining the pHpzc, Which
indicates the net surface charge neutrality of the adsorbent
[19].

2.4. Characterization methods

FTIR spectra of pristine pyrophyllite and dye-loaded
pyrophyllite were recorded using a Shimadzu spectrometer
fitted with a Jasco ATR PRO ONE module (resolution: 16
cm™) at room temperature over 4000-400 cm™. For
transmission measurements, samples before and after dye
adsorption were homogenized with KBr. XRD patterns of
pyrophyllite were obtained via diffractometer Bruker D8
ADVANCE TWIN model in transmission mode, operating
at 40 kV and 40 mA, scanning 5°-80° 20 (step size: 0.02°,
rate: 0.3 s/step) with Cu Ka radiation (A = 1.5418 A).
Surface morphology was examined by SEM called JEOL
JSM-IT100LA at up to 20 kV, coupled with EDX for
elemental analysis [20].

2.5. Adsorption experiments

To study the effect of each parameter on the adsorption
of MB onto the adsorbent, a specific approach was
followed in this study. The experiments were conducted
using the static method with different initial adsorbent
masses and pollutant concentrations. The adsorption tests
involved adding a precise amount of adsorbent to 20 ml of
adsorbate solution in a 100 ml beaker under constant
magnetic stirring and at a constant temperature of 25 °C.
After 120 minutes of stirring, the samples were separated
from the adsorbent using a Millipore filter with a porosity
of 0.45 pm. The filtrates were then analysed by UV/Visible
spectrophotometry at the wavelength corresponding to the
maximum absorbance of the MB solution (A = 664 nm).
Adsorption experiments were carried out by modifying the
pH of the initial solution, the contact time, the adsorbent
dose, the initial MB concentration and the temperature for
the adsorption kinetics, adsorption isotherm and
thermodynamic study.

The amount of methylene blue dye adsorbed by
pyrophyllite clay was calculated using equation 1 [21]:

(CO _Ce)v
m

Q= (Eq.1)
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where C, (mg/L) and C, (mg/L) are respectively the
initial concentration and the concentration at time t or the
equilibrium concentration of the dye; m (g) is the mass of
adsorbent used, and V (L) is the volume of the solution.

The percentage removal of dyes (R %) was expressed as
follows [22]:

R(%) === x 100 (Eq.2)
0

3. Results and discussion
3.1. Characterization of pyrophyllite

3.1.1. XRD analysis

Figure 1 shows the diffractogram obtained for the
mineralogical analysis of the sample, revealing the
predominant presence of two crystalline phases:
pyrophyllite and quartz. As illustrated in Figure 1, several
diffraction peaks appear at the following 20 angles: 9.167°
(002), 4.590° (004), 3.341° (113), 3.062° (006), 2.425°
(1.368) and 117° (316), which correspond to the
characteristic  crystallographic planes of pyrophyllite.
Moreover, the peaks located at 3.343° (101) and 1.817°
(112) are associated with the presence of quartz [23]. These
results are consistent with those reported in the literature,
where several studies have identified the same peak
positions for pyrophyllite, thus confirming the validity of
our analysis and the correct identification of the mineral
phases present in the sample [24].
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Fig.1. XRD pattern of pyrophyllite

3.1.2. SEM analysis

The pyrophyllite sample was analyzed using SEM
combined with EDX in order to better characterize its
morphological properties and elemental composition.
Figure 2 presents the SEM micrographs obtained, along
with the corresponding EDX spectrum, confirming the
silicate nature of the pyrophyllite and highlighting the
distribution of major elements such as silicon (Si),
aluminium (Al), and oxygen (O). The SEM images reveal a
heterogeneous morphology of the pyrophyllite and show a
porous surface, which helps facilitate the adsorption of
materials. In addition, the EDX spectrum shows the
presence of the previously mentioned elements, namely Al,
Si, Na, Mg, Fe, and Ca [25,26].

Element | % mass %
c) atomic
(6] 27.0 38.9

Na 49 4.9

Mg 3.0 28

Al 23.2 19.8

Si 36.8 30.3

K Ca Fe

102 200 300 €00 300 600 P 17 13
S 0.7 0.5

14 0.8

Ca 0.6 0.3

Fe 0.8 0.3

Total 100.0 100.0

Fig. 2. Morphological Analysis of Pyrophyllite by SEM Coupled with
EDX

3.1.3. FTIR analysis

Fourier Transform Infrared (FTIR) analysis was used to
identify the characteristic functional groups present in the
structure of the pyrophyllite. According to Figure 3, the
obtained spectrum highlights absorption bands typical of
pyrophyllite, notably those attributed to OH, Si-O, and Al-
O bond vibrations [27].
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Fig.3. FT-IR spectrum of pyrophyllite
The results of this analysis confirm the presence of the

characteristic groups of this phyllosilicate mineral. The
bands located at 3623.99 and 3476.50 cm™ correspond to

10
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the stretching vibration of the OH group of structural water;
the band at 995.75 cm™ corresponds to the valence
vibration of the Si-O bond, the band at 787.86 cm™
corresponds to the O-Si—O bond, and the band at 689.30
cm characterizes the Al-O and Si—O bonds [28]. The last
two bands located at 523.22 and 453.88 cm™ correspond to
the deformation vibrations of O-Si—Al [27]. Overall, the
observation of these spectrometric absorption bands
confirms the presence of bonds specific to pyrophyllite
[29].

3.2. Adsorption of MB dye on Pyrophyllite
3.2.1. pH effect

pH is an important factor in the adsorption process, as it
affects both the surface of the adsorbent and the ionization
state of the adsorbate, thereby influencing their interfacial
interactions [30]. Figures 4 and 5 illustrate the results of a
study on the influence of pH on the removal of MB over a
pH range from 2 to 10. The initial concentration of the
adsorbate was fixed at 20 ppm in a solution volume of 20
mL. The pH at the point of zero charge was measured at
6.56. This behavior may be attributed to the fact that the
surface of pyrophyllite clay is positively charged when pH
< pHpzc, and negatively charged when pH > pHpzc. The
optimal adsorption pH was observed at pH = 6. Analysis of
these results shows an increase in MB removal efficiency
over the entire pH range studied, indicating that pH does
not have a significant effect on adsorption.
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Fig.4. Influence of pH on the Adsorption Efficiency of MB Dye on
pyrophyllite ((MB]o=20 mg/L, t=80 min, R=0,5 g /L et T=25 °C)
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Fig.5. Typical Plots of pHqpH; vs. pH; for the estimation of pHpzc of
pyrophyllite

3.2.2. Adsorbent mass effect

The adsorbent mass has two essential effects on the
adsorption process. On one hand, its increase can lead to a
larger solid/solute contact surface, and on the other hand,
the number of active sites is proportional to the mass of the
support [31]. To study the effect of adsorbent mass, the
initial concentration of the adsorbate was fixed at 20 mg/L
in a solution volume of 20 mL at the optimal pH of 6.84.
Different adsorbent masses (2.5, 5, 10, 15, 20, 30, 40 mg)
were used, with a contact time of 2 hours at 25°C.
Adsorption relies on the transfer of matter from the liquid
phase to the solid phase. Thus, the adsorbent mass
significantly influences the efficiency of the adsorption
process. The results obtained, illustrated in Figure 6, show
that the adsorption efficiency increases with the adsorbent
mass, reaching a maximum of 95.12 % MB removal when
the adsorbent mass is 10 mg. Beyond this dose, the
adsorption percentage remains nearly constant, indicating
that equilibrium has been reached. This can be explained by
the increase in the specific surface area of the adsorbent
and the availability of additional adsorption sites until
saturation [32].
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Fig.6. Effect of Adsorbent Mass on MB Removal Efficiency
(pH = 6.84, [MB],=20 mg/L, t=120 min, T = 25 °C)

3.2.3. Contact time effect

Figure 7 shows the variation in the amount of MB
adsorbed as a function of contact time. The results obtained
allow us to conclude that the adsorption rate of MB was
rapid during the first 40 minutes of contact between the
solution and the adsorbent, which is explained by the large
number of active sites available on the surface of the
adsorbent, thus promoting significant removal activity [33].
Beyond this time, the process slowed down, reaching
equilibrium at 80 minutes. The equilibrium adsorption
capacity of MB is 37.64 mg/g, indicating saturation of most
of the active sites on the adsorbent.

Kinetic models were necessary to study adsorption
properties, examine equilibrium  parameters, and
understand the nature of interactions between the adsorbate
and the adsorbent [34]. The Kinetic data relating to the
adsorption of BM on pyrophyllite were analysed using two
kinetic models, namely the pseudo-first-order (PFO) model
and the pseudo-second order (PSO) model.
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Fig. 7. Influence of contact time on the adsorption of BM by pyrophyllite
clay (pH = 6,84, Co =20 ppm,R=0,5g/L, T =25 °C)

Table 2 summarises the kinetic parameters calculated
from the graphical representation of these two models, as
well as the correlation coefficient (R?) value for each
model. The correlation coefficient found for the pseudo-
second-order Kinetics (R?2 = 0.9968) was higher than that
for the pseudo-first-order kinetics (R? = 0.9794). By
comparing the adsorption capacity calculated by the
pseudo-second-order model with the experimental value, it
is clear that this model is the most appropriate for
describing the adsorption phenomenon.

3.2.4. Initial dye concentration effect

Different initial concentrations of BM dye were studied:
5, 10, 20, 48.3, 76.75, 93.18 and 128 ppm. The solid/liquid
ratio used was 0.5 g/l, with a contact time of 80 minutes at
a temperature of 25 °C, pH = 6.84. The influence of the
initial concentration on the amount of MB adsorbed by
pyrophyllite is shown in Figure 8. According to the results
obtained, the amount of MB adsorbed increases with the
initial concentration until it reaches a state of equilibrium.

This can be attributed to the increase in the transfer of the
adsorbate from the aqueous solution to the surface of the
adsorbent (under the effect of the driving force of
concentration) until the active sites of the clay are saturated
at high dye concentrations [35].

0 20 40 60 80 100 120 140
Ce(mgl/L)
Fig. 8. Effect of initial concentration on BM adsorption on pyrophyllite

3.2.5. Temperature effect

The temperature effect (Figure 9) illustrates how
temperature variation affects MB adsorption on clay. We
used the same ratio and initial MB concentration as
indicated above. The adsorption study was carried out at
the following temperatures: 25, 35, 45 and 55 °C, with a
contact time of 80 min, mass, C; and pH. The results
clearly show that as the temperature increases, the
adsorption capacity increases, demonstrating the positive
effect of temperature increase on pyrophyllite. This
increase in temperature facilitates the diffusion of adsorbed
molecules into the internal pores of the adsorbing particles
by reducing the viscosity of the solution [36].

Table 2.

Kinetic parameters of MB adsorption on pyrophyllite

Qe.exp (mg.g™) Pseudo First-order Pseudo second-order

3764 Q.i(mgg’) K (min") R’ Qe2(mgg’)  Kp(gmg'min) R’
23,06 0,0485 0,9794 39,21 0,00611 0,9968
Table 3.
Thermodynamic parameters of MB dye adsorption on pyrophyllite
AH® (kJ.mol ") AS° (J.mol K1 AG°(kJ.mol ™)
298K 308K 318K 328K
53,52 208,79

- 8,69 - 10,78 - 12,87 - 14,96
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Fig. 9. Temperature effect on MB adsorption by pyrophyllite

In order to better understand the mechanisms governing
adsorption and explain the thermodynamic behaviour of the
process, this study was based on the evaluation of the
following thermodynamic parameters: entropy change
(AS®), enthalpy change (AH°) and Gibbs free energy
(AG®). The results were interpreted using equations (Eq.3-
5).

o o

AS AH
In(kq) = ——— (Eq.3)
Qe
kd = C_e (Eq4)
AG’ = AH’ — AS® (Eq. 5)

Where R is the ideal gas constant (8.314 J.mol~ LK™ 1);
T is the temperature (in kelvins, K); Kq is the equilibrium
constant.
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5 37
2 1 y = -6437,8x + 25,114
1 R2 = 0,9915
O L L} L} L}
0,003 00031 00032 0,0033 0,0034

UT(K2)
Fig. 10. Variations in Ln Kd as a function of 1/T for BM adsorption on
pyrophyllite

The thermodynamic factors (AG°, AH°, and AS°)
obtained from the y-intercept and slope of the curve (Ln
Kg) as a function of 1/T (Figure 10) are shown in Table 6.
The AG® evaluated at all temperatures was negative, which
means that the MB adsorption process on clay is
spontaneous. The AS® value obtained is positive, indicating
an increase in disorder at the solid-liquid interface. The
AH° obtained is also positive, indicating an endothermic
adsorption process [37]. Furthermore, the amplitude of AH®

allows the type of sorption to be estimated (Table 3).
During physical adsorption, the heat released (between 2.1
and 20.9 kJ/mol) is comparable to the heat of condensation,
while the heat of chemisorption is generally between 80
and 200 kJ/mol. The AH° value of 53.52 kJ/mol,
determined for MB adsorption on pyrophyllite in this study,
suggests a combined mechanism involving both physical
and chemical interactions.

3.3. Adsorption isotherm

The adsorption isotherm explains how the adsorbate
molecules position themselves between the liquid phase
and the solid phase when the adsorption process reaches a
state of equilibrium [38]. The experimental data obtained
on the adsorption equilibrium of BM on pyrophyllite were
modelled using two models, the Langmuir model and the
Freundlich model. Figures 11 and 12 show the fitting
curves for the Langmuir and Freundlich models. Table 4
presents the constants of the MB adsorption isotherms on
pyrophyllite. The Langmuir model gives a maximum
adsorption capacity @Qm = 69.44 mg/g and an excellent fit
(R? = 0.9922), indicating single-layer adsorption on a
homogeneous surface. The Freundlich model also shows
favourable adsorption (1/n = 0.2392, K¢ = 25.43), but with
a slightly poorer fit (R = 0.9493). It appears that the
Langmuir model has the highest correlation coefficient
(0.9922) compared to the Freundlich model (0.9493),
indicating that it is the most suitable model for describing
adsorption equilibrium. The value of Langmuir's separation
factor K_ is between 0 and 1. This suggests that the
Langmuir isotherm is favourable for the adsorption of MB
on pyrophyllite clay. The adsorption of MB dye was
dominant in the monolayer mode on the homogeneous
surface of the adsorbent with no interactions between the
retained molecules.
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Fig. 11. Langmuir linear form of MB adsorption on
pyrophyllite
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Fig. 12. Freundlich linear form of MB adsorption on
pyrophyllite

Table 4
Constants of MB adsorption isotherms on pyrophyllite

Modé¢le de Langmuir Modéle de Freundlich
Qm 2 2
k R 1I/n K R
(mg/g) t r
69,44 0,41 0,9922 | 0,2392 25,43 0,9493

4. Conclusion

In the present study, raw pyrophyllite clay, an abundant
and low-cost material, was employed as an adsorbent to
evaluate its capacity for removing methylene blue (MB)
from aqueous solutions. Its surface properties and structure
were thoroughly characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and Fourier-
transform infrared spectroscopy (FTIR).

A series of batch adsorption experiments was conducted
to assess the influence of key operational parameters,
including adsorbent dosage, initial dye concentration,
contact time, temperature, and pH, in order to determine the
optimal conditions for MB removal. The results showed
that the maximum removal efficiency was achieved using
10 mg of adsorbent, a contact time of 80 min, and a pH of
6. The adsorption yield increased with the adsorbent mass-
to-solution volume ratio. Kinetic data were best fitted by
the pseudo-second-order model, while the Langmuir
isotherm provided the most suitable description of the
equilibrium data. The calculated thermodynamic
parameters (AS°, AG®, and AH®) indicated a favorable,
spontaneous, and endothermic adsorption process. An
increase in MB removal efficiency was observed over the
entire pH range studied, suggesting that, under the
investigated conditions, pH has a limited influence on
pyrophyllite adsorption performance.

Overall, these findings demonstrate the effectiveness of
the selected raw pyrophyllite clay for the removal of
methylene blue from aqueous solutions. Future work

should focus on exploring the regeneration and reusability
of this material. Given its promising performance, this raw
clay warrants further evaluation for the treatment of
industrial wastewater containing various pollutants, and the
development of modified pyrophyllite-based materials to
enhance adsorption efficiency.
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