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Abstract

Water contamination by Acid Orange 7 (AO7), a widely used anionic azo dye in the textile industry, represents a major
environmental concern due to its persistence and potential to generate toxic aromatic amines. Herein, we report the
synthesis of a novel organobentonite (BPA6) via intercalation of phenylphosphonic acid into bentonite, an organoclay
previously unexplored for pollutant removal. XRD analysis revealed an expansion of the basal spacing from 10 to 15.4
A with an intercalation rate of 86%, while FTIR and SEM confirmed structural reorganization and successful
incorporation of phenylphosphonic functional groups. The modification increased interlayer accessibility and
introduced additional P-OH active sites, enhancing hydrogen-bond donor density. Consequently, BPA6 achieved a
maximum adsorption capacity of 123.3 mg.g™ at 55 °C, significantly exceeding raw bentonite. The kinetics were well
described by the pseudo-second-order model, while the equilibrium data fit best with the Langmuir—Freundlich model.
Thermodynamic analysis indicated a predominantly physisorption-driven process. BPA6 maintained stable
performance over multiple regeneration cycles. Mechanistic insight was obtained by correlating spectroscopic,
adsorption, and thermodynamic data, revealing a clear relationship between structure, surface chemistry, interactions,
and performance. The adsorption mechanism is primarily governed by hydrogen bonding between Si—~OH and
intercalated P-OH moieties and the sulfonate and amine moieties of AO7. Phenylphosphonic acid intercalation
optimizes clay surface chemistry, enhancing dye adsorption by BPA6 and highlighting its potential as a sustainable,
high-performance wastewater adsorbent.
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1. Introduction major contributor to industrial water pollution,
responsible for about 20 % of the total. Annually,
40,000-50,000 tons of synthetic dyes are released
into aquatic environments [2], of which 10-15%
fail to bind to the target materials and are
discharged as liquid waste [3]. These persistent
dyes reduce light penetration in water, hinder
photosynthesis, and cause long-term
environmental damage [4].

Synthetic dyes are widely used across
industries such as textile, leather, paper, plastics,
and cosmetics. Currently, over 10,000 dyes are
produced globally, with an annual output
exceeding 7 X 10° metric tons, highlighting their
industrial significance [1]. The textile sector is a

* Corresponding Authors.

Email: aminekhelifadz@yahoo.fr (A. Khelifa)
amine.khalifa@univ-mosta.dz (A. Khelifa)

Acid Orange 7 (AO7), also known as Orange
II, is an anionic dye widely used in industries,
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such as paper manufacturing, textile dyeing,
leather processing, and the production of personal
care products and detergents [5]. Its widespread
use stems from its chemically stable structure and
high water solubility, and it is frequently
employed as a model pollutant in adsorption
studies [6]. AO7 poses significant environmental
hazards due to its stability and persistence in
aquatic environments, which reduce dissolved
oxygen and adversely affect aquatic organisms. Its
degradation can also produce aromatic amines,
which are toxic and potentially carcinogenic,
further increasing environmental risks [7]. This
azo dye also presents human health risks.
Exposure may cause irritation of the skin, eyes,
and respiratory system, and has been associated
with genotoxicity and adverse effects on liver and
kidney function [8].

Various chemical, physical, and Dbiological
methods have been applied for AO7 removal from
contaminated water, including photocatalytic
degradation [91, precipitation [10],
electrochemical treatments [11], membrane
filtration [12], and biological oxidation. Although
these approaches can achieve satisfactory
removal, their large-scale application is often
limited by high operational costs [13]. Adsorption,
in contrast, is widely used due to its high
efficiency and relatively low cost [14], and is
commonly employed for dye removal from
wastewater [15]. It has been applied in both
gaseous [16, 17] and aqueous [18, 19] phases using
a variety of materials, including polymeric resins
[20], activated carbon [21], zeolites [22], and metal
oxides [23].

Clay materials are widely studied due to their
low cost and natural abundance. Bentonite,
primarily composed of montmorillonite (a 2:1
layered aluminosilicate), has favorable
physicochemical properties but limited adsorption
capacity in its natural form. This limitation can be
overcome through organic intercalation, leading
to organoclays with enhanced adsorption
performance. These materials combine the
properties of inorganic clay matrices with the
hydrophobic character of organic components.
While organoclays have been extensively
investigated  [24,25], the application of
phenylphosphonic acid—modified 2:1 clays for
pollutant removal remains unexplored.

The novelty of this work lies in the design of
an innovative organobentonite obtained by
intercalating phenylphosphonic acid into a 2:1
clay. Phenylphosphonic acid contains a P=0
double bond and two P-OH groups, the latter
enable strong and selective interactions with
surface hydroxyls and pollutant molecules by
acting as proton donors [26]. The phenyl ring
imparts hydrophobic character to the modified
clay, converting hydrophilic surfaces into
organophilic environments and increasing affinity

for organic pollutants. Economically,
phenylphosphonic acid remains competitive with
the commonly used intercalating agent HDTMA,
with reported prices of 0.59 €.g* and 0.82 €.g71,
respectively, for 100 g quantities at 98% purity
(Merck/Sigma-Aldrich). Overall, it provides a
balanced combination of molecular size and
reactivity, enabling interlayer expansion, efficient
removal of organic contaminants, and cost-
effectiveness.

Bentonite was intercalated with
phenylphosphonic acid (PA) to produce a novel
organoclay, which was characterized by X-ray
diffraction (XRD), scanning electron microscopy
(SEM), and Fourier-transform infrared (FTIR)
spectroscopy. Its adsorption of Acid Orange 7 was
evaluated with respect to pH, temperature,
contact time, and initial dye concentration. Four
adsorption—desorption cycles were performed to
assess reusability, and FTIR analysis before and
after adsorption provided insights into the
interaction mechanism between the dye and PA-
modified bentonite.

2. Materials and Method
2.1. Materials and Synthesis

Raw bentonite, collected from a deposit in
western Algeria (Mostaganem), was initially
subjected to physicochemical characterization.
The material was then chemically modified
through intercalation with phenylphosphonic
acid. The bentonite exhibited a cation exchange
capacity (CEC) of 80 mes/100 g. The suspension
was magnetically stirred at room temperature for
14 days, followed by vacuum filtration. The
resulting organoclay was thoroughly washed,
dried overnight at 70°C, and stored for further
experiments. A schematic representation of the
synthesis of phenylphosphonic acid—intercalated
bentonite is given in Figure 1. The modified clay
was designated BPA6, where B, PA, and 6 refer to
bentonite, phenylphosphonic acid, and a molar
ratio six times the bentonite CEC, respectively.
This designation is used consistently throughout
the manuscript.

2.2. Characterizations

Powdered samples were characterized by X-
ray diffraction (XRD) using a Bruker Advance D8
diffractometer with Cu-Ka radiation, scanning
over a 20 range of 2° to 70°. The surface
morphology of both the raw bentonite and the
modified BPA6 was examined by scanning
electron microscopy (SEM) employing a JEOL
JSM microscope at different magnifications. In
addition, diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy analyses were
performed on a Bruker Alpha spectrometer
equipped with a DTG detector. The DRIFT spectra
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were recorded over the 4000-500 cm™ range with prepared at a concentration of 1 g.L."!. Adsorption
a spectral resolution of 2 cm™. experiments were carried out by contacting 0.020

g of the adsorbent with 0.020 L of AO7 solutions
2.3. Adsorption Testing at predetermined concentrations, obtained by

diluting the stock solution with distilled water.

A standard stock solution of Acid Orange 7 After  centrifugation, the residual AO7

(AO7, analytical grade, Fluka, Table 1) was

Table 1. Properties of Acid Orange 7 (AO7) and phenylphosphonic acid (PA).

Chemical product Acid Orange 7 (AO7)
CAS number 633-96-5

Formula CisH11N2NaO4S
Molecular weight (g.mol -1) 350. 32

Structure of Acid Orange 7 (AO7)

S
o* HO\“

Hydrazone form Azo form

Chemical product phenylphosphonic acid (PA)

1571-33-1
CAS number CsH5P(0)(OH):
Formula 158.09
Molecular weight (g.mol1) ""oH
Structure of phenylphosphonic acid (PA) O=P—0OH

Place the 50 mL of phenylphosphonic acid PA in an Erlenmeyer flask

. Drying the Bentonite

Sgof Bentonite py,cq the bentonite in the
Solid material  oven at 70 °C (overnight)

Slowly add the 5 g of Bentonite

sl
Place the fritted glass loaded with BPA6 \_. ./ Benttonite
in the oven at 70°C (overnight)

Stirring
14 days
At room temperature

a

30 minutes
Keep stirring
Wash 50 mL (distilled water) Filtration in |
: afritted glass #4
~ under vacuum <%
/
< + membrane

Weighing, grinding and recovery

The next day, weigh the amount of BPA6,
then grind it in a mortar and pestle
and recover it.

— UII_D

Figure 1. Schematic representation of the synthesis of phenylphosphonic acid—intercalated bentonite.
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concentration in the supernatant was quantified
using an Analytik Jena Specord 120 Plus UV-Vis
spectrophotometer. All  experiments  were
performed in triplicate at temperatures of 25, 40,
and 55 °C. The experimental conditions are
reported in Table 2.

3. Results and Discussion
3.1. Characterizations
3.1.1. X-ray diffraction analysis

The XRD patterns of untreated and
phenylphosphonic acid—intercalated bentonites
are shown in Figure 2. In raw bentonite (B), a
basal reflection appears at 20 = 8.8°,
corresponding to a d-spacing of approximately 10
A for the (001) plane of pristine montmorillonite,
denoted ImO0O1. Montmorillonite 1is the
predominant 2:1 clay mineral in bentonite.
Another peak, labeled Im001h, is observed at 20 =
6.8°, corresponding to a basal spacing of 13.0 A,
which is attributed to hydrated montmorillonite.
A d-spacing of 13.0 A 1is characteristic of
montmorillonite containing a single interlayer
water sheet [27].

The BPA6 sample exhibits a shift of the (001)
reflection toward lower angles, from 8.8° to 5.7°,
indicating an expansion of the montmorillonite
interlayer distance [28]. This shift provides strong
evidence for the successful intercalation of
phenylphosphonic acid, as reflected by the

@s
1k004

appearance of the first-order basal reflection of
the intercalated phase, denoted Ti001.
Specifically, the organo-montmorillonite BPA6
displays a d-spacing of 15.4 A (206 = 5.7°),
compared to 10 A (20 = 8.8°) for pristine
montmorillonite (B). Additional reflections (11003
and I1005), corresponding to the third and fifth
basal orders, respectively, indicate the formation
of an ordered intercalated structure. Non-basal
reflections (Ii) were also observed. Furthermore,
the presence of the IkOO1 and Ik004 reflections
suggests the persistence of a residual non-
intercalated phase in BPA6 that does not
participate in the intercalation process. Overall,
these results indicate that the organobentonite is
only partially intercalated.

The degree of intercalation within the
montmorillonite interlayer was quantified using
the following equation:

IR =Ti001/(Ii001+1k001) 1)

where IR denotes the intercalation ratio, 1i001
corresponds to the intensity of the first-order
basal reflection of the intercalated fraction, and
IR001 represents the intensity of the first-order
basal reflection of the non-intercalated fraction.
The intercalated fraction was determined to
be 86.2%, corresponding to an interlayer spacing
of 154 A. This result indicates that
approximately 14% of the layers in BPA6 remain
non-intercalated. The increase in basal spacing
from 10 A (do) to 15.4 A (d) corresponds to an
interlayer expansion of 5.4 A due to intercalation.
Assuming a molecular length of
phenylphosphonic acid of = 6 A (L), as reported in
crystallographic studies [29], the inclination
angle (a) can be estimated using the relationship:

d—d,
L

@)

sin(a) =

Table 2. Experimental conditions for the
adsorption and desorption of Acid Orange 7.

BPAG
WMVW«-*MMWM
e 2
% ) B
Y VT
T T T T T T T T T T T T T T
10 20 30 40 50 60 70

2 Theta

Figure 2. XRD diagrams of B, and BPA6 (B:
Bentonite, PA: phenylphosphonic acid, 6: six
times CEC) with: Im0O01h: first-order basal plane
of the montmorillonite phase intercalated with
one water layer; Im001: first basal reflection of B;
ImO004: fourth basal reflection of B; Im: non-basal
reflection of B; I1001: first basal reflection of the
intercalated phase; 11003: third basal reflection of
the intercalated phase; 11004: fourth basal
reflection of the intercalated phase; 11005: fifth
basal reflection of the intercalated phase; Ii: non-
basal reflection of the intercalated phase; Ik0O01:
first basal reflection of the residual phase; Ik004:
fourth basal reflection of the residual phase.

60, 80, 100, 150, 200, 300, 400, 500

mg.L-1; contact time: 120 min; pH: 6;

[solid]/[solution]: 1 g.Lit

pH 2, 4, 6, 8, 10, 12; [solid]/[solution]: 1
g.Li'l; T- 25 °C; Co= 150 mg.L1;

Time contact time: 120 min

3, 5, 10, 20, 40, 60, 120, 240 min; Co

=150 mg.Li!

[solid]/[solution]: 1 g.I't; T 25, 40

and 55 °C; pH: 6

25, 40, 55 °C

Eluents: NaOH; methanol; ethanol,;

butanol; water; [solid]/[solution]: 1

g.Li'1; Co= 500 mg L1; contact time:

120 min; T 55 °C

4 cycles of adsorption/desorption;

eluent: ethanol; T 55 °C

Concentration

Temperature
Desorption

Regeneration
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This yields an angle a of 64¢ to the silicate
surface (26° to the silicate surface normal),
indicating a tilted orientation of the molecule
within the interlayer space. Such configurations
are commonly observed for small aromatic species
confined in layered systems, where molecular
orientation is governed by intermolecular
interactions and steric constraints [30].

3.1.2. SEM analysis

The surface morphology of the untreated and
phenylphosphonic acid-intercalated bentonite

samples was characterized using scanning
electron microscopy (SEM), as shown in Figure 3.
Comparative SEM micrographs of the raw
bentonite, B, and the intercalated bentonite,
BPA6, recorded at different magnifications
(10000x, 25000, and 50000%x), reveal
morphological differences.

As evidenced by the SEM micrographs
(Figure 3a,b), raw bentonite (B) exhibits a
heterogeneous morphology characterized by
aggregates of varying size and shape. These
images also reveal irregularly shaped plate-like
particles assembled into compact agglomerates

Figure 3. SEM images of untreated bentonite B (a: 10000%, b: 25000, and c¢: 50000X) and BPA6 (d:

10000x, e: 25000, and f: 50000X).
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through the stacking of multiple flakes, resulting
in a highly heterogeneous surface typical of
natural bentonite materials [31]. SEM
observations shows that the surface texture of the
particles could not be clearly resolved in some
areas, largely due to the magnification used and
the tendency of particles to coalesce, which
obscured fine morphological details. At higher
magnification (50000%; Figure 3c), the micrograph
reveals a stacked, sheet-like structure that is
characteristic of layered clay materials [32].

The intercalation of phenylphosphonic acid
into bentonite led to marked morphological
changes. As illustrated in Figure 3d,e, both
particle morphology and aggregation behavior
were significantly altered, resulting in the
formation of finer organobentonite particles.
Intercalation within the bentonite interlayer
space modifies the surface charge and
hydrophobicity of the clay, rendering the particle
surfaces less polar and weakening interparticle
electrostatic interactions. As a result, compact
agglomerates are reduced in favor of more
dispersed, ultrafine structures [33]. At a
magnification of 50000x (Figure 3f), HPA6
displays numerous small particles arranged into
plate-like structures, forming thin, flat, and
parallel layers characteristic of smectite-type
clays [34].

3.2. Adsorption of Acid Orange 7
3.2.1. pH effect

The influence of pH on the adsorption of AO7
was investigated across a pH range of 2 to 12, as
illustrated in Figure 4. The adsorption capacity
increased markedly as the pH rose from 2 to 6,
reaching a maximum at this value, where BPA6
reached an adsorption capacity of 29.1 mg.g™*.
Beyond pH 6, the adsorption capacity gradually
decreased with increasing pH, reaching 16.9
mg.g! at pH of 12, which suggests a reduced

25 9 i
» RN
’ N
/ \\
20 A / N - ® -BPAG
' »
1 PRt N -+-B
] o« \\ \\
15 K Se N
3 ' / \\ \
£ I} /’ \ »
ed N
& 1o ‘ K N
’ Tt~
/
5 4 é
0 :
0 2 4 6 8 10 12 14
pH

Figure 4. Effect of initial pH on the adsorption of
AQO7 by bentonite (B) and intercalated bentonite
(BPAS®).

affinity between the adsorbent and the dye under
alkaline conditions. Accordingly, pH of 6 was
selected for subsequent experiments, as it
corresponds to the optimal adsorption conditions
[35]. According to Bessaha et al. [36], the
bentonite used in the present work has a pzc of
7.8. Anionic dyes typically adsorb more efficiently
at pH values below the pHp., whereas cationic
dyes are preferentially adsorbed at higher pH
values. However, the adsorption maximum
observed at pH of 6, close to the surface neutrality
of the material, suggests that -electrostatic
interactions are not the dominant factor in AO7
adsorption. This conclusion is further supported
by the low adsorption observed at pH of 2, where
the material and AO7 are positively and
negatively charged, respectively. BPAG6
consistently exhibited a higher adsorption
capacity than raw bentonite (B) over the entire pH
range investigated. This highlights the beneficial
role of phenylphosphonic acid intercalation in
enhancing AQO7 adsorption. The role of
phenylphosphonic acid in adsorption is discussed
in the interaction mechanism section.

3.2.2. Kinetics

Figure 5 illustrates the adsorption kinetics of
AO7 onto B and BPAG6. A rapid uptake occurred
during the first 20 min, followed by a gradual
decrease in the adsorption rate, reaching
equilibrium after approximately 120 min. An
equilibrium time of 120 min has been widely
reported as adequate for various pollutant—
adsorbent systems, such as Congo red-—halloysite
[37], catechol-dolomite [38], and Cr(VI)—zeolite
[39]. The enhanced adsorption observed at the
initial stage can be attributed to the high
availability of active sites on the adsorbent
surface, particularly for BPA6. An equilibrium
time of 120 min was established as adequate for
both materials. The equilibrium adsorption
capacity of BPA6 was estimated at 19 mg.g™.
Figure 5b depicts the effect of temperature on the
adsorption kinetics of AO7 onto BPAG6, revealing a
marked improvement in adsorption efficiency
with increasing temperature, as the uptake
increased from 19 mg.g™! at 25 °C to 38 mg.g™! at
55 °C.

The kinetic parameters were determined by
fitting the experimental data to various kinetic
models, as summarized in Table 3. The pseudo-
first-order model was not suitable for describing
the obtained kinetic data, as evidenced by the low
determination coefficients (R?) and the significant
discrepancy between experimental and
theoretical adsorption capacities (Table 4). The
results demonstrate that the adsorption of AO7 is
well described by the pseudo-second-order model.
The R? values exceeded 0.990, while an excellent
agreement was found between experimental and
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theoretical adsorption capacities. These findings
suggest that the adsorption of AO7 1is
predominantly driven by interactions between the
adsorbent and the adsorbate. The increase in the
h value for BPA6 with rising temperature
indicates a faster adsorption rate at the initial
stage of the process. The intraparticle diffusion
model fits the adsorption data for both B and
BPAG6, as indicated by the relatively high R?
values in Table 4. The intraparticle diffusion
constants (kd) for the intercalated material
increase with increasing temperature, suggesting
that diffusion within the pores is facilitated at
higher temperatures. The Elovich kinetic model is
commonly used to describe adsorption on
heterogeneous surfaces, where variations in
active sites and adsorption energies affect the
process. The experimental data show a good fit
with the Elovich model, indicating that the
adsorption of AO7 is influenced by temperature.

3.2.3. Isotherms and affinity

The equilibrium adsorption isotherms of AO7
onto B and BPAG6 are presented in Figure 6. For
both adsorbents, the adsorption capacity
increases with increasing temperature, indicating
an endothermic process. In the case of raw
bentonite, adsorption capacities of 50.6 mg.g™* and
81.3 mg.g™! were obtained at 25 and 55 °C,
respectively. BPA6 demonstrates superior
adsorption performance, with capacities of 53.7
mg.g' and 123.3 mg.g™' at 25 and 55 °C,
respectively. This improvement, particularly at 55
°C, highlights the positive role of
phenylphosphonic acid incorporation, which
enhances the availability of surface sites and
strengthens their interaction with AO7 species.

Figure 7 illustrates the adsorption behavior of
B and BPAG6 toward AO7 at 55 °C. Compared with
raw bentonite, BPA6 exhibits a markedly greater
affinity for AO7 molecules. The maximum

Table 3. Pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich models and their

parameters.

Models and equations

Parameters

Pseudo-first order model [40]:
Q: = Q.(1 — exp(k;t)) (3)

Pseudo-second order model [41]:
t
= —-——F 4
“ =D @

h= kz Qs (5)

Intraparticle diffusion rate model [42]:
Qp = kgt +C ©)

Elovich model [43]:

Q.: amount adsorbed at equilibrium (mg.g-1)
Q:: amount adsorbed at time ¢ (mg.g1)

k1: pseudo-first order rate constant (min-1)
t: contact time (min)

k2: pseudo-second order rate constant
(g.mgl.min1)

h: initial adsorption rate (mg.g-l.min-1)

kia : intraparticle diffusion rate constant
(mg.g-1.min-12)

C : constant ((mg.g™?)

a : initial adsorption rate (mg.g-l.min-1)

1 1 .
Qt= Eln(aﬁ) + 3 Int (7 p : desorption constant (g.mg-1)
25 1 40 -
a b PR e il -
_____ L i ) /,—’
L e »”
20 A "/ 32 4 7
, emmtmmmmmmmmm—m e - ¥
— 4 R o ’
w!S L o 24 S _--ICC e -
&b é =
E / ’/. g /. <7
7’ - e
S104,,” -+«-B i1 )/
or 'Y -+ -25°C
n - & -BPAG6 [}
] 40°C
50 8 '*
it M -8 -55C
I U
0 T T T T 1 0 T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)

Figure 5. Adsorption kinetics of AO7 by: (a) bentonite (B) and intercalated bentonite (BPA6) at 25 °C; (b)

BPAS6 at 25, 40, and 55 °C.
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adsorption capacities reached 81.3 mg.g™* for B
and 123.3 mg.g™! for BPA6. This improved
performance can be ascribed to the intercalation
of phenylphosphonic acid (PA) within the
interlayer space of bentonite, which promotes
stronger interactions between the modified
surface and AQO7 species. The presence of
intercalated PA likely enhances the interfacial
forces governing the adsorption process, thereby
contributing to the higher uptake observed for
BPAS6. In a previous study, the POH group of PA
was shown to act as a hydrogen-bond donor, while
an oxygen atom from a neighboring species serves
as the corresponding hydrogen-bond acceptor [44].

3.2.4. Comparison of adsorption capacity with
other adsorbents

The adsorption efficiency of BPA6 toward
AO7 was evaluated and compared with that of
various adsorbent materials reported in the
literature. As shown in Table 5, BPA6 exhibits an
adsorption capacity of 123.38 mg.g™, significantly
exceeding those reported for other clay
based—materials, including montmorillonite,

palygorskite, and sepiolite. This enhanced
performance highlights the effectiveness of the
synthesis method, as BPA6 outperforms other
clays prepared or modified via alternative
approaches.

3.2.5. Equilibrium isotherm modeling

The experimental equilibrium data were
fitted using several commonly applied isotherm
models in order to better elucidate the adsorption
behavior of the studied systems. The selected
models and their corresponding parameters are
summarized in Table 6. Model performance was
evaluated based on the coefficient of
determination (R?), the mean relative error (£, %),
and the agreement between the calculated and
experimentally determined maximum adsorption
capacities. The fitting results are compiled in
Table 7.

The Langmuir model provides an
unsatisfactory description of the experimental
data, as indicated by low R? values for all

adsorbents. In addition, this model predicted
maximum adsorption capacities (@n) that were

Table 5. Comparison of adsorption capacity of Acid Orange 7 for different clay-based materials.

Adsorbents @max (mg.g1) Ref.
Methylimidazolium modified-MMT 2.3 [45]
Cetylpyridinium-montmorillonite 16.96 [46]
HDTMA-montmorillonite 58.20 [47]
DMDOA-palygorskite 96.15 [48]
ODTMA-palygorskite 99.01 [48]

Sepiolite 110.05 [49]
Untreated bentonite 81.35 Present study
BPA6 123.38 Present study

Table 6. Langmuir, Freundlich and Langmuir-Freundlich isotherms and their parameters.

Models and equations

Parameters

Langmuir isotherm [50]:

Q. = Qp—Lce ©)

1+K;Ce

Freundlich isotherm [51]:
1
Q. = KpC} )

Langmuir-Freundlich [52]:

Q _ KL):'Cf
€ 1+aLFCf

(10)

Qe: amount adsorbed at equilibrium (mg.g-1)
C.: concentration at equilibrium (mg.L1)

Ky : affinity parameter (L.mg1)

@Qm: quantity fixed in monolayer (mg.g1)

Kr: factor correlated with adsorption capacity (L.g1)
1/n: factor due to the intensity of adsorption

Krr. The Langmuir—Freundlich equilibrium
isotherms constant (L.g) -

a,r: Constant (L.mg1) -8

B: factor correlated to surface heterogeneity

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 577

Table 4. Kinetic parameters for Acid Orange 7 adsorption by B and BPA6 at different temperatures.

Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion Elovich Model
Samples h kia a
Qeexp Qecal kl Qecal 1 kz (gmgl . R2 1 1 ﬂ 9
T(C) (mggh) (mgg) (min) (mgg)  EET miny e, (mge meg (gmg
B 25 18.28 12.22 0.024 0.877 20.08 1.28 0.0032 0.998 1.633 4.06 0.997 3.10 0.253 0.959
BPA6 25 19.12 11.96 0.024 0.849 20.37 1.54 0.0037 0.996 1.740 3.78 0.969 4.69 0.274 0.923
40 24.90 18.53 0.026 0.976 27.17 1.71 0.0023 0.999 2.397 3.51 0.965 4.16 0.190 0.976
55 38.13 33.33 0.030 0.996 41.84 2.18 0.0012 0.998 4.468 0.10 0.988 4.98 0.118 0.969
Table 7. Isotherm parameters for the Langmuir, Freundlich and Langmuir-Freundlich models for the adsorption of AO7 by B and BPAG.
. Langmuir model Freundlich model Langmuir—Freundlich model
Material = T Q E K E Kir o E
° m 9 rm F 2 rm 2 rm
O (g B UmO B wo " ® we? # (Lmgy  ® %)
B 25 169.49 0.0009 0.579 8.5 0.32 1.19 0.984 8.2 0.1492 1.001 0.0003 0.999 8.6
40 -3333 -5.56186  0.002 10.3 0.22 1.03 0.971 9.7 0.113 1.102 0.00006 0.999 9.9
55 -384.6 0.0003 0.039 14.9 0.29 1.06  0.950 8.9 0.3292  0.96 0.0008 0.999 10.3
BPA6 25 111.11 0.0022 0.961 4.2 0.54 1.30  0.985 6.4 0.1622 1.09 0.0016 0.999 4.5
40 588.24 0.0004 0.267 6.2 0.35 1.10 0.989 5.9 0.1907 1.034 0.0001 0.995 7.3
55 161.29 -0.0008  0.233 15.2 0.16 0.87 0.966 9.0 0.1540 1.2 0.0002 0.999 11.5
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physically unrealistic, with some yielding
negative values. Taking into account adsorption
kinetics, solution pH, and adsorbate—adsorbent
affinity, the findings indicate that adsorption
occurs on sites with heterogeneous energy,
deviating from the assumptions of the Langmuir
model. The Freundlich model generally fits the
experimental data well, although some R? values
are somewhat low. Its main limitation lies in its
inability to predict a finite adsorption capacity at
high equilibrium concentrations. The Langmuir—
Freundlich model, which incorporates three
fitting parameters, is well suited for describing
adsorption on  both  homogeneous and
heterogeneous surfaces. Table 7 shows that the
Langmuir—Freundlich model accurately describes
the experimental isotherms for both B and BPASG,
with a coefficient of determination (R?) of 0.99 and
low mean errors. The model parameters arr, S,
and Kir were employed to obtain theoretical
isotherms, which were subsequently compared
with the experimental data (Figure 6). A close
agreement was observed between the calculated
and measured adsorption profiles.

3.2.6. Thermodynamic properties

Enthalpy (AH°®), entropy (AS°), and Gibbs
energy (AG°) were determined using the equations
below:

In(Ka) = (-<AH°/R x T) + (AS°/R) 11)
Ka = 1000%(Q/Cy) (12)
AG°® = AH° —TAS° (13)

with Ka is distribution coefficient (L.g™1), AH® is
enthalpy (kJ.mol1), AS° is entropy (kJ.mol-1.K-1),
AG° is Gibbs free energy (kJ.mol?l), and T is
absolute temperature (K).

Table 8 presents the thermodynamic
parameters related to AQO7 adsorption. The
negative values of AG° indicate that the

80 1

60 A

40 |

Q. (mg.g™)

20 A

0 100 200 300 400
Ce (mg.L)

adsorption occurs spontaneously. For both B and
BPAS6, the magnitude of AG®° rises with increasing
temperature, suggesting that higher thermal
energy favors the process. AG® values below —20
kd.mol™ are often associated with physisorption
[63]. However, this threshold should not be
considered definitive. The positive AH® values
show that AO7 adsorbs onto both B and BPA6
through an endothermic process. Similarly, AH®
values under 84 kd.mol™ are generally consistent
with physisorption [54]. This implies that the
adsorption is reversible, allowing regeneration of
BPAG6 after AO7 removal. Overall, these results
support the predominance of physisorption, likely

Table 8. Thermodynamic parameters for the
adsorption of AO7 onto B and BPAG.

AS° AG® (kJ.mol?)
Sample AH® 5 ol
P (cd.mol ) p T 25°C  40°C  55°C
B 14.94 0.09 11.85 -1320 -14.54
BPA6 27.16 0.13 11.89 -13.85 -15.82
120 - -
- ‘.’ -
100 P -
: 80 /7 ’ - [ ]
o0 ’ -
%0 // B e~
~ 60 d _-"
S K .
;o P - & - BPAG6
40 )//, —e-B
rd 4 ,
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- 2% - ¢
0
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Figure 7. Affinity of bentonite (B) and intercalated
bentonite (BPA6) toward AO7, at 55 °C.
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Figure 6. Isotherms according to the experimental data (...) and Langmuir-Freundlich model (—) for B and

BPAS.
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involving weak interactions such as hydrogen
bonding [55]. The positive AS° values are likely
due to the breakdown of the AO7’s hydration shell
and the simultaneous release of water molecules
from the organobentonite surface, during the
transfer of AO7 onto BPA6 [56]. This increase in
disorder (AS°>0) contributes to the
thermodynamic driving force for spontaneous
adsorption (AG°<0).

3.2.7. Desorption and reusability

The desorption of AO7 from BPA6 was
investigated using five eluents: NaOH, water,
butanol, ethanol, and methanol as illustrated in
Figure 8. Among these, ethanol proved to be the
most effective, enabling the recovery of up to 60%
of the adsorbed dye. the desorption efficiency
followed the order: ethanol (60%) > methanol
(52%) > butanol (42.2%) > water (20%) > NaOH
(19.8%). Hydrophilic (-NH, -SO3) and
hydrophobic alkyl groups of AQO7 interact
selectively with the hydroxyl and alkyl moieties of
alcohols, promoting desorption from AO7-loaded
bentonite [57]. Ethanol, with its moderately sized
hydrocarbon chain, forms effective hydrophobic
interactions with the alkyl groups of AO7, thereby
disrupting dye—phenylphosphonic acid
associations. In contrast, methanol is too polar to
compete with these interactions, while butanol,
despite its higher hydrophobicity, is limited by
restricted accessibility. Desorption can be
described as a coupled diffusion—interaction
process. Due to its intermediate molecular size,
ethanol readily diffuses into the organobentonite
interlayers, whereas butanol 1is sterically
hindered and methanol interacts only weakly with
the hydrophobic phase. Water exhibits poor
desorption efficiency because of its low affinity for
the organic phase of BPA6, which limits AO7
extraction from the clay galleries. Overall, ethanol
achieves the best performance by balancing

BPA6

Desorption (%)

Ethanol

Methanol
Butanol
NaOH
Water

Figure 8. Desorption of AO7 from BPA6 with
different eluents, at 55 °C.

hydrophobicity and accessibility within the
bentonite structure. Its efficiency arises from the
combined effects of rapid diffusion and strong
interactions with the adsorbed dye.

Given the importance of regenerability for
practical applications, four successive adsorption—
desorption cycles were conducted using ethanol as
the eluent (Figure 9). After each desorption step,
the solution was analyzed using UV-Vis
spectroscopy from 200 to 600 nm, which revealed
no distinct features attributable to the release of
phenylphosphonic acid. The reusability of the
material was assessed through its adsorption
performance over multiple cycles, without
monitoring its cation exchange capacity (CEC)
after each adsorption—desorption step. The
relatively stable adsorption capacity observed
during the first three cycles indicates that the
material largely retains its functionality upon
recycling, although CEC measurements would be
required to confirm this observation.

BPAG6 maintained its adsorption capacity over
the first three cycles, but a marked decline was
observed in the fourth cycle, where the capacity
dropped to 15%. This decrease is likely due to
cumulative material loss during regeneration, as
well as the progressive accumulation of AO7 on
the surface, which partially blocked active sites
and reduced accessibility [58]. Such a decline
illustrates a common limitation in the long-term
regenerability of adsorbents, often caused by
incomplete desorption and progressive pore
fouling. While solvent-based regeneration can
provide good initial recovery, repeated cycles may
lead to performance deterioration due to blocked
micropores or strongly bound adsorbates. Future
studies should focus on optimized regeneration
strategies, such as alternative eluents or hybrid
approaches, to enhance desorption efficiency and
extend adsorbent lifetime [59].

70 7

60 1 BPAG

50 A
40 A

30 A

]

1 2 3 4
Cycle

Figure 9. Adsorption rate of BPA6 toward AO7

using ethanol as the eluent over successive cycles
at 55 °C.

Adsorption rate (%)
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3.3. FTIR Analysis

Figure 10 depicts the IR spectra of
intercalated bentonite (BPAG6), acid orange 7
(AO7), and AO7 adsorbed on intercalated
bentonite (AO7/BPA6). The peak at 3623 cm™!
corresponds to the —OH stretching of structural
hydroxyls (Figure 10-BPA6). The absence of a
broad band around 3400 cm™!, attributed to
hydrogen-bonded interlayer water, indicates that
the interlayer water has been displaced by the
intercalated phenylphosphonic acid. These results
indicate that modification of bentonite with
phenylphosphonic acid has changed its surface
properties from hydrophilic to hydrophobic [60].
The smooth peak at 1635 cm™! is associated with
the H-O-H bending of water molecules retained
within the silica matrix. The bands at 1199 cm™
and 1160 cm™ correspond to the P=O and P-O
stretching vibrations, respectively [61].
Additional vibrations are observed at vas, P-OH
(920 cm™) and vs, P-OH (834 cm™) [62,63]. These
phosphorus-related spectral features clearly show
that phenylphosphonic acid has been successfully
intercalated between the bentonite layers. The
intense band at 1011 cm™! is assigned to the Si-O
stretching vibration in the tetrahedral sheet. The
band at 796 cm™! arises from Si—O bending, while
the band at 691 cm™ corresponds to the Si—O-Al
bending mode [64].

Acid Orange 7 undergoes azo—hydrazone
tautomerism (Table 1), a structural feature
commonly observed in phenylazonaphthol dyes.
The FTIR spectrum of AO7 prior to adsorption is
shown in Figure 10-AO7. The broad band at 3416
cm™ is assigned to N—H stretching. The bands at
1551 and 1621 cm™ are attributed to coupled
vibrations involving N-H bending and —-N=C
stretching of the (NH-N=C) group, and to phenyl

— e AO7/BPA6
‘ )
@ X
S o 5N
™ [®R ©o
0
Yo
o
=
f
©
3
—— BPAG6
1
[sg}
(9]
3

/L
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T 1 T
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Figure 10. FTIR spectra of BPA6, AO7, and AO7-
loaded BPA6 (AO7/BPAS6).

T T
3500 3000

ring vibrations combined with C=N stretching,
respectively [65]. The peak at 1502 cm™! is
ascribed to N-H bending vibration. The
identification of the N-H and —N=C functional
groups confirms that AO7 i1s present in its
hydrazone form. NMR spectroscopy has revealed
that AO7 predominantly adopts the hydrazone
tautomeric form in aqueous solution [66]. The
bands at 1593 and 1448 cm™! are characteristic of
phenyl ring vibrations. The bands at 1176 and
1115 cm! are associated with vas (=SO37) and vs
(=S037), respectively [65]. The presence of
sulfonate (—=SO3~) groups bonded to the aromatic
rings is evidenced by bands at 1032, 695, and 617
cm™!, which are assigned to the S=0, S-0O, and S—
C stretching modes, respectively [67].

After adsorption of acid orange 7 (Figure
10-AO7/BPA6), marked spectral changes
occurred, including the disappearance of certain
bands and the shift or appearance of others,
indicating interactions between AO7 and the
BPA6 organobentonite. The band at 3416 cm™
changed in intensity, broadened and shifted to
3428 cm™, consistent with hydrogen-bond
formation between the amine groups of the
hydrazone form of AO7 and proton donors. This is
further supported by the shift of the N-H bending
band from 1502 to 1506 cm™. The bands
attributed to the —-N=C group, coupled with the
phenyl ring and N-H, shifted from 1621 to 1618
cm™! and from 1551 to 1538 cm™, respectively.
Phosphorus-related bands: vP=0 (1199 cm™), vP—
O (1160 cm™), vas, P-OH (920 cm™), and vs,
P-OH (834 cm™l), shifted and/or changed in
intensity after adsorption to 1203, 1161, 915, and
837 cm™l, respectively. These observations
suggest that phenylphosphonic acid intercalated
within the bentonite layers may interact with AO7

B Hydrogen bonding

Tetrahedral sheet

L~
Octahedral sheet

Tetrahedral sheet —

154 & C\%—— f,“ Rig

Figure 11. Proposed interaction mechanism
between acid orange 7 and phenylphosphonic
acid—intercalated bentonite (BPA6).
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molecules via hydrogen bonding mediated by its
P-OH group.

Noticeable shifts were observed in the —SOs~
bands after AO7 adsorption: vas (—SOs") (from 1176
cm™! to 1161 cm™), vs=0 (from 1032 cm™! to a band
overlapping with vsi-o at 1007 cm™), vso (from
695 cm™! to a band overlapping with 8si-o at 697
cm™l), and vs—c (from 617 cm™ to 612 cm™). These
changes highlight the prominent role of the
sulfonate group in the adsorption mechanism. The
Si—O bands of the tetrahedral sheet also exhibited
shifts: vsi-o (from 1011 cm™ to a band overlapping
with vs=o0 at 1007 cm™), 8si-o (from 796 cm~1to 795
cm™Y), and Osi-o (from 691 cm™! to a band
overlapping with vso at 697 cm-). Such
interactions between these functional groups are
discussed further in the mechanism section.

3.4. Interaction Mechanism

The adsorption process is largely driven by
hydrogen bonding, as indicated by IR spectroscopy
and adsorption data. Intermolecular hydrogen
bonds form between phenylphosphonic acid in the
bentonite interlayer and the amine groups of
AO7s hydrazone form, with POH groups acting as
hydrogen-bond donors. Increasing intercalation
incorporates more P-O—H groups, enhancing AO7
adsorption via hydrogen bonding and explaining
the higher performance of BPA6. Previous work
confirmed the POH group acts as a hydrogen-bond
donor [44]. Evidence for amine involvement
includes broadening of the 3416 cm™ band and
blue shifts at 3416 and 1502 cm™, corresponding
to N-H stretching and bending modes,
respectively. Such blue shifts reflect increased
electron density around nitrogen, due to
strengthened N---HX interactions and
simultaneous weakening of the H-donor bond
[65,68]. Consistent with Khezami et al. [69],
amines typically act as hydrogen-bond acceptors
in interactions with hydroxyl groups [70].

When dispersed in water, bentonite surface
oxide groups hydrolyze to form silanol (Si—OH)
and aluminol (Al-OH) groups, with neutral sites
predominating near the point of zero charge (pzc)
[71]. Given that the pzc of the bentonite is 7.8 [36]
and the experiments were conducted at a similar
pH, the tetrahedral sheet is primarily composed of
Si—OH groups. IR spectroscopy shows shifts in Si—
O bands after adsorption, indicating the
involvement of silanol groups, which act as
hydrogen-bond donors due to their slightly acidic
character. This role is further supported by NMR
results confirming the strong donor ability of Si—
OH groups [72]. The participation of AO7, in its
hydrazone form, is evidenced by changes in the
vibrational bands of its —SO3;~ group (S=0, S-O,
and S-C), indicating its involvement in
adsorption. As electron-rich species, sulfonate
groups act as effective hydrogen-bond acceptors,

forming interactions with Si—~OH groups [73,74].
Overall, these interactions are consistent with
hydrogen bonding between Si—-OH and —-SOj;~
groups, as supported by both spectroscopic data
and AH° values within the expected range for such
interactions [55].

The enhanced adsorption of AO7 molecules by
BPA6, compared to unmodified bentonite, is
attributed to the involvement of intercalated —
POH groups. In contrast, as mentioned above, the
hydrolyzed surface of bentonite is primarily
composed of silanol (Si—OH) groups [71], which act
as the main active sites. The latter facilitate
hydrogen bonding with the sulfonate and/or
amine groups of AO7 in its hydrazone form.
Among the available interactions, n—r stacking is
well-established in biology, chemistry, and
materials science, and often governs the
adsorption of aromatic compounds onto carbon-
based materials, polymers, and metal-organic
frameworks (MOFs) [75]. In organoclays,
however, its contribution appears more limited.
Similarly, the involvement of exchangeable
cations in electrostatic bonding is unlikely in
smectitic clays, as these cations are surrounded by
hydration shells that reduce direct interactions as
hydration increases [76]. Based on intercalation
characterization, AO7 adsorption results, and
spectroscopic data, a mechanism for AQ7
interaction with BPAG6 is proposed (Figure 11).

4. Conclusion

In this study, a novel organobentonite (BPA6)
was synthesized via intercalation of
phenylphosphonic acid into bentonite, as
confirmed by XRD, SEM, and FTIR analyses. The
basal spacing increased from 10 Ato15.4 A, with
an intercalated fraction of 86%. BPA6 exhibited
superior adsorption of Acid Orange 7 compared
with raw Dbentonite, achieving a maximum
capacity of 123.3 mg ¢! at 55°C. Adsorption was
strongly influenced by pH, temperature, and
contact time, following pseudo-second-order
kinetics and a Langmuir-Freundlich isotherm.
Thermodynamic analysis indicated spontaneous,
endothermic, and predominantly physisorption-
driven interactions, with hydrogen bonding
between P-OH and Si—OH of BPA6 and the
sulfonate and amine groups of AO7 as the primary
adsorption mechanism. BPA6 also demonstrated
good reusability over three cycles using ethanol as
the eluent. These results highlight
phenylphosphonic acid—modified bentonite as a
cost-effective and efficient adsorbent for azo dyes,
with promising applications in wastewater
treatment and environmental remediation.
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