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A B S T R A C T

This paper contributed with new findings to understand and characterize a heavy metal
adsorption on a composite adsorbent. The synthesized polypyrrole–polyaniline@rice husk ash
(PPY–PANI@RHA) was prepared and used as an adsorbent for the removal of hexavalent chro-
mium Cr(VI). The adsorption isotherms of Cr(VI) ions on PPY–PANI@RHA were experimentally
determined at pH 2, and at different adsorption temperatures (293, 303, and 313 K). Multi-layer
model developed using statistical physics formalism was applied to theoretically analyze and
characterize the different interactions and ion exchanges during the adsorption process for the
elimination of this toxic metal from aqueous solutions, and to attribute new physicochemical
interpretation of the process of adsorption. The physicochemical structures and properties of the
synthesized PPY–PANI@RHA were characterized via Fourier transform infrared spectroscopy
(FTIR). Fitting findings showed that the mechanism of adsorption of Cr(VI) on PPY–PANI@RHA
was a multi-ionic mechanism, where one binding site may be occupied by one and two ions. It
may also be noticed that the temperature augmentation generated the activation of more func-
tional groups of the composite adsorbent, facilitating the interactions of metal ions with the
binding sites and the access to smaller pore. The energetic characterization suggested that the
mechanism of adsorption of the investigated systems was exothermic and Cr(VI) ions were
physisorbed on PPY-PANI@RHA surface via electrostatic interaction, reduction of Cr(VI) to Cr
(III), hydrogen bonding, and ion exchange. Overall, the utilization of the theory of statistical
physics provided fruitful and profounder analysis of the adsorption mechanism. The estimation of
the pore size distribution (PSD) of the polypyrrole-polyaniline@rice husk ash using the statistical
physics approach was considered stereographic characterization of the adsorbent (here
PPY–PANI@RHA was globally a meso-porous adsorbent). Lastly, the mechanism of Cr(VI)
removal from wastewater using PPY-PANI@RHA as adsorbent was macroscopically investigated
via the estimation of three thermodynamic functions.
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1. Introduction

The potential harmful metal discharge from industries into the environment has generated public alarm with the increase of
industrialization and population expansion because of its potentially dangerous impact on environmental security and human health
[1–3]. Due to their high toxicity, persistence, and lack of biodegradability, potentially harmful metals are recognized as the main
contaminant of the food chain since their accumulation in living tissues could lead to severe health and environmental hazards [4,5].
For example, chronic exposure to high levels of chromium may cause a number of ailments, including kidneys, and lungs, as well as
causing adverse skin responses, vomiting, and severe diarrhea [6–8]. Chromium actually exists in a number of oxidation states, with Cr
(III) and Cr(VI) being the most stable ones. In comparison to Cr(III), Cr(VI) is highly poisonous. It is more soluble, mutagenic, and
carcinogenic [6]. According to a previous study by Beaumont et al. [9], a Chinese population exposed to Cr(VI) in drinking water has
an elevated incidence of stomach cancer. These ions are mostly produced by the pesticide, paint, mining, tannery, and electroplating
industries [10].

The remediation of wastewater containing potentially harmful metals has been carried out using a variety of physicochemical
techniques [11–15]. However, these methods have certain drawbacks, including high energy needs, the production of hazardous
sludge, and expensive costs [16]. Hence, the adsorption is one of the popular techniques used in treatment technologies to be an
efficient technique for potentially harmful metal cleanup due to its simplicity of use, reduction of secondary waste, and cheap cost
[17]. Indeed, several studies have been conducted on Cr(VI) ions removal from wastewater using bacteria cell templated porous
polyaniline (maximum adsorbed quantity of 835.06 mg/g) [18], polypyrrole/calcium rectorite composites (maximum adsorbed
quantity ranging from of 833.33 mg/g at 318 K) [19], PPy/Fe3O4 magnetic nanocomposites (maximum adsorbed quantity of 208.77
mg/g at 306 K) [20], capsular polypyrrole hollow nanofibers (maximum adsorbed quantity of 839.30 mg/g at 298 K) [21], core-shell
Fe3O4/PANI microspheres (maximum adsorbed quantity of 200 mg/g at 298 K) [22], chitosan/polypyrrole (maximum adsorbed
quantity of 92.16 mg/g at 323 K) [23], flake-like polyaniline/montmorillonite nanocomposites (maximum adsorbed quantity of
167.50 mg/g) [24], polyaniline@Ni(OH)2 (maximum adsorbed quantity of 625 mg/g at 298 K) [25], Fe3O4@Arg-PPy (maximum
adsorbed quantity of 322.58mg/g at 298 K) [26], sodium alginate-polyaniline nanofibers (maximum adsorbed quantity of 73.34 mg/g
at 303 K) [27], polypyrrole-modified layered double hydroxides (maximum adsorbed quantity of 76.21 mg/g at 298 K) [28],
alkyl-substituted polyaniline/chitosan maximum adsorbed quantity of 2.66 mmol/g at 298 K) [29], graphene/SiO2@polypyrrole
(maximum adsorbed quantity of 429.18mg/g at 298 K) [30], and PANI-coated electrospun adsorbent membranes (maximum adsorbed
quantity of 15.08 mg/g at 298 K) [31]. It may then be remarked that different adsorbents have been successfully applied in removing
chromium from aqueous solutions. Nearly all these studies have used models derived from the Langmuir theory, showing relatively
low maximum adsorbed quantities. Regarding adsorption modeling, it may be noted that conventional models have been utilized to
analyze adsorption equilibrium data. Nevertheless, the interpretations obtained from these models provide only a partial and
incomplete comprehension of the adsorption process, in terms of equilibrium constant and maximum adsorption capacity.

The selection of polyaniline (PANI) and polypyrrole (PPY) for this study is primarily influenced by their easy bulk synthesis, redox
properties, biocompatibility, non-toxic nature, substantial specific surface area, and affordability [20]. Additionally, the inclusion of a
nitrogen atom with a lone pair of electrons in PPY and PANI enhances their capability for binding (hydrogen/electrostatic) within the
macromolecular chains, thereby facilitating the effective removal of Cr(VI) ions from polluted water [18]. Nevertheless,
post-treatment, the process of eluting PANI and PPY powder proves to be exceedingly laborious and costly, primarily due to its intrinsic
hydrophilic nature. In this context, significant endeavors have been directed towards developing diverse PPY and PANI coatings on
inexpensive, environmentally friendly bio-adsorbents such as rice husk ash (RHA), which is then utilized as adsorbent for the
extraction of Cr(VI) ions from wastewater. As a result, the current study is centered on the creation of PPY-PANI composite coated on
RHA and the investigation of its potential as an adsorbent for the elimination of Cr(VI) ions from wastewater. By using traditional
models (Freundlich, Langmuir, Langmuir-Freundlich, and Temkin models), the adsorption of this contaminant has been well examined
in terms of adsorption modeling [32,33]. Nevertheless, a number of investigations have revealed that the absence of quantitative
analysis of physicochemical parameters prevents a complete description of the adsorption mechanism as interpreted by these models.
The novelty of this work is associated with the characterization using FTIR analysis and the application of an advanced modeling study
based on statistical physics approach. Hence, to deeper analyze and gain insights into the microscopic and the macroscopic levels of the
adsorption mechanism, a multi-layer model has been established and used by examining its physicochemical parameters with clear
physical significances in relation with the putative adsorption process [34–38].

In the current work, an advanced statistical physics model was carried out to study the Cr(VI) adsorption isotherms onto the
polypyrrole-polyaniline@rice husk ash (PPY-PANI@RHA), at three temperatures (293, 303, and 313 K). Hence, the principal aim of
this work was to quantitatively characterize the studied systems by highlighting and analyzing the significance of the estimated
parameters.

2. Materials and methods

2.1. General

The stock solution of 1 g L− 1 of hexavalent chromium Cr(VI) was made by dissolving 2.82 g of potassium dichromate in 1 L of
distillated water. The stock solution was successively diluted to produce the desired Cr(VI) concentrations.

The local rice mill provided the raw rice hush used in this work. The different chemicals and reagents, which were utilized in this
work such as aniline monomers, pyrrole monomer, ammonium persulfate (APS), and potassium dichromate, were purchased from
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Merck Pvt. Ltd. India. All chemicals were performed using double-distilled water.
The rice husks, which are a byproduct from the local rice mill, were washed multiple times with distilled water and were then dried

in a hot air oven for 12 h at 333 K. Following this, the rice husks were pre-treated with 1 mol L− 1 of hydrochloric acid (HCl) before
being combusted to generate pure white silica powder. Afterward, they were rinsed several times with deionized water to eliminate
excess acid and subsequently dried in an oven for 24 h at 333 K. The resulting product was then heated in a muffle furnace for 4 h at
973 K, forming white rice husk ash (RHA) powder.

The synthesis of PPY–PANI@RHA was made according to the methods presented by Dutta et al. [33]. Firstly, 0.15 mL of aniline
monomer, 0.3 mL of pyrrole monomer, and 10 mL of distilled water were mixed, doped with 1 M HCl and, and at the same time added
to 0.1 g of RHA, which was dispersed in 10 mL of distilled water in a baker, at room temperature (303 K) for 5–6 h. Afterward, 0.15 g of
APS dissolved in distilled water was added to the mixture, and the system was maintained in an ice bath for 12 h. The solid (i.e.,
PPY–PANI@RHA) was rapidly washed with distillated water multiple times, and then remained in a vacuum oven at 333 K for one day.
The solid was recuperated by filtration, washed, and dried at 333 K, with subsequent calcinations at 973 K for 4 h using muffle furnace,
for obtaining the PPY-PANI@RHA. Almost identical experimental methods were reported by previous works [39–48].

2.2. Adsorption isotherms

Firstly, solutions with a concentration of 1 g L− 1 of Cr(VI) were prepared by successive dilution of the stock solution until they
reached the desired concentrations for the adsorption isotherm experiments.

The adsorption isotherms of the examined heavy metal were conducted at temperatures of 293, 303, and 313 K with initial
concentrations of Cr(VI) of 0, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, and 600 mg L− 1, contact time of 4 h, adsorbent
dosage of 0.8 g L− 1, solution volume of 100 mL, pH 2, and stirring rate of 200 rpm.

Fig. 1 described the experimental hexavalent chromium adsorption isotherms on PPY–PANI@RHA at 293, 303, and 313 K and pH
2.

All experimental data showed that the adsorption temperature increased the adsorbed quantity of Cr(VI). Indeed, these experi-
mental adsorption isotherms were fitted with an advanced model established using the statistical physics theory described below.

2.3. Statistical physics model

Several theoretical models, which were established in previous paper by Ben Lamine team [49–52], may be used for the adjustment
of different types of isotherms with the aim of selecting the most appropriate model for each adsorption system. The adjustment of the
experimental data through the use of the statistical physics theory may be considered potent method to microscopically and
macroscopically investigate the adsorption of Cr(VI) ions from wastewater using PPY-PANI@RHA. Hence, in this work, the most
general model with two adsorption energy levels (i.e., the multi-layer model) was chosen to study the mechanism of adsorption of
hexavalent chromium [Cr(VI)] on PPY-PANI@RHA.

It was supposed that.

1) The adsorption of Cr(VI) occurred via the formation of infinity of layers.
2) The adsorbed heavy ions in the 1st layer acted as adsorbent for the 2nd and subsequent layers.
3) The Cr(VI) ions were adsorbed on the 1st layer with the adsorption energy (-ε1) and on the Nl layers with the adsorption energy

(-ε2).

Fig. 1. Experimental isotherms of the adsorption isotherms of Cr(VI) ions on PPY-PANI@RHA at different temperatures (293, 303, and 313 K) and
at pH 2 from aqueous solutions.
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As proposed in previous paper [52], the theoretical expression of the adsorbed quantity Qa versus the adsorbate concentration at
equilibrium C may be written as:

In Eq. 1, n, Ns, Nl, C1, and C2 being five fitting parameters, which represented, respectively, the number of Cr(VI) ions docked on one
binding site, the number of occupied PPY–PANI@RHA sites at saturation, the number of occupied layers, and the half-saturation
concentrations.

The half-saturation concentration Ci (i= 1 or 2) may be expressed as a function of the molar adsorption energy ΔEi (i= 1 or 2) by the
following expression [53]:

ΔEi =RT ln
(
Cs

Ci

)

(Eq. 2)

3. Results and discussion

3.1. Characterization of polypyrrole-polyaniline@rice husk ash

X-ray diffraction analysis (XRD) of RHA was conducted to determine the mineralogical phases (whether amorphous or crystalline).
Indeed, Fig. 2 illustrated the XRD pattern of RHA sample comprising SiO2 (89.50 %), Fe2O3 (2.86 %), CaO (0.30 %), Al2O3 (0.40 %),
and other minor mineral element. The presence of a broad hump indicated its amorphous nature, while the peaks corresponding to
SiO2 suggested also its crystalline nature. It may then be deduced that RHA existed in both amorphous and crystalline forms. Notably,
the prominent peak of crystalline SiO2 is observed at 26◦ 2θ. The combustion of rice husks yields ash with a high silica content. When
the combustion process of rice husks ash with high silica content was conducted under controlled conditions, the silica in RHA
remained amorphous [33].

The surface functional groups of PPY–PANI@RHA and PPY–PANI@RHA-Cr(VI) were analyzed by FTIR analysis in the wavenumber
range of 400–4000 cm− 1 and the corresponding spectra were illustrated in Fig. 3. The characteristic peaks of polyaniline in the spectra
of PPY-PANI@RHA appeared at 1595, 1550, 1480, 1300, 1100, and 780 cm− 1, corresponding to C=N stretching, C-N stretching, C-C
bonding of benzenoid structure, N-H deformation, -NH+ = vibration in the structure, and C-Cl out-of plane, respectively [54,55]. In
addition, the presence of the peaks at 1550 cm− 1 (C-N stretching), 1480 cm− 1 (C-N stretching), 1100 cm− 1 (C-N stretching vibration),
1050 cm− 1 (C-H stretching vibaration), 920 cm− 1 (N-H plane deformation), and 800 cm− 1 (deformation) could be attributed to the
presence of dopped polypyrrole in PPY-PANI@RHA [56,57].

The bands located at 1300, 1100, and 320 cm− 1 majorly decreased in width and intensity thus showing the interactions of Cr(VI)

Fig. 2. XRD pattern of rice husk ash.
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with the main functional groups of in PPY-PANI@RHA, i.e., the two types of nitrogen-contained functional groups (N-H and -NH+ = ).

3.2. Fitting results

In order to enhance the accuracy of predictions and deeply analyze the experimental isotherms, an advanced statistical physics
model is used to adjust the experimental data set. This model aims to estimate various crucial parameters, including the number of
heavy metal layers formed on PPY–PANI@RHA during the process of adsorption, the maximum adsorbed quantity of Cr(VI) ions, the
density of functional groups, the number of layers, the half-saturation concentrations, and the associated adsorption energies.

The adjustment of the experimental hexavalent chromium adsorption isotherms on PPY-PANI@RHA at 293, 303, and 313 K and pH
2, depicted in Fig. 1, was achieved using the origin program (version 8.5). Based on the correlation coefficients (R2) ranged from
0.99365 to 0.99624, the root mean square errors (RMSE) ranged from 0.02595 to 0.04698, and the physicochemical parameter values
involved in the proposed model and their evolutions with temperature, it may be deduced that the multi-layer model offered a proper
data fitting to characterize the nature and type of interactions occurred between the adsorbate and the adsorbent binding sites. This
choice was made according to the generality of the used model since the multi-layer model was considered as the most general model
with two adsorption energy levels, which may be used for any type of isotherm. These modeling results obtained by the application of
the statistical physics theory were also supported by the adsorbent characterization using FTIR results, assuming that two main
functional groups of PPY–PANI@RHA were involved in the adsorption of the studied heavy metal. Table 1 illustrated the modeling
results and Fig. 4 presented the fitting of the experimental data using the multi-layer model.

The adsorption mechanism entailed an exchange of Cr(VI) ions from the free state to the adsorbed configuration. Hence, the
utilization of the advanced and powerful statistical physics theory, specifically employing the grand canonical ensemble, becomes
imperative to take into account the fluctuation in the number of heavy metal ions during the adsorption process. Indeed, this theo-
retical methodology may be applied to provide deeper analysis concerning the stereographic (saturation, orientation, aggregation
degree, position, number of layers, density, adsorption manner, etc.) and energetic (adsorption energy, interaction type, adsorption
type, adsorption nature, etc.) molecular interactions between the investigated adsorbate and the adsorbent binding sites. Unfortu-
nately, the traditional models failed to provide relevant and quantitative insights into the adsorption phenomenon.

3.3. Analysis of the estimated parameters of the multi-layer model

The statistical physics theory established by Ben Lamine et al. [35–38,49–53]may be considered a potent and formidable method to
profounder comprehend adsorption process involved in the removal of this water pollutant, analyze equilibrium data and provide

Fig. 3. FTIR spectra PPY-PANI@RHA before and after Cr(VI) adsorption.

Table 1
Values of the correlation coefficient (R2), and the residual root mean square
error (RMSE) obtained from the adjustment of the adsorption isotherms of Cr
(VI) ions by the multi-layer model.

T (K) R2 RMSE

293 0.99624 0.02595
303 0.99365 0.04698
313 0.99566 0.03248

I. Ben Khemis et al.
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physical explanations at a molecular level.
The adsorption mechanism of hexavalent chromium Cr(VI) may theoretically be investigated via stereographic and energetic

parameters of the proposed model (i.e., the number of docked Cr(VI) ions per binding site n, the number of occupied adsorbent sites at
saturation NS, the total number of Cr(VI) layers NL (NL = Nl + 1), the maximum adsorbed quantity QM, and the half-saturation con-
centrations C1 and C2). Notice that the molar adsorption energies ΔE1 and ΔE2may be calculated via the estimated values of C1 and C2.
Thus, all these physicochemical parameters are discussed with respect to solution temperature at a microscopic level in the next sub-
headings.

3.3.1. Number of docked Cr(VI) ions per binding site n
In general, the first stereographic parameter nmay be applied to analyze and describe the chemical behavior of Cr(VI) ions during

the adsorption process on PPY-PANI@RHA through the estimation of the aggregation degrees [49,51,58]. Indeed, the values of nwere
superior to unity and ranged from 1.10 to 1.77. This fitting result suggested that Cr(VI) ions were aggregated but with a low degree.

Stereographically and geometrically, this estimated parameter may also provide profounder information concerning the position
and the manner of binding of chromium ions on PPY–PANI@RHA surface during the process of adsorption. As mentioned above, all n
values were higher than unity (1 < n < 2) indicating the adsorbed Cr(VI) ions were linked as one or two ion(s) per PPY–PANI@RHA
binding site. These stereographic findings suggested that the adsorption mechanism was multi-ionic and the adsorption geometry was
non-parallel.

Table 2 presented the impact of the temperature on the number of docked chromium ions per binding site n. It may then be deduced
that n diminished as a function of adsorption temperature. Thus, this behavior may be attributed to the impact of thermal agitation,
which may cause thermal collisions between hexavalent chromium ions leading to a reduction of the number of docked chromium ions
per binding site, i.e., preventing the formed aggregate to be docked (thermal effect).

3.3.2. Number of occupied adsorbent sites at saturation NS
The number of occupied adsorbent binding sites at saturation Ns, second stereographic parameter, may present a great effect on the

isotherm behavior.
Table 2 depicted the impact of the temperature on the number of occupied adsorbent sites at saturation NS. It may be noticed that

the temperature produced an increase of this parameter, i.e., an increment of the binding sites that are engaged in the Cr(VI)
adsorption.

In addition, this density evolved with an inverse manner in comparison to the number of docked chromium ions per
PPY–PANI@RHA binding site (i.e., when the values of the densities NS increased from 293 to 313 K, the corresponding values of n
decreased). Hence, the diminution of the number of docked chromium ions per binding site caused free space on PPY–PANI@RHA that
generated the increase of Ns since the formed aggregate decreased its size with the temperature (stereographic effect).

Fig. 4. Application of the multi-layer model on the adsorption isotherms of Cr(VI) ions on PPY-PANI@RHA at different temperatures (293, 303, and
313) and at pH 2.

Table 2
Estimated parameters of multi-layer model for the adsorption of Cr(VI) ions on PPY–PANI@RHA.

T (K) n NS (mg/g) Nl NL QM (mg/g) C1 (mg L¡1) C2 (mg L¡1)

293 1.77 110.11 2.00 3.00 584.68 5.98 318.94
303 1.70 123.85 2.30 3.30 694.79 6.35 264.67
313 1.10 254.51 2.43 3.43 960.26 7.92 242.93

I. Ben Khemis et al.
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3.3.3. Total number of Cr(VI) layers NL
The third stereographic parameter is the total number of Cr(VI) layers NL during the process of the adsorption that may be defined

as [52]:

NL = 1 + Nl (Eq. 3)

The non-integer values of NL indicated that sometimes the layers were not fully occupied during the adsorption mechanism.
Table 2 depicted the effect of adsorption temperature on the number of formed layers of Cr(VI) on PPY–PANI@RHA during the

adsorption process, which were varied from 3.00 to 3.43. It may then be deduced that up to four layers of hexavalent chromium were
formed and NL augmented when the adsorption temperature augmented. This effect was presumably due to the increase of the in-
teractions between the docked ions, i.e., Cr-Cr interactions.

3.3.4. Maximum adsorbed quantity at saturation QM
Lastly, the fourth stereographic parameter is the maximum adsorbed quantity. The expression of the maximum adsorbed quantity

for a multi-layer model, which depended on the number of docked Cr(VI) ions per binding site n, the number of occupied adsorbent
sites at saturation NS, and the total number of Cr(VI) layers NL, may be given by Ref. [52]:

QM = n × NS × NL (Eq. 4)

It may be observed from Table 2 that the maximum adsorbed quantity at saturation increased with temperature (from 293 to 313
K), which may be explained by the augmentation in the mobility of the hexavalent chromium ions in aqueous solutions.

Finally, it was clear from the values of the different stereographic parameters introduced in the multi-layer model expression that
the number of occupied adsorbent sites at saturation, the total number of Cr(VI) layers, and the maximum adsorbed quantity raised
with temperature; however, the number of docked Cr(VI) ions per PPY–PANI@RHA binding site was reduced. The product of these
three estimated parameters may mathematically explain the increment of the maximum adsorbed quantity with adsorption
temperature.

3.3.5. Half-saturation concentrations C1 and C2
In the present study, the investigated adsorption systems were considered ideal systems since the different values of half-saturation

concentrations C1 and C2, which were spread out from 5.98 to 9.92 mg L− 1, and from 242.93 to 318.94 mg L− 1, respectively, were not
only far from the solubility concentration value (Cs = 8.66 104 mg L− 1) but also enough far from the saturation concentrations. As a
result, interactions may be neglected for the investigated concentration intervals. Hence, C1 and C2may be written as a function of the
molar adsorption energies ΔE1 and ΔE2, respectively, as follows [46,49]:

ΔE1 =RT ln
(
Cs

C1

)

(Eq. 5)

ΔE2 =RT ln
(
Cs

C2

)

(Eq. 6)

these theoretical equations may be employed to calculate the molar adsorption energies ΔE1 and ΔE2 for the purpose of energetically
interpreting the adsorption mechanism of one of the most frequent heavy metal contaminants presented in small quantities in natural
waters. To simplify the energetic interpretation, the Cr(VI) solubility concentration in water was supposed to be invariant or constant
at adsorption temperatures from 293 to 313 K and the estimated values of C1 and C2 were determined via the fitting of experimental
isotherms at 293, 303 and 313 K.

Overall, it may be noted that ΔE1 described the interactions between Cr(VI) ions and PPY-PANI@RHA; however, ΔE2 described the
Cr(VI)-Cr(VI) interactions. The removal of this toxic metal implied molar adsorption energy values ranging between 13.65 and 15.29
kJ/mol for the 1st layer and between 23.34 and 24.20 kJ/mol for the other layers (Table 3). Hence, all the estimated values of ΔE1 and
ΔE2 were relatively low and inferior to 24 kJ/mol. Consequently, the adsorption of Cr(VI) on PPY-PANI@RHA was related to a
physisorption process. It may also be observed that the positive values of the adsorption energies showed that the adsorption of this
heavy metal was exothermic [49]. The interaction mechanism might include hydrogen bonding, electrostatic interaction, reduction
and ion exchange. Indeed, the most prominent form of Cr(VI) was changeable versus the pH of the solution and at pH 2, as was the case
in the this study, the most prominent formwas HCrO4

− [19,33,59,60]. Note that a strong repulsive electrostatic interactions between Cr
(VI) ions and PPY-PANI@RHA surface were occurred when pH (solution) > pHpzc (adsorbent). However, an attractive electrostatic
interactions occurred when pH (solution) < pHpzc (adsorbent) since the pHpzc (PPY–PANI@RHA) was equal to 10.1, thus the Cr(VI)

Table 3
Estimated molar adsorption energies for the adsorption of Cr(VI) on PPY–PANI@RHA.

T (K) C1 (mg L¡1) C2 (mg L¡1) ΔE1 (kJ/mol) ΔE2 (kJ/mol)

293 5.98 318.94 23.34 13.65
303 6.35 264.67 23.98 14.58
313 9.92 242.93 24.20 15.29

I. Ben Khemis et al.
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ions were electrostatically anchored by positively charged amine functional groups (-NH-, -N<, -NH2). Hydrogen bonding can then be
considered after the interaction between hydrogen atoms in HCrO4

− ions and oxygen containing groups of the carboxylic functional
groups. Furthermore, in an acidic environment, Cr(VI) can undergo reduction to Cr(III) due to its elevated redox potential [33] since
hexavalent chromium species exhibited significant pH dependency. At lower pH levels, the surface functional groups of PANI@RHA
became protonated, acquiring positive charges (–NH+). This protonation favored electrostatic interactions with the primary anionic
form of hexavalent chromium HCrO4

− . Additionally, these functional groups served as electron donors, facilitating the reduction of Cr
(VI) to Cr(III) with reduced toxicity [34]. Finally, it may also be deduced ion exchange between doped Cl− ions present on
PPY-PANI@RHA surface with the HCrO4- ions.

Table 3 showed the impact of the adsorption temperature on the molar adsorption energy. It was clear that the values of the molar
adsorptions increased with adsorption temperatures (from 293 to 313 K). This behavior may be explained by the raise of binding sites.

3.3.6. Effect of experimental conditions on the adsorption of Cr(VI)
The initial pH of the solution significantly influences the adsorption of chromium species by controlling the surface charges of the

adsorbent. Fig. 5a illustrated the variation of % removal of Cr(VI) versus the initial pH at 313 K and at a fixed concentration (800 mg
L− 1) of PPY–PANI@RHA. It is apparent that the adsorption behavior of Cr(VI) was strongly influenced by the pH. In this figure, it may
be seen that the removal efficiency of Cr(VI) drastically declined from 99.87 % to 19.88 % as pH values transition from 2 to 12.
Consequently, all subsequent adsorption experiments were conducted at pH 2 to ensure maximal Cr(VI) removal by PPY–PANI@RHA.
In addition, it may be noted that Cr(VI) existed in various stable forms, such as HCrO4

− , Cr2O7
2− , and CrO4

2− in aqueous solutions
depending on the chromium concentration and the pH of the solution. Typically, at pH levels between 1 and 5, HCrO4- prevails as the
most dominant form. As pH increased, HCrO4

− was rapidly converted to CrO4
2− . It may also deduced from these findings that the

maximum rate of Cr(VI) removal of 99.87 % from the aqueous solution was observed at an optimal pH of 2, showing high ion-exchange
between HCrO4- ions in the Cr(VI) solution and doped Cl− ions on the surface of the adsorbent [60]. Furthermore, at low pH, the
adsorbent surface was highly protonated (i.e., positively charged), this led to electrostatic attraction between the negative charged
chromium ions and the positively charged PPY–PANI@RHA binding sites. Additionally, it may be noticed that the reduction of Cr(VI)

Fig. 5. Effect of (a) initial solution pH on % removal of Cr(VI) (Initial Cr(VI) concentration: 50 mg L− 1; temperature: 303 K), (b) initial concen-
tration of Cr(VI) at a different temperature (pH 2).
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to Cr(III) was also favored at low pH.
Fig. 5b depicted the % removal of Cr(VI) versus the initial concentration (10–1000 mg L− 1) at pH 2 and at three distinct tem-

peratures (293, 303, and 313 K). It may be observed from this figure that the % removal of Cr(VI) decreased with increasing chromium
concentration at all three temperatures. Specifically, the % removal of Cr(VI) decreased from 99.76 % to 40.12 %, from 99.85 % to
49.04 %, and from 99.91 % to 60.71 % corresponding to initial Cr(VI) concentrations from 10 to 1000 mg L− 1 at 293, 303, and 313 K,
respectively. Additionally, these findings showed an increase in % removal of Cr(VI) with rising temperature, suggesting the
exothermic nature of Cr(VI) adsorption on PPY-PANI@RHA. Thus, at all initial concentrations, it may be deduced that the maximum
removal of Cr(VI) can be attributed to the heightened thermal energy of the docked chromium forms with increasing temperature [60].

3.3.7. Comparison of the adsorption capacity of PPY-PANI@RHA with literature report
Numerous adsorption materials have been reported for the effective removal of Cr(VI) from wastewater. These included sepiolite-

supportes magnetite nanoparticles (SSMNPs), Fe2O3-chitosan-cherry kernel shell pyrolytic charcoal composite, Magnetic pinecone
beads Poly (methyl methacrylate) + grafted alginate/Fe3O4 nanocomposite, Graphene oxide functionalized chitosan-magnetite
nanocomposite, fibrous silica nanospheres KCC-1, NH2-functionalized nano-sized magnetic metal–organic frameworks (MOFs), and
carbonized zeolite/Chitosan composite as an adsorbent for copper (II) and chromium (VI) removal from water [61–63].

The maximum adsorbed quantities at saturation of PPY-PANI@RHA for Cr(VI) removal were then compared with those obtained in
previous studies using the above adsorbents (Table 4). Hence, it may be noted from Table 4 that PPY-PANI@RHA showed high
adsorption performance compared to the other adsorbents indicating that PPY-PANI@RHA demonstrated a very good adsorption
capacity toward Cr(VI) ions.

3.4. Surface stereographic characterization

The stereographic characterization of porous adsorbents as PPY–PANI@RHA, the calculation of the pore size distribution (PSD)
using the multi-layer model expression was fundamental, which was applied to estimate the pore densities versus the radius of pores
[49,52,66]. According to Dutta et al. [33], the PSD of PPY–PANI@RHA presented a very large number of pores in the size range of 2–5
nm. For the calculation of the different PSDs, the Kelvin equation and the selected statistical physics model [49,52,67–71] were
utilized as:

C
Cs

= e−
CK
r (Eq. 7)

CK is the Kelvin constant (nm).
r is the pore radius (nm)
Since

C1 =Cse
ΔE1
RT (Eq. 8)

The adsorbed quantity expression may be written as a function of pore radius r and Kelvin constant Ck by substituting the relation
C1
C = e

CK
r e−

ΔE1
RT in the multi-layer model expression (i.e., introduction of the Kelvin equation into the proposed statistical physics model).

The PSD expression may then be calculated as the derivative of the adsorbed quantity equation relative to PPY–PANI@RHA pore
radius [52,66]:

PSD=
dQa

dr
(Eq. 9)

From Fig. 6, it may be noted that the pore sizes varied between 1 and 30 nm for the investigated adsorbent at different adsorption
temperatures (293, 303, and 313 K), this findings affirmed that PPY–PANI@RHA adsorbent was a mesoporous material and presented
heterogeneous surface since a large amount of pores were in the size range of 2.50–5.50 nm. The average values of radius observed
from the peak the maximums were 4.42 nm, 4.27 nm, and 2.80 nm for PPY–PANI@RHA at 293, 303, and 313 K, respectively. These
average pore radius measurements were consistent with the earlier findings as was expected [33]. Furthermore, it may be noticed from
Fig. 6 that the PSDs shifted towards the low pore sizes with the increase of the adsorption temperature, since an increment in

Table 4
Adsorbed quantities at saturation of other adsorbents for Cr(VI).

Adsorbents QM (mg/g) Conditions References

Sepiolite-supportes magnetite nanoparticles (SSMNPs) 33.4 pH 3, 293 K [64]
Fe2O3-chitosan-cherry kernel shell pyrolytic charcoal composit 47.58 pH 2, 298 K [65]
Magnetic pinecone beads Poly (methyl methacrylate)- grafted alginate/Fe3O4 nanocomposite 132.52 pH 2, 293 K [34]
Graphene oxide functionalized chitosan-magnetite nanocomposite 142.85 pH 3, 303 K [32]
Polypyrrole-polyaniline@rice husk ash (PPY–PANI@RHA) 584.68

694.79
960.26

pH 2, 293 K
pH 2, 303 K
pH 2, 313 K

This study
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temperature leaded to an enhancement of the thermal excitation, which allowed the chromium ions to more easily enter small pores
where there were fewer collisions. It may then deduce that the temperature augmentation yielded more available functional groups of
PPY–PANI@RHA, which facilitated the access to smaller pores.

4. Thermodynamic investigation

Using the advanced multi-layer model, the internal energy, the Gibbs free energy, and the adsorption entropy may be determined
and investigated. Thus, a detailed analysis of these functions, which macroscopically described the adsorption mechanism of Cr(VI) on
PPY-PANI@RHA, was made in the following paragraphs.

The first thermodynamic function is the internal energy Eint, which may be considered the total energy due to the interactions
between Cr(VI) ions and PPY-PANI@RHA surface. Thus, the theoretical expression of Eint using the statistical physics theory may be
given by Refs. [49,72]:

Eint = −
∂ln Zgc

∂β
+

μ
β

(
∂ln Zgc

∂μ

)

(Eq. 10)

Fig. 7a presented the behavior of Eint versus Cr(VI) concentration for the three adsorption temperatures (293, 303, and 313 K).
Thus, it can be remarked from this figure that the values of the macroscopic internal energy were negative, which allowed to deduce
that the adsorption system (Cr(VI)+ PPY-PANI@RHA) released energy to aqueous solutions to be adsorbed for the three temperatures.
This behavior confirmed the exothermic nature of the studied process [38]. In addition, Eint decreased algebraically from 0 with the
increase of Cr(VI) concentration since a large number of PPY-PANI@RHA binding pores or sites were vacant at the beginning of the
mechanism of adsorption.

The study of the impact of the adsorption temperature showed that Eint decreased algebraically (increased in module) with the
increase of temperature, which may be explained by the fact that the adsorption system evolved towards a more stable state. It may
then be deduced that the system presented a tendency to decrease its internal energy.

The Gibbs free energy G may be used to characterize the spontaneity of the three adsorption systems considered open systems.
Hence, the theoretical expression of G using the statistical physics theory can be given by Refs. [49,72]:

G= μQa (Eq. 11)

Fig. 7b depicted the behavior of G versus Cr(VI) concentration for three adsorption temperatures (293, 303, and 313 K). It may be
noticed from this figure that the values of G are always negative and the mechanism of adsorption of Cr(VI) ions on PPY-PANI@RHA is
spontaneous [38,52]. It may also remark that the adsorption of this metal was more favorable at low concentrations.

The study of the impact of the adsorption temperature indicated that the increase of temperature from 293 to 313 K deceased
algebraically the investigated system (Cr(VI) + PPY-PANI@RHA) spontaneity.

The third thermodynamic function is the adsorption entropy Sa, which may be used to describe the order and disorder and to
characterize the behavior of the adsorption of Cr(VI) ions on PPY-PANI@RHA surface during the mechanism. Hence, the theoretical
expression of Sa can be defined on the basis of the grand canonical partition function Zgc in statistical physics as follows [49,72]:

Sa
kB

= − β
∂ln Zgc

∂β
+ ln Zgc (Eq. 12)

Fig. 7c illustrated the behavior of Sa versus Cr(VI) concentration for the three adsorption temperatures (293, 303, and 313 K).
According to this figure, it may be seen that the three entropy curves presented similar shapes before and after the half-saturation

Fig. 6. Pore size distributions of PPY-PANI@RHA at different temperatures (293, 303, and 313) and at pH 2.
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concentrations. For C< C1, the Cr(VI) ions presented several possibilities to find empty PPY-PANI@RHA sites to be docked. It may then
be deduced that the disorder of Cr(VI) ions on PPY-PANI@RHA surface increased until reaching a first maximum at C1. For C> C1, the
metal ions had low probabilities to find vacant PPY-PANI@RHA sites. So, the disorder decreased since PPY-PANI@RHA surface tended
toward first layer saturation. Thus, the obtained minimum did not reach 0 since theNl layers started to be occupied. As second step, the
disorder increased again, but the first layer was now used as adsorbent for the Nl layers. The same behaviors of Sawere observed below
and after the second maximum at C2. In the present case, the first maximum is hidden since C1 value was negligible compared to C2
value). At the end of the adsorption mechanism (saturation phenomenon), the disorder diminished and may reach 0 since PPY-

Fig. 7. Evolution of the internal energy (a), the Gibbs free energy (b), and the adsorption entropy (c) as a function of Cr(VI) concentration for the
multi-layer adsorption on PPY-PANI@RHA
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PANI@RHA surface tends towards order.
The study of the impact of the adsorption temperature showed that for a fixed concentration the adsorption entropy (disorder)

increased with the increment of the temperature due to the thermal agitation.

5. Conclusion

In conclusion, the adsorption process of Cr(VI) ions on a synthesized PPY–PANI@RHA was determined at three adsorption tem-
peratures (293, 303, and 313 K). Under experimental conditions, the isotherms were well fitted using a multi-layer model, which
provided new microscopic and macroscopic analysis of the studied systems during the adsorption mechanism. The mechanism of
adsorption was investigated by FTIR analysis and the obtained results supported modeling findings. Stereographically speaking, fitting
results indicated that the adsorbed quantity of Cr(VI) and the maximum adsorbed quantity increased with the increment of the
adsorption temperature. The number of ions per one PPY–PANI@RHA binding site suggested that each site may be occupied by one
and two metal ions via a multi-ionic mechanism where the high temperatures decreased this physicochemical parameter without
affecting the anchorage manner on the studied adsorbent. Energetically speaking, the removal of this toxic metal implied molar
adsorption energy values ranging between 13.65 and 15.29 kJ/mol for the 1st layer, and between 23.34 and 24.20 kJ/mol for the other
layers, showing physical adsorption type (energy values lower than 25 kJ/mol) and exothermic adsorption nature (positive energy
values). Thus, it may then be noted that the investigated process occurred via physical interactions like hydrogen bonding, electrostatic
interaction, reduction, and ion exchange. The calculation of polypyrrole-polyaniline@rice husk ash PSDs using the statistical physics
approach was considered direct and physical characterization of the adsorbent (here PPY-PANI@RHA was globally a meso-porous
adsorbent). The three adsorption systems may also be studied at a macroscopic level through the investigation of three thermody-
namic parameters, showing that the mechanism of adsorption evolved spontaneously with an exothermic character until the saturation
state and the disorder maximum was observed at half saturation concentrations.
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magnetic activated carbons prepared by a one-step process towards brilliant blue dye, Molecules 28 (2023) 1821.

[43] M.L.S. Oliveira, E.M.M. Flores, G.L. Dotto, A. Neckel, L.F.O. Silva, Nanomineralogy of mortars and ceramics from the Forum of Caesar and Nerva (Rome, Italy):
the protagonist of black crusts produced on historic buildings, J. Clean. Prod. 278 (2021) 123982.

[44] H.A. Pereira, K. Da Boit Martinello, Y. Vieira, J.C. Diel, M.S. Netto, G.D. Reske, E. Lorenzett, L.F.O. Silva, T.A.L. Burgo, G.L. Dotto, Adsorptive behavior of multi-
walled carbon nanotubes immobilized magnetic nanoparticles for removing selected pesticides from aqueous matrices, Chemosphere 325 (2023) 138384.

I. Ben Khemis et al.

http://refhub.elsevier.com/S2405-8440(24)13092-7/sref4
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref4
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref5
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref5
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref6
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref7
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref7
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref8
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref8
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref9
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref9
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref10
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref11
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref12
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref12
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref13
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref13
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref14
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref14
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref15
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref15
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref16
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref16
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref17
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref18
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref18
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref19
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref19
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref20
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref20
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref21
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref21
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref22
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref22
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref23
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref23
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref24
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref24
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref25
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref25
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref26
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref26
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref27
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref28
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref28
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref29
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref29
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref30
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref30
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref31
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref31
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref32
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref32
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref33
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref33
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref34
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref34
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref35
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref35
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref36
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref36
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref36
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref37
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref37
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref38
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref38
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref39
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref39
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref40
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref40
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref41
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref41
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref42
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref42
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref43
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref43
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref44
http://refhub.elsevier.com/S2405-8440(24)13092-7/sref44


Heliyon 10 (2024) e37061

14

[45] R.K.S. Santos, B.F. Nascimento, C.M.B. De Araujo, J.V.F.L. Cavalcanti, F.S. Bruckmann, C.R.B. Rhoden, G.L. Dotto, M.L.S. Oliveira, L.F.O. Silva, M.A. Motta
Sobrinho, Removal of chloroquine from the aqueous solution by adsorption onto açaí-based biochars: kinetics, thermodynamics, and phytotoxicity, J. Mol. Liq.
383 (2023) 122162.

[46] L. Sellaoui, L.F.O. Silva, M. Badawi, J. Ali, N. Favarin, G.L. Dotto, A. Erto, Z. Chen, Adsorption of ketoprofen and 2- nitrophenol on activated carbon prepared
from winery wastes: a combined experimental and theoretical study, J. Mol. Liq. 333 (2021) 115906.

[47] G.O. Vargas, C. Schnorr, F.B. Nunes, T. Da Rosa Salles, M.Z. Tonel, S.B. Fagan, I. Zanella Da Silva, L.F.O. Silva, S.R. Mortari, G.L. Dotto, C.R.B. Rhoden, Highly
furosemide uptake employing magnetic graphene oxide: DFT modeling combined to experimental approach, J. Mol. Liq. 379 (2023) 121652.
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