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Abstract

Polyaniline-naphthalene-sulfonic acid (PANI-NSA) nanotubes were synthesized and evaluated in this preliminary study for
Cr(VI) removal from synthetic wastewater. SEM analysis showed that optimized synthesis conditions produced uniform
nanotubes with additional surface spheres, potentially enhancing adsorption performance. Adsorption isotherms (Redlich-
Peterson and Langmuir models) suggested a monolayer adsorption mechanism, while kinetic studies (Elovich and Wang
two-phase models) indicated chemisorption-driven, diffusion-controlled adsorption. To explore the influence of synthesis
conditions, temperature and water volume (as reaction eluent) were varied. PANI-NSA synthesized at 5 °C with 80 mL
of water (more dilute) had an adsorption capacity of 374.9 mg g™! (66.72% removal), increasing to 438.2 mg g™! (79.28%
removal) at 15 °C with 20 mL of water (i.e. more concentrated). While these results highlight promising trends, further
detailed characterization and adsorption optimization studies are required to fully assess scalability and long-term applica-

tion in industrial Cr(VI) remediation.

Introduction

The presence of heavy metal contaminants in water poses a
significant threat to human health due to their tendency to
accumulate in both the environment and the human body
[1]. These metals are often released into the environment
through industrial activities such as mining, manufacturing,
and pesticide use. Hexavalent chromium, Cr(VI), is a toxic,
carcinogenic heavy metal that is often released as an indus-
trial pollutant [2]. Exposure to Cr(VI) can lead to skin irri-
tation, lung cancer, and digestive problems [3]. In contrast,
trivalent chromium, Cr(III), is an essential micro-nutrient
that aids in the regulation of blood sugar levels and the trans-
portation of glucose [3]. Therefore, the efficient removal of
Cr(VI) from water sources remains a critical challenge in
environmental engineering.

Several physical, biological, and chemical methods have
been developed to remove heavy metals from water [4].
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These include ion exchange, bioremediation, coagulation,
evaporation, and adsorption. While these methods have been
widely applied, they each suffer from specific limitations
that hinder their effectiveness, particularly in large-scale or
cost-sensitive applications [5]. Ion exchange is an effective
method for removing metal ions from aqueous solutions,
but it requires high operational costs and frequent regenera-
tion of ion-exchange resins, which can generate secondary
waste that requires additional treatment [6]. Bioremediation
offers a sustainable approach to Cr(VI) removal, utilizing
microorganisms such as Pseudomonas and Bacillus species
to enzymatically reduce toxic Cr(VI) to the less harmful
Cr(III), though challenges related to microbial tolerance
and scalability remain [7]. Coagulation and precipitation
are commonly employed for metal removal, using agents
like ferric chloride or lime to facilitate metal precipitation.
However, this approach is highly pH-dependent, generates
large volumes of sludge that require disposal, and can lead
to secondary contamination issues if not managed properly
[8]. Evaporation and membrane-based separation processes,
such as reverse osmosis, can achieve high removal efficien-
cies. However, they require significant energy input and
suffer from membrane fouling issues, making them less
economically viable for widespread industrial applications
[9]. Due to these challenges, adsorption has emerged as one
of the most promising techniques for heavy metal removal,
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offering cost-effectiveness, high efficiency, and reusability
when suitable adsorbents are employed [4].

Adsorption is a widely employed water treatment tech-
nique that involves the transfer of metal ions from aqueous
solutions onto the surface of an adsorbent, offering a simple,
cost-effective, and scalable remediation strategy [5]. Various
nanomaterials, including carbon nanotubes, graphene, and
metal oxide nanoparticles, have been extensively studied for
their adsorption capabilities, as they provide high surface
area and functionalized adsorption sites that enhance metal
uptake [10, 11]. Among these materials, zero-valent-nickel-
coated polyaniline-naphthalene-sulfonic acid (PANI-NSA @
Ni®) has shown great potential for the removal of heavy met-
als such as Cr(VI) [12] and lead [13]. However, studies indi-
cate that Cr(VI) adsorption capacity using PANI-NSA @N;i°
decreases by up to 88% after multiple adsorption—desorption
cycles, requiring costly chemical re-doping to maintain per-
formance [14]. This highlights the need to optimize PANI-
NSA synthesis without nickel coating, improving adsorption
efficiency and long-term stability while maintaining a more
economically viable and sustainable approach.

The optimization of PANI-NSA synthesis is crucial, as
current methods suffer from temperature and rate limitations
that impact polymerization efficiency, nanotube morphology,
and adsorption site distribution [15, 16]. This study serves as
a preliminary exploration of how synthesis parameters influ-
ence the adsorption performance of PANI-NSA nanotubes,
with a focus on optimizing temperature and water volume to
enhance structural properties and adsorption efficiency. To
ensure that adsorption performance variations arise solely
from differences in material properties rather than adsorp-
tion process parameters, a constant adsorbent dosage was
maintained throughout the experiments.

To assess the impact of synthesis modifications, adsorp-
tion isotherm modelling, kinetic analysis, and morphological
characterization via scanning electron microscopy (SEM)
were conducted. However, a more comprehensive under-
standing of the material’s structural and chemical attrib-
utes—through BET surface area analysis, X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS)—
remains necessary to elucidate the mechanisms governing
adsorption at optimal synthesis conditions. Additionally,
adsorption process optimization, including variations in
adsorbent mass, contact time, and solution chemistry, will
be addressed in future studies. This staged research approach
ensures that the fundamental physicochemical properties of
PANI-NSA nanotubes are well understood before advanc-
ing to process optimization for practical Cr(VI) remediation.
The findings presented here provide key insights into the
relationship between synthesis conditions and adsorption
performance, laying the groundwork for subsequent studies
aimed at maximizing the material’s potential for industrial-
scale applications.

Materials and methods
Materials

The materials required for the synthesis of PANI-NSA are
ammonium persulfate, naphthalene-2-sulfonic acid, and
aniline (99%). These materials were obtained from Sigma-
Aldrich, USA. The additional materials required for analysis
were analytical grade 1 M solutions of NaOH and HCl to be
used for adjusting the pH, and 1, 5-Diphenylcarbazide (DPC)
for analysing the absorbance of the chromium solution after
adsorption. Deionized water was used in all experiments.

Standard PANI-NSA synthesis

PANI-NSA is formed rapidly via a chemical oxidative pol-
ymerisation reaction [12]. To synthesise the PANI-NSA,
0.208 g of naphthalene-2-sulfonic acid was added to 80 mL
deionized water, after which 0.2 mL of aniline was added.
This mixture was then placed in an ice bath to maintain
the temperature between 0 and 5 °C and stirred for 30 min
at 300 rpm using a magnetic stirrer. After 30 min, 0.456 g
of ammonium persulfate (APS) dissolved in 10 mL of
deionized water was added to the mixture, which was then
stirred for an additional minute. The final mixture was left
undisturbed at a temperature between 0 and 5 °C for 24 h to
ensure sufficient time for complete polymerisation. Finally,
the mixture was filtered, washed with deionised water, and
vacuum dried at 60 °C for another 24 h [12, 14].

Varying synthesis temperature

The relationship between synthesis temperature and nano-
composite efficiency was investigated by modifying the reac-
tion temperature while keeping all other synthesis param-
eters constant. The selected temperature range (10 °C, 15 °C,
20 °C, and 25 °C) was chosen based on previous studies
demonstrating that temperature influences polymerization
kinetics, nanotube formation, and adsorption site availability
[15]. Lower temperatures (< 10 °C) typically slow polymeri-
zation, leading to longer, more defined nanotubes with fewer
defects, while higher temperatures (>25 °C) can accelerate
polymerization, resulting in aggregation, overgrowth, and
reduced surface accessibility [15].

To systematically evaluate these effects, PANI-NSA
nanotubes were synthesized at 10 °C, 15 °C, 20 °C, and
25 °C using a temperature-controlled cooling bath, following
the synthesis procedure described in Sect. 2.2. This approach
allows for analysing the impact of temperature on morpho-
logical properties and adsorption performance, ensuring that
variations in Cr(VI) removal efficiency can be attributed to
structural differences induced by polymerization conditions.
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Effect of reagent concentrations on synthesis
and material Properties

The concentrations of the reagents during synthesis were
modified by varying the amount of water used during syn-
thesis. This approach follows chemical engineering princi-
ples for batch reactor systems, where varying the reaction
medium volume affects the local concentration of reactants,
influencing the morphology and adsorption performance of
the final material [17, 18].

The synthesis procedure remained unchanged except for
adjustments in water volume:

e 40 mL of deionized water instead of 80 mL, with 5 mL
for APS dissolution.

e 20 mL of deionized water, with 2.5 mL for APS dissolu-
tion.

This method allows indirect assessment of the impact of
adsorbent concentration on adsorption performance, align-
ing with reaction engineering principles while maintaining
consistency in synthesis conditions.

Influence of pH on adsorption behaviour

The influence of solution pH on the adsorption behaviour of
PANI-NSA nanotubes was evaluated to assess the effect of
surface charge interactions on Cr(VI) removal. Since adsorp-
tion efficiency is strongly dependent on electrostatic inter-
actions, and polyaniline-based materials typically exhibit a
point-of-zero-charge (PZC) around pH 4.44 [14], it is crucial
to determine how pH variations impact adsorption perfor-
mance. The point-of-zero charge (PZC) refers to the pH at
which the total positive and negative charges on the surface
of the adsorbent are balanced [19]. Below this point, the
surface carries a net positive charge, facilitating adsorption
of anionic species such as Cr(VI), whereas at higher pH
values, the surface becomes negatively charged, leading to
electrostatic repulsion and decreased adsorption efficiency.
By understanding this behaviour, we can establish a base-
line for how synthesis modifications influence the material’s
adsorption characteristics under environmentally relevant
conditions, without optimizing adsorption conditions in this
preliminary study.

Batch adsorption experiments were conducted at pH
values ranging from 2 to 11 to evaluate how the synthe-
sized nanocomposite interacts with Cr(VI) across different
pH conditions. The initial pH of 50 mL Cr(VI) solutions
(100 mg L") was adjusted using 0.1 M HCI or NaOH before
adding 0.02 g of adsorbent. The solutions were stirred for
24 h to reach equilibrium, after which the final Cr(VI) con-
centration was measured using UV-Vis spectrophotometry
at 540 nm.

@ Springer

Adsorption experiments

Batch adsorption experiments were conducted to deter-
mine the adsorption capacity of the nanocomposite. In the
experiment, a 1000 ppm hexavalent chromium stock solution
was diluted to 200 ppm in 25 mL glass bottles. 0.015 g of
PANI-NSA nanocomposite was then added to the glass bot-
tles and the pH adjusted to the experimentally determined
optimal operating pH. After leaving the bottles in a shaker
set to 200 rpm for 24 h, the residual chromium concentra-
tion in each bottle was measured using a spectrophotometer
at 540 nm (VWR UV-1600PC) [12]. From these results, the
percentage chromium removal was determined using Eq. 1.

100(C, - C
%removal = % ()

o

With C, the initial chromium concentration, and C, the
equilibrium chromium concentration.

Adsorption isotherms

Adsorption isotherms are used to explain how much of a
substance gets adsorbed at different concentrations. The iso-
therm data were obtained for the PANI-NSA synthesised at
both the normal and the optimised conditions and compared
to one another. To obtain the isotherm data, 25 mL glass
bottles were prepared in which the initial chromium concen-
tration was varied from 20 to 400 ppm. The pH for each bot-
tle was adjusted to the experimentally obtained optimal pH
value and 0.015 g of the nanocomposite was added to each
bottle [12]. The solutions were left in a shaker set to 200 rpm
for 24 h. Thereafter, the final chromium was recorded, and
the percentage chromium removal calculated. The isotherm
data was modelled and compared by using the single-site
(Eq. 2), dual-site (Eq. 4), Freundlich (Eq. 3), and Redlich-
Peterson (Eq. 5) isotherms [20, 21]. These models charac-
terize how an adsorbate interacts with an adsorbent at equi-
librium and help in understanding adsorption mechanisms.
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In these equations, g, represents the equilibrium adsorp-
tion capacity, which is the amount of adsorbate retained
per unit mass of adsorbent at equilibrium. The variable C,
denotes the equilibrium concentration of the adsorbate in
solution. The parameters ¢,,,, and K, appear in multiple
equations and represent the maximum adsorption capacity
and the Langmuir equilibrium constant, respectively, which
describe the strength of adsorption interactions. Equation (2)
represents the Langmuir isotherm, assuming monolayer
adsorption onto a homogeneous surface. Equation (3) corre-
sponds to the Freundlich isotherm, where b is the adsorption
capacity constant and 1/n indicates surface heterogeneity.
Equation (4) is the dual-site Langmuir isotherm, incorporat-
ing two different adsorption sites with distinct equilibrium
constants (K, K;,) and capacities (g,,,c1> Gmax2)- Finally,
Eq. (5) represents the Redlich-Peterson isotherm, which
blends Langmuir and Freundlich characteristics, where
K, is the isotherm constant, a is an empirical parameter,
and f (0 <P <1) describes deviation from ideal monolayer
adsorption. These models collectively help in understand-
ing adsorption mechanisms and optimizing material perfor-
mance in adsorption-based applications.

Adsorption kinetics

The adsorption kinetics of the normal nanocomposite was
compared to that of the optimal nanocomposite. The kinetics
were compared at 25 °C by adding 0.3 g of PANI-NSA to
500 mL of a 50 mg/L chromium solution [12]. The kinetic
data was obtained by removing 5 mL of the chromium solu-
tion at regular time intervals until equilibrium was reached.
The 5 mL samples were analysed using a spectrophotom-
eter (VWR UV-1600PC). The kinetic models that were
used for this comparison are the Wang Two-Phase (Eq. 6),
Elovich (Eq. 7), Pseudo Second-Order (Eq. 8), and Pseudo
First-Order (Eq. 9) kinetic models [21-23]. These models
describe how adsorption progresses over time and provide
insights into the adsorption mechanism.

q; = e siow (1 - e_kww[) + (Qe - qe,sl(JW) (1 - e_kfmt) (6)

g = %lna — apt) )
d 1
= ki(g.—a) ®)
d t
th =k (q. - q,) )

In all models, g, represents the adsorption capacity at
time ¢, while g, denotes the equilibrium adsorption capacity.

The Wang Two-Phase Model accounts for both fast and
slow adsorption phases, where g, ,,, represents the frac-
tion of adsorption occurring in the slow phase, with kg,
and kg, as the corresponding rate constants. The Elovich
Model describes chemisorption kinetics, where « is the ini-
tial adsorption rate and g is the desorption constant [23].
The Pseudo-Second-Order Model assumes adsorption is
controlled by surface reaction kinetics, with k, as the rate
constant, and suggests that the adsorption rate is propor-
tional to the square of the available adsorption sites. The
Pseudo-First-Order Model assumes the adsorption rate is
directly proportional to the difference between equilibrium
and instantaneous adsorption, with &, as the rate constant.
These models provide valuable insights into adsorption
mechanisms and aid in optimizing material performance
for pollutant removal applications.

Morphological characterisation

The morphology and size of the synthesized PANI-NSA
nanotubes were examined to assess the impact of varying
synthesis conditions. Scanning electron microscopy (SEM)
was conducted using a Zeiss Gemini Ultra Plus FEG Scan-
ning Electron Microscope (Carl Zeiss, Germany) to capture
high-resolution images of the materials. Samples were pre-
pared by drop-casting the nanocomposite dispersion onto
carbon-coated aluminium stubs, followed by drying at room
temperature. Imaging was performed under high-vacuum
conditions at an accelerating voltage of 2.00 kV, ensuring
optimal contrast and resolution for observing nanotube for-
mation and surface modifications.

Results and discussion

Effect of synthesis temperature on chromium
removal and nanotube morphology

From Fig. 1a, it is evident that initially the Cr(VI) removal
efficiency remained relatively stable with increasing syn-
thesis temperature. The highest chromium removal was
achieved at 15 °C, after which the removal efficiency
dropped significantly between 15 °C and 25 °C. This trend
suggests that the synthesis conditions influence the struc-
tural characteristics of the nanotubes, which in turn impact
adsorption performance.

The morphology of the PANI-NSA nanotubes synthe-
sized at different temperatures, as shown in Figs. 1b—d,
provides insights into the structural changes responsible for
these adsorption trends. At 5 °C (Fig. 1b), the nanotubes
appear well-defined and sparsely distributed, with minimal
aggregation and relatively smooth surfaces. This suggests
that lower synthesis temperatures limit polymerization,
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Fig. 1 Effect of synthesis temperature on a Cr(VI) removal efficiency and (b—d) morphological changes at varying synthesis temperatures:

b5 °C, ¢ 15 °C, and d 25 °C, respectively

resulting in nanotubes with relatively simple morphology
and fewer structural defects. The well-separated nanotube
formation may contribute to stable adsorption performance
but lacks the increased clustering that enhances surface
interactions [15].

At 15 °C (Fig. lc, optimized conditions), the nanotubes
remain uniform in size but exhibit increased clustering and
the formation of additional spherical structures on their sur-
faces [15]. These spherical formations may be polymerized
byproducts or functionalized adsorption sites, contributing
to higher adsorption efficiency by increasing available sur-
face interactions. The clustering effect suggests a more inter-
connected nanotube network, which could enhance adsorb-
ate diffusion and surface interactions, leading to the highest
Cr(VI) removal observed at this temperature.

However, at 25 °C (Fig. 1d), polymerization appears
excessive, leading to the formation of larger, less-defined
aggregates. The nanotube structure is partially lost due to
overgrowth, with increased agglomeration reducing the
number of well-formed nanotubes [15]. This structural
collapse likely decreases the available surface area and

@ Springer

obstructs active adsorption sites, negatively impacting
adsorption capacity. The observed drop in Cr(VI) removal
efficiency above 15 °C aligns with this loss of structural
integrity and reduced accessibility of adsorption sites.

These findings confirm that synthesis temperature has
a direct impact on nanotube morphology, which in turn
determines the adsorption performance of the material. The
observed trend suggests that 15 °C is the optimal synthesis
temperature for achieving a balance between polymeriza-
tion efficiency, structural integrity, and surface accessibility,
leading to enhanced Cr(VI) adsorption performance. Future
studies incorporating BET surface area analysis and pore
size distribution measurements will provide further insights
into how temperature-induced morphological changes
impact adsorption efficiency.

Effect of synthesis water volume on nanotube
morphology and chromium adsorption

The adsorption capacity of the PANI-NSA nanocompos-
ite increased as the amount of water used in synthesis
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decreased, as shown in Table S1. Despite variations in
water volume, the total mass of the synthesized adsorbent
remained approximately 0.15 g, indicating that the synthe-
sis reaction proceeded to completion across all conditions.
This suggests that the observed changes in adsorption per-
formance were primarily due to morphological differences in
the synthesized material, rather than variations in total yield.

The morphology of the nanocomposites, as illustrated in
Fig. 2a—c, shows distinct structural differences influenced by
the amount of water used during synthesis. When 80 mL of
water was used (Fig. 2a, standard condition), the nanotubes
appeared relatively well-formed but loosely distributed,
indicating a more dispersed polymer network. Reducing the
water volume to 40 mL (Fig. 2b) led to increased clustering
of nanotubes, while further reduction to 20 mL (Fig. 2c)
resulted in denser nanotube networks with additional spheri-
cal formations on the surface. These morphological changes
suggest that higher reactant concentration (lower water vol-
ume) enhances polymerization, leading to a more compact
structure and possibly a greater number of active adsorption
sites [16].

The increase in adsorption capacity with decreasing
water volume can be attributed to localized reactant con-
centration effects during synthesis, which influence the
morphology, surface area, and available adsorption sites of
the final material. According to chemical reaction engineer-
ing principles [17, 18], in a batch polymerization system,
varying the reaction medium volume directly affects the
concentration of reactants, altering the growth kinetics of
the polymer network. As the water volume decreased, the
localized concentration of aniline, ammonium persulfate
(APS), and naphthalene-2-sulfonic acid increased, resulting
in denser polymerization and enhanced nanotube formation.
This structural change likely led to an increased number of
active adsorption sites, thereby improving Cr(VI) removal
efficiency.

The synthesis conditions likely influenced the surface
charge distribution and porosity of the adsorbent, enhancing
chromium adsorption. The observed clustering and densifi-
cation of nanotube structures at lower water volumes suggest

(a) 80 mL

an increased number of adsorption sites, improving electro-
static interactions with Cr(VI) species. Studies on PANI syn-
thesis have shown that reagent concentrations significantly
affect morphology, yield, and electrical properties. The
oxidant-to-monomer ratio ([O]/[M]) is particularly crucial
for conductivity, with an optimal ratio (~ 0.4) enhancing con-
ductivity, while further increases disrupt morphology and
nucleation sites [16]. Similarly, higher dopant concentrations
promote well-defined nanofibers and improved electrical
properties [24]. Dditionally, oxidant concentration and stir-
ring rate play key roles in polymerization efficiency, though
they have minimal impact on thermal stability [25]. These
factors collectively influence adsorbent structure, which in
turn affects adsorption performance. Future studies employ-
ing BET surface area analysis and porosity measurements
will provide further insight into these effects and confirm
whether the increased adsorption capacity is directly related
to surface area improvements.

These observations, coupled with the results from
Sect. 3.1, confirm that 15 °C and 20 mL of water represent
the optimal synthesis conditions (summarised in Table S2),
as they produce nanotubes with a balance between struc-
tural integrity and surface accessibility, leading to improved
Cr(VI) adsorption performance. To gain a deeper under-
standing of the structural properties, X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analyses will
be conducted to determine crystallinity and surface chem-
istry, further elucidating the relationship between morphol-
ogy and adsorption efficiency. These findings will inform
subsequent optimization efforts, ensuring that the material
design is tailored for scalability and practical applications
in Cr(VI) remediation.

Effect of pH on adsorption performance

The adsorption efficiency of PANI-NSA nanotubes was
strongly influenced by solution pH, as shown in Figure S1.
The highest chromium removal efficiency of 65.11% was
obtained at pH 2, followed by 51.96% at pH 3. These results
confirm that chromium adsorption is promoted below the

(c) 20 mL

Fig.2 Morphology at varying synthesis water volumes: a 80 mL (standard condition), b 40 mL, ¢ 20 mL
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point-of-zero-charge (PZC), where the adsorbent surface is
positively charged, enhancing electrostatic attraction with
negatively charged Cr(VI) species (HCrO,~, Cr,0,%"). The
PZC for PANI-NSA is reported as pH 4.44 [14], supporting
the observed trend where adsorption is most effective at pH
values below this threshold.

To ensure maximum chromium adsorption during batch
experiments, the operating pH was maintained at pH 2, as it
provided the highest adsorption efficiency. This pH depend-
ence is consistent with previously reported electrostatic
adsorption mechanisms for polyaniline-based materials,
reinforcing the role of surface charge in Cr(VI) removal.

Adsorption isotherms

Adsorption isotherms characterize the interaction between
the adsorbent and the adsorbate, providing insights into the
adsorption capacity and surface properties of the nanocom-
posites. The isotherm data can be used to calculate and com-
pare the maximum adsorption capacity (g,,) of the materials
under different synthesis conditions. The maximum adsorp-
tion capacity of the PANI-NSA nanocomposite synthesized
under normal conditions was calculated as 347.9 mg g™ !,
which increased to 438.2 mg g~ under optimized synthesis
conditions. This improvement suggests that modifications
in synthesis parameters significantly enhance the adsorption
efficiency of the material.

Figure 3a shows the fit obtained from the Single-Site
Langmuir (SS Langmuir), Dual-Site Langmuir (DS Lang-
muir), Redlich-Peterson, and Freundlich models for the
nanocomposite synthesized at normal conditions, while
Fig. 3b presents the corresponding fits for the optimized
nanocomposite. The best-fit isotherm parameters are pro-
vided in Table S3.

For the nanocomposite synthesized under optimized con-
ditions, the contribution of the second adsorption site in the
dual-site Langmuir model was negligible, as indicated by the
small g,,, value. In this case, both the Dual-Site Langmuir
and Redlich-Peterson models simplified to the Single-Site
Langmuir model, indicating that adsorption occurs predomi-
nantly on a single type of binding site. The small K, ; value
further suggests that adsorption on this site is reversible.

In contrast, for the nanocomposite synthesized under nor-
mal conditions, the effect of the second site was significantly
more pronounced. Both adsorption sites exhibited reversible
adsorption, as indicated by the small K ; and K, values. By
analysing the R? values from Table S3, it is evident that the
Dual-Site Langmuir and Redlich-Peterson models provide
a more accurate representation of the adsorption behav-
iour than the Single-Site Langmuir model. The Dual-Site
Langmuir model provided the best fit for the nanocompos-
ite synthesized under normal conditions, suggesting that a
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heterogeneous adsorption mechanism dominates in this case,
whereas a monolayer adsorption mechanism is preferred
under optimized synthesis conditions [12].

These findings indicate that synthesis modifications influ-
ence not only adsorption capacity but also adsorption site
distribution, highlighting the importance of optimizing syn-
thesis conditions to enhance the efficiency and predictability
of the adsorption process.

Adsorption kinetics

The adsorption kinetics of the PANI-NSA nanocomposites
synthesized under normal and optimized conditions were
evaluated using pseudo-first-order (PFO), pseudo-second-
order (PSO), Elovich, and Wang two-phase models. These
kinetic models provide insights into the adsorption mecha-
nisms and rate-controlling steps, which are critical for under-
standing whether modifications in synthesis conditions affect
the adsorbent’s overall performance. Ensuring that a change
in synthesis temperature or reactant concentration does not
significantly alter adsorption kinetics is essential for main-
taining the material’s practical applicability.

As detailed in Sect. 2.8, kinetic experiments were con-
ducted using a 50 ppm Cr(VI) solution, and the adsorption
performance of the nanocomposites was compared. The
equilibrium adsorption capacity (g,) for PANI-NSA synthe-
sized under normal conditions was 57.53 mg g!, whereas
for the PANI-NSA synthesized under optimized conditions,
the capacity increased slightly to 59.37 mg g™!. The adsorp-
tion behaviour was modelled using the kinetic equations, and
the corresponding fits are shown in Fig. 4a (normal synthesis
conditions) and Fig. 4b (optimized synthesis conditions).
The best-fit parameters are summarized in Table S4.

From the R%-values in Table S4, it is evident that the
pseudo-first-order and pseudo-second-order models are
less suitable for describing the adsorption process, as they
do not adequately capture the multi-step nature of Cr(VI)
adsorption onto the nanocomposites. Instead, the Elovich
and Wang two-phase models provided a significantly better
fit to the experimental data, indicating that the adsorption
process likely involves both chemisorption and surface dif-
fusion mechanisms [23].

The Wang two-phase model demonstrated the best overall
fit (R2 =0.9738 for optimized conditions, 0.9670 for normal
conditions), suggesting that adsorption occurs in two distinct
stages [23]:

1. An initial rapid phase, where a large fraction of Cr(VI)
ions are adsorbed onto the available active sites of the
nanocomposite surface. The fast adsorption rate con-
stant (ky,,) increased from 0.6875 to 0.8078, indicating
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Fig. 3 a Isotherms for nanocomposite formed at standard conditions, b Isotherms for nanocomposite formed at optimised conditions

improved adsorption kinetics under optimized condi-
tions.

2. A slower diffusion-controlled phase, where adsorption
continues but at a reduced rate due to the progressive
occupation of adsorption sites. The slow adsorption rate

constant (k,, ) increased from 0.00961 to 0.01631, sug-

gesting that the optimized material retained adsorption
efficiency even in the slower phase.

The Elovich model also provided a good fit (R?=0.9582
for optimized conditions, 0.9624 for normal conditions),
further supporting the presence of chemisorption-driven
adsorption mechanisms. The decrease in the 3 parameter
(from 0.1503 to 0.1172) suggests that the optimized material
required less activation energy for adsorption, which could
contribute to the slight increase in adsorption capacity [23].

The significant increase in both fast and slow rate con-
stants, as well as the equilibrium adsorption capacity (g,)
in the Wang model, increasing from 57.53 to 59.37 mg g/,
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confirms that optimized synthesis conditions not only
enhanced adsorption capacity but also significantly pro-
moted adsorption kinetics. The increased rate constants
indicate that the interaction between Cr(VI) ions and the
nanocomposite surface became more efficient, likely due
to improved surface accessibility, increased availability of
adsorption sites, and enhanced charge distribution. These
enhancements suggest that the nanocomposite synthesized
under optimized conditions offers superior performance in
both adsorption rate and capacity, making it a more effective
adsorbent for Cr(VI) removal.

These findings highlight that optimized synthesis does not
merely increase adsorption capacity but actively improves
adsorption kinetics, allowing for faster and more effec-
tive removal of Cr(VI). Future studies incorporating diffu-
sion and mass transfer modelling will further elucidate the
adsorption pathways and transport limitations of the synthe-
sized nanocomposites, providing deeper insights into their
practical application for water treatment.

gt (mg/g)

Wang Two-Phase
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Fig.4 a Kinetics at 50 ppm solution for nanocomposite formed at normal conditions, b Kinetics at 50 ppm solution for nanocomposite formed at

optimised conditions
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Comparison with literature

The adsorption capacity of PANI-NSA synthesized under
optimized conditions (438.2 mg g!) in this study is compa-
rable to or exceeds many previously reported PANI-based
adsorbents for Cr(VI) removal (see Table S5). For instance,
PANI-Fe/OMC composite achieved 172.3 mg g™! due to
the synergistic effects of Fe and ordered mesoporous car-
bon [26], while PANI confined in SC/HA/PVA hydrogel
exhibited an exceptionally high capacity of 1180.97 mg g™!,
attributed to enhanced surface area and functional group
availability [27]. The PANI-Macadamia nutshell com-
posite (384.6 mg g™!) [28] and PANI/PVA/AFL gel beads
(51.5 mg g7!) [29] further demonstrate the variability in
Cr(VI) adsorption efficiency depending on material com-
position and synthesis modifications. The adsorption per-
formance of PANI-NSA in this study aligns well with
high-performing composites, emphasizing that synthesis
optimization without additional dopants or metal function-
alization can significantly improve adsorption efficiency.
These findings support the potential scalability of optimized
PANI-NSA nanotubes for Cr(VI) remediation, with future
work required to evaluate surface area contributions (BET)
and adsorption site interactions (XPS, FTIR) to further con-
textualize its adsorption mechanisms.

Conclusion and recommendations

This study demonstrated that optimizing the synthesis condi-
tions of PANI-NSA nanocomposites significantly enhances
their Cr(VI) adsorption performance. By modifying the
synthesis temperature and reactant concentration, the struc-
tural and adsorption properties of the nanocomposite were
improved. The optimal synthesis conditions were determined
to be 15 °C and 20 mL of deionized water, while the optimal
adsorption pH was found to be pH 2. Under these condi-
tions, the Cr(VI) removal efficiency increased from 66.72%
(normal synthesis conditions) to 79.28%, and the equilib-
rium adsorption capacity increased from 374.9 mg g™! to
438.2 mg g”'. Morphological analysis revealed that PANI-
NSA synthesized under normal conditions formed long,
thin nanotubes, whereas PANI-NSA synthesized under
optimized conditions produced nanotubes of comparable
size and thickness, but with additional spherical formations
on their surfaces. These morphological changes suggest a
possible increase in surface area, which could contribute to
the enhanced adsorption performance observed at optimized
synthesis conditions. However, it is recommended that BET
surface area analysis be conducted to accurately quantify and
compare the surface areas of both nanocomposites. Adsorp-
tion isotherm analysis revealed that the Redlich-Peterson and

@ Springer

Langmuir models provided the best fit for both nanocompos-
ites, indicating a monolayer adsorption process with poten-
tial heterogeneous interactions. Additionally, the adsorp-
tion kinetics were best described by the Elovich and Wang
two-phase models, suggesting that the adsorption process
is governed by chemisorption mechanisms and multi-step
diffusion processes.

To further elucidate the Cr(VI) removal mechanism,
X-ray Photoelectron Spectroscopy (XPS) and X-ray Dif-
fraction (XRD) analyses should be performed. XPS is par-
ticularly useful for identifying surface interactions between
Cr(VI) and the nanocomposite by detecting oxidation states
and chemical bonding changes, which can confirm whether
adsorption occurs via electrostatic attraction or redox trans-
formation. XRD, on the other hand, provides information
on crystalline phase changes, allowing for the identification
of any structural modifications to PANI-NSA post-adsorp-
tion. These techniques have been widely applied in studies
of heavy metal adsorption onto polymeric and nanostruc-
tured adsorbents and are well-suited for confirming the
adsorption and possible reduction of Cr(VI) to Cr(III) on
the nanocomposite surface [12—-14, 21]. Additionally, the
reusability and regeneration potential of the nanocompos-
ite should be explored, as this would provide insight into
the economic feasibility and sustainability of PANI-NSA
for large-scale Cr(VI) remediation. Recovering and repur-
posing the adsorbed chromium for industrial applications,
while enabling the repeated use of the nanocomposite as an
adsorbent, could further enhance its practical applicability.

These findings provide a strong foundation for future
research on the synthesis-adsorption relationship of PANI-
NSA nanocomposites and highlight the importance of con-
tinued material optimization to improve Cr(VI) remediation
efficiency.
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