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A B S T R A C T

The goal of present work is to examine the efficiency of aminated-chitosan/NiFe2O4 nanoparticles (AmCs/
NiFe2O4 NPs) produced for removing Ponceau 4R (P4R) from fruit juice through an adsorption process. The
resulting nanoparticles were characterized using various techniques. The modeling of results was done using
least squares (LS) and Radial basis function-artificial neural network (RBF-ANN). The optimum removal of P4R
(91.43 %) was obtained at the following optimum conditions: pH 4.47, adsorbent dosage 0.047 g/L, contact time
approximately 57.78 min, and initial concentration P4R 26.89 mg/L. The highest adsorption capacity (qm) was
found to be 208.33 mg g− 1. The P4R adsorption mostly followed the Freundlich and pseudo-second-order
isotherm kinetic models. Both LS-based models and RBF-ANN provided good predictions for independent vari-
ables. The dye elimination efficacy for juice samples were approximately 90.34 %. Therefore, based on the
obtained results, it can be claimed that the prepared AmCs/NiFe2O4 NPs can be used to remove P4R.

1. Introduction

Juice adulteration is a significant economic issue, regulatory
agencies are currently facing major adulteration issues, involving so-
phisticated manipulations such pulp wash, juice admixture, organic
acids, amino acids, and the addition of dyes (Dehelean, 2013, Wan et al.,
2018). Dyes are widely utilized in various industries, including drug,
cosmetic, and food, for producing various products such as sweets,
gums, juices, puddings, mustard, and drugs (Piccin et al., 2009).

The amount and type of food colors allowed in different countries are
different (Choi, 2012, Rouhani& Pirkarimi, 2018, Yoshioka& Ichihashi,
2008). In Iran, synthetic dyes including quinoline yellow, sunset yellow,
brilliant blue, indigotin, Ponceau 4R, azorbin and allurard are allowed
for use in food production (Anonymous). In addition the use of
permitted food dyes Ponceau 4R in certain products, including ice
creams, beverages, juices, desserts, and traditional ones, has been ban-
ned (Anonymous, Anonymous). Ponceau 4R has been banned in many
countries based on the approvals of the Joint FAO/WHO Committee on
Food Additives due to its harmful effects (Helal et al., 2006; Tsuda et al.,

2001).
Various analytical techniques have been reported to separate, iden-

tify, and measure food colorants. The common approaches include
physical and observational procedures, chromatography, spectroscopy,
PCR, and those based on sensors like E-nose and E-tongue (Hong et al.,
2017; Stozhko et al., 2022). The main disadvantages of most of these
techniques are time-consuming and complex sample preparation and
analysis, expensiveness, and the need for an expert operator. Therefore,
developing fast, sensitive, cheap, and simple methods is crucial in
detecting adulteration in food samples (Oliveri & Downey, 2012).

The development of effective adsorbents with excellent removal
capabilities for the adsorption of dye in food items remains extremely
challenging. In this regard, for dyes elimination from aqueous solutions,
several researches are being conducted to synthesize non-toxic, strong,
high-performance adsorbents (Masood et al., 2020).

Chitosan is a cheap and plentiful biopolymer that has been utilized as
a bio-sorbent to remove dye from aqueous solutions because of its good
biodegradable, biocompatible, polymeric nature, and non-toxic quali-
ties (Homayonfard et al., 2020). Chitosan’s unique poly cationic
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structure allows for ion exchange with anions, owing to its protonation
of amine groups in acidic media. Its chelating properties are related to its
high functional groups (Ackah et al., 2014).

After the adsorption process, chitosan-based adsorbents might be
difficult to sequester from the aqueous solution using traditional sepa-
ration techniques like filtration and sedimentation because they can clog
the filters or disappear. Additionally, because adsorbent materials pro-
duce sludge when released into the environment, they might lead to
secondary contamination (Kefeni et al., 2017; Reddy & Lee, 2013).
Recently, magnetic separation (NiFe2O4) has been widely used as an
efficient process for the separation and recycling of adsorbent materials.
This technology’s primary benefit is its ability to quickly separate, while
consuming the least amount of energy and creating no contaminants
(Kefeni et al., 2017, Reddy & Lee, 2013).

RSM is a statistical technique used to estimate the impact of input
variables on output responses, defining the role of independent variables
or combinations (Pervukhin et al., 2023). In addition, ANNmodeling is a
new approach that has recently attracted the attention of researchers.
This technique is capable of estimating the nonlinear relationship be-
tween independent variables and solves problems that cannot be solved
by traditional statistical methods (Giordano et al., 2017). One of the
limiting factors of using RSM technique is that it does not include
incontrollable variables. While neural network modeling is not affected
by physical or chemical process. Therefore, by using ANN, a stable
nonlinear simulation model can be created. Additionally, the drawbacks
of RSM can be addressed by employing RBF-ANN modeling, which al-
lows experimental data to be used to study the true link between inde-
pendent parameters and response (Carabajal et al., 2020; Teglia et al.,
2020).

The purpose of this study was to optimize P4R dye removal on
AmCs/NiFe2O4 NPs using LS and RBF-ANN modeling for response pre-
diction. The RSM methodology was utilized to determine the optimal
conditions of the procedure variables, including the effects of pH, con-
tact time, and initial dose on AmCs/NiFe2O4 NPs’ sorption capacity and
dye adsorption. Furthermore, examination of adsorption actions was
performed kinetic models, and Freundlich and Langmuir isotherms.

2. Experimental sections

2.1. Materials

Chitosan was supplied by Merck Company (Darmstadt, Germany).
The chemicals NaOH, NiCl2•6H2O, FeCl3•6H2O, oleic acid, acetic acid
(>98 %), ethylenediamine (EDA; 99 %), calcium chloride (CaCl2), and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were also pro-
vided by Merck Company (Darmstadt, Germany).

2.2. Synthesis of NiFe2O4 NPS

First, aqueous solutions of NiCl2•6H2O (0.5 g/10 mL deionized
water), and FeCl3•6H2O (1.5 g/50 mL deionized water) are mixed
together and stirred for 30 min at 60 ◦C until a homogenous solution was
obtained. Droplets of 0.2 M NaOHwere then added to the pH solution to
bring it to 11. Themixture was then agitated for roughly 40min at 80 ◦C.

After obtaining the desired dark brown precipitates, they underwent
filtration, a deionized water wash, and room temperature drying. Then,
they were placed in a furnace with 600 ◦C for 3 h (Ahmad et al., 2023;
Rezagholizade-shirvan et al., 2022; Rezagholizade-shirvan et al., 2023;
Shokri et al., 2023).

2.3. Synthesis of of aminated chitosan (AmCs)

For 10 h at room temperature, 0.5 g of chitosan was treated in 300
mL of aqueous 0.5 M chloroacetic acid (pH = 8.0, adjusted with 0.1 M
NaOH). To remove unreacted material, the mixture was then repeatedly
washed. Then, the sample was submerged in 100 mL of 1.0 M

ethylenediamine. The ethylenediamine solution was supplemented with
10 ml of EDC (1-ethyl-3,3-dimethylaminopropyl) carbodiimide (5 mM)
for every 40mg of specimen. After centrifugation, the aminated chitosan
was collected and continuously rinsed with deionized water until the pH
was around 7. Finally, it was dried for 24 h at 80 ◦C in an oven (Yousefi
et al., 2024).

2.4. Synthesis of AmCs/NiFe2O4 NPs

0.25 g of NiFe2O4 NPs were added to a 50 mL solution of amine-
modified chitosan. The solution was maintained at 50 ◦C for approxi-
mately 3 h, and then it was sonicated for about 30 min. Brown pre-
cipitates were collected, filtered, cleaned, dried at 60 ◦C for 12 h (Ahmad
et al., 2023; Shokri et al., 2023; Shokri et al., 2024).

2.5. Characterization

Several physiochemical characterization methods were applied to
the of AmCs/NiFe2O4 NPs that were produced. The structure of pro-
duced samples was analyzed with Fourier transform infrared spectros-
copy (FTIR). This analyze was carried out 400–4000 cm− 1 in range, with
a 4 cm− 1 resolution.

Using it, the validity of every functional group has been established.
The “Bruker D-8 Advanced” instrument was utilized to obtain the X-Ray
diffraction (XRD) spectrum, which was then analyzed to assess the
material’s crystallinity, particle size, and surface examination of the
produced nanoparticles. For the morphological analysis, a Philips Co.
scanning electron microscopy (SEM) (Czech, SEM, and MIRA3-LUM) &
Transmission electron microscope (TEM) (Philips EM 208S, TEM, EM)
were used.

2.6. Adsorption study

The LS based RSM method was utilized in Design Expert version
8.0.7.1 software to design sorption experiments and considering opti-
mum values for all factor. A total 30 experiments were conducted with
four factor two levels, and Data analysis was performed for the effec-
tiveness of removal considering P value<0.05 as statistically significant.
The produced solutions were centrifuged (4000 rpm, 10 min) for
determination of sorption efficiency of AmCs/NiFe2O4 NPs. Then,
absorbance of the solution was specified through measurement of the
absorption at 505 nm. The dyes reduction (%), and adsorption value was
evaluated by Eq. (A.1) and Eq. (A.2) respectively.

Where, Ci and Ce are the primary and final concentration of dye P4R
(mg/L), respectively. V is the volume of sample (mL) and M is the mass
of the sorbent (g) (Ghorbani et al., 2021; Gordi et al., 2020; Rose et al.,
2023).

R% =
(C0 − Ce)

C0
(A.1)

qe =
V
M

(C0 − Ce) (A.2)

2.7. Data modeling by ANN

Nonparametric techniques, like RBF-ANN, can reduce the issue of
underfitting by employing three layers of neurons or nodes for optimi-
zation. Three layers make up RBFs, and these layers are the basic
computing units. The input variables are dispersed into a single hidden
layer via an input layer. A simple Gaussian function serves as the transfer
function for each neuron in the buried layer. With one unit for each
response, the output layer is linearly activated (Giordano et al., 2017).
The network was trained to generate plots of predicted response values
versus nominal values, prediction residuals versus nominal response
values, and normal probability plots for residuals. Ultimately, the

S. Shokri et al. Food Chemistry: X 24 (2024) 101856 

2 



network was optimized to effectively represent the data. The SRO_ANN
MatLab toolbox was used for the implementation of the ANN.

2.8. Adsorption isotherms

The investigation of adsorbent behavior, and the dye’s interaction,
adsorption isotherms were carried out in environmental conditions with
pH (4.47), 60 min, and different concentrations (10, 15, 20, 25, 30, 35,
40, 45, and 50 mg/L) of dyes. Adjustments of absorption data was done
using Langmuir and Freundlich models.

2.9. Adsorption kinetics

Adsorption kinetic models (pseudo-first-order, and pseudo-second-
order and Intraparticle diffusion) were applied to control and evaluate
the process of P4R adsorption by synthesized AmCs/NiFe2O4 NPs. Ki-
netic investigations were carried out under different contact times (from
10 to 80 min) and, 10 mL of spiked P4R solution by a concentration of
26.89 (mg/L− 1), optimum sorbent dose (0.047 g), and pH = 4.47
(Solano et al., 2021).

2.10. Real sample study

In order to investigate the effect of sample matrix on the removal of
P4R dye, samples of Natural pomegranate juice were used. The fruit

juice samples were filtered, and then spiked with 20 ppm P4R. Synthetic
nanoparticles were added to the sample solutions at a ratio of 0.47 g and
remained at 20 ◦C for approximately 57.78 h. After the allotted time, the
nanoparticles were extracted from the solution using a magnet. The
absorbance of the samples was measured with a spectrophotometer at a
wavelength of 505 nm, both before and after the addition of nano-
particles to the sample solution.

3. Results and discussion

3.1. FTIR analysis

FT-IR analyses were conducted on nanocomposites like Cs, AmCs,
NiFe2O4, and AmCs/NiFe2O4, focusing on structural characteristics of
samples. The specific FTIR spectra corresponding to Cs are shown in
Fig. 1(A). Our research identified unique spectral characteristics asso-
ciated with different functional groups in the chitosan polymer. The Cs
structure was observed to contain amine groups and hydrocarbon
chains, with N–H and O–H stretching band at range 3104 cm− 1–3679
cm− 1 (Çınar et al., 2017; Mustafa, 2019). In the infrared spectrum, two
absorption peaks are observed at 2922 cm− 1 and 2869 cm− 1, which
correspond to the symmetric and antisymmetric stretching vibrations of
-CH2. Another absorption peak is visible at 1603 cm− 1, attributed to the
bending vibration of the amine group in chitosan. Additional peaks at
1403, 1251, and 1059 cm− 1 are associated with C––O, N–H bending
(amide), aromatic rings, C-O-H, and C–O stretching (Tsai et al., 2014;
Yuvaraja et al., 2020). The broad bands observed in the FTIR spectrum
of AmCs are attributed to the stretching vibrations of C–N and O–H, at
1062 and 3441 cm− 1, respectively. The AmCs/NiFe2O4 nanocomposite
exhibited a shift of these bands to 3446 and 3452 cm− 1. Following the
formation of C––N and primary amine groups in the prepared nano-
particles, it was observed that the characteristic vibration peaks of C––N
and N–H at 1630 and 1540 cm− 1 increased. Furthermore, the stretching
vibration of the amide-I (C––O of NH-C=O) groups and the N–H
bending of amide-II were attributed to the bands at 1645–1649 cm− 1

and 1560 cm− 1, respectively. The broad band at 3441 cm− 1 in the AmCs
spectra, which corresponds to the stretching vibrations of -NH2 groups,
is among the observed characteristics. Additionally, the emergence of a
distinctive peak at 1516 cm-1 indicates an increase in amide groups
(-NHCO). The amine (N–H stretching vibration) and amide groups were
responsible for the appearance of two new peaks at 1154 cm− 1 and 1513
cm− 1, respectively. Each of these bands denotes the successful formation
of long-range NH2 groups on the surface of the nanoparticles.

The strong band at 694 cm− 1 in the FTIR spectrum of NiFe2O4 is
associated with the tetrahedral Fe–O stretching vibration bond and is
the characteristic band of NiFe2O4. Sulphate ions adsorbed on the par-
ticle surface of NiFe2O4 are responsible for the sharp band at 1058 cm− 1.
Additionally, the band at 1543 cm− 1 is associated with N–H bending
vibration. Peaks seen at 2977 and 2916 cm− 1 are linked to aliphatic
hydrogen vibration (–CH2 stretching). Lastly, the stretching vibration
mode of O–H groups is represented by the bands at 3357 cm− 1 and
3678 cm− 1 (Tsai et al., 2014; Yuvaraja et al., 2020). Furthermore, our
examination identified distinct peaks at 757 and 823 cm− 1, respectively,
which are associated with the bending vibrations of the Fe–O bonds
(Ahmad et al., 2015; Mustafa, 2019). The results confirm that Cs was
able to successfully coat NiFe2O4 nanoparticles. This was likely achieved
through a chemical reaction and electrostatic contact between the
negatively charged surface of nickel ferrite and the positively charged
surface of chitosan.

3.2. XRD analysis

The XRD pattern for the AmCs/NiFe2O4 nanocomposite is displayed
in Fig. 1 (B). Two weak peaks that appear in this pattern at 11.6◦ and
20.16◦ show that AmCS is semicrystalline. The main peaks in the
NiFe2O4 NPs XRD pattern, with 2θ values of, 37.20◦, 42.36◦, 59.35◦, and

Fig. 1. The FTIR spectra and the XRD patterns of Cs, AmCs, NiFe2O4 NPs,
AmCs/NiFe2O4 NPs.
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71.58◦ correspond to the crystal planes (311), (400), (440), and (533)
respectively. These peaks confirm that the nickel ferrite nanoparticles
have fully crystallized. Major diffraction peaks related to the bonding of
NiFe2O4 nanoparticles to AmCs were observed at 2θ values of 11.6◦,
20.16◦, 37.20◦, 59.85◦, 71.58◦, and 75.49◦ in the XRD pattern of AmCs/
NiFe2O4. Therefore, the successful and impurity-free synthesis of the
AmCs/NiFe2O4 nanocomposite is confirmed (Yuvaraja et al., 2020).

3.3. SEM analysis

Themorphology AmCs/NiFe2O4 NPs (Fig. 2 (A))was examined using
SEM techniques. An elevation in kinetic energy results in particle
destabilization, leading to a heightened propensity for aggregation and
subsequent enlargement of the particle size. Chitosan adsorbed on par-
ticles reduces surface tension, forming spheres with appropriate surface-
to-volume ratio, resulting in well-differentiated nanospheres with
floatability after initial precipitation. SEM micrographs show successful
incorporation of NiFe2O4 into the chitosan matrix, that chitosan

effectively prevents particle adhesion and confirms its coating. These
findings are consistent with previous studies (Ansari et al., 2022;
Ramezani et al., 2016).

3.4. TEM analysis

The TEM was used to assess the micromorphology of AmCs/NiFe2O4
NPs, and the results are shown in (Fig. 2 (B)). The AmCs/NiFe2O4 NPs
exhibit uniformity, spherical shape, and near monodispersity. They
display a deeper-colored particle core in the chitosan-coated magnetic
nanoparticles. As NiFe2O4 NPs are distributed throughout the chitosan
solution during the sorbent’s synthesis, there is also a decrease in their
tendency to aggregate. The picture shows that the sorbent’s structure is
irregular, with chitosan NPs typically creating rod-shaped particles and
being placed on some regions of the NiFe2O4 NPs’ surface.

3.5. LS Modeling of Response Surface

The study focuses on optimizing process variables like pH, concen-
tration dye, contact time, and sorbent dosage using a central composite
design (CCD) and analyzing their interaction with dye extraction. The
parameters are presented in Table 1, focusing on optimization using the
conventional method and multiple linear regression based RSM.

3.6. Analysis of variance (ANOVA)

A mathematical model is constructed for each response by fitting a
polynomial function of the second order or higher, and the significance
of the coefficients is examined using an ANOVA test. When the regres-
sion is significant at the selected confidence level and the lack of fit
(LOF) is not statistically significant, the model is considered to be good.
The Model F-value of 31.74 suggests that the model is statistically sig-
nificant. There is a mere 0.01 % probability that such a large F-value
could arise due to random variation. P-values below 0.0500 indicate that
model terms are statistically significant. The suggested model success-
fully captures the experimental results, as indicated by the p-value for
lack of fit (LOF). In this scenario, A, B, C, D, AB, BC, CD, C2, and D2 were
considered significant model terms (Table 1).

In the model, the estimated R2 shows how effectively the model
predicts responses from unknown data; for good models, it should be
close to 1 For the model, it is desired and observed that R2 (0.96),
adjusted R2 (0.9369), and Predicted R2 (0.8661) are near each other (the
difference is less than 0.2). Adeq precision calculates the ratio of signal
to noise. A ratio (20.01) greater than 4 is desirable. The study shows a
coefficient of variance (CV) of 3.65.

Table 1 displays the coefficients of variables and their impact on the
response. The result reveals that time of adsorption, sorbent amount,
and pH are significant factors for dye adsorption, with the pH having the
highest effect on the experimental response. Fig. 3 presents a systematic
investigation of the effects of various parameters on P4R removal, with
each subplot focusing on the impact of a single variable while holding
others constant at their respective center points. This approach allows
for a clear understanding of individual parameter contributions, but it’s
important to note that the analysis does not account for potential in-
teractions between these factors. Fig. 3A: The influence of P4R con-
centration on removal efficiency demonstrates a non-linear relationship.
Initially, a slight increase in removal percentage is observed with
increasing P4R concentration up to 30 mg/L. However, further increases
in concentration lead to a slight decrease in removal efficiency. This
trend suggests that the adsorption process may be influenced by factors
such as site saturation at higher P4R concentrations. Fig. 3B: The
amount of adsorbent significantly affects P4R removal. As the adsorbent
dosage increases from 0 to 0.04 g, the removal percentage of P4R in-
creases. Beyond this point, the removal percentage plateaus, indicating
that the available adsorption sites are approaching saturation. This
observation supports the hypothesis that an increased adsorbent dosage

Fig. 2. The SEM and TEM images of AmCs/NiFe2O4 NPs.
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provides more binding sites, thereby enhancing P4R removal. Fig. 3C:
The removal time emerges as a crucial factor influencing P4R removal.
The removal percentage significantly increases with increasing contact
time up to 45 min, highlighting the importance of sufficient residence
time for effective adsorption. Beyond this point, the removal percentage
plateaus, indicating a near-equilibrium state where the adsorption
process has reached its maximum capacity within this timeframe.
Fig. 3D: pH plays a significant role in P4R removal. The removal per-
centage decreases significantly with increasing pH values. This phe-
nomenon can be attributed to changes in the surface polarity of both the
adsorbent and P4R, leading to reduced electrostatic interactions be-
tween the two. This alteration in surface properties reduces the affinity
of the adsorbent for P4R, consequently hindering the removal process.

The interaction between P4R concentration and sorbent amount
(F1*F2), sorbent amount and contact time (F2*F3), sorbent amount and
pH (F2*F4), and pH and contact time (F3*F4), also significantly affects
the response. Fig. 4 delves into the effects of significant interactions on
P4R removal, showcasing the interplay of different factors and their
impact on overall removal efficiency. Fig. 4A demonstrates a synergistic
effect between P4R concentration and adsorbent dosage. As both factors
increase simultaneously, the removal percentage of P4R also increases.
This positive correlation suggests that higher P4R concentrations can be
effectively removed by increasing the amount of adsorbent, indicating a
direct and proportional relationship between these parameters. A
similar trend is observed in Fig. 4B, highlighting the combined impact of
removal time and adsorbent dosage. The removal percentage increases
with increasing removal time, suggesting that longer contact times allow
for more effective adsorption. However, the effect of changes in removal
time appears to have a greater influence on the P4R removal than the
amount of adsorbent. This implies that the adsorption process is
particularly sensitive to the contact time, emphasizing its critical role in
achieving higher removal efficiencies (Sadegh et al., 2022).

Fig. 4C showcases the combined effects of pH and adsorbent dosage
on P4R removal. A decrease in pH alongside an increase in adsorbent
dosage leads to a significant improvement in the P4R removal. This
observation highlights the importance of acidic conditions for effective
P4R removal using the investigated adsorbent. The increased removal
efficiency in acidic environments can be attributed to enhanced

electrostatic interactions between the adsorbent and the P4R molecules
due to favorable pH-dependent surface charges. Fig. 4D illustrates the
combined effect of removal time and pH on the P4R removal. The
removal percentage increases with increasing removal time and
decreasing pH. This suggests that longer contact times and acidic con-
ditions promote the P4R removal, highlighting the direct and inverse
relationship between time and pH, respectively, on the removal process
(Roosta et al., 2015).

The percentage decolorization was calculated using a quadratic
polynomial semi-empirical expression, as demonstrated in Eq. (A.3).

Removal Efficiency =74.45249+0.52302* F1+ − 208.595* F2
+0.44245* F3+ − 0.301058* F4+4.05* F1F2 +
− 0.0022275* F1F3 +0.00808333* F1F4
+4.58* F2F3+16.4792* F2F4+0.0544667* F3F4
+ − 0.00873531* F1 F̂2+ − 1235.31* F2 F̂2
+ − 0.0071746* F3 F̂2 + − 0.502125* F4 F̂2

The positive coefficient of F1 (0.52302) suggests that a higher P4R
concentration generally leads to higher removal efficiency.

The negative coefficient of F2 in equation (− 208.595) indicates that
increasing the sorbent amount generally increases removal efficiency.
The positive coefficient of F3 (0.44245) implies that longer adsorption
times generally result in higher removal efficiencies. Finally, the nega-
tive coefficient of F4 (− 0.301058) indicates that a lower pH (more
acidic) generally leads to higher removal efficiencies.The equation also
includes interaction terms (e.g., F1F2, F2F4) representing how the factors
influence each other. These coefficients demonstrate that the relation-
ship between the factors is not simply additive. For example, a positive
coefficient for F1F2 suggests that the effect of increasing P4R concen-
tration is more pronounced at higher sorbent amounts. Finally, the
equation includes quadratic terms (e.g., F1^ F2, F2^ F2) representing the
curvature of the relationship. Negative coefficients for these terms
suggest that the effect of increasing each factor eventually diminishes,
leading to a plateauing or even decreasing removal efficiency at higher
values.

Table 1
The ANOVA test for P4R adsorption on AmCs/NiFe2O4 NPs.

Factor Name Units Minimum Maximum Mean ± S.d

A Color Concentration mg/L 10.00 50.00 30.00 ± 15.76
B Sorbent amount g/L 0.0200 0.0600 0.0400 ± 0.0158
C Adsorption time min 20.00 70.00 45.00 ± 19.70
D pH – 3.00 9.00 6.00 ± 2.36

Source Sum of Squares df Mean Square F-value p-value

Model 3686.69 14 263.33 31.74 < 0.0001 significant
F1-Color Concentration 88.62 1 88.62 10.68 0.0052
F2-Sorbent amount 102.05 1 102.05 12.30 0.0032
F3-Adsorption time 647.52 1 647.52 78.06 < 0.0001
F4-pH 1432.73 1 1432.73 172.71 < 0.0001
F1F2 41.99 1 41.99 5.06 0.0399
F1F3 19.85 1 19.85 2.39 0.1428
F1F4 3.76 1 3.76 0.4537 0.5108
F2F3 83.91 1 83.91 10.11 0.0062
F2F2 15.64 1 15.64 1.89 0.1899
F3F4 267.00 1 267.00 32.19 < 0.0001
F12 31.63 1 31.63 3.81 0.0698
F22 0.6326 1 0.6326 0.0763 0.7862
F32 52.10 1 52.10 6.28 0.0242
F42 52.91 1 52.91 6.38 0.0233
Residual 124.43 15 8.30
Lack of Fit 100.98 10 10.10 2.15 0.2056 not significant
Pure Error 23.45 5 4.69
Cor Total 3811.12 29
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3.6.1. Numerical Optimization using LS Modelings
In the standard probability plot models, there are more data points

clustered around the central line, indicating that the distribution closely
follows a normal pattern (Fig. S1A). The error plot of the residuals
exhibited a random spread and a consistently even distribution of re-
siduals across the predictions, showing no discernible pattern, which
suggests that the proposed response surface models were effective in
removing the P4R dye (Fig. S1B). Fig. S1C indicated a consistent
agreement between the predicted and experimental results. Further-
more, the Box-Cox plot in Fig. S1D illustrated that the data adhered to a
normal distribution, signifying the successful removal of the dye by the
proposed model.

3.6.2. Determining optimal points
The optimal forecasted conditions for achieving maximum removal

of P4R and the corresponding optimal removal efficiency are detailed in
Table 2. Experimental results showed removal efficiency of 91.43 %was
obtained by conducting experiments under the optimal parametric
conditions using the LS model (pH 4.47, adsorbent dosage 0.047 g/L,
contact time approximately 57.78 min, and initial P4R concentration
26.89 mg/L).

3.7. ANN-RBF Modeling of Response Surface

According to the results, the proposed ANN-RBF is 4–16-1, in which
four input layers, one hidden layer with 16 neurons with Gaussian
transfer functions, and one output layer (dye removal efficiency) were
designed.

In the model, the correlation coefficient (R2), P (LOF), and average
error in training data were 0.98, 0.65, and 2.16, respectively. A high R2

value of 0.98 indicates a strong correlation between the model’s pre-
dictions and the actual P4R removal efficiency observed in the training
data. This suggests that the model effectively captures the underlying
relationships between the input factors and the output. P (LOF) likely
refers to the p-value of the lack of fit for the presented method. A p-value
of 0.65 indicates that the model is statistically significant and its pre-
dictive capabilities are not likely due to random chance. Besides, the low
average error of 2.16 in the training data suggests that the model is
accurate in its predictions with minimal deviations from the actual
values. These results collectively indicate that the ANN-RBF model
demonstrates a high level of accuracy and generalizability for predicting
P4R removal efficiency.

Fig. S2A illustrates the relationship between the anticipated and
nominal values for all sample analytes based on ANN modeling. The

Fig. 3. Effects of each factor on the P4R removal.
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model exhibits favorable concordance with the empirical data. The error
diagram of the residuals displayed a random scatter and a consistent
range of residuals from top to bottom across the predictions, the non-
observance of the obtained data from the specific pattern indicates the
adequacy of the proposed response surface models for P4R color
removal (Fig. S2B). Results demonstrates both RBF-ANN and LS models
high predictive accuracy and superior model performance in predicting
dye decolorization (%). The parametric method’s potency was
confirmed by comparing the design matrix and measured responses
using a non-parametric approach using RBF-ANN.

Table 2 display both the experimental and predicted values (RBF-
ANN and LS) for color removal efficiency (R1) across 30 design runs. It is
evident that most predicted values align closely with the experimental
values. However, there are slight discrepancies between the ANN-RBF
predicted values and the experimental values for color removal effi-
ciency in Runs 9, 18, 22, 24, 27, and 28, indicating some variation in the
results.

The LS predictions for color removal efficiency also differed from the
experimental values in Runs 4, 7, 16, 17, and 30, with larger deviations
observed in these cases. This could be due to outliers or data points that
fall outside the predicted line, which can occur in any predictive model.

The research ultimately concluded that employing a complete
quartic mathematical model is successful in establishing the relationship
among substantial variables and investigational responses using central
composite design.

3.8. Adsorption isotherm

An essential component in the design of adsorption systems is the

equilibrium adsorption isotherm, as it establishes the connection be-
tween the amount of adsorbate and the equilibrium concentration in the
solution. The research employed the twomost widely utilized isotherms,
Langmuir and Freundlich, from a range of available isotherm equations.
The adsorption isotherm experiment was conducted at a pH of 4.47 for
57.78 min using a sorbent dosage of 0.047 g/L. The Eq demonstrating
the Langmuir isotherm model is presented as Eq.(A.4) and Eq.(A.5)
(Ghorbani et al., 2018, Heydari & Khavarpour, 2018):

Ce
qe

=
Ce
qmax

+
1

bqmax
(A.4)

lnqe = lnkf +
1
n
lnCe (A.5)

Ce and qe represent the main dye concentration in the sample so-
lution and the amount of adsorption at equilibrium per unit mass of
sorbent (mg g− 1), respectively. Additionally, qmax, b, kf, and n denote
the maximum adsorption capacity of the monolayer (mg g− 1), the
Langmuir constant (mg/L), the maximum adsorption capacity according
to the Freundlich model (mg g-1), and the adsorption intensity,
respectively.

The parameters’ values were determined, and the appropriate
isotherm model was identified using the regression coefficient (R2)
through plotting Ce/qe versus Ce and ln qe versus ln Ce. The results
indicate that the Freundlich isotherm (Fig. S3B) offers a more accurate
prediction of dye adsorption by AmCs/NiFe2O4 NPs in comparison to the
Langmuir isotherm (Fig. S3A). Consequently, it was deduced that the
sorbent surface is heterogeneous, and adsorption predominantly occurs
in multiple layers. These findings aligned with the observations derived
from the SEM images of the sorbent. Adsorption intensity (n) is used to

Fig. 4. Effects of the significant interactions on the P4R removal.
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evaluate the favorability of the adsorption procedure, with the ideal n
falling between 1 and 10. The optimal n value is 1.90. The maximum
adsorption capability (qmax) of P4R dye on AmCs/ NiFe2O4 NPs is
208.33 mg g− 1 (Table 3).

3.9. Adsorption of kinetics

The adsorption kinetic data for P4R were analyzed using pseudo-
first-order, pseudo-second-order, and intraparticle diffusion models.

The rate equation is defined as Eq.(A.6), Eq.(A.7) and Eq.(A.8),
respectively (Moharram et al., 2016; Yousefi et al., 2019):

log(qe − qt) = logqe −
k1t
2.303

(A.6)

t
qt

=
1
k2q2e

+
1
qe
t (A.7)

qt = ki*t
1
2 +C (A.8)

Where qt and qe represent the quantity of dye adsorbed at equilib-
rium and at a specific time (mg g− 1), while k1 and k2 (g mg− 1 min− 1)
denote the rate constants for the adsorption process.

The study examined the influence of contact duration within the
10–80 min range under ideal conditions to assess the ability of kinetic
models to predict the amount of dye adsorption by AmCs/ NiFe2O4 NPs
(refer to Fig. 4S and Table 3).

The pseudo-first-order kinetic model explains a decelerating chemi-
cal adsorption process, where the number of unoccupied sites on the
sorbent is proportional to the rate of adsorption.

Plotting log (qe-qt) against t yields a linear correlation, enabling the
determination of k1 and qe from the slope and y-intercept.

The experiments on the pseudo-first-order kinetic model (Fig. S4A)
and intraparticle diffusion model (Fig. S4C) revealed significant
nonlinearity and a decreased correlation coefficient. Reduced correla-
tion coefficient values suggest limited dye diffusion within the sorbent
pores, and the values of the intraparticle diffusion equation are distant
from the origin, signifying its lack of significance in rate determination.

The graph for pseudo-second-order kinetics (Fig. S4B) shows a linear
relationship between the t/qt values and t, caused in a great correlation
coefficient. The second-order kinetic rate constant (k2) and equilibrium
adsorption capacity (qe) were calculated from the slope and y-intercept
of the t/qt versus t graph, respectively.

The R2 and qe values indicated that the pseudo-second-order kinetic
model yielded superior outcomes. This suggests that the adsorption of
P4R on AmCs/NiFe2O4 NPs is characterized as chemisorption. The

Table 2
Comparison of experimental and predicted values for RSM and ANN-RBF models.

Run A:Color Concentration (F1) B:Sorbent amount
(F2)

C:Adsorption time
(F3)

D:pH
(F4)

Removal Efficiency Predicted Value LS Predicted Value ANN-RBF

mg/L g min % % %

1 10 0.02 20 3 80.48 80.41 81.6457
2 10 0.04 45 6 79.01 81.01 81.3267
3 50 0.02 70 9 69.46 69.20 69.8256
4 30 0.06 45 6 86.58 88.61 87.7323
5 50 0.06 20 3 86.32 84.31 85.1192
6 50 0.02 20 9 55.08 55.84 55.9777
7 30 0.04 45 9 71.59 73.28 71.8572
8 50 0.02 20 3 81.74 82.86 81.3503
9 30 0.04 45 6 91.43 86.72 86.9829
10 30 0.04 20 6 75.13 76.24 74.6446
11 30 0.04 45 6 86.21 86.72 86.9829
12 10 0.06 70 9 78.53 77.34 78.7061
13 30 0.04 45 6 86.89 86.72 86.9829
14 10 0.02 70 3 81.46 81.88 81.0812
15 10 0.06 20 3 75.18 75.37 74.6008
16 50 0.06 70 3 88.14 90.49 89.272
17 30 0.02 45 6 81.62 83.84 82.4311
18 30 0.04 45 6 90.36 86.72 86.9829
19 30 0.04 45 6 87.75 86.72 86.9829
20 10 0.02 70 9 68.24 69.26 68.3688
21 10 0.06 70 3 87.76 86.00 85.7359
22 30 0.04 70 6 85.09 88.23 89.0964
23 50 0.02 70 3 82.68 79.88 80.6084
24 30 0.04 45 3 88.56 91.12 92.6175
25 10 0.02 20 9 53.86 51.45 52.0717
26 30 0.04 45 6 90.43 86.72 86.9829
27 50 0.04 45 6 83.19 85.44 86.6286
28 50 0.06 20 9 61.73 61.24 62.2749
29 50 0.06 70 9 84.68 83.76 82.5919
30 10 0.06 20 9 48.56 50.37 50.2328

Table 3
Adsorption kinetics and isotherms for P4R removal by AmCs/NiFe2O4 NPs.

Kinetic model Equation Parameters R2

Pseudo- first-
order model

log (qe − qt) = log

qe −
k1t
2.303

qe (mg g− 1) 146.72 0.9605
K1 (min− 1) 0.068

Pseudo- second-
order model

t
qt

=
1

k2q2e
+
1
qe
t qe (mg g− 1) 125 0.9916

K2 (g mg− 1

min− 1)
0.000262

Intra-particle
diffusion
model

qt = ki*t
1
2 + C Ki (mg g− 1

min− 1/2)
10.89 0.9782

Isotherm model Equation Parameters R2

Langmuir model Ce
qe

=
Ce
qmax

+
1

bqmax
qmax (mg g− 1) 208.33 0.9682
b (L mg− 1) 0.05

Freundlich model lnqe = lnkf +
1
n
lnCe

Kf (mg g− 1) 19.32 0.9888

n 1.90
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removal efficiency exhibited an increase up to 57.78 min, after which it
remained constant at higher durations, indicating a rapid adsorption
process capable of reaching equilibrium in less than 80 min.

3.10. Real sample analysis

The dye P4R removal efficiency in the real sample (Pomegranate
juices) was 90.34 %. The study found that P4R can be efficiently
removed from fruit juice samples in a lab setting by using nanoparticles.

3.11. Recovery capability

From an economic perspective, the recoverability of the sorbent
holds significance as it reflects the low cost of its use in elimination of
contaminant, the stability of the adsorbed substantial on the surface of
sorbent, and the regeneration ability of the sorbent. Following the
elimination process, the sorbent underwent rinsing with deionized
water and subsequent separation via a magnet. Next, a 0.2 M aqueous
solution of ammonium (1.0 mL) was added to the sorbent and agitated
for 15min at 150 rpm. The sorbent was then rinsed with deionized water
in preparation for reuse. The adsorption effectiveness of P4R dye by
AmCs/NiFe2O4 NPs for up to 5 cycles exceeded 85 %, as depicted in
(Fig. S5A). Any reduction in dye adsorption efficiency may be related to
the following factors: insufficient dye separation, and sorbent, minor
sorbent loss throughout the separation process, and structural degra-
dation of the sorbent throughout the dye elimination phase. Subse-
quently, the developed nanocomposite serves as a durable and effective
sorbent for P4R dye elimination, aligning via the documents of previous
studies (Ansari et al., 2022) (Habiba et al., 2017).

The SEM image (Fig. S5B) indicates the presence of pores on the
surface of AmCs/NiFe2O4 NPs, suggesting that a reduced number of
pores can become saturated with the P4R dye throughout the adsorption
procedure.

The sorbent XRD design the following five adsorption-desorption
cycles is exposed in Fig. S5C to assess changes in the sorbent structure
post-desorption. This pattern does not show any significant change in
the structure of the absorber, only a slight decrease in the peak intensity
compared to the original absorber pattern.

3.12. Comparison with other sorbents

The effectiveness of the created sorbent and other sorbents previ-
ously investigated for the elimination of P4R dye are equated in Table 4.
The documents displays that the developed sorbent surpasses most
prepared sorbents in terms of adsorption capacity. Sorbent No. 7 (chi-
tosan/polyamide nanofibers) demonstrates a more absorption capability
than the other sorbent. However, to achieve dye removal, more sorbent
and a comparatively low acidic pH are required. It is noteworthy,
however, that producing this sorbent involves many more steps and
reagents than producing the sorbent used in the study. Consequently,
the synthesized sorbent demonstrates the appropriate capacity for
removing P4R dye from food samples, as well as the appropriate contact
duration, adsorption capacity, and reusability, making it a strong
contender for the job.

4. Conclusion

The result demonstrates the successful chitosan coating of NiFe2O4
NPs through XRD, FTIR, SEM, and TEM, revealing intricate electrostatic
and chemical interactions and surface morphology transformation. This
study achieved a maximum P4R removal of 91.43 % at a pH of 4.47,
contact time of 57.78 min, AmCs/NiFe2O4 NPs dose of 0.047 g/L, and
P4R concentration of 26.88 mg/L Furtheremore, this study compared
the performance of an LS-based model and RBF-ANN in the removal of
P4R dye from fruit juice samples. Both models provided good pre-
dictions for independent variables. The color elimination efficacy for
real sample (Pomegranate juices) was approximately 90.34 %. The
effectiveness, feasibility, and capability of this method were confirmed
for commercial and traditional fruit juice samples. The importance of
AmCs/NiFe2O4 NPs as a sorbent for removal of synthetic dyes lies in
their high adsorption capacity, regeneration potential, environmental
friendliness, and fast adsorption rate, making them a promising solution
for addressing the challenges of synthetic dye removal in industrial
settings.
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Table 4
Comparison of the various sorbents for P4R dye removal.

NO Sorbent Qe (mg g− 1) Time (min) pH sorbent dosage (g/L) dye concentration (mg/L Refs.

1 Alkali boiled Tilapia fish scales 134.40 240 7.6 0.24 10–50 (Zhu et al., 2013)
2 ZnAl-LDH/PVA 16.3 40 7 – – (Balayeva et al., 2023)
3 Fe3O4@SiO2-CMK-8, MNCs) 78.74 20 2 0.1 50 (Toutounchi et al., 2021)
4 NH2-MMNCs 58.8 30 2 0.08 50 (Sojoudi et al., 2016)
5 CTAB 15.470 15 4 6 – (Kieu et al., 2024)
6 Activated carbon I 30.3 100 5 1.2 100 (Heibati et al., 2015)
7 chitosan/polyamide nanofibers 502.4 20 1 2 50 (Dotto et al., 2017)
8 AmCs/NiFe2O4 208.33 58.78 4.47 0.047 26.89 This work
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