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ABSTRACT

The synthesis strategy concentrates on reducing the use of dangerous chemicals, using nanotechnology to clean up toxic substances
in wastewater, and making sure that the produced nanoparticles have no effect in the environment. Because Litchi chinensis extract
has good adsorptive qualities and contains phytochemicals such flavonoids, phenolics, and steroids, it was used in this study to
create Iron Oxide nanoparticles. Litchi chinensis Iron Oxide nanoparticles (LC-Fe203-NPs) are formed as a result of these bioactive
substances' natural reducing and stabilizing effects. LC-Fe203-NPs eliminated Congo Red and Alizarin Red S with efficiencies of
95.62% and 96%, respectively, at an initial dye concentration of 10 mg/L. The maximum adsorption capabilities of LC-Fe203-NPs
for Congo Red and Alizarin Red S dyes were 171.23 mg/g and 186.66 mg/g, respectively. Particles with irregular shapes and sizes
smaller than 100 nm. The surface appearance, elemental content, crystalline structure, and functional groups of the produced LC-
Fe203-NPs were examined using SEM-EDX, TGA, XRD, FTIR techniques and XPS, BET analysis. The experiment to remove
Congo Red (CR) and Alizarin Red S (ARS) dyes is based on the adsorption approach. Various parameters, including temperature,
initial dye concentration, solution pH, adsorbent dosage, and agitation time, were reported and adjusted. Equilibrium data analysis
revealed that the Freundlich isotherm model best explained the adsorption behavior for LC-Fe2Os-NPs. Additionally,
thermodynamics and kinetics were examined. Response Surface Methodology (RSM) optimization studies were examined and

contrasted with experimental data.

Keywords: Adsorption, Industrial dyes, Wastewater treatment, Litchi chinensis extract-Fe.0s-NPs, Congo Red (CR), Alizarin
Red S (ARS), Response Surface Methodology (RSM).

1. INTRODUCTION

Heavy metals released into the environment have posed a significant threat to the environment and public health because of their
toxicity and persistence in environment. The contamination of wastewaters and surface waters by toxic heavy metals is a worldwide
environmental problem'. Water being the primary need for the sustenance of life on earth and access to clean and safe water is
vital to secure civic health. Nanoparticles are basically used for removing pollutants including metals, nutrients, cyanides, organics,
algal toxins, viruses, bacteria, parasites, and antibiotics. Mainly four types of nanomaterials are being used in wastewater treatment,
e.g., metal-containing NPs, carbonaceous nanomaterials, zeolites, and dendrimers. Carbon nanotubes and nanofibers are also useful
to some extent?. In the environment, iron plays an important role in contaminant mobility, sorption and breakdown due to its role

as an electron donor (during the oxidation of Fe?* to Fe*") and in its various mineral forms, as a precipitant/sorbent substrate>*. It



was further estimated that around 10-15% of the dyes used in the tanning, textile, cosmetic, food, paper, plastic, and biomedical

industries are lost in the effluents during the dyeing operations’.
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The compounds which absorb electromagnetic energy in the visible range (~350—700 nm) are colored and these colored compounds
are mostly known as dyes®. Azo dyes represent the largest production volume of dye chemistry today, and their relative importance
may even increase in the future. They play a crucial role in the governance of the dye and printing market”®. Many synthetic azo
dyes and their metabolites are toxic, carcinogenic, mutagenic, leading to potential health hazard to humankind®!®!!, Textile
wastewater, which is a by-product of textile industry, is a mixture of colorants (dyes and pigments) and various organic compounds
used as cleaning solvents, plasticizers etc. It also contains high concentrations of heavy metals, total dissolved solids, and has higher
chemical as well as biological oxygen demand. Thus, textile wastewater is chemically very complex in nature'>!3, Azo dyes are
the most widely used dyes and represent over 60% of the total dyes. . Synthetic dyes cannot be efficiently decolorized by traditional

biological processes. They are complex aromatic compounds with significant structural diversity 41316,

Novel-nanomaterials with superior performance are constantly applied to improve their applications in environmental pollution
cleanup. Metal-organic frameworks (MOFs) with abundant functional groups and tailorable structure, have represented a new field
of capturing various heavy metal ions!”. The adsorption process provides an attractive alternative for the treatment of contaminated
waters, especially if the sorbent is inexpensive and does not require an additional pretreatment step before its application.
Adsorption is known to be a better technique, which has great importance due to the ease of operation and comparable low cost of
application in discoloration process'®. Alizarin Red S (ARS) is a water soluble anthraquinone dye originally derived from the root
of the madder plant. It has been extensively employed since ancient times in dyeing textiles. It is a strong oxidizing agent, and
hence, must be stored away from moisture and heat!®. These dyes belong to the group of anthraquinone dyes; the most durable
dyes that cannot be completely degraded by general chemical, physical, and biological processes. Their resistance to degradation

is attributed to their complex structures of aromatic rings that afford high physicochemical, thermal, and optical stability.

The widespread practical application of metal nanoparticles (particles less than 100 nm) is attributable to a number of their unique
properties. Different physical and chemical processes are currently widely used to synthesize metal nanoparticles, which allow one
to obtain particles with the desired characteristics?'. Interestingly, litchi peel has a variety of functional groups, such as carbonyl,
hydroxyl, carboxyl and amino groups, and thus has potential value as novel adsorbent material. Bio sorbents derived from litchi
peel and its derivatives have been used to remove dyes from wastewater. In addition, litchi peel contains a large amount of cellulose,
lignin, sugars and fats, which can be used as a potential carbon source for the preparation of biochar materials?>. CR dye
(C32H22N6Na206S2) is an anionic acidic dye and possesses a complex chemical structure as well as composition. It is recognized
as a carcinogen because it contains aromatic amines in its structure. The presence of aromatic structures makes azo dyes resistant
to natural degradation. CR is reported to metabolize to benzidine and so has the potential for bioaccumulation and is difficult to
remove from water. CR is commonly applied for dyeing process of yarn, which is chemically a benzidine azo dye. CR is commonly

used in the textile, paper, printing, and other industries?32423,

Iron Oxide is a mineral compound with several crystal structures and magnetic characteristics. There are different types of Iron
Oxides, hematite (0-Fe203), maghemite (y-Fe203), and magnetite (Fe3O4). These compounds have physical properties, such as

crystallographic structure, magnetic, density, hardness, and color?. Therefore, ARS has been selected as target pollutants in many



investigations on the treatment of dye-laden wastewaters. The treatment of dye wastewater was commonly carried out by physical
and chemical processes like photocatalysis, ozonation, membrane filtration, electrocoagulation, and adsorption®’-?8, Therefore, in
this work, Fe3;O4 magnetic nanocrystals are prepared and then appended to litchi peels to develop a new magnetic bio adsorbent,
magnetic litchi peel (MLP), with the objective to address the issues related to the separation of bio adsorbents based on Agro-
wastes in adsorption processes?>*. In regard to the advantages of multivariate optimization which have recently been revealed,
especially experimental design rather than the conventional “one-at-a time” method has attracted interests in relation to optimization
of adsorption process. It is well known that experimental design provides more information with fewer experiments, running a
Response Surface Methodology (RSM) which leads to an empirical mathematical model in relation with effective variables and

their interactions3!-*.

2. MATERIALS AND METHODS

Litchi chinensis peels are collected from local fruit market in Visakhapatnam, India.

2.1 Chemicals and equipment Required

Ferrous Sulphate (FeSO4), NaOH, HCI, Distilled Water, Congo Red (CR) and Alizarin Red S (ARS), Conical flasks, 1-liter beaker,
Measuring Jar, Pipette, Orbital Shaker, pH meter, Mechanical Stirrer, Spectrophotometer

2.2 Estimation of Dyes
Preparation of Dye Solutions

To create Stock dye solutions with a concentration of 1000 mg/L, 1 g of Congo Red and 1 g of Alizarin Red S dyes were
individually dissolved in distilled water and then diluted to 1000 ml using volumetric flasks. These stock solutions were serially
diluted with distilled water to create working dye solutions with concentrations ranging from 10 to 100 mg/L for experimental

analysis.

Fig. 1. Congo Red Dye Solution Fig. 2. Alizarin Red S Dye Solution

2.3 Synthesis of Litchi chinensis Iron Oxide Nanoparticles (LC-Fe;O3-NPs)
2.3.1 Preparation of Litchi chinensis Peel Extract

Litchi chinensis peels were obtained from a local fruit market, properly cleaned with distilled water and sun dried. After drying,
the peels were ground into a fine powder. For each variety of peel, 40 g of powder were combined with 500 ml of distilled water
using a magnetic stirrer and heated to 363 K for 40 minutes. After cooling the mixture was filtered via filter paper. The resultant

filtrate is used to make extract of Litchi chinensis as shown in (Fig. 3).



=

Litcha Peels Srirring

Fresh Litchi peels
exmract

Fig. 3. Preparation of Litchi chinensis Peel Extract.

2.3.2 Synthesis of peels of Litchi chinensis Iron Oxide Nanoparticles (LC-Fe203-NPs)

To make Litchi chinensis Iron Oxide nanoparticles (LC-Fe203-NPs), the fresh Litchi chinensis peel extract and a ferrous sulfate
solution were mixed in the right amounts.3.797 g of Ferrous Sulphate granules were dissolved in 1000 ml of water to create a
0.025M FeSOs4 solution. After that, this solution was combined in a 1:1 ratio with an equivalent volume of fresh peel extract that
had already been made. A mechanical stirrer was used to agitate the mixture for half an hour at room temperature. After this time,
the solution turned dark, indicating the production of Fe*? ions. The solution's pH was determined and brought to 8 by adding the
proper amounts of 0.1 N NaOH and 0.1 N HCI. For another 60 minutes, the mixture was mixed once more. The mixture was
centrifuged for 5 min at 4000 rpm after being stirred. After that, the pellets were put on a small plate and dried for a day at 800°C

in a vacuum oven. After drying, the pellets were ground into LC-Fe2O3-NPs using a mortar and pestle.

Centrifugotion

Fig. 4. Synthesis of LC-Fe203-NPs

2.4 Characterization of LC-Fe;O3-NPs
2.4.1 Scanning Electron Microscope (SEM)

The SEM image of LC-Fe203-NPs indicate that the surface morphology of this sample has nanoparticles that appear to be spherical
but have a wide size range, producing dense clusters as a result of agglomeration, which is presumably caused by magnetic

interactions between Fe2Os particles as shown in (Fig. 5).
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Fig.5. SEM image for LC-Fe203-NPs

2.4.2 X-ray Photoelectron Spectroscopy (XPS)

The primary components Fe, O, and C, which are characteristic of Iron Oxide nanoparticles made from plant extracts, are visible
in the XPS spectrum of LC-Fe203 nanoparticles in (Fig. 6). The formation of Fe2Os is confirmed by the Fe2p peaks in the binding
energy range of 710-725 eV. Lattice oxygen connected to Fe-O bonding is shown by a significant Ols signal at about 530 eV. Peel

extracts contain carbon-containing compounds and phytochemicals that operate as natural reducing and stabilizing agents during

the formation of nanoparticles causing the C1s peak, which is located close to 285 eV.
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Fig. 6. XPS analysis for LC-Fe203-NPs.

2.4.3 X-ray Diffraction Analysis (XRD)

The crystalline structure of the produced nanoparticles is shown by the XRD pattern, which displays several distinct and broadened
peaks. notable peaks of diffraction. The nanoscale crystallite sizes of the Fe2Os particles are suggested by the observed peak
widening. The exceptional purity of the biosynthesized nanoparticles is indicated by the lack of impurity peaks in the below (Fig.

7). Overall, the XRD examination confirms that crystalline Fe2O3 nanoparticles were successfully formed
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Fig. 7. XRD analysis for LC-Fe2O3-NPs.

2.4.4 Thermogravimetric Analysis (TGA)

The TGA curve for LC-Fe203-NPs (Fig. 8) reveals three distinct stages of weight loss, indicating thermal degradation features. The
initial weight loss below 150 °C results from the evaporation of physically adsorbed water and moisture from the nanoparticle
surface. The second major weight loss, which happens between 200 and 400 °C, is caused by the breakdown of organic compounds
and phytochemicals present in Litchi chinensis peel extract, which was used as a reducing and stabilizing agent during synthesis.
Beyond 450 °C, the removal of remaining organic matter and possible structural rearrangements within the Iron Oxide matrix result
in a consistent and minor mass loss. The stable residual mass at higher temperatures promotes the formation of thermally stable

Fe203 nanoparticles.
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Fig. 8. TGA curve for LC-Fe203-NPs

2.4.5 Brunauer-Emmett-Teller (BET) Analysis

The LC-Fe203-NPs exhibit a moderate BET surface area of 17.957 m?/g, which indicates low porosity. With a surface area of
29.060 m*/g, a total pore volume of 0.199 cc/g, and a dominant pore diameter of about 2.014 nm, the BJH desorption investigation

reveals a mesoporous structure that falls within the mesoporous range. At high relative pressures (P/P2 >0.9), the nitrogen
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adsorption-desorption isotherm displays a hysteresis loop, suggesting the existence of inter-particle gaps and slit-shaped pores. The
creation of dense nanoparticle frameworks with limited internal porosity is supported by the reported sample density of 1.556 g/cc

and the relatively small pore volume.

3. Results and Discussions

3.1 Adsorption of Congo Red and Alizarin Red S dye onto Litchi chinensis Peels of Iron Oxide nanoparticles
(LC-Fe203-NPs)

Characterizing the adsorbent is crucial to understanding its properties. The effects of process variables, including temperature,

agitation time, adsorbent dosage, solution pH and initial dye concentration were examined using batch studies. This section analyzes

experimental findings from employing peels of Litchi chinensis -based Iron Oxide nanoparticles (LC-Fe20s-NPs) as an adsorbent.

The research involve equilibrium, kinetic, and thermodynamic evaluations aimed at understanding the mechanisms that drive dye

adsorption. Furthermore, process conditions were optimized using response surface methods to determine the most effective

parameters for increasing dye removal efficiency.

3.1.1 Effect of agitation time

The elimination rate is constant since after 30 minutes, both CR and ARS dye reached equilibrium. When the agitation period was
extended from 5 to 30 minutes for an initial dye concentration of 20 mg/l, the dye removal percentage rise from 53.2% to 70% for

CR Dye (Fig. 9) and from 62% to 77.5% for ARS dye in (Fig. 10).
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Fig. 9. Effect of agitation time on % dye Fig. 10. Effect of agitation time on % dye
removal of CR using LC-Fe203-NPs. removal of ARS using LC-Fe203-NPs.

3.1.2 Effect of adsorbent dosage
The results clearly demonstrate that higher adsorbent dosages increased the effectiveness of dye removal. Specifically, when the
adsorbent dosage increased from 0.1 to 1.0 g/l for an initial dye concentration of 20 mg/1, the percentage of dye removed improved

from 55.2% to 70% for CR dye and from 60.5% to 77.5% for ARS dye from (Fig. 11) and (Fig. 12).
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Fig. 11. Effect of adsorbent dosage on % dye Fig. 12. Effect of adsorbent dosage on % dye
removal of CR using LC-Fe2O3 NPs. removal of ARS using LC-Fe203-NPs.

3.1.3 Effect of solution pH

Shows that increasing the pH from 2 to 6 significantly improved dye removal efficiency for CR Dye from (Fig. 13); however,
increasing the pH from 6 to 9 lowered it. The pH of the solution determines the adsorbent’s surface charge, which is critical for
adsorption. The percentage of dye removal for ARS Dye improved dramatically when the pH increased from 2 to 4 , but decreased

when the pH increased from 4 to 9 as shown in (Fig. 14). The decrease in adsorption at pH 4 indicates that the interaction between

LC-Fe203-NPs and ARS Dye is not simply governed by electrostatic attraction.
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Fig. 13. Effect of solution pH on % dye removal
of CR using LC-Fe2O3-NPs.

Fig. 14. Effect of solution pH on % dye
removal of ARS using LC-Fe2O3-NPs.

3.1.4 Effect of initial concentration of dye

When the starting dye concentration was increased from 10 to 100 mg/L, the percentage of dye removal from 95.62% to 68.49%
in CR Dye and from 96% to 74.66% in ARS Dye. This decline indicates that rising dye concentrations cause saturation of the
available active sites on the adsorbent surface. Furthermore, the data demonstrate that increasing the initial dye concentration from

10 to 100 mg/L enhances adsorption capacity from 23.9 to 171.23 mg/g for CR Dye (Fig. 15) and 24 to 186.66 mg/g for ARS Dye

(Fig. 16).
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3.1.5 Effect of temperature

The effect of temperature on CR dye and ARS dye adsorption was investigated from 308 to 328 K. At a starting dose of 20 mg/I,
dye removal for CR increased from 70% to 93.8%, while ARS increased from 81.4% to 94.3% as temperature increase from

(Fig. 17) and (Fig. 18). This pattern indicates the adsorption process is endothermic.
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Fig. 17. Effect of temperature on % dye removal Fig. 18. Effect of temperature on % dye removal

of CR using LC-Fe2O3-NPs. of ARS using LC-Fe203-NPs.
3.2 Equilibrium studies
3.2.1 Langmuir adsorption isotherm

The Langmuir isotherm model is presented by the following (Eq. 1)

_ kimaxCe

Qe = ~Trpc, (M

where gmax (mg/g) is the Langmuir constant associated with the maximum monolayer adsorption capacity, ki (L/mg) is the constant

associated with the free energy or net enthalpy of adsorption, Ce (mg/L) is the equilibrium dye ion concentration in the solution,

and qe (mg/g) is the amount of dye adsorbed per unit mass of adsorbent.

The Langmuir model in linear form is given as (Eq. 2)

C 1 1
= = + C, 2)
de KLGmax dmax

(Fig. 19) and (Fig. 20) display the Langmuir plots (Ce/qe versus Ce) for the adsorption of Congo Red and Alizarin Red S dyes at a
temperature of 328 K, respectively.

Langmuir isotherm constants and correlation coefficients values are listed in (Table 1).
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Fig. 19. Langmuir isotherm for adsorption Fig. 20. Langmuir isotherm for adsorption
of CR dye onto LC-Fe203-NPs. of ARS dye onto LC-Fe203-NPs.

3.2.2 Freundlich isotherm

This Freundlich isotherm model is given as (Eq. 3)

qe = K CJ" 3)

where Ce is the equilibrium concentration (mg/l), ge is the quantity of dye adsorbed per unit mass of adsorbent at equilibrium
(mg/g), Kr is the Freundlich adsorption constant associated with the adsorbent's adsorption capacity (mg/g)/(L/g)n), and 1/n is a

dimensionless constant.

The linear form of Freundlich isotherm as given in (Eq. 4)

1
Inq, = InKy + ;lnCe 4)

(Fig. 21) and (Fig. 22) displays the Freundlich Plots (In ge versus In Ce) for the adsorption of CR Dye and ARS dye at 328K .

Freundlich isotherm constants and correlation coefficients values are listed in (Table 1).
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Fig. 21. Freundlich isotherm for adsorption Fig. 22. Freundlich isotherm for adsorption
of CR dye onto LC-Fe203-NPs adsorbent. of ARS dye onto LC-Fe203-NPs adsorbent.
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3.2.3 Temkin isotherm

The equation for the Temkin isotherm is expressed as (Eq. 5)

RT
e = In (ArC.)

The linear form of Temkin equation is given (Eq. 6)

qe = BTlnAT + BTlnCe

®)

(6)

where Ar is the equilibrium binding constant (Lg™"), Br = RT/b, R is the universal gas constant (8.314 Jmol'K-"), b is related to the

heat of adsorption (J mol-1), T is the absolute temperature (K), and qe (mg/g) and Ce (mg/L) are the amounts of adsorbed dye per

unit weight of adsorbent and un-adsorbed dye concentration in solution at equilibrium, respectively.

(Figs. 23 and 24) show the linear plot of ge versus In Ce for CR and ARS Dyes adsorption onto the adsorbent and the values of the

parameters are given in (Table 1).
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Fig. 23. Temkin isotherm for adsorption of
CR dye onto LC-Fe203-NPs adsorbent.

q (mg/g)

InC,

w=0.4 g/l
t= 30 min
pH=4

T=328K

Fig. 24. Temkin isotherm for adsorption of

ARS dye onto LC-Fe203-NPs adsorbent.

Table 1. Adsorption isotherm constants for removal of Congo Red (CR) and Alizarin Red S (ARS) dyes using LC-Fe2O3-NPs as

adsorbent.

Isotherm model Constants CR dye ARS dye
ke (L/mg) 0.162 0.183
Langmuir Qmax (Mg/g) 196.07 217.39
Ry 0.0855 0.0769
R? 0.97 0.9786
kr (mg!-1mL1g ) 37.17 41.26
Freundlich I/n 0.448 0.484
R? 0.9922 0.9932
Ar(Igh 1.588 2918
Temkin Br (J mol) 34.797 39.891
R? 0.9457 0.9568
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3.3 Kinetic studies
3.3.1 Pseudo-first order model
The pseudo first order kinetic equation is (Eq. 7)

dge
Tt =ki(@e — a0 )

where t is the agitation time (min), k1 is the equilibrium rate constant of pseudo-first-order sorption (min'), qt is the amount of dye

adsorbed at time t (mg/g), and qe is the adsorption capacity in equilibrium (mg/g).

After definite integration by applying the initial conditions gt =0 at t =0 and q: = qt and t=t the equation becomes, (Eq. 8)

In(qe — q¢) = Inqe — kyt ®)
45
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Fig. 25. Pseudo first order kinetics for adsorption Fig. 26. Pseudo first order kinetics for adsorption
of CR dye onto LC-Fe203-NPs adsorbent. of ARS dye onto LC-Fe203-NPs adsorbent.

The linear plots for the pseudo-first order model is presented in (Fig. 25) and (Fig. 26). From these plots, the intercept and slope
were used to calculate the equilibrium adsorption capacity and the first-order rate constant, which are summarized along with the
correlation coefficients (R?) for CR and ARS dyes in (Tables 2 and 3), respectively.

3.3.2 Pseudo-second order model:

The pseudo second order equation is expressed in the form (Eq. 9)

d
= kalge — ac)? ©)

Where, q: is the amount of dye adsorbed at time t (mg/g); qe is the adsorption capacity at equilibrium (mg/g); k2 is the equilibrium

rate constant of pseudo-second-order sorption (g/mol-min); and t is the time (min).

After definite integration by applying the initial conditions q =0 at t = 0 and q = q; at t=t, the equation becomes, (Eq. 10)

+ =t (10)
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Plots of t/q: (g.min/mg) versus t (min) were employed to evaluate the applicability of the pseudo-second order kinetic model for
the adsorption of Congo Red and Alizarin Red S dyes onto LC-Fe20s-NPs individually. (Fig. 27) and (Fig. 28) display these

plots. The slope and intercept of the linear plots provide the values for the equilibrium adsorption capacity (qe) and the second-

order rate constant, which are detailed in (Tables 2 and 3).

0.3
1,35 y =0.0048x +0.0254 @
0 R2=0.0941 g
- n e .-".-.-.
- ' ~ 0.25 _.
2 - g ., 0
£ o - v
= el ’ o0 .1 griie
& 0.1 o w08k = o w=0.4¢/1
- pH=6 = P
S 01 e pH=4
L1 o T= 328K R ek
o C= 100mg/L O L
) 0% .--" E = 0.05 6" C=100mg/l
0 i
10 =0 L 4 50 L 0 10 20 30 40 50 60 70
Amtation ume, (mim) Agitation time (min)
Fig. 27. Pseudo second order kinetics for adsorption Fig. 28. Pseudo second order kinetics for adsorption
of CR dye onto LC-Fe203-NPs adsorbent. ARS dye onto LC-Fe203-NPs adsorbent.

3.3.3 Elovich model

The Elovich model describes the type of adsorption mechanism (physical and chemical). It is expressed as (Eq. 11)

4 _ e-va

2 = ae (11)
Where a is the initial rate and y is the extent of surface covering and activation energy required for chemisorption (g/mg). Integrating
the following equation between the boundary conditions q=0 at t=0 and q = q at t=t yields. Where to = 1/ a.y. Simplifying the above
equation under very large t over to, gives (Eq. 12)

1 1
q =-In(ay) +-Int (12)
4 4
lsu 066: H ® 200
y =32.066x + 58.67 ¥ =35.638x +53.763
160 R2=0.9427 “...-", 180 R—':OSSII : N .
140 . 160 et
e
120 oot 140 .
'g‘f 100 c 120 '
- 80 = =
= ;\Hg'; oL < 80 w=0.4 g/l
60 T=328K & pH=4
C=100mg/L T=328K
40 10 C=100mg/1
20 20
0 0
0 0.5 1 1 2 2 4 0 0.5 1 1 2 2.5 3:5 4
Int Int
Fig. 29. Elovich model for adsorption of CR dye Fig. 30. Elovich model for adsorption of ARS dye
onto LC-Fe203-NPs adsorbent. onto LC-Fe203-NPs adsorbent.
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The constants are obtained from the slope and intercept of a straight-line plot of q vs In t shown in (Figs. 29 and 30).

The Elovich equation data obtained in this study for the adsorption of CR and ARS dyes onto LC-Fe2O3-NPs adsorbent is
summarized in (Tables 2 and 3) respectively.

3.3.4 Intra particle diffusion model
The Weber-Morris intra particle diffusion model is expressed as (Eq. 13)
q=Ktt?+1 (13)

where q is the amount of dye adsorbed at time t, Kiq is the intra particle diffusion rate constant (mg.g"'.min "), and I is the thickness

of the boundary layer. The higher the value of I, the greater the contribution of surface sorption in the rate-controlling step.

w=0.4 2T e 19, 37%x +
pH=6 ' 18¢
T= 328K o _
140 C= 100mgL e 160

w=0.4g1
pH=4
T=328K

10 C= 100mg/l

Fig. 31. Intra particle diffusion model for adsorption
of CR dye onto LC-Fe203 NPs adsorbent.

Fig. 32. Intra particle diffusion model for adsorption
of ARS dye onto LC-Fe203-NPs adsorbent.

The intra-particle diffusion rate constants (Kiq) for CR and ARS dyes were calculated and are presented in (Tables 2 and 3),
respectively. (Fig. 31) and (Fig. 32) display the plots of the intra-particle diffusion model.

The linear regions in these plots do not pass through the origin, indicating that intra-particle diffusion is not the sole rate-limiting
step in the adsorption process. Additionally, the high intercept values suggest that the boundary layer effect significantly influences

the overall adsorption kinetics, contributing to the rate control alongside intra-particle diffusion.

Table 2. Kinetic model parameters for CR dye removal using LC-Fe203-NPs

Concentration, mg/l Pseudo first order kinetics
ki (1/min) qe (mg/g) R?
0.1055 117.91 0.9281
Pseudo second order Kinetics
k2 (g/mg.min) Qe.cal (ME/L) R?
0.00155 185.18 0.9979
Elovich model
100
y (g/mg) o (mg/g.in) R
0.0311 82.5 0.9427
Intra particle diffusion model
Kiai, mg/g.min'? I, mg/g R?
18.071 72.517 0.9828
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Table 3. Kinetic model parameters for ARS dye removal using LC-Fe203-NPs

Pseudo first order kinetics

Concentration, mg/l

ki (1/min) qe (mg/g) R?
0.1369 247.64 0.6621

Pseudo second order kinetics

k2 (g/mg.min) Qe.cal (M/L) R?

0.000907 208.31 0.9941
100 Elovich model

Y (g/mg) o (mg/g.min) R?

0.028 160.83 0.8811
Intra-particle diffusion model

Kia1, mg/g.min'? I, mg/g R?

19.375 71.15 0.9457

3.4 Thermodynamic studies

The relationship between the standard free energy change and the equilibrium constant is expressed by the following (Eq. 14)
AG°® = —RTInK, 14
where R is the universal gas constant, T is the temperature (K) and K¢ value was calculated using the following (Eq. 15),

=%
Ke =7 (15)
Where qe is the dye uptake and Ce. is the equilibrium adsorbate concentration in solution.

The enthalpy changes AH® and entropy change AS® of the adsorption were estimated from the following (Eq. 16),

AS°  AH°

InK, = = -~ (16)
E , i Zass w=0.4 g/L e
= 30 min
gl:l:smnmgﬂ Thas
) phH=4
C; =100mg/l
S s e
T(K"
Fig. 33. Thermodynamics studies for adsorption Fig. 34. Thermodynamics studies for adsorption
of CR dye onto LC-Fe203-NPs adsorbent. of ARS dye onto LC-Fe203-NPs adsorbent.

The AH® and AS° values were obtained from the slope and intercept of the Van 't Hoff plots (Figs. 33 and 34), with results
summarized in (Table 4). The correlation coefficients (R?) were 0.9795 for CR and 0.9989 for ARS, indicating excellent linearity.
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The negative AG® values across the temperature range confirm the spontaneous nature of the adsorption, demonstrating its
feasibility. The decreasing trend of AG® with increasing temperature suggests that adsorption becomes less spontaneous at higher
temperatures.

The positive AH® value indicates that the process is endothermic, meaning that more energy is required to break bonds than is
released during the formation of adsorbed complexes. The positive AS® implies that there is little change in the internal structure

of the adsorbent during adsorption, which is consistent with minimal structural rearrangement of LC-Fe.Os-NPs during the dye

adsorption process.

Table 4. Thermodynamic parameters for CR and ARS dyes adsorption using LC-Fe2O3-NPs adsorbent.

CR dye ARS dye
AG® AH® AS° AG® AH® AS°
Temperature, (kJ/mol) (kJ/mol) (J/mol K) (kJ/mol) (kJ/mol) (J/mol K)
K

308 -18.86 -21.90
313 -52.93 -23.93
318 -10.77 28.79 98.89 -25.85 94.18 37.71
323 -13.82 -27.62
328 -21.17 -29.47

3.5 Characterization of Peels of Litchi chinensis-Iron Oxide Nanoparticles (LC-Fe;O3-NPs) using
FTIR analysis

3.5.1 Fourier Transform Infrared Spectroscopy (FTIR) for LC-Fe:03-NPs before adsorption

From (Fig. 35), the spectrum of LC-Fe203-NPs displays broad absorption bands in the range of 3000-3800 cm ™!, which correspond
to O—H stretching vibrations from hydroxyl groups and adsorbed water molecules. Additionally, peaks around 1620—1630 cm ™! are
observed, attributed to C=0 stretching of carboxyl groups and aromatic C=C stretching associated with phytochemicals such as
flavonoids and terpenoids present in the extract. Most of the bands in the spectra are characteristic of these phytochemicals,

indicating their presence on the nanoparticle surface. A low-intensity band near 1023 cm™ corresponds to C=C stretching vibrations.
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Fig. 35. FTIR spectra of peels of Litchi chinensis Iron Oxide nanoparticles before adsorption.
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3.5.2 Fourier Transform Infrared Spectroscopy for LC-Fe:03-NPs after adsorption with Congo Red dye

After adsorption of CR dye, the FTIR spectrum (Fig. 36) exhibits slight broadening and changes in peak intensity, suggesting
hydrogen bonding interactions between hydroxyl groups on the nanoparticle surface and dye molecules. Notably, new peaks emerge
at approximately 1702 cm™, and there is increased intensity around 1575 cm™. These spectral changes are characteristic of the azo
(-N=N-) groups and aromatic structures within CR dye, confirming successful dye adsorption. The peak at 1702 cm™ suggests the
presence of sulfonic acid functional groups originating from the dye molecule. These observations indicate that the functional
groups on the adsorbent surface, such as hydroxyl, carboxyl, and possibly sulfonic acid groups, play a crucial role in binding dye

molecules. This evidence supports the conclusion that LC-Fe20s-NPs are effective for the removal of CR from aqueous solutions.
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Fig. 36. Fourier Transform Infrared Spectroscopy (FTIR) for LC-Fe,O3-NPs after adsorption with CR dye
3.5.3 Fourier Transform Infrared Spectroscopy for LC-Fe:03-NPs after adsorption with Alizarin Red S dye

Similarly, the FTIR spectrum of LC-Fe:0;-NPs after adsorption of Alizarin Red S (ARS) is shown in (Fig. 37). Post-adsorption,
these spectra exhibit significant broadening and increased intensity, especially in the 3000-3600 cm™ region, indicating extensive
hydrogen bonding interactions between the hydroxyl groups of ARS, an anthraquinone derivative with multiple OH groups, and
the nanoparticle surface. This suggests a stronger interaction compared to CR. New prominent peaks appear at approximately 1612
cm ! and 1640 cm™, which are characteristic of C=0 stretching vibrations from the quinone structure of ARS. Additional peaks
around 1490 cm™ and 1540 cm™ correspond to aromatic C=C stretching vibrations from the anthracene backbone of the dye. These
spectral features confirm that functional groups present on the adsorbent facilitate effective attachment of ARS molecules onto the

surface. Overall, the data demonstrate that LC-Fe.Os-NPs are suitable and effective for the removal of ARS from aqueous solutions.
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Fig. 37. Fourier Transform Infrared Spectroscopy (FTIR) for LC-Fe,O3-NPs after adsorption with ARS dye.
3.6 Optimization of adsorption process parameters using Response Surface Methodology (RSM)

Preliminary experimental data indicates that four factors significantly affect the percentage of dye removal using peels of
(LC-Fe20s-NPs): starting dye concentration, solution pH, adsorbent dosage, and temperature. In order to properly determine the
ideal circumstances for obtaining the highest dye removal efficiencies for CR and ARS using RSM, these parameters were selected
for further analysis.

A (BBD), which methodically looks at the effects and interactions among the parameters, was used in this study to analyze the
impact of the selected variables. The percentage of dye removed (CR and ARS) by LC-Fe20;-NPs is the response variable. The
BBD offered a strong foundation for figuring out the ideal dye process parameters and consisted of 29 tests, including 16 cube

points, 5 center points, and 8 axial points.

3.6.1 Optimization using Box Behnken Design (BBD)

In this investigation, a quadratic model was used to characterize the relationship between the response (% dye removal) and the
process parameters. The regression equations for the removal of CR and ARS are defined by the functions of pH (A), equilibrium

constant (K, B), initial dye concentration (Ci, C), and adsorbent dosage (w, D).

Table 5. Levels of different process variables for optimization using BBD for the adsorption of CR and ARS dyes onto
LC-Fe203-NPs adsorbent.

Range and levels for CR dye Range and levels for ARS dye
Variable Name -1 0 +1 -1 0 +1
A Solution pH 5 6 7 3 4 5
B Temperature T, K 323 328 333 318 328 333
C Initial dye Concentration, C;, mg/l 10 20 30 10 20 30
D Adsorbent dosage
w, g/L 0.5 0.4 0.6 0.5 0.4 0.6

Equation in terms of coded factors for Congo Red dye

Removal of CR dye = +93.80+0.0417A -0.5583B-1.32C-0.2333D+0.5250AB-0.0250AC0.1750AD-0.1000BC+0.1500 BD
+0.0250CD -4.34A%-4.81B? -6.95C* -5.50D> 17)

Equation in terms of coded factors for Alizarin red S dye:
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Removal of ARS  dye=+94.3+0.0417A-0.4583B-2.32C-0.6333D+0.5550AB-0.0250AC0.1550AD-0.1210BC+0.1210BD
+0.0250CD -4.28A2-5.54B? -6.45C? -4.80D> (18)

The predicted values for % dye removal of CR and ARS, based on the regression equations described earlier, are presented in (Table
6), alongside the corresponding experimental data. The regression coefficients for these models are detailed in (Table 7 and 8) for

CR and ARS, respectively.

The model’s goodness of fit is reflected in the regression coefficient (R?), which was 0.9533 for CR and 0.9672 for ARS, indicating
that a large proportion of variability in dye removal is explained by the model. P-values below 0.05 confirm that the models are
statistically significant at the 95% confidence level. Furthermore, the P-values, Fisher’s F-test values, and R? provide insights into
how well the experimental process variables and their interactions predict the response variability. A reliable model should predict
responses with reasonable accuracy, which is corroborated by the consistent alignment between predicted and experimental values

(shown in Figs. 38 and 39).

Table 6. Experimental design matrix along with % dye removal of CR and ARS onto LC-Fe203-NPs adsorbent.

Ru A, pH B, T C, Ci D,w % dye removal of CR A, B, T C, Ci D, w
n dye pH % dye removal of ARS dye
no. Experimen Predicted Experime Predicted
tal ntal

1. 6 333 10 0.5 79.5 80.50 4 328 10 0.4 86.5 87.00
2. 6 333 30 0.5 77.4 77.66 3 323 10 0.4 87.6 87.54
3. 6 328 30 0.4 76.9 77.84 4 318 20 0.3 87.2 87.26
4. 6 328 20 0.4 93.8 93.8 5 323 20 0.3 87.5 87.92
5. 7 323 20 0.5 82.5 82.33 4 328 20 0.5 87.9 87.90
6. 6 328 20 0.4 93.8 93.8 3 323 20 0.3 87.8 88.04
7. 6 323 20 0.6 81.6 81.26 4 323 20 0.4 94.3 94.3
8. 6 328 30 0.6 77.2 77.43 4 328 20 0.3 87.8 87.85
9. 6 323 10 0.5 80.2 81.41 4 318 20 0.5 87.6 87.61
10. 5 328 20 0.4 80.5 81.58 4 323 20 0.4 94.3 94.3
11. 7 333 20 0.5 81.5 82.26 3 323 20 0.5 88.1 88.54
12. 6 328 10 0.4 79.6 80.53 5 323 20 0.5 87.2 87.82
13. 6 333 20 0.4 82.9 80.61 4 323 20 0.4 94.3 94.3
14 6 328 10 0.6 79.8 80.01 5 323 30 0.4 86.2 86.32
15. 6 328 20 0.4 93.8 93.85 3 328 20 0.4 88.5 88.17
16. 5 328 10 0.5 83.4 81.36 5 323 10 0.4 87.2 87.07
17. 7 328 30 0.5 79.4 78.81 4 323 10 0.3 87.6 87.19
18. 5 323 20 0.5 82.9 83.29 3 323 30 0.4 86.5 86.69
19. 6 323 20 0.4 83.6 82.03 4 318 30 0.4 85.4 85.76
20. 5 328 30 0.5 80.1 78.78 4 323 30 0.3 86.6 86.24
21. 6 328 20 0.4 93.8 93.85 4 323 20 0.4 94.3 94.3
22. 5 328 20 0.6 80.9 81.46 5 328 20 0.4 88.2 87.77
23. 6 328 20 0.4 93.8 93.8 4 323 10 0.5 87.8 87.24
24. 6 333 20 0.6 81.5 80.45 4 328 30 0.4 86.2 86.40
25. 5 333 20 0.5 79.8 81.13 5 318 20 0.4 87.9 87.31
26. 7 328 20 0.6 80.8 81.20 4 323 20 0.4 94.3 94.3
27. 7 328 20 0.4 81.1 82.01 4 323 30 0.5 87.1 86.59
28. 7 328 10 0.5 82.8 81.50 4 318 10 0.4 86.1 86.76
29. 6 323 30 0.5 78.5 78.98 3 318 20 0.4 88.23 87.74
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Table 7. ANOVA table for model to predict % removal of CR onto LC-Fe203-NPs adsorbent using BBD

Source Sum of Squares | Df | Mean Square | F-value | p-value
Model 540.32 14 38.59 20.43 <0.0001
A-pH 0.0208 1 0.0208 0.0110 0.9179
B-Temperature 3.74 1 3.74 1.98 0.1812
C-Initial concentration 20.80 1 20.80 11.01 0.0051
D-Adsorbent dosage 0.6533 1 0.6533 0.3458 0.5659
AB 1.10 1 1.10 0.5836 0.4576
AC 0.0025 1 0.0025 0.0013 0.9715
AD 0.1225 1 0.1225 0.0648 0.8027
BC 0.0400 1 0.0400 0.0212 0.8864
BD 0.0900 1 0.0900 0.0476 0.8304
CD 0.0025 1 0.0025 0.0013 0.9715
A? 122.04 1 122.04 64.60 <0.0001
B? 150.23 1 150.23 79.52 <0.0001
Cc? 313.31 1 31331 165.84 | <0.0001
D2 196.22 1 196.22 103.86 | <0.0001
Residual 26.45 14 1.89
Lack of Fit 26.45 10 2.64
Pure Error 0.0000 4 0.0000
Cor Total 566.77 28

df- degree of freedom; SS- the sum of squares; F- factor F; P- probability

Table 8. ANOVA table for model to predict % removal of Alizarin Red S onto LC-Fe203-NPs adsorbent using BBD

Source Sum of Squares | Df | Mean Square | F-value p-value
Model 103.50 14 7.39 29.52 <0.0001
A-pH 0.5334 1 0.5334 2.13 0.1665
B-Temperature 0.5941 1 0.5941 2.37 0.1458
C-Initial concentration 1.92 1 1.92 7.67 0.0151
D-Adsorbent dosage 0.1200 1 0.1200 0.4791 0.5001
AB 0.0002 1 0.0002 0.0009 0.9765
AC 0.0025 1 0.0025 0.0100 0.9218
AD 0.0900 1 0.0900 0.3593 0.5584
BC 0.0400 1 0.0400 0.1597 0.6955
BD 0.0225 1 0.0225 0.0898 0.7688
CD 0.0225 1 0.0225 0.0898 0.7688
A? 23.77 1 23.77 94.89 <0.0001
B? 35.49 1 35.49 141.71 <0.0001
C? 65.61 1 65.61 261.97 | <0.0001
D2 26.09 1 26.09 104.16 | <0.0001
Residual 3.51 14 0.2505
Lack of Fit 3.51 10 0.3506
Pure Error 0.0000 4 0.0000
Cor Total 107.01 28

df- degree of freedom; SS- the sum of squares; F-factor F; P- probability
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Fig. 38. Predicted values vs actual values

from BBD for CR (Parity plot).

3.6.2 Interaction effects of adsorption variables

Predicted

Predicted vs. Actual

L
%

Actual

Fig. 39. Predicted values vs. actual values

from BBD for ARS (Parity plot).

When the temperature and adsorbent dosage are kept at their mid-values, the CR and ARS dyes response surface curves demonstrate

the interaction between the initial dye concentration and solution pH. Comparable response surface graphics show how temperature

and adsorbent dose interact to influence dye removal efficiency. Overall, the data indicates that dye removal percentages increase

with increased adsorbent dosage and temperature, although dye concentration and solution pH tend to reduce removal efficiency.

The connection between the initial dye concentration and pH of the solution while the adsorbent dosage and temperature are

maintained at their mid-values. Similar response surface plots show how the interaction between temperature and adsorbent dosage

influences dye removal efficacy. Overall, the data indicates that dye removal percentages increase with higher adsorbent dosage

and temperature, whereas increasing dye concentration and solution pH tends to decrease removal efficiency. Response surface

curves for CR dye are displayed from (Fig. 40-51).

Revow o Ot %
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Fig. 40. Response surface plot of initial concentration

vs solution pH on % dye removal of CR.
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Fig. 44. Response surface plot of initial concentration Fig. 45. Response surface plot of adsorbent dosage
vs temperature on % dye removal of CR. vs temperature on % dye removal of CR.
3D Surface 3D Surface
g 3
i f
Fig. 46. Response surface plot of initial concentration Fig. 47. Response surface plot of adsorbent dosage
vs solution pH on % dye removal of ARS. vs solution pH on % dye removal of ARS.
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Fig. 48. Response surface plot of temperature vs

solution pH on % dye removal of ARS.
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Fig. 50. Response surface plot of initial concentration

vs temperature on % dye removal of ARS.

Response surface contour plots are valuable tools for better understanding variable interactions. When other variables are held

constant, these plots depict how any two factors jointly influence the response. The shape of the response surface offers insights
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Fig. 49. Response surface plot of initial concentration

vs adsorbent dosage on % dye removal of ARS.
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Fig. 51. Response surface plot of temperature vs

adsorbent dosage on % dye removal of ARS.

into the nature of the interactions: a circular surface indicates no interaction, while elliptical shapes suggest strong interactions.

The smallest elliptical contour that encloses the highest percentage of dye removal represents the optimal combination of process

variables. (Fig. 52 -63) present these contour plots for the combined effects of process factors on dye removal efficiency for ARS

and CR, respectively.
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Fig. 52. Contour plot of initial concentration vs

adsorbent dosage on % dye removal of CR.
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Fig. 54. Contour plot of temperature vs

adsorbent dosage on % dye removal of CR.
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Fig. 56. Contour plot of adsorbent dosage vs
pH on % dye removal of CR.
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Fig. 53. Contour plot of initial concentration

vs solution pH on % dye removal of CR.
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Fig. 55. Contour plot of initial concentration

vs temperature on % dye removal of CR.
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Fig. 57. Contour plot of solution pH vs

temperature on % dye removal of CR.
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Fig. 58. Contour plot of initial concentration vs

adsorbent dosage on % dye removal of ARS.
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Fig. 60. Contour plot of adsorbent dosage vs
solution pH on % dye removal of ARS.
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Fig. 59. Contour plot of initial concentration vs

solution pH on % dye removal of ARS.
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4. CONCLUSION

In this study, Congo Red and Alizarin Red S dyes were extracted from aqueous solutions using Iron Oxide nanoparticles derived
from Litchi chinensis Peels (LC-Fe203-NPs). SEM, XRD, BET, XPS, and FTIR techniques were used to characterize the
adsorbents, and batch adsorption tests confirmed by response surface methodology were used to evaluate their efficacy. For both
dyes, the contact time with LC-Fe203-NPs achieved equilibrium after 30 minutes. The ideal adsorbent dose for LC-Fe203-NPs was
0.4 g/L. The pH of the solution was crucial; Congo Red removal required a pH of 6, whereas Alizarin Red S removal required a
pH of 4. At 328 K, the highest adsorption efficiency was reached. LC-Fe203-NPs eliminated Congo Red and Alizarin Red S with
efficiencies of 95.62% and 96%, respectively, at an initial dye concentration of 10 mg/L. The maximum adsorption capabilities of
LC-Fe205-NPs for Congo Red and Alizarin Red S dyes were 171.23 mg/g and 186.66 mg/g, respectively. The Freundlich isotherm
model best described the adsorption behavior, according to equilibrium data analysis. This suggests a heterogeneous surface with
multilayer adsorption that includes both physisorption and chemisorption mechanisms. The adsorption process was accurately
represented by the pseudo-second-order model, according to kinetic studies. The calculated enthalpy and entropy changes verified
that the adsorption was endothermic, spontaneous, and feasible. Equilibrium data analysis revealed that the Freundlich isotherm
model best explained the adsorption behavior. This implies a heterogeneous surface with multilayer adsorption involving
chemisorption and physisorption processes. Kinetic experiments showed that the pseudo-second-order model accurately described
the adsorption process. The endothermic, spontaneous, and practicable nature of the adsorption was confirmed by the computed
enthalpy and entropy changes. The experimental results convincingly show that LC-Fe2O3-NPs are very efficient and inexpensive
adsorbents for removing Congo Red and Alizarin Red S dyes from wastewater. Their excellent adsorption properties, combined
with the use of agricultural waste as precursor materials, make bio-synthesized nanoparticles viable candidates for long-term
wastewater treatment applications. For adsorption applications, the generated nanoparticles' structural features were advantageous.
Particles with irregular shapes and sizes smaller than 100 nm were found via SEM analysis. The adsorbent's crystalline and porous
structure, which contributed to its enormous surface area, was confirmed by XRD, BET, and XPS analysis. Several functional
groups (hydroxyl, carboxyl, and amino groups) on the adsorbent surfaces were identified by FTIR spectroscopy as aiding dye
molecule binding through chemical bonding and electrostatic interactions. The Box-Behnken design response surface methodology
effectively modified important process variables like temperature, pH, adsorbent dosage, and initial dye concentration. The
statistical model's dependability for process optimization was demonstrated by the excellent agreement between the predicted

values from Response Surface Methodology (RSM) and the experimental findings.
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