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Abstract

One of the major concerns regarding water pollutants is dyes, which are prevalent in textile industrial wastewater. The present work studied
the elimination of methylene blue (MB) dye from the aqueous medium through adsorption utilizing a novel, ecofriendly and cost-effective
nanocomposite (sediment-alga—silver nanocomposite). The composite was prepared from the marine red alga Jania rubens and sediment
enhanced by synthesized silver nanoparticles (AgNPs). It was distinguished by FTIR and SEM. A statistical model was used to evaluate the
sorption efficiency of MB by the nanocomposite. The independent variables and their levels included a pH of (4-10), an adsorbent dosage
(0.05-0.3 g/L), contact time (10-60 min) and an initial dye concentration (10-100 mg/L). The obtained data were analyzed statistically to
define the most efficient combinations of independent parameters controlling the process. The maximum removal percentage (86.98%) was
obtained at pH (8.5), adsorbent dosage (0.2375 g/L), contact time 47.5 min. and initial concentration (32.5 mg/L). The kinetic data correlated
best with the pseudo-second-order model, while the isotherm data were better fitted to Freundlich and Langmuir isotherms. The calculated
values of Temkin and Freundlich constants suggested a physical adsorption process of MB onto composite.

Keywords: Methylene blue; Response surface methodology; silver nanoparticles; nanocomposite adsorbent.

1. Introduction

The growing demand for water, coupled with the scarcity of natural water resources exacerbated by climate change and
global warming, has led to increased efforts to reclaim wastewater for decontamination and reuse in domestic, agricultural,
and industrial applications. This has prompted the strengthening of national and regional regulations governing the discharge
of wastewater into the environment [1].

Indeed, wastewater contaminated with dyes is often linked to the textile industry. These dyes have serious
environmental hazards if not fully controlled [2,3]. Their stable chemical structure allows them to persist in aqueous systems
long-term, leading to reduced oxygen levels in aquatic life, generation of carcinogenic and mutagenic compounds with fatal
impacts [4-6].

Methylene blue (MB) is indeed a significant dye used in various sectors, including pharmaceuticals and textiles industry.
Its chemical properties, including being aromatic, cationic, and heterocyclic, make it versatile for dyeing processes. Despite its
widespread use, MB poses health risks due to its stability in the human body and resistance to natural metabolic processes.
Prolonged exposure to MB can lead to various health issues, including skin and gastrointestinal irritation, nausea, and even
methemoglobinemia. These risks underscore the importance of effective wastewater treatment to mitigate the environmental
and health impacts of dye contamination [7,8]. The allowable levels for methylene blue will vary by regulatory agency and
municipality, but the Environmental Protection Agency (EPA) general guidelines recommend limit value of 0.2 mg/L [9]. The
removal of dyes from water can be achieved through various processes, including precipitation and flotation [10-12], solvent
extraction [13-15], catalytic and photocatalytic degradation [16—-18], and sorption. The process of adsorption is widely
utilized for the purification of water from toxic pollutants due to its effectiveness, cost-efficiency, versatility, and simplicity.
Additionally, it can be utilized for both batch and continuous processes, even at extremely low contaminant concentrations,
while producing minimal sludge. Sorption, using bio-based sorbents like , nano-based materials [19], activated carbon (AC),
biochar [1], composite materials including clay and clay minerals present a promising alternative for dye recovery from
aqueous solutions [20]. Generally, Soil, including clays, sands, and sediments, have gained significant attention as alternative
adsorbents in wastewater treatment. This is attributed to their numerous advantages, including low toxicity, abundant
availability, high cation exchange capacity, and favourable textural properties [21]. These materials offer diverse adsorption
capacities and can effectively remove dyes from wastewater, contributing to environmental remediation efforts.
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It is great to hear about the ongoing efforts to find effective and environmentally friendly adsorbents for purifying
wastewater from toxic pollutants like dyes. Recently, a number of adsorbents have been used, such as: metal oxide-based
adsorbents [22], dried seaweeds [23,24] Nanoadsorbent [25,26], which declared efficient competitor in the process of the MB
dye removal.

On the other hand, green nanotechnology involves the production of nanomaterials using methods that minimize or
eliminate harmful components throughout the manufacturing process [23].

Silver nanoparticles find wide-ranging applications and can be synthesized through various methods such as reduction in
solution, chemical and photochemical reactions, electrochemical processes, sonochemical methods, microwave and laser
technologies, as well as biological routes. Plant-mediated synthesis of silver nanoparticles is gaining prominence over
chemical and microbial processes due to several advantages including cost-effectiveness, time efficiency, ease of accessibility,
environmental friendliness, and low energy requirements [27]. Most of the researchers worldwide are interested in using
biosynthesized silver nanoparticles by seaweed due to their availability and ease of harvesting [28].

Studies on dyes adsorption with various adsorbents employed a "one variable at a time" approach, assuming that the
variables are independent. However, this assumption is often incorrect, and it becomes necessary to consider multiple factors
simultaneously. In such cases, a full factorial analysis, which enables the assessment of more than one factor, is required [29].
The key advantages of this technique include obtaining insights into the effects of each variable and their relative importance,
as well as identifying interactions among two or more components [29,30]. The evaluation of optimal adsorption conditions
for dyes on various materials has been conducted using factorial design techniques by several studies [31-34].

The current study aims to leverage the advantages of nanoparticles, dried algae, and sediment through physical synthesis
of sediment—alga—silver nanocomposite biosorbent for the elimination of MB from aqueous media. Response surface
methodology (RSM) is applied to assess the impact of different variables and their interactions on the elimination of MB dye
from aqueous solution. Additionally, the effectiveness of the synthesized composite in the purification process is evaluated.

2. Experimental
2.1.Pretreatment for sediment and algae biomass

Marine sediments and the red alga Jania rubens were collected from Abu-Qir Bay, Alexandria, Egypt. The marine alga
was washed with seawater followed by distilled water (DW) to remove contaminants. The alga was air dried then oven dried
at 45°C till a constant weight. The dried alga and sediments were ground to powder using a gate mortar then sieved using
sieve of 63 um mesh size then stored for further analyses [35,36].

2.2. Preparation of the algal extract
An aqueous extract of J. rubens was prepared by macerating 30 g of dried, sieved alga in 300 mL of DW and heated at
60 °C for 20 minutes followed by filtration using filter paper (Whatman Nel) [37]. The resulting algal extract was then kept
at 4 °C for further investigation.

2.3. Production of silver nanoparticles (AgNPs)

In the standard procedure for preparing AgNPs, 20 ml of J. rubens aqueous extract was mixed with 180 mL of a 0.01 M
solution of silver nitrate (AgNOs3) in a 250 mL conical flask. The mixture was slowly heated to 60 °C with stirring for 48
hours using a magnetic stirrer, to confirm complete reduction of the metal ions under dark conditions [37]. Additionally, the
algal aqueous extract was used as a control [38]. The formation of Ag-NPs was confirmed visually by observing the colour
change of the solution to brown. A UV-Visible spectrophotometry (Jenway SP-8001) at wavelengths between 200 and 800
nm was used to confirm the formation of AgNPs.

2.4. Preparation of sediment-alga—silver nanocomposite and its characterization

12.5 g of each sieved sediment and alga were mixed well and added to 50 mL of freshly prepared AgNPs solution. The
sediment, algae and nanosolution mixture was kept overnight in shaker incubator. The mixture of sediment, algae, and
nanosolution was stored in a shaker incubator overnight at 25 °C and 150 rpm. After centrifugation, the precipitated solid
particles were air dried and kept for further study [27]. SEM (Joel- IT 200) and FTIR (Perkin Elmer Spectrum IR version
10.06.0) were used to examine the features of nanocomposite prior and following the sorption procedure.

2.5. Measurement of pH,,. (Point of zero charge):

The pH of the dye solutions was adjusted to a range between 2 and 12 employing 0.1M HCI and 0.1M NaOH solutions
measured with a pH meter (Consort C860, Belgium). Following that, 0.1 g of nanocomposite was then added to each solution,
and the mixtures were agitated for 24 hours at 200 rpm. The final pH of each solution (pHy) was then determined. The
diagram of the pH; of the solution vs its initial (pH;) value was plotted. The pHy, of the nanocomposite was the point where
the curves intersected at zero [39].

2.6. Dye adsorption study

The chemical structure and properties of MB dye were listed in Table 1. A stock solution of MB (500 mg/L) was
prepared in DW and diluted to obtain the desired concentrations of dye solutions. The pH of obtained solutions was adjusted
using 0.1 M HCl and 0.1 M NaOH solutions.
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Table 1: Chemical structure and properties of MB dye

Property Description
Ci

Chemical structure

-
I

Molecular Formula C;6H 3CIN3S

Type of dye Cationic dye

UPAC Name [7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride

Molecular weight 319.85

(Amax) 661 nm

Color Dark blue crystals or powder

Solubility Soluble in water or alcohol

The removal experiments were achieved in batch mode at room temperature. For a typical adsorption experiment, the
defined weight of the composite was mixed with 100 mL of MB solutions and agitated on a mechanical shaker at 200 rpm.
After required contact times (t), the solutions were centrifuged at 4000 rpm for 10 min. A calibration curve was performed,
and the dye concentrations in the supernatant were measured using a UV-Vis spectrophotometer at 662 nm. To investigate the
adsorption isotherm and kinetics models, the study of the initial concentration effect was conducted in different dye
concentrations of 10, 32.5, 55, 77.5 and 100 mg/L, under the following reaction conditions: pH, 8.5; adsorbent dose, 1 g/100
mL; room temperature; contact time, 60 min; speed of agitation, 200 rpm. Using the equations shown in Table 2, the quantity
of dye adsorbed at equilibrium (q,) or at a certain moment in the sorption process (q,) (mg/g) and the removal percentage
(removal %) of MB dye were calculated [40].

2.7. Central composite design

The Central Composite Design (CCD) using design expert software was used to assess the influence of four independent
factors (pH, adsorbent dose, contact time, and initial dye concentration). Experiments, including 16 factorial points, 8 axial
points, and 6replicate points. Repetition points help to avoid experimental errors in the design. Levels of the selected
parameters (-2, —1, 0, 1, and +2) are shown in Table 3.

The adsorption experiments were conducted randomly at the selected four different levels of independent variables coded
as +2, +1 and —1, -2 for high and low values with six central points. All probable combinations of the variables were
employed, and then a coded matrix was generated by software as listed in Table 4. The total number of the experiments was
estimated according to Eq. (1) [41].

N=22"42n+n, (Eq. 1)

where N represents the total trial numbers, n= the number of parameters and n.= the replicated number of center points which
was 6 points in the current study.

At the end of the experiments, the dye removal efficiency regression model is expressed by the following formula
(Eq. 2) [42]:

m
m
Y =80+2X5%BX;+ Z( By XiX;j + Zi=1ﬁiixi2 (Eq.2)
i<

where Y indicates dependent variable of response, X; and X; are independent variables and By, B;, Bii, and [ are the intercept
term, linear, quadratic, and interaction effects, respectively. The validity of suggested model was evaluated using different
statistical parameters i.e., coefficient of determination (Rz), adjusted R? (R? adj) and predicted R2 (R? pred) [57].

3. Results & Discussions
3.1.Description of silver nanoparticles (AgNPs)
3.1.1. Visional examination:

The AgNPs were generated by reacting AgNO; solution with algal aqueous extract at a temperature of 60 °C with
stirring. The control extract remained without change even after 48 hrs of heating. The reduction process of AgNO; was
optically validated by a transformation of yellowish-brown to reddish-brown color after 30 minutes, then the brown color
intensity was elevated in synergistic with the heating time [28].
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Table 2: Equations of applied isotherm and kinetic models and their calculated parameters values for adsorption of MB onto
sediment—alga—silver nanocomposite

Parameter

Model Linear equation Parameter R’ Reference
value
Isotherm models
qe: the sorption equilibrium
capacity (mg/g)
C,: the initial concentration of
Co —Ce y Cr(VI) (mg/L)
e =1, v C,: the equilibrium sorption
_ Co—C . concentration of Cr(VI)
=" (mg/L) [43]
R% m: the weight of biosorbent (g)
_ Co € %100 v: the volume of hexavalent
o chromium Cr(VI) solution (L)
q,: the sorption capacity at a
certain moment (mg/g)
R %: removal percentage
Qm: the maximum adsorption _
i _ i 1 i capacity(mgg"'). b : constant bq_m(; 1683
Qe qm bqmC. R : the separation factor. I; ’
Langmuir L When R;, = 0 the sorption oL 0.02 = 0.2) 0.9915 [44,45]
R, = TTiC process is irreversible; R; < 1, ; 1 ' '
0 favorable; R, = 1, linear;
R; > 1 unfavorable.
1 ke and% are constant that 1" =103
Freundlich Ing, = n InC, + Inks | depend on the properties of the | 5 = 0-97: kf = 0.9991 [46,47]
adsorbate and adsorbent 0.1029
€: Polanyi potential
Ing, = Inq, — k'€2 R: universal gas constant
- 1 (8.314 J/mol K)
Dubinin— E=RTIn(1+-) T: temperature in Kelvin (K) E
Radushkevich Co - perat o aqon =0.05kJ/mol | 09116 [48,49]
(D-R) 1 : constant of the adsorption —7.979
E=——F+ ener; 90
N, gy
(2k") E: adsorption energy
B: constant related to the heat
of adsorption _
. de b: Temkin isotherm constant B =4.905
Temkin = B LnK; + BLnC, b
(J/mol) 0.9652 [50-52]
RT .. = 0.493 kJ /mol
=— K, : = Temkin isotherm K. = 0.054
b equilibrium binding constant L
(L/g)
Kinetic models
k; = 0.006 —
0.112
Pseudo-first- In(q. — q¢) . Qexp) = (0.053- 0.0399-
order = Ing, — kyt Je1: Rate constant 0.385) 02826 | P34
Yeal) = (0908'
8.197)
k, = 0.015 —
1.21
Pseudo- t 1 1 ) Qexp) = (0.899- (0.9994-
second-order | g, k,q> + qe J: Rate constant 8.222) 1.000) [55.56]
q(cany = (0.908-
8.197)
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Table 3: Experimental levels and range of independent factors in response surface methodology design for Methylene blue
dye removal using nanocomposite

variable -2 -1 0 1 +2
pH-(A) (X)) 4 5.5 7 8.5 10
Adsorbent dose (g/1)-(B) (X,) 0.05 0.1125 0.175 0.2375 0.3
Initial Conc. (ppm)- (C) (Xy) 10 32.5 55 71.5 100
Contact time (min.) -(D) (X,) 10 22.5 35 47.5 60

3.1.2. Ultraviolet-Visible spectrum

The UV-Vis spectrum is a confirmation method for the AgNPs synthesis, identified by the appearance of a surface
plasmon resonance (SPR) vibration band absorbed at a definite wavelength. Fig. (1) reveals that after 48 hrs, the SPR
vibration appeared as a broad band at 420 nm, which is in agreement with Bhuyar et al. [28].

P
[
(=]

Abs
“-—--9

0 T T d

200 400 600 800
Wave length (nm)

Figure 1: UV-Visible spectrophotometer of AgNPs from algal extract.

3.2. Chemical features of sediment—alga—silver nanocomposite before and after adsorption
3.2.1. Morphological surface of the nanocomposite

Fig. (2A, B) shows the exterior surface and morphology of the sediment—alga—silver nanocomposite pre and post
sorption of MB. The external surface of the nanocomposite before adsorption is characterized by roughness, with several
thick, calcified walls of diverse chambers of J. rubens, (like bee cells), with varying sizes and types of uneven sediment
particles scattered heterogeneously. The Ag-nanoparticles have a spherical shape and a uniform distribution with no
aggregation, which increases the surface area, and hence enhances the uptake of MB dye (Fig. 2A) [58-60]. At this point,
after adsorption, MB cohered to the nanocomposite surface; and the texture of the surface became soft and homogenous (Fig.
2B) [61].

Figure 2: Morphological images of sediment—alga —silver nanocomposite (A) before and (B) after the adsorption of methylene blue.
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Table 4: Experimental design matrix of four independent variables affecting Methylene blue dye removal using
nanocomposite

Run A: pH C: adsorbent (g/1) B: Time (min.) D: initial conc. (ppm)
1 -1 1 -1 -1
2 0 0 2 0
3 0 0 0 0
4 0 2 0 0
5 0 0 0 0
6 0 0 0 0
7 1 1 1 -1
8 1 1 1 1
9 2 0 0 0
10 1 -1 -1 1
11 0 -2 0 0
12 -1 -1 -1 1
13 0 0 0 0
14 1 1 -1 -1
15 0 0 0 2
16 1 -1 1 1
17 -1 -1 1 -1
18 -1 -1 1 1
19 0 0 -2 0
20 -1 1 1 1
21 1 -1 1 -1
22 1 -1 -1 -1
23 2 0 0 0
24 1 1 -1 1
25 0 0 0 0
26 -1 -1 -1 -1
27 0 0
28 0
29 -1 1 -1 1
30 -1 1 1 -1

3.2.2. Surface functional groups of nanocomposite
The results of FTIR spectra of sediment—alga—silver nanocomposite, pre and after MB biosorption, are shown in Table 5
and Fig. (3A, B).
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Figure 3: FTIR of sediment-alga-silver nanocomposite (A) pre and (B) post the adsorption of MB dye.
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For pre sorption of the dye stuff, the small peak at 3759 cm™ signifies the presence of an N-H group, which could be
attributed to the amino group in the alga or asymmetric O-H stretching of polyphenols in the nanocomposite [62,63]. The
large, strong broad peak at 3389 cm™ corresponds to the O—H stretching vibration of phenolic groups (a protective coating on
the AgNPs) or polysaccharides in J. rubens [35,62,64].

Table 5: Surface functional groups monitored on sediment—alga—silver nanocomposite pre and after sorption process

Sediment-alga—silver nanocomposite

Before;rsno_ll'ptlon Aftercf::_rlptlon Status of peaks Bands indicating functional groups
3759 - Disappeared asymmetric O-H stretching or —-NH group
3389 3417 Shifted O-H stretching
2977 - Disappeared C-H stretching
2923 2922 Shifted Aliphatic C-H stretching or -CH; &-CH, stretching
2522 2522 Fixed Thiol S-H stretch
1870 1870 Fixed C-OH stretching
1794 1794 Fixed -NH R" or Calcite (CaCOs)
1537 1537 Fixed N-H bending of amide (II)
. Symmetric
1488 1470 Shifted R-C-0-O stretching or C-C stretch aromatic ring
1082 1082 Fixed Si-O-Si stretching vibration
874 874 Fixed Calcite (CaCOs5)
. Feldspar
797 796 Shifted (-AISi:Oy)
713 713 Fixed N-H vibration of fatty acid
696 695 Shifted Fe-O stretch
510 518 Shifted Quartz or silica (Si0,)
. Feldspar
469 462 Shifted (-AlSi;05)

The medium, slightly intense band at 2977 cm™” resembles asymmetric C—H stretching in soil alkanes [65]. The
assimilation weedy band at 2923 cm™' may be attributed to stretching symmetric aliphatic vibration of the C-H or —~CHj and —
CHj, of the secondary amines or the chlorophyll compounds, respectively in J. rubens [35]. The sharp and robust signal at
2525 cm’! coincides with the thiol S—H stretch in red seaweeds [59]. The weak wave at 1870 cm™! could be due to a C—-OH
stretching bond in the soil [66]. The moderate and partially sharp signal at 1794 cm™ belonged to (-NHR') secondary amide
[67] or the calcite (CaCO;) compound in the sediment [68]. The existence of an absorption peak at 1537 cm’! may indicate an
N-H bending type of amide (II) bonded in the tested red algal species [59]. The small peak at 1488 cm™ points to the
symmetric R-COO- (carboxylate group) stretching [64,69] or the C-C stretch aromatic ring [70]. The presence of soaking up
bands around regions (1082-469 cm™') except peak (713 cm™) is considered the imprint of soil composition, where 1082, 874,
696, 510, (797 & 469) cm’! signals are assigned to the Si—O-Si stretching vibration, calcite (CaCO;), Fe—O stretch, quartz or
silica (SiO,), and feldspar (—AlSi;Og, aluminium silicate), respectively [68,71]. While the attendance of N-H vibration of fatty
acid in J. rubens species at split medium and sharp band (713 cm™) [35]. The appearance of previous peaks of pre-MB
sorption is evidence for the formation of sediment—alga—silver nanocomposite (Fig. 3A).

After the dye sorption, the sorption process of MB on the nanocomposite surface results in considerable changes in the
strength, location, and fixation of peaks, as well as the disappearance or appearance of new peaks, as shown in Table 5 and
Fig. (3B). These alterations indicate that the peaks are engaged in the sorption process and that the MB material interacts with
functionalities on the surface of nanocomposites through ion-dipole, electrostatic, H-bond, and van der Waals bond
interactions [39,72]. The disappearance of the peak at 3759 cm™ indicates that the N-H group is involved in the sorption
process. While the O-H band (phenolic or polysaccharide compounds) was lowered and considerably transferred to 3417 cm’
!, the other six signals were marginally moved to 2922, 1470, 796, 695, 518, and 462 cm’!. On the other hand, several bands
remained constant, while the lone peak (2977 cm’™) faded, indicating a productive interaction between numerous common
functional groups in the nanocomposite texture and the dye [63].

3.2.3. The pH,,. of nanocomposite

Fig. (4) shows that the pH,,. of sediment-alga—silver nanocomposite is 9.0 which means that at the pH of 9.0, the
positive and negative charges on the texture of the nanocomposite are equivalent to zero charges. At the pHution) > 9.0, the
surface of the nanocomposite has negative charges, so the adsorption of MB (cationic dye) will be preferred, and contrariwise
for anionic dye [39]. From the present study, the maximum removal of MB occurred at pH 8.5, which is close to the pHy,.
value of 9. This indicates that the adsorbent possesses negative charges, enhancing the elimination of the adsorbate.

Egypt. J. Chem. 68, No. 5 (2025)



290 A.A.M. El-Sayed et. al.
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Figure 4: pH,,,. diagram of sediment-alga—silver nanocomposite.

3.3. Adsorption isotherm

The adsorption isotherm provides crucial insights into how the adsorbate interacts with the adsorbent under different
conditions. It aimed at assessing the adsorbent materials' capacity, thereby informing the design and optimization of

adsorption processes for efficient adsorbate removal.

In this study, linear regression equations of Langmuir, Freundlich, Dubinin-Radushkevich (D-R), and Temkin adsorption
isotherms were implemented to investigate the adsorption of MB onto sediment—alga—silver nanocomposite. The values of
correlation coefficient of each isotherm are compared to decide which of these isotherms can be followed. Table 2
summarizes the equations used and the resultant values of parameters. The observed data of MB adsorption onto the

nanocomposite are fitted to the investigated models with varying degrees (Fig. Sa—d).
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Figure 5: The plots of (a) Langmuir, (b) Freundlich, (c) Dubinin—Radushkevich (D-R) and (d) Temkin adsorption isotherm models for the

adsorption of MB onto sediment—alga—silver nanocomposite at different concentrations.
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The Langmuir model states that the adsorption process begins when a uniform monolayer of dye compounds forms on
the texture of adsorbent. It suggests that only specific active sites on the adsorbent surface are occupied uniformly because the
surface is assumed to be homogeneous. The Langmuir constants values of q,, and b were (7.83 mg/g) and (0.40), respectively.
The value of q,, was found to be greater than that reported in the literature for other adsorbents: leaf powder of neem; 5.87
mg/g [73], corncob activated carbon; 0.84 mg/g [74], fly ash; 5.57 mg/g [74], and Mn;04-Bi,0; composite; 3.12 mg/g [22]
(Table 6). The calculated Ry values of MB adsorption onto composite ranged from 0.02 to 0.20, reflecting a favourable
isotherm model.

Table 6: Comparison of the adsorption capacity of different adsorbents for MB removal from aqueous solutions

Adsorbents Sorption capacity q,, (mg/g) References
Neem leaf powder 5.87 [73]
Corncob based activated carbon 0.84 [74]

Fly ash 5.57 [74]
Natural clay 154 [20]
Mn;0,4-Bi,03 composite 3.12 [22]
Nano composite 7.83 Present study

The Freundlich model is employed to explore the heterogeneous nature of the adsorbent surface, considering both
monolayer and multilayer adsorption phenomena. Ky, and “n” values obtained from this isotherm are shown in Table 2. When
the heterogeneity factor (n) value falls between 1 and 10, a good adsorption process is indicated, it also the nature of
adsorption is linear at n =1, chemisorption at n<1 or physisorption at n >1 [75]. The higher heterogeneity of surface related to
the value of 1/n (1 > 1/ n = 0) [76-78]. In the present work, the values of n and 1/n are 1.03 and 0.97, respectively, which
suggests that the adsorption is physisorption and favourable. As shown in Table 2, it is evident that the Freundlich model
provides a better fit to the experimental data compared to the Langmuir model. This is supported by the higher correlation
coefficient (R* = 0.9991) for the Freundlich model, whereas the Langmuir model exhibits a lower correlation coefficient R =
0.9915).

The removal of MB using the nanocomposite was investigated by linear equation of Temkin model (Table 2) and the plot
is demonstrated in Fig. (5d). This isotherm provides insights into the impact of indirect interactions between the
nanocomposite and dye solution on the adsorption process [79]. The measured values of Temkin constants, with b =0.49
kJ/mol and K, =0.054 L/g indicates a physical adsorption process of MB onto the nanocomposite

The Dubinin-Radushkevich (D-R) model describes the ion exchange mechanism and the chemical and physical forces
involved in adsorption. If the value of the parameter E is < 8 kJ/mol, physical adsorption dominates, while chemical
adsorption prevails if the E value is > 8 [80]. From this study, the energy of adsorption was less than 8 (E= 0.05 kJ/mol),
which suggests a physical adsorption. Moreover, the obtained maximum adsorption capacity (q,) was 7.98 mg/g which is
close to the value obtained from Langmuir model.

Based on R” value (Table 2), the investigational data were well adjusted by Freundlich > Langmuir > Temkin > Dubinin-
Radushkevich (D-R).

3.4. Adsorption kinetics

The pseudo-first-order and pseudo-second-order kinetic models were employed to analyze the rate uptake of MB
molecules onto the surface of nanocomposite. The validation of these models was depended upon the correlation coefficient
(R?), providing insights into the kinetics of the adsorption process [81].

Table 2 presents the parameters of the models, along with their linear equations and corresponding correlation
coefficients. It was observed that the adsorption of MB onto the nanocomposite did not align well with the pseudo-first-order
kinetic model (Fig. 6a). However, the estimated equilibrium adsorption capacity (q.) obtained from the second-order model
closely matched the experimental (q.) values, with correlation coefficients (R*) exceeding 0.999 for all dye initial
concentration. This indicates the suitability of the second-order kinetics model and confirms the second-order nature of the
biosorption process of MB onto the nanocomposite (Fig. 6b). Additionally, it was noted that the rate constant (k,) decreased
with the increasing concentration of MB initially introduced.

3.5. Central composite design studies

In the current study, the elimination percentage of MB from contaminated solution under the influence of four
independent factors was examined using experimental design software. Fitting statistics of generated models by the program
including the suggested one are given in Table 7. Based on the model with the highest order polynomial where the additional
terms are significant, and the model without aliasing, the quadratic model was chosen for the current investigation.

Egypt. J. Chem. 68, No. 5 (2025)



292 A.A.M. El-Sayed et. al.

50 (b) 60 1
50 4 ¢ 10ppm
410ppm W325ppm
40 A
55ppm
H325ppm -
S 307 077.5ppm
55 ppm
1100
20 ppm
077.5ppm
10 4
1100ppm
-6
¢ 0 0 4 T T \
74 0 20 40 60
Time (min) Time (min)

Figure 6: Plots of pseudo-first-order (a), pseudo-second-order (b) kinetic models for MB sorption by sediment—alga—silver nanocomposite.

Table 7: Model fitting statistics

Source Sum of Squares df Mean Square F-value p-value
Mean vs Total 1.82E+05 1 1.82E+05
Linear vs Mean 1473.42 4 368.36 16.5 < 0.0001
2FI vs Linear 85.03 6 14.17 0.5693 0.7497
Quadratic vs 2FI 377.33 4 94.33 14.8 <0.0001 Suggested
Cubic vs Quadratic 70.12 8 8.77 2.4 0.1323 Aliased
Residual 25.51 7 3.64
Total 1.84E+05 30 6141.51

The ANOVA results for the suggested quadratic model describing the removal process under the effect of independent
variables are listed in Table 8. These results give us an indication about the suitability of suggested quadratic model for
representation of the removal process at the studied conditions.

The suggested model is significant, as indicated by an F-value of 21.69. There is only a 0.01% chance that an F-value
this large could occur due to noise. However, p-values <0.0500 revealed that model terms are significant [82]. In this case A,
B, D, AD, BC and B? are significant model terms, while values > 0.1000 indicate the un-significantly of model terms.

Lack of Fit F-value is 1.43, revealing that the lack of fit is statistically insignificant with respect to the pure error. A
non-significant lack of fit is acceptable. On other hand, the p-value for lack of fit (0.3627) is higher than 0.05, indicating that
the model fits the experimental results, and the independent process variables have a significant impact on the response [83].

According to the experimental design, the results were examined and the removal efficiency of methylene blue using the
nanocomposite was obtained. The final quadratic equation of the model suggested by software that describes the removal
process is given in Eq. 3 in terms of coded independent factors.

Removal(%) = 82.52 + 2.32A + 6.43B — 0.7722C + 3.75D — 0.2783AB + 0.7023AC — 1.43AD + 1.35BC — 0.9033BD —
0.2177CD — 0.7892A42% — 3.70B2 — 0.5846C? — 0.6574D? (Eq. 3)

Fit statistics of the suggested models are given in Table 7. From this table we observed that regression coefficient R*
(0.9529) which ensures the better and goodness of the suggested model [41].

Data in Table 9 show that predicted R? (0.7814) is in reasonable agreement with the Adjusted R? (0.909); because the
difference of each other approximately within 0.2.
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Table 8: ANOVA results for Quadratic model describing the responses variation

Sum of Mean F-
Source df p-value
Squares Square | value
Model 1935.78 14 138.27 21.69 0.0?)01 significant
A-pH 129.67 1 129.67 20.34 | 0.0004
B-Dose 992.58 1 992.58 155.6 <
(({'Init- 14.31 1 1431 | 224 | 0.1548
D-Time 336.87 1 336.87 52.84 <
AB 1.24 1 1.24 0.194 | 0.6655
AC 7.89 1 7.89 1.24 0.2834
AD 32.91 1 3291 5.16 0.0382
BC 29.17 1 29.17 4.58 0.0493
BD 13.05 1 13.05 2.05 0.1729
CD 0.7582 1 0.7582 0.118 0.735
A? 17.09 1 17.09 2.68 0.1224
B2 375.16 1 375.16 58.84 <
C2? 9.37 1 9.37 1.47 0.2441
D2 11.85 1 11.85 1.86 0.1928
Residual 95.63 15 6.38
Lack of Fit 70.9 10 7.09 1.43 0.3627 not significant
Pure Error 24.74 5 4.95
Cor Total 2031.42 29

These values (Adjusted R? and Predicted R?) confirm that suggested quadratic model gives an excellent explanation for
the relationship between independent factors and corresponding response [41] and the compatibility of experimental values
with predicted one [84]. Adeq Precision, that measures the signal to noise ratio, was 18.4125 which also supporting the
fitness of the selected model [85].

Table 9: Fit statistics

Std. Dev. 2.53 R? 0.9529

Mean 77.93 Adjusted R? 0.909
C.V. % 3.24 Predicted R? 0.7814
Adeq Precision 18.4125

The normal probability assumption of the residual was checked for its normality by plotting internally studentized
residuals versus normal probapility (%), as given in Fig. (7).

Fig. (7) shows how well the model satisfies the normality assumptions of the ANOVA where all residual plotted points
are approximately close to straight line [42,86-90].

Fig. (8) shows Cook’s distance plot versus run order; according to this figure all Cook’s distance value were lower than
1 and there is no points that were potentially powerful due to their location in the factor, so it was concluded that the
suggested model is adequate and fitted to describe the adsorption process of methylene blue by prepared nanocomposite
[41,91].

Fig. (9) illustrates that the experimental and theoretical values of removal percentage are nearly similar, which is very
good evidence of goodness and compatibility of the suggested quadratic model with the experimental data [91].
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Figure 7: Normal plot of probapility (%) versus internally studentized residuals
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Figure 8: Plot of Cook’s distance vs run order

The effects of various independent variables in terms of 2D contour plots and 3D surface plots are illustrated in Fig.
(10a—f). In these plots, the effect of four independent factors on the removal process will be investigated simultaneously.
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Figure 9: Diagnostic plots of the comparison between predicted and actual values of removal process of MB dye using the prepared
nanocomposite.
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Figure 10: 2D contour and 3D surface plots of the various effects of different independent variables on the removal process of MB using the
prepared nanocomposite.
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4. Conclusion

A novel sediment—alga—silver nanocomposite was developed for the elimination of MB dye from aqueous solutions. An
economic and ecofriendly approach for the green synthesis of AgNPs utilizing the red alga J. rubens was applied. The
resulting nanoparticles were then used for the synthesis of sediment—alga—silver nanocomposite. Experimental results were
well-fitted to both the Langmuir (R? = 0.9915) and Freundlich (R? = 0.9991) isotherm models. The kinetics of the process
demonstrated that the pseudo-second-order model effectively characterizes the physisorption kinetics of MB. Results from
the factorial experimental design indicated that pH and adsorbent dosage were the most effective factors influencing the
removal efficiency. The design revealed matching of the experimental and theoretical removal percentages, providing strong
evidence for the suggested quadratic model's goodness and its compatibility with the experimental data. The obtained results
are very promising because the sediment—alga—silver nanocomposite effectively removed the MB dye. Further, this
nanocomposite is a compelling, eco-friendly, low-cost, and readily available material. It could be a viable alternative to more
costly adsorbents commonly utilized for MB elimination.
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