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Abstract
The removal of dyes from the aquatic ecosystem is necessary being a major threat to life. For enhanced remediation of meth-
ylene blue (MB) dye, a new ternary biopolymer-geopolymer-surfactant composite adsorbent is synthesized by combining 
phosphoric acid geopolymer (PAGP), calcium alginate (Alg), and sodium lauryl sulfate (SLS). During the synthesis of the 
composites, PAGP and SLS were mixed with the alginate matrix, producing porous hybrid beads. The PAGP-SLS-alginate 
(PSA) beads prepared were characterized using different analytical tools, i.e., scanning electron microscopy (SEM), Fou-
rier transform infrared spectrophotometry (FTIR), X-ray diffractometry (XRD), surface area and porosimetery (SAP), and 
thermogravimetric analysis (TGA). To ascertain the ideal conditions for the adsorption process, a batch reactor procedure 
was used to investigate the effects of several parameters on MB adsorption, including pH (2, 4, 6, 8, 10), PSA adsorbent 
dosage (0.06–0.12 g), MB concentration (50–500 mg/L), contact time (15 to 300 min), and temperature (25, 35, and 45 °C). 
The SEM investigation indicated that ~ 1860 μm-sized PSA beads with 6–8 μm voids are generated. Based on XRD, FTIR, 
and SAP examinations, the material is amorphous, having numerous functional groups and an average pore size of 6.42 
nm. Variation of pH has a little effect on the adsorption process, and the pH of 7.44 was found to be the pHpzc of the PSA 
beads. According to the findings of the batch study, equilibrium adsorption was obtained in 270–300 min, showing that the 
adsorption process was moderately slow-moving and effective. The dye adsorption linearly increased with initial dye con-
centration over concentration range of 50–500 mg/L and reciprocally decreased with rise in temperature. 0.06 g adsorbent 
dose, 25 °C, pH10, and 270 min were found to be the better conditions for adsorption experiments. Langmuir isotherm fitted 
well compared to Freundlich, Temkin, and Dubinin-Radushkevich (DR) isotherm models on the experimental data, and the 
maximum adsorption capacity(qmax) calculated was 1666.6 mg. g−1. Pseudo-second-order (PSO) kinetics model and multi 
steps (two) intra particle diffusion (IPD) model fitted well on the adsorption kinetics data. The system’s entropy, Gibbs 
free energy, and change in enthalpy were measured and found to be -109.171 J. mol−1. K−1, − 8.198 to − 6.014 kJ. mol−1, 
and − 40.747 kJ. mol−1. Thermodynamics study revealed that adsorption process is exothermic, energetically favorable and 
resulting in the decrease in randomness. Chemisorption is found to be the dominant mechanism as confirmed by pH effect, 
Langmuir isotherm, PSO kinetics, IPD model, and thermodynamics parameters. PSA beads were successfully regenerated 
using ethanol in a course of 120 min and re-used for five times. To sum up, the PSA adsorbent’s impressive adsorption 
capability of 1666.66 mg/g highlights its potential as a successful solution for methylene blue removal. The results of this 
study add to the expanding corpus of information on sophisticated adsorption materials and demonstrate PSA’s potential for 
real-world uses in wastewater treatment and environmental clean-up.
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Introduction

The rapid advancements observed in industrialization 
across the developing nations resulted in significant vol-
umes of industrial wastewater being released into natural 
water sources without adequate treatment. This poses a 
severe risk to the well-being of aquatic organisms, flora, 
fauna, and public safety (Mahmoudian et al. 2023; Oladoye 
et al. 2022; Siyal et al. 2018). The demand for synthetic 
dyes, especially in the textile and apparel sectors, has led 
to a notable rise in their production. These chemical dyes 
are manufactured on a large scale each year, amounting 
to thousands of tons worldwide (Katheresan et al. 2018). 
Several techniques have been utilized for the wastewater 
treatment, encompassing electrochemical processes, bio-
electro-degradation, electro-coagulation, ion-exchange, 
filtration, membranous separation, sedimentation, floc-
culation, adsorption, and photodegradation among others 
(Benkhaya et al. 2022; Candamano et al. 2023; Katheresan 
et al. 2018; Yousefi et al. 2024, 2021, 2019). Adsorption 
is the method of choice for dyes removal from waste water 
as approximately 58% of the studies has used adsorption 
(Dutta et al. 2021). Twenty-five percent of the studies has 
utilized various types of polymeric adsorbents whereas 
contribution of activated carbon is 23.9% (Dutta et al. 
2021). Among other materials are hybrid materials, 
nano composites, biosorbents, metal oxide, and graphitic 
materials.

Hybrid materials (inorganic/organic) have recently 
undergone an amazing development in the realm of mate-
rials science. Hybrid materials contain a minimum of one 
organic phase and one inorganic phase, which combine 
to form hybrid substance having special features (Sharp 
1998). In general, the inorganic part contributes to the 
thermal stability and mechanical strength, whereas the 
organic component imparts specialized properties (physi-
cal and/or chemical), including chemical reactivity, 
electrical, optical, and coherence (Pingan et al. 2017). 
Hybrid materials are emerging as practical options for the 
development of versatile systems with a broad range of 
functions due to the synergistic effects of their elements. 
Biomaterials, electrolytes, semiconductors, adsorbents, 
catalysts, biosensors, and drug delivery agents represent 
the diverse applications of these multifunctional systems. 
Hybrid polymers, recognized for their versatility, emerge 
as promising materials with diverse applications (Ge et al. 
2017). The flexibility of hybrid polymer composites to 
be tailored to fulfil needs is one of its main benefits. The 
material can be specially crafted by designers to satisfy 
performance needs by combining various polymers, fib-
ers, and nanoparticles. These materials are lightweight and 
offer superior corrosion and chemical resistance, making 

them suitable in challenging conditions. Recently, various 
types of hybrid polymeric composites have been reported. 
One of recently introduced class, geopolymer-polymer 
hybrid materials has revealed promising properties in 
terms of mechanical strength, water resistivity, adsorption 
ability, and recyclability (Provis 2014; Provis and Ber-
nal 2014). Geopolymers are of two types, i.e., acid- and 
alkali-activated geopolymers. Alkali-activated geopolymer 
is one of the most studied class that is formed as a result 
of the reaction of sodium hydroxide and silica glass with 
fly ash, metakaolin, or any other suitable materials (Lem-
ougna et al. 2016).

Phosphoric acid-based geopolymer (PAGP) uses phos-
phoric acid as the activator rather than alkaline solutions 
as used in most of the geopolymer formulations (Khan 
et al. 2015). Geopolymers based on phosphoric acid have 
demonstrated exceptional thermal stability and strong 
acid resistance, making them appropriate materials for 
industrial applications, such as cements, composites, 
fire-resistant coatings, and adsorbents for treating waste 
water (Shehata et al. 2021). Like alkali-activated geopoly-
mers, alumina and silica-rich materials, e.g., fly ash and 
metakaolin are utilized as starting materials for the for-
mulation of PAGPS (Celerier et al. 2018). Geopolymers 
have been used in various forms for wastewater treat-
ment, e.g., adsorbents, membranes, and photocatalysts, 
but their lower adsorption capacity hinders their applica-
tions at commercial level (Shehata et al. 2021; Siyal et al. 
2018). In our previous work, PAGP based on metakaolin 
adsorbed ~ 2 mg/g MB which was very low compared to 
existing commercial adsorbents, e.g., activated carbon, 
zeolites, and mesoporous silica (Khan et al. 2015). One 
of the limitations related to geopolymer adsorbents is the 
difficulty in beads preparation as they need at least 72 h 
to cure completely. In some of the previous works, beads 
are prepared from geopolymer at the early stages of the 
reaction, e.g., (Papa et al. 2020) fabricated geopolymer 
beads using ice-templating by dropping the geopolymer 
paste to liquid nitrogen. In another work, low molecular 
weight poly ethylene glycol is used as medium to form 
geopolymer beads (Medri et al. 2020). Dropping geopoly-
mer paste to heated oil, PEG, and liquid nitrogen will stop 
process of geopolymerization, and a partial geopolymer 
may be formed as process of geopolymerization require 
at least 3 days (Provis 2014; Provis and Bernal 2014).

It is proposed that the efficiency of PAGPs can be 
improved by preparation of hybrid composites with biopoly-
mers and surfactants (Celerier et al. 2018; Cui et al. 2011; 
Derouiche and Baklouti 2021). Therefore, an approach is 
needed to use fully cured geopolymers mixed with some 
biopolymer to affectively remediate pollutants, e.g., meth-
ylene blue from wastewater.
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The goal of this work is to use hybrid geopolymers beads 
based on phosphoric acid geopolymer, SLS, and calcium 
alginate to remove methylene blue from water sample aim-
ing that this combination will enhance MB removal effi-
ciency leading to highly effective adsorbent. The under-
standing of hybrid materials employed as adsorbents for 
the removal of MB will be furthered by this work. To the 
best of our knowledge, it is the first study to use ternary 
hybrid material based on completely cured phosphoric acid 
geopolymers, alginate, and SLS. This study will open a 
new window toward ternary geopolymer composite beads 
for wastewater treatment. Combination of a green polymer 
(PAGP) prepared from waste material (fly ash), combined 
with green bio polymer (alginate) may be an environment 
friendly material for the wastewater treatment.

Material and methods

Materials

Powdered coal fly ash (FA) was obtained from Lumut power 
plant, Malaysia, and was used without further treatment. 
According to the X-rays fluorescence (XRF) analysis, FA 
contains 44.52% SiO2, 22.5% Al2O3, 11.6% Fe2O3, and 
9.84% CaO and is termed as class F-fly ash in accordance 
with ASTM C618 (Pourkhorshidi et al. 2010). Calcium 
chloride, sodium alginate (SA), sodium lauryl sulfate (SLS), 
methylene blue, sodium hydroxide, sodium chloride, hydro-
chloric acid, ethanol, and isopropanol were procured from 

local chemical suppliers. Deionized water was used through 
out this work.

Preparation of PSA beads

Firstly, calcium alginate beads (samples without PAGP and 
SLS) were prepared by drop-by-drop addition of 2% sodium 
alginate solution to 5% calcium chloride solution followed 
by room temperature drying till constant mass. PAGP was 
prepared using coal fly ash and phosphoric acid with P:AL 
ratio of 1:1 using methodology reported in our previous 
work except that metakaolin was replaced by FA (Khan et al. 
2015). PAGP-alginate binary composite was prepared by 
adding 4 g of PAGP to 100 ml of 2% sodium alginate solu-
tion followed by drop-by-drop addition to the 5% calcium 
chloride solution and room temperature drying.

PSA beads were prepared, using methodology depicted 
in Fig. 1, using PAGP, SA solution, SLS, and CaCl2. In this 
protocol, 2 g of SA was gradually dissolved in 100 ml of 
demineralized water with the help of continuous stirring at 
1000 rpm. The alginate completely dissolved in 4 h result-
ing in a transparent solution. Sodium lauryl sulfate (1 g) was 
introduced into the 2% SA solution, and the mixture was 
stirred continuously for a duration of 4 h to get homogenous 
solution followed by addition of 4 g of PAGP powder (it 
is the maximum amount of PAGP that can be successfully 
added) prepared using fly ash and phosphoric acid follow-
ing previously reported protocol (Khan et al. 2015). The 
sample was stirred using a magnetic stirring hot plate (MSH 
20D, Wise stir) for 24 h at 1000 rpm to attain a stable and 

Fig. 1   Methodology for the 
preparation of PSA beads
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uniform suspension. This SA-SLS-PAGP suspension was 
added dropwise with the aid of a dropping funnel into a 500-
ml beaker containing 100 ml of 5% aqueous CaCl2 solution. 
The solution was stirred at 50 rotation per minute (rpm) 
(higher rpm led to formation of threads), and the formation 
of PSA beads was witnessed.

The adsorbent beads were allowed to stand in the 
calcium-rich solution for over night to complete Na-Ca 
exchange process and then rinsed with demineralized water 
to eradicate the excess of surfactant and sodium chloride 
formed in this process. After filtration, the beads were air-
dried at room temperature over a period of 3 days, ultimately 
producing the final adsorbent that was analyzed using SEM, 
FTIR, BET, XRD, TGA, and PZC analysis and evaluated for 
adsorption of methylene blue dye.

Characterization of PSA beads

The PAGP-SLS-alginate beads (PSA beads) were character-
ized using SEM, FTIR, XRD, TGA, BET, and point zero 
charge analysis following standard methods reported in the 
literature (Almas et al. 2022; Ge et al. 2017). For morphol-
ogy studies, PSA beads were visualized using scanning 
electron microscope (TESCAN Vega, Czech Republic) after 
mounting the sample using a carbon tap on the aluminum 
stub and analyzed at various magnifications (100–3000 ×) at 
10 keV energy. The chemical composition of the PSA beads 
was determined with the help of energy dispersive X-rays 
(EDX) function of SEM. FTIR analysis of the PAGP and 
PSA beads was undertook using ATR-FTIR (Perkin Elmer, 
US) in the wavenumber range of 4000 to 450 cm−1. Exist-
ence of crystalline phases and amorphousity was determined 
using X-ray diffraction analysis in 2-theta range of 2–80°. 
Surface area analyzer (ASAP 2020, Micromeritics) was 
employed to inspect the surface profile of the sample using 
N2 adsorption and desorption methods. The thermal stabil-
ity and degradability of the PSA beads was systematically 
investigated utilizing simultaneous thermal analyzer (STA 
6000, Perkin Elmer). The analysis was conducted under a 
nitrogen atmosphere, covering a temperature range from 30 
to 800 °C, and employing a controlled heating rate of 10 °C 

per min. The % mass loss in the form of thermogram (TG) 
and its derivative as DTG was recorded. To determine the 
point of zero charge (PZC), electrolyte addition technique, 
discussed in the previous studies, was used (El-Habacha 
et al. 2023; Zyoud et al. 2023). This approach makes use of 
NaCl solution (0.1 M, 50 mL) and adjusting the pH of the 
NaCl solutions in the range 2 to 10 with the help of HCl (0.1 
M) or NaOH (0.1 M) solutions. PSA adsorbent (0.1 g) was 
added to each flask and shaken for 24 h at 200 rpm using 
orbital shaker. The concluding pH values of the samples 
were documented, and the variance between the initial and 
final pH readings (ΔpH = pHi − pHf) was graphically plotted 
against initial pH. The intersection of the resultant curve and 
the pH axis delineates the value corresponding to the point 
of zero charge (Mosoarca et al. 2020).

Adsorption study

The variation of MB adsorption by different adsorbents (pre-
pared in this work) was investigated by adding 0.1 g of each 
adsorbent to 50 ml of a 200 mg/L MB solution followed by 
shaking at 200 rpm for 300 min. The impacts of pH, dosage 
of adsorbent, concentration of MB solution, contact duration, 
and temperature were investigated under different conditions, 
as outlined in Table 1. To examine the effect of pH, a 50 ml 
MB solution containing 100 mg. L−1 of MB and 0.1 g of PSA 
beads was shaken at 5 different pHs, at 200 rpm in a multifunc-
tional orbital shaker (PSU 20i, Biosan) for 5 h at room tem-
perature. The mixture was then segregated using a mechanical 
sieve (due to considerable size of the beads, the separation can 
be achieved) and analyzed using a UV–Vis spectrophotom-
eter (UV-1800, Shimadzu, Japan) in photometric mode. The 
concentration of MB solution was determined at a fixed wave-
length of 664 nm using a single wavelength calibration curve 
method in the concentration range of 1–25 parts per million 
(mg.L−1) (Khan et al. 2015; Mosoarca et al. 2020). To inves-
tigate adsorbent dosage’s impact, 0.06, 0.08, 0.10, and 0.12 
g of PSA beads were added to the MB solution (50 ml, 100 
mg. L−1) and shaken for 300 min. To determine the effect of 
MB concentration, 50 ml MB solutions having concentration 
in the range of 50–500 mg/L were mechanically shaken with 

Table 1   Parameters used in 
the studying the influence 
of different variables on the 
adsorption of methylene blue 
(MB) on PSA beads. (V = 0.05 
L, rpm = 200 rpm)

pH Dosage
(g)

Conc
(mg/L)

Time
(min)

Temp
(°C)

Effect of pH 2, 4, 6, 8, 10 0.1 100 300 25
Effect of dosage 7 0.06, 0.08, 

0.10, 0.12
100 300 25

Effect of dye conc 7 0.1 50, 100, 200, 
300, 400, 500

300 25

Effect of time 7 0.1 100 15, 30, 60, 120, 
240, 270, 300

25

Effect of temp 7 0.1 100 300 25, 35, 45
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0.1 g of adsorbent for 5 h. The effect of time and temperature 
was studied by examining the MB adsorption at various time 
intervals (15 to 300 min) and temperatures (25 °C, 35 °C, and 
45 °C) as presented in Table 1. The concentration of MB was 
determined using UV–Vis spectrophotometer, and the amount 
of dye adsorbed was calculated using Eqs. 1 and 2.

In Eqs. 1 and 2, C0 and Cf represent MB concentrations in 
mg. L−1 at time t = 0 and t = maximum time, V is volume of 
MB solution in liters, and m is mass of PSA beads in grams.

Kinetics study

Kinetics study is aimed to know the order, speed , and mecha-
nism of a reaction. The data obtained from the adsorption of 
MB at different time intervals is used for the determination of 
kinetics parameters. The kinetics of the MB adsorption process 
was assessed using the Lagergren pseudo-first-order (PFO) 
and pseudo-second-order (PSO) equations, and the intraparti-
cle diffusion (IPD) and liquid film diffusion (LFD) equations 
were employed to forecast the diffusion mode in the PSA beads 
and to predict the adsorption mechanism as well (Lagergren 
1898). Equations 3–6 represent the equations used by PFO, 
PSO, IPD, and LFD models, respectively, and the linear plot 
of log(Qe − Qt) vs t (PFO model), t/Qt vs t (PSO model), Qt vs 
t1/2 (IPD model), and ln (1 − F) vs t (LFD model) were used for 
calculating various adsorption parameters (Hamdaoui 2006; 
Revellame et al. 2020; Shen 2008; Wu et al. 2009).

In these equations, Qe represents the adsorption capacity 
at equilibrium, while Qt denotes the adsorption capacity at 
a specific time t, K is constant of the equation, t is the time 
interval, C is IPD model’s intercept, and F = Qt/Qe. The extent 
of fitting represented by R2 determines which model fitted well 
on the kinetics data.

(1)% Removal =
(C0 − Cf )

C0

100

(2)Adsorption capacity (Q) =
(C0 − Cf )

m
V

(3)log
(

Qe − Qt

)

= log
(

Qe

)

−
K1t

2.303

(4)
t

Qt

=

(

1

Qe

)

t −
1

K2Q
2
e

(5)Qt = kpt
1

2 + C

(6)ln(1 − F) = −kFt

Adsorption isotherms

Adsorption isotherms define the nature of the adsorption, 
understanding adsorption capacity, selection of material, 
the mechanism of the process and deign of the process. In 
this work, four different isotherm models, i.e., Langmuir, 
Freundlich, Temkin, and Dubinin-Radushkevich (DR) were 
employed based on Eqs. 7, 8, 9, and 10, respectively.

In Eqs. 7, 8, 9, and 10, Qm denotes the maximum adsorp-
tion capacity, KL represents the energy of adsorption 
obtained from the Langmuir equation, and KF and n are the 
Freundlich constants indicating adsorption intensity. Addi-
tionally, B signifies the Temkin constant associated with the 
heat of sorption in joules per mole (J. mol−1), while A corre-
sponds to the Temkin isotherm constant in Liter per gram (L. 
g−1). Lastly, β is a constant related to the mean free energy of 
adsorption (in k. J2. mol−2), R is ideal gas constant, and C is 
concentration of MB. For isotherm study, the data obtained 
in effect of concentration on MB adsorption was used using 
linear plot of Eqs. 7, 8, 9, and 10, and the best fit (R2) was 
used as the standard to define which model explains the 
adsorption process. Another parameter based on Langmuir 
isotherm is RL and it is calculated using Eq. 11.

The RL value based on Langmuir isotherm predicts the 
nature of adsorption: RL > 1 shows unfavorable, RL = 1 for 
linear, and 0 < RL < 1 for favorable adsorption, whereas 
RL = 0 indicates irreversible adsorption with all adsorption 
sites occupied (Al-Ghouti and Al-Absi 2020).

Adsorption thermodynamics

The thermodynamics of adsorption is vital because it pro-
vides insights into the energy changes taking place during 
the adsorption and the spontaneity of the process. It helps 
in understanding the stability and efficiency of adsorption 
systems, aiding in the design and optimization of adsorp-
tion processes for various applications. Additionally, 

(7)
1

Qe

=
1

Qm

+
1

KLQmCe

(8)logQe = logKF +
1

n
logCe

(9)Qe = BlnA + BlnCe

(10)lnQe = lnk − �(RTln(1 + 1∕C)2

(11)RL =
1

(1 + kLC0

)
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thermodynamic parameters offer valuable information for 
predicting equilibrium conditions and assessing the feasi-
bility of adsorption in environmental and industrial appli-
cations (Al-Ghouti and Al-Absi 2020; Khan et al. 2013). 
Equations 12, 13, and 14 were applied to calculate the 
thermodynamic parameters, including the enthalpy change 
(ΔH), change in free energy (ΔG), and change in entropy 
(ΔS).

Desorption study and re‑usability

Desorption study is an important part of MB adsorption 
study to ensure continuous use of the adsorbent. Ethanol, 
isopropanol, 1 N NaOH, and 1 N HCl solution were used for 
regeneration of PSA beads. Initially, 0.1 g of the spent adsor-
bent (prepared by adsorbing a 200 mg/L MB solution on 0.1 
g of adsorbent) was stirred with 50 ml of each solvent in an 

(12)Kc =
Qe

Ce

(13)ln
(

kc
)

=
ΔS

R
−

ΔH

RT

(14)ΔG = ΔH − TΔS

orbital mixer at 200 rpm for 2 h. The amount of desorbed 
dye was determined using a UV–Vis spectrophotometer, and 
the % recovery and desorption capacities were calculated 
using Eqs. 1 and 2. The desorbed PSA beads were dried and 
subsequently reused for methylene blue (MB) adsorption 
over five cycles, employing 100mg/L MB solution, 0.1 g of 
adsorbent, and 50 ml of dye solution.

Results and discussions

Adsorbent’s characterization

SEM (scanning electron microscopy) provides microscopic-
level information about the microstructure of materials, 
facilitating a deeper understanding and strengthening cor-
relations between various factors and the microscopic prop-
erties and activities of the material. Figure 2(a, b, and c) 
illustrates the SEM micrographs of PSA beads at various 
resolutions, with a more detailed view impeded by the onset 
of backscattering beyond that resolution. Figure 2a depicts 
micrograph of a single PSA bead at 100 times magnification, 
and the size of PSA beads is observed to be 1861 μm. The 
surface is smooth with slight roughness and showing the 
presence of geopolymer (agglomerates) and fly ash spheres 
(unreacted FA). PAGP particles and plates, unreacted fly ash, 

Fig. 2   a–c SEM micrographs 
of PAGP-alginate hybrid beads 
from various points at various 
magnifications. d EDX analysis 
of PSA beads
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and cracks are witnessed clearly in Fig. 2b (image at 500 ×). 
On further zooming the sample, micron sized voids were 
observed as shown in Fig. 2c (image at 3 k ×). Moreover, 
plate-like morphologies were found in the micrograph pre-
sented in Fig. 2c. The EDX analysis is depicted in Fig. 2d, 
representing that carbon and oxygen are major components 
of the PSA beads. Additionally, Ca, Si, S, Al, P, Fe, Mg, Cl, 
and K were observed in the EDX analysis of PSA beads.

The micrographs depict that PSA beads have smooth 
surface representing good homogeneity between calcium 
alginate and PAGPs. The absence of large cracks on the 
surface of the beads further supports the compatibility of 
biopolymers and PAGP. Porous surface made up of plates-
like morphologies of varying sizes are produced due to 
release of water molecules during drying (Kondaveeti et al. 
2022; Liu et al. 2016; Tanimoto et al. 2023). Size of the 
pores are macro porous having size in the range of 1–10 μm. 
The plates seem to be geopolymer embedded in the alginate 
matrix. Existence of unreacted or partially reacted fly ash 
particles explains that during PAGP formation, all fly ash 
did not react completely due to the presence of crystalline 
quartzite phase in FA (Prabhakar et al. 2023).

The SEM images of the PSA are slightly different than 
those reported in the previous works owing to the extended 
mixing time and presence of surfactants in the samples; the 
geopolymer particles unglued from each other and acquired 
the profile of irregular plates (Almas et al. 2022; Ge et al. 
2017; Provis and Bernal 2014). The unreacted or partially 
reacted fly ash particle, mostly observed in fly ash-based 
geopolymers, has broken down into tiny particles due to the 
leaching effect of phosphoric acid. As the PSA beads were 
dried at room temperature over a period of 3 days, therefore, 
the release of water molecules may caused the formation 
of voids/pores on the surface of PSA beads. In the EDX 
analysis, C and O content is related to the carbon tap used 
for holding samples and organic backbone of alginate and 
SLS, whereas other elements are linked with silico alumino 
phosphate network of PAGP (Khan et al. 2015). The absence 
of sodium witnessed the conversion of all sodium alginate 
to calcium alginate (Lotfy et al. 2023). The P:Al ratio of 1:1 
is also established by the EDX analysis.

Figure 3 represents the FTIR analysis of the PSA beads 
and PAGP samples using ATR-FTIR technique. The spec-
tra are consisted of visible and notable absorption frequen-
cies at 3433, 2963, 2916, 2847, 1620, 1466, 1423, 1251, 
1218, 1102, 961, and 627 cm−1. In FTIR spectrum of the 
PSA beads, the frequency band at 3433 cm−1 corresponds 
to the existence of hydroxyl (–OH) group, while character-
istic peaks at 2963 cm−1, 2916 cm−1, and 2844 cm−1 specify 
C–H bonds in alginate and SLS (Ge et al. 2017). Frequency 
bands at 1620, 1466, and 1423 cm−1 are produced by the 
carboxylic C = O (Asy. and sym, stretching vibrations) of the 
alginate molecule. Furthermore, the bands at 1251 and 1218 

cm−1 can be attributed to the C–O and C–C stretching vibra-
tions within the ring, and those at 1102 cm−1 can be assigned 
to C–OH, Si–O, Al–O, and P–O groups. Lastly, the peak at 
627 cm−1 is produced by the Ca–O bond formed from the 
crosslinking of Ca and alginate chains (Lotfy et al. 2023). In 
PAGP spectrum, peaks at 3433, 1644, and 1089 cm−1 repre-
sent the O–H, and M–O bonds (M represents Si, Al, or P). 
The frequency band at 1089 cm−1 is a typical peak observed 
in PAGPs due to the formation of O–Al–O–P–O–Si- type 
bonds (Khan et al. 2015). The spectra closely resemble 
with the FTIR spectrum of PAGP and geopolymers-alginate 
beads reported in previous studies (Celerier et al. 2018; Ge 
et al. 2017; Khan et al. 2015).

Figure 4 describes the powder X-rays diffraction analysis 
of the PAGP and PSA beads in the 2-theta range of 2–80°. 
A closer examination of the XRD analysis describes that 
both samples are amorphous in nature with few crystalline 
phases. The PAGP diffractogram is very simple and has only 
few bands in the 2-theta range of 15 to 40°. As given in 
Fig. 4, the PAGP diffractogram has a broad hump in the 

Fig. 3   FTIR analysis of PAGP and PSA beads

Fig. 4   XRD analysis of the PAGP and PSA beads
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range of 22 to 26°, representing the amorphous nature of 
the sample (Khan et al. 2015). In addition to the amorphous 
material, the presence of the quartzite phase is indicated 
by the pattern observed at 20.78°, 26.61°, 50.25°, 60.03°, 
and 68.28° (Otzen et al. 2023). Mullite and brushite phases 
are witnessed in both PAGP and PSA beads samples. The 
quartzite, mullite, and brushite phases are produced by fly 
ash and PAGP, whereas CA has no crystallinity. By compar-
ing Fig. 4 with the literature, it is concluded that the PAGP 
sample represents the typical XRD diffractogram of the geo-
polymers prepared by H3PO4 activation of fly ash (Celerier 
et al. 2018; Khan et al. 2015). Similar with the PAGP dif-
fractogram, the PSA beads diffractogram also shows the 
same characteristics pattern.

Figure 5 illustrates the nitrogen adsorption–desorption 
isotherm obtained through BET surface area and poro-
simetry analysis, revealing that the PSA beads showcase a 
BET surface area of 1.97 m2/g, BET adsorption pore diam-
eter of 6.42 nm, and cumulative pore volume of 0.003038 
cm3/g (determined by BJH adsorption within the pore size 
range of 1.700 to 300 nm). During desorption, the BJH 
desorption cumulative volume of pores within the diam-
eter range of 1.7 to 300 nm is determined to be 0.003742 
cm3/g. The isotherm, depicting relative pressure versus the 
quantity adsorbed, exhibits a hysteresis loop characteristic 
of a type IV isotherm according to the IUPAC classifica-
tion (Thommes et al. 2015). The results demonstrated that 
mesoporous adsorbent (PSA beads) is being formed by the 
combination of geopolymer, SLS, and Ca-alginate.

Figure 6 displays the TGA analysis of the PSA beads, 
performed under a nitrogen atmosphere with the heating rate 
of 10 °C/min, covering the temperature range of 25 to 800 
°C. A total of 35% mass loss is observed in the three vis-
ible steps, i.e., 25–200 °C, 200–250 °C, and 540–600 °C. 
The first step is a slower mass loss, followed by a steeper 
mass abatement (that contributed for most of the mass deple-
tion), and the last step contributed for only up to 5% of the 

mass loss. The evaporation of water molecules trapped on 
the surface, and inside the PSA beads is represented by the 
first step of mass loss (Kondaveeti et al. 2022). The passive 
vaporization evidenced by the less steep TGA curve repre-
sents that water molecules are released from various points, 
e.g., surface, inside, and even from the geopolymer matrix 
as well. The second and third steps represent the pyrolysis 
of calcium alginate structure (Ahmad et al. 2023).

The PZC analysis of the PSA beads is depicted in Fig. 7, 
and the measured pHpzc value is 7.448 computed by employ-
ing the average of the points that remained constant for the 
final pH. At this specific pH level, the positive surface sites 
attain a charge equilibrium with the negative ones, resulting 
in a neutral surface charge (zero charge). This parameter 
holds significance as it facilitates the evaluation of the pH’s 
influence on the adsorption process by forecasting the adsor-
bent surface charge relative to pH. In a solution, the sorbent 

Fig. 5   BET isotherm results of PSA beads

Fig. 6   TGA analysis of PSA beads under nitrogen environment

Fig. 7   pHpzc Analysis of the PSA beads using pH method
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surface carries a negative charge, allowing interaction with 
positive species when pH exceeds pHpzc. Conversely, when 
the pH is below pHpzc, the solid surface acquires a positive 
charge, enabling interaction with negative species (Yasir 
et al. 2022).

Adsorption study

Effect of type of adsorbent

Figure 8 represents the adsorption capacity of four differ-
ent adsorbents for 200 mg/L MB solution at pH7 for 300 
min. Calcium alginate beads prepared using ionotropic 
gelation of sodium alginate and calcium chloride adsorbed 
32.35 mg/g which was lowest among the four adsorbents. 
The MB adsorbed by PAGP, alginate-PAGP binary com-
posite, and PSA beads were 45.13, 55.50, and 95.82 mg/g, 
respectively. It is evident that the highest remediation of MB 
is achieved by PSA beads followed Alg-PAGP, PAGP, and 
alginate beads.

The experimental findings indicate an obvious trend in 
the methylene blue’s adsorption capability across various 
adsorbents compositions. Notably, the largest adsorption 
capacity within the compositions investigated was demon-
strated by the PSA beads, which showed the highest affin-
ity for MB. Subsequently, the alginate-geopolymer binary 
composite demonstrated a noteworthy adsorption capacity 
though lower than PSA beads. The geopolymer beads, on the 
other hand, showed a reduced adsorption capacity, suggest-
ing a weaker affinity for the methylene dye in comparison 
to the composite structures. Finally, among the composi-
tions studied, the alginate beads showed the least potential 
for MB’s adsorption. These results highlight how alginate, 
geopolymer, and SLS work synergistically, and they point 
to the possible uses in adsorption-based procedures like the 

treatment of wastewater or the elimination of dye from aque-
ous solutions.

Effect of pH

The effect of pH on adsorption of MB in terms of % removal 
and adsorption capacity on PSA beads is presented in Fig. 9. 
It is evident in the figure that almost above 95.15–96.65% 
MB removal is achieved at acidic, neutral, and alkaline pHs. 
Necessary to mention is that final pH of all samples after 
5 h of shaking was in the range of pH6 to pH8 represent-
ing that PSA beads normalized the pH to neutral pH. The 
acidic samples attained the final pHs in the range of 6–7.5, 
and the basic sample resulted into pH 7–8 depending on 
the initial pH of the samples. The adsorption capacity has 
shown a slight variation as a function of pH and remained 
in the range of 47–48.33 mg/g establishing that adsorbent 
is equally effective at acidic and alkaline pHs. The maxi-
mum adsorption capacity was achieved at pH 6–10, i.e., pH 
close to neutral pH of 7. This behavior of the PSA beads is 
explained based on the presence of phosphate species in the 
geopolymer. Phosphoric acid-based geopolymers are made 
up of repeating SiO4, AlO4, and PO4 units covalently linked 
via bridging oxygen atoms (Derouiche and Baklouti 2021). 
PAGPs are considered as neutral geopolymers compared to 
alkaline and alkali-activated geopolymers. The phosphate 
species are used as buffers that maintain the pH of the solu-
tion. Here, PAGP has played a buffering role by shifting 
the pH of the MB solution to neutral values (Gameiro et al. 
2021). The results demonstrate that PSA beads are effective 
at all pHs and can be effectively used in acidic, neutral, and 
basic environments. As the adsorption of the PSA beads is 
almost same at all pHs, therefore, adsorption study will be 
conducted at normal pH of the MB solution.

Two important factors to be determined in adsorption 
studies are adsorbent dosage and adsorbate concentrations. 

Fig. 8   Effect of combination of PAGP, Alg, and SLS on adsorption 
of MB Fig. 9   Effect of pH on MB adsorption on PSA beads
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Figure 10 shows the per cent removal and adsorption capac-
ity of the MB as a function of adsorbent dosage at a fixed 
MB concentration and volume. The results reveal that 
83.78 to 93.47% of MB was adsorbed by the PSA beads 
and with the increase of adsorbent amount, a slight increase 
in adsorption of MB is observed. There is a slight differ-
ence between the adsorptive removal of MB at 0.1-g and 
0.12-g dosages, i.e., 90.9 vs 93.47%. A decreasing trend 
is witnessed in the adsorption capacity of PSA at various 
adsorbent dosages. Maximum adsorption capacity of 69.82 
mg. g−1 was attained at adsorption dosage of 0.06 g. As 
the adsorption by both 0.1 g and 0.12 g are nearly identi-
cal, therefore, adsorbent dosage of 0.1 g was used in further 
studies being convenient in experimentation. Moreover, 
0.1 g adsorbed more than 90% of the MB dye. The rise in 
methylene blue adsorption (% removal) with an increased 
adsorbent dosage is attributed to the enhanced availability of 
active sites on the adsorbent material. As the dosage is ele-
vated, a larger number of adsorbent particles are introduced, 
providing additional binding sites for the effective capture 
and retention of methylene blue molecules. This intensified 
concentration of active sites improves the overall adsorption 
capacity, leading to a more pronounced removal of methyl-
ene blue from the solution. This correlation highlights the 
direct influence of adsorbent dosage on the efficiency of 
methylene blue adsorption, emphasizing its pivotal role in 
optimizing the adsorption process. The decline in adsorption 
capacity with an increase in adsorbent dosage indicates that 
0.06 g of PSA has reached its maximum adsorption capacity 
for MB, with further increments in adsorbent dosage yield-
ing minimal additional adsorption (Candamano et al. 2023; 
Ge et al. 2017).

Figure 11 is the graphic presentation of the effect of MB 
concentration on % removal and adsorption capacity of PSA 
beads. It is demonstrated that removal efficiency of PSA 
beads was 97.11%, 97.80%, and 96.38%, 97.06%, 97.39%, 
and 96.70% for 50 mg/L, 100 mg/L, 200 mg/L, 300 mg/L, 

400 mg/L, and 500 mg/L, respectively. On the other side, 
the adsorption capacity recorded was 24.28 mg. g−1, 48.90 
mg. g−1, 96.38 mg. g−1, 145.59 mg. g−1, 194.78 mg. g−1, 
and 241.75 mg. g−1 for 50 mg/L, 100 mg/L, 200 mg/L, 300 
mg/L, 400 mg/L, and 500 mg/L MB solution, respectively. 
A constant tendency in terms of %removal and an increas-
ing trend in terms of adsorption capacity is observed, in 
this study.

The variation in % removal owing to changing MB con-
centration is linked with the effect of increasing MB con-
centration and enhanced dye remediation ability of the 
adsorbent. The higher adsorption capacity at higher MB 
concentration is associated with driving force created by the 
higher concentration of MB that forces the MB into the PSA 
beads. It is also assumed that interaction between MB mol-
ecules is surpassed by the interaction between MB and PSA 
beads (Almas et al. 2022; Khan et al. 2015). Moreover, it 
also signifies the higher adsorption of MB using PSA beads.

Effect of time and temperature

The role of time and temperature is required to study kinetics 
and thermodynamics of the adsorption process. Figure 12 is 
the illustrative demonstration of the MB adsorption by PSA 
beads over a time interval of 300 min. A fast adsorption is 
observed in the start leading to 85.8% and 92.6% removal 
in first 15 and 30 min. In the next 270 min, the % adsorption 
increased to 98.1% showing an 12% increase for the total 
270 min of shaking. The adsorption capacity also abruptly 
increased in the first 30 min and then a minor variation is 
witnessed.

It is concluded that equilibrium has attained in 270–300 
min of time. This time is quite good compared to 2400 min 
reported previously for alumino silicate geopolymer-alginate 

Fig. 10   Impact of adsorbent dosage on MB adsorption PSA beads

Fig. 11   The effect of dye concentration on MB removal using PSA 
beads
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beads (Ge et al. 2017; Novais et al. 2019). This reduction in 
time may be linked with the addition of SLS to the geopoly-
mer system that reduced the surface tension of the alginate 
encapsulation. SLS is an anionic surfactant and helps in 
increasing the adsorption of cationic dyes, e.g., methylene 
blue (Almas et al. 2022). Initially, there is a swift rise in the 
adsorption capacity due to the elevated likelihood of meth-
ylene blue (MB) molecules taking up positions on the sites 
within the hydrogel beads and the surplus available active 
sites. As time progresses, the adsorption sites become filled, 
resulting in a reduced probability of interaction between MB 
and these sites. Consequently, the pace of adsorption pro-
gressively decelerates until reaching a state of equilibrium 
(Almas et al. 2022).

The impact of temperature on adsorptive removal of MB 
with the help of PSA beads is depicted in Fig. 13. It is very 
prominent in Fig. 13 that with the increase in temperature 
from 25 to 35 and 45 °C, there is a decreasing trend of the 
MB adsorption. 96.56%, 93.80%, and 90.91% of MB was 

adsorbed at 25 °C, 35 °C, and 45 °C, respectively. Like % 
removal, adsorption capacity of the PSA beads presented a 
decreasing pattern with elevation in the temperature. The 
results indicate that exothermic adsorption occurs, which 
decreases with an increase in temperature (Salvestrini et al. 
2022). Furthermore, at elevated temperatures, increased 
thermal energy disrupts the adsorption–desorption equilib-
rium, leading to a higher rate of methylene blue desorption 
from the adsorbent surface. The enhanced thermal motion 
weakens the attractive forces between the adsorbent and 
methylene blue molecules, reducing the overall adsorp-
tion capacity. Additionally, high temperatures can induce 
molecular changes in both the adsorbent and methylene blue, 
further influencing their interaction (Khapre et al. 2022). A 
similar trend has been reported in geopolymer-based adsor-
bent for MB removal (Khan et al. 2015; Nurddin et al. 2020; 
Siyal et al. 2018).

Isotherm study

The adsorption isotherms forecast whether and how the mol-
ecules of the adsorbate will interact with those of the adsor-
bent and reveal the details about the types of interactions. 
For determining the adsorption capacity at equilibrium and 
other adsorption-related parameters, 36 different types of 
adsorption isotherms have been developed (Mozaffar Majd 
et al. 2022). In this work, four well known isotherms, i.e., 
Langmuir, Freundlich, Temkin, and D-R isotherms are used. 
Figure 14(a, b, c, and d) represents the Langmuir, Freun-
dlich, Temkin, and D-R isotherm plots (based on Eqs. 7, 8, 
9, and 10) for adsorption of methylene blue on PSA beads. 
The concentration vs adsorption capacity data is plotted, and 
the best isotherm is found using degree of fitness (R2) of the 
linear fit of the experimental data. The calculated param-
eters based on Eqs. 7, 8, 9, and 10 are tabulated in the form 
of Table 2, and Langmuir isotherm fitted well compared to 
Freundlich, Temkin, and D-R isotherms. Langmuir isotherm 

Fig. 12   Effect of time on the adsorption of MB on PSA beads at 
Ci = 100 mg/L

Fig. 13   Effect of temperature on 
adsorption of methylene blue
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resulted in Qm, KL, and R2 values of 1666. 67 mg. g−1, 0.007 
L. mg−1, and 0.979, respectively. The degree of fitting (R2) 
produced by the linear fit of Freundlich, Temkin, and D-R 
isotherm were 0.974, 0.884, and 0.888, respectively. It is 
assumed, in Langmuir isotherm, that the adsorption is tak-
ing place on the homogeneous sites of the surface of adsor-
bent material resulting in monolayer adsorption process. 
Additionally, it is also assumed that adsorption and desorp-
tion processes are reversible. The best fitting of Langmuir 
isotherm of MB adsorption on PSA beads shows that PSA 
beads have homogenous sites where all adsorption sites have 
similar energy (Almas et al. 2022; Candamano et al. 2023; 
Khan et al. 2015). Moreover, the nature of interaction is 
chemisorption based on interactions between cationic dye 
(MB) and phosphoric acid-based geopolymers, alginate, and 
lauryl sulfate anions. PAGPS have polar Al–O, Si–O, and 
P–O bonds with the oxygen having partial negative charge. 
This partial negative charge and oxygen’s lone pairs interacts 
with MB dye. Similar findings regarding MB adsorption on 

Fig. 14   Isotherm study of MB 
adsorption using PSA beads. a 
Langmuir isotherm. b Fre-
undlich isotherm. c Temkin 
isotherm. d DR isotherm d RL 
vs Ce

Table 2   Isotherm data obtained from conc vs adsorption capacity 
plots using Langmuir, Freundlich, and Temkin isotherms given in 
Fig. 13

Isotherm Parameters Values

Langmuir Qm (mg. g−1) 1666.66
KL (L. mg−1) 0.0077
R2 0.979

Freundlich KF (mg(1−n).Ln.g−1) 18.993
n 1.0824
R2 0.974

Temkin A (L. g−1) 0.686
B (J. mol−1) 44.294
R2 0.888

D-R isotherm Qs (mg. g−1) 167.50
R2 0.884
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geopolymers and alginates were observed in some previous 
studies, as well (Almas et al. 2022; Khan et al. 2015).

It is worth mentioning that the value of n obtained using 
the Freundlich isotherm is 1.08, which exceeds 1. In Freun-
dlich isotherm, n value gives very important insight about 
the favorability of the adsorption process and the nature of 
adsorption. If n = 1, there is a linear adsorption with uni-
form adsorption process; on the other hand, n > 1 represents 
that with an increasing concentration of the MB in the solu-
tion, the adsorption capacity of the adsorbent experiences a 
more pronounced rise (Kumar and Tamilarasan 2013). This 
behavior is commonly linked with the robust interactions 
between the adsorbate and adsorbent, as well as the occur-
rence of multilayer adsorption. Moreover, it also supports 
that chemisorption and multilayer adsorption is taking place. 
Whereas, n < 1 and n = 0 represents unfavorable and revers-
ible adsorption processes (Khan et al. 2013).

Figure 14(e) represents the variation of the separation 
factor (RL) with dye,s initial concentration, calculated using 
Eq. 11. An RL value between 0 and 1 is indicative of favora-
ble adsorption, where the degree of favorability increases as 
the RL value approaches 0 (Kumar and Tamilarasan 2013). 
PSA beads exhibit RL values ranging from 0.720 to 0.748, 
indicating that the adsorption of MB on the PSA surface is 
undeniably favorable. The lower end of the range i.e., 0.720 
suggests a higher degree of favorability, while the upper end 

of 0.748 indicates favorable adsorption but with a slightly 
lesser degree (Kumar and Tamilarasan 2013).

Kinetics study

Adsorption kinetics study is important because it offers 
insights about the process of adsorption, the effectiveness 
of that process, and their potential applications in industry. 
In this study, Lagergren pseudo-first-order, and pseudo-
second-order models were used, and the results are plotted 
in Fig. 15(a and b) (Lagergren 1898). The validity of the 
models was established using extent of fitting (R2) of the 
linear fit of the data. As evident in Fig. 15b and Table 3, PSO 
model fitted well with R2 of 0.999, whereas PFO model’s 
R2 is 0.833. Besides the high R2, the calculated adsorption 
capacity using PSO (48.076 mg. g−1) closely agreed with 
experimental Qe (48.902 mg. g−1). The observation that 
the adsorption of methylene blue on PSA beads follows the 
PSO kinetics model signifies that the adsorption process is 
likely driven by chemisorption, indicating strong interac-
tions between the MB and PSA beads. Moreover, it implies 
that the rate-limiting step of the adsorption process involves 
the interaction between the MB and PSA beads, with the 
assumption that the MB binds chemically to the adsorbent 
surface (Aouan et al. 2023; Khan et al. 2015).

Fig. 15   Kinetics study of MB 
on PSA beads. a PFO model. 
b PSO model. c IPD model. d 
LFD model
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As discussed earlier, the PSA beads have SLS, PAGP, 
and alginate structures, and they interact with cationic meth-
ylene blue molecules stabilizing its charges. It is assumed 
that chemisorption in MB-PSA system is a combination of 
following types of interactions.

(a)	 Interaction between MB and tetrahedral AlO4, SiO4, 
and PO4 units of PAGP (Khan et al. 2015).

(b)	 Ion exchange between MB cation and anionic part of 
SLS.

(c)	 Physical interactions between MB cation and Ca-algi-
nate

(d)	 Hydrogen bonding between nitrogen atoms of MB and 
surface silanol, aluminol groups (Aouan et al. 2023; 
Candamano et al. 2023; Khan et al. 2015; Siyal et al. 
2018)

Owing to the multiple interactions, more MB is 
removed by PSA beads despite their lower surface area. 
The findings of the present study agree with previously 
reported literature of MB adsorption on geopolymers as 
PSO model kinetics is followed by MB adsorption on 
geopolymers (Aouan et al. 2023; Khan et al. 2015; Siyal 
et al. 2018). Alkali-activated geopolymers and PAGPs 
both followed PSO model kinetics with R2 values of 0.99. 
Similarly, alginate beads-based adsorbents used for MB 
adsorption also adopted PSO kinetics (Al-Ghouti and Al-
Absi 2020, Liu et al. 2016).

Intraparticle diffusion model and liquid film diffusion 
models are given in Fig. 15c and d, respectively. Single 
fitting IPD model (in the in plot) produced a linear fit of 
R2 = 0.703 when IPD model was applied on the whole data, 
representing that single step IPD model is not followed by 
PSA-MB system. Intraparticle diffusion was not the primary 
rate-limiting process as qt against t1/2 did not pass through (0, 
0) as postulated by many researchers (Mosoarca et al. 2020; 
Wang and Guo 2022; Zhuo et al. 2022). A two-stage IPD fit-
ting, given in Fig. 15c, clearly demonstrates that adsorption 
process has taken place in two steps, the first step is faster 
with R2 of 0.990 and KIPD value of 0.0659 mg. g−1.s−1/2. 
The second is having lower R2 of 0.968 and interparticle 
diffusion rate of 0.1335 mg. g−1.s−1/2. The thickness of the 
boundary layer is indicated by the intercept value of the IPD 

model; the larger the intercept value, the more significant is 
the boundary layer’s impact (El-Ashtoukhy et al. 2008). It 
is concluded that two-step-IPD is a dominant mechanism 
in this adsorption process (Kumar and Tamilarasan 2013; 
Mohamed et al. 2022; Wang and Guo 2022; Zhuo et al. 
2022). Liquid film deposition model is described in Fig. 15d, 
and the data obtained is given in Table 3. The extent of fit-
ting indicated by R2 (0.831) confirms that LFD mechanism 
is not dominantly followed.

Thermodynamics study

Thermodynamics study of the adsorption processes sheds 
a spotlight on the fundamental forces and mechanisms that 
control the interaction of the adsorbate molecules with 
adsorbent surfaces. An in-depth understanding of the driv-
ing forces behind adsorption can be captured through a 
thermodynamic lens, enabling us to interpret equilibrium 
dynamics. Kc calculated using Eq. 12 was plotted against 
the temperature and is presented in Fig. 16, and the thermo-
dynamics parameters, i.e., ΔH, ΔG, and ΔS were obtained 
using Eqs. 13 and 14 (Table 4).

The values obtained for change in enthalpy, Gibbs free 
energy, and entropy of the adsorption system are − 40.747 

Table 3   Kinetics study’s data 
obtained from MB adsorption 
by PSA beads

Q
(mg. g−1)

Qe, Cal
(mg. g−1)

k1(PFO)
(min−1)

k2(PSO)
(min−1)

kIPD
(mg. g−1 s−1/2)

kLFD
(mg. g−1.min−1)

R2

PFO 48.902 2.60 0.0066 0.833
PSO 48.902 48.076 0.0039 0.999
IPD step 01 48.902 0.0659 40.178 0.990
IPD step 02 48.902 0.1335 30.119
LFD 48.902 0.0140 0.831

Fig. 16   The plot of linear correlation between the van’t Hoff equation 
and temperature used for the adsorption of MB-dye on PSA beads
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kJ. mol−1, − 8.198 to − 6.014 kJ. mol−1, and − 109.171 J. 
mol−1K−1. The change in enthalpy (ΔH) is negative, indi-
cating an exothermic adsorption process. The change in 
Gibbs free energy (ΔG) also displays a negative value for 
MB adsorption on PSA, indicating the spontaneous nature 
of the adsorption reaction (Khan et al. 2015). Similarly, the 
progression of adsorption is marked by negative entropy 
change (ΔS) values, implying a reduction in the inherent 
randomness at the interface between the PSA composite 
and dye solution (Aouan et al. 2023; Mosoarca et al. 2020; 
Salvestrini et al. 2022).

Desorption and reuse study

Figure  17 a represents the regeneration of PSA beads 
and the amount of MB recovered from PSA beads using 
ethanol, isopropanol, 1 M HCl solution, and 1 M NaOH 

solution over a time of 120 min. The % desorption data 
reveals that 70.85%, 19.32%, 11.54%, and 7.51% of MB 
were desorbed using ethanol, isopropanol, 1 M HCl solu-
tion, and 1 M NaOH solution, respectively. Based on the 
amount of MB desorbed 137.44 mg/L, 37.49 mg/L, 22.41 
mg/L, and 14.57 mg/L of MB was successfully desorbed 
out PSA beads using ethanol, isopropanol, 1 M HCl, 1 M 
NaOH solutions, respectively. The desorption of MB, using 
ethanol as solvent, over a period of 120 min is presented 
in Fig. 17b representing that 137.44 mg/L of MB was suc-
cessfully desorbed in 120 min.

The trend in desorption of MB, shown in Fig.  17, 
agrees with the solubility data of methylene blue in vari-
ous organic and inorganic solvents. Ethanol is used as a 
solvent of choice for regeneration of spent adsorbents used 
for decolourization of MB-contaminated water. Due to the 
volatile nature of ethanol, ethanol can be easily recovered 
using low temperature distillation process (Salimi and 
Roosta 2019). This process will contribute to successful 
re-use of both ethanol and MB. The PSA beads were suc-
cessfully reused for five cycles as given in Fig. 17c. There 
is slight decrease in adsorption of the MB on regenerated 
PSA compared to freshly prepared one. This decrease in 
MB adsorption indicates the non availability of some of the 
adsorption site as all MB did not desorb during desorption 
process.

Table 4   Thermodynamics parameters obtained in this study

T
(°C)

ΔH
kJ. mol−1

ΔG
kJ. mol−1

ΔS
(J. mol−1K−1)

R2

25  − 40.747  − 8.198  − 109.171 0.990
35  − 7.106 0.990
45  − 6.014 0.990

Fig. 17   Regeneration of PSA 
adsorbent. a Amount of dye 
desorbed by various solvents. 
b Desorption using ethanol vs 
time. c Re-use of PSA beads for 
5 cycles
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Adsorption mechanism

The adsorption mechanism can be established using kinetics, 
isotherm, and thermodynamics parameters obtained by anal-
ysis of the adsorption data. As discussed in early sections, 
the MB adsorption on PSA beads seems to be chemisorp-
tion. The finding is supported by good fitting of Langmuir 
isotherm, PSO kinetics, and negative enthalpy change during 
adsorption process. There are three types of interactions as 
given in following reactions. PAGP has negatively charges 
aluminum and positively phosphorus atoms, and these atoms 
will have strong interactions with MB molecules as shown 
in reaction Scheme 01 (He et al. 2016; Khan et al. 2015). 

The second type of interaction is the stronger attractions 
between the carboxylate anion of alginate with MB+ cation 
as given in reaction Scheme 2 (Almas et al. 2022; Durrani 
et al. 2022). The third interaction is between sulfate anion 
of SLS and MB+ cation as given in Scheme 3. This attrac-
tion may be an ionic type as suggested in previous studies 
(Almas et al. 2022). Besides these interactions, some weak 
interaction between non bonded electron pairs of nitrogen 
and sulfur of MB molecules with positive poles of the algi-
nate, PAGP, and SLS may exist in these molecules e.g., elec-
trostatic attraction, hydrogen bonding, and π–π interactions 
(Sun et al. 2022).

Scheme 1    Attraction of nega-
tively charged aluminum and 
positively charged phospho-
rus atoms of PAGP with MB 
molecules

Scheme 2   The interaction 
between the carboxylate anion 
of alginate with MB+ cation

Scheme 3   The interaction 
between sulfate anion of SLS 
and MB+ cation
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Comparison with previous studies

The adsorptive removal of MB using PSA beads is com-
pared with some of the recent literature reported. Adsorption 
capacity (mg/g) is considered as the litmus test to estimate 
the efficiency of an adsorbent. in previous works adsorp-
tion capacity in the range of 2.94–71.4 mg/g is achieved by 
various types of geopolymers, geopolymer foams, and their 
composites, etc., as given in Table 5. The adsorption capac-
ity achieved by PSA beads is many fold higher than those 
of the previously reported geopolymer and its composites. 
The nature of adsorption did not change, as like previous 
studies Langmuir isotherm and PSO kinetics fitted well on 
the adsorption data (Khan et al. 2015). The comparison indi-
cates that PSA beads are more effective than various forms 
of geopolymers, e.g., alkali-activated geopolymers, phos-
phoric acid-activated geopolymers, geopolymer foam, and 
3D-printed geopolymers. As discussed in previous sections, 
the addition of alginate and SLS resulted in greater enhance-
ment of the adsorption capacity of PSA beads. SLS function-
alization of the geopolymer and its composites resulted in 
enhanced adsorption of MB.

Conclusions

It is concluded that phosphoric acid geopolymer-SLS-algi-
nate beads have potential to be used as effective adsorbent for 
methylene blue adsorption. The beads demonstrate effective 
utilization across a broad pH range, with a preference for 
neutral pH, given the point of zero charge for the PSA beads 

is 7.4. Achieving equilibrium takes approximately 270 min, 
and a noteworthy trend emerges with temperature variations: 
there is a remarkable decline in adsorption as temperatures 
increase. The adsorption capacity increases with increasing 
dyes concentration as PSA adsorbed 241.14 mg/g of MB 
at 500 mg/L, 95.81 mg/g at 200 mg/L, and 48.85 mg/g at 
100 mg/L concentration. PSA beads have porous structure, 
amorphous nature, and good thermal stability. The adsorp-
tion process follows PSO kinetics (R2 = 0.999) and Langmuir 
isotherm (Q = 1666.66 mg/g and R2 = 0.98). A two-step IPD 
process governs the process of adsorption: first fast step till 
30 min followed by slower till 300 min. The adsorption pro-
cess is thermodynamically exothermic (ΔH =  − 40.47 kj/
mol) and energetically favorable (ΔG =  − 8.198 to − 6.014 
kJ. mol−1). The spent PSA beads can be easily regenerated 
using ethanol as solvent over a period of 120 min and reused 
for multiple times. The nature of adsorption is chemosorption 
where methylene blue reacts with PAGP, calcium alginate, 
and SLS as confirmed by PSO and IPD models.

Research on the effects of different surfactants, such 
as cationic, anionic, and neutral surfactants, is recom-
mended. Additional biopolymers, such as chitosan and 
lignin, should be included in the future study. Finally, 
additional new contaminants such pesticides, pharmaceu-
ticals, microplastics, and organic compounds may be the 
focus of this effort in the future.
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Hypergolic coal gangue Geopolymer Alkaline 9.4 Langmuir PSO (Li et al. 2023)
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