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a b s t r a c t
Seawater-based geopolymer (SGP) made from coal fly ash was experimented as a sorbent for the 
removal of methylene blue using batch sorption process from wastewater. Elemental composition and 
surface profile of SGP was characterized by different analytical methods such as scanning electron 
microscopy with energy-dispersive X-ray spectroscopy, Fourier-transform infrared spectroscopy, 
Brunauer–Emmet–Teller, X-ray fluorescence, and X-ray diffraction analysis. The effect of variables 
such as solution pH (2–12), the point of zero charge, the contact time, initial dye concentrations 
(10, 20, and 30 mg/L), SGP dosage (0.01–0.1 g/L), and the temperature (30°C, 40°C and 50°C) was 
considered to establish optimal experimental conditions. Isotherm experimental result concludes that 
the Langmuir isotherm suits well than Freundlich isotherm. Results showed that the system forms 
homogeneous, monolayer with adsorption capacity (59.52 mg/g) by SGP. The kinetic results confirm 
that the pseudo-second-order sorption well-suited model. The negative values of enthalpy, Gibb’s free 
energy, and entropy reveal that the sorption is exothermic, favorable, and spontaneous with ordered 
arrangement on the SGP surface. SGP adsorbent was successfully reused up to four cycles and can be 
considered efficient.
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1. Introduction

Dye manufacturing and textile finishing industries let off 
various dyes and pigments untreated in rivers and streams. 
Organic dyes are extensively used in many activities pertain-
ing to industries such as the coloring process in textile, paper, 
leather, printing and dyeing sector, food, and cosmetics [1]. 
It is reported that around 100,000 types of different dyes are 
manufactured annually with a total quantity of 7 × 105 met-
ric tons out of which approximately 100 tons/year are sent 
out in wastewater [2]. During the dyeing process, the textile 
industry is the most significant generator of dye effluents. It 
is estimated that 10%–15% of the dyes do not attach to the 
fibers and thus remain in the dye bath [3], and 2%–20% are 

directly released into aqueous effluents leading to the water 
bodies [4].

The methylene blue (MB) is a heterocyclic aromatic 
cationic dye belonging to the thiazine family and carries a 
positive charge in its molecular structure. MB is commonly 
used in paper and textile industries, which causes harmful 
effects to human beings; even though it is not categorized as 
hazardous, it is acute for living beings [5]. However, all the 
dyes are harmful pollutants due to their stability in light, heat, 
and little biodegradation [6–8] or resistant to environmental 
conditions. Adverse effects include eye irritation, vomiting, 
diarrhea and jaundice [3], increased heart rate, cyanosis, and 
tissue necrosis in human beings [9]. Therefore, the removal of 
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MB from effluents before its deliverance into the water bod-
ies is prominently essential and needs high priority action.

Various techniques such as adsorption, chemical precip-
itation, flocculation–coagulation, electrochemical treatment, 
and ozonation have been adopted for removing water-soluble 
organic dye-holding wastewater [7,10,11]. Though differ-
ent methods are available for dye remediation from textile 
effluents, adsorption is considered the most essential and 
alternative admirable technique compared with other meth-
ods [12,13]. Commercially activated carbon is a very active 
adsorbent but more expensive compared with other adsor-
bents [14]. Many researchers have recommended a few more 
inexpensive adsorbents such as halloysite [10], kaolin [15], 
pine wood ships [1], red clay [16], and bentonite [17]. Coal 
fly ash (CFA) is an industrial solid waste liberated by ther-
mal power plants, which increased all over the world, and in 
India it was about 175 million tons in 2016. This vast quantity 
creates severe environmental and economic problems [18] 
and significant challenges in transforming CFA into an effi-
cient and useful material [19–22]. CFA contains a consider-
able amount of cheap and readily available aluminosilicates 
with Si and Al source for the manufacturing of zeolites [23] 
and geopolymers [24,15].

Geopolymers are amorphous semi-crystalline struc-
tures [25] formed by a chemical reaction between the Si and 
Al-enriched materials (aluminosilicates) with a mixture of 
alkali metal solutions yielding the polymeric structures of 
Si–O–Al bonds [26,27]. The alkali metal ions (such as Na+ 
or K+) occupying the voids of the structure to equalize the 
negative charge of Si and Al [28]. CFA is dissolved briskly 
into the alkali activator solutions (AAS) resulting in free 
SiO4 and AlO4 tetrahedral structure units by sharing the oxy-
gen atoms and leading to inorganic geopolymer products 
(–Si–Al– or–Si–Al–Si–).

Aluminosilicates are reformed into the cementitious 
material (geopolymer) and used as a cost-effective adsorbent 
for metal [28,29] and dye elimination [30,31] for improved 
adsorption capacities. In order to synthesize geopolymer, 
mainly from CFA, some other industrial wastes such as 
metakaolin [32], blast furnace slag [33], rice husk [34], and 
bottom ash (BA) [35] can also be used as raw materials . 
Therefore, geopolymers are seemed to be suitable materi-
als for adsorption. Promising research studies reported that 
comparing with other adsorbents, the application of geo-
polymers achieves superiority in the removal of MB from 
aqueous media due to their porous structure, safe to use, and 
does not require any pre-treatment for the elimination of pol-
lutants [31].

In this research, the objective is to synthesize seawa-
ter-based geopolymer (SGP) from different industrial solid 
wastes using seawater for the removal of MB and reusability 
of adsorbent from the aqueous system. There is considerable 
interest among the researchers on the effect of seawater on 
geopolymers, as 97% of the earth’s water is in the sea. There 
is not much literature for removal of MB from wastewater 
using SGP as an adsorbent to the best our knowledge. Hence, 
this investigation evaluates the adsorption behavior onto 
SGP adsorbent. Various analytical characterization meth-
ods were adopted to explore the physicochemical proper-
ties of raw and MB-containing adsorbent. The pH effect on 
the adsorption of MB by SGP was evaluated from 2 to 12. 

Equilibrium isotherms were built at 30°C, 40°C, and 50°C. 
Adsorption kinetics linear curves were obtained at 10, 20, 
and 30 mg/L. The thermodynamic studies, desorption, and 
reutilization were also performed.

2. Materials and methods

2.1. Raw materials

The CFA F and BA procured from Tuticorin Thermal 
Power Station, India, was used as waste materials. 
Ground-granulated blast-furnace slag (GGBS) was obtained 
from Bellary Steels and Alloys Ltd., Bellary, Karnataka. 
Laboratory reagent NaOH (97% pure) was used. Sodium sil-
icate was obtained from Kuttuva Silicates Pvt. Ltd., Madurai, 
Tamil Nadu. The molarity of NaOH solution was kept con-
stant (6 M). The mixture of seawater, NaOH, and sodium 
silicate was selected as the alkaline liquid (AAS), the source 
of silica. All the solid particles of the mixture viz. CFA, BA, 
GGBS, and NaOH pellets ratio were optimized as per the 
factorial mix design. The cationic dye MB (λmax = 664 nm, 
molecular weight = 319.86 g/mol, and molecular formula = 
C16H18N3SCl.3H2O) was an adsorbate in this study and was 
bought from S.D. Fine Chem. Pvt. Ltd., India. The synthetic 
aqueous solution of MB was prepared by dissolving 
1,000 mg/L of distilled water. The working solution was pre-
pared from the stock solution of various concentrations for 
adsorption experiments.

2.2. Synthesis and characterization of SGP

A high alkaline activating solution was made by 
dissolving solid pellets of sodium hydroxide (6 M) into the 
sodium silicate solution and dissolved in seawater (36 mL). 
This mixture is known as AAS. AAS was then allowed to 
cool and equilibrate for 24 h as it is an exothermic reaction. 
Similarly, the combination of 20% of CFA with 20% of GGBS 
and the remaining 60% of BA as filler material was weighed. 
The chemical composition of sodium silicate solution was 
Na2O = 15.23% and SiO2 = 35.67% by mass, and the remain-
ing is seawater, and the molar ratio (SiO2/Na2O) was found 
to be 2.34. All the reagents were used without purification. 
SGP adsorbent was prepared by mixing AAS (NaOH, 6.33 g; 
Na2SiO3, 72.33 g; and seawater, 36 mL) with the industrial 
waste (CFA, 100g; GGBS, 100 g; and BA, 303.33 g), made into 
slurry, and cast as pellets. After 28 d, the hardened paste was 
crushed well and used for further adsorption studies.

A proximate study was carried out to assess the density, 
moisture, and loss of ignition (LOI) of SGP adsorbent. The 
CFA, SGP, and MB-loaded SGP were analyzed by scanning 
electron microscope (SEM, Vega3, Tescan, Czech Republic) 
to characterize surface morphology of raw fly ash, coupled 
with energy-dispersive X-ray (EDX, Bruker nano GmbH, 
D-12489, Germany), in accelerating voltage 0–30 kV. The 
samples of CFA, BA, and GGBS were analyzed by X-ray flu-
orescence (XRF) to find the chemical composition. The major 
functional groups, present in samples were recorded by 
Fourier-transform infrared (FTIR) spectra with wavenumber 
in the range of 4,000–400 cm–1. The Brunauer–Emmet–Teller 
(BET) method is performed to determine the specific surface 
area. The pore size distributions were obtained from the N2 
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adsorption isotherms by using the Barrett–Joyner–Halenda 
(BJH) model. X-ray diffraction (XRD) was carried out to 
study the phases of geopolymer in the range of 2θ–80θ.

2.3. Batch adsorption experiments

Batch experiments were performed to assess the 
influence of contact time and dosage of the SGP adsorbent. 
The effect of contact time was experimented by different time 
intervals of SGP (5, 10, 15, 20, 25, 30, 40, 45, 50, 60, 90, 120, 
150, and 180 min) with 50 ml solution of 10 mg/L. The effect 
of dosage was studied by varying the dosage of SGP (from 
0.01 to 0.1 g/L) with 10 mg/L of dye concentration for 90 min. 
The effect of initial dye concentration (10, 20, and 30 mg/L) 
and initial pH (from 2 to 12) of the solution was studied, and 
the desired pH of the solution was altered using 0.1 M HCl 
and 0.1 M NaOH. After the equilibrium time, the samples 
were taken away at different time periods and centrifuged at 
3,600 rpm for 5 min. The supernatant MB solution was ana-
lyzed using a UV–visible spectrophotometer (PerkinElmer 
Lambda 35, Singapore) at 664 nm against a standard calibra-
tion curve. The percentage of MB removal efficiency, the quan-
tity of MB uptake at any time (qt), and equilibrium adsorption 
capacity (qe) can be found by Eqs. (1)–(3), respectively:
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where C0 and Ce (mg/L) are primary and equilibrium 
concentrations of MB in solution, respectively; qt (mg/g) is 
adsorption capacity at specific time; Ct is remaining MB con-
centration at time t; qe (mg/g) is amount of MB adsorbed per 
unit mass of adsorbent at equilibrium time; m (g/L) is mass 
of the adsorbent dosage; and V (L) is volume of MB solution.

The kinetic experiments were employed with different 
initial concentrations of dye (10–30 mg/L) agitating at the 
rate of 150 rpm using orbital shaking incubator for optimized 
contact period and temperature. The effect of dye concentra-
tion can be utilized for the adsorption of equilibrium study. 
The thermodynamic parameters were calculated from the 
experimental results of temperature study (30°C, 40°C, and 
50°C). All the batch tests were conducted at room tempera-
ture (27°C ± 1°C) without pH adjustment.

2.4. Adsorption kinetics and isotherm models

Adsorption kinetic method was assessed in this study to 
evaluate the rate of adsorption. The kinetic adsorption pro-
cess was analyzed by adopting three familiar kinetic mod-
els such as intraparticle diffusion, and pseudo-first-order 
and pseudo-second-order models. These kinetics studies 
are widely used in many kinds of literature to understand 
the process in the sorption of metal and dye [36,37,3]. 
The pertinence of these kinetics was examined in this study to 

calculate the rate of adsorption in SGP. The linear equations 
of pseudo-first-order and pseudo-second-order equations 
are listed as Eqs. (4) and (5), respectively [38]:
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Where qe and qt (mg/g) are the adsorption capacities at 
equilibrium and at time t, respectively; and k1 (min–1) and 
k2 (g/mg min) are rate constants of pseudo-first-order and 
pseudo-second-order adsorptions, respectively. The plot of 
pseudo-first-order [log (qe–qt) vs. t] and pseudo-second-order 
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was illustrated for all the dye concentration, and 

the values of k1, k2, and qe,cal were computed from the slope 
and intercept, respectively. A plot of qt vs. t1/2 was portrayed 
for all the dye concentration, revealing the boundary layer 
effect. While the plot passes through the origin, the intrapar-
ticle diffusion is the rate-controlling step. Otherwise, some 
other kinetic mechanism may intricate the adsorption. The 
intraparticle equation [39] is stated as linear Eq. (6):

q k t Ct = +id

1
2 � (6)

The values of kid (g/mg min1/2) are intraparticle rate con-
stant; and C is the intercept computed from the slope and 
intercept.

Adsorption isotherm was explored in this study for 
understanding the interaction between the adsorbent and 
adsorbate. The adsorption coverage capacity of MB on SGP 
was determined using the following isotherm models [21,29].

Langmuir isotherm is vital for this study and widely used 
for the illustrating dye adsorption at the interfaces of solid/
liquid. This isotherm suggests that all adsorption surfaces are 
identical and limited by mono-coverage adsorption capac-
ity. The linear fashion of Langmuir isotherm model [40] is 
expressed as follows in Eq. (7):

1 1 1 1
q q bC qe e
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max max

� (7)

where b is the Langmuir equilibrium constant that indi-
cates heat of adsorption; and qmax is the maximum mono-

layer adsorption capacity. A plot of 
1 1
q Ce e

vs.  was drawn 

for Langmuir isotherm model for various dye concentrations 
(10, 20, and 30 mg/L) at 30°C. The values of Langmuir con-
stant (b) and adsorption ability (qmax) were evaluated from 
the slope and intercept, respectively. Langmuir isotherm also 
establishes the viability of adsorption process and stated in 
terms of Langmuir separation factor (RL) and represented as 
shown in Eq. (8):

R
bCL = +
1

1 0
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The Freundlich isotherm assumes that the adsorption 
surfaces show heterogeneity while its surface energies 
are varying with surface coverage. The linear Freundlich 
isotherm model [9] is represented by the following Eq. (9):

log log logq
n

C Ke = +
1

� (9)

where log qe is the amount of dye adsorbed per unit mass of 
adsorbent; log C is the equilibrium concentration of adsor-
bent; and K is the adsorption capacity constant. A plot of log 
qe vs. log C, n, and K corresponds to intercept, and slope of 
the linear plot was found for various dye concentration (10, 
20, and 30 mg/L) at optimum temperature. Thermodynamic 
parameters reveal that the change in free energy (ΔG°), 
entropy (ΔS°), and enthalpy (ΔH°) of adsorption for MB onto 
SGP was determined using the following Eq. (10) [28]:
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The plot of lnK
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1vs.  will give a straight line, and 

values of ∆ °H
R

 and 
∆ °S
R

 can be evaluated from the intercept 
and slope, respectively. T (K) is absolute temperature; K0 is 
equilibrium constant; and R (8.314 J/mol K) is gas constant. 
ΔH° is change in enthalpy; ΔG° is standard Gibbs free energy 
change; and ΔS° is change in entropy. The Gibbs free energy 
change (ΔG°) will be obtained from Eq. (11) [28]:

∆ ∆ ∆G H T S  = − � (11)

The reusability property of MB-dye bearing SGP was 
performed with 0.1M of glacial acetic acid at optimal 
conditions.

3. Results and discussion

3.1. Physicochemical properties and characterization of SGP

Proximate testing was executed to assess the moisture, 
LOI, and density of SGP. About 2 g of adsorbent was kept at 
110°C for 60 min and 600°C for 3 h in a hot air oven to esti-
mate the moisture and LOI content, respectively, by Eq. (12):

Moisture and LOI content ( ) = 1002 3
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W W
W W

−
−

× � (12)

where W1 is mass of the empty silica crucible; W2 is weight of 
the silica crucible plus adsorbent; and W3 is mass of the silica 
crucible plus after dried SGP. The density of the SGP was 
calculated by mass/volume.

From Table 1, it is evident that the SGP after geopolymer-
ization, the moisture and LOI content plays a significant role 
in the formation of geopolymeric framework by increasing 
the polymerization. The composition of CFA, BA, and GGBS 
was determined by XRF. The properties and compositions of 
significant metal ions in seawater are listed in Table 2.

3.1.1. Surface morphology and BET analysis

SEM was performed to analyze the microstructure 
of CFA, pre-, and post-adsorbed MB on SGP (Fig. 1). The 
received CFA (Fig. 1(a)) consists of hollow, glassy, spherical 
particles known as cenospheres (thin-walled, hollow spheres) 
confirming that they are from bituminous coal. Although the 
fly ash particles were mostly the same, variations in shape 
from angular to round did exist with some crystals of mullite 
and iron [21].

Duxson et al. [41] investigated geopolymers with 
Si/Al ≥ 1.65; they seemed homogeneous with porosity scat-
tered in small pores mainly when Si/Al is 1.73 as observed 
from SGP micrograph (Fig. 1(b)). In polymerization, when 
the concentration of NaOH is more, smaller units of spheri-
cal CFA merged and formed as a significant mass of gel [42]. 
Higher dosage of GGBS in geopolymer paste mixes helps to 

Table 1
Physicochemical properties of CFA, BA, and GGBS

Composition of CFA, BA, and GGBS determined by XRF Physical properties of SGP
Mass percentage 
of oxides

SiO2 Al2O3 Fe2O3 CaO SO3 FeO MgO Others Property Value

CFA 53.3 29.5 10.7 7.6 1.8 – – – Moisture 4.10%
BA 56.76 21.34 5.98 2.88 0.72 – – – Density 1.34 g/cm3

GGBS 35.47 19.36 – 33.25 – 0.8 8.69 3.25 Loss of ignition 8.59%

Table 2
Properties of seawater analyzed by Geochemical Laboratory, 
Trichy

Parameters (mg/L) Value

Electrical conductivity 60,000
Alkalinity as CaCo3 120
Total dissolved solids 36,206
Total Hardness as CaCO3 7,600
HCO3

– 146
NO3

- 2
Cl– 20,561
Na+ 10,097
Mg2+ 1,835
SO4

2– 3,264
Ca2+ 22
K+ 352
F– 1.22
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Fig. 1. SEM and EDX images of (a) CFA, (b) SGP, and (c) MB-loaded SGP.
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build a denser structure [43] of geopolymer. There was high 
alkaline attack on the smaller CFA particles, which were 
trapped inside, and the larger ones were exposed along with 
some unreacted fly ash present on the SGP before the adsorp-
tion of MB. The partially reacted fly ash particles are bonded 
with geopolymeric gel (Fig. 1(b)). NaOH is distributed over 
the surface of the adsorbent due to dehydration of seawater.

The chlorides present in seawater (Table 2) in no way 
harm the structure in alkaline medium. The chloride anions 
are becoming trapped within the geopolymeric network 
[44]. The 3D structure of inorganic polymers shows Si and 
Al atoms as tightly bounded tetrahedral in the geopolymeric 
network, and the surface of the geopolymer gel is covered 
with MB dye molecules (Fig. 1(c)). From EDX analysis, 
Si/Al ratio was found to be 1.49, which was less as compared 
with SGP before adsorption by the surface active Si and Al 
elements that interact with MB dye.

The BA particles are much larger than CFA with an irreg-
ular structure. BA acts as a filler material during geopoly-
merization. They do not take part in the chemical reaction. 
However, the unreacted CFA and BA act as micro-aggregates 
in linking the paste. Apart from adhered water, the SGP 
pores tend to absorb water because of its mesoporous struc-
ture, which was confirmed by FTIR analysis.

SGP sample is tested for the surface area along with the 
distribution of pore size using BET analysis and BJH adsorp-
tion model [31]. The specific surface area of SGP is found to 
be 11.85 m2/g, and BJH adsorption cumulative pore volume is 
0.025 cm3/g for SGP. The SGP surface area (11.85 m2/g) is rel-
atively high when compared with the phosphoric acid-based 
geopolymer having surface area 2.28 m2/g [31]. The BJH pore 
volume of SGP is 0.025 cm³/g. This high surface area is sup-
plying more surface active sites on the adsorbent, resulting in 
improved adsorption capacity. The micro, meso, and macro-
pore size distribution of SGP is observed in Fig. 2, and its sur-
face topology properties such as specific surface area, pore 
volume, and size values were tabulated (Table 3).

The type IV isotherm with clearly manifested hyster-
esis loop H-1 (associated with capillary condensation) by 
IUPAC indicates the presence of the mesoporous struc-
ture with cylindrical pores. The hysteresis loop is type H2 
showing that there is a uniform pore diameter distribution. 

The average pore diameter of the adsorbent was 26 nm, sug-
gesting the existence of a mesoporous structure. The more 
specific surface area is supportive of the adsorbate molecules 
move toward the adsorbent surface active sites, which could 
enrich the adsorption efficiency. The total pore volume of 
SGP at P/Po = 0.95 was found as 0.026 cm3/g, signifying that 
SGP adsorbent has a capillary condensation in mesoporous 
structure and makes it favorable for MB dye to infiltrate into 
the mesoporous of adsorbent. P/P0 > 0.4, which is the direct 
evidence of the presence of mesopores is represented in Fig. 2.

3.1.2. FTIR analysis

The FTIR spectra of CFA, SGP, and MB dye-holding 
SGP are shown in Fig. 3. The spectra reveal the difference 
between the CFA and geopolymers [29,45]. The absorption 
bands exhibited at 3,045, 1,652–3,471, and 1,632–3,444 cm–1 
vibrations for CFA, SGP, and MB loaded on the geopolymer, 
respectively, corresponds to –OH bending and stretching 
vibrations due to hydration of seawater [35]. The fly ash peaks 
at 776 and 907 cm–1 are assigned to quartz and mullite [45], 
and noticeable changes were also observed for the SGP and 
MB loaded on the SGP. The existence of broad peak can be 
found for SGP at 2,700–3,600 cm–1 and for MB-loaded SGP at 
2,900–3,700 cm–1. The peaks get altered indicating the Si–OH 

Fig. 2. Surface area and pore analysis of SGP.

Table 3
Surface textural properties of SGP

Parameters SGP

Surface area BET surface area 11.85 m2/g
Micropore surface area 2.87 m2/g
Mesopore surface areaa 8.98 m2/g

Pore volume Total pore volume 0.026 cm3/g
Micropore volume 0.001 cm3/g
Mesopore volumeb 0.025 cm3/g

Pore size Average pore width 8.88 nm
aMesopore surface area = BET specific surface area−micropore 
surface area.
bMesopore volume = total pore volume−micropore volume.

Fig. 3. FTIR analysis of CFA, SGP, and MB-loaded SGP.
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(Silonal) groups with MB+ ion and formed SiO–MB [21]. The 
band 1,424 and 1,437 cm–1 ascribed in stretching vibrations 
of O–C–O bond in all the samples specifies the presence of 
sodium hydrogen carbonate [46].

The original CFA bands at 1,094 cm–1 correspond to 
asymmetric stretching vibrations of Si–O–Si and Al–O–Si, 
and shifting toward the lower wavenumber at 1,027 and 
1,033 cm–1 was due to the formation of new geopolymeric 
reaction [49]. The peaks at 857 and 779 cm–1 for SGP bend-
ing vibrations of Si–O–Si and O–Si–O to the existence of 
quartz affects the CFA. The peaks at 857 and 785 cm–1 for 
SGP on MB bending vibrations of Si–O–Si and O–Si–O 
specify the occurrence of mullite [47]. FTIR spectra indicate 
geopolymerization reaction leading to the formation of 
amorphous aluminosilicates.

3.1.3. XRD analysis

XRD analysis [33,43] of CFA and SGP (Fig. 4) samples 
mainly consists of both amorphous and crystalline phases 
dominated by hematite (Fe2O3), quartz (SiO2), magnetite, 
and mullite. In SGP, a new crystalline silicate compound was 
found along with amorphous gel when the NaOH concentra-
tion is high (6 M). A relatively higher level of geopolymer-
ization takes place in the adsorbent with seawater. The CFA 
particles readily dissociate in seawater-based AAS enabling 
in better geopolymerization.

The materialization of aluminosilicate hydrate gel 
depends on the concentration of alkali (NaOH). Figs. 1(a) 
and (b) EDX exhibit the association between the Si/Al ratio 
for CFA and SGP. The ratios of Si:Al was found to be 2.24:1 
for CFA and 1.73:1 for SGP. The Si/Al ratio decreased, and 
discharge of Si and Al occurs due to NaOH concentration. 
Somna et al. [48] reported that, at low NaOH concentration, 
the release of Si was higher than the release of Al. Hence, 
the formation of Al–O–Si bond is predominant rather than 
Si–O–Si leading to polymerization of aluminosilicate and sil-
icate in this high alkaline solution. The crystalline phase of 
SGP disappeared due to advanced geopolymerization with 
seawater when 2θ = 34 under high alkaline conditions (Fig. 4).

3.2. Batch experiments

3.2.1. Effect of adsorbent dosage

The influence of SGP dosage on the elimination of MB 
was investigated by varying the quantities of geopolymer 
dosage from 0.01 to 0.1 g/L into the flask having 50 mL of 
MB solution (10 mg/L) at 30°C. The samples were stirred 
continuously at 150 rpm for 90 min. Fig. 5(a) describes the 
percentage removal and adsorption capacity of MB. The 
color degradation increases from 23.51% to 83.49% as the 
adsorbent dosage increases because of the existence of active 
vacant sites on the adsorbent [49]. Further increase in the 
dosage makes the efficiency almost constant as the surface 
of the adsorbent becomes saturated. The adsorption capacity 
reduced from 235.10 to 83.49 mg/g when the adsorbent 
dosage increased due to lack of MB in aqueous solution. 
For an optimum dosage of 80 mg/L, the maximum MB 
removal and adsorption capacity correspond to 81.35% and 
101.70 mg/g at 30°C.

3.2.2. Effect of contact time and initial concentration

The performance of interaction time and initial dye 
concentration for the adsorptive removal of MB from aqueous 
solution was tested, and results are shown in Fig. 5(b). Dye 
uptake ability increased from 13.74% to 93.03% in 180 min. 
It gradually increases and attains the equilibrium time in 
90 min, and 88.05% removal is obtained (Fig. 5(b).). The 
percentage of MB color elimination decreased with increased 
initial dye concentration due to the mass transfer resistance 

Fig. 4. XRD analysis of CFA and SGP (Q, quartz; H, hematite; 
Mu, mullite; Ma, magnetite).

Fig. 5. Effect of (a) dosage and (b) initial dye concentrations on 
SGP.
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of MB in aqueous to the solid phase of the increased SGP 
(Fig. 5(b)). While the percentage of MB removal capacity was 
achieved to be 96.80% for 10 mg/L of initial dye concentration, 
this value was 74.06% and 62.96% for that of 20 and 30 mg/L 
dye concentration, respectively. At lower dye concentration, 
the removing capability of SGP was high due to the attraction 
of MB toward its mesoporous silicon surface with active gel. 
The elimination of MB was faster at first stages up to 90 min 
for all initial dye concentration studied. Beyond 90 min, the 
dye-removing capacity reached equilibrium.

During adsorption, a dynamic equilibrium exists 
in-between desorption and adsorption of MB after reaching 
the 90 min of interaction time. During initial adsorption, the 
MB dye interacted on the boundary layer by mass transfer. 
Later, the adsorbate slightly diffuses into the boundary layer, 
enters into the film on SGP, and diffuses into its porous struc-
ture. Then they slowly move from boundary layer film on the 
SGP due to abundant availability of external surfaces. Finally, 
they diffuse on the porous structure of the SGP. Gautam et al. 
[50] have proposed a similar explanation using mustard husk 
for the removal of Alizarin Red S.

3.2.3. Effect of pH

The computation of a point of zero charge (pHPZC) of SGP 
was achieved based on the solid addition method [51] using 
0.01 M NaNO3. The graph of difference in pH (ΔpH = pHi – 
pHf) was plotted against pHi.

By adjusting the solution pH with a strong acidic/basic 
solution, the adsorption capacity gets affected. The changed 
pH solution alters the sorption process by influencing the 
active sites of the adsorbent. Fig. 6 illustrates the outcome of 
the pH on the SGP by the adsorption of MB. When the pH 
increased from 2.44 to 4.9, the adsorption capacity reduced. 
The dye adsorption is reduced when the pH is acidic due 
to electrostatic repulsion between the positively charged 
adsorbent and adsorbate ions. When the solution pH value 
gradually increased from 4.9 to 11.8, the adsorption capac-
ity also increased and attained almost constant. Hence, the 
maximum adsorption of MB was at pH 11.02, and removal 
efficiency was 63.54%.

If the pH approaches the pHPZC of the SGP (8.9, Fig. 6.), 
there is a decrease in the surface charge density and ulti-
mately lowers the electrostatic repulsion between the ions. 
When excess hydroxyl ions were added, the number of H+ 
ions was decreased while hydroxyl ions enhanced on the site 
of the adsorbent. The electrostatic interaction between MB+ 

and the negative surface of SGP increased the adsorption 
affinity when the pH is higher. Theoretically, pH < pHPZC 
means the adsorbent surface is positive and favors anionic 
dye adsorption; and pH > pHPZC means the surface is neg-
ative and favors cationic dye adsorption. However, SGP 
adsorbent prepared from the high alkaline medium, as a 
result, the surface consists of more hydroxyl group. Hence, 
when pH > 8.9, there exist more hydroxyl groups and cationic 
dye adsorption is favorable on the surface. Further study on 
the dye adsorption characteristics was performed without 
pH adjustment.

4. Kinetic and isotherms study

4.1. Modeling of kinetic data

Adsorption kinetics is helpful to design the rate of the inter-
action between the molecules and the rate-controlling step. 
The kinetic mechanism namely pseudo-second–order model, 
pseudo-first–order model, and intraparticle diffusion model 
were analyzed in understanding the sorption pathway of MB 
onto SGP. The illustration of these kinetic models is stated in 
Eqs. (4)–(6). At different dye concentrations (10–30 mg/L) of 
MB, the pseudo-second-order model was most suited when 
compared with the pseudo-first–order model. The equilibrium 
capacity for both models is comparable, and pseudo-second 
order is close to that of the experimental values qe (Figs. 7(a) 
and (b)). Better regression coefficient (R2) values (Table 4) 
for pseudo-second order (0.98, 0.95, and 0.95) than for pseu-
do-first order (0.93, 0.93, and 0.99) suggests its suitability for 
sorption of MB on geopolymer. The k2 values diminish with 
the increase in the initial concentration possibly due to the 
higher racing for the adsorption sites at a higher concentration 
compared with lower dye concentration [52]. Therefore, the 
kinetics model recommends that the MB adsorption onto SGP 
follow pseudo-second-order mechanism, which is analogous 
to the research findings of Elkady et al. [53].

The intraparticle diffusion (kid) employed to explore the 
changes that occurred in the concentration of sorbate onto 
sorbent with 90 min of shaking time. The kinetic intrapar-
ticle diffusion model (kid) for MB sorption onto SGP is cal-
culated using the slope of the plot (Table 4; Fig. 7(c)). It can 
be seen from Fig. 7(c) that the plot is not passing through 
the origin confirms that the intraparticle diffusion is not only 
rate-limiting step other mechanism controls the adsorption.

The kid values increase with increasing the initial dye 
concentrations due to more driving forces. Fig. 7(c) shows 
three stages of the MB adsorption at different concentration. 
The first stage represents the external surface adsorption, 
which is rapid within the first 5 min of shaking time. The 
second stage is gradual sorption and controlled by intrapar-
ticle diffusion rate while the third stage indicates the slow 
equilibrium stage [54]. The lower R2 values (0.92, 0.96, and 
0.96) than that of the pseudo-second-order model implies 
that the adsorption process of MB-SGP.Fig. 6. Effect of pH and zero point of charge (inserted) on SGP.
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4.2. Sorption isotherm

In the recent study, Langmuir and Freundlich isotherm 
models were tested using Eqs. (7)–(9). Fig. 8(a) presents the 
linear plot that describes the experimental results followed 
by Langmuir’s isotherm (Table 5). Adsorption coverage 
capacity (qmax) and Langmuir constant (b) were evaluated 
and the results are summarized (Table 5). These data suggest 
that adsorption coverage capacity (qmax, 59.52 mg/g) values 
confirm the monolayer formation on the SGP sorbent. The 
monolayer adsorption coverage capacity decreased (59.52, 
25.97, and 14.35 mg/g) with increase in temperature (30°C, 
40°C, and 50°C) as mobility of MB was hindered. Hence, at 
lower temperature, there is a higher possibility for the MB 

dye being adsorbed on the SGP surface. The dimensionless 
separation factor (RL) was established using Eq. (8). The RL 
values (RL = 1 corresponds to linear; 0 < RL < 1 is favorable; 
RL = 0 is irreversible; and RL > 1 is unfavorable) lie less than 
one indicating that SGP is favorable for MB adsorption 
under these conditions. The higher regression (R2) values 
(0.96–0.86) indicated the Langmuir model fitness to the 
sorption process.

The Freundlich isotherm (Eq. (9)) was adopted when 
active sites possess heterogeneity on the surface with differ-
ent energies on the sorbent. Freundlich adsorption capacity 
(KF) and intensity (1/n) were determined from the graph 
(Fig. 8(b)) to calculate values at a temperature of 30°C, 40°C, 
and 50°C (Table 5). The lower R2 values (0.94, 0.94, and 0.83) 

Fig. 7. (a) Pseudo-first-order, (b) pseudo-second-order. and (c) intraparticle diffusion kinetic plots for MB on SGP at different 
concentrations.

Table 4
Kinetic parameters for adsorption of MB on SGP for different concentrations at 30°C

MB dye 
concentrations (mg/L)

Pseudo-first order Pseudo-first order Intraparticle diffusion
K1 

(min–1)
qe,exp 
(mg/g)

qe,cal 
(mg/g)

R2 K2 

(g/mg min)
qe 
(mg/g)

R2 Kid 

(mg/g min1/2)
Intercept R2

10 0.06 9.68 10.08 0.93 9.06 × 10–3 10.75 0.98 0.77 3.59 0.92
20 0.08 14.81 21.27 0.93 4.19 × 10–3 17.39 0.95 1.85 1.48 0.96
30 0.04 18.89 17.75 0.99 3.12 × 10–3 21.46 0.95 1.87 3.47 0.96
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compared with Langmuir model suggest that Freundlich 
model does not fit the adsorption of MB on the adsorbent. 
Freundlich adsorption capacity (Table 5) decreases with 
increase in temperature signifying at high temperature and 
has less adsorbent affinity towards MB.

The magnitude of the intensity (n) endorses the favora-
bility and capacity of the solid/liquid system. Furthermore, 
the adsorption intensity n > 1 suggests favorable physical 
[55] adsorption on mesoporous adsorbent [56]. The highest 
value of n (Table 5) suggests weak Van der Waals interactions 
on adsorption bond [57,58]. The adsorption of MB on the 
SGP although the values of correlation coefficient obtained 
by Langmuir model are much better than those obtained 
for Freundlich plot suggesting that the adsorption of MB is 
homogeneous and monolayer physical adsorption. Hence, 
it is validated that the SGP was effective for MB adsorption 
in an aqueous system (Table 6). Variation in MB adsorption 
capacity is influenced by the properties of the adsorbent and 
experimental conditions considered.

4.3. Thermodynamic parameters

The Gibbs free energy change (ΔG°), entropy change 
(ΔS°), and enthalpy change (ΔH°) of SGP are obtained from 
the slope and intercept of van’t Hoff plot (Fig. 9) by Eqs. (10) 
and (11). The negative ΔS° value reveals a more ordered 
arrangement at the solid/solution interfaces while negative 
ΔG° implies a spontaneous and favorable sorption process 
(Table 7). The negative values of ΔH° indicate the exothermic 
process, which is confirmed by the decreasing adsorption 
with an increase in temperature. The heat emitted during 
physical adsorption and the magnitude of the heat of con-
densation falls into the ranges of 2.1–20.9 kJ/mol [61]. The 
absolute values of ΔH° for SGP is 23.29 kJ/mol indicating that 
MB adsorption by SGP would be attributed to physisorption. 
Tunali et al. [55] reported a similar enthalpy change.

Fig. 8. (a) Langmuir and (b) Freundlich isotherm plots of MB on SGP at different temperatures.

Table 5
Isotherm constants for the removal of MB on SGP at different 
temperature

Isotherm models Temperature (°C)
30 40 50

Langmuir
qmax (mg/g) 59.52 25.97 14.35
b (L/mg) 0.12 0.22 0.36
RL 0.46 0.31 0.22
R2 0.96 0.96 0.86

Freundlich
KF (mg/g) 6.97 5.79 5.10
n 1.41 1.94 2.73
R2 0.94 0.94 0.83

Table 6
Langmuir adsorption capacities of MB with various adsorbents

Adsorbent qmax (mg/g) References

Phosphoric acid–MK 
geopolymer

3.3 [31]

Zea mays cob (ZMC) and 
Citrus limetta peel (CLP)

ZMC—4.44 and 
CLP—6.36

[37]

Activated fly ash 14.28 [21]

Biomass FA-geopolymer 
monolith

15.4 [59]

Forming adsorbents from 
fly ash

33.96 [22]

Coal fly ash geopolymer 50.7 [60]

Kaolin 52.76 [15]

Seawater-based 
geopolymer

59.52 Present study
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4.4. Reusability of SGP

The sustainable property of the adsorbent can be estab-
lished by its reusability. In this study, at low pH the adsorp-
tion was decreased which indicates the excess H+ ions to slow 
down the adsorption mechanism. Therefore, the adsorption/
desorption studies performed with 0.1 M of glacial acetic acid 
up to four cycles confirmed the holding capacity of MB after 
adsorption from wastewater. The adsorption capacity of MB 
on SGP decreased from 96.80% to 37.44% (Fig. 10), which 
indicates that the SGP can be easily reusable after adsorption 
of MB from aqueous solution.

5. Conclusions

SGP is a potential sorbent for the elimination of MB from 
the wastewater. The specific surface area and pore volume 
were calculated as 11.85 m2/g and 0.026 cm3/g, respectively. 
The pHPZC of SGP was found to be 8.9. When the pH is 11.02, 
the maximum color was removed (63.54%). The optimum 
SGP dosage was 80 mg/L found with 10–30 mg/L initial 
dye concentration in 90 min equilibrium time and is more 
than 80%. The Langmuir isotherm offers homogeneous, 
monolayer, and adsorption affinity (59.52 mg/g), which is 
relatively higher at 30°C. Pseudo-second-order mechanism 
supports more, rather than pseudo-first-order equation and 
intraparticle diffusion. Thermodynamic studies showed the 
spontaneous, favorable, and exothermic adsorption of MB 
by SGP. In addition, the magnitude of the adsorption heat 
(23.29 kJ/mol) indicates a physisorption process. SGP can be 
easily recycled four times and used as an cost-effective adsor-
bent for the removal of MB from wastewater.
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