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A B S T R A C T   

In this study, solid waste incinerator fly ash (SWI-FA) based geopolymer adsorbents were prepared by alkalin
ation of hazardous SWI-FA and cured at different temperatures of 30 0C (GP30), 50 0C (GP50), 70 0C (GP70), and 
90 0C (GP90). The geopolymers were applied as low-cost adsorbents for the removal of anionic bromocresol 
green (BCG) dye from water under varying conditions. The precursor and geopolymers were characterized by 
XRD, SEM-EDS, FT-IR, and point of zero charge (PZC). The geopolymers were morphologically different with 
varying chemical compositions. The kinetic data were best described by the pseudo second order model. The 
experimental equilibrium adsorption data were fitted to Langmuir, Freundlich, Temkin and Dubinin- 
Radushkevich-Kaganer adsorption isotherm models. The Langmuir monolayer maximum adsorption capacities 
increased consistently with curing temperature, from 41.70 mg/g to 515.5 mg/g for GP30 and GP90, respec
tively, a new benchmark for these materials for anionic dyes. The thermodynamic parameters, namely enthalpy 
(ΔH< 0), Gibbs free energy (ΔG< 0), entropy (ΔS > 0) and activation energy (Ea) indicated that the processes 
are spontaneous, exothermic, physical (Ea< 5kJ/mol and ΔH< 40kJ/mol) and enthalpy-driven. The adsorption 
mechanisms included strong electrostatic interactions and hydrogen bonding. The production of these geo
polymers provides dual advantage of waste valorization with applications in depollution of water.   

1. Introduction 

Geopolymers are inorganic polymeric materials with amorphous or 
semi-crystalline structure synthesized by alkali or acid activation of 
aluminosilicate materials at temperatures below 100 0C [1]. A great 
variety of materials with silica and alumina content such as calcined 
kaolinite, feldspar, albite, clays, red mud, metakaolin, fly ash (FA), 
granulated blast furnace slag (GBFS), rice husk ash (RHA), volcanic ash, 
palm oil fuel ash (POFA) have been found suitable for geopolymer 
production [2,3]. Geopolymers have wide range of applications such as 
heavy metal and dye adsorption from wastewater, production of ce
ramics, in green construction and as adhesives among many others uses 
[4] Of particular interest is application of solid waste incinerator fly ash 
(SWI-FA) geopolymer in water treatment as a way of valorization of 
SWI-FA so as to fulfill the goal of zero waste and immobilization of its 
toxic constituents [5]. 

The frequent use of dyes by many industries to apply color to the 
substrate has led to water pollution. The presence of dyes in water raises 
serious environmental concerns since dyes are chemicals that are highly 
toxic and potentially carcinogenic to human beings [6]. A number of 
conventional water treatment approaches used to process polluted water 
into safe drinking water such as coagulation; flocculation, clarification 
and filtration that have been found to be insufficient in removing dyes 
from water at molecular levels. Alternative techniques such as advanced 
oxidation processes are very expensive and are known to form toxic 
by-products in the process of dye removal [7]. Adsorption is currently 
the most widely utilized technique in water treatment process since it 
can be used for removal of very low concentrations of water pollutants 
and also because of the ease of manipulation adsorption process. The 
most commonly used adsorbent for the removal of water pollutants is 
activated carbon since it is stable and possesses a higher surface area [8]. 
However, activated carbon is very expensive and the cost of 
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regeneration is also very high [9]and this necessitates the search for 
new, efficient, eco-friendly and sustainable adsorbents from locally 
available materials, especially in the emerging economies [10]. Owing 
its porous structure, tunable nature and negative surface charge, geo
polymers have shown very good performance in the removal of dyes 
from aqueous solution [4,11]. Due to the presence of SiO2 and Al2O3, 
SWI-FA has been used as a raw material for the synthesis of a geo
polymer adsorbent for removal of methylene blue (MB), a cationic dye 
from aqueous solution [12] and zeolites for the removal of heavy metals 
from aqueous solution [5]. Margallo et al. [13]. suggests that several 
treatments such as water washing and stabilization/solidification can be 
adapted to SWI-FA to help reduce the negative environmental effect of 
SWI-FA and obtain a new product, with a wide range of applications. 

One of the main advantage of geopolymers is the ability to tune their 
textural, structural, morphological and compositional characteristics 
[14,15]. Structural and textural characteristics of geopolymers can be 
controlled by the precursor materials and preparation conditions (curing 
temperature, time etc.) [3]. For example, Li et al. [15] studied the effect 
of curing temperature on high-strength metakaolin-based geopolymer 
composite (HMGC) prepared by mixing different proportions of quartz 
powder and steel fiber. The study revealed that increase in curing 
temperature had a significant effect on structural, morphological and 
textural characteristics of the HMGC. Sajan et al. [16] also reported the 
effect of curing temperature on the morphological characteristics of fly 
ash based geopolymer. The study revealed that increase in curing tem
perature from 20 0C to 80 0C, results to change in the geopolymer 
morphology from a less dense to highly dense solid matrix and also a 
reduction in the pore size. 

Structural, textural and compositional characteristics are important 
in determining adsorption rate and capacities of geopolymer adsorbents 
for specific pollutants [3]. These findings are crucial as they provide a 
clear guideline in establishing adsorption performance today. An un
derstanding of the correlation between characteristics of geopolymer 
and their adsorption performance is key in setting up a practical water 
purification process [3]. Al Ghouti et al. [12] noted that the MSW-FA 
geopolymer adsorbent with a lower surface area of 4.5 m2/g had a 
relatively lower adsorption capacity of 434.7 mg/g for methylene blue 
(MB) at 25 0C as compared to MSW-BA geopolymer adsorbent with a 
surface area of 32.78 m2/g that had an adsorption capacity of 
666.7 mg/g at 25 0C. Textural characteristics is an important criterion 
when selecting suitable adsorbents. Several approaches have been pro
posed for enhancing textural characteristics and adsorption density of 
geopolymers including the use of additives such as hydrogen peroxide, 
use of different activator solutions and variation of the composition of 
the aluminosilicate source [1,3,11]. Textural characteristics, however, is 
not the sole criterion for selecting suitable adsorbents since geopolymers 
with varying textural properties can have indistinguishable adsorption 
capacities [3]. Several works have also reported the influence of geo
polymer composition on adsorption rate and capacity [2,3]. For 
instance, by partially replacing 0 %, 5 %, 10 % and 20 % pozzolan with 
sugarcane bagasse-derived biochar for production of geopolymer 
adsorbent, the uptake of methylene blue from aqueous solution 
decreased beyond 10 % inclusion of sugarcane bagasse [2]. The textural 
properties and composition of SWI-FA geopolymers are required for 
maximization of their adsorbing properties. 

Previous research on the interaction of SWI-FA based geopolymer 
with water pollutant was reported only for cationic dye, MB [12] despite 
the widespread use of anionic dyes and their occurrence in wastewater. 
The suitability for SWI-FA based geopolymers for anionic dyes has not 
been documented. Since geopolymers bear a negative surface charge, 
there is need to optimize both their textural properties and composition 
to maximize the uptake of anionic dyes [1]. Thus, the objective of this 
work was to study the effect of curing temperature on textural, struc
tural, morphological, composition and adsorption characteristics of 
SWI-FA based geopolymers for the removal of bromocresol green, a 
model anionic dye, from aqueous solution. 

2. Materials and methods 

2.1. Preparation of adsorbent 

The aluminosilicate source, the solid waste incinerator fly ash (SWI- 
FA), obtained from the Environmental Combustion Ltd (Migori, Kenya) 
was sieved through 100-µm sieve to obtain uniform particle size. To 
prepare activator solution, 12 g of sodium silicate powder (18 wt% 
Na2O, 63 wt% SiO2, 19 wt% H2O; SiO2/Na2O weight ratio of 3.5) was 
added to 15 mL of 8 M NaOH solution in polypropylene beaker, stirred 
for 30 min at 800 rpm to obtain a uniform mixture and stored for a 24hrs 
at room temperature. A mass of 30 g of SWI-FA was added to the 15 mL 
alkali activator solution and the mixture homogenized for 5 min using a 
mixer to produce a geopolymer paste. The produced geopolymer pastes 
were placed in closed containers and each cured for 24 h at different 
temperatures of 30 0C (GP30), 50 0C (GP50), 70 0C (GP70) and 90 0C 
(GP90). Excess NaOH was removed from the geopolymer samples by 
continuous washing with deionized water. The geopolymer samples 
were dried in an oven at 60 0C for 2 h, crushed, sieved through 100-µm 
sieve and stored in a desiccator. 

2.2. Characterization of adsorbent 

The crystalline phase of SWI-FA and SWI-FA based geopolymer 
samples was determined using X-ray Brucker diffractometer (D8 
Advance) with copper radiation (Kα =1.5406). The morphology and 
microstructure of SWI-FA and the prepared SWI-FA based geopolymer 
samples was examined by Scanning Electron Microscope (JSM-IT500 
InTouchScope™). The functional groups on the surface of geopolymer 
samples were determined by Fourier transform infrared spectrometry 
analysis using FT-IR spectrophotometer (Thermo Scientific™ Nicolet™ 
iS50) over the wavenumber range 4000 – 400 cm− 1. The pH of point 
zero charge was determined using the pH drift method. 

2.3. Adsorption Experiments 

2.3.1. Effect of initial concentration 
The batch adsorption experiments were carried out in 250 mL 

Erlenmeyer flasks, each containing 50 mL of diluted bromocresol green 
dye (BCG) solutions at different concentrations (10, 20, 30, 40, 50 mg/ 
L). A mass of 0.1 g of each SWI-FA geopolymer adsorbent was added to 
each reactor flask and the mixture stirred until equilibrium at pH 4, 
filtered and residual BCG in solution determined spectrophotometrically 
at 444 nm [31]. The equilibrium sorption capacity, qe at different initial 
adsorbate concentration and percentage removal (%R) of BCG were 
obtained by the Eqs. (1) and (2) respectively. 

qe =
(C0 − Ce)V

m
(1)  

(%R) =
C0 − Ce

C0
× 100 (2)  

Where: 

C0 The initial concentration BCG solution in mg/L 
Ce The concentration of the residual BCG solution at equilibrium in 
mg/L 
qe The amount BCG solution in solid phase at equilibrium in mg/g, 
m The mass of SWI-FAG adsorbent in g 
V The volume of the liquid in litres 

The treated effluent was analyzed for heavy metals (Pb, Cu, Cd, Mn, 
Cr, Fe and Zn) leaching from the geopolymer matrix using ICP-OES 
(Perkin Elmer Optima 3000 XL). 
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2.3.2. Effect of contact time 
A mass of 0.1 g of each SWI-FA geopolymer adsorbent was added, in 

turn, to 50 mL of 50 mg/L BCG solution. The mixture in the sealed flasks 
were agitated at 200 rpm at pH 4 for 120 min using an overhead 
temperature-controlled shaker at 298 K. At time interval of 15, 30, 45, 
60, 75, 90, 105 and 120 min, the mixtures in the sealed flasks were 
filtered and residual BCG in solution determined. The amount of bro
mocresol green dye (BCG) adsorbed onto SWI-FAG, qt, at any given time 
(t), was calculated using Eq. (3): 

qt =
(C0 − Ce)V

m
(3)  

2.3.3. Effect of pH 
The effect of pH was evaluated by varying the pH of 50 mL of 50 mg/ 

L BCG solutions from 2 to 10 using aqueous 0.1 M NaOH and 0.1 M HCl 
depending on the desired pH. A fixed mass of 0.1 g of each of each SWI- 
FA geopolymer adsorbent was added, in the solutions with adjusted pH. 
The mixture in the flasks were agitated at 200 rpm for 60 min using an 
overhead temperature-controlled shaker at 298 K and the residual dye 
concentration determined. 

2.3.4. Effect of temperature 
A fixed mass of 0.1 g of each SWI-FA geopolymer adsorbent was 

added, in turn, to 50 mL of 50 mg/L BCG solutions in sealed 250 mL 
Erlenmeyer flasks at pH 4. The temperature of the contents of the sealed 
flasks were adjusted to 298, 323, 343, 353, 363 K, agitated until equi
librium and the residual dye concentration determined. 

3. Results and discussion 

3.1. Point of zero charge 

The pH of point of zero charge is an index of the surface charge of the 
adsorbent at different solution pH. Fig. 1 shows the plot for the point of 
zero charge of SWI-FA based geopolymers (GP30, GP50, GP70 and 
GP90. The point of zero charge (pHPZC) of the SWI-FA geopolymer ad
sorbents was found to be 6.8. This suggests that the SWI-FA geopolymer 
adsorbents surface charges were indistinguishable and become posi
tively charged at solution pH below pH 6.8, neutral at solution pH of 6.8 
and negatively charged at solution pH above 6.8. The pHpzc was unaf
fected by curing temperature. 

3.2. Functional group analysis 

Fig. 2 shows FTIR spectra for SWI-FA and SWI-FA based geopolymers 
(GP30, GP50, GP70 and GP90) before adsorption of BCG. A comparison 
of the spectra of the geopolymers with that of SWI-FA revealed some 
changes in the bands. The band at 991 cm− 1 assigned to the asymmetric 
stretching vibrations of Si-O-T (T-tetrahedral Al or Si) in SWI-FA [17] 
shifted to lower wavenumber of 971 cm− 1 (GP30), 975 cm− 1 (GP50), 
971 cm− 1 (GP70), 988 cm− 1 (GP90) in the geopolymers. The shift and 

narrowing of band at 991 cm− 1 suggests rearrangement of Si-O-Si, 
Si-O-Al and Al-O-Si bonds present in aluminosilicate raw source and 
their involvement in geopolymerization would result in formation of 
new polymeric bonds [18]. Conversely, these changes were also as a 
result of increase in the Si-O-T bond length and reduction of bond angle 
causing a decrease in molecular vibrational force constant in the geo
polymer gel [14,19]. A similar trend in FT-IR analysis have been re
ported in geopolymer production studies by Sivasakthi et al. [19] as 
confirmation of the successfully synthesis of a geopolymer [14]. 
Comparing the shift of the band at 991 cm− 1 and the geopolymer cured 
at 900 C (GP90), the absorption band shifted to 988 cm− 1, an indication 
that elevating curing temperature influences the SWI-FA dissolution in 
the alkaline activator solution favoring geopolymerization [20–22]. The 
bands between 1682 and 1654 cm− 1 and 3465 – 3411 cm− 1 represent 
the stretching and deformation vibrations of H-O-H and -OH bonds in 
GP30, GP50, GP70 and GP90 a characteristic of bonds in water molecule 
and silanol group [17]. The band centered between 600 and 861 cm− 1 

indicated the presence of deformation vibration of Si-O-T in SWI-FA, 
GP30, GP50, GP70 and GP90 [17]. The band at 1387 cm− 1 in the 
spectrum of the BCG-laden geopolymer (Fig. 3) attributed to the sym
metric bending vibration of − CH3 group [2], evidence of BCG adsorp
tion on the surface of geopolymer adsorbent. In addition, the narrowing 
of band due to -OH bond (3280 cm− 1) and elongation of band at 
965 cm− 1 (Fig. 3) associated with the asymmetric stretching vibrations 
of Si-O-T (T-tetrahedral Al or Si) is possibly due to modifications asso
ciated with conjugation of BCG on the surface of the GP70 geopolymer 
adsorbent. 

Fig. 1. Point of zero charge of SWI-FA geopolymer.  

Fig. 2. FT-IR spectrum for SWI-FA and SWI-FA based geopolymers (GP30, 
GP50, GP70 and GP90). 

Fig. 3. FT-IR spectrum for GP70 before and after adsorption.  
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3.3. Mineralogical (XRD) analysis 

Fig. 4 and Fig. 5 shows XRD patterns of SWI-FA (aluminosilicate 
source) and the SWI-FA based geopolymers GP50, GP70 and GP90, 
respectively. The SWI-FA is made up in quartz, syn, SiO2 (ICSD 
01–083–2433), calcite, CaCO3 (ICSD 01–086–2342), kyanite, Al2SiO5 
(ICSD 01–072–1441) and gehlenite, syn, Ca2Al(AlSiO7) (ICSD 
01–087–1275) as crystalline phases. These crystalline phases of SWI-FA 
were not observed in the SWI-FA based geopolymers, an indication that 
these phases completely dissolved and reacted in the alkaline activator 
solution. The XRD patterns shows that the main crystalline phases of the 
SWI-FA based geopolymers under different curing temperatures are 
basically the same. This is an indication that increasing curing temper
ature had no significant effect on the chemical composition or phase 
evolution of SWI-FA based geopolymer [15]. The XRD patterns of the 
SWI-FA based geopolymers shows the appearance of grossular, 
Al2Ca3(SiO4)3(ICSD 01–074–1088) and albite, Na(AlSi3O8) (ICSD 
01–084–0752) in GP30, GP50, GP70 and GP90; anorthite, CaAl2Si2O8 
(PDF 00–041–1486) in GP70 and GP90 and tilleyite, Ca5Si2O7(CO3)2 in 
GP30 and GP50 which were not present in SWI-FA. The amorphous 
phase shown by a hump is observed in the SWI-FA and SWI-FA based 
geopolymer samples around 2θ = 200 − 400region. However, GP30 has 
a lower crystallinity index of 68.73 % as compared to that of SWI-FA at 
86.97 %, an indication that the amorphous gel formation occurred 
during geopolymerization [2]. The XRD analysis reported in this work 
agrees with the outcomes reported in other research [15]. 

3.4. Morphological and elemental analysis 

Fig. 6. shows the SEM micrographs depicting the microstructural 
analysis results for SWI-FA, GP30, GP50, GP70 and GP90 at different 
magnifications using scanning electron microscopy (SEM). Fig. 6A 
shows SWI-FA morphological structure consisting of tiny spherical 
particles which are packed together and appears to be highly porous. 
Figs. 6B to 6E shows that all the SWI-FA based geopolymer adsorbents 
(GP30, GP50, GP70 and GP90) consists of non-uniform surfaces with 
small spherical particles of unreacted SWI-FA fused together with a 
dense geopolymer gel-like matrix, an indication of a moderation reac
tion in the geopolymer system. However, Fig. 6C shows a geopolymer 
sample with a less dense matrix compared to other geopolymer sample. 
In addition, the SWI-FA based geopolymers possessed porous surfaces, 
which are vital in dye adsorption [4]. The SEM images of the geo
polymers revealed morphologies different from that of SWI-FA, where 
the gaps between the SWI-FA particles are filled with a geopolymer gel. 
It was evident from Figs. 6B to 6E that GP30, GP50, GP70 and GP90 

consisted of spongy and gel -like structure with uniform granules, a 
confirmation that geopolymerization of SWI-FA was successful [12]. 
This results confirms the FT-IR analysis findings which indicated the 
formation of a geopolymer. The results of microstructural analysis of the 
SWI-FA based geopolymer is similar to those of fly ash based geo
polymers reported by Sajan et al. [16]. The elemental composition of 
SWI-FA, GP30, GP50, GP70 and GP90 were obtained by 
Energy-dispersive X-ray spectroscopy (EDS) analysis. In SWI-FA, ele
ments C, O, Al, Si and Ca were detected. In-addition to C, O, Al, Si and 
Ca, the SWI-FA based geopolymers (GP30, GP50, GP70 and GP90) also 
had Na from the activator solution. From the EDX analysis (Table 1), the 
elemental composition of the SWI-FA based geopolymers (GP30, GP50, 
GP70 and GP90) reflects the suitability of SWI-FA as an aluminosilicate 
source. The SWI-FA based geopolymers cured at higher temperatures 
had a higher Si/Al ratio. During the curing process, increase in curing 
temperature caused increase in the rate of dissolution of aluminium and 
silicon from the SWI-FA resulting to a greater Si/Al ratio in geopolymer 
synthesized at 70 0C (GP70) then the rates are decreased when the 
geopolymer system reaches a supersaturated state [23]. 

3.5. Effect of pH 

pH is one of the most important parameter in sorption process. 
Changes in pH impacts BCG removal efficiency and an adsorbent’s 
adsorption capacity [9]. As shown in Fig. 7, increase in pH from 2 to 10 
decreased the adsorption capacity of BCG onto the geopolymers. For 
instance, adsorption capacity of BCG onto GP90 decreased from 18.63 
(75 % removal) to 4.70 mg/g (19 % removal) as the pH was increased 
from 2 to 10 and the highest adsorption capacity was obtained at pH 2. 
At pH below 6.8 (pH< pHPZC) the surface of SWI-FA geopolymer be
comes more positively charged because of protonation of aluminol and 
silanol species on the surface of SWI-FA geopolymer (i.e. Al − OH +

H+⇌Al − OH+
2 ). The adsorption of anionic BCG dye onto SWI-FA geo

polymers is favored due to strong electrostatic attraction between the 
negatively charged anionic BCG and the positively charged aluminol 
and silanol sites on the geopolymer surface. This is consistent with the 
conjugation of BCG molecules on the surface of SWI-FA geopolymer as 
described by FT-IR results (Fig. 3.). The favorable adsorption of BCG at 
lower pH may also be due to hydrogen bonding. Under acidic conditions, 
the protonated aluminol and silanol species on the surface of SWI-FA 
geopolymer and the monoanionic form of BCG may act as hydrogen 
acceptor and donor respectively. Above pH 6.8 (pH>pHPZC), the surface 
of the SWI-FA geopolymer has an overall negative charge which resulted 
in electrostatic repulsion between the BCG molecules and the negatively Fig. 4. X-ray diffraction (XRD) pattern of the SWI-FA.  

Fig. 5. X-ray diffraction (XRD) pattern of the SWI-FAG under different curing 
temperatures. 
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charged geopolymer resulting to a lower adsorption capacity. Addi
tionally, an increase in pH above 6.8 resulted to increase in the con
centration of hydroxide ions OH-, which increased competition between 
BCG molecules and hydroxide ions (OH-) for the active sites of the 
SWI-FA geopolymer. It is also notable that a considerable amount of BCG 
was still adsorbed onto SWI-FA geopolymer in the pH range from 8 to 10, 
an indication that other mechanisms, such as van der Waals interactions, 
besides electrostatic attraction are involved in the adsorption process. 
The sharp decrease in adsorption capacity with rise in pH shows that the 
electrostatic interactions are much stronger than the physical in
teractions. A similar result was observed by Liu et al. [24] during the 

uptake of BCG by chitosan poly(methacrylate) composites from aqueous 
solution. 

3.6. Effect of contact time 

The effect of contact time, between 0 and 120 min, on BCG adsorp
tion onto GP90, GP70, GP50 and GP30 were studied at room tempera
ture at pH 4 (Fig. 8). For all the sorbents, the adsorption capacity 
increased with increase in contact time. A comparison of the four geo
polymers revealed that an equilibrium was reached within 60 min but 
they had different adsorption capacities. Beyond 60 min there was no 
appreciable change in the adsorption capacity. 

3.7. Effect of initial concentration 

The effect of initial BCG concentration on adsorption capacity was 
investigated and is presented in Fig. 9. The amount of BCG adsorbed on 
the SWI-FA geopolymer adsorbent increased with increase in initial BCG 
concentration depicting that mass transfer is the driving force for the 
migration of BCG from the bulk solution to the adsorbent surface [25]. 
The equilibrium adsorption capacity,qe, increased from 3.019 mg/g to 
15.21 mg/g (60.83 %), 2.464–12.4 mg/g (50.19 %), 2.905–13.82 mg/g 
(55.29 %) and 2.483–12.44 mg/g (49.77 %) for GP90, GP70, GP50 and 
GP30 when the initial concentration was increased from 10 to 50 mg/L, 
respectively. The increase in adsorption implies availability of more 
energetically favorable adsorption sites. 

3.8. Kinetic study 

The adsorption dynamics of BCG onto SWI-FA geopolymer adsor
bents was analyzed using the pseudo-first order (PFO) kinetic model 

Fig. 6. SEM images of SWI-FA (A); GP30 (B); GP50 (C); GP70 (D); GP90 (E).  

Table 1 
EDS analysis of SWI-FA, GP30, GP50, GP70 and GP90.   

Elements C O Na Al Si Ca Si/Al 

SWI-FA % Mass  48.55  34.90 -  2.99  5.51  8.04  1.84 
GP30 % Mass  41.14  42.77 11.01  1.35  2.61  1.13  1.93 
GP50 % Mass  64.31  24.89 4.87  1.73  3.13  0.70  1.81 
GP70 % Mass  29.59  46.83 16.00  1.75  4.74  1.10  2.71 
GP90 % Mass  9.09  55.82 23.30  2.47  5.40  3.93  2.19  

Fig. 7. Influence of pH on adsorption capacity of different SWI-FA 
geopolymers. 
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[26] and pseudo-second order (PSO) kinetic model [27]shown in Eq. (4) 
and Eq. (5) respectively. 

Pseudo first order model : ln(qe − qt) = ln qe − k1.t (4)  

Pseudo second order model :
t
qt

=
1

k2q2
e
+

1
qe
.t (5)  

Where qe is the amount of the adsorbate in mg.g− 1 at equilibrium and qt 
is the amount of the adsorbate in mg.g− 1 at time t (min); K1is the pseudo 
first order rate constant, min− 1 and K2 is the pseudo second order rate 
constant, mg.g− 1.min− 1. 

The adsorption half-lives (t1
2
) were derived from the PFO and PSO 

regression plots (Fig. 10) using Eq. (6) and Eq. (7) respectively. 

t1
2
=

ln 2
K1

(6)  

t1
2
=

1
K2qe.

(7) 

The initial adsorption rate, Srate (mg.g− 1.min− 1) were derived from the 
PFO and PSO regression plots using Eq. (8) and Eq. (9) respectively; 

Srate = k1qe (8)  

Srate = k2q2
e (9) 

To predict the rate-limiting steps, intra-particle diffusion model [28], 
Eq. (10) was fitted with the experimental data. 

Intra − particle diffusion model : qt = kDt0.5 +CB (10)  

Where, qt is the amount dye adsorbed at time t (min), kD (mg.g− 1.min− 1/ 

2) is the intra-particle diffusion rate constant while CB is a constant 
representative of the thickness of the boundary layer. 

If the plot of the values of qt against t0.5is linear, then diffusion occurs 
through the pores of the adsorbent, and if the plot passes through the 
origin, then intra-particle diffusion is the only rate- limiting step. Posi
tive CB values illustrate a boundary layer effect, negative CBvalues imply 
boundary layer has no effect on the rate of adsorption while larger 
values of CB implies the external surface of the adsorbent has a greater 
contribution on adsorption [25,29]. Fig. 11 shows that the data of 
adsorption BCG onto SWI-FA geopolymer exhibited multi-linear plots 
could be divided into three linear regions to suggest that there are 
multiple stages to the adsorption process. In stageІ, the adsorption ca
pacity increased rapidly due to availability of more adsorption sites on 
the surface of the SWI-FA based geopolymer adsorbent. In stageІІ, the 
adsorption rate of BCG molecules was slower as compared to stageІ. This 
is due to saturation of the available adsorption sites on the external 
surface of the adsorbent. In stageІІІ, the adsorption equilibrium was 
reached [30]. The plots do not pass through the origin indicating that 
intra-particle diffusion is not the only rate-limiting step. 

The best fitting kinetic model was determined by the coefficient of 
determination (R2) values and comparing adsorption capacity predicted 
from the kinetic model and the experimentally determined values. The 
PFO had a lower R2 values relative to the PSO model with R2 values 
closest to 1. The predicted adsorption capacity values qe(cal) by PSO 
model (mg/g) were also very close to the experimentally adsorption 
capacity qe(exp) determined values as shown in Table 2. Therefore, the 
adsorption kinetics was best predicted by the pseudo-second order 
model (Fig. 10). The pseudo-second order model postulates that the 
adsorption rate of a solute onto an adsorbate depends on the adsorption 
capacity of the adsorbate and the rate-determining step is a chemi
sorption mechanism [31]. The half-life values indicate GP90 exhibited a 
relatively faster adsorption of BCG through a minimal variance. It ap
pears that the adsorption rate, denoted by K2 were practically 

Fig. 8. Effect of contact time on adsorption capacities of different SWI-FA 
geopolymers. 

Fig. 9. Effect of initial BCG concentration on adsorption capacities of different 
SWI-FA. 

Fig. 10. Pseudo -second-order kinetic graph for adsorption of BCG onto SWI-FA 
geopolymers. 
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indistinguishable and therefore unaffected by the morphological, 
textural or compositional differences between the geopolymers. How
ever, adsorption kinetics is not the sole criterion for distinguishing be
tween adsorbents. Shikuku et al. [3] demonstrated that geopolymers 
should have distinguishable and selected using both adsorption rates 
and adsorption capacities. 

3.9. Adsorption isotherm 

In this study, the experimental equilibrium adsorption data were 
fitted to Langmuir, Freundlich, Temkin, Dubinin-Radushkevich-Kaganer 
isotherm models (Fig. 12A-D) and their calculated constants and cor
responding coefficients of determination (R2) values are listed in  
Table 3. The dimensionless separation factor value, RL, an index of the 
favorability of the adsorption process, was calculated by Eq. (11). 

3.9.1. Langmuir isotherm 
The Langmuir isotherm [32]assumes that a monolayer adsorption of 

adsorbate molecules can occur on a homogeneous adsorbate surface 
with identical sites and with minimal interaction between adsorbed 
molecules. The Langmuir isotherm is represented in the linear form by 
Eq. (11): 

1
qe

=
1

KLqm
.

1
Ce

+
1

qm
(11)  

Where, Ce is the concentration of dye at equilibrium in mg/L, qe is the 

amount of adsorbed dye by SWI-FAG adsorbent at equilibrium in mg. 
g− 1, qms the single layer maximum adsorption capacity (mg.g− 1), and KL 
(L/g) is the Langmuir constant connected to free energy of adsorption. 
The dimensionless separation factor was calculated by Eq. (12), 

RL =
1

1 + KLCo
(12)  

Where, KL (L/mg) is the Langmuir constant connected to free energy of 
adsorption and C0 is the initial BCG concentration (mg/L). 

3.9.2. Freundlich isotherm 
The Freundlich isotherm [33] is an empirical equation considered for 

multilayer adsorption, which occurs on a heterogeneous adsorbent 
surface and active sites with uniform energy. The Freundlich isotherm is 
represented in the linear form by Eq. (13): 

log qe =
1
n

log Ce + log KF (13)  

Where, KF (L.g− 1) is the Freundlich constant of relative adsorption ca
pacity of the SWI-FA based adsorbent in mg/g and 1

n is the constant of 
intensity of the adsorption. 

3.9.3. Dubinin-Radushkevich-Kaganer (D-R-K) isotherm 
The D-R-K model was applied to the adsorption process to estimates 

the porosity free energy of adsorption and distinguishes between phys
ical or chemical nature of adsorption onto homogeneous and hetero
geneous surfaces. The linear form of the D-R-K model is represented by 
Eq. (12): 

ln qe = ln qm − kDξ2 (14)  

Where, kD is the Dubinin-Radushkevich-Kaganer isotherm constant in 
(mol2/kJ2), qe is the amount of adsorbed dye by SWI-FAG adsorbent at 
equilibrium in mg.g− 1 and qm is theoretical monolayer saturation ca
pacity (mg.g− 1) [34]. The Polanyi potential (ξ)is given by: 

ξ = RT ln
(

1+
1

Ce

)

(15) 

The mean adsorption energy Ea (kJ/mol) gives information on 
physical and chemical interactions between the adsorbate and adsorbent 
during the adsorption process. 

Ea =
1̅̅̅
̅̅̅̅̅

2kD
√ (16)  

3.9.4. Temkin isotherm 
The Temkin isotherm equation presumes that the heat of adsorption 

of all the molecules in the layer would decrease linearly with coverage 
due to adsorbent/adsorbate interaction [35]. The adsorption is 
described by a uniform distribution of binding energies, up to some 
maximum binding energy. The Temkin isotherm model is given by 
equation 

qe = BT ln AT +BT ln Ce (17)  

Where, BT = RT
bT, b (J/mol) is the Temkin constant related to the heat of 

adsorption; A (L/g) is the Temkin isotherm constant. R is the universal 
gas constant (8.314 J/mol/K), and T (K) the absolute temperature. 

The isotherm plots are depicted in Fig. 12. Based on the coefficient of 
determination (R2) values, the adsorption isotherms fitted the data in 
order Langmuir>Freundlich>Temkin>D-RK (Table 3). The separation 
factor RL, were between 0 < RL< 1 for all geopolymers, indicating that 
the adsorption processes were favorable [2]. The magnitude of 
Freundlich constant n were above 1. The nvalues greater than 1 suggests 
the adsorption of BCG onto the geopolymers was a physical process [12] 
and whereas the values of 1n in this study were below unity indicating a 

Fig. 11. Weber and Morris intra-particle diffusion plots.  

Table 2 
Kinetic parameters for removal of BCG onto SWI-FA geopolymer adsorbents.  

Model Parameter GP30 GP50 GP70 GP90 

PFO KI (min− 1)  0.0833  0.0842  0.0632  0.0564 
qe (cal) (mg g− 1)  7.8129  8.2763  5.3612  5.5448 
qe (exp) (mg g1)  12.439  13.819  12.534  15.186 
S rate (mg.g1.min− 1)  0.6510  0.6965  0.3390  0.3127 
t1
2 

(min)  8.319  8.237  10.961  12.290 

R2  0.6852  0.6966  0.6890  0.6834 
PSO K2 (g mg1 min1)  0.0107  0.0102  0.0112  0.0106 

qe(cal) (mg g− 1)  13.31  14.75  13.33  16.06 
qe(exp) (mg g1)  12.44  13.82  12.53  15.19 
S rate (mg.g1.min− 1)  1.9014  2.2266  2.1314  2.7331 
t1
2 

(min)  7.002  6.626  6.253  5.877 

R2  0.9968  0.9979  0.9973  0.9968  
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strong adsorbent-adsorbate interactions [36]. From Langmuir isotherm 
model the maximum adsorption capacity for BCG dye uptake increased 
with curing temperature in the order GP30 (41.70 mg/g) < GP50 
(121.8 mg/g) <GP70 (452.5 mg/g) <GP90 (515.5 mg/g). The values of 
the activation energies Ea obtained from the D-R-K isotherm model were 
below 8 kJ/mol corresponding to a physisorption mechanism [2]. The 
Freundlich affinity constant (KF) did not follow any logical sequence 
with increase in curing temperature. This implies that the increase in 
adsorption capacity with increase in curing temperature cannot solely 
be attributed to increased affinity between the adsorbent and the 
adsorbate. The interactions are therefore complex relating to both 
composition and textural characteristics of the geopolymers, both of 
which are influenced by curing temperature. 

4. Adsorption thermodynamics 

The effect of temperature on the adsorption of BCG onto GP90, GP70, 
GP50 and GP30 was evaluated in the temperature range from 298 to 
363 K to determine the nature of adsorption. The thermodynamic pa
rameters, namely, change in Gibbs free energy (ΔG̊), enthalpy (ΔH̊) and 
entropy (ΔS) were estimated using the following equations. 

ΔG0 = − RT ln KC (18)  

Kd =
Cad

Ce
(19)  

KC = 1000Kd (20)  

ln KC =
ΔS
R

−
ΔH0

RT
(21)  

Where, KC is the equilibrium constant (dimensionless), Ce is concen
tration of the residual BCG solution at equilibrium in mg/L and Cads is 
the amount BCG solution in solid phase at equilibrium in mg/g, Kd is the 
distribution coefficient in L/g and the density of water is 1000 g/L. 

The negative values of ΔG̊ and ΔH (Table 4) indicates that adsorption 
of BCG on SWI-FA geopolymers is a spontaneous and exothermic pro
cess, respectively. Generally, the computed ΔG̊ values could indicate 
whether an adsorption process is either physisorption for − 20 <ΔG̊< 0 
kJ/mol or chemisorption for − 400 <ΔG̊< − 80 kJ/mol [31,39]. The 
calculated ΔG̊ values (Table 4) for adsorption of BCG onto SWI-FA based 
geopolymer were in the range from − 15.38 to − 18.51 kJ/mol, indi
cating adsorption process entailed a physisorption mechanism. The 
positive values of entropy (ΔS) shows an increased disorderliness at the 
solid-liquid interface during BCG adsorption. Additionally, the ΔH 
values were below 40 kJ/mol, an index that the adsorption of BCG onto 

Fig. 12. (a) Langmuir (b) Freundlich (c) D-R-K (d) Temkin adsorption isotherm models.  

Table 3 
Parameters obtained from adsorption isotherm.  

Isotherm Parameter GP30 GP50 GP70 GP90 

Langmuir qmax (mg/g)  41.70  121.8  452.5  515.5 
KL (L/mg)  0.01252  0.00645  0.00108  0.00153 
RL  0.6150  0.7561  0.9487  0.9289 
R2  0.9435  0.8668  0.9982  0.9751 

Freundlich KF (mg/g)(L/ 

mg)
− 1  

0.3576  1.1359  0.4912  0.8746 

1
n  

0.4308  0.8039  0.9929  0.9451 

n  2.3213  1.2440  1.007  1.0581 
R2  0.9896  0.8695  0.9950  0.9685 

Temkin AT (L/g)  0.2674  0.4307  0.2615  0.3594  
BT (kJ/mol)  5.4885  5.6423  5.9253  6.9383  
R2  0.7010  0.9257  0.8993  0.9041 

D-R-K qmax (mg/g)  9.1915  12.413  10.016  12.637  
Ea(kJ/mol)  0.2702  0.3120  0.2590  0.3226  
R2  0.6937  0.9452  0.8321  0.8827  
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the SWI-FA geopolymer adsorbent is a physical process [2]. This cor
responds with the ΔG̊ values and the deductions from the D-R-K model. 

To further support the assertion that physisorption is the predomi
nant mechanism, the value of activation energy (Ea) and sticking 
probability (S∗) were estimated from the experimental data. They were 
calculated using a modified Arrhenius type equation related to surface 
coverage as follows: 

S∗ = (1 − θ)e
− Ea
RT (22)  

ln(1 − θ) = ln S∗ +
Ea

RT
(23) 

The value of θ was calculated from the following relation: 

θ =

(

1 −
Ce

C0

)

(24) 

The sticking probability (S∗)is a function of the adsorbent-adsorbate 
system whose value lies in the range 0 < S∗ < 1and is dependent on the 
temperature of the system. The parameter.. indicates the measure of the 
potential of the adsorbate to remain on the adsorbate indefinitely [10]. 
In general, a physisorption mechanism has activation energies (Ea) in 
the range of 5–40 kJ/mol, whereas higher activation energies 
(40 − 800 kJ/mol) denote a chemisorption process [24]. 

In this study, the values of Eafor adsorption of BCG onto SWI-FA 
geopolymer were in the range from 3.076 to 3.339 kJ/mol confirming 
that the adsorption process is physisorption. 

5. Comparison of BCG uptake by different adsorbents 

Table 5 summarizes a comparative assessment of the adsorption 
capacities of BCG onto different adsorbents. Compared to other adsor
bents, the prepared SWI-FA based geopolymer adsorbent cured at 900 C 
(GP90) in this study had a relatively high adsorption capacity for BCG of 
515.5 mg/g. Moreover, the GP90 treated effluent was analyzed for 
heavy metals leaching (Pb, Cu, Cd, Mn, Cr, Fe and Zn) from the adsor
bent into the solution using ICP-OES. The heavy metals were below the 
instrumental detection limits (10 μg/L), indicates SWI-FA based geo
polymer adsorbents immobilized any toxic heavy metals present in SWI- 
FA and poses no secondary pollution threat, if any. 

6. Conclusion 

Alkaline activation of otherwise toxic solid waste incinerator fly ash 
(SWI-FA) was used to produce geopolymer adsorbents at different curing 

temperatures of 300 C (GP30), 500 C (GP50), 700 C (GP70) and 900 C 
(GP90). The changes in adsorption bands in FT-IR, decrease in degree of 
crystallinity, disappearance of some mineral phases and formation of 
new ones are positive evidences for successful geopolymerization. The 
physico-chemical analysis revealed that increase in curing temperature 
had a significant effect on structural, morphological and composition of 
the SWI-FA-based geopolymers that impacted their adsorption capabil
ities for anionic bromocresol green (BCG) dye. Precisely, the increase in 
curing temperature resulted in increase in adsorption capacity from 
41.70 mg/g to 515.5 mg/g for GP30 and GP90, respectively. The 
adsorption kinetics of BCG onto the geopolymers followed the pseudo- 
second-order kinetic law. The adsorption equilibrium data were best 
described by the isotherms in the order Langmuir> Freundlich>Temkin 
>D-R-K model. Thermodynamic studies reveal that adsorption is a 
spontaneous, exothermic and enthalpy-driven process. The adsorption 
mechanism was a physical process involving electrostatic and hydrogen- 
bonding interactions. Geopolymer development from SWI-FA for water 
treatment provides opportunity for the valorization of MWI-FA besides 
other possible applications. 
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Table 4 
Thermodynamic parameters for BCG adsorption onto SWI-FA Geopolymer.  

Geopolymer Temp 
(K) 

ΔG̊ (kJ/ 
mol) 

ΔH (kJ/ 
mol) 

ΔS (kJ/ 
mol/K) 

Ea (kJ/ 
mol) 

S∗

GP30 298 -15.38 -5.915 32.02 3.262 0.1361 
323 -16.40   
343 -16.95   
353 -17.17   
363 -17.47   

GP50 298 -15.92 -6.196 32.87 3.102 0.1607 
323 -16.90   
343 -17.59   
353 -17.78   
363 -18.02   

GP70 298 -15.42 -6.044 31.47 3.348 0.1305 
323 -16.13   
343 -17.05   
353 -17.17   
363 -17.33   

GP90 298 -16.49 -7.343 30.74 3.339 0.1591 
323 -17.31   
343 -18.17   
353 -18.51   
363 -18.51    

Table 5 
Comparison of BCG uptake by SWI-FA based geopolymers with other 
adsorbents.  

Adsorbent Adsorption capacity (mg/ 
g) 

Time 
(min) 

Reference 

Ziziphus mummularia  19.61 8 [9] 
ADFS  36.91 100 [31] 
Modified PEPP  52.63 90 [37] 
CoFe2O4NHS-250  85.91 10 [38] 
AFRH  139.23 40 [40] 
TiO2 brokite 

nanoparticles  
45.5 41 [41] 

GP90  515.5 60 This study 
GP70  452.5 60 This study 
GP50  121.8 60 This study 
GP30  41.70 60 This study  
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