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INTRODUCTION

Geopolymer is inorganic polymer composed 
of tetrahedral silicate and aluminate units linked by 
sharing oxygen atoms. Geopolymer can be prepared 
from alumino-silicate materials, such as kaolin, fly 
ash, biomass ash, and slag (Davidovits, 2017; Sa-
madhi et al., 2017). Geopolymer has amorphous to 
semi-crystalline three-dimensional structures and 
had been widely used as adsorbent. Many studies 
have reported that geopolymer can adsorb heavy 
metals and dyes. In geopolymer, tetrahedral alumi-
nates have negative charge that can be balanced by 
exchangeable cations. Modification on geopolymer 
surface with cationic surfactant can improve the an-
ion exchange capacity of geopolymer (Siyal et al., 
2018; Selkala et al., 2020; Xu et al., 2022). 

One of the most common dyes in textile in-
dustries is methyl orange (MO) dye. MO dye is 
also widely used as pH indicator in titration. MO 
dye is anionic azo dye that toxic and carcinogenic. 
Removal of MO dye in wastewater can be carried 

out by adsorption. Adsorption is a preferred meth-
od to remove MO dye because of its simplicity, 
high efficiency, and low cost in operation. Adsor-
bents used for MO dye removal include activated 
carbon, biochar, biosorbent, clays and minerals, 
polymers and resins, nanoparticles, and compos-
ites (Iwuozor et al., 2021; Wu et al., 2021).

In this paper, fly ash-based geopolymer was 
modified with cetyltrimethylammonium bromide 
(CTAB) which is cationic surfactant and applied as 
MO dye adsorbent. The characterization of modified 
fly ash-based geopolymer was studied in addition to 
its performance as MO dye adsorbent with variable 
of pH, time, and initial concentration. Furthermore, 
the studies of adsorption kinetics model and adsorp-
tion isotherm model had also been conducted.

MATERIALS AND METHODS

The fly ash waste used in this research was ob-
tained from a power plant in East Java, Indonesia, 
and contained main oxides: SiO2 (32.4%), Al2O3 
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(16.4%), Fe2O3 (23.8%), CaO (19.3%), MgO 
(2.6%), and K2O (1.8%). Other materials used 
in this research were commercial NaOH flakes 
(98%), Na-silicate solution (35%), H2O2 solution 
(30%), HNO3 solution (65%), cetyltrimethylam-
monium bromide (CTAB), methyl orange (MO), 
and distilled water. 

Fly ash was first sieved with 100 mesh stan-
dard sieve and then mixed with alkaline activator 
with mass ratio of 2.5:1 in a planetary mixer at 
low speed for 10 minutes. Alkaline activator con-
sisted of 10 N NaOH solution and Na-silicate so-
lution with mass ratio of 1:1. H2O2 was added to 
the mixture in the amount of as much as 1 %-mass 
and stirred for 2 minutes. Geopolymer paste was 
cast in 5 × 5 × 5 cm molds. After 24 hours, the 
geopolymer was removed from molds and heat-
ed in oven at 60 °C for 6 hours. The geopolymer 
was then crushed and used as dye adsorbent. For 
modified geopolymer, crushed geopolymer was 
mixed with 0.01 M CTAB surfactant solution for 
2 hours. Modified geopolymer was then sieved, 
washed with distilled water, and dried in oven at 
100 °C for 1 hour. 

Characterization of fly ash, geopolymer, and 
modified geopolymer consisted of Fourier trans-
form infrared (FTIR) analysis using PerkinElmer 
Spectrum IR spectrometer and scanning electron 
microscope (SEM) analysis using JEOL JSM 
6510 LA instrument. 

Adsorptions of MO dye by geopolymer and 
modified geopolymer with dose of 2 g.L-1 were 
performed in batch process at various pH (2, 4, 
7, 10, 12), time (15, 30, 45, 60, 75, 90, 105, 120 
minutes), and initial concentration of MO dye 
solution (10, 20, 30, 40, 50, 60, 70, 80, 90, 100 
mg·L-1) at room temperature and stirring rate of 
200 rpm. The concentration of MO dye solution 
was analyzed using Thermo Scientific Genesys 
10S UV-Vis spectrophotometer. 

Efficiency of MO dye removal (%) can be cal-
culated with the equation:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(1)

where: C0 – initial concentration of MO dye so-
lution (mg·L-1);      
Ce – concentration of MO dye solution at 
equilibrium (mg·L-1). 

Adsorption kinetics studies were carried out 
using pseudo-first-order, pseudo-second-order, 
and Elovich, models which can be expressed by 
following equations:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0
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𝛽𝛽𝛽𝛽
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𝛽𝛽𝛽𝛽
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𝑞𝑞𝑞𝑞 =
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𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
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𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(2)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(3)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 
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𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 
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𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(4)

At those equations, qt denotes the adsorp-
tion capacity at time t (mg·g-1) and qe denotes 
the adsorption capacity at equilibrium (mg·g-1). 
Adsorption capacity can be calculated using this 
equation:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(5)

where: V – volume of MO dye solution (L);   
W – mass of adsorbent (g) (Benjelloun et al., 
2021; Khan et al., 2022; Nizam et al., 2021).

Furthermore, adsorption isotherm studies 
were conducted using Langmuir, Freundlich, and 
Temkin, models which can be stated by these 
equations:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(6)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(7)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 

(8)

The value of qm denotes the maximum adsorp-
tion capacity (mg·g-1) (Al-Ghouti and Al-Absi, 
2020; Mobarak et al., 2018; Wang and Guo, 2020).

RESULTS AND DISCUSSION

Characterization of fly ash, geopolymer, 
and modified geopolymer

The FTIR spectra of fly ash, geopolymer, and 
modified geopolymer at wavenumber of 4000–
500 cm-1 are shown in Figure 1. Fly ash and the 
geopolymer from fly ash showed almost the same 
spectra. Meanwhile, there were new peaks at 
2925 cm-1, 2855 cm-1, and 1452 cm-1 on the modi-
fied geopolymer from fly ash. Peaks at 2925 cm-1  



92

Journal of Ecological Engineering 2023, 24(3), 90–98

Figure 1. FTIR spectra of fly ash, geopolymer, and modified geopolymer

Figure 2. Scanning electron micrographs of fly ash (a), geopolymer (b), and modified geopolymer (c)

a) b)

c)

and 2855 cm-1 corresponded to asymmetric and 
symmetric stretching vibrations of -CH3 and 
-CH2. Peak at 1452 cm-1 attributed to bending 
vibration of the methylene groups. These results 
denoted the presence of CTAB surfactant on 

the surface of the modified geopolymer (Huang 
et al., 2017; Mobarak et al., 2018; Selvi et al., 
2018; Yu et al., 2020).

The microstructure of fly ash, geopolymer, 
and modified geopolymer can be observed from 
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SEM images with magnification of 1000x as 
shown in Figure 2. Fly ash consisted of spheri-
cal particles of various sizes. On the geopolymer 
from fly ash, continuous phase resulting from 
geopolimerization process appeared as obtained 
in previous studies (Purbasari et al., 2018; El Al-
ouani et al., 2019). As for modified geopolymer, 
its surface looked smoother due to CTAB surfac-
tant coatings.

Performance of geopolymer and modified 
geopolymer as MO dye adsorbent

Performance of geopolymer and modified 
geopolymer from fly ash as MO dye adsorbent 
was studied by varying pH, time, and initial con-
centration. The effect of pH on MO dye removal 

efficiency by geopolymer and modified geopoly-
mer is shown in Figure 3. In this adsorption pro-
cess, 100 mL MO dye solution with concentration 
of 50 mg·L-1 was adsorbed by 0.2 g adsorbent for 2 
hours. The removal efficiency of MO dyes tended 
to decrease up to pH of 12 using both geopolymer 
and modified geopolymer adsorbents. The high-
est removal efficiency of MO dye was obtained at 
pH of 2. In low pH or acidic solution, adsorbent 
surface becomes positively charged from hydro-
gen ions (H+) so that MO anionic dye can be ad-
sorbed easily on adsorbent surface (Fumba et al., 
2014; Robati et al., 2016). 

Figure 4 shows the effect of time on MO dye 
removal efficiency by geopolymer and modi-
fied geopolymer. Adsorption process was car-
ried out using 100 mL MO dye solution with 

Figure 4. The effect of time on MO dye removal efficiency

Figure 3. The effect of pH on MO dye removal efficiency
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concentration of 50 mg·L-1, adsorbent dose of 0.2 g,  
and pH of 2. The MO dye removal efficiency in-
creased along with time and was relatively con-
stant after 90 minutes using both geopolymer 
and modified geopolymer adsorbents. At initial 
stage of adsorption process, the rate of MO dye 
removal was high, because there were still many 
available active sites on adsorbent surface. After 
equilibrium stage was reached, there were fewer 
available active sites on adsorbent surface so that 
the rate of MO dye removal became slower (Ro-
bati et al., 2016; Fernandes et al., 2020).

The effect of initial concentration on MO dye 
removal efficiency by geopolymer and modified 
geopolymer was studied using 100 mL MO dye 

solution with dose of adsorbent of 0.2 g and pH of 
2 for 2 hours. The result in Figure 5 showed that 
the increase of the initial MO dye concentration 
can decrease the removal efficiency for both geo-
polymer and modified geopolymer adsorbents. 
The number of active sites on adsorbent surface 
can support the adsorption process at low initial 
concentration, but the active sites are no longer 
sufficient to support the adsorption process at 
high initial concentration (Robati et al., 2016; 
Fernandes et al., 2020). 

The results of MO dye adsorption using geo-
polymer and modified geopolymer with variations 
in pH, time, and initial concentration showed 
that removal efficiencies of MO dye by modified 

Figure 5. The effect of initial concentration on MO dye removal efficiency

Figure 6. Illustration of MO anionic dye adsorption by modified fly ash-based geopolymer
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geopolymer were higher than that by geopolymer. 
The presence of CTAB cationic surfactant on the 
negatively charged geopolymer surface can be il-
lustrated as presented in Figure 6. This modifica-
tion can increase the adsorption capacity of geo-
polymer on MO anionic dye (Mahmoodi et al., 
2014; Selkala et al., 2020). 

Kinetics studies of MO dye adsorption by 
modified fly ash-based geopolymer

Kinetics studies of MO dye adsorption by 
modified fly ash-based geopolymer were carried 
out using pseudo-first-order, pseudo-second-order, 

and Elovich models. In pseudo-first-order kinet-
ics model, adsorption process is assumed to be 
controlled by diffusion. Meanwhile, in pseudo-
second-order kinetics model, adsorption process is 
assumed to be controlled by chemical adsorption. 
As for Elovich kinetics model, adsorption process 
is assumed to be controlled by chemical adsorption 
on heterogeneous surface (Benjelloun et al., 2021; 
Khan et al., 2022; Nizam et al., 2021). Kinetics pa-
rameters for each kinetics model can be obtained by 
plotting linear equation (2) for pseudo-first-order 
model (ln(qe − qt) versus t), plotting linear equa-
tion (3) for pseudo-second-order model (t/qt ver-
sus t), and plotting linear equation (4) for Elovich 

a) b)

c)

Figure 7. Linear plots of pseudo-first-order (a), pseudo-second-order (b), and Elovich (c) 
kinetics models for MO dye adsorption by modified fly ash-based geopolymer

Table 1. Kinetics parameters and squared-correlation coefficients for MO dye adsorption by modified fly ash-
based geopolymer

Pseudo-first-order model Pseudo-second-order model Elovich model

qe (mg·g-1) k1 (min-1) R2 qe (mg·g-1) k2 (g·mg-1·min-1) R2 α (mg·g-1·min-1) Β (mg·g-1) R2

8.482 0.033 0.921 18.518 0.006 0.998 84.909 0.495 0.979
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model (qt versus ln t) as shown in Figure 7. Table 
1 represents kinetics parameters and squared-cor-
relation coefficients (R2) for each kinetics model. 
Pseudo-second-order kinetics model had the high-
est R2 value so that MO dye adsorption by modified 
fly ash-based geopolymer followed pseudo-second-
order kinetics model. Thus, the adsorption process 
was controlled by chemical adsorption. 

Isotherm studies of MO dye adsorption 
by fly ash-based geopolymer

Isotherm studies of MO dye adsorption by 
modified fly ash-based geopolymer were conducted 

using Langmuir, Freundlich, and Temkin models. 
Langmuir isotherm model considers monolayer 
adsorption due to homogeneous adsorbent sur-
face, while Freundlich isotherm model considers 
multilayer adsorption because of heterogeneous 
adsorbent surface having different adsorption abili-
ties. Moreover, Temkin isotherm model consid-
ers uniform distribution of binding energies on 
adsorbent surface (Al-Ghouti and Al-Absi, 2020; 
Mobarak et al., 2018; Wang and Guo, 2020). By 
plotting linear equation (6-8), namely Ce/qe ver-
sus Ce, log qe versus log Ce, and qe versus ln Ce 
as shown in Figure 8, isotherm parameters for each 
model can be obtained. Isotherm parameters and 

c)

b)a)

Figure 8. Linear plots of Langmuir (a), Freundlich (b), and Temkin isotherm 
models for MO dye adsorption by modified fly ash-based geopolymer

Table 2. Isotherm parameters and squared-correlation coefficients for MO dye adsorption by modified fly ash-
based geopolymer

Langmuir Model Freundlich Model Temkin Model

qm (mg·g-1) KL (L·mg-1) R2 1/n KF (mg·g-1·(L·mg-1)1/n) R2 KT (L·g-1) B (J·mol-1) R2

19.231 0.525 0.974 0.327 5.888 0.889 4.633 684.844 0.884
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squared-correlation coefficients (R2) for each iso-
therm model are presented in Table 2. On the basis 
of the R2 value, Langmuir isotherm model had the 
highest R2 value compared to Freundlich and Tem-
kin models. Therefore, adsorption of MO dye by 
modified fly ash-based geopolymer followed Lang-
muir isotherm model or monolayer adsorption. 

In this study, maximum adsorption capac-
ity of MO dye by modified fly ash-based geo-
polymer was 19.231 mg·g-1 with dimensionless 
separation factor (RL) of 0.16–0.018 at initial 
concentration of 10–100 mg·L-1 indicating fa-
vorable adsorption. The value of RL can be cal-
culated from the equation:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑 (%) = 

=
𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶0

× 100 

 

ln(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = 𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑘𝑘𝑘𝑘1𝑡𝑡𝑡𝑡 

 

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

=
1

𝑘𝑘𝑘𝑘2𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2
+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 =
1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛽𝛽𝛽𝛽 +

1
𝛽𝛽𝛽𝛽
𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡 

 

𝑞𝑞𝑞𝑞 =
(𝐶𝐶𝐶𝐶0 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒)𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
1
𝑛𝑛𝑛𝑛 

 

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑏𝑏𝑏𝑏

ln(𝐾𝐾𝐾𝐾𝑇𝑇𝑇𝑇𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿 =
1

1 + 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶0
 (9)

where: KL – Langmuir constant;   
C0 – initial concentration.

On the basis of the RL value, adsorption pro-
cess can be categorized as favorable adsorption 
(0<RL<1), irreversible adsorption (RL=0), linear 
adsorption (RL=1), and unfavorable adsorption 
(RL>1) (Amin et al., 2015; Purbasari et al., 2022).  
The comparison of obtained result in this re-
search with the others is shown in Table 3.  
Adsorption of MO dye by modified geopolymer 
derived from fly ash waste was quite good com-
pared to other adsorbents.

CONCLUSIONS

Modification of fly ash-based geopolymer with 
CTAB cationic surfactant can increase the adsorp-
tion capacity of MO anionic dye on geopolymer. 
The adsorption of MO dye by modified fly ash-
based geopolymer showed the best result at low 
pH and reached equilibrium after 90 minutes. The 
adsorption process followed pseudo-second-order 
kinetics model and Langmuir isotherm model with 
maximum adsorption capacity of 19.231 mg·g-1.
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