MATEC Web of Conferences 149, 02088 (2018)
CMSS-2017

https://doi.org/10.1051/matecconf/201814902088

Adsorption of cationic dye onto fly ash-based geopolymer: Batch and
fixed bed column studies
Marouane El Alouani, Saliha Alehyen, Mohammed El Achouri and M’hamed Taibi
Mohammed V University in Rabat, Centre des Sciences des Matériaux (CSM), (LPCMIO), Ecole Normale
Supérieure Rabat, Morocco

Abstract. Cationic dye adsorption from aqueous solution onto synthesized geopolymer was investigated by
batch and fixed bed column experiments. The geopolymer material was elaborated by alkali solution and fly
ash supplied by Jorf Lasfar power plant of Morocco. Physical and chemical characteristics of samples were
determined by FX, DRX, SEM, 29Si MAS NMR and Zeta potential methods. The Brunauer, Emmett and Teller
(BET) technique is used to determine the surface area. The Barrett-Joyner-Halenda (BJH) method was
performed to obtain pore size distribution curves and average pore diameter. Kinetics data were analyzed using
pseudo-first-order, pseudo-second-order and intraparticle diffusion models. To predict the breakthrough curves
and determine the main fixed bed column parameters, three kinetic models; Tomas, Bohart–Adams and YoonNelson models are applied to fitting the experimental data. The kinetic study showed that the pseudo-secondorder can be used to describe the methylene blue (MB) adsorption process on the geopolymer matrix. The
kinetic models of the adsorption in dynamic column are suitable to describe the continuous adsorption process
of dyestuff by the geopolymer. The results of this study indicated that geopolymer derived from fly ash can be
used as a low cost effective adsorbent for cationic dye removal from industrial aqueous effluent.

1 Introduction
Synthetic organic dyes are used in many industrial
sectors such as paper, leather plastic manufacture,
automotive industry and textile industry. This various
industrial activities are an important source of
environmental pollution due to their high content of many
chemical dyes.
Among the textile dyes most used in industry,
methylene blue (MB) or basic blue 9. It is a watersoluble cationic dye and can reveal very harmful effects
on living things such as difficulties in breathing,
vomiting, diarrhea, nausea and several negative impacts
on the aquatic environment [1]. Therefore it is very
important to confirm the water quality, since even just 1.0
mg/L of dye concentration in drinking water can impart a
significant color, making it unfit for human consumption
[2]. Therefore, it is necessary to reduce dyes
concentration in aqueous media and wastewater.
Recently, many different technologies have been
utilized for removal of hazardous pollutants from water
and wastewater, including biochemical methods [3],
membrane separation [4], ion-echange [5], ultrafiltration
[6], photocatalysis [7], coagulation/flocculation [8], and
adsorption [9]. Among the mentioned methods,
adsorption has some advantage when compared
aforementioned conventional methods in terms the

simplicity of utilization, effectiveness, low cost, no
sludge formation, etc. However, natural and synthetic
materials with low cost treatment such a bentonite,
kaolinite, silicate, natural phosphate, activated carbon and
fly ash based geopolymer have been applied for removal
the organic pollutants from water contaminated by
pollutants [10-13]. In recent years, many authors are
interested in the synthesis of the adsorbents powdered
and granulated goepolymer for removing the organic
pollutants from aqueous media and wastewaters by the
adsorption method [14-16]. The batch and column
adsorption of organic pollutants from aqueous solutions
by goepolymer has been studied by various scientists [1719].
In this work, the geopolymer developed by fly ash
and alkali solution has been tested for adsorption the dye
(MB) in aqueous solutions by batch and fixed-bed
column.

2 Materials and methods
2.1 Materials and chemicals
− Methylene Blue dye (MB) with the molecular
formula C16H18ClN3S and molecular weight 319,852
g/mol, purchased from Sigma Aldrich.
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− Alkaline solution: sodium silicate powder
(Honeywell Riedel-de Haën®, Germany; 18 wt.%
Na2O, 63 wt.% SiO2, 18wt.% loss on ignition) and
sodium hydroxide (ACS AR Analytical Reagent
Grade Pellets).
− Fly ash was obtained from Jorf Lasfar power plant
in EL Jaddida, Morocco. The chemical composition
(wt.%) of fly ash measured by X-ray Fluorescence
(XRF) was: (SiO2 (52.5%), Al2O3 (30.2), CaO
(6.27%), MgO (1.23%), Fe2O3 (2.94%), SO3
(0.787%), and LOI (‘‘loss on ignition” 7.12%)) The
total mass (SiO2+Al2O3 = 82.7%) indicated the Jorf
Lasfar fly ash was Class F.
X-ray diffraction (XRD) analysis was carried out using
(Xpert Pro model) diffractometer equipped with a source
operating Cu-Kα (1.54060 Å).
Nitrogen adsorption/desorption isotherms were recorded
for powdered samples using a Micrometrics model 3Flex
3500 analyzer.
Surface areas were obtained by the Brunauer–Emmett–
Teller (BET) equation, pore volume and pore size
distributions were calculated from the desorption data
using the Barrett–Joyner–Halenda (BJH) method.
Malvern Zetasizer (nano series) was used to measure the
zeta potential of geopolymer matrices well dispersed in
deionized water (5% weight suspension). Before each set
of measurements, the instrument was calibrated using
potassium tungstosilicate solution, and all calculations
were performed using the Zetasizer software. The method
used is the Dynamic Light Scattering (DLS).
29
Si MAS –NMR of samples materials was carried out
by MAS NMR Silicon (Magic Angle Spinning).29Si
MAS-NMR
spectroscopic
characterization
was
conducted with a Bruker apparatus, model Avance III
600 MHz.
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influent concentration (40 mg/L) and flow rate of 6
ml/min.

3 Results and Discussion
3.1 Synthesis of the
characterization of samples

geopolymer

and

3.1.1 Geopolymer Synthesis
The alkali activator solution is prepared by mixing
sodium hydroxide (12M) and sodium silicate powder in a
weight ratio of 2.5 for 24 h. The geopolymer was
elaborated by mixing fly ash with alkaline activator
solution in a solid to liquid ratio of 2.5 for 15 min. After
mixing, the sample paste was cast in a cylindrical plastic
mould for curing at the temperature of 60°C for 24 h.
After the curing period, the geopolymer obtained was
dried in at the ambient temperature for 3 days and
crushed to particle size of (100-200 μm for powdered
geopolymer and 0.98-1.85 mm for granulated
geopolymer). The obtained samples are stored in a
desiccator before their use.
3.1.2 Characterizations of samples
X-ray diffraction (XRD) analysis

The XRD pattern of fly ash and the geopolymer shown in
Fig.1 illustrates the crystalline phases present in the fly
ash and geopolymer namely, quartz and mullite. After
geopolymerization process, the shift of peak towards
lower angles is due to the formation of new product and
the large band between 20° and 28° (2 Theta) indicates
the presence of amorphous aluminosilicate.

2.2 Batch and fixed-bed column adsorption
experiments
Batch experiments were used to determine the effect of
contact time on the MB adsorption capacity. After each
batch experiment, the adsorbent was separated by
centrifugation. The initial concentration and the
concentration of MB in the solution at the time (t) were
determined by UV/VIS spectrophotometer (JASCO V630 UV/VIS). The amount of adsorption at time (t), qt
(mg/g) was calculated using the equation:

qt =

(Ci − Ct )
V
m

(1)

Where Ci is the initial concentration (mg.L-1) and Ct, the
concentration (mg.L-1) at the time t. V is the volume of
solution (L) and m is the mass of the adsorbent (g).
Fixed bed column experiments were carried out using a
glass column (diam, 1.2 cm; length, 30 cm) for
adsorption of MB onto geopolymer at various bed height
( Z=1cm (2.28 g); 3 cm (5.82 g); 5 cm (8.04 g)) by fixing

Fig.1. XRD patterns of fly ash and geopolymer (Q–quartz, M–
mullite).
The surface area, pore structure properties and zeta potential of
geopolymer
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The surface area and porous structure of geopolymer are
summarized in Table 1. The BET surface areas, pore
volumes and pore sizes of the sample are 2.5080 m2/g,
0.001567 m3/g and 1.1738 nm, respectively. The
geopolymer was classified as microporous materials with
average pore size up to 2 nm.
Table 1. Textural properties by N2 adsorption/ desorption
studies

Typical parameters
SBET (m2/g)
Sext (m2/g)
Smic (m2/g)
Vt (m3/g)
Vmic (m3/g)
Dp (nm)

FA- based geopolymer
2.5080
2.1338
0.3743
0.001567
0.001037
1.1738

SBET: The specific surface area; Sext: The external area;
Smic: The micropore specific surface; Vt: The total pore
volume; Vmic: The micropore volume; Dp: The average
pore size

Fig.3. 29Si MAS–RMN spectra of fly ash and geopolymer.

Scanning electron microscope (SEM) analysis

Fig.2 shows the zeta potential obtained for the
geopolymer. As can be observed in Fig.2, the negative
value (-41.6 mV) was observed in the surface zeta
potential of geopolymer. This behaviour indicates that the
surface of geopolymer is negatively charged and the
compound is a condition for the adsorption of the cationic
dye existing in aqueous solution.

Scanning electron microscopy (SEM) was used to
observe the surface texture of fly ash and geopolymer.
The SEM image of fly ash (fig 4.a) shows that the sample
particles have spherical forms and different sizes. The
changes in the morphology of fly ash and geopolymer are
illustrated in Fig.4. The results indicate the formation of
the new material after activation the fly ash by alkali
solution and SEM images shows the porous structure of
geopolymer.

Fig.4. SEM images of the surface the fly ash (a) and
geopolymer (b)

Fig.2. Zeta potential of geopolymer in water
29

Si RMN MAS analysis

3.2 Adsorption studies

29

Si RMN MAS spectrum of fly ash and geopolymer are
shown in Fig.3. 29Si RMN MAS spectrum of fly ash has
strong peak at -107 ppm, which demonstrate tetrahedral
[SiO4]4- coordination SiQ4 [20-22]. According to the 29Si
RMN MAS spectra of geopolymer, the peak at -94,66
ppm indicates the presence of SiQ4 (2-3Al) in the
geopolymer [23]. This result indicates that the chemical
structure of fly ash is completely different from the
geopolymer one.

Effect of the contact time

The effect of the contact time on MB removal was
considered by changing the contact time from 30 min to
210 min. The MB initial concentration was fixed at 40
mg/L with a fixed geopolymer dosage (1 g/L) and pH of
solution was fixed at 6. The effect of contact time of MB
onto geopolymer is displayed in Fig.5. The results
indicated that MB capacity adsorption occurred in the
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first 120 min and the adsorption equilibrium was reached
at 150 min.

pseudo-first-order [25], pseudo-second-order [26] and
intraparticle diffusion kinetic models [27].
The experimental data of MB adsorption on geopolymer
were simulated with three models and the results were
presented in Table 2. The correlation coefficients (R12)
for pseudo-first-order kinetic model are between 0.718
and 0.926, the correlation coefficients (R22), for the
pseudo–second-order kinetic model are between 0.99 and
1, and the correlation coefficients (R32) for intraparticle
diffusion model are between 0.513 and 0.993. On the
basis of R2 value, the pseudo second order rate model fit
best with experimental data. On other hand, the qe (43.47
mg/g) calculated value from the pseudo-second-model is
close with the experimental value (39.55 mg/g). This
confirmed that the adsorption processes are better
represented by pseudo-second-model and the adsorption
process is controlled by the chemisorption process. These
results indicated that the adsorption occurred probably by
surface complexation reaction between cationic dye and
negative charged sites on the geopolymer. Similar kinetic
results were reported for the adsorption of MB onto spent
tea leaves [28], oil palm (Elaeis guineesis) [29] and coalbearing kaolinite [30].

Fig.5. Effect of contact time on adsorption of MB onto
geopolymer
Adsorption kinetics

Several models have been established to describe the
adsorption kinetics and the rate-limiting step of the
process. They include models of pseudo-first, secondorder kinetic model, model intra-particle diffusion and
sorption model Weber and Morris, the relationship of
Adam-Bohart Thomas, etc [24]. The adsorption kinetics
data of MB using the geopolymer were analyzed with
Table 2. Simulated parameters by Pseudo-first-order, Pseudo-second-order and intraparticle diffusion kinetic for adsorption of MB
onto geopolymer

Dye

Pseudo
-first-order

Pseudo-second
-order

Ln (qe − qt ) = Ln qe − k1t

Intra-particule
diffusion model

t
1
t
=
+
2
qt k 2 q e
qe

C0
mg/L

qexp

qe
(mg/g

k1
(1/min)

R 12

qe
(mg/g)

40

39.55

87

0.051

0.926

43.47

k2
(g/mg
min)
0.002

qt = k I t 1/ 2 + I

R 22

I
(mg/g)

0.99

17.84

kid
(mg/g
min0.5)
1.678

R 32
0.796

Where:
qe: The mass of adsorbate per unit mass of adsorbent at equilibrium; qt: the mass of adsorbate per unit mass of adsorbent
at time; k1: Pseudo-first order rate constant (min-1). k2: pseudo-second order rate constant (g/(mg.min)), and I: The
intraparticle diffusion constants (mg/g).
This can be explained with the interaction between of
cationic dye (positively charge) and geopolymer
3.3 Colum adsorption studies
(negatively charge of surface) is also greater. Similar
kinetics behaviour for the adsorption of MB onto various
Influence of contact time was studied at different bed
sorbent materials was also reported in the literature [31height and the concentration of MB was fixed at 40
33]. Various mathematical equations were used to
mg/L. The breakthrough curves have been determined at
◦
describe column adsorption process. The adsorption
various bed heights at 25 C. The results are illustrated in
kinetics data of MB using geopolymer were analyzed
Fig.6. It can be seen that the breakthrough time and
with Thomas [34], Adams-Bohart [35] and Yoon-Nelson
exhaustion times increased with increasing bed height.
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equations [36]. These models tested for MB adsorption in
the column study were summarized in Table 3. For
Thomas parameter model, rate constant kTh decreased
simultaneously with increasing bed height. However, the
adsorption capacity increases with the increase in
geopolymer mass in height. From these results, it is found
that the adsorption capacity usually increases with the
increase of adsorbent ratio. For the Yoon-Nelson model,
the rate constant kYN decreased and the time required for
50 % breakthrough increased with increasing bed height.
This phenomenon can be explained by the number of
active sites increases with the increases in adsorbent
doses in height bed. Similar results were reported by
other researchers [37-40]. For the values of AdamsBohart model, the kinetic constant kAB decreases
simultaneously and the concentration at saturation (N0) of
column decreases with increasing bed height. This result
can be explained by that the decrease the mass transfer
resistance between the adsorbate (MB) and adsorbent
surface (geopolymer). The kinetic models are found to
describe well the breakthrough curves of methylene blue
removal. The overall study results showed that the
granulated geopolymer have high capacity and potential
for removal the organic pollutants from aqueous
solutions.

Fig.6. Break through curve of bed height (Initial concentration=
40 mg/L, flow rate 6 mL/min)

Table 3. Kinetic parameters for adsorption of MB onto geopolymer in the column study

Thomas model

Ln (
Bed
height
1 cm
3 cm
5 cm

C0
m
− 1) = kth q0 − kth C0t
C
F

q0
(mg/g)
6.475
7.820
6.496

kTH
2.075.10-3
7.5.10-4
6.5.10-4

Yoon-Nelson

Adams-Bohart

R2
0.857
0.816
0.764

Ln

C
H
= k AB C0 t −k AB N 0
C0
v
kAB

6.10-4
3.5.10-5
2.75.10-5

N0
5240
4070
2875

Ln

C
= kYN t − kYN t50
C0 − C

R2

KYN

0.782
0.828
0.915

0.083
0.03
0.026

t50

R2

59.20
189.56
217.04

0.857
0.816
0.764

Where:
Thomas model: C0: The initial concentration (mg/L), C: effluent concentration at the time t (mg/L), m: Mass of the
adsorbent (g), F: flow rate (mL/min), kth: Thomas model rate constant (mL/min g), q0: The column adsorption capacity
(mg/g).
Adams-Bohart model: C0: The initial concentration (mg/L), C: effluent concentration at the time t (mg/L). kYN: the
Yoon-Nelson rate constant (min-1), H: height of adsorbent in fixed bed in the column (cm) , N0: the volumetric sorption
capacity (mg/L) , v: The velocity (cm/min).
Yoon-Nelson model: C0: The initial concentration (mg/L), C: effluent concentration at the time t (mg/L). kYN: is the rate
constant. t50: The time required for 50 % Adsorbate breakthrough (min).
adsorption on geopolymer was rapid and equilibrium was
reached within 120 min. The kinetics of MB adsorption
onto adsorbent was followed pseudo-second-order kinetic
model. The breakthrough curves of column both showed
that the geopolymer favors the adsorption of MB. The
results of this research indicated that the geopolymer
synthesized by fly ash and alkaline activator could be
used adequately for the treatment of aqueous solution
contaminated with cationic dye.

4 Conclusions
This study thoroughly reviewed the application of
geopolymer for the treatment of dye-containing aqueous
solution. A physico-chimical characterization of the
samples indicates the formulation of geopolymer by fly
ash and alkaline activator solution, and suggests that the
adsorbent have functional groups suitable to remove MB.
The kinetic studies for batch experiment reveal that MB
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