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a b s t r a c t 
A novel adsorbent was prepared by fly ash (FA) via geopolymerization and used for the removal of 
Cr(VI) from aqueous solutions. The preparation condition was optimized through an orthogonal array 
test, using a NaOH/Na2SiO3 mass ratio of 2.0, an alkali activator/FA mass ratio of 0.5 and a curing 
temperature of 60°C. Then batch experiments were carried out to investigate the effects of various 
experimental parameters such as initial solution pH, adsorbent dosage, contact time, initial Cr(VI) 
concentration and interfering ions on the removal efficiency. The adsorption kinetics were fitted well 
by a pseudo-second-order model. The applicability of the Langmuir and Freundlich models for the 
adsorption data was tested. It was found that the adsorption isotherms followed Freundlich isotherm 
model better than the Langmuir isotherm in the temperature range between 298 and 318 K. The high-
est adsorption capacity occurred at 298 K, reaching a value of 49.751 mg/g. Furthermore, the adsorp-
tion process was found to be exothermic and more favorable at lower temperatures.
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1. Introduction

Cr(VI) ion is considered to be one of the heavy metal pol-
lutants in wastewater that are hazardous to human health 
and to the environment [1,2]. Removal of heavy metal ions 
can have short-term and long-term effects on human health 
[3,4]. Many effective methods have been reported to remove 
heavy metal ions from water systems, including chemical 
precipitation, ion exchange, electrochemical treatment and 
adsorption [5–7]. Adsorption in particular has advantages 
over other methods due to its low cost, high efficiency and 
regenerative ability [8–11].

The amount of fly ash (FA) released by factories and 
thermal power plants keeps increasing throughout the 
world. Therefore, the disposal of FA has become a serious 
environmental and economic issue [12–14]. In recent years, 
only about 20%–30% of the generated FA is used, mainly as 
an additive in cement and concrete and as filling material 

in mining goaf filling, while the rest is discarded [15–17]. 
Therefore, strategies to deal with FA are required. 

It is well known that FA has a porous structure, and the 
porosity can range from 60% to 70%. In addition, FA has the 
property of high specific surface area, so it has a relative strong 
adsorption ability [18,19]. However, since FA is powdered, it 
is difficult to be used in an adsorption column. Moreover, 
its dissatisfactory adsorptive property also restricts the 
industrial application of FA-based adsorbent. As a result, 
preparing FA into an adsorbent with high efficiency and low 
cost to deal with sewage water waste is a topic of recent inter-
est. Synthesis of zeolite using FA as raw material to make an 
adsorbent is one route [4,20–22]. However, this process needs 
high temperature and high pressure, which increases the cost 
and restricts its large-scale application. Therefore, it is urgent 
to explore a new adsorbent preparation method of FA-based 
adsorbent. 

Geopolymer is an inorganic material based on the 
polymerization of silicon and aluminium tetrahedral pre-
cursors in high alkaline media with the alkali or alkaline 
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earth metal cations providing charge balance to the Al(IV) 
coordinated anion [23–26]. The structure of the geopoly-
mer is porous and is similar to zeolite [27–31], which shows 
potential to be a new kind of adsorbent. To the authors’ 
knowledge, there are few and very limited studies on the 
utilization of geopolymer to remove heavy metal ions. 
Medpelli et al. [7] explored the removal capabilities of arse-
nic using iron oxide-modified nanoporous geopolymer. 
Luukkonen et al. [6] used metakaolin as a raw material to 
synthesize the geopolymer, which was then applied to 
remove ammonium from model solutions and landfill leach-
ate. Al-Harahsheh et al. [3] synthesized the geopolymer from 
waste FA as adsorbent for copper from aqueous solutions.

In this paper, an FA-based geopolymer adsorbent (FAGA) 
was prepared. The effects of NaOH/Na2SiO3 mass ratio, alkali 
activator dosage and curing temperature on the adsorption 
of Cr(VI) ions were studied. Also, the optimum preparation 
conditions were investigated by using the Taguchi method. 
Then, scanning electron microscopy (SEM), X-ray diffraction 
(XRD) analysis, Fourier transfer infrared (FTIR) spectrome-
ter analysis and N2 adsorption analysis were carried out to 
explore the properties of FAGA prepared under the optimal 
conditions. Batch adsorption experiments aimed to investi-
gate the influencing factors of adsorption efficiency. 

2. Materials and methods

2.1. Source materials

FA was collected from thermal power plants in Henan, 
China, and used as source materials to synthesize geopoly-
mer-based adsorbent. The chemical composition of FA as 
measured by X-ray fluorescence (XRF) was: SiO2 = 54.79%, 
Al2O3 = 23.57%, Fe2O3 = 1.13% and CaO = 1.07%. The aver-
age particle size and specific surface area were 29–32 μm and 
0.76 m²/g, respectively. The alkali activator was a mixture 
of 12 mol/L NaOH solution and Na2SiO3 (SiO2 = 26.5 wt%, 
Na2O = 8.3 wt%, H2O = 65.2 wt%). The Cr(VI) ion solution 
was prepared by dissolving K2Cr2O7 (analytical grade stan-
dard) in distilled water and further diluted to concentrations 
required for the experiment.

2.2. Geopolymer preparation

Geopolymer was prepared by mixing FA and the alkali 
activator for 5 min in order to obtain a homogenous slurry 
before pouring into steel molds. The molds were vibrated 
for 2 min to remove entrained air bubbles. After that, the 
molds were sealed with polyethylene film and cured for 28 d. 
Thereafter, geopolymer were washed using distilled water to 
remove the excess alkali, and then crushed to 0.5–1 mm.

2.3. Characterizations

XRD analysis was carried out using X-ray diffractom-
eter. The scanning range of 2θ was between 5° and 90°. A 
ZEISS scanning electron microscope was used at accelerat-
ing voltage of 10 kV. SEM measurements were performed on 
the geopolymer particles by evaporating gold on the surface. 
Surface area and pore size distribution were collected using 
a Brunauer, Emmertt and Teller (BET) equation with N2 as a 

carrier gas. The concentration of Cr(VI) was determined by 
inductively coupled plasma optical emission spectrometry 
(ICP-OES).

2.4. Batch adsorption tests

Batch adsorption tests were carried out to explore the 
effects of FAGA dosage, pH, contact time, temperature, 
initial Cr(VI) concentration and interfering ions. 

The percentage removal efficiency (R) was calculated 
using the following equation [32]:

R
C C
C

e=
−

×0

0

100%  (1)

where C0 and Ce are the initial and equilibrium concentration 
(mg/L) of Cr(VI), respectively. 

The quantity of Cr(VI) uptake (Qt, mg/g) by the FAGA 
was determined as [33]:

Q
C C V

mt
e=

− ×0  (2)

where V and m are the solution volume (L) and FAGA dosage 
(g), respectively.

3. Result and discussion

3.1. Optimum of FAGA preparation

The alkali activator is an important parameter during 
the synthesis of geopolymer. Aluminosilicate materials are 
dissolved in alkali solution. On the other hand, alkali metal 
cations must be present in the cavities of the geopolymer net-
work to balance the negative charge [34]. Therefore, the com-
position of the alkali activator greatly influences the properties 
of the geopolymer. Curing temperature is also an important 
parameter during the synthesis of geopolymer and is a reac-
tion accelerator [35]. However, a higher curing temperature 
does not necessarily lead to a high performance product [36].

Based on the above analysis, NaOH/Na2SiO3 mass ratio, 
alkali activator dosage and curing temperature were explored 
using an L16 (44) orthogonal array. The experiment details are 
shown in Table 1. The effect of combinations of these factors 
and levels was assessed by the removal efficiency of Cr(VI) at 
a temperature of 298 K using an FAGA dosage of 2.0 g/L for 
a contact time of 100 min. The initial concentration of Cr(VI) 
and pH value were 40 mg/L and 5, respectively. The results 
are presented in Table 2.

Table 1 
Factors and levels for L16 (44) orthogonal array

Factor Level

1 2 3 4

NaOH/Na2SiO3 (mass ratio) 1 2 3 4

Alkali activator/FA (mass ratio) 0.3 0.4 0.5 0.6

Curing temperature (°C) 20 40 60 80
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Analysis of the orthogonal array data suggests that 
A2B3C3 (NaOH/Na2SiO3 mass ratio of 2, alkali activator/FA 
mass ratio of 0.5 and curing temperature of 60°C) was the 
optimal combination of factors and levels. Therefore, FAGA 
prepared using the conditions of A2B3C3 was used for the 
Cr(VI) adsorption.

3.2. Characterization

The XRD patterns of FA and FAGA are shown in Fig. 1. 
The main crystalline phases in FA were quartz, mullite, albite 
and anorthite. But an amorphous structure could be observed 
from the background peak in the region of 2θ = 15°–30°. After 
geopolymerization, the intensity of the initial crystalline 
phases (quartz, mullite, albite and anorthite) decreased, and 
a new phase (N-A-S-H) was observed. A broad peak in the 
region 2θ = 20°–40° was also observed from the XRD pattern 
of FAGA, which indicates the occurrence of geopolymer-
ization occurred [37], in agreement with previous reported 
works [38–40].

Fig. 2 shows the FTIR spectra of FA and FAGA. The 
most characteristic difference observed between the FTIR 
spectrum of FA and FAGA is the band resulted from the 

asymmetric stretching vibrations of T–O–Si (T = Al or Si). 
This band appeared at about 1,067 cm–1 in the FTIR spectrum 
of FA but shifted to lower frequencies (997 cm–1) in the FTIR 
spectra of FAGA indicating the formation of a new product 
(N-A-S-H) [41]. Al-Zboon et al. [42] found similar results 
where this band appeared at 1,035 cm–1 and shifted to lower 
frequencies (<100 cm–1). The disappearance of the absorption 
band at about 800 cm–1 contributed to the AlO4 vibrations 
and the appearance of new bands between 780 and 580 cm–1 
related to the symmetric stretching vibrations of T–O–Si (T = 
Al or Si), in the FAGA are further evidence of the formation 
of N-A-S-H [43–45]. 

The pore size distribution of FAGA (Fig. 3) is in the range 
of about 2–160 nm with an average pore diameter of 6.34 nm. 
The pore volume of FAGA was found to be 0.022 cm3/g. The 
BET surface area of FAGA was found to be 4.58 m2/g in com-
parison with the BET surface area of FA, which was 0.35 m2/g. 
This increase of the BET surface area in the FAGA vs. that 
of FA was due to the porous structure of FAGA. Therefore, 

Table 2 
L16 (44) orthogonal array for optimization of FAGA preparation

No. A B C Removal 
efficiency (%)

1 1 1 1 56.12
2 1 2 2 67.22

3 1 3 3 75.45

4 1 4 4 66.17

5 2 1 2 69.15

6 2 2 1 74.11

7 2 3 4 86.12

8 2 4 2 90.16

9 3 1 3 80.15

10 3 2 4 84.56

11 3 3 1 76.17

12 3 4 2 66.19

13 4 1 4 63.98

14 4 2 3 61.45

15 4 3 2 66.10

16 4 4 1 58.12

K1 264.96 269.40 264.51

K2 319.54 287.34 268.66

K3 307.06 303.83 307.21

K4 249.65 280.64 300.83

R 17.48 8.61 10.68
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Fig. 1. XRD pattern of FA and FAGA.
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Fig. 2. FTIR spectra of FA and FAGA.
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the porous structure of the FAGA would favor the adsorption 
of heavy metal ions [46].

3.3. Adsorption kinetics

The adsorption capacities of FAGA were measured as 
a function of contact time in order to explore the optimum 
contact time between the FAGA and Cr(VI). Therefore, 0.2 g 
of FAGA was added into 100 mL of Cr(VI) solution with a 
concentration of 40 mg/L at a pH = 5 and 298 K. The result is 
shown in Fig. 4(a). It is clear from Fig. 4(a) that the amount of 
Cr(VI) adsorbed increased as a function of contact time and 
reached equilibrium after 100 min, after which it remained 
constant. Fig. 4(a) shows that a significant removal of Cr(VI) 
occurred within the first 60 min (87.85%) and only a slight 
change occurred after 60 min. Liu [47] found that the equi-
librium contact time for Cr(VI) absorption by ultrafine FA 
was around 80 min. Similar results were also obtained by 
Al-Zboon et al. [33], where the maximum removal of Pb(II) 
ions by FA-based geopolymer was achieved after 1 h.

The pseudo-first-order and pseudo-second-order kinetic 
models given by Eqs. (3) and (4) [3], respectively, were used 
to fit the experimental data in Fig. 4(a): 

First order : ( ) lnln Q Q Q K te t e− = − 1  (3)

Second order : t
Q K Q

t
Qt e e

= +
1

2
2  (4)

where k1 and k2 are the first-order and second-order adsorp-
tion rate constants, respectively. Qe and Qt are the adsorp-
tion capacity (mg/g) at equilibrium and at time t. The fitting 
results are shown in Figs. 4(b) and (c), and the corresponding 
kinetic adsorption parameters are listed in Table 3.

It can be seen from Table 3 that the correlation coeffi-
cient for the pseudo-second-order kinetic model (R2 = 0.997) 
is higher than for the pseudo-first-order kinetic model 
(R2 = 0.941). In comparison with the pseudo-first-order, the 
theoretical Qe value (19.417 mg/g) of the pseudo-second-order 
kinetic model is much close to the experimental data. 

Therefore, the adsorption process between the FAGA and 
Cr(VI) fits a pseudo-second-order adsorption model. Similar 
results were also found by other researchers. For example, Ge 
et al. [48] found that the removal of Cu(II) ions from aqueous 
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Fig. 3. Pore-size distribution of FAGA.
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Fig. 4. (a) Adsorption kinetics of FAGA toward Cr(VI); 
(b) pseudo-first-order model; and (c) pseudo-second-order 
model.

Table 3 
Kinetics parameters

Pseudo-first-order Pseudo-second-order
k1 Qe (mg/L) R2 k2 Qe (mg/L) R2

0.067 11.592 0.941 0.007 19.417 0.997
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solutions using porous geopolymeric spheres as adsorbent 
followed a pseudo-second-order kinetic model. Al-Zboon 
et al. [42] used a natural volcanic tuff-based geopolymer for 
Zn removal and reported that pseudo-second-order model 
showed the best fit of the experimental data. 

3.4. Adsorption isotherms and thermodynamics

Adsorption isotherms are essential to investigate the 
nature of the interaction between Cr(VI) and FAGA. Two 
isotherm models were used in this study to quantify the 
adsorption capacity of FAGA at different temperatures and 
various Cr(VI) concentration. First, 0.2 g of FAGA was added 

into 100 mL of Cr(VI) solution with a concentration of 20, 
40, 60, 80, 100 and 120 mg/L at a pH of 5. Then vibrated for 
100 min at three different temperatures (298, 308 and 318 K). 
The results are shown in Fig. 5.

The most common description of the adsorption capac-
ity is through the empirical models of adsorption via the 
Freundlich and Langmuir equations. The Langmuir and 
Freundlich isotherm models are given by Eqs. (5) and (6) 
[33], respectively, and were used to evaluate the experimen-
tal data:

Langmuir isotherm model: 1 1 1 1
Q Q K Q Ce m L m e

= −  (5)

Freundlich isotherm model: ln ln lnQ K
n

Ce F e= +
1  (6)

where Qm is the monolayer capacity of the adsorbent; KL is the 
Langmuir adsorption constant; KF and n are the Freundlich 
constants. 

The Langmuir model is mainly appropriate for homo-
geneous adsorption process, where the adsorption of each 
adsorbate molecule onto the surface has equal adsorption 
activation energy [49], and it assumes a monolayer cover-
age absorption. While the Freundlich model is applicable to 
describe heterogeneous systems, reversible adsorption is not 
restricted to the formation of monolayers [49].

Langmuir and Freundlich parameters for adsorption of 
Cr(VI) are listed in Table 4. As seen from Table 4, the value of 
KL is between 0 and 1 indicating that the adsorption process is 
favorable. The correlation coefficient (R2) values of Freundlich 
isotherm model are higher than those of Langmuir isotherm 
model, which suggests that the adsorption data are better 
described by the Freundlich isotherm model. This indicates 
that the adsorption of Cr(VI) on the surface of FAGA is het-
erogeneous and there is interaction between adsorbed mol-
ecules [33]. There are different active sites on the surface of 
FAGA, and the binding capacities with Cr(VI) of these sites 
are different. Previous research [50] has also reported similar 
result. On the other hand, the value of KF decreased as the 
temperature increased indicating that the adsorption pro-
cess is more favorable in lower temperature [8,51]. This is in 
agreement with the results of the Langmuir isotherm model, 
which showed that the maximum capacity (Qm) decreased as 
the temperature increased. The maximum adsorption capac-
ities of some adsorbents used for the removal of Cr(VI) as 
reported are shown in Table 5. It can be seen from Table 5 that 
the adsorption capacity of the FAGA is higher than most of 
those materials. The experimental conditions may not be the 
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Fig. 5. (a) Langmuir isotherm model and (b) Freundlich isotherm 
model.

Table 4 
Isotherms parameters

Temperature (K) Langmuir isotherm model Freundlich isotherm model
Qm (mg/g) KL (L/mg) R2 n KF (L/mg) R2

298 49.751 0.245 0.963 2.028 9.776 0.985
308 47.847 0.158 0.937 1.896 7.937 0.971
318 46.729 0.135 0.910 1.779 7.242 0.951
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same as those of the current work, but the higher adsorption 
capacity of the FAGA suggests that it shows potential to be 
a promising adsorbent for wastewater treatment of Cr(VI).

The values of Gibbs free energy (ΔG°), enthalpy (ΔH°) 
and entropy (ΔS°) of the adsorption process were calculated 
using the following equations [33]:

∆ ∆ ∆G H T0 0 0= − S  (7)

lnK
RT

S
RF = − +

∆ ∆H0 0

 (8)

where T and R are the temperature (K) and thermodynamic 
constant (8.314 J/K·mol), respectively. The results are pre-
sented in Fig. 6 and Table 6.

From Table 6, the negative values of ΔG° indicate that the 
adsorption of Cr(VI) was an feasible and spontaneous process 
[53]. Furthermore, ΔG° increases as a function of temperature, 
which suggests that the adsorption process is exothermic and 
that this process is more favorable at lower temperatures [54], 
in agreement with the adsorption isotherm analysis. Similar 
type of behavior has been reported earlier [3,55].

The exothermic behavior of the adsorption process is also 
supported by the fact that the values of ΔS° are negative sug-
gesting that the system entropy decreases after the adsorp-
tion process. Adsorption of Cr(VI) on the surface of FAGA 
leads to the combination of Cr(VI) binding to the active sites 
of FAGA that results in a decrease of the system disorder and 
reduces its entropy. 

The value of ΔH° is –13.936 kJ/mol, indicating that the 
adsorption of Cr(VI) by FAGA is a entropy-reducing process 
[56]. According to Open et al. [48], the adsorption types could 
be determined through the value of ΔH°, which are listed in 
Table 7. As seen from Table 7, the adsorption of Cr(VI) onto 
FAGA occurs mainly through hydrogen bond and dipolar bond 
force-based process, not a chemical bond-based process [18]. 

3.5. The effect of pH

The pH value is one of the most important factors for 
adsorption processes, which affects not only the surface 
charge of the adsorbents but also the form of Cr(VI). The 
effect of different initial pH values (2–9) of Cr(VI) solution 
on its removal efficiency was studied at a temperature of 
298 K using an FAGA dosage of 2.0 g/L for a contact time of 
100 min. The initial concentration of Cr(VI) was 40 mg/L, and 
the result is presented in Fig. 7.

As shown in Fig. 7, the removal efficiency of Cr(VI) is 
strongly influenced by the pH of the initial solution. The 
removal efficiency increases with the increase of pH up to 
5 (82.01% at pH of 2 to 92.55% at pH of 5), after which it 
decreases with the increase of pH. 

The main forms of Cr(VI) that exist are CrO4
2–, Cr2O7

2– and 
HCrO4

–, which are determined by the pH of solution and the 
concentration of Cr(VI) [53,57,58]. In this study, the concentra-
tion of Cr(VI) was 40 mg/L with a pH range of 2–9, so the dom-
inant forms of Cr(VI) that exist in the system were CrO4

2– and 
HCrO4

–. At acidic conditions, Cr(VI) exists in the solution in 
the form of HCrO4

–. When the pH of the solution is lower than 
the isoelectric point of FAGA, protonation takes place at the 
surface of FAGA. This process could gather positive charge, 
which could attract HCrO4

– ions to its surface. While at alka-
line condition, negative charge covers the surface of FAGA 
due to proton abstraction, thus repelling the CrO4

2– ions and 
lowering the removal efficiency. On the other hand, the sur-
face of FAGA could be corroded at acidic conditions, which 
can in turn increase its specific surface area and uncover part 
of the active sites located in the interior of FAGA. Therefore, 

Table 5 
Comparison of adsorption capacity of FAGA with other adsorbents for Cr(VI) removal

Adsorbents Qm (mg/g) Equilibrium time (min) References

FAGA 49.751 100 Present work
PPy-HNTs clay NC 149.25 5–30 [52]
Spent activated clay 1.422 100 [51]
Chitosan-coated fly ash 33.27 50 [8]
HCl-AC 7.47 1,440 [11]

Note: PPy-HNTs NC – polypyrrole-coated halloysite nanotube nanocomposite; and HCl-AC – HCl activated Akadama clay.
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Fig. 6. Adsorption reaction fitting curve of Gibbs equation.

Table 6 
Thermodynamic parameters

ΔH° 
(kJ/mol)

ΔG° (kJ/mol) ΔS° 
(J/mol K)

R2

298 K 308 K 318 K
–13.936 –5.832 –5.460 –5.154 –33.905 0.950
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the removal efficiency at lower pH condition is more favor-
able. Yue et al. [8] has found that the maximum adsorp-
tion capacity of Cr(VI) using chitosan-coated FA composite 
as adsorbent was 33.27 mg/g at pH 5.0, and it decreased to 
29.73 and 26.86 mg/g at pH of 2.0 and 8.0, respectively. Ballav 
et al. [52] used polypyrrole-coated halloysite nanotube clay 
to remove Cr(VI) and found that the removal efficiency was 
more than 95.0% at pH of 2.0–6.0. All these results from pre-
vious works and our results seem to indicate that the removal 
of Cr(VI) is more favorable at acidic conditions.

3.6. The effect of FAGA dosage

The effect of FAGA dosage on Cr(VI) removal was 
explored at room temperature (298 K) and a pH value of 5 
using various doses (0.1–5.0 g/L). The initial concentration of 
Cr(VI) was 40 mg/L, and the contact time was 100 min. The 
experimental results are shown in Fig. 8. The results showed 
that the removal efficiency increased from around 58.23% to 
92.57% as the FAGA dosage increased from 0.1 to 5.0 g/L. This 
is because at low FAGA dosages, the available active sites are 
not enough to take all available Cr(VI) in the solution [3]. A 
sharp increase in removal efficiency is observed as the FAGA 
dose increases from 0.2 to 2.0 g/L, while insignificant increase 
is noticed as the FAGA dose increases from 2.0 to 5 g/L. 

In contrast, the adsorption capacity decreased as we 
increased the FAGA dosage, in agreement with previous 
reports by Zhao et al. [59] and Baral et al. [60] on other simi-
lar systems. The larger FAGA dosage increases the available 
active sites in the adsorption system, but reduces the utiliza-
tion rate per unit area of FAGA [50].

3.7. The effect of interfering ions

The effect of interfering ions on Cr(VI) adsorption was 
explored at room temperature (298 K) and a pH value of 5 
using FAGA dosages of 2.0 g/L. The initial concentration of 
Cr(VI) was 40 mg/L (about 0.77 mol/L), and the contact time 
was 100 min. NaCl and Na2SO4 were used to adjust the con-
centration of Cl– and SO4

2– in the Cr(VI) solution at 0.1, 0.5, 1.0 
and 2.0 mol/L. The experimental results are shown in Fig. 9.

It can be seen from Fig. 9 that when the concentration 
of Cl– is 0.1 mol/L, the removal efficiency decreases by only 
0.1%. However, when the concentration of Cl– increases to 
2.0 mol/L, the removal efficiency decreases sharply, from 
89.41% at 0.5 mol/L to 84.51% at 2.0 mol/L. The effect of 
SO4

2– on the removal efficiency of Cr(VI) is higher than that 
of Cl–. The removal efficiency decreases by 11.96% when the 
concentration of SO4

2– is 2.0 mol/L, while this number was 
only 8.39% for Cl–. As reported by Weng et al. [51], higher 
charged negative ions have a significant influence on the 
removal efficiency of Cr(VI) because these ions enjoyed 
higher combining capacity with HCrO4

–. This can not only 

Table 7 
The energy of adsorption from different forces (kJ/mol)

Van der Waals’ 
force

Hydrogen 
bond

Dipolar 
bond

Chemical 
bond

Coordination 
exchange

Hydrophobic 
bond

4–10 2–40 2–29 >60 60 5

2 4 6 8 10

70

75

80

85

90

95

R
 (%

)

pH

Fig. 7. The influence of pH on the removal efficiency.
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Fig. 8. The influence of FAGA dosage on the removal efficiency 
and adsorption capacity.
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Fig. 9. The influence of interfering ions on the removal efficiency.
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lead to competitive adsorption but also compress the double 
electrode layer between adsorbent and adsorbate and thus 
influence the normal adsorption process. 

Therefore, the interfering ions can disturb the 
adsorption process, and in our work, in particular, we 
found that the influence of SO4

2– on the adsorption of 
Cr(VI) was higher than Cl– due to the higher negative 
charge. Therefore, these interfering ions should be 
removed before putting FAGA into use in order to ensure 
the best adsorption efficiency.

4. Conclusions

The FAGA has been successfully prepared in the present 
study. Based on our work, the following conclusions are 
made:

• From the results of the orthogonal array test, the opti-
mum preparation conditions of FAGA were: NaOH/
Na2SiO3 mass ratio of 2.0, alkali activator/FA mass ratio 
of 0.5 and a curing temperature of 60°C.

• The kinetic data obtained showed that pseudo-sec-
ond-order equations controlled the adsorption process. 
Moreover, according to adsorption isotherm investiga-
tions, the Langmuir isotherm model proved to be the best 
in fitting the adsorption process.

• The negative values of ΔG° suggests that the adsorption 
of Cr(VI) was a feasible and spontaneous process. On the 
other hand, ΔG° increased as a function of temperature, 
coupled with a negative value of ΔS°, indicating that 
the adsorption process was exothermic. Furthermore, 
from the value of ΔH° (–13.936 kJ/mol), the adsorption 
for Cr(VI) onto FAGA was mainly a physical absorp-
tion-based process could be reached. 

• The removal efficiency was found to increase as a func-
tion of FAGA dosage and reach its maximum at 2.0 g/L, 
after which the removal efficiency remained stable. The 
adsorption process was found to be more favorable at 
acidic conditions with an optimum pH value of 6. 

• SO4
2– was found to have a greater influence on the removal 

efficiency of Cr(VI) than Cl–. When the concentration 
of SO4

2– and Cl– was 2 mol/L, the removal efficiency of 
Cr(VI) decreased by 11.96% and 8.39% in comparison 
with the control sample. 
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