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a b s t r a c t
Urban and industrial effluents are responsible for pollutant of which organic, mineral or phys-
ical nature. This gives these effluents aggressive and harmful character for the ecosystem and 
water resources. This work focuses on developing a porous geopolymeric materials as a low-cost, 
non-toxicity, and easy synthesis adsorbent for removing toxic metals from water. Brick waste and 
phosphogypsum were used as aluminosilicate raw materials for the synthesis of geopolymers. The 
silica fume was used as a blowing agent. The prepared geopolymers were characterized by Fourier-
transform infrared spectroscopy and X-ray diffraction analysis technics, and were used to investigate 
the adsorption of Cu(II) and Pb(II) ions in the batch mode. Results show that the studied materials 
are rich mainly of quartz, cristobalite, and mullite. Adsorption experiments indicate that the equi-
librium of Cu(II) and Pb(II) ions uptake can be reached at approximately 120 min (pH 5.0). The max-
imum removal efficiency of Cu(II) and Pb(II) observed was 55.55 and 83.33 mg·g–1, respectively for 
geo-M2Na10 (waste brick + phosphogypsum + silica fume + NaOH) sample. The studied geopoly-
mers exhibit a high adsorption capacity for Cu(II) and Pb(II) at initial concentration ranging from 
50 to 400 mg·L–1. It was also found that the kinetic data are perfectly flow the pseudo-second-order 
model. The isotherm data of Cu(II) and Pb(II) adsorption onto the prepared adsorbents obeyed to the  
Langmuir model.
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1. Introduction

Geopolymers are solid/amorphous, which are synthe-
sized from alkali activation of an aluminosilicate material 
[1], and appear as a potential alternative to the conventional 

cement materials. Geopolymers have been used in differ-
ent applications, most of them are for the automotive and 
aerospace industries, non-ferrous foundries and metal-
lurgy, civil engineering, cements and concretes, ceramics 
and plastics industries, waste management and wastewater 
treatment [2,3].
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Many techniques based on chemical precipitation, 
reverse osmosis, electrochemical processes, ion exchange [4], 
coagulation [5] and adsorption [6] have been investigated to 
remove pollutants from water media. Currently, geopoly-
mers have attracted much attention as new heavy metal 
adsorption ability [7].

Porous materials are reported to be efficient and low-cost 
adsorbents for organic and inorganic pollutants. Inorganic 
porous materials are generally studied in the developing 
of high-efficiency adsorption materials [8]. Ion-exchange 
properties shown by these materials are consequent to their 
unique crystalline microporous structure, identified by 
fixed pore dimensions that make them selectively accessible 
to metal ions, depending on their charge and size [9,10].

Bai and al. Have been used monolithic foamed geopoly-
mers for extracting copper and ammonium, 87% removal for 
copper and 95% for ammonium, corresponding to an remove 
of 0.54 and 0.57 mg·g–1, respectively [11]. Another stimulating 
procedure has been reported by Tang et al. [12] on the use 
of metakaolin based geopolymer spheres. The spheres affin-
ity about Cu2+, Pb2+ and Ca2+ was demonstrated, with uptake 
values being 35, 46 and 24 mg·g–1, respectively. Several 
studies have been performed, and it has been revealed that 
the efficiency of the additive powder can be significantly 
modified through its composition with other materials [13].

The geopolymer foams were widely prepared from 
industrial wastes and their potential as a low-cost adsor-
bent for pollutants in water was reported in the existing 
literature [14]. Industrial waste recycling can decrease the 
need for natural resources and energy, and the interest from 
these recycled materials is to improve the performance of 
prepared geopolymer binders [15]. Waste brick and phos-
phogypsum are industrial by-products to get rid of, it’s 
necessary a lot of money and great effort. Their potential 
use in the produce of geopolymer provides several bene-
fits as are the saving use of natural resources then the solid 
by-product waste management [16].

In this work, the possibility of using phosphogypsum 
(PG) and waste brick (WB) as raw materials to produce geo-
polymer binders was investigated, and its ability to remove 
of Cu(II) and Pb(II) ions from water media. The geopoly-
merization method was applied to synthesize the phos-
phogypsum (PG) and waste brick (WB)-based geopolymer, 
the silica fume as a blowing agent and were activated by 
NaOH or KOH solution.

The prepared geopolymers samples were characterized 
by X-ray diffraction (XRD) and Fourier-transform infrared 
spectroscopy (FTIR), and then used as adsorbent to remove 
Cu(II) and Pb(II) from water. The adsorption behavior 
(performance and mechanisms) of Cu(II) and Pb(II) ions by 
using foams geopolymer was studied via batch experiments. 
In addition, different kinetic and equilibrium models were 
used to analyze the experimental data and understand-
ing the adsorption properties of Cu(II) and Pb(II) onto the 
prepared materials.

2. Material and methods

2.1. Raw materials

The preparation of the geopolymers consists of mixing 
the raw material powder with solutions of alkali hydroxide, 

NaOH or KOH. In this research, we prepared porous geo-
polymer obtained from construction waste materials 
(brick powder (WB)), as well as industrial waste material 
(the phosphogypsum (PG), the silica fume (SF)), used as a 
heavy metal’s adsorbent.

2.1.1. Waste brick (WB)

WB was available at the brick industry of Medenine 
(south of Tunisia). The chemical composition of the solid 
precursors indicated that the waste brick had a high con-
tent of SiO2 (61.73%) compared to the Al2O3 (13.56%). Value 
of the mass ratio SiO2/Al2O3 classifies the waste bricks as a 
siliceous material [17]. The WB was crushed and grounded 
using a crusher and a ball mill, then were sieved through 
150 mm sieve.

2.1.2. Phosphogypsum (PG)

The PG was obtained from the chemical industry of 
Gabes city (south of Tunisia). The PG powder was washed 
with fresh water (until pH = 4) and dried at 100°C for a 
night and then were crushed in a mortar and then sieved 
through 150 mm sieve.

2.1.3. Alkali-activators

Generally, utilization of hydroxides of any alkalis such as 
sodium, potassium, calcium, lithium and silicates of sodium 
and potassium are suitable for activation of waste materi-
als. However, most of researchers have used sodium and 
potassium-based alkali-activators to form alkali-activated 
bricks [18].

The alkaline activators used in the preparation of geo-
polymer are NaOH and KOH solutions. The solution was 
obtained by dissolving sodium or potassium hydroxide pel-
lets in distilled water and allowed to cool to room tempera-
ture. The mixtures were obtained by hand mixing for 5 min.

The sodium hydroxide and potassium hydroxide 
solution were prepared with a concentration of 10, 12 and 
14 M from solid NaOH or KOH capsules of 98% purity.

2.2. Geopolymer synthesis

Mixtures of the solid material powder with solutions of 
alkali hydroxide were established. Geopolymers were pre-
pared from waste brick, washed and sieved phosphogyp-
sum, the silica fume and alkaline liquid. The mixture was 
homogenized for 5 min. The paste samples were cast in cylin-
drical plastic molds with a diameter of 20 mm and height of 
40 mm and vibrated to remove entrapped air. Then, it was 
heated at 65°C during 3 d (Fig. 1).

Samples were prepared by two types of mixtures 
(Table 1):

•	 –60% WB, 15% SF and 25% alkaline liquid.
•	 –40% WB, 15% SF, 20% PG and 25% alkaline liquid.

2.3. Chemicals

The pollutants elements studied in this work were Cu(II) 
and Pb(II). Solutions containing copper and lead cations 
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were prepared by dissolving copper(II) chloride CuCl2 and 
lead(II) nitrate Pb(NO3)2 in deionized water, respectively.

2.4. Characterization methods

The waste materials and prepared geopolymers were 
characterized by FTIR and XRD analysis technics. The min-
eral crystalline phases of materials were determined by X-ray 
diffractometry using a PANalytical X’Pert-V diffractometer, 
which functions by reflection of Cu ka radiation (30 mA 
and 40 kV) of 5°/min scanning speed. The FTIR spectrum 
was recorded on a KBr disk, which contains 1% sample by 
mass, using a PerkinElmer (model783) spectrophotometer.

2.5. Batch adsorption studies

The adsorption experiments were performed accord-
ing to the batch system at 25°C. The concentration of the 
aqueous solutions containing Cu2+ and Pb2+ was varied 
in the range of 50–400 mg·L–1. The pH of solutions was 

controlled with adding a drops of HCl 0.1 M or NaOH 0.1 M 
for each adsorption test. Therefore 0.1 mg of geopolymer 
powder was added in 100 mL of the metal solution. Then 
after adsorption test, the residual concentrations of metal 
were determined by the atomic absorption spectrometer 
(AAS vario 6, Analytik Jena).

The differences in metal ion concentration were rep-
resented as the extraction of metal ion by the porous geo-
polymer adsorbent, according to Eq. (1):

Q
C C V
M

t
ads �

�� �0  (1)

Where C0 and Ct (mg·L–1) are the initial and at any time t 
concentrations of metal, respectively, V (L) is the volume, 
and M (g) is the weight of the adsorbent.

2.6. Theoretical foundation of kinetic and isotherm adsorption 
modeling

In the literature, many theoretical models are utilized 
to fit the adsorption kinetics and adsorption isotherm data. 
In this paper, the kinetics data was investigated using two 
models (the first-order and second-order). The two used iso-
therm models (Langmuir and Freundlich) were employed 
to describe the equilibrium data.

The adsorption efficiency of Cu(II) and Pb(II) ions was 
studied as a function of stirring time. The experimental 
data were fitted to the pseudo-first-order (2) [19] and the 
pseudo-second-order (2) [20] kinetic models.

•	 Pseudo-first-order:
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Fig. 1. Synthesis protocol of waste materials based geopolymer.

Table 1
Composition of the prepared geopolymers samples

Samples WB (%) SF (%) PG (%) NaOH 
(mol)

KOH 
(mol)

geo-M1Na10 60 15 – 10 –
geo-M1Na12 60 15 – 12 –
geo-M1Na14 60 15 – 14 –
geo-M1k10 60 15 – – 10
geo-M1k12 60 15 – – 12
geo-M1k14 60 15 – – 14
geo-M2Na10 40 15 20 10 –
geo-M2Na12 40 15 20 12 –
geo-M2Na14 40 15 20 14 –
geo-M2K10 40 15 20 – 10
geo-M2K12 40 15 20 – 12
geo-M2K14 40 15 20 – 14
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The equilibrium study was performed to understand 
the mechanism of Cu(II) and Pb(II) adsorption onto geo-
polymer foams. The non-linear forms of Langmuir [21] and 
Freundlich [22] models were used to fit data of adsorption 
isotherm.

•	 Langmuir

q
Q K C

K Ce
L e

L e

�
�
max
0

1
 (4)

•	 Freundlich

q K Ce F e
n=  (5)

3. Results and discussion

3.1. Characterization of resultant mineral wastes based 
geopolymers

3.1.1. Chemical analysis

Table 2 presents the chemical analysis of the raw mate-
rials used in this study. Results of WB samples show that 
the SiO2 is the major constituent and the loss on ignition 
is relatively lower. As for the PG sample, the main con-
stituents are SO3, CaO, and SiO2.

3.1.2. XRD analysis

Data of the XRD analysis of WB and PG samples are pre-
sented in Fig. 2. The XRD diffractogram of PG sample reveals 
the presence mainly of gypsum and brushite, while the 

XRD of WB sample shows the presence specifically quartz 
and illite.

3.1.3. FTIR analysis

Fig. 3 presents the FTIR spectra of WB and PG sam-
ples exposed to elevated temperature. The band character-
istic of quartz (Si–O–Si vibrations) is located between 781 
and 800 cm–1. The band arising at ~1,660 cm–1 is due to the 
usual bending vibrations of water. The second vibration 
(~3,400 cm–1) may be attributed to the hydrogen bonding of 
water molecules to the surface oxygen. As for the PG spec-
tra, bands at 600 and 669 cm–1 are assigned to asymmet-
ric vibration mode of SO4. The stretching mode band was 
found at about 1,100 cm–1.

Table 3 shows the properties of silica fume (SF) used 
in the preparation of porous geopolymers.

3.2. Characterization of geopolymer adsorbents

The prepared geopolymers were characterized by 
FTIR and XRD analysis technics.

3.2.1. XRD analysis

Results of Fig. 4 show that the studied materials are rich 
mainly of quartz, cristobalite and mullite. The XRD sup-
ported the amorphous features of the porous geopolymers. 

Fig. 2. XRD patterns of raw materials: WB and PG. G: gypsum; 
B: brushite; Q: quartz; I: illite.

Table 2
Chemical composition of the raw minerals geopolymer adsorbent

Oxides SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 P2O5 LOI

WB 61.73 13.56 8.72 2.85 2.94 0.42 2.08 1.43 – 6.73
PG 10.32 1.54 0.21 0.64 24.56 0.98 0.45 41.12 1.43 18.31

 
Fig. 3. Infrared spectra of raw materials (PG, WB).
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The crystalline phases were dissolved in the alkaline solution 
and the aluminosilicate by geopolymerization reaction [23]. 
The crystalline phase of the waste industrial powder is sig-
nificantly modified into amorphous phase by means of the 
dissolution of crystalline particles in the alkaline solution 
during the geopolymerization reaction. In addition to that, 
the hump that appears at 20–35 is mainly related to N-A-
S-H gel, and the size of amorphous humps is related to the 
amount of N-A-S-H gel synthesized [24]. The above results 
indicate that alkaline solution has a good decomposing 
effect on waste industrial particles.

3.2.2. FTIR analysis

FTIR spectra of elaborated matrix are depicted in Fig. 5.
The FTIR bands are as follows:

Table 3
Technical properties of SF used

Appearance Light grey powder

Bulk density 0.40 to 0.45
Real density (helium) 2.24
SiO2 content 95%
Free C content 1.50%
Total S content 0.10% 0.10%
SiC content 1.50% 1.50%
Cl-content 0.06%
Oxide content (Fe, Al, Mg, Ca) 1.00%
Total alkali (Na2O eq.) 0.60%
Specific surface BET (m2·g–1) 23

                                                (a)                                                                                      (b) 

 

(c)                                                                                            (d)                 

Fig. 4. XRD patterns of foamed geopolymers (a–d). Q: quartz; C: cristobalite; M: mullite.
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•	 Stretching vibrations of O–H band of the kaolinite 
hydroxyl at 2,500–3,300 cm–1;

•	 Stretching vibrations of CO2 located at around 1,440 cm–1;
•	 Asymmetric stretching vibration (T–O–Si) at 

1,100–957 cm–1 where T = Si or Al;
•	 Stretching vibration of Si–O–Si in the region of 

1,004–1,010 cm–1.

The presence of the bands located at 670 and at 
609 cm–1 are due to the quartz.

3.3. Sorption study of heavy metals

3.3.1. Effect of pH

The effect of pH on the adsorption of Cu(II) and Pb(II) 
ions is depicted in Fig. 6. The data reveal that the adsorp-
tion of both ions from their aqueous solution is significantly 

affected by the solution pH. The uptake ability of geopoly-
mer was low at lower pH but increases as solution pH 
increases and found maximum at pH 5.0 for both ions. 
The adsorbed amount of Cu(II) and Pb(II) ions increased 
to reach 51 and 78 mg·g–1, respectively as solution pH 5.0.

3.3.2. Effect of contact time (Cu(II) and Pb(II) adsorption 
kinetics)

The effect of contact time of Cu(II) and Pb(II) ions 
solutions with geopolymers was assessed between 0 and 
480 min, as given in Figs. 7 and 8. The results show a prompt 
uptake at first 60 min both of Cu(II) and Pb(II) ions. As 
contact time increased from 120 min, the adsorption effi-
ciency for both metal ions increased and reached maximum 
value 52 mg·g–1 for Cu(II) and 79 mg·g–1 for Pb(II) ions for 
geo-M2Na10 geopolymer.
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Fig. 5. FTIR spectra of foamed geopolymers (a–d).
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Fig. 8a–d of the modeling of kinetic data of copper 
and lead show that the pseudo-second-order equation 
well describes the experimental data compared to pseu-
do-first-order model. This finding is confirmed by the 
higher correlation value (R2) and the less difference between 
the experimental and calculated qe values in the case of 
pseudo-second-order (Tables 4 and 5).

3.3.3. Modeling of adsorption isotherm

To explore the interactions adsorbent–adsorbate involv-
ing adsorption, the isotherm data was obtained by varying 
the Cu(II) and Pb(II) initial concentration at a fixed con-
stant dose of adsorbent. In this study, the nonlinear forms 
of Langmuir and Freundlich models were used to fit the 
equilibrium data.

From Fig. 9, the greater value of qe indicates the accu-
mulation of a greater number of ions to form a mono-
saturated layer. The results may be attributed to the 

presence of a greater number of active sites which enhance 
the removal ability of heavy metal by the adsorbent [25].

The correlation coefficient (R2	 ≈	 1)	 values	 provided	 in	
Tables 6 and 7 are very close to one which describing that 
the experimental results have a strong association with 
the Langmuir isotherm. According to this model, the max-
imum adsorption capacity is 55.55 mg·g–1 for Cu(II) and 
83.33 mg·g–1 for Pb(II).

3.3.4. Comparison with other adsorbents

To support the ability of the prepared geopolymer foams 
synthesized from mineral wastes as an effective adsor-
bent for copper and lead, the obtained adsorption capacity 
was compared to results of various adsorbents that have 
been reported in previous research in Table 8. It can be 
seen from data that the geopolymer prepared in this paper 
has nice adsorption effect.
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Fig. 8. (a) Kinetic pseudo-first-order of Cu(II) adsorption, (b) kinetic pseudo-second-order of Cu(II) adsorption, (c) kinetic pseudo- 
first-order of Pb(II) adsorption and (d) kinetic pseudo-second-order of Pb(II) adsorption.
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4. Conclusion

In this study, porous geopolymers were prepared, char-
acterized by FTIR and XRD analysis technics, and used as 
adsorbent. Batch experiments were conducted to investi-
gate the removal of Cu(II) and Pb(II) at different conditions. 
Results show that the studied materials are rich mainly of 
quartz, cristobalite and mullite. Batch experiments indicate 

that the Cu(II) and Pb(II) ions adsorption equilibrium can be 
reached at approximately 120 min (pH 5.0). The maximum 
removal efficiency of Cu(II) and Pb(II) observed was 55.55 
and 83.33 mg·g–1, respectively, for geo-M2Na10 sample. The 
studied geopolymers exhibit a high adsorption capacity for 
Cu(II) and Pb(II) adsorption at initial concentration rang-
ing from 50 to 400 mg·L–1. It was also found that the kinetic 
data are perfectly flow the pseudo-second-order model. 

Table 4
Relative kinetic parameters of pseudo-first-order and pseudo- 
second-order models for the Cu(II)

Geopolymer K 
(L·min–1)

qe 
(mg·g–1)

R2

Pseudo-first-order

geo-M1K10 0.005 25.110 0.870
geo-M2K10 0.005 35.480 0.930
geo-M1Na10 0.006 25.120 0.890
geo-M2Na10 0.075 25.110 0.907

Pseudo-second-order

geo-M1K10 4.770 43.470 0.998
geo-M2K10 5.500 48.300 0.994
geo-M1Na10 0.010 50.000 0.994
geo-M2Na10 0.001 55.550 0.999

Table 5
Relative kinetic parameters of pseudo-first-order and pseudo- 
second-order models for the Pb(II)

Geopolymer K 
(L·min–1)

qe 
(mg·g–1)

R2

Pseudo-first-order

geo-M1K10 0.011 42.270 0.550
geo-M2K10 0.017 42.070 0.760
geo-M1Na10 0.002 41.590 0.840
geo-M2Na10 0.017 42.070 0.760

Pseudo-second-order

geo-M1K10 0.005 47.610 0.996
geo-M2K10 0.002 58.820 0.998
geo-M1Na10 0.001 66.660 0.999
geo-M2Na10 0.005 76.33 0.999

Table 6
Isotherm constant parameters for the Cu(II) adsorption onto 
geopolymers

Qmax (mg·g–1) Kl R2

geo-M1K10 33.330 0.030 0.999
geo-M2K10 40.810 0.020 0.999
geo-M1Na10 50.000 0.020 0.999
geo-M2Na10 55.550 0.018 0.999

1/n KF R2

geo-M1K10 0.069 24.500 0.890
geo-M2K10 0.013 36.500 0.170
geo-M1Na10 0.015 40.440 0.170
geo-M2Na10 0.046 40.400 0.564

Table 7
Isotherm constant parameters for the Pb(II) adsorption onto 
geopolymers

1/n KF R2

geo-M1K10 0.102 25.533 0.719
geo-M2K10 0.015 38.474 0.173
geo-M1Na10 0.013 42.948 0.900
geo-M2Na10 0.060 48.424 0.890

Qmax (mg·g–1) Kl R2

geo-M1K10 54.050 0.012 0.999
geo-M2K10 61.720 0.014 0.999
geo-M1Na10 71.420 0.016 0.999
geo-M2Na10 83.330 0.018 0.999

Table 8
Adsorption results of Cu(II) and Pb(II) onto different adsorbents from literature reports

Adsorbent Adsorbate Adsorption capacity (mg·g–1) References

Fly ash geopolymer

Cu(II)

90 [27]
Geopolymer/alginate hybrid 60.8 [28]
Geopolymer from metakaolin and biomass ash 58.824 [29]
CTAB modified geopolymers 40.00 [30]
Geopolymer foams from mineral wastes 55.55 This work
Waste concrete powder

Pb(II)

40.06 [31]
Geopolymer-alginate-chitosan composites 142.67 [32]
Metakaolin/slag based geopolymer 95.61 [7]
Geopolymer foams from mineral wastes 83.33 This work
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The isotherm data of Cu(II) and Pb(II) adsorption onto the 
prepared adsorbents obeyed to the Langmuir model.
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Fig. 9. Pictorial representation of the heavy metal attachment 
with geopolymer [26].
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