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Abstract

Fundamental research of inorganic polymers prepared from available aluminosilicate precursors represent an innovative class
of materials characterized by low energy consumption for production. This is just one of the reasons why their use is focused
in protecting the environment for removing of heavy metals from aqueous solutions. The concentration of hydroxide as acti-
vator solution plays an important role in the geopolymerization process. The present study examined the use of geopolymer
materials, obtained in reaction of geopolymerizations of metakaolin as precursor activated with NaOH concentration 2.0,
4.0, 6.0 and 8.0 mol/dm? for removal of cadmium ions from aqueous solutions. The structure and properties of the obtained
geopolymer samples were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM) and diffuse reflection
infrared spectroscopy (DRIFTS). To investigate the surface charge of geopolymers the zeta potential measurements were
performed. Batch adsorption experiments conducted at room temperature (23 + 1 °C) showed that the adsorption pattern
followed the Freundlich isotherm model. The maximum removal of cadmium obtained from batch studies was 84.1% for
GP6M at pH= 6.7. The results generally showed that geopolymer samples could be considered as a potential adsorbent for

cadmium removal from aqueous solutions.

Keywords Geopolymer - DRIFT - Chemical properties - Functional applications - Freundlich isotherm model

1 Introduction

Heavy metals, lead (Pb), chromium (Cr), copper (Cu),
cadmium (Cd), nickel (Ni), and zinc (Zn) are source of
same concern because of their possible reactivity, toxicity
and mobility in the water and soil. They are classified as
human carcinogens according to the International Agency
for Research on Cancer. Cadmium is a heavy metal of
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considerable environmental and occupational concern. The
highest level of cadmium compounds in the environment is
accumulated in the sedimentary rocks, but it is frequently
used in various industrial activities, such as pigments, bat-
teries, fertilizers and pesticides [1, 2]. Cadmium is released
into natural waters by industrial and domestic wastewater
discharges. In humans, it’s accumulated in the kidneys which
will begin to malfunction at overdoses spilling proteins
in the urine and disrupting protein metabolism. It is well
known that chronic cadmium toxicity has been the cause of
Japanese Itai—Itai disease [3].

Adsorption is a very promising method for reducing cad-
mium concentrations in potable waters, because it is a rela-
tively simple, efficient and low-cost technique. There are
different adsorbents which were used for the adsorption of
heavy metals from waste water. Commonly used adsorbent
for the removal of pollutants present in water and wastewa-
ters is activated carbon. Its price is high, so the synthesis
of new equally effective adsorbents is very desirable [4,
5]. Geopolymers are usually obtained through inexpensive
and ecofriendly synthetic procedures with low waste gas
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emission [6-9]. That is the one of the reason why they are
called the “green materials”. Geopolymers synthesized at
temperatures below 90 °C by alkali activation of highly reac-
tive metakaolin as a good source of silicon and aluminium
[10]. Geopolymerization mechanism involves dissolving
aluminum and silicon in alkaline solution, transport and ori-
entation of dissolved species accompanied by polycondensa-
tion and the creation of three-dimensional aluminosilicate
networks. Beside the temperature another important param-
eter is the duration. The samples at an elevated temperature
were usually retained 12 or 24 h [11]. The concentration of
hydroxide in the solution of activator plays an important role
in the process of geopolymerization. Studies of the effect of
hydroxide led to important discoveries about the mechanism
of the reaction. If working with highly concentrated hydrox-
ide solution (10 mol/dm? and more), the pH will be sulffi-
ciently high to reach the dissolution of silicon from the raw
material as well as to prevent the dissolution of the Ca (OH),
[12]. The charging of particles in aqueous solutions is a fac-
tor that is significant for ion adsorption. Zeta potential is the
most prominent parameter used to describe the surface—force
interaction and the stability of particles in suspension. Since
pH-dependent surface charging is a very important subject
of research to define the state of the surface of a dispersed
solid phase, measurements of zeta potential are major.

The researchers have mainly dealt with the influence
of NaOH concentration on the compressive strength and
mechanical properties of geopolymers [13—19]. The objec-
tives of this study were to investigate effectiveness of synthe-
tized geopolymer samples, activated by different NaOH con-
centration, for removal of cadmium from aqueous solutions.

2 Materials and Methods

For the synthesis of geopolymer samples thermally treated
kaolinite (Rudovci, Lazarevac, Serbia) at 750 °C for 1 h was
used. The structural characteristics of kaolinite were inves-
tigated in researching by Nenadovi¢ et al. [20]. The alka-
line activator solutions were prepared from sodium silicate
(volume ratio Na,SiO,/NaOH=1.6) and 2 M, 4 M, 6 M and
8 M NaOH solutions (analytical grade). The geopolymer
samples (GP) were synthesized from metakaolin (MK) and
the alkaline activator solution (solid/liquid ratio was approx-
imately one), which were mixed for 15 min and then left at
room temperature for 24 h. Finally, the mixture was kept in a
sample drying oven for 48 h at 60 °C. Prepared geopolymer
samples were labeled as GP2M, GP4M, GP6M and GPSM.
After that, the dry samples were milled and sifted through
a sieve with hole diameter of 355 pm. Prior to the adsorp-
tion, the samples were stored in a desiccator in the covered
containers.

All samples were characterized by X-ray diffractometry
(XRD) by using Ultima IV Rigaku diffractometer, equipped
by Cu Ka, , radiation, with a generator voltage of 40.0 kV
and a generator current of 40.0 mA. The 20 range of 5-80°
was used for all powders in a continuous scan mode with
a scanning step size of 0.02° at scan rate of 5°/min. The
functional groups of all obtained samples were studied
using DRIFT spectroscopy. Spectral information of diffuse
reflection FT-IR spectra was analysed and compared. DRIFT
spectra were obtained using Spectrum Two spectrometer and
were recorded at 4 cm™! resolution. Approximately 5% of
samples were dispersed in oven-dried spectroscopic grade
potassium bromide (KBr) with refractive index of 1.559 and
the particle size of 5-20 pm. Spectra was taken at room
temperature. Background KBr spectra obtained and spectra
rationed to the background. The spectral data of the samples
were collected in the 4000-400 cm™! region.

The microstructure analysis of obtained geopolymer sam-
ples was performed on Au-coated samples using JEOL JSM
6390 LV electron microscope at 25 kV coupled with EDS
(Oxford Instruments X-Max"). To investigate the influence
of pH value on colloidal stability and determine isoelectrical
point (IEP) of investigated geopolymer samples, zeta poten-
tial measurements were performed in pH range between 2
and 12. Investigated samples were dispersed in ultra-pure
water (Milli-Q purification system, Millipore, USA) on a
magnetic stirrer to obtain 0.1 g/l dispersions. The pH value
of the resulting dispersions was measured using a HI 2223
pH meter (Hanna Instruments, SAD) and adjusted by adding
0.1 M NaOH and HCI solutions. To ensure complete redis-
persion prior zeta potential measurements, the colloidal dis-
persions were sonicated in a Sonorex RK 102 H ultrasonic
bath (Bandelin, Germany) and transferred to disposable
folded capillary DTS1070. Zeta potential was determined
by Laser Doppler Electrophoresis using a Zetasizer NanoZS
instrument (Malvern Instruments Ltd., UK). All the meas-
urements were performed in a triplicate at 25 °C. The aver-
age values of zeta potential were calculated and expressed
as a function of pH.

Adsorption tests at room temperature to investigate the
influences of different parameters on the effectiveness geo-
polymer samples on cadmium adsorption were performed.
Solution of Cd (II) ion was prepared by dissolving CdCl,-2
12 H,0 in deionized water. The pH of the solutions was
adjusted with few drops of HCI to a desired value. After
adsorption, the solution was filtered and the filtrate was ana-
lyzed for cadmium concentration by flame atomic absorption
spectrophotometry (FAAS PyeUnicam) at 228.8 nm. The
experimental parameters such as contact time, initial con-
centrations, mass of adsorbent, pH of the sample solutions
were tested to study their effects on the removal of Cd (II)
by the geopolymer samples. The removal efficiency, R, of
geopolymer samples were calculated with Eq. (1):
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R= x 100 (1)
where the ¢, and c, (mg/l) are the initial and the final con-
centration of Cd(II) in the solution, respectively.

The adsorption capacity, q, (mg/g), was calculated with
Eq. (2):

(cg—c)V
go=——— @)
m
where V represents volume of the solution and m is the mass
of the adsorbent.

3 Results and Discussion

The structural changes that occur during the geopolymeriza-
tion of the alkali activated materials have been followed as
a function of the sodium hydroxide (NaOH) concentration
(2-8 M) and time by FT-IR and XRD analysis. The curing
and in the same time aging of geopolymer samples has been
followed for 28 days.

3.1 Structural Characterization of MK and GP
Samples

Figure 1 shows the XRD patterns of the geopolymers
cured 28 days. The geopolymers are obtained by reaction
of metakaolin and alkali activator solutions. Four samples
of geopolymers were analyzed (GP2M, GP4M, GP6M and
GP8M).

XRD analysis of all geopolymer samples revealed their
amorphous-like structure with the position of an amorphous
halo in the range 18-32°. This amorphous halo indicates

Legend:
1400 4 Q- Quartz
M- Muscovite
1200

1000 —

f,: 800
> e 0
Wby
5 1
f=4
£ 400_ 6M
q W‘MMWW 4M
200
2M
0 T T T T T
10 20 30 40 50 60 70 80

20 ()

Fig.1 X-ray diffractogram of a geopolymer GP2M b geopolymer
GP4M c geopolymer GP6M d geopolymer GP8M after 28th days of
aging
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short range ordering of the samples. SiO, (a-quartz) (ICSD
156198) and Muscovite (ICSD 17049) as a crystalline
phases are appeared. The intensity of the peaks depends on
the crystallization of the phases, which may be attributed
to age of cured or alkalinity of obtained paste causing vari-
ables on the geopolymers. The intensity of the XRD peaks
of quartz as well as muscovite does not change significantly.
This is a normal behavior of quartz at low temperatures and
in medium alkaline solutions is not expected it’s dissolving.
Furthermore, several authors [12, 21-23] have noted the dis-
solution of the aluminosilicates from the raw materials and
the recrystallization of new semi-crystalline phases appeared
at later stages of curing. Considering that a rather large noise
of the XRD-s is obtained, it is possible that has come to a
lesser extent until the formation of some crystalline phases
(Zeolit X, pdf 00-026-0898), for which it is not possible to
claim certainty their presence. The main difference with the
current work is that the appearance of new phases has not
been noticed, perhaps because enhance of alkalinity of liquid
phase do not effect on the formation new crystalline phase.

DRIFT is a surface localized FTIR spectroscopy, since it
can provide both chemical and structural information for all
types of solid surfaces [24].

The diffuse reflection infrared Fourier transform spectros-
copy (DRIFTS) technique is extremely useful for non-trans-
parent materials and/or for in situ measurements at elevated
temperature [25].

Since the optical phenomena that generate DRIFT signals
are different from those involved in transmittance spectrome-
try, the spectra obtained by these methods cannot be consid-
ered equivalent according to researching of Italian scientists
[26]. The DRIFT spectrum of the geopolymers (Fig. 4a, c,
d) shows broad bands at about 3700-3450 cm™' and rela-
tively broad band at 1620 cm™' due to O-H stretching and
bending modes of absorbed molecular water [27, 28]. The
difference of GP4 M as compared to other geopolymer
samples (Fig. 4b) is in the occurrence the two peaks near
3700 cm™! and 3610 cm™'. The appearance the sharp peaks
near 3700 cm~! and 3610 cm™! could be the consequence
of the remains of kaolinite. Kaolinite was not detected by
XRD, due to quite a large noise of the spectrum (Fig. 1).
The considerably reduced absorption band at 2880 cm™!,
pronounced in all geopolymer samples, indicate presence
of organic matter (aliphatic structures) [29]. The appear-
ance of band at about 1045 cm™! was due to Si-O stretching
vibrations [28]. Shifting the band to the right side, toward
the lower wave number, indicates the condensation of Si—O
tetrahedra in geopolymer [28, 30]. The Si—O bending band
(905 cm™") is found in the range 890-975 cm™' [31-34]. It
is important to point out that the characteristic metakao-
lin Si—O—Al band at 810 cm™! due to the six-coordinated
Al(VI)-O stretching vibration, disappears in the geopolymer
indicating a geopolymerization reaction [28]. According to
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the literature, there are vibration bands attributed to Sec-
ondary Building Units (SBUs) in the 800-550 cm™! region.
SBUs are made of joined SiO, and AlO, tetrahedrals, form-
ing variously membered rings [31]. In our case, in this range,
vibrational bands appear at 691 and 541 cm™!. The vibra-
tional bands at 905, 691 and 541 cm™! are almost not visible
in GP8 M (Fig. 2d). The peak between 800 and 700 cm™"
is due to Al-O vibrations coming from isolated tetrahedral
or pentahedral aluminum [35]. Finally, the signal at about
466 cm™! is due to Si—O bending vibration [28, 36, 37].

This study focused on analyzing the microstructure of the
geopolymer formed after 28 days of curing. The different
types of morphologies formed during the geopolymerisa-
tion process. Subsequently, NaOH alkaline activator drains
out metakaolin particle resulting in polymeric gel formation
[24]. The microstructure of metakaolin powder is presented
at SEM micrographs of Fig. 3.

The surfaces of the powdered materials cured at 60 °C
for 2 days and aging 28 days are shown in Fig. 4a—d respec-
tively. After 28 day of aging, the overall semi crystal mor-
phology of the geopolymer samples had evolved. These
crystallites were about 0.5 pm of thick. The microstructures
of the samples obtained using different concentration of
NaOH are similar. The samples show a porous microstruc-
ture formed by unreacted micron size particles and a geopol-
ymeric matrix that is formed during the polycondensation.
The microstructures of GP2M, GP4M and GP6M (Fig. 4a—)

Fig.2 DRIFT spectra of geo-
polymer samples a GP2M; b
GP4M; ¢ GP6M; d GP8M

Reflectance

2880

Fig.3 SEM micrographs of MK

show intergranular cracks that indicate the interfaces are
weak. All geopolymer samples after 28 days of aging show
the microstructure consists of dense plates formed by the
geopolymerization with a group of crystalline sticks that in
some places merge that are attributed to the recrystallization
of the some kind of silica. However, the geopolymer dense
plates that are observed indicate that these are the strongest
constituents.

Table 1 shows elements that are identified in MK and
geopolymer samples. As we can see the percent of some
of the elements decrease with increasing concentration of
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Fig.4 SEM micrographs of GP
samples, a GP2M, b GP4M, ¢
GP6M and d GP8M
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Table1 The elemental analysis of metakaolin and geopolymer sam-
ples

Element MK GP2M  GPAM  GP6M  GP8M
Wit% Wit% W% Wit% Wit%
0 4442 49.02 4878 53.95 54.29
Na - 5.70 7.45 12.61 11.78
Mg 0.35 - 0.24 - -
Al 1984 1373 11.41 8.91 8.85
Si 2339 21.69 21.56 16.86 16.87
K 0.79 0.59 0.41 0.32 0.29
Ca 0.42 0.32 0.24 0.17 0.17
Fe 2.04 1.55 1.04 0.86 0.74
Cu 277 2.59 2.79 1.07 1.72
Zn 223 1.72 2.24 0.84 1.40
Si/Al 118 1.58 1.89 1.89 1.91

NaOH, such as Al and Si. The percentage of these ele-
ments is reduced to the account of the increase in Na and
oxygen contents introduced into the system via NaOH and
Na,SiO;. Wt% Na in GP8 M is somewhat lower than wt%
Na in GP6M. The inhomogeneity of the samples must be
taken into account, which therefore influences the compo-
sition of the examined surface of the sample. EDS analy-
sis show that with an increase in molarity of NaOH over
4 M the Si/Al ratio isn’t increasing. Since it is a surface
analysis, the conclusion can’t be general or applicable to
the whole sample.

@ Springer
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Fig.5 Zeta potential of a MK, b GP2M, ¢ GP4M, d GP6M and e
GP8M

3.2 Surface Charge of Geoplymers

Figure 5 show the function of zeta potential from pH in the
geopolymer samples and as well as metakaolin—water sys-
tem. The MK with negative zeta potentials (Fig. 5a) will
react more readily, due to the excess of reactive silicate and
aluminate groups on the surface. The zeta potentials of the
all geopolymers gave negative values, Fig. 5. Also, the high
concentration of alumina and silica functional groups is
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present at the surface of the geopolymer which is confirmed
by DRIFT analysis.

According the literature, we assumed metakaolin react
with NaOH/Na,SiO; aqueous solution, the aluminate and
the silicate species hence a negatively charged surface is
formed while establishing a double layer. The Na* ions of
the alkaline activator, will react with aluminate and silicate
negatively charged surface groups and form a sodium alumo-
silicate gel layer. Decreasing of zeta potential of geopolymer
gel is due to the accumulation of more Na* ions in a double
layer [38]. In our case all geopolymer samples in range of
pH from 2.0 to 8.0 have the smallest zeta potential in rela-
tion with metakaolin sample. The GP6M geopolymer has
the smallest value of zeta potential at pH 8.0. The small zeta
potential would indicate that the GP6M geopolymer will
more readily form the gel layer. It is characteristic the lowest
values of zeta potential for all samples occur at pH around
7. After increasing the pH, there is no significant change in
the zeta potential.

3.3 Adsorption of Cadmium lons

Different experimental parameters, such as pH, mass of
adsorbents, initial concentrations of the sample solution and
contact time were tested to study their effects on the removal
of cadmium, in bath process on the room temperature, onto
prepared geopolymers.

3.3.1 Effect of Contact Time and pH on Adsorption of Cd(ll)
lons

The dependence of the adsorption capacity on time was
tested in the range of 5-120 min. Figure 6 shows that the
process took place quickly, after 15 min it came to 80%
of the equilibrium capacity. After 60 min, a plateau was
reached, so this value was selected for investigation of the
influence of other parameters. The highest value of adsorp-
tion capacity had been achieved when the GP6M geopoly-
mer was used for adsorption.

The negatively charged geopolymer surface area will
facilitate adsorption of positively charged ions such as heavy
metal ions. The binding of metal ions to active sites on the
adsorbent is carried out mainly by ion exchange or compl-
exation. Since the pH value affects both the surface charge
of adsorbent and the ionic forms of the metal, it can be said
that it has significant influence onto adsorption process.

As shown in previous section the increase of pH values
above 7 does not lead to a significant change of the value
of zeta potential, due to influence of pH on the adsorption
capacity of the geopolymer adsorbents for Cd(II) ions was
examined in the range 2.0-7.0, Fig. 7.

In highly acidic solutions a significant amount of H* ions
was present. The competition between ions for available sites
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Fig.6 Influence of contact time on adsorption capacity of geopoly-
mer samples (c,=50 mg/dm?, m;p=0.2500 g, pH=6.7)
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Fig. 7 Influence of pH on adsorption capacity of geopolymer samples
(co=>50 mg/dm?, t=60 min, mgp=0.2500 g)

on the geopolymer surface occurred, so adsorption of Cd(Il)
ions was low. By increasing the pH above 5.0, Cd (II) ions
became dominant in the solution and the adsorption capacity
increased. A plot of the ionic form of cadmium and the pH
of the solution indicates that up to pH 8, cadmium is in the
form of Cd?*, while further increase of the pH leads to the
formation of ion Cd(OH)*, and at the end to the formation
of Cd(OH), [39]. Also, according to zeta potential measure-
ment, the GP6M geopolymer has the smallest value of zeta
potential at pH 7.0. The accumulation of more Na* ions in
the forming gel provides increased ion exchange of Na* and
Cd>* ions, thereby increasing the efficiency and capacity of
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Fig. 8 Effects of initial concentrations cadmium on adsorption capac-
ity of geopolymer (mgp=0.2500 g, t=60 min, pH=6.7)

adsorption. The results obtained in this study are consistent
with the findings of other authors [40—42].

3.3.2 Effects of Initial Cadmium Concentration and Dosage
of Adsorbents

Figure 8 shows effects of initial cadmium ions concentra-
tions on adsorption capacity onto geopolymer samples.
All four samples show a similar dependency trend, but the
adsorption capacity for the GP6M geopolymer is somewhat
higher.

An increase in the initial concentration of metal leads
to an increase in drive force for the adsorption process.
This leads to an increase in the adsorption capacity and the
adsorption efficiency is high. With a further increase in con-
centration (from 25.0 to 500.0 mg/dm3), since the amount
of adsorbent is constant, due to saturation of the active sites
on the geopolymer the adsorption efficiency decreases from
90 to 45%.

The effect of geopolymer dose on the adsorption capacity
of Cd(II) ions was investigated in range 0.25-10.0 g/dm?
and the results are shown in Fig. 9. With the increase in
geopolymer dose adsorption capacity decreased and became
very low for adsorbent dose of 10.0 g/dm>. On contrary,
adsorption efficiency increased from 35 to 94% when the
adsorbent dose was increased from 0.25 to 10.0 g/dm?. This
result could be expected as the active surface of the adsor-
bent increases as well as the number of active sites that are
available for binding of cadmium ions from the solution. It
was observed that after geopolymer dose of 2.5 g/dm? in
both cases the plateau was reached and further increment
of dose did not have any effect on adsorption capacity and
efficiency. The optimum dose of geopolymer to achieve the
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Fig.9 Effects of adsorbent mass on adsorption capacity of geopoly-
mer samples (c,=50 mg/dm>, t=60 min, pH=6.7)

high removal efficiency and high capacity for Cd(II) was
determined as 1.0 g/dm>. Kara et al. [43] report the similar
behavior of metakaolin based geopolymer for adsorption of
Zn(Il) and Ni(II) ions from aqueous solutions [43]. Compar-
ing the obtained results to literature available results related
to adsorption of Cd ions from aqueous solutions using vari-
ous adsorbents. The adsorption capacity ranges from about
1.0 to 90 mg/g [44—47] depending on the initial concentra-
tions of aqua solutions.

3.3.3 Adsorption Isotherms and Kinetics of Cadmium lon
onto Geopolymer

Adsorption isotherms are used to describe the relationship
between adsorbate and adsorbent and to help understand
the adsorption mechanism. The distribution of metal ions
between solutions and natural adsorbents is most often
described using the Langmuir, Freundlich, and Temkin mod-
els or Dubinin—Radushkevich [48-50].

Adsorption of cadmium ions on geopolymers can be
described with linearized adsorption isotherm in order to
determine according to which theoretical model the adsorp-
tion process takes place. The experimentally obtained results
are fitted to the Langmuir and Freundlich adsorption iso-
therm. The best agreement with the corresponding model
is determined based on the correlation coefficients, RZ,
obtained after the linear fit. For each of the above models, a
graph was constructed, which was then linearly fitted. From
the slope and intercept q,, K; , n, K and R? were calculated.
Based on the obtained correlation coefficients (Table 2), it
can be concluded that the experimental results can be well
described with both theoretical adsorption models used (R>
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Table 2 Adsorption isotherm Models Parameters Adsorbents
model parameters
GP2M GP4M GP6M GP8M
Langmuir A 251.89 271.00 256.41 279.33
K, 13.52x 1073 11.44x1073 17.82x 1073 9.36x1073
R? 0.878 0.826 0.930 0.898
Freundlich N 1.86 1.66 1.97 1.62
Kg 9.80 7.33 12.62 6.50
R? 0.997 0.986 0.992 0.991

> 0.90). However, Freundlich’s isothermal model yields the
best agreement (R?=0.99).

The results obtained in the testing of cadmium ion
adsorption kinetics on four geopolymers were fitted with two
most commonly used theoretical linearized kinetic models:
the kinetics model of the pseudo-first and pseudo-second
order [40, 42, 51]. For each of the geopolymer, a graph was
constructed, which was then linearly fitted. From the slope
and intercept q., k;, k, and R? were calculated (Table 3).
By comparing correlation coefficients, R?, it can be seen
that the best matching of experimental results is achieved
in the case of the pseudo-second order kinetics model. The
pseudo-second order model is based on the assumption that
the adsorbent binding of the adsorbent surface is achieved
by chemisorption.

Kinetics and adsorption isotherms well explained
the adsorption mechanisms for experiments with four
geopolymers.

The mechanism of adsorption of heavy metals on geo-
polymers are still not well understood. In recent years, a lot
of studies have been done that have tried to clarify this topic.

Physisorption and chemisorption are two types of adsorp-
tion based on the nature of bonds (physical forces and chem-
ical bonds). The adsorbate is attached to the adsorbent sur-
face through Van der Waals forces, electrostatic attraction,
ion exchange, ion pairing, hydrophobic or hydrogen bond-
ing. Experimental results indicated that the adsorption pro-
cess of Cd(II) ions onto different geopolymers includes dif-
ferent adsorption mechanisms. The negative zeta potentials
of all geopolymers showed that the electrostatic interactions
can play an important role in the cadmium adsorption. Also,

complexation between metal ions and functional groups of
adsorbent may be another mechanism responsible for metal
removal. Data for all adsorbents fit in Freundlich isotherm
better than the Langmuir isotherms. The Freundlich model
assumes that the surface of adsorbent is heterogeneous
which was confirmed by SEM characterization of investi-
gated adsorbents. During polymerization of aluminosili-
cate monomers new cation exchange sites were created. By
increasing alkalinity, contents of Al and Si decreased to the
account of increase in Na content. Sodium ions were avail-
able for ion exchange with cadmium ions. Adsorption kinet-
ics is very important for understanding of the determining
step of adsorption. Cadmium ions adsorption started rap-
idly initially. The pseudo-second order equation fitted well
for all experiments, which confirmed the chemisorption of
metal ions onto geopolymer. Consequently, more than one
mechanism was responsible for Cd(II) adsorption process by
metakaolin based geopolymer.

Our research are in good agreement with other authors
findings regarding the adsorption isotherms Freundlich [42,
47] and Langmuir [45, 46, 52, 53], where kinetics corre-
sponds mainly to the pseudo-second order model.

4 Conclusion

For the purpose of potential use for adsorption of Cd ions
from aquas solutions metakaolin based geopolymers were
synthesized. The use of different molarity of NaOH as an
activator did not lead to large structural differences in the
obtained materials. The surface of geopolymer is negatively

Table 3 Kinetics model

. Models Parameters Adsorbents
parameters
GP2M GP4M GP6M GP8M
Pseudo-first order k;, I/min -126x107 -239x10° -1.97x107° -3.01x107°
qe, Mg/ 0.75 0.64 0.69 0.56
R? 0.759 0.854 0.638 0.813
Pseudo-second order K, g/mgmin  1595x107>  6.00x 1073 10.63x107*  532x1073
qe> M/ 37.31 38.87 41.70 37.17
R? 0.999 0.998 0.999 0.998
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charged and the compound is a condition for the adsorption
of the cationic dye existing in aqueous solution.

The better agreement of experimental data with Freun-
dlich isotherm model confirms that adsorption does not take
place in the monolayer and that the surface of the geopoly-
mer is heterogeneous. It was found the adsorption capacity
increased with an increasing of contact time, pH, and initial
concentration in solution and decreased with geopolymer
dosage. Namely, the pH value of the solution affects the
total charge of the active geopolymer surface. In the acidic
environment, the surface is strongly protonated and there-
fore positively charged. In the base environment, protons
are removed from the surface, thereby becoming negatively
charged. As the result, attraction of positively charged cad-
mium ions with the surface of investigated adsorbents is
favored in the base environment. Although, some properties
of geopolymer labeled as GP6M are different in relation to
the other samples. The maximum adsorption efficiency of
cadmium ions (84.1%) was achieved at pH > 6 under experi-
mental conditions (room temperature, contact time: 60 min,
dose: 1 g/dm?) on adsorbent GP6M. Metakaolin-based geo-
polymers prepared and investigated in this paper proved to
be effective in the process of removing cadmium ions from
water.
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