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The aim of presented work was to synthesize geopolymers based on the metakaolin and to determine their
adsorption capability in the process of cesium and strontium ions removal from the aqueous solutions. New approaches
were proposed for obtaining the two samples of geopolymers in techologically suitable forms. Morphology of materials
was investigated by means of X-ray fluorescence analysis (XRF), low-temperature nitrogen adsorption/desorption and
scanning electron microscopic studies (SEM). As it follow from the data of XRF analysis, SiO, and Al;O; oxides found
to be the major components in all samples investigated (~ 54-84 wt. %). As was determined by SEM studies,
geopolymers consisted from nanosized particles, amorphous geopolymers binder and unreacted kaolin. It has been
found that all samples involve the mesopores with approx. 1-40 nm radii. The greatest specific surface area calculated
by the Brunauer-Emmet-Teller (BET) method had the sample obtained in the forms of spherical rods (Sger = 88 m*/g)
that about 10 times greater than for initial kaolin taken for synthesis. The ion exchange capacities of materials in the
process of Cu?*, Cs* and Sr** removal from water solution were determined and it was found that these properties
depends on the method of materials obtaining. Data showed that the geopolymers were more effective for removal the
desired ions than initial kaolin. The greatest adsorption capacity towards cesium ions was received on the samples
obtained in forms of pyramids and was reached 1.75 mmol/g. Experimental data were fitted into the Langmuir models
and the main Langmuir constants were calculated. When analysing the data of investigation with comparing the
literature data it was noted that geopolymers obtained can be used in adsorption technology for purification of water
from radionuclides as technologically suitable sorbents.

Keywords: cesium and strontium ions removal, metakaolin based geopolymers, impact of synthetic route,
morphology

INTRODUCTION [7], natural zeolites [8], efc. Its nessesary to note
that high adsorption capability of these sorbents is
reached only due to activation (mechanical or
chemical modification) of initial materials [3—8].

Geopolymers are three-dimensional
amorphous inorganic polymers formed by the
activation of aluminosilicate precursors with an
alkali silicate solution at temperatures between 20
and 100 °C [9-13] (structure presented in Fig. 1).
Aluminosilicate precursors such as fly ash, blast
furnace slag, rice husk ash, volcanic rock powders
and kaolin have been used for geopolymers
preparation. The main characteristics of these
polymers that caused the great interest of
researchers are that they can be synthesized at low
temperatures (20-100 °C) and have useful
technical properties such as high compressive
strength, thermal stability at temperatures up to
1300-1400 °C and great durability against
various acids and salts.

Due to widespread application of the nuclear
energy in the world the removal of hasardous
radionuclides, first of all cesium and strontium
attempts the great attention of researches [1, 2].
Various kinds of sorbents are widely employed in
this process such as titanates, vanadates, and
tungsten based materials, manganese oxides,
hexacyanoferrates, metal sulfides, ammonium
molybdophosphates, or hydroxyapatite, ezc. [1].
Practice poses certain well-known requirements
to sorbents, first of all to low cost of their
fabrication, to uniformity parameters of porous
structure and to high adsorption capacity towards
desired ions.

The potential materials in aspects to their low
costs production are the clay minerals [3, 4],
cesium and strontium adsorption have been
sucsessfully studied on the bentonites [5],
clinoptilolites [6], layered clay materials (kaolin)
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The aim of presented work has been to
synthesize the geopolymers using low cost
reagents (kaolin and sodium metasilicate
produced by Ukrainian enterprises) and to
examine their adsorption capacity towards Cu®",
Cs*and Sr*"ions. New approaches to the synthesis
of geopolymers materials is approved in this work
on the last stage of reaction (polymerization) that
it has lead to obtaining two samples with
significantly greater surface area and adsorption
capacities compared the initial kaolin. The solid
phases are investigated by XRF analysis,
scanning electron microscopic studies, low-
temperature  nitrogen  adsorption/desorption
method. The ion-exchange capacity for desired
ions have been evaluated and impact of method
used on the properties of materials are found.
Adsorption experiments have been supported by
fitting of isotherms by Langmuir model.

EXPERIMENTAL

Materials. Metakaolin was prepared from
kaolin (AKW Ukrainian Kaolin Company,
Vynnitsa, Ukraine) which was placed in a muffle
furnace and calcined at 800 °C for 2 h. The
chemicals, sodium hydroxide (NaOH), cesium
chloride (CsCl), strontium chloride (SrCl,-6H,0),
copper nitrate Cu(NO3),-3H,O were of analytical
grade (Ostchem, Ukraine). Initial and equilibrium
concentration of metals in solution for adsorption
experiment was measured by an atomic
absorption spectrometer. The aqueous sodium
metasilicate  solution of Si0O»/Na;O molar
ratio = 3.01 (Na2O — 9.6 %, SiO, — 28 %, density
—1.42 g/L)) was produced by Ukrainian enterprise
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Three-dimensional network structure of geopolymer inorganic materials

(PJSC “Zaporizhskloflus™) and analyzed by acid-
basic titration method.

Synthesis of geopolymers from metakaolin.
The geopolymers synthesis involved next
preparation steps: 22.6 r g of NaOH was added to
100 mL of sodium metasilicate (initial modulus =
3.01), the mixed solution was sealed and placed
under ultrasonic vibration for 5 min and then was
left to cool for 24 h. The modified water glass
with the molar ratio of SiO»/Na,O = 1.3 was
obtained. Prepared metakaolin (20.1 g) was added
into the as-prepared water glass solution
(16.1 mL) according to the molar ratio
Na,O/Al,O3 = 0.8 and Si0,/A1L,O3 = 2.96, then
10.8 mL of deionized water was added with the
molar ratio of H,O/Na,O = 19, the mixed slurry
was mechanically stirred for 15 min.

The last step of geopolymers production was
a polymerization of reagents mixture obtained in
the previous stage. First sample (named GP 1)
was obtained by standard method fabrication of
membrane or powder [9] but after maturing for
30 min at room temperature, the mixed viscous
solution was cast in a special gride-like form and
placed in an oven to cure for 24 h at 60 °C that
leads to obtain ion of the pyramids with diameter
of faces an about 4 mm (Fig. 2 a). After cooling
samples have been washed by deionized water
and diluted HCI up to pH = 5 (during 67 days).

Second sample (GP 2) was obtained by
another way: mixed on the first stage solution had
been heated up to 60 °C by microwave oven and
then was extruded to NH4Cl solution
(NaxO/NH4C1 = 1). Spherical rods obtained as a
result are shown in the Fig. 2 b. Samples were
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washed up to neutral pH during the shorter time
(1 day) than need for washing the samples GP 1.
Characterization of geopolymeric materials.
The chemical composition of the initial kaolin
clay, metakaolin and geopolymers obtained was

performed with XRF-spectrometer ELVAX
CEP-01 (Ukraine).
Specific surface arecas and pore size

distributions for the synthesized samples were
calculated from nitrogen adsorption/desorption
curves (NOVA 2200e, Quantachrome, USA)
using the Nova Win 2.0 software. The total
surface area of the materials Sy Was calculated
by the Brunauer-Emmet-Teller method (BET).
The total pore volume (Vi) was calculated from
the volume of nitrogen adsorbed converted to
liquid at a pressure close to P/Py = 1. To acquire
the volume and radii of mesopores (Vieso, Rieso),
Barrett-Joyner-Halenda (BJH) were used. The
average pore radii (Rpor.) was determined from the
total pore volume (Viotal) of the materials and its
specific surface area (Siw) by equation Rpore =
2Votal/Storal. The micropore volume (Vimicro) Was
calculated by subtracting the value of V.5 from
Vol Pore radii distributions were obtained from
isotherms in terms of the density functional theory
(DFT).

The morphology of kaolin and prepared
samples was examined with a scanning electron
microscope (SEM) JSM 6700F (JEOL, Japan).

Sorption properties of the samples of
magnesium silicate were studied under static
conditions: 0.025 g of samples was added to
25 mL of metals solution with

aqueous

concentration of 0.1-10 mmol/L. Resulting
mixtures are shaked for 4 h, and left for 1 day at
25 °C, after which the sorbents are removed by
means of filtration and the metals content in
filtrates are determined using a Shimadzu AA
6300 (Shimadzu, Japan) atomic absorption
analyzer.

Adsorption capacity (g,
calculated by the next equation:

g.= (Co-CHV/m, €]

where Cy and C. are the initial and equilibrium
metal concentration in solution, respectively,
mmol/L; V is the aliquot volume (L); and m is the
mass of the adsorbent (g).

Experimental data were fitted into the
Langmuir (2) and Freundlich (3) models, which
are commonly used to describe liquid—solid
systems [14] by the following equations:

mmol/g) was

Qo KLCe/(]. + KLCe),
KFCe 1/m ,

2
3)

where g. is the adsorption capacity (mmol/g); Ce
is the equilibrium concentration of the adsorbate
(mmol/L); Qo is the maximum adsorption
capacity of the adsorbent (mmol/g); and Kt is the
Langmuir  sorption  equilibrium  constant
(L/mmol), K¢ ((mmol/g)/(L/ mmol)n) and » are
the Freundlich adsorption constants. To evaluate
the correlation between the experimental data and
theoretical models, the coefficient of
determination (R?) was calculated [14].

qe =
qe =

Fig. 2. Photographs of geopolymers obtained as pyramids GP 1 (a) and spherical rods GP 2 ()
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RESULTS AND DISSCISSION

The chemical compositions of the starting and
obtained materials determined by XRF analysis
are presented in the Table 1. As follow from the
data SiO, and AlLO; oxides are the major
components in all samples (~ 54-84 wt. %); for
geopolymers it has been fixed the great increasing
of'silica contents due to process of polymerization
[15-17]. Last line of table includes the content of
other oxides such as: MgO, TiO,, CaO, Na,O
(<1 % wt. of each). Its content is lower in
geopolymers than in initial kaolin due washing
the final products by the water and dilute acid.

It is known that morphology of the materials
determines on their adsorption characteristics and
greatly depends on the synthetic routes used for
its fabrication [18-20]. SEM images of kaolin and
two samples of geopolymers obtained are given in
the Fig. 3 a, b, ¢, respectively. In accordance with
early reports [11, 15, 16, 21], kaolin contents
sheets with size an about 1-10 um (a), while the
geopolymers are both composed of nano-sized
particles and amorphous geopolymers binder (b,
¢). The unreacted kaolin sheets are present in the
structure of pyramids (GP 1 b). The appearance of
geopolymer binder is similar to that one generally
observed in the case of metakaolin based
geopolymers [16, 21].

Table 1. Chemical composition of the starting and as-prepared geopolymers materials (oxides wt. %)

Composition Kaolin Metakaolin GP1 GP2
ALO; 24.7 19.9 25.5 28.3
SiO; 29.9 40.5 58.7 53.1
Fe O3 0.9 0.9 2.5 1.1
K>O 0.7 0.6 1.0 1.1
Residue* 43.8 38.1 12.3 16.4

* — other oxides

Fig. 3. SEM images of kaolin (a) and geopolymers: GP 1 (b) and GP 2 (¢)

Data received by low-temperature nitrogen
adsorption/desorption method are presented in the
Table 2 and Fig. 4 a, b. Nitrogen adsorption/
desorption isotherms the kaolin and geopolymers
according the IUPAC classification belong to the
IT type with the hysteresis loop of the H3 type
(Fig. 4 a). As seen from porosity data, the
materials based on the kaolin show the
significantly higher than the initial kaolin BET
specific surface area, total pore volume and
volume of mesopores calculated by the BET and
BJH methods (Table 2). Calculated from

ISSN 2079-1704. CPTS 2024. V. 15. N 1

105

isotherms porosity data for geopolymers are in
accordance with data published early [9, 13, 17].
Analyzing the pore size distribution calculated
from desorption branches of the isotherms in term
of DFT method (Fig. 4 b), it is found that in all
samples are mesoporous with approx. 1-40 nm
radii. The most interesting feature found for two
geopolymers samples is the absence of mesopores
radii less than 5 nm for sample GP 1 (pyramids)
while the sample GP 2 has a lot of pores with radii
2.5 nm (Fig. 4 b).
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Fig. 4. Nitrogen adsorption/desorption isotherms («) and pore size distributions obtained in term of DFT method ()
for the kaolin (/) and two samples of geopolymer GP 1 (2) and GP 2 (3)

Table 2. Porosity data for initial kaolin and geopolymers

Sample Kaolin GP1 GP2
BET surface area, St (m?%/g) 9 26 88
Total pore volume, Vi (cm’/g) 0.12 0.25 0.29
Mesopore volume, Vieso (cm®/g) 0.12 0.25 0.28
Micropore volume, Viicro (cm*/g) 0 0 0.01
Average pore radius, Ryore (Nm) 28 19.2 6.6

Investigation of copper ions adsorption has
been carried out for choosing the best samples
during design of method and for determining the
adsorption mechanism realized onto obtained
materials. For it the experimental data received at
copper ions adsorption are fitted by two
theoretical models — Langmuir and Freundlich,
result are shown in Fig. 5 and in the Table 3. As

seen from presented data, the Lngmuir model is
more acceptable to describe the adsorption of
Cu*" on the synthesized geopolymer and the
adsorption process is a homogeneous monolayer
adsorption. This model is used for further fitting
the experimental data received with the target
ions.

0.8 T T

g.. mmol/g

0.1

Langenuir
— — Freundlich

004 T

6 8

Ce, mmaol/L

Fig. 5. Experimental data and plots of Langmuir and Freundlich isotherm models for the adsorption of Cu?" by
samples: kaolin (/) and geopolymer GP 1 (2) and GP 2 (3)
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Table 3. Langmuir and Freundlich isotherm constants for the adsorption of copper ions onto kaolin and kaolin based

geopolymers

Samples Kaolin GP1 GP2
Langmuir
Qo (mmol/g) 0.24 0.50 0.64
Ki (L/mmol) 27.1 1.4 9.2
R? 0.98 0.99 0.99
Freundlich
Kr(mmol/g)(L/mmol)'/® 0.21 0.28 0.48
I/n 0.11 0.10 0.12
R? 0.97 0.94 0.98

Studies of cesium and strontium ions mesopores of greater size. Adsorption data

adsorption on the kaolin and kaolin based
geopolymers  as  isotherms  in  range
Co = 1-10 mmol/l presented in the Fig. 6 a, b and
as Langmuir constants calculated and given in
Table 4. According the Q, values (maximum
monolayer coverage capacity, Table 4)
geopolymers are most active in adsorption
process than initial kaolin. The adsorption
capacities for strontium removal are 0.55 and
0.65 mmol/g for GP 1 and GP 2, respectively,
while pyramids are most effective in adsorption
of cesium (1.75 mmol/g). These fact can be
explained by existence in pyramids structure the

20

g, mmol/g

T
08

0.0 04 12 1.8

C_. mmol/L

q.. mmol/g

indicate that the geopolymer materials have more
sorption sites for investigated ions than the kaolin
taken to the synthesis. Such result can be assigned
to transformation crystalline structure of initial
material into amorphous one leading to formation
of more porous structure encouraging cesium and
strontium ions. Compared to data for
geopolymers reported in the literature [23-25],
the samples syntesized in this paper show good
promise for its use in water and wastewater
treatments as techologically suitable sorbents
with high adsorption capacities towards cesium
and strontium ions.

07

0.0

C,, mmal/L

Fig. 6. Sorption isotherms for Cs* (@) and Sr?>'(b) adsorbed onto the samples of kaolin (1), GP 1 (2) and GP 2 (3)

Table 4. Langmuir isotherm constants for the adsorption of cesium and strontium ions onto kaolin and geopolymers

obtained
Samples Kaolin GP1 GP2
Langmuir Cs* Sr Cs* Sr2* Cs' Sr2t
Qo (mmol/g) 0.10 0.17 1.75 0.55 0.93 0.65
K1 (L/mmol) 13.5 2.39 6.64 4.7 19.2 4.02
R? 0.99 0.99 0.99 0.99 0.99 0.98
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CONCLUSIONS mesopores radii less than 5 nm for sample GP 1
(pyramids) while the sample GP 2 had a lot of
pores with radii 2.5 nm. The greatest specific
surface area calculated by the Brunauer-Emmet-
Teller (BET) method was for sample obtained in
the forms of spherical rods (Sger = 88 m?/g) that
an about 10 times bigger than for initial kaolin
taken for synthesis. The greatest adsorption
capacity towards cesium and strontium ions were
received on the samples obtained in forms of
pyramids and spherical rods — 1.75 (Cs") and
0.65 mmol/g (Sr*"), respectively. High adsorption
capacities indicated that the geopolymer materials
have more sorption sites for investigated ions than
the kaolin. Analysing the data of investigation
with comparing the literature data it was noted
that geopolymers obtained can be used in
adsorption technology for purification of water
from radionuclides as technologically suitable
sorbents.

New approaches were proposed for obtaining
the two samples of geopolymers based on the
kaolin in techologically suitable forms.
Morphology of samples synthesized was
investigated by means of X-ray fluorescence
analysis (XRF), low temperature nitrogen
adsorption/desorption method, scanning electron
microscopic studies (SEM). As follow from the
data of XRF analysis all samples involved the
SiO; and AlLO; oxides (~ 8293 wt. %) and other
oxides in the quantaties less than 1 % of each.
SEM studies found that geopolymers consist from
nanosized particles and amorphous geopolymer
binder, in the case of sample obtained in the form
of pyramids the unreacted kaolin was found.
Materials synthesized from the kaolin showed the
significantly higher than the initial kaolin BET
specific surface area, total pore volume and
volume of mesopores. The absence was fixed of

BusiyyeHHs ioHIB 1e3il0 Ta CTPOHLIO 3 BOAHMX PO3YHMHIB 3 BUKOPUCTAHHAM Ie0mnoJiMepHUX
MaTepiaJiiB Ha OCHOBI METaKA0JIiHY

J.B. TapuoBcskuii, O.C. ®exopummus, O.A. Bumnescskuii, I.B. PomanoBa

Inemumym copbyii ma npobdnem endoexonoeii Hayionanenoi akademii Hayk Ykpainu
eyn. I'enepana Haymosa, 13, Kuis, 03164, Ykpaina, irom@bigmir.net
Tuemumym eeoximii, minepanoeii ma pyooymeopenus im. M.I1. Cemenenxa Hayionanvroi akademii nayx Yxpainu
npocn. Axademixa Ilannadina, 34, Kuis, 03142, Vkpaina

Memoio npedcmagienoi’ pobomu 6y8 cunmes 2e0OnoNMePHUX MAmMepiaié Ha OCHOBL MEMAKAOMHY Ma GU3HAYEHHS.
iXHvOi a0copbyiiHoi 30amuocmi y npoyecax 8UyYeHHsL IOHI8 Ye3ilo Ma CIMPOHYII0 3 B0OHUX PO3YUHIE. 3anpONOHOBAHO HOBI
nIOX00U ON151 0OEPIHCANHSL OBOX 3DA3KI6 2e0NONIMEPIE Y MEXHON02IUHO npudamuux ¢hopmax. Mopgonoecito mamepianie
docnioxcyeany 3@  O0NOMO20l0  penmeenoghnyopecyenmmuoeo  avanizy (POC), memody HU3bKOmMeMnepamypHor
aocopbyii/oecopoyii azomy, ckanyouoi enexmponnoi mixkpockonii (CEM). Ax eunnueae 3 oanux P®C, ochosnumu
KOMROHEHMAMU 8 YCIX 00Ci0NCYy8anux spaszkax sussunucsi okcuou SiO> ma ALO; (~ 54-84 mac. %). Ak 6yno eécmanosieno
oocniocennsmu CEM, eeononimepu cknadaiomocs 3 HAHOPOMIPHUX YACMUHOK, AMOPGHHO20 2e0NONIMEPHO20 38 A3YI04020
I KaoniHy, wjo He npopeazysas. byno ecmaroenero, wo 6ci 3pazku maromoe mezonopu posmipom 1—40 um. Haubinewa
numoma nogepxts, pospaxosana memooom bpynayepa-Emmema-Tennepa (BET), 6yna suasnena 0ns 3paska, OmpumaHozo
v popmi chepuunux cmpuoicnie (Sper = 88 M%/2), wo npubnusio 6 10 pasie binvuue, Hidic 0N BUXIOHO20 KAONIHY, 63AM020
ons cunmesy. Busnaueno ionoobminmy 30amuicms mamepianie y npoyeci eudanenns ionie Cu’*, Cs™ ma Sr** 3 eoomnux
PO3UUHIE MA 6CTAHOGIEHO, WO Yi BIACMUBOCH 3A1eAHCamb 8i0 CnOCoby OmpuManHs mamepianie. /launi noxaszanu, o
2eononimepu Oinvu epekmueHi 0iis1 BUOANeHH. OOPAHUX TOHIS, Hidic 6UXIOHUL KaoriH. Haubitbwa adcopbyiiina emnicmo
wooo ionie yesito Oyia ompumana Ha 3paskax Yy gopmi nipamio, i Odocseana 1.75 mmonv/e. s 06pobku
EKCepUMEHMANbHUX OaHuxX OYlid BUKOPUCIAHA MeopemudHa Mooens Jlenemiopa ma po3paxoeami OCHOGHI KOHCMAHMU
Jlenemiopa. Auanizyrouu O0ami OOCHIOJNCEHb [3 NOPIGHAHHAM 3 JUMEPAMYPHUMU OAHUMU, GIO3HAYEHO, WO OMPUMAHI
2eonoiMepu  ModCyms OYymu SUKOPUCMAHL 6 AOCOPOYIIHIL MEXHON02I O/ OYUWEHHS 800U 6I0 PAOJIOHYKIIOIE SIK
MEXHONIOSIUHO NPUOAMHE COPOEHMU.

Kniouosi cnosa: sunyuenns ionis yezito ma cmponyiio, 2e0n0NiMepHi Mamepianu Ha OCHOBI MEeMAaKaolity, 6niue
Memooy cunmesy, Mopgonozis
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