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Abstract: The aim of the presented research was to investigate the application possibility of wood
ash and metakaolin to obtain alkali-activated materials as relatively new materials in the building
industry. Thus, in order to assess the adequate use of these waste materials, structural and radiological
characteristics should be considered. Until now, the focus has been on ash from thermal power plants
produced by burning coal, but a large part of households in our country have individual fireplaces
in which wood is used as the basic raw material; thus, it is very interesting to measure the activity
concentration of radionuclide in wood ash as well as the possibility of reusing that ash for other
purposes. All materials were studied, in terms of physical and chemical characteristics, by methods
such as X-ray diffraction (XRD), Fourier transform infra-red (FTIR) spectroscopy, and scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDS). XRD measurements
of wood ash samples showed that it consists of calcite and larnite. FTIR spectroscopy revealed a
polymeric Si-O-Al framework in alkali-activated materials and Si-O bonding bands corresponding
to silicon dioxide. Determination of radionuclide content was performed by means of gamma-ray
spectrometry. Results showed that the alkaline activation process led to the decrease in the activity
concentration of radionuclides detected in the measured samples. External radiation hazard index
(Hex) for wood ash was reduced by more than 50% after alkali activation. The results of activity
concentration measurements in alkali-activated materials indicate potential for their safe application
in building construction.

Keywords: wood ash; metakaolin; alkali-activated materials; radionuclides

1. Introduction

Alkali-activated materials (AAM) can be used as alternative binders instead of Port-
land cement. They can be manufactured to have lower carbon dioxide emissions utilizing
industrial and other residues. The main constituents of AAM are aluminosilicate precursors
which are often waste-based materials. However, it is complicated to define the final AAM
properties in their current state due to the diversity of material origins (metakaolin, fly ash,
blast furnace slag, etc.). Therefore, every investigated system requires separate analysis
depending on the aluminosilicate source materials that are used. AAM are formed by the
reaction between an aluminosilicate precursor—such as metakaolin, different kinds of fly
ashes, red clay brick waste, or concrete waste—and an alkaline activator. The mixture of
sodium hydroxide (NaOH) and sodium silicate (Nay5iO3) or potassium hydroxide (KOH)
and potassium silicate (K;SiO3) are usually used as an alkali activator [1-5]. The alkali
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activation process of the precursors takes place at room temperature or curing at a tem-
perature lower than 100 °C [2,6-8]. By alkaline activation, solid precursor raw materials
are dissolved, and then polymerization of the dissolved species occurs. Polymeric chains
are composed of tetrahedral silicate and aluminate units linked by covalent bonds in a
three-dimensional structure. The negative charges associated with tetrahedral Al (III) are
charge-balanced by alkali cations [9,10]. Metakaolin can be used as a main aluminosil-
icate precursor for AAM and also as a supplementary component in blended systems
from which alkali-activated materials can be obtained. Good properties such as thermal,
chemical, and mechanical can be the advantages of alkali-activated materials based on
metakaolin [11,12]. In addition, metakaolin has a defected structure which leads to an
increase in its reactivity [8]. The use of metakaolin for construction purposes provides
technical and environmental benefits. Metakaolin is produced by heat treatment of kaolin
clays in a certain temperature range. Heating parameters such as temperature, heating
rate, and time, as well as cooling parameters during kaolin thermal treatment, affect the
dehydroxylation process.

Wood and wood fuels, individually or combined with other fuels (wood/coal and
combination wood fuels/other fuels), represent a dominant source of energy for heating
households in Serbia [13]. There is no adequate legally prescribed disposal of the ash
that is left behind after combustion, so it generally ends up in communal waste and is
disposed of in municipal landfills. So far, a smaller percentage of wood ashes is used
in agriculture, while very little is used for various other applications. Investigation of
the liability of usage of wood ash as a partial cement substitution has been the subject
of some studies [14-17]. By using ash as a partial and optional substitution for ordinary
Portland cement, the utilization of natural raw materials and the quantity of disposed
waste can be reduced [6,18,19]. Chemical composition of the wood ash depends on the type
of wood and the working conditions of the combustion. According to Vassilev et al. [20],
the content of CaO varies in the range of 5.79-83.46% depending on the type of wood
and woody biomass [20,21]. The presence of calcium during the synthesis of AAM is
significant since the ash could be hydraulically reactive [22,23]. However, some studies,
such as Temuujin et al. [24], showed that product obtained by alkali activation of ashes
rich with calcium does not improve the mechanical properties and durability, possibly due
to sodium silicate precipitates as either calcium hydroxide or calcium silicate aluminate
hydrate phases. The technology of alkali activation is gaining commercial interest because
it has been demonstrated that, in certain cases, the properties of alkali-activated materials
are superior to existing cementations systems [10].

Building materials can contain various amounts of naturally occurring radionuclides
which contribute most to the population exposure through ionizing radiation. The external
radiation hazard index, as well as radium equivalent activity, external absorbed gamma
dose rate, and annual effective dose, can be determined based on measured activity concen-
tration of natural radionuclides 22°Ra, 232Th, and #°K [25]. According to Temuujin et al. [24],
the activity concentration of natural radionuclides after alkali-activation for two different
ashes have values of 37.8 Bq/kg and 54.8 Bq/kg for 2*°Ra, 15.6 Bq/kg and 17.2 Bq/kg for
232Th, and 831.4 Bq/kg and 884.9 Bq/kg for *°K, respectively. The interest in measuring
radioactivity in terms of activity concentrations of selected and commonly present elements
in building materials is due to its health hazards [25].

The aim of this paper is to assess the possibility of using wood ash in the production
of alkaline-activated materials as cementations materials for potential application in the
construction industry in order to find adequate reuse of waste material with regard to
structural and radiological characteristics. The blended wood ash/metakaolin alkali-
activated samples were prepared by the mixing of wood ash and metakaolin. The structural
and radiological properties of obtained materials were used to assess the blended systems
compared with a control sample containing 100% wood ash.
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2. Materials and Methods
2.1. Synthesis of Alkali-Activated Materials

For the synthesis of AAM, calcined clay-metakaolin (MK), the wooden biomass ash
(WA) from combustion process, and the blended samples WAMK were used as a precursor.
Metakaolin was obtained by thermal treatment of the kaolin clay at 750 °C in an air
atmosphere furnace, with heating rate 10° /min and soaking time at elevated temperature
of one hour [26]. An alkaline activator was prepared by applying the procedure described
in detail in Kljajevic et al. [27], by mixing of solution of 6M NaOH (Sigma-Aldrich, St. Louis,
MO, USA) and Na,SiO3 solutions (Galenika Magmasil d.o.o, Belgrade, Serbia, technical
grade). The content of NayO and SiO, was 12.3% and 22.5%, respectively. The volume ratio
of solution of NaOH and sodium silicate solution was 1.5.

The mass share of MK in the mixed sample of MK and WA varied from 10% to 30%.
Table 1 shows the mix design of WA and MK as the solid precursors of AAM. The ratio
of liquid and solid phase was 0.8-1.0 depending on the processability of the mixture.
Solid precursors and alkali activator were mixed for a very short time (maximum 5 min)
and poured into molds, covered, and then left at room temperature for 24 h. Finally, the
mixture was kept at 60 °C for an additional two days in appropriate covered molds. After
drying in an oven, the samples were left at room temperature for 28 days in controlled
conditions. Alkali-activated samples were prepared for characterization by crushing and
sieved through a sieve with holes of size 355 um. The obtained values (Table 2) represent
the analysis of the elemental composition of raw materials, MK, and WA, performed using
the XRF method (type UPA KSRF 200).

Table 1. Experimental design of WA and MK blends.

Samples WA (%) MK (%)
WA 100 0
WAMK10 90 10
WAMK20 80 20
WAMK30 70 30
MK 100 0

Table 2. Chemical composition of raw materials, WA and MK.

Chemical Si02 A1203 NazO CaO Kzo MgO SO3 CuO ZnOz P205 Ml’l203 F8203 L.O.L.*
WA (wt.%) 3.40 / 2.35 66.2 13.4 2.28 0.95 3.60 4.31 1.10 1.82 / 0.59
MK (wt.%) 55.03 35.44 / 1.38 2.07 1.25 / / / / / 4.39 0.44

* Loss on ignition.

2.2. Experimental Techniques
2.2.1. Gamma Spectrometry

Activity concentration of naturally occurring radionuclides (uranium and thorium
series, ¥'K and 23°U) and artificial radionuclide 3 Cs—in WA, MK, and a mixture of these
materials, as well as in their alkali-activated forms—was determined by the semiconductor
high purity germanium (HPGe) detector. Powdered samples were placed in PVC cylindrical
containers (125 mL), sealed, and left for six weeks in order to reach radioactive equilibrium.
Radiological analysis was performed by means of two coaxial spectrometers: AMETEK-
ORTEC GEM 30-70, with 37% relative efficiency and 1.8 keV resolution at the 1332.5 keV
line ®°Co; and Canberra GX5019, with 55% relative efficiency and 1.9 keV resolution at the
1332.5 keV line °Co. Certified solution of mixed gamma-emitting radionuclides (**! Am,
109¢q, 139Ce, 37Co, ©0Co, 137Cs, 1138n, 858y, 51Cr, 210Pb, and 88Y), purchased from the Czech
Metrology Institute (CMI) [28], was used for the preparation of standards for the energy and
efficiency calibration of the spectrometer in accordance with IAEA recommendations [29].
After reaching the radioactive equilibrium, samples were measured, and all spectra were
recorded and analyzed using Canberra’s Genie 2000 software; net areas of the peaks were
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corrected for the background, dead time, and coincidence summing effects. All calculations
were performed with the Mathematica 5.2 software (Wolfram Research, Inc., Champaign,
IL, USA).

Activity concentration of 28U was determined by using the evaluated activity of
234mpa (1001.0 keV), and the activity of 2°U was determined by analyzing net peak area at
143.729 keV. The activity of 2°Ra was determined via its decay products 2'#Bi (609.31 keV,
1120.29 keV, and 1764.49 keV) and 24Pb (295.22 keV and 351.93 keV), and additional testing
was performed via 186.211 keV peak-corrected for 2°U (185.72 keV). The activity of 2!°Pb
was determined by analyzing its low energy peak at 46.54 keV. The activity of 2>Th was
determined by using the evaluated activity of 228 Ac (338.34 keV, 911.20 keV, and 968.96 keV)
and then via additional testing by other radionuclides from the thorium series, i.e., 2!?Bi
(727.33 keV), 212Pb (238.63 keV), and 2%8T1 (589,19 keV). The activity of °K was determined
directly by analyzing net peak area at 1460.82 keV, subtracting the contribution of 228 Ac
(1459.13 keV); the specific activity of 13’Cs was determined based on the line at 661.66 keV.

2.2.2. Assessment of Dosimetric Quantities

Radium equivalent activity (Rae) is the index defined to obtain the sum of activities
for comparison of specific radioactivity of materials containing different radionuclides
226Ra, 232Th, and 9K, and it is defined as:

Ragy = Arq + 1.43A7, + 0.077 Ak

where Ag,, Ay, and Ay are activities in Bq/kg of 22°Ra, 2>2Th, and *°K, respectively [30,31].
We examine the characteristics of the material in order to assess the possibility of

its use as a building material; for limiting the radiation dose from building material, the

external hazard index (H,y) is defined as [30]:

_ ARq ATh Ag

= — 4+ — <
370 + 259 + 4810 — !

HEX

The value of this index must be less than unity to keep the radiation hazard insignifi-
cant, i.e., to keep the radium equivalent activity and annual dose under the permissible
limits of 370 Bq/kg and 1 mSy, respectively [31].

The external absorbed gamma dose rate, D (nGy/h), in air Im above the ground due
to radionuclides 22°Ra, 232Th, and 4°K in measured samples was calculated [31]:

D = 0.462Ag, + 0.604A 7, + 0.0417 A

In order to estimate the health risks, the annual effective dose rates was calculated us-
ing the conversion coefficient from the absorbed dose in air to the effective dose (0.7 Sv/Gy),
the indoor occupancy factor (0.8)—assuming that people spend approximately 80% of the
time indoors, and 8760 h (1 year) annual exposure time as proposed by UNSCEAR (1993).
The annual effective dose (EDR) was calculated from the formula [32,33]:

EDR(mSv) = D(nGy /h) x 8760-(h/y) x 0.8 x 0.7 (Sv/Gy) 107°

2.2.3. Physico-Chemical Characterization

The functional groups of samples were studied using FTIR—Bomem (Hartmann &
Braun, Frankfurt, Germany) MB-100 spectrometer. The spectral region of 400-4000 cm ™!
was used for the determination of functional groups of investigated materials (wood ash,
metakaolin, and their alkali-activated products). The mineralogy composition of raw
materials and their alkali-activated products was determined by the XRD method using the
Ultima IV Rigaku diffractometer (Rigaku, Tokyo, Japan) equipped with Cu Ka , radiation,
with a generator voltage of 40.0 kV and a generator current 40.0 mA. The range of 5-80°
260 was used for all powders in a continuous scan mode with a scanning step size of 0.02°
at a scan rate of 5°/min. The PDXL2 software 2.8.4.0 (Rigaku, Tokyo, Japan) was used
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to evaluate the phase composition and identification of all samples [34]. All obtained
patterns were compared using the International Crystallographical Data base (ICDD) and
the card numbers used to identify the phases were kaolinite: Al,(5i,O5)(OH)4-PDF No:
01-072-5860, muscovite: K(Al4Si;Og(OH)3-PDF No: 01-070-375, quartz: SiO,-PDF No:
01-079-6237, illite: KAl,(Si3Al)O19(OH),-PDF No: 00-043-0685, calcite: CaCO3-PDF No:
01-071-3699, quartz: SiO,-PDF No: 01-079-6237, larnite: Cay(SiO4)-PDF No: 01-083-0464,
illite: KAI,(SizAl)O;0(OH),-PDF No: 00-043-0685, and nepheline: NaAlSiO4-PDF No:
00-019-1176 [35]. The microstructure analysis was performed on a Au-coated surface of
the samples using a Japan Electron Optics Laboratory electron microscope (JEOL JSM,
Tokyo, Japan) 6390 LV at 25 kV coupled with energy dispersive X-ray spectroscopy (EDS),
Oxford Instruments X-MaxN (Abingdon, UK).

3. Results and Discussion
3.1. Radiological Analysis

Activity concentration of naturally occurring radionuclides, as well as artificial ra-
dionuclide 1¥7Cs, in metakaolin, wood ash, and wood ash/metakaolin mixture are pre-
sented in Table 3. Table 4 shows the activity concentration of naturally occurring radionu-
clides and artificial radionuclide '¥’Cs of synthesized AAM.

Table 3. Activity concentration (in Bq/kg) of gamma-emitting radionuclides in WA, MK, and mixture
of WAMK.

Activity Concentration [Bq/kg]

WA WAMK10 WAMK20 WAMK30 MK
137Cs 61.6 £3.2 38.0 +2.0 30.0 + 1.6 271+15 <0.1
210pp 535 +4.1 924 +55 1172 + 6.7 1173+ 7.0 119.7 + 10.3
2351y 1.96 + 0.40 3.06 £+ 0.39 4.83 £+ 0.88 4.62 + 0.68 148 +1.3
226Ra 353 £ 3.6 43.0 £ 44 69.4 £ 6.5 82.8 £ 6.5 209.6 + 12.7
238y 46.5+ 6.0 55.0 + 6.3/ 775+ 7.6 81.8+ 85 2445+ 119

234Th (228 Ac) 34.043.0 4114 3.0 477 £32 549 4 3.7 105.4 + 5.6

40K 3840 + 195 2840 + 143 2475 + 125 2268 + 115 641 + 33

Table 4. Activity concentration (in Bq/kg) of gamma-emitting radionuclides in alkali-activated GWA,
GMK, and mixture of GWAMK.

Activity Concentration [Bq/kg]

GWA GWAMK10 GWAMK20 GWAMK30 GMK
137 g 221 +12 21.7 £1.1 182+ 1.0 16.8 + 0.9 <0.1
210py, 439 + 3.4 51.3 +3.2 51.2 + 3.0 58.2 + 3.3 1155 £ 5.7
2351y 0.68 + 0.16 1.14 + 0.28 1.55 + 0.26 2.81 +0.51 9.35 + 0.97
226Ra 235+28 35.1+3.7 457 + 4.0 544+ 4.6 1493 +£9.1
238y 28.1+4.0 32.6+32 50.1 + 5.0 624 + 6.4 161.1 + 14.3
234Th (228 Ac) 19.8 £ 1.5 276+ 1.9 29.3 £2.0 343 +£22 724 +39
40K 1680 =+ 80 1720 + 90 1490 + 70 1420 £+ 70 455 + 23

As can be seen from Tables 3 and 4, the values of measured specific activities are lower

in alkali-activated samples. A possible explanation can be obtained by analyzing masses of
non-activated materials during the synthesis process. Namely, the alkali-activation process
requires the addition of a certain amount of solid materials (sodium hydroxide/sodium
silicate) which would increase the mass of the sample, which could be the reason for
specific activities decreasing in alkali-activated samples compared with raw materials.
However, the addition of non-active constituents does not increase the mass of the samples
significantly, so a complete explanation should be further pursued. A possible additional
explanation could be a change in the physical properties of the samples (formation of a
crystal lattice, etc.), which would affect the emission of ionizing radiation from the surface



Sustainability 2022, 14, 12960

6 of 13

of the samples. In addition, as the ratio of specific activities measured in raw materials
and alkali-activated materials varies significantly for different radionuclides, the results
obtained in these studies open new directions for further research.

The maximum value of '¥Cs activity concentration was in the sample of WA
(61.6 £ 3.2 Bq/kg) and decreased with the increase of MK amount from 10% to 30%, which
could be expected since this radionuclide was not detected in the MK sample, i.e., it was
below minimal detectable activity—MDA (<0.1 Bq/kg). There were decreases in 13Cs
activity concentrations after alkali activation of all samples, but the most significant reduc-
tion was observed in the GWA sample from 61.6 £ 3.2 (WA sample) to 22.1 £+ 1.2 Bq/kg
(approximately 2.79 times).

Additionally, Ili¢ et al. [36] analyzed the clayey materials in Serbia, and they found
that the activity concentration of 137Cs was <0.1 Bq/kg, but the value for “°K was in the
range of 190-668 Bq/kg. Metakaolin, which was used in this work, also had <0.1 Bq/kg for
137Cs, but for 49K that value was 641 + 33 Bq/kg; after alkali-activation the value decreased
to 455 £ 23 Bq/kg [36].

According to Seglak et al. [37], the radioactivity concentration of ¥Cs and “°K in
wood ash samples obtained by burning seven species of wood at different locations in
Serbia were in the range of 1.2-1010 Bq/kg and 1160-4720 Bq/kg, respectively. In the raw
material used in the presented research, the activity concentrations of '¥Cs and *°K were
61.6 + 3.2 Bq/kg and 3840 £ 195 Bq/kg, respectively. After the alkali activation process,
those values were more than two times smaller.

It must be noted that 13Cs presence is attributed mainly to the fallout of the Cher-
nobyl accident. According to the investigation of Ladygiene et al. [38] of different wood
samples, such as chips, briquettes, and pellets from different countries (Poland, Ukraine,
Russia, and Belarus), the activity concentration of 137Cg had a value from 21 + 4 Bq/kg
to 9800 £ 700 Bq/kg. In addition, research of Hus et al. showed that wood ash (ash from
beech wood from Croatia) contained 194.6 Bq/kg '*’Cs, and it was within acceptable limits
from the point of view of radiocontamination of the environment using wood as fuel [39].
The amount of radionuclides accumulated in plants can be one hundred times higher
compared with radionuclide content in their habitat medium [40]. The 137Cs concentrations
of the wood ash samples from the Balkan area ranged from 31 Bq/kg to 64 Bq/kg, as well
as 174 Bq/kg from pellets [41]. The activities measured in the ash samples were enriched
with respect to the activities of the burned biomass products due to the removal of organic
compounds during combustion. The “wood/ash” enrichment factor ranged from 107 to
118 for wood stoves, according to the results of Stoulos et al. The “wood/ash” enrichment
factor was estimated using “°K concentrations and assuming that K is not volatile and,
thus, the potassium present in the raw material remains in the ash produced during the
combustion [41].

Raeg, Hex, D, and EDR from MK, WA, and alkali-activated mixture of WAMK were
determined and are presented in Tables 5 and 6.

Table 5. Raeg, Hex, D, and EDR of MK, WA, and mixture of WAMK.

Samples Ra.; (Bq/kg) H,, (Bq/kg) D (nGy/h) EDR (mSvly)
WA 379.6 1.025 197.0 0.966
WAMK10 320.5 0.865 163.1 0.800
WAMK?20 3282 0.886 164.1 0.805
WAMK30 3359 0.907 166.0 0.814

MK 409.7 1.107 187.2 0.918




Sustainability 2022, 14, 12960 7 of 13
Table 6. Raeg, Hex, D, and EDR of alkali-activated GMK, GWA, and mixture of GWAMK.
Samples Rac, (Bg/kg) H,y (Bq/kg) D (nGy/h) EDR (mSvly)
GWA 181.2 0.489 92.9 0.456
GWAMKI10 207.0 0.559 104.6 0.513
GWAMK20 202.3 0.546 100.9 0.495
GWAMK30 212.8 0.575 105.1 0.515
GMK 287.9 0.778 131.7 0.646

WAMK30

WAMK?20

I
|
|
|
|
|
WAMKI10 |
|

WA

MK

P,
Wty

The results presented in Tables 5 and 6 show that the radium equivalent activity
in starting materials ranges from 320.5 Bq/kg to 409.7 Bq/kg, while in the AAM, that
range is from 181.2 Bq/kg to 287.9 Bq/kg. In addition, the external radiation hazard index
was at its highest value for the starting materials metakaolin (1.107 Bq/kg) and wood
ash (1.025 Bq/kg). After alkaline activation of these materials, the value of the external
radiation index decreased. This implies a safe application of these AAM and the possibility
of their further application in construction sectors. The external gamma radiation absorbed
dose rate decreased after alkaline activation of the starting materials and was in the range
from 92.9 nGy/h to 131.7 nGy/h.

Based on Jankovic¢ et al. [42], where Raeq ranged from 101 to 401 Bq/kg and Hey
ranged from 0.28 to 0.88 Bq/kg, it can be seen that investigated alkali-activated form
had similar values from 181.2 to 287.9 Bq/kg and from 0.489 to 0.778 Bq/kg, respectively.
In case of the external gamma radiation absorbed dose rate and effective dose rate data
from the literature [42], the ranges were 47-186 nGy/h and 0.09-1.4 mSv/y, and for alkali-
activated samples in this study, those ranges were 92.9-131.7 nGy/h and 0.456-0.646 mSv /Yy,
respectively.

3.2. Structural Analysis
3.2.1. FTIR Analysis

Figure 1a describes the FTIR spectrum of investigated materials MK, WA, and mixture
of WAMK (10, 20, and 30%), while Figure 1b shows FTIR spectrum of obtained alkali-
activated materials.

GWAMK30

GWAMK20

! f GWAMK 10
| b

GWA

GMK

Absorbance/Wavenumber (cm!)

000 2000 1000

Absorbance/Wavenumber (cm')

(a) (b)

Figure 1. FTIR spectrum of (a) MK, WA, and mixture of WAMK (10, 20, and 30%) and (b) alkali-
activated materials.
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The presence of two bands in the range of OH-group vibrations was noted in the FTIR
spectrum. The band at 3643 cm ! was derived from the regularly distributed group OH
in the structure. The wide band ~3450 cm~! was related to a randomly placed hydroxyl
group in the structure. The small peak at wave number ~1652 cm ™! indicated adsorbed or
associated water molecules [43].

Bending vibration of O-5i-O bond in silicate tetrahedron at 479 cm ™" was observed in
MK and WAMKG30, but in other investigated samples this vibration was not observed [43].
For MK, the absorption peaks at approximately 1086 cm~! were associated with asym-
metric stretching vibrations of Si-O-Si and Al-O-5i [44]. The weak peak at 1117 cm ™!
associated with Si~O vibration and peak at 624 cm~! assignable to Mg-O- or K-O bonds
were observed in samples of WA and WAMK (10, 20, and 30%). Characteristic Si-O bonding
bands at 479 cm~! corresponding to silicon dioxide were also identified, and it is more
conspicuous in MK and also visible in WAMKS30 [45]. Vibrations associated with symmetric
and asymmetric stretches of C-H in the methyl and methylene groups, present in the spec-
trum of WA and WAMK (10, 20, and 30%) samples, were found at wavelengths 2926 cm~1
and 2858 cm ! [46,47], respectively. A peak at 1795 cm~! indicated CO52~ vibrations, and
it was noticeable in sample WA as well as in WAMK (10, 20, and 30%); with the exception of
when the share of MK increased, the intensity of the peak decreased [48]. Vibrations of sym-
metrical stretching of the Si-O-Si bond in MK were observed at 797 cm~! and, as a result
of the alkali activation of metakaolin and sample GMK, the bonds shifted towards lower
frequencies at 778 cm L in addition, the peak at 712 cm ! observed in other tested samples
indicated the presence of Si—O bonds mostly related to quartz [26,49-51]. The FTIR spectra
of the wood ash mixture and different proportions of metakaolin showed characteristic
bands corresponding to calcite (CaCO3) at 1433 ecm~!, 875 cm™1, and 712 em 1. After alka-
line activation, the band which is characteristic of calcite shifted to the higher wave number
with position at 878 cm~! [44]. In all investigated samples, the characteristic stretching
asymmetric vibrations C=0 and carbonate vibrations at 1430~1455 cm ! were expected due
to the possibility of carbon dioxide formation in highly alkaline wood ash [43]. A vibration
at 454 cm ! indicated Si-O bonds in all tested samples, and vibrations at 1025 cm ! were
the main characteristic of the alkali-activated materials which represented the Al-O and
Si-O bonds [52]. These vibration bands were smaller in relation to the corresponding peak
of GMK and moved to a lower wavelength for GWAMK10, GWAMK?20, and GWAMK30.
This shift has been attributed to polycondensation of alternating Si-O and Al-O bonds
establishing the formation of new products that are different from GMK.

1

3.2.2. XRD Analysis

Figure 2a shows the diffractogram of metakaolin, wood ash, and wood ash/metakaolin
(10, 20, and 30%), and Figure 2b shows the diffractogram of alkali-activated products.
The mineralogical composition of the present phases was directly determined by X-ray
structural analysis.

The obtained data confirmed the presence of several main crystal phases. In the
diffractogram of MK, the presence of an amorphous phase, which characterizes some
higher background on the diffractogram in the range of 18-32° 26, was noticeable, and the
presence of kaolinite—Al,(SipO5)(OH)4, muskovite—K(Al;SipO9(OH)3, quartz—SiO,, and
illite—KAl,(Siz Al)O19(OH), was also identified. In blends of wood ash and metakaolin,
the dominanted crystalline phase was calcite -CaCO3, followed by smaller amounts of
quartz—SiO,, larnite, and illite.
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Figure 2. XRD diffractogram of (a) MK, WA, and mixture of WAMK (10, 20, and 30%) and
(b) alkali-activated materials.

Materials that occurred from alkali activation of wood ash and blends of wood ash
and metakaolin were also analyzed by XRD. In the diffractogram of GMK, the pres-
ence of an amorphous phase is observed, which is indicated by a slightly higher back-
ground on the diffractogram in the range of approximately 15-35° 26, while the crystalline
phases were visible only in the GWA sample. The obtained data confirmed that alkali-
activated material consisted of calcite—CaCOj3, quartz—SiO,, larnite—Cay(5iO4), and
illite—KAI,(Si3Al)O19(OH),. In addition, peaks corresponding to nepheline—NaAlSiO4
were identified. Narrow and well-defined peaks of crystal phase in raw samples, as well as
in alkali-activated samples, indicated a proper structural arrangement of identified phases
of raw material and alkali-activated mateials.

3.2.3. SEM/EDS Analysis

Figure 3 shows SEM micrographs of synthesized alkali-activated samples. All samples
showed amorphous gel microstructure and some particles of irregular structure.

Figure 3 shows the morphology of alkali-activated material based on wood ash and
blended products of wood ash and metakaolin. There is a noticeable difference between
GWA and other activated materials. SEM morphology of GWA (Figure 3a) correspond to
amorphous phase with irregularly distributed, agglomerated particles on the surface. In
some parts of the sample, the structure is porous, while in others is quite compact. On the
surface of individual agglomerated particles, small grains ranging in size from ~0.51 pm to
~1.99 um are observed. The structure of alkali-activated materials of blend of wood ash and
metakaolin differs significantly from structure of alkali-activated pure wood ash (GWA).
In GWAMKI10 (Figure 3b), agglomerated particles of different sizes are observed. The
structure is significantly more porous than the structure of the previous one (GWA). With
the addition of MK, an increase in the amorphous phase is noticeable, as a consequence
of the formation of the polysialate structure. By adding MK to the wood ash, aluminum
is introduced into the system. In GWAMKS30 (Figure 3d), the structure is almost compact
with the appearance of small grains on the surface of the amorphous, glassy phase.

The elementary composition of analyzed surface of samples: GWA, GWAMKI10,
GWAMK?20, and GWAMKR30 is shown in Table 7.
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Figure 3. SEM micrographs alkali-activated materials (a) GWA; (b) GWAMK10; (c) GWAMK?20; and

(d) GWAMK30.

Table 7. The elementary composition (Wt%) of analyzed surface of alkali-activated materials: GWA,

GWAMK10, GWAMK?20, and GWAMKS30.

Element GWA GWAMK10 GWAMK20 GWAMK30
C 18.0 26.3 15.1 30.2
(@) 419 40.1 38.5 40.0
Na 7.18 6.61 478 4.80
Mg 0.55 0.82 0.47 0.45
Al / 0.89 1.74 1.43
Si 5.12 6.70 7.06 6.91
K 5.44 3.46 4.10 2.73
Ca 17.5 12.3 244 13.5
Mn 0.73 0.41 0.43 /
Cu 1.80 1.32 1.73 /
Zn 1.73 1.04 1.69 /

By semiquantitative analysis of the investigated area of alkali-activated samples, i.e.,
energy-dispersive X-ray spectroscopy (EDS) analysis, the presence of C, O, Na, Mg, 5i, K
Ca, Cu, Mn, Zn, and Mg was determined. The content of C and Ca (18% and 17.5%) was
approximately the same, and the content of K and Si (~5%) was the same in GWA; thus,
it can be concluded that this sample had a high value of Ca. The absence of Al in GWA
indicated that there is no possibility to create Al-O and Al-O-5i bonds in the alkali-activated
material based on pure wood ash, which means that the consolidation and formation of
the gel structure of the material occurred only through Si-O-5i bonds. Aluminum was not
found in alkali-activated pure wood ash. This is why it is necessary to add aluminosilicate
material to the WA in order to create an Al-Si-O network. However, the presence of calcium
affected the formation of calcium hydroxide. When alkali activator NaOH/Na;SiO3; was
added to wood ash, the reaction released Ca%*, OH™, and a heat. The mixture reached
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higher pH than in the starting solutions. Eventually, the system became saturated, and
Ca(OH); started to crystallize along with calcium silicate hydrate. The new materials
consisted of a mass of crystals interlocked with each other, with all the other substances
present. Carbon dioxide from the air reacted with the calcium hydroxide in materials to
form calcium carbonate. This reaction was a slow and continuous progression from the
outer surface inward. Carbonatation increased the mechanical strength of materials.

4. Conclusions

On the basis of the obtained results presented in this paper, it can be concluded that
metakaolin and wood ash are suitable for obtaining alkali-activated materials with satisfac-
tory radiological and structural characteristics. The values obtained through radiological
analysis in this study and the calculated maximum Ra,, values for alkali-activated samples
of wood ash, metakaolin, and their blends are lower than the recommended maximum
level (370 Bq/kg), providing an excess annual effective dose of less than 1 mSv; from this
point of view, the tested materials do not pose a significant radiation hazard and their use
is considered safe for the population. Results of activity concentration measurements in
alkali-activated materials, which are 30-50% lower than activity concentration of corre-
sponding raw materials, allow for the conclusion that alkali-activated materials from that
aspect can be considered as a potentially safe application in building construction. The
values of the external radiation hazard index (Hex) are in the range from 0.489 Bq/kg to
0.788 Bq/kg for alkali-activated materials and are lower compared with the raw materials
used for their production. Since Hex values are below unity, it means that the radiation
hazard of alkali-activated materials is kept to an insignificant level.

Structural characterization of synthesized materials was performed by using XRD,
FTIR, and SEM/EDS techniques. FTIR analysis of WAMK10, WAMK?20, and WAMK30
shows characteristic bands corresponding to calcite. The main characteristic of the alkali-
activated materials is observed at 1025 cm ™!, which represents the AI-O and stretching Si-O
bonds, and the peak at 454 cm~! indicates bending Si-O bonds. XRD analysis showed that
MK consists predominantly of kaolinite and quartz, with minor admixtures of muscovite
and illite, while in WAMK10, WAMK?20, and WAMK30, the predominant crystalline phase
is calcite. All alkali-activated samples mainly consist of calcite, quartz, larnite, and illite
but also contain a crystalline phase corresponding to nepheline. SEM analysis shows that
alkali-activated materials are porous, and with the increase of the ratio of MK, it becomes
quite compact. EDS analysis of the investigated area of alkali-activated samples shows the
presence of C, O, Na, Mg, Si, K, Ca, Cu, Mn, Zn, and Mg. It is a semiquantitative analysis
that can only serve as a guide in interpreting the results.
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