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ABSTRACT

To acquire a deeper understanding of surface chemistry of fly ash along with thermal
activation, the states of mineral phases, water and —OH groups on silica are studied in fly
ash at different calcination temperatures by DR/FTIR spectroscopic technique. DR/FTIR
spectroscopy allows differentiation of various types of bonds in a material on a molecular
level. The spectroscopic results are also supported by XRF, XRD and SEM analysis.
Studied fly ash was collected from Jamshedpur Thermal Power Station as an extremely
fine ash, formed from the inorganic components of the coal, mainly silica and alumina
which remain after combustion of the carbonaceous part of the coal. Distinguish changes
were observed in fly ash IR bands regarding absorbed water, -OH group and Si-O-Si
group with thermal activation. This investigation reveals that as the temperature
increases, the physically adsorbed water begins to remove first, then silanol groups on
surface is dehydrated. Increased temperature causes formation of different crystalline
phases like quartz, mullite and hematite etc. and increased the crystallinity of the calcined
samples.
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1. INTRODUCTION

The coal fired power plant which consumes pulverized solid fuels composed of combustible
organic matter with varying amount of inorganic mineral parts produce large amount of solid
waste fly ash. Every year a crude estimation of 600 million tons of fly ash generated
worldwide [1] and about 110 million tons only in India [2]. The combustible gasification takes
place in coal fired boiler at an operative temperature 1450°C under reducing atmosphere.
The mixture of effluent gases is cooled and fly ash gets solidify at temperature from 950°C to
400°C. In the form of spherical particles consisting of SiO, , Al,Os;, Fe,O3;, CaO, MgO and
alkali in varying amounts with some unburned activated carbon [3]. As per the ASTM C618-
12a guideline [4] the fly ash containing >70% SiO,, Al,O3 and Fe,03 is classified as Class F
type fly ash and those consists mainly of silica, alumina and calcium containing SiO,, Al,O3
and Fe,O; minimum upto 50 % are referred to as Class C fly ash. Class F type fly ash is
used in agriculture, metal recovery, water and atmospheric pollution control [5] while class C
type fly ash is used in cement production [6], steam cured bricks manufacturing [7] etc.
Calcination temperature of fly ash before using as source material for synthesis of concrete
material and geopolymer etc. is reported to be crucial for the end product [8]. Fly ash has a
complex microstructure comprising of mixture of amorphous and crystalline components.
The chemical and mineralogical compositions of fly ash vary with coal source as well as
calcination temperature [9]. Fly ash also contains different amount of unburned carbon which
may reach upto 17% [10] responsible for high ignition loss and undesirable constituents for
geopolymerisation and concrete formation. Fly ash is also being used as heterogeneous
catalytic support material due to high silica, surface mineralogy, morphology and surface
silanol groups [11, 12]. Both the adsorbed water and silanol groups on surface may affect
the surface modification process thus play important roles in catalytic application on silica
surface. It is difficult to distinguish between the adsorbed moisture and actual surface
hydroxyl groups in a form of crystalline water or amorphous silanol (Si-OH) [13]. Literature
reports that high temperature calcination forms new crystalline phases on fly ash surface
modifying siloxane groups (Si-O-Si) and different forms of silanol groups [8]. Therefore it is
of interest to understand the modification of fly ash mineralogy and morphology with thermal
activation by using Diffuse Reflectance Fourier Transform Infrared (DR\FTIR) spectroscopic
technique, which is one of the advance techniques to illustrate the chemical structure of the
bonding materials. The results of the DR\FTIR study are supported by other characterization
tools such as X-ray Fluorescence (XRF), X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM).

2. EXPERIMENTAL DETAILS
2.1 Materials

The coal fly ash (Class F type with SiO, and Al,O3; > 70%) used in this study was collected
from Jamshedpur Thermal Power Station (Jamshedpur, Jharkhand, India). Fly ash (FA) was
thermally activated by calcining in muffle furnace at 400, 600, 800 and 1000°C for 3h and
abbreviated as TFA-400, TFA-600, TFA-800 and TFA-1000 respectively (TFA —Thermally
activated fly ash).
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2.2 Sample Preparation and Characterization

DR/FTIR analysis of fly ash samples were carried out by diluting fly ash samples with KBr in
1:20 weight ratio and mixed gently with the help of mortar and pestle, being careful about
atmospheric moisture absorption. In this study, FTIR spectra of the materials were recorded
using FTIR Tensor 27 Brucker with DR (lefuse Reflectance) accessory. The spectra were
recorded in the range 550 — 4000 cm-' with a resolution of 4 cm-". The chemical
composition was determined by wavelength dispersive X-ray fluorescence (WD-XRF) model
Bruker S8 Tiger. The detailed imaging information about the morphology and surface texture
of the sample was provided by SEM (Philips XL30 ESEM TMP). The XRD measurements
were carried out using Bruker D8 Advance X-ray diffractometer with monochromatic CuKa
radiation (A = 1.54056 A) in a 26 range of 5-70°.

3. RESULTS AND DISCUSSION

The chemical composition of FA and all TFA samples reveals that major components of fly
ash are SiO, and Al,O; Some minor components like Fe,O3;, CaO, MgO, TiO,, Na,O, K,O
and trace elements around 1.5 wt% are also present in FA and all TFA samples (Table 1).
The thermal activation of fly ash removes C, S, moisture and other adsorbed gases. The
removal of moisture and co-existing unburned carbon increases with increasing temperature
[14]. It can be concluded that all the compounds remained almost constant after thermal
treatment, besides a reduction in Na,O, K,O and other elements in all TFA samples.

Table 1. Chemical composition of FA and all TFA samples

Sample Si0O, AlLO; Fe,O; CaO MgO TiO, Na,O K,0 Other
(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) elements

(wt%)
FA 62 30 3.0 0.4 0.3 1.4 0.4 0.8 1.7
TFA-400 62.3 30 3.2 0.4 0.3 1.4 0.3 0.5 1.6
TFA-600 62.5 301 32 0.3 0.3 1.4 0.3 0.3 1.6
TFA-800 62.8 303 3.2 0.3 0.2 1.3 0.2 0.2 1.5
TFA-1000 63 305 3.2 0.3 0.2 1.3 0.2 0.1 1.2

The FTIR spectra in Fig. 1 shows a broad band between 3400-3000 cm-", which is
attributed to surface —OH groups of silanol groups (-Si-OH) and adsorbed water molecules
on the surface. The broadness of band indicates the presence of strong hydrogen bonding
[11]. The gradual decrement in the intensity and broadness in this band, as shown in Fig. 1
confirms loss of water in all TFA samples during thermal activation. Most of the molecular
water gets removed from the sample by heating up to 250°C, while crystalline —OH remains
in the sample till 700°C [15]. A peak around 1607 cm-" (Fig. 1) is attributed to bending mode
(60-H) of water molecule [16]I which is shown in all fly ash samples. A broad band ranging
from 1070 cm=-"to 1170 cm-' due to Si-O-Si asymmetric stretching vibrations [17] of silica
is present in FA and aII TFA samples. FA shows Si—O-Si asymmetric stretching V|brat|on
centered at 1100 cm-" which get shifted towards higher wave number at 1162 cm-"in case
of TFA-1000. This high wave number shift is the result of loss of water thus transformation of
Q° units [Si (OH) (SiOy4);] to Q* units [Si (Si04)4] thus decrease in silanol groups (-Si-OH).
This phenomenon shows reverse accordance with the statement that an increase in the
hydroxide concentration shifts the position of the maX|mum absorbance of Si-O bands
toward lower number, indicating the transformation of Q* units [Si (SiO4)4] to Q° units [Si(OH)
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(SiO4)s] [18]. Peak at 2887 cm-" could be assigned to C-H stretching vibration of organic

contaminants which may be introduced during sample handling or some hydrocarbon
present in fly ash [17.] This peak shows high intensity in FA while on thermal activation
organic contaminants get removed from FA and show low intense peak in all TFA samples
as compared to FA. Peaks appeared around 2343 cm™ attributed to v O-H stretching [19],
2241 cm™ responsible for H-SiO; [20], 1984 cm™ due to =Si-H monohydride [21], 1872 cm™
due to calcium carbonate [22] present in FA and all TFA samples (Table 2). Peaks centered
at 1521 cm-" [23] and 1681 cm-" [17] are due to (CO3)2_ stretching vibration show highest
intensity in FA, which is reduced on thermal activation in all TFA samples conferring that
during thermal activation C and C associated impurities like CO, are removed with increased
temperature. A peak related to Al-O-Si stretching vibration appears around 600 cm-" [24]
and is present in FA and all TFA samples (Table 2) conferring that Si and Al are present in
silico aluminate phase not affected by thermal activation [25].

I

J13am lagna 230 20m 3a0 mm

Fig. 1. DR/FTIR spectra of (a) FA (b) TFA-400 (c) TFA-600 (d) TFA-800 (e) TFA-1000
Table 2. Different DR/FTIR observed frequencies of (1.) FA (2.) TFA-400 (3.) TFA-600
(4.) TFA-800 (5.) TFA-1000 and their possible assignments
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Assignments FA TFA-400 TFA-600 TFA-800 TFA-1000 Reference
no.

Si-O-Al stretching 600 611 589 592 603 24

vibration

Si-O-Si asymm. 1100 1102 1113 1148 1162 17

Stretching

Vibration

(C03)2'—stretching 1521, 1519, 1519, 1519, 1521, 23,

vibration 1679 1686 1680 1683 1681 17

H-O-H bending 1608 1606 1606 1607 1607 16

Vibration

Calcium 1872 1872 1872 1872 1873 22

Carbonate

=Si-H 1984 1984 1986 1984 1987 21

(monohydride)

H-SiO; 2241 2240 2244 2236 2250 20

v -O-H stretching 2343 2344 2341 2347 2345 19

vibration

-C—H stretching 2827 2887 2886 2890 2895 17

vibration

-O-H stretching 3553 3096 3276 3327 3260 11

vibration

The SEM image (Fig. 2) of FA demonstrates particles of different shapes and sizes, hollow
cenospheres, irregularly shaped unburned carbon particles, miner aggregates and
agglomerated particles whereas the typical SEM image of TFA-1000 shows different shape
and size particles while irregular shaped unburned carbon is not seen. Some fused silica
particles are showing which has been formed during thermal activation [11].

Fig. 2. SEM images of (a) FA (b) TFA-1000

The XRD patterns of FA and TFA-1000 are shown in Fig. 3. In both FA and TFA-1000,
peaks at 20 values of 16.4°, 25.9° and 26.2° show presence of mullite (alumino-silicate)
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phases and quartz (silica) exhibits strong peaks at 20.7°, 26.5°, 26.66°, 40.66° and 49.96° of
20 values [26] while calcite shows peaks at 33.4° of 20 values [11]. TFA-1000 shows
number of crystalline phases like quartz, hematite, mullite, calcite in higher intensities than
FA, due to high temperature calcination. With thermal activation magnetite peak tends to
disappear while a peak responsible for hematite begins to appear (Table 3) [27].

Mu

=]

Mu

Fig. 3. XRD pattern of (a) FA (b) TFA-1000; (Q- Quartz, Mu- Mullite, M- Magnetite, H-
Hematite, C- Calcite)

Table 3. Color and crystalline phases of FA and TFA samples

Sample Color Quartz Magnetite Hematite Mullite Calcite
FA Grey N N — N N
TFA-400  Light grey v N N N
TFA-600  Yellowish brown V V N N
TFA-800  Yellowish brown \ - N N
TFA-1000  Reddish brown Vv V N

(\ = Present, --- = Absent)
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Variation of colors and crystalline phases of FA and TFA calcined at different temperatures
is shown in Table 3. Initially fly ash was of grey color due to presence of unburned carbon
content with increase in thermal activation temperature grey color of fly ash changes to
yellowish brown and then finally red brown possibly due to hematite crystallization [8].

4. CONCLUSION

In each DR/FTIR spectrum broad band ranging from 3000-3400 cm” is showing a
successive decrement in the intensity with increasing thermal activation temperature. It is
thus revealed that as the temperature increases, physically adsorbed water is removed first,
then silanol g;roups on surface is dehydrated resulting in transformation of Q° units [Si(OH)
(SiO4)s] to Q" units [Si (SiO4),]. Due to thermal activation of fly ash, SiO, Al,O; are increased
which is also evidenced by increased intensity of quartz and mullite phases, the magnetite
phases are converted into hematite phase at higher temperature. It can be concluded that
modification in properties of fly ash with reference to Si-OH, intensity and crystallinity of
crystalline phases can be achieved by thermal activation method to generate a solid support
material for catalytic applications.
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