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ABSTRACT

This research aims at the utilization of both calcareous and siliceous lignite ashes, by-products of lignite combustion

in power plants, toward a development of new materials of an environmental benefit. The possibility of fly and bottom ash

surface modification by anatase and rutile (titanium dioxide structures) is investigated. The precipitation of TiO, from an

acidic solution on lignite ash surface is studied and the percentage of TiO, coating obtained is found ranging from 11 to

55 %. The latter microstructure is examined by XRD and SEM-EDX taking into consideration the ashes particle size (as
received and < 45 um), the solution pH (5.5 - 7.5), the ageing time (1 and 3 h) and the sintering temperature (300°C, 500°C,
700°C) applied. Anatase and rutile crystalline structures are observed within the whole heat treatment range. The main

advantage of the process reported refers to titania immobilization onto a cheap porous substrate providing an additional

solution to liquid wastes treatment by photocatalysis.

Keywords: lignite ashes, titanium dioxide, surface coating.

INTRODUCTION

The valorization of solid industrial by-products as
secondary raw materials in the manufacturing of value-
added products can contribute to environmental protec-
tion, resources conservation as well as cost reduction
[1 - 3]. Besides, current advances in environmental leg-
islation encourage manufacturers to optimize industrial
by-products management and utilization. In particular,
the valorization of fly ash (FA) and bottom ash (BA) pro-
duced in massive quantities from lignite combustion for
power generation is nowadays of increasing importance
[4 - 6]. The recycling of FA can be a good alternative
solution to disposal. It can also provide significant eco-
nomic and environmental benefits. The global average
utilization of FA is estimated to be nearly 25 % of the
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amount produced [7].

More than 8 million tons of ashes are annually
obtained in Greek power stations. Nearly 80 % of the
lignite used comes from Northern Greece (West Mac-
edonia) where the main lignite deposits are located. FA
is a fine powder obtained by electrostatic precipitation
of dust-like particles contained in lignite-fed boilers
flue gases. So far, only a small amount of Greek FA is
used, while more than 80 % of the overall ash output
is directly discharged into ponds and landfills. How-
ever, there are concerns that this situation will possibly
cause severe and irreversible long-term environmental
effects, as FA particles contain toxic trace elements
(heavy metals) [8 - 9]. Several studies have already
focused upon the addition of FA in clayey mixtures in
different combinations and proportions to manufacture



Eleni Katsika, Angeliki Moutsatsou, Vayos Karayannis, Afroditi Ntziouni

conventional extruded or sintered ceramic materials
[1, 3, 10 - 14]. Moreover, various mixtures of several
industrial solid wastes containing SiO,, Al,O, and CaO
as predominant oxides have already been utilized for
construction applications, including glass-ceramics and
cement-based materials [16]. Recent research focuses on
the utilization of FA as a synthetic zeolite for remedia-
tion of soils contaminated by heavy metals [16]. Also,
FA in the form of pellets has been successfully tested
as a low cost adsorbent to remove Cu and Cd ions from
aqueous solutions [17]. FA can be considered as an
attractive raw material in heterogeneous catalysis due
to aluminosilicate compounds presence [18, 19]. This
is in fact a cost-effective and environmentally friendly
method of the waste recycling [20 - 21].

TiO, has three crystalline phases in nature - anatase
(tetragonal), rutile (tetragonal) and brookite (orthorhom-
bic). Rutile TiO, is the most stable form, whereas anatase
and brookite are metastable and can be transformed to
rutile when heated at a high temperature (~ 750°C).
Anatase and rutile TiO, are most often reported as
photocatalysts, and some research results have recently
demonstrated that a mixed form of rutile and anatase
TiO, displays enhanced photocatalytic ability as the
transfer of electrons from anatase to a lower-energy rutile
electron-trapping site in the mixed phase could decrease
the combination rate of charge carriers in anatase TiO,

and effectively create catalytic “hot spots™ [22].

TiO, is the most appropriate semiconductor in pho-
tocatalytic oxidation with significant advantages and ex-
cellent physicochemical and photocatalytic properties in
comparison to the other semiconductors [23]. Inorganic
by-products like blast furnace ash as well as the ash of
agricultural products have been studied as photocatalysts
substrates. The techniques used for TiO,deposition on
the surface of these materials refer to co-grinding at high
temperatures [24], sol-gel precipitation [25], thermal
spraying, pulsed power deposition, etc.

The current research focuses on the precipitation
of TiO, on the surface of siliceous and high calcium
lignite ash (fly and bottom ash). The products structure
is studied following the effect of the parameters of TiO,
precipitation process and that of the ashes physicochemi-
cal characteristics. The research aims to extend the field
of ashes application to further treatment of liquid wastes
such as dye-house effluents, electroplating, etc. as lignite
ashes can adsorb heavy and toxic metals.

EXPERIMENTAL

The highly-calcareous fly ash (FAAD) (Class-C
according to ASTM C 618) was obtained from the
electrostatic precipitators of the Agios Dimitrios lignite
power plant situated in Northern Greece (West Macedo-

Table 1. Chemical analysis of FAAD, BAAD, FAM and BAM.

(%) Si02  ALO3; FexO3 CaO  MgO SOj NaxO KO Lol

FAAD 30.16 1493 510 3499 2.69 6.2 1.01 040 3.95 *CaOf:

BAAD 48.63 21.62 729 683 275 278 089 297 534 )
10.87%

FAM 4954 1925 844 11.82 227 391 053 1.81 2.10

BAM 50.23 2040 935 790 230 1.89 045 198 5.78 *CaOf: 5.95 %

Table 2. Physicochemical characteristics of ashes.

Particle size distribution (um) . 3
pH D(v.0.5) D(v.0.9) Specific mass (g/cm”)
FAAD 12.5 30.92 98.28 2.67
BAAD 8.5 85.93 199.08 2.74
FAM 11.8 98.92 199.87 2.62
BAM 8.9 97.92 208.14 2.73
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Table 3. % TiO, precipitated on ashes surface.

FAAD | BAAD FAM BAM
As received | 20.13% | 55.97% | 31.08% | 40.94%
<45 um 11,37% | 20,13% 16,8% 11,22%
Table 4. Characteristics of FAAD and FAM.
Characteristics FAAD | FAM
Mean Pore Diameter (A) 1602 | 165,1
Pore Volume (cm?/g) 0,016 | 0,016

nia, where the main lignite deposits of the country are
located). Megalopolis fly ash (FAM), strongly siliceous
because of the high SiO, content and Ca-bearing spe-
cies presence, was treated as a Class-C ash. Bottom
Ash of Agios Dimitrios and Megalopoli (BAAD and
BAM) was a granular material much coarser than FA.
It formed during lignite firing and was removed from
dry boilers bottom.

The chemical composition of all ashes used was eval-
uated by X-ray fluorescence (XRF, X-Lab 2000 EDAX,
Siemens D-500) and loss on ignition (ASTM D7348).
The values of pH were followed in correspondence with
ISO 6588, while those of free CaO — with CaOf-ASTM
C151. The mineralogical analysis was performed by
X-ray Diffraction (Siemens D-500), while the ashes
particle size distribution was determined using Malvern
MasterSize-S by applying the wet dispersion method.

The physicochemical characteristics and the miner-
alogical analysis of the ashes studied are given in Tables
1 and 2 as well as in Fig. 1, respectively.

Gypsum (CaSO,.2H,0), quartz (Si02), lime (CaO),
calsite (CaCO,) and a-hematite (Fe,0,) were the main
crystalline phases of FAAD and BAD. Quartz (SiO,),
silicon oxide (SiO,), periclasse (MgO) and iron oxide
(Fe,0,) were the main mineralogical phases for FAM
and BAM.

The technique of hydrolysis and simple precipitation
was used for coating of lignite ashes surface with TiO,.
This procedure was chosen taking into consideration the
physicochemical characteristics of the ashes and the low
cost of the process determined the raw material price.
An acidic solution of TiCl, (molar ratio of TiCl,: HCI
=1:2.5) was added to 18 g of lignite ash (particles of
a size as received or of a size < 45um after grinding)
under stirring to avoid orthotitanate acid formation. Then
81.5 mL 2M NH,HCO, were added and the precipitate
obtained was left for aging within 1h. The product was
filtered, dried for 24h and sintered for 2 h. The sintering
temperature applied referred to 300°C, 500°C and 700°C.

The microstructure was examined by X-ray diffraction

1 1. Alpha-Hematite (Fe,0,)

2. Gypsum (CaSO,.2H20)
3. Quartz (SI0;)

3 4. Silicon Oxide (SI0;)

5. Calcite (CaCOs)

6. Lime (Ca0)

7. Iron Oxide (Fe,0:)

8. Magnetite (Fe.Mg)(Al.Cr.Fe.Ti):Ox

1

45 55 65

2

Fig. 1. Minerological analysis of (a) FAAB and BAAD, (b) FAM and BAM.
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Table 5. Particle size distribution of coated ashes.

Particle size (um)

As Received <45 um
D(v,0.5) | D(v, 0.9) D(v, 0.5) D(v, 0.9)
FAAD 19,62 76,09 28,88 40,43
BAAD 11,55 224,98 13,64 40,02
FAM 88,82 209,06 15,12 43,46
BAM 77,00 199,60 17,30 47,75

and SEM (FEI Quanta 200 equipped with an EDAX detector).

The adsorption capacity of the material prepared in
respect to metal cations was tested in a solution contain-
ing Cu?*, Zn*", Pb*"and Cd?*" of a various concentration.
The optimum results referred to a solution containing
100 ppm of Cu?", 100 ppm of Zn?**, 5 ppm of Pb*
and 5 ppm of Cd?*'. Stirring was applied for 1 h at a
rate of 200 rpm.

RESULTS AND DISCUSSION

The percentage of TiO, precipitated on the surface of
lignite ashes ranges from 11% to 56 % as shown in Table
3. It is worth adding that the process takes place faster
at bottom ashes most probably because of their greater
porosity. Table 4 illustrates the comparison between
FAAD and FAM mean pore diameter and pore volume.

Specific Weight (g/ml) of
Lignite Ashes Coated with TiO,

O As Received
W <45um

Fig. 2. Specific mass of all products.
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FAM As received 1h

WMAWMW ——T 00C

1. Quartz (Si0,)

2. Calcite (CaCOs)

3. Titanium Oxide (Ti20s)

4. Rutile (TiOz)

5. Anatase (TiOz2)

6. Calcium Titanium Oxide
(CazTisOr2)

7. Calcium Titanium Oxide
(CaTiOs)

——T3000C
—T 5000C
—T7000C

20

BAM As received 1h

1

1,2,
4,7

——T 5000C
——T 7000C

2,7 2 2 2 2

45 55 65

1. Quartz (SiO,)

2. Calcite (CaCOs)

3. Titanium Oxide (Ti20s)

4. Rutile (TiO2)

5. Anatase (TiOz)

6. Calcium Titanium Oxide
(CazTisOr2)

7. Calcium Titanium Oxide
(CaTiOs)

8. Iron Oxide (Fe,03)

——T 00C
——T 3000C

5 15 25 35
26

45 55 65

Fig. 3. XRD spectra of green and sintered samples (300°C, 500°C, 700°C - 2 h) (a)

coated FAAD:; (b) coated BAAD.

The particles’ size seems to stays unchanged as
shown in Table 5. The specific weight measurements
of the specimens illustrated in Fig. 2 cannot lead to
yield estimation as the values vary depending on the
raw material used.

Fig. 3 presents XRD spectra of green and samples
sintered for 2 h at 300°C, 500°C and 700°C. The particle
size of the coated FAAD and BAAD samples used refers
to that as received, while the ageing time is equal to 1h. It
is seen that the crystalline phase of calcite is decomposed
upon temperature increase and the phases predominating
in the sintered materials refer to quartz (SiO,), calcium
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titanium oxide (CaTiO,, Ca,Ti,O,,), anatase and rutile
(TiO,). The coated FAAD sintered at 700°C show a
decrease of all phases’ content. The presence of TiO, is
well outlined. This is an undesirable fact in view of the
photocatalytic properties expected. The mineralogical
examination results provide to conclude that the product
sintered at 500°C can be used as a catalyst. Furthermore,
it still contains FA phases responsible for heavy metals
adsorption [26]. Its adsorption capacity in respect to
heavy metals presence is examined using a polymetalic
solution. The results obtained are presented in Table 6.

It is well recognized that a mixture of rutile and
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a) FAM As received 1h

——00C
——3000C

1. Quarz (Si0,)

2. Calcium Titanium Oxide,
Perovskite (CaTiO,)

3. Anatase (TiO2)

4. Rutile (Ti0z)

5.lron Oxide (Fe;05)

——5000C
——7000C

20

45 55 65

1. Quartz (Si0,)
b) BAM As received 1h 2. Calcium Titanium Oxide,
Perovskite (CaTiOs)
3. Anatase (TiO2)
4. Rutile (TiO2)
5. Iron Oxide (Fe,03)
1
3
T2 4 51,21 2 ! 1 2

——00C
——3000C

——5000C
——7000C

5 15 25 35
20

45 55 65

Fig. 4. XRD spectra of green and sintered samples (300°C, 500°C, 700°C - 2 h) of (a) coated FAM; (b) coated BAM.

anatase TiO, displays enhanced photocatalytic ability.
It is known that the anatase is converted into rutile at
temperature > 500°C, but this could be excluded [27-
29] due to ashes impurities. Experiments performed
with siliceous ashes (FAM, BAM, Fig. 4) show a de-
composition of calcium titanium oxide (CaTiO,) with
temperature increase. No changes in the mineralogical
investigation in relation to the parameters chosen are
observed. This fact leads to the conclusion that a quan-
titative phase determination is required.

The amount of TiO, coated on fly ash increases with
particle size decrease but without any changes of the min-
eralogical phases present (Figs. 5, 6). The same behaviour

is observed in case of bottom ashes (Figs. 7 and 8).

The rutile percentages are listed in Table 7. The
rutile content is estimated on the ground of the X-ray
diffraction patterns of the calcinated powder recorded
in the diffraction angle range of 20 = 20° - 80° using
CuK  radiation. Anatase/rutile percentages are calculated
using the Spurr -Myers equation:

1
30]:
1+0,8 71/1(101) .
1,(110)
where I, is the intensity of anatase (101) peak, while I
is the intensity of rutile (110) peak.

0 —
A) Rutile —

R
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1. Calcium Titanium Oxide
1h_5000C (CaTioy)

2. Anatase (Ti0;)

3. Quartz (Si0,)

4.Rutile (TI0;)

5. Calcite (Cac03)

6. Calcium Oxide (CaO)

—— <45um_FAAD
|—As received FAAD

Fig. 5. XRD spectra of coated FAAD sintered samples

1. Quartz (Si0,)
1h_5000C 2. Anatase (Ti0;)

3. Rutile (TiO;)

4. Iron Oxide (Fe,0,)

—— <45pm_FAM

—— As received_FAM

Fig. 6. XRD spectra of (500 °C - 2 h) with different par-
ticle size.
FAAD coated with TiO:

<45pm as received

(@) (b)
FAM coated with TiO:

<45pm as received

(a) (b)

1h_5000C

4. Iron Oxide (Fe.0s)

—— <45um_BAAD
3 —— As received_BAAD
2
1 4

5 15 2 35 a5 55 65

2

Fig. 7. XRD spectra of sintered (500°C - 2 h) coated
BAAD with different particle size.

1h_5000C 1. Quartz (S10,)

2. Anatase (TiO,)
3. Rutile (TiO,)
4. Iron Oxide (Fe;05)

— <45pm_BAM

— As received_BAM

5 15 2 35 a5 55 6
2

Fig. 8. XRD spectra of sintered (500°C - 2 h) coated BAM,
with different particle size.
BAAD coated with TiO2

as received

<45pm

(a) (b)
BAM coated with TiO:

<45pum as received

(@) (b)

Fig. 9. SEM micrographs of sintered samples (500°C - 2 h) coated FAAD, BAAD, FAM and BAM, with different grain size.
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Table 6. Adsorption capacity of coated lignite ashes.

Cu(mg/g) Pb(mg/g) Cd(mg/g) Zn(mg/g)
FAAD 4,9907 0,2384 0,2407 4,9287
BAAD 4,9863 0,2491 0,2068 4,8022
FAM 4,1600 0,2479 0,2300 4,8076
BAM 3,8504 0,2483 0,0996 4,8152
Table 7. Rutile percentages calculated by Spurr -Myers equation.
%Rutile
As Received <45 pm
FAAD (coated with TiOz) sintered in 500°C 63 32
BAAD (coated with TiOz2) sintered in 500°C 55 54
FAM (coated with TiOz) sintered in 500°C 44 47
BAM (coated with TiOz2) sintered in 500°C 43 52

The weight fraction of each crystal phase in all TiO,
powders tested is calculated using the areas of anatase
(AA) and rutile (AR) peaks at 25.3° (2@) (101) and
27.5° (110) (2@), respectively. It can be seen that the
coating consists of almost identical amounts of both
TiO, structures.

A red tint colouring of the specimens is observed.
It is better expressed in those of Megalopolis. It is due
to Fe compounds transformation to Fe O, as indicated
by XRD.

The SEM micrographs illustrated in Fig. 9 show
dense microstructures. The differences caused by the
mineralogical phases present and the ashes various
granules size are also well outlined. The surface of the
BAAD and BAM coated with TiO, appears slightly more
porous compared to that of coated FAAD and FAM most
probably because of the carbon burnout during sintering
and the coarser particles. Residual porosity may also,
to a certain degree, be attributed to another factor. Thus
the fly ash used consists of not only a dense solid, but

of hollow particles (cenospheres) as well. The latter are
expected to be filled by TiO,. In any case the porosity
is of importance to attain weight reduction of the final
products as well as to provide liquid waste treatment
using bed reactors filled with ashes.

The EDX analyses carried out shows that the TiO,
coating contains glassy SiO,. That on cenospheres
consists almost entirely of glassy SiO,. This indicates
that Ti has better behavior in Ca absence, with which it
otherwise interacts.

CONCLUSIONS

The process of TiO, precipitation on high calcare-
ous and siliceous ashes described in this communication
extends their use in the field of photocatalysis, which in
turn is of importance for wastewaters treatment.

The experimental results show that the presence of
Ca0, in the ashes affects the amount of TiO, coating as
perovskite (calcium titanium oxide) is produced. The
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ashes particle size has a slight effect, while a sintering
temperature of 500°C provides the predominant presence
of anatase and secondarily rutile.

Furthermore, the ashes impurities prevent anatase
conversion to rutile at high temperatures, which favors
the photocatalytic properties expected.
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