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a b s t r a c t

Blends of circulating fluidized bed combustion (CFBC) fly and bottom ashes of the same coal origin were
investigated as raw materials for geopolymer synthesis. Reactivity of the low-reactive CFBC fly ash (CFA)
was enhanced by an alkali-fusion pretreatment, which was optimized by an L16 (44) orthogonal array. It
was found that, at a relatively low sodium hydroxide to CFA mass ratio of 0.5, effective alkali fusion could
be achieved at 350 �C for 0.5 h. The fused CFA was blended with ground CFBC bottom ash (CBA) at mass
ratios of 2.00, 1.00, 0.55, 0.29, and 0.12, and activated by two sodium silicate solutions (21.6 wt% and
34.5 wt%). Geopolymer pastes were cured at 40 �C for 7 days, reaching a highest compressive strength
of 34.0 MPa. Characterization of the raw materials and geopolymer products was also conducted by an
alkaline dissolution test, thermogravimetric–differential thermal analysis (TG–DTA), X-ray diffractogra-
phy (XRD), scanning electron microscopy (SEM), as well as Fourier transform infrared spectroscopy
(FTIR). The results of this study suggest that, by a moderate alkali-fusion pretreatment at temperatures
slightly higher than the melting point for sodium hydroxide (318 �C), low-reactive CFA can be recycled
together with CBA for production of value-added geopolymer composites.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Circulating fluidized bed combustion (CFBC) is an advanced and
mature solution for clean, reliable and economic coal combustion
technology, which has met the environmental requirements for
large reductions in NOx and SO2 releases from coal-fired power
plants [1–3]. While conventional pulverized coal combustion
(PCC) is typically operated at high temperatures in the range of
1300–1700 �C [4], CFBC features a remarkably lowered tempera-
ture of ca. 850 �C and thus significantly reduces NOx emissions
[5]. Besides, CFBC is particularly well suited for in situ SO2 removal
by use of limestone without significant grinding or processing [6].
Other notable advantages of CFBC include suitability for CO2 cap-
ture by CaO-based sorbants, high combustion efficiency, as well
as wide fuel flexibility [3,7,8]. Consequently, CFBC has grown stea-
dily all over the world ever since its commercialization in the
1970s and has become the most common fluidized combustion de-
sign [9]. In China, more than 1000 CFBC boilers are currently in
operation, with others in construction or design phases [10].

However, the resulting CFBC fly ash (CFA) and bottom ash (CBA)
have posed severe challenges to both the government and power
plants [11,12]. Mainly due to its unique thermal history, CFA differs
distinctly from typical PCC fly ash (PFA) in physical and chemical
characteristics [13,14]. Generally, the majority of PFA can be
ll rights reserved.
recycled in construction materials, such as cement and concrete.
This is due to its high SiO2 and Al2O3 contents as well as the poz-
zolanic property after reacting with lime and water [15,16]. How-
ever, this is not the case for CFA, which meets neither North
American nor European standards for components or additives in
concretes [17]. In spite of the cementitious properties [18], the
use of CFA in concretes may lead to structural damage and strength
reduction due to the presence of free lime, relatively low SiO2 and
Al2O3 contents, large specific surface area, high water requirement,
as well as harmful pores [3,17,19]. Even landfill disposal of CFA is
difficult because of the highly exothermic reaction with water,
high-pH leachate, and excessive expansion of solidified material
[20]. Moreover, the significantly lowered firing temperature results
in almost no reactive vitreous content, making CFA an unfavorable
raw material for direct geopolymer synthesis [12].

Geopolymers are a class of synthetic aluminosilicate inorganic
polymers (AIPs) featuring a predominantly X-ray amorphous
three-dimensional network [21,22]. The fundamental nanostruc-
ture of geopolymers consists of tetrahedral coordination of Si and
Al linked by oxygen bridges, with alkalis cations (typically Na+

and/or K+) associated for balancing the negative charges on tetrahe-
dral Al sites [23]. Based on such a unique structure, geopolymers
may exhibit superior mechanical, chemical and thermal properties
in comparison with ordinary Portland cement (OPC) [24], making
them a promising alternative for a variety of applications, such as
new ceramics and cements, matrices for hazardous waste stabiliza-
tion, toolings and moldings, fire-resistant materials and high-tech
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materials [25,26]. In addition, when compared with traditional OPC,
geopolymers can generally deliver an 80% or greater reduction in
CO2 footprint and require roughly 60% less energy. Thus geopoly-
mers can be regarded as a ‘green concrete’ [26,27].

Due to the significant environmental benefits as well as sound
properties of coal ash-based geopolymer products, recycling of
fly and bottom ashes by geopolymer technology has drawn great
interest [28–30]. However, to the authors’ best knowledge, no geo-
polymerization of sole CFA has ever been reported, possibly due to
the low reactivity of CFA. Although an alkali-fusion process was
introduced to enhance the reactivity of CFA for geopolymer synthe-
sis [12], the extremely high Na/Al ratio had to be balanced by a
large volume of metakaolin, which was derived from the calcina-
tion of a natural kaolinitic resource at 500–750 �C for several hours
[25]. Besides, the alkali fusion formerly reported at 550 �C for 2.0 h
has not been optimized for geopolymer applications [12]. More-
over, synthesis of geopolymers from blends of the alkali-fused
CFA (f-CFA) and metakaolin makes no use of the accompanying
by-product CBA, which may possess high reactive Si and Al con-
tents and also requires recycling and/or landfill disposal [11].

This study, therefore, investigated synthesis and characteriza-
tion of geopolymers from blends of f-CFA and ground CBA (g-
CBA) with no natural kaolinitic resource involved. Reactivity of
the CFA was enhanced by a moderate alkali-fusion pretreatment,
which was assessed by an alkaline-dissolution test [31] and opti-
mized by an L16 (44) orthogonal array. Sample characterizations
were performed by mechanical strength test, thermogravimetric–
differential thermal analysis (TG–DTA), X-ray diffractography
(XRD), scanning electron microscopy (SEM), as well as Fourier
transform infrared spectroscopy (FTIR).
2. Experimental procedures

2.1. Materials

CFBC fly and bottom ashes, collected from Sinopec Jinling
Petrochemical Power Plant (Nanjing, China), are of the same origin
from a Chinese soft coal. The as-received CBA, consisting of
slag-like particles of different sizes (up to 20 mm), was ground in
a laboratory ball mill prior to geopolymerization. Particle size
distributions of the raw CFA (r-CFA) and g-CBA were determined
by a Mastersizer 2000 laser analyzer (Malvern, UK) and the results
are shown in Fig. 1. Chemical compositions of the CFA and CBA, as
determined on a 9800XP+ X-ray fluorescence spectrometer (XRF)
(ARL, Switzerland), are presented in Table 1. Both of the ashes con-
tain trace amounts of toxic heavy metals and hazardous elements,
Fig. 1. Particle size distributions of raw CFBC fly ash and ground CFBC bottom ash.
which may pose potential threats to the environment if not prop-
erly disposed.

Analytical grade sodium hydroxide was used for the alkali-fu-
sion pretreatment of CFA. An industrial grade sodium silicate, con-
sisting of 60.3 wt% SiO2 and 26.0 wt% Na2O, was employed for
preparation of two alkaline activating solutions of different con-
centrations. All experiments were performed using the same
batches of raw materials and chemicals and deionized water was
used throughout.
2.2. Alkali fusion

Reactivity of the low-reactive CFA was enhanced by alkali fusion
of the ash with sodium hydroxide pellets. An L16 (44) orthogonal
array was designed for optimization of the fusion process, focusing
on four primary factors, i.e., NaOH/CFA ratio, temperature, time and
heating rate. Effect of combinations of the factors and levels on the
alkali fusion was assessed by dissolution extents of Si and Al form
the f-CFA in alkaline solutions [31]. The dissolution test was con-
ducted at room temperature by mixing 0.500 ± 0.002 g of CFA with
20.0 ml of 5.00 M NaOH solution for 5 h using a magnetic stirrer. An
Optima 5300DV inductively coupled plasma optical emission spec-
trometer (ICP-OES) (Perkin Elmer, USA) was employed for analysis
of the dissolved Si and Al contents.
2.3. Geopolymer preparation

Geopolymer samples were synthesized by alkaline-activation of
a series of blends of f-CFAs and g-CBA, at mass ratios of 2.00, 1.00,
0.55, 0.29 and 0.12, with two silicate solutions (solution A of
21.6 wt% silicate and solution B of 34.5 wt% silicate). The liquid/so-
lid (L/S) mass ratios were kept in the range of 0.57–0.87, depending
on an acceptable workability for each paste sample. It should be
noted that the activator liquid contained 34.5 wt% or 21.6 wt% of
solid sodium silicate. Therefore, the actual water to solid (W/S) ra-
tios are 0.40–0.51 for samples with solution A and 0.37–0.44 for
samples with solution B. Table 2 presents the mix designs for all
geopolymer samples. The sample ID in Table 2 consists of activator
solution concentration (A for 21.6 wt% and B for 34.5 wt%), fusion
temperature (550 or 350 �C), as well as f-CFA/CBA mass ratio (1,
2, 3, 4 and 5 for 2.00, 1.00, 0.55, 0.29 and 0.12, respectively).

Fresh geopolymer pastes were cast in triplet steel molds of 20-
mm cubes and vibrated for 5 min to remove entrained air bubbles.
The molds were then sealed with polyethylene film and set into a
standard curing box. After initial curing at 40 �C for 24 h, the sam-
ples were demolded and subjected to further curing at 40 �C for
144 h.
2.4. Sample analysis

Compressive strength test was performed immediately after the
7-day curing had finished, using an NYL-300 compressive strength
testing apparatus (Wuxi Jianyi, China). For selected geopolymer
samples, simultaneous TG–DTA was conducted from 25 to
1000 �C at a heating rate of 10 �C per minute on an STA 449C ther-
mal analyzer (Netzsch, Germany). SEM photomicrographs were
obtained on an S-3400N scanning electron microscope (Hitachi,
Japan), and XRD patterns were recorded by an X’TRA high-perfor-
mance powder X-ray diffractometer (ARL, Switzerland) with Cu
Ka radiation generated at 40 mA and 40 kV. A Nicolet 6700 FTIR
spectrometer (Thermo Scientific, USA) was employed for the col-
lection of the FTIR data, using KBr pressed disk method.



Table 1
Chemical compositions of CFBC fly and bottom ashes.

SiO2 Al2O3 CaO Fe2O3 TiO2 Na2O K2O MgO MnO SO3 P2O5 LOIa

Major elements as oxide of CFBC fly and bottom ashes (wt%)
CFA 43.42 28.53 14.06 3.01 1.47 0.18 0.84 0.28 0.02 2.66 0.12 5.03
CBA 61.17 26.78 2.05 4.35 0.95 0.34 1.54 0.61 0.05 0.09 0.07 1.69

Ba Zr Sr V Cr Zn Rb Cu Ni Ga Pb Y
Trace element contents of CFBC fly and bottom ashes (lg/g)
CFA 965.5 211.4 474.2 369.4 142.6 60.8 21.8 67.5 69.5 0.0 0.0 39.6
CBA 408.2 217.3 190.9 118.4 143.0 66.8 74.1 62.6 47.7 31.8 24.7 22.4

a LOI, loss on ignition at 960 �C.

Table 2
Mix designs and calculated molar ratios for geopolymer composites.

Geopolymer Concentration of sodium silicate solution (wt%) F-CFAs/CBAs (mass ratio) Liquid/solid (mass ratio) Si/Al Na/Al H2O/Na

A550-1 21.6 2.00 0.76 1.88 1.96 3.98
A550-2 21.6 1.00 0.70 1.95 1.50 4.54
A550-3 21.6 0.55 0.64 2.00 1.13 5.26
A550-4 21.6 0.29 0.61 2.08 0.84 6.45
A550-5 21.6 0.12 0.57 2.22 0.59 8.24
A350-1 21.6 2.00 0.76 1.88 1.96 3.98
A350-2 21.6 1.00 0.70 1.95 1.50 4.54
A350-3 21.6 0.55 0.64 2.00 1.13 5.26
A350-4 21.6 0.29 0.61 2.08 0.84 6.45
A350-5 21.6 0.12 0.57 2.22 0.59 8.24
B550-1 34.5 2.00 0.87 2.14 2.49 3.01
B550-2 34.5 1.00 0.84 2.20 2.00 3.40
B550-3 34.5 0.55 0.82 2.25 1.63 3.88
B550-4 34.5 0.29 0.76 2.30 1.28 4.42
B550-5 34.5 0.12 0.71 2.41 0.98 5.15
B350-1 34.5 2.00 0.87 2.14 2.49 3.01
B350-2 34.5 1.00 0.84 2.20 2.00 3.40
B350-3 34.5 0.55 0.82 2.25 1.63 3.88
B350-4 34.5 0.29 0.76 2.30 1.28 4.42
B350-5 34.5 0.12 0.71 2.41 0.98 5.15
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3. Results and discussion

3.1. Effect and optimization of alkali fusion

Geopolymerization is believed to be a complex multiphase pro-
cess which includes a series of dissolution, reorientation and solid-
ification reactions [32]. Hence, dissolution of Si and Al species from
solid sources under alkaline conditions plays a significant role on
reactivity of a raw material for geopolymerization [12,33].

On the other hand, alkali fusion is a general method with a long
history for decomposing materials containing Si and Al in chemical
analysis [34]. In this study, alkali-fusion process was optimized by
an L16 (44) orthogonal array, as detailed in Tables 3 and 4, and em-
ployed as a pretreatment for enhancing reactivity of the low-reac-
tive CFA. The effect of alkali fusion was assessed by a dissolution
test in alkaline solutions [31]. For f-CFA samples of different alka-
li/ash ratios, the masses of the f-CFAs and concentrations of the so-
dium hydroxide solutions were regulated to keep a constant net
CFA weight of 0.500 ± 0.002 g and a fixed sodium concentration
of 5.00 M.
Table 3
Factors and levels for L16 (44) orthogonal array.

Factor Level

1 2 3 4

A. NaOH/CFA mass ratio 0.30 0.40 0.50 0.60
B. Heating temperature (�C) 350 450 550 650
C. Heating duration (min) 30 60 90 120
D. Heating rate (�C/min) 3.0 6.0 9.0 12.0
Analysis of the orthogonal array data suggests A4B1C1D4, i.e., le-
vel 4 of factor A, levels 1 of factors B and C, and level 4 of factor D,
as the optimal combination of factors and levels. However, highest
alkali content results in highest Na/Al ratio to be balanced by g-
CBA, and thus utilize less CFA in the geopolymer composite. There-
fore, the combination of A3B1C1D4 was recommended in this study.
A3B3C4D4, as reported in previous work [12], was also examined for
comparison purpose.

The dissolution extents of Si and Al from the CFA, before and
after the alkali-fusion treatments, are presented in Table 5. For
the recommended combination of A3B1C1D4, the dissolution ex-
tents of Si and Al significantly increased 7.9 and 12.6 times, respec-
tively. Although the testing conditions for the raw and alkali-fused
CFAs were not exactly the same, the results of this dissolution test
suggest that the geopolymerization reactivity of the CFA can be
effectively enhanced by the alkali-fusion treatment. In Section
3.3 (X-ray diffractography) of this article, the effect of the alkali fu-
sion on reactivity of the CFA will be further discussed.
3.2. Compressive strength

All geopolymer samples were subjected to compressive
strength test after curing at 40 �C for 7 days, and the results are
summarized in Fig. 2. As shown in Fig. 2, for activating solution
A (21.6 wt% silicate), the compressive strengths of the A3B1C1D4

samples ranged from 8.1 to 12.9 MPa, whereas for activating solu-
tion B (34.5 wt% silicate), the compressive strengths were in the
range of 21.7–32.7 MPa. It was found that both the f-CFA/CBA ratio
and concentration of activating solution may exert significant



Table 4
L16 (44) orthogonal array for optimization of alkali fusion process.

Test no. A B C D Dissolution (ppm)

NaOH/CFA mass ratio Heating temperature (�C) Heating duration (min) Heating rate (�C/min) Al Si

1 1 1 1 1 853 1275
2 1 2 2 2 523 823
3 1 3 3 3 498 670
4 1 4 4 4 635 763
5 2 1 2 3 1170 1548
6 2 2 1 4 1008 1350
7 2 3 4 1 833 1090
8 2 4 3 2 1058 1090
9 3 1 3 4 1550 1943

10 3 2 4 3 1418 1883
11 3 3 1 2 1283 1780
12 3 4 2 1 1395 1488
13 4 1 4 2 1740 2003
14 4 2 3 1 1913 2330
15 4 3 2 4 2013 2085
16 4 4 1 3 1853 1793

Table 5
Alkaline dissolution extents of Si and Al for selected combinations of factors and
levels.

Combination Si (ppm) Al (ppm)

A4B1C1D4
a 2019 1706

A3B1C1D4
b 1833 1255

A3B3C4D4
b 1920 1143

Raw CFAc 243 100

a A 0.800 g of fused CFBC fly ash in 20.0 ml of 4.63 M NaOH solution.
b A 0.750 g of fused CFBC fly ash in 20.0 ml of 4.69 M NaOH solution.
c A 0.500 g of raw CFBC fly ash in 20.0 ml of 5.00 M NaOH solution.

Fig. 2. Compressive strength of geopolymer samples.

Fig. 3. X-ray diffraction patterns of CFBC bottom ash, raw and alkali-fused CFBC fly
ashes, and selected geopolymer samples. Q – quartz (SiO2), N – nepheline
(NaAlSiO4), A – anorthite (CaAl2Si2O8), G – gehlenite (Ca2Al2SiO7), and H – hematite
(Fe2O3).
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effects on the mechanical properties of the CFBC fly and bottom
ashes based geopolymers. Apparently, activating solution B with
higher concentrations of SiO2 and Na2O led to higher compressive
strength than solution A did, suggesting that to some extents more
soluble Si in the activating solution is favorable for compressive
strength development [11]. In this study, geopolymer sample
B350-3 reached a reasonably high 7-day compressive strength of
32.7 MPa, which is only slightly lower than the highest 34.0 MPa
for sample B550-2. The high strength of geopolymer B350-3 com-
pared to that of A350-4 will be further discussed in Section 3.5
(electron microscopy) of this article.
3.3. X-ray diffractography

Fig. 3 shows the XDR patterns of the CBA, raw and alkali-fused
CFAs, as well as selected geopolymer samples. It can be seen that
the major crystalline phases of both CFBC fly and bottom ashes
are exclusively quartz. In the f-CFA, the intensity of quartz phase
decreased remarkably, whereas a new crystalline phase of nephe-
line (NaAlSiO4) formed [12], indicating that a significant amount of
quartz in the r-CFA had reacted with sodium hydroxide during the
fusion process. As a consequence, the dissolution extents of Si and
Al species from the f-CFAs in alkaline aqueous solutions were
greatly enhanced due to the formation of the sodium aluminosili-
cate [35], which has been confirmed by the experimental data pre-
sented in Table 5. It is also shown in Fig. 3 that the XRD patterns of
the selected geopolymer samples are much similar and the only
major crystalline phase is unreacted quartz. By comparing the
XRD patterns of the geopolymer products with those of the CFBC
fly and bottom ashes, it is evident that no substantial new crystal-
line phases formed in the geopolymerization process.

3.4. TG–DTA analysis

The TG–DTA and DTG (the first derivative of the residual mass
versus temperature) data from room temperature to 1000 �C for



Fig. 4. Thermogravimetric-differential thermal analysis curves of selected geopoly-
mer B350-3.
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the selected geopolymer sample B350-3 are presented in Fig. 4. It
can be seen from the TG curve that a 19% mass loss occurred over
the testing temperature range, implying that the geopolymer sam-
ple retained about 19% water after curing at 40 �C for 7 days, of
which 8.5% was lost at temperatures below 110 �C. The remainder
was either bound tightly or less able to diffuse to the geopolymer
surface [36], which continued to evolve at higher temperatures in a
dehydration reaction [37], and was lost as gaseous H2O according
to
Fig. 5. Scanning electron microscope images of (a) raw CFBC fly ash; (b) ground CFBC Bo
and (f) geopolymer B350-3.
2SiAOH! SiAOASiþH2O ð"Þ ð1Þ

The DTA curve gives a single endothermic peak at about 100 �C
due to dehydration (water evolution), which is typical for a geo-
polymer and differs from those for OPC [36]. It is known that the
DTA curves for OPC normally show two endothermic peaks around
135 and 500 �C, which are attributed to the water loss and Ca(OH)2

decomposition, respectively [36,38].
3.5. Electron microscopy

The SEM images of the g-CBA, r-CFA, as well as selected geo-
polymer samples are shown in Fig. 5. Fig. 5a and b presents the
appearances of g-CBA and r-CFA which are quite different from
those of conventional PFAs. While typical PFAs largely contain
small vitreous spheres, the g-CBA and r-CFA consist exclusively
of irregular slag-like particles of different sizes. This may be attrib-
uted to the significant differences between the thermal histories
with which the PFAs and CFBC ashes are formed. As shown in
Fig. 5c and e, samples A550-3 and A350-4 reveal similar substan-
tial, yet less compact, geopolymer structures. On the contrary,
Fig. 5d and f presents well-formed homogenous geopolymer matri-
ces for the samples B550-2 and B350-3, indicating that geopoly-
merization of blend of CFBC fly and bottom ashes with no
addition of natural kaolinitic resources can be achieved. Besides,
by comparing Fig. 5e with f, it is reasonable to suggest that geo-
polymer B350-3 may develop a higher compressive strength than
ttom ash; (c) geopolymer A550-3; (d) geopolymer B550-2; (e) geopolymer A350-4;



Fig. 6. Infrared spectra of CFBC fly and bottom ashes as well as selected geopolymer
sample.
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geopolymer A350-4, which is supported by the results of compres-
sive strength testing (Section 3.2) in this study.

3.6. Infrared spectroscopy

FTIR spectroscopy allows identification of different types of
chemical bonds in materials on a molecular level. Therefore, the
differences between the FTIR absorption frequencies for the source
materials and geopolymer products may provide some evidences
on effective geopolymerization. Fig. 6 presents the FTIR spectra
of the CFBC fly and bottom ashes as well as the selected geopoly-
mer sample B350-3. As shown in the figure, the main features of
all FTIR spectra are the prominent bands between 1020 and
1095 cm�1. The bands at 1095 cm�1 and 1089 cm�1 in the spectra
of the CFBC fly and bottom ashes are attributed to the Si–O–Si
asymmetric stretching in tetrahedra [39,40], which shifted to a
lower frequency of 1020 cm�1 for Si–O–Al asymmetric stretching
as a consequence of polycondensation with alternating Si–O and
Al–O bonds [28]. Other evidence related to geopolymerization
may include the band around 1645 cm�1 for H–O–H bending vibra-
tion [28,39], which is absent in the spectra of the CFA and the CBA.
The small bands at approximate 800 and 680 cm�1 represent the
symmetric Al–O stretching of tetrahedral aluminum and the func-
tional group of AlO2, respectively [41,42]. The bonds at 562–
565 cm�1 indicate the presence of Al in octahedral coordination
[43], whereas those around 465 cm�1 are linked to the Si–O–Si
and O–Si–O bending modes [29,39]. For the NaOH-rich geopoly-
mer, the common atmospheric carbonation is revealed by the band
centered at 1438 cm�1 for O–C–O stretching vibration [39].

4. Conclusions

Successful geopolymerization of blends of alkali-fused CFA and
ground CBA was achieved in this work. The results of the L16 (44)
orthogonal array study indicate that, the reactivity of low-reactive
CFA can be effectively enhanced by a moderate alkali fusion pro-
cess at a relatively low alkali/ash mass ratio of 0.50 and a greatly
lowered heating temperature of 350 �C. In addition, the heating
duration can also be shortened from 2.0 h to 0.5 h. The excess alkali
in the fused CFA can be consumed by the ground CBA instead of
calcined natural kaolin (metakaolin). It is found that both the fused
CFA to ground CBA mass ratio and the concentration of alkaline
activating solution play significant roles in geopolymerization.
The optimal geopolymer sample reached a reasonably high 7-day
compressive strength of 32.7 MPa. The method discussed in this
study may provide a viable approach to simultaneous and/or
in situ massive recycling of both CFBC fly and bottom ashes for pro-
duction of value-added geopolymer composites.
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