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Abstract 

We investigated the conversion process of coal fly ash with unburned carbon at 
greater than ca. 6 mass%, which has fallen behind in terms of resource recovery. 
As a result, composite materials consisting of zeolite A and/or zeolite X with 
good crystallinity and activated carbon were successfully prepared by NaOH 
fusion treatment at 750°C in N2 flow followed by hydrothermal treatment. The 
type of zeolite phase formed was dependent on the hydrothermal treatment 
conditions including NaOH concentration. The resulting composite materials 
exhibited removal characteristics for heavy metal ions such as Ni2+, Cd2+ and 
Pb2+. In this paper, we describe the conversion of the main SiO2-Al2O3 
components and unburned carbon in coal fly ash into zeolite-activated carbon 
composite materials by a chemical process and the removal characteristics of the 
resulting materials. 
Keywords: coal fly ash, zeolite, fusion treatment, hydrothermal treatment, 
removal characteristics. 

1 Introduction 

Fossil fuels are of great importance because they can be burned, producing 
significant amounts of energy. The burning of fossil fuels produces several 
billion tones of carbon dioxide per year globally. Therefore, in order to reduce 
the air pollution, several countries have put forward their environmental 
regulations. Under the regulations, coal-fired power plants will need to reduce 
their emissions by more than 50% within the next decade. Due to the strict 
regulations on the burning of coal, coal fly ash (CFA) contains variable amounts 
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of unburned carbon at less than ca. 20 mass%, depending upon the variations in 
the characteristics of different coal sources and coal-fired boilers. As the 
presence of such unburned carbon in CFA makes it difficult to use as a raw 
material for cement manufacturing and construction materials, much of CFA is 
ultimately dumped in landfills [1]. 
     The reutilization of thus-dumped solid-waste CFA is the need of present 
context. Besides the utilization of bulk CFA, several potential uses of CFA have 
been reported as additives for the capture of industrial and water treatment 
wastes, sources of valuable metals, adsorbents for flue gas desulfurization, 
fireproofing materials, filter materials for the production of various products, 
ceramic applications and synthesis of several types of zeolites [2-14]. 
     Owing to rich in Al2O3 and SiO2 contents of CFA, the synthesis of zeolites by 
hydrothermal alkaline treatment is a promising technique for its reutilization. In 
addition to conventional hydrothermal alkaline treatment, there are a number of 
synthetic approaches to hydrothermal synthesis, such as a two-step method 
(fusion followed by hydrothermal treatment) [14-16] and the dry or molten-salt 
method [17]. These alternative methods were developed in order to achieve high 
synthesis efficiency and/or zeolite content. Furthermore, the presence of 
unburned carbon in CFA, which is burden for the utilization of bulk CFA, was 
successfully utilized by the two-step method [14]. Namely, the unburned carbon 
was converted into activated carbon, and composite materials consisting of 
zeolite X (Na-X) and/or zolite A (Na-A) and activated carbon were prepared.   
     In the present study we have investigated the conversion process of unburned-
carbon-contained-CFA into the composite of activated carbon and zeolites. The 
heavy metal ions removal characteristics of thus obtained composite materials 
were examined. 

2 Materials and methods 

2.1 Sample preparation and characterization 

CFA used in this study was obtained from the Chugoku Electric Power Company 
Limited at Mizushima, Okayama, Japan. The chemical compositions of CFA 
were analyzed using X-ray fluorescence (XRF; Rigaku ZSX-100s). The average 
mass% of unburned carbon was analyzed by thermogravimetry-differential 
thermal analysis (TG-DTA; Rigaku TAS-100). The phases present in CFA was 
analyzed by powder X-ray diffractometer with monochromated CuKα radiation 
(XRD; Rigaku RINT2100/PC), and its shape and texture were observed using 
scanning electron microscope (SEM; JEOL JSM-6360FS).   
     CFA was mixed with NaOH with varying CFA/NaOH mass ratio 1-3 and 
fired at 750°C for 1 h in a N2 atmosphere. After the NaOH fusion treatment, the 
mixture was ground and suspended in various amounts of deionized water (12-48 
ml) in order to control NaOH concentration followed by stirring and aging for 2-
24 h at room temperature. The slurry was sealed in a Teflon-lined autoclave and 
heated at 60-80°C for 2-24 h. After hydrothermal treatment, the sample was 
washed several times using deionized water, dried at 50°C overnight, and then 
collected for characterization.  
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     The resulting materials were identified by XRD, and their specific surface 
areas were evaluated by measuring isothermal adsorption of N2 at 77 K based on 
the BET method (BEL-Japan BELSORP 18 PLUS). The morphologies of the 
products were observed by SEM. 

2.2 Uptake of metal ions 

All the metal ion solutions were prepared separately, containing ppm 
concentrations of analytical grade metal chlorides, which were converted to 
mmol/L for later calculations. The resulting composite materials were subjected 
to Ni2+, Cd2+and Pb2+ removal experiments under the following conditions: 
temperature 25°C (room temperature), solid/solution ratio 100 mg/50 ml, initial 
metal ion concentrations 0.34-7.84 mmol/L of Ni2+, 0.65-5.43 mmol/L of Cd2+ 
and 0.43-9.56 mmol/L of Pb2+ and treatment time 24 h. The kinetic experiments 
were also performed with same sample at constant metal ion concentrations (for 
Ni2+, Cd2+ and Pb2+ at 4.46, 5.52 and 9.56 mmol/L, respectively) for times of 0.5-
6 h. 
     After the removal experiments, the solid samples were filtered, washed 
several times with deionized water, dried at 50°C overnight, and identified by 
XRD. An atomic absorption spectrophotometer (Shimadzu AA-6800) was used 
to determine the concentrations of metal ions in the solutions before and after the 
removal experiments. 

3 Results and discussion 

3.1 Characterization of starting material and its products 

The chemical compositions obtained by XRF and TG-DTA show that the major 
components of the CFA are SiO2, Al2O3 and unburned carbon (Table 1). The 
XRD traces (Fig. 1(a)) show that the major crystalline phases are α-quartz (SiO2) 
and mullite (3Al2O3·2SiO2), together with amorphous components. The presence 
of spherical particles composed of aluminosilicate and big lumps of unburned 
carbon can be seen in the SEM micrograph (Fig. 1(b)). The specific surface area 
of as-received CFA was found to have ca. 6 m2/g. 

Table 1:  Chemical composition of coal fly ash (CFA). 

Component SiO2 Al2O3 CaO C Fe2O3 TiO2 MgO K2O Other 
mass% 50.9 26.2 4.5 8.0 4.3 1.5 1.3 1.1 2.2 

 
     In order to determine the optimum conversion conditions and to obtain Na-X 
or Na-A with good crystallinity, several parameters such as NaOH/CFA ratio, 
aging time, NaOH concentration by adding various amount of water, reaction 
time and temperature were varied. The fusion temperature was based on the 
activation temperature in the general preparation of activated carbon [18].  
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Figure 1: (a) XRD pattern and (b) SEM micrograph of as-received CFA. 

Symbols: C- unburned carbon, Q- quartz and m- mullite. 

     The specific surface area and the pore size distribution, evaluated by N2 
adsorption isotherm measurement of treated CFA as a function of NaOH/CFA 
ratio, suggested maximum surface area and formation of mesopores at the 
optimum mass ratio of 2. In order to find the influence of the aging time, the 
fused CFA was subjected to the variation of aging time in between 2-24 h before 
the hydrothermal treatment. The crystallinity of Na-X was strengthened while 
that of Na-A was weakened with elongation of aging time. Furthermore the 
crystallinities of both Na-X and Na-A were strengthened at 2 h aging times with 
the variation of the amount of water. Thus, NaOH/CFA mass ratio of 2 and the 
aging time of 2 h were decided as the optimum conditions before the variations 
of amounts of water, reaction time and temperature for hydrothermal treatments 
of treated CFA. 
     In order to determine the effect of NaOH concentration on the product, the 
fused CFA was suspended in various amounts of water (12-48 ml) followed by 
aging for 2 h, and the suspension was hydrothermally treated at 80°C for 24 h. 
The XRD patterns of the resulting materials with the variation of amounts of 
water are shown in Fig. 2. At 12 ml water, Na-X with good crystallinity was 
formed.  The peak intensities of Na-X were weakened with increasing amount of 
water, while the peaks of Na-A were strengthened. At 30 ml water, almost single 
phase Na-A was obtained, whereas with further increasing amount of water to 48 
ml, the sample became completely amorphous suggesting the formation of 
geopolymer. The Si/Al molar ratio of Na-A is 1 while that in CFA is ca. 2. This 
indicates the presence of amorphous SiO2 along with Na-A. 
     Next, reaction temperature (60-120°C) and time (2-24 h) were examined. 
Consequently, the crystallinities of Na-X and Na-A obtained by hydrothermal 
treatments for 24 h were promoted with increasing reaction temperature up to 
80°C. They were, however, decomposed and transformed into sodalite above 
100°C. Na-X and Na-A with good crystallinities were produced at 80°C within 
24 h. Thus, the reaction temperature and time were set at 80°C and 24 h, 
respectively. 
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Figure 2: XRD patterns of products from CFA with variation of amounts of 
water. Symbol: ZA- Na-A, ZX- Na-X and Sd- sodalite. 

3.2 Metal ion sorption isotherms 

The larger size of window cage and higher concentration of Na+ of Na-X are 
favorable features for its higher metal ion sorption capacity. Hence the removal 
characteristics of Ni2+, Cd2+ and Pb2+ were carried out with Na-X material 
obtained from CFA. The plots of the release of Na+ as a function of metal ion 
sorption show that the removal reactions for these metals progress principally by 
cation exchange, because the molar ratio of M2+/Na+ is approximately 2. 
     The sorption isotherms of Me2+ (Me = Ni, Cd and Pb) were simulated by 
mathematical equations of Langmuir [19] and Freundlich and Heller [20]. The 
Langmuir model assumes that the removal of metal ion occurs on a homogenous 
surface by monolayer sorption, and predicts a linear relation between (Ce/Qe) and 
Ce. 
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where Ce (mmol/L) is the equilibrium concentration, Qe (mmol/g) is the amount 
sorbed at equilibrium, Qmax (mmol/g) is the monolayer sorption capacity and b 
(L/mmol) is the Langmuir constant. 

On the other hand, the Freundlich model, which is encompassing the surface 
heterogeneity and exponential distribution of active sites, provides an empirical 
relationship between the sorption capacity and equilibrium constant of the 
sorbent. The mathematical representation of this model in linear form is 

LogKLogC
n
1LogQ fee +=                                 (2) 

where, Kf (mmol/g) and n (g/L) are the Freundlich constants related to the 
sorption capacity and sorption affinity of the sorbent, respectively. 
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     The resulting sorption isotherms are shown in Fig. 3. The parameters 
calculated from the Langmuir and Freundlich equations using the experimental 
data are listed in Table 2. The solid and dash line curves in Fig. 3 are calculated 
from the resulting Langmuir and Freundlich parameters, respectively. The 
statistical analyses (Table 2) indicated that the Langmuir isotherm could 
characterize the sorption with a high correlation coefficient values suggesting 
that the sorption isotherms are of the Langmuir type. The resulting Qmax values 
decrease in the order Pb2+> Cd2+> Ni2+. 
 

 

Figure 3: Sorption isotherms of Ni2+, Cd2+ and Pb2+ by Na-X obtained from 
CFA. Solid and dash lines represent predicted data from Langmuir 
and Freundlich parameters, respectively. 

Table 2:  Parameters of isotherms for sorption of Ni2+, Cd2+ and Pb2+ by Na-
X obtained from CFA. 

Me2+ Langmuir’s parameters Freundlich’s parameters 
b 

(L/mmol) 
Qmax 

(mmol/g) 
R2 n 

(g/L) 
Kf 

(mmol/g) 
R2 

Ni2+ 44.5 1.14 0.9991 15.5 1.07 0.8524 
Cd2+ 12.9 1.40 0.9881 5.2 1.20 0.8722 
Pb2+ 67.9 2.63 0.9971 11.2 2.63 0.8844 

 
     This metal ion removal series is in agreement with those previously reported 
for Na-A [21], Na-P1 [22] and clinoptilolite [23]. The electronic configurations 
of Pb2+ and Cd2+ are d 10 and hence have zero-ligand-field stabilization in 
octahedral aqua complexes. Thus Pb2+ and Cd2+ interact strongly with the zeolite 
framework during the metal ion removal process in comparison to Ni2+, whose 
electronic configuration is d 8 [21]. 
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3.3 Sorption kinetics 

The sorption of metal ions (Ni2+, Cd2+and Pb2+) by Na-X obtained from CFA as a 
function of contact time is shown in Fig. 4. These plots indicate that the sorption 
progresses in two steps, initially the rapid sorption within 30 minutes followed 
by a slower second step during which equilibrium is attained. This behavior of 
sorption is consistent with previously reported [24, 25]. The rapid step is due to 
the abundant availability of active sites on the sorbent material, and as these sites 
become increasingly occupied, the sorption becomes less efficient and slower. 
 

 

Figure 4: Plots of metal ions sorbed on Na-X prepared from CFA as a 
function of contact time. Solid lines represent predicted data by a 
pseudo-second order model. 

     In order to investigate the rate law describing the metal ion sorption, the 
kinetic data obtained from the batch experiments were analyzed using two 
kinetic equations, namely, the first-order equations proposed by Lagergren and 
Svenska [26] and the pseudo-second order equation proposed by Ho et al. [27]. 
The equations were rearranged to obtain the linear forms as follows: 

1
e t e

KLog(Q Q ) LogQ t
2.303

− = −                                        (3) 

2
t 2 e e

t 1 1 t
Q (K Q ) Q

= +                                            (4) 

where Qt is the amount adsorbed (mmol/g) at time t (min), Ce and Qe are as in 
equation (1), K1 and K2 are rate constants of equations (3) and (4), respectively. 
Equations (3) and (4) yielded the rate constants (K1 and K2) and the equilibrium 
metal ion sorption Qe, presented in Table 3. The Qe values obtained from the 
pseudo-second order equation (4) are comparable with the Qmax values obtained 
from the Langmuir equation (1) (Table 2), indicating the pseudo-second order 
reaction model is more appropriate for metal ion sorption. 
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Table 3:  Kinetic data for Na-X estimated from various equations. 

System K1 from 
equation (3) 

K2 from 
equation (4) 

Qe (mmol/g) from 
equation (3) equation (4) 

Ni2+ 4.6×10-3 0.20 1.97 1.12 
Cd2+ 1.0×10-3 0.21 3.35 1.08 
Pb2+ 1.2×10-3 0.14 1.23 2.23 

4 Conclusion 

Na-X and Na-A zeolites were successfully obtained from CFA. The appropriate 
conditions for Na-X were found to be as: NaOH fusion temperature 750°C, 
amount of water 12 ml, reaction temperature 80°C, longer aging time and 
reaction time 24 h while those for Na-A are similar to those of Na-X except the 
amount of water in between 24-30 ml and shorter aging time. 
     Thus obtained composite materials have good sorption characteristics for 
heavy metals, with sorption isotherm more favorable to Langmuir model. The 
equilibrium sorption capacity follows the order Pb2+> Cd2+> Ni2+. The high 
removal of Pb2+ and Cd2+ was expected to be due to the ligand-field stabilization. 
The overall sorption process was pseudo-second order with an initial rapid and 
quantitatively predominant sorption followed by a second slower and 
quantitatively insignificant sorption. 
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