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ABSTRACT

Coal fly ash from a power plant was leached using HCl. Factors that influenced the leaching
process, such as the ratio of coal fly ash to Na2CO3, the HCl concentration, the leaching
time, and the temperature, were investigated, and an orthogonal test was used to determine
the optimal conditions for acid leaching the coal fly ash. The coal fly ash samples before
and after acid leaching were analyzed by scanning electron microscopy, energy dispersive
spectroscopy, and Brunauer–Emmett–Teller adsorption analysis. An aluminum leaching rate
of 90.68% was obtained using the optimal values of 6 g Na2CO3, 100 g coal fly ash, 4 mol
L−1 HCl, 1.5 h leaching time, and a temperature of 100˚C. The concentrations of Al3+ and
Fe2+ plus Fe3+ in the leaching liquid were 34.21 and 30.67 g L−1, respectively, using the opti-
mal conditions. The coal fly ash residue had certain specific surface area and absorption fea-
tures that are described. The results suggest that acid leaching offers benefits in terms of
the comprehensive use of coal fly ash.

Keywords: Coal fly ash; Acid leaching; Orthogonal test; Hydrochloric acid; Specific surface
area

1. Introduction

The rapid growth of the power industry is closely
related to the rapid growth of the industrial economy,
and the generation of electricity in China mainly uses
coal as a fuel [1,2]. In the powdered coal combustion
process in a power plant, some non-combustible
materials are first mixed with the injected air, and a

high temperature flue gas is produced in which the
non-combustible materials partially melt to form a
large number of small spherical particles. These parti-
cles are captured by a dust collecting device as a
gray–black coal fly ash, which is composed of small
and light particles that are easily kept airborne by
wind if they are released into the environment [3]. If
coal fly ash is directly discharged into the environ-
ment, it may cause serious environmental problems,
polluting water, the atmosphere, and soil, and the
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landscape in general [4]. Coal fly ash is one of the
main industrial waste residues that are currently emit-
ted in China. Traditionally, most coal fly ash has been
dumped in landfills, but this could lead to harmful
effects through future uses of the land and to prob-
lems maintaining the land [5]. There has been an
increase in interest in making use of fly ash in recent
years. Some coal fly ash is used in construction
materials in civil engineering projects, but approxi-
mately 15% of coal ash is only recycled in any way
globally [6]. The use of coal fly ash has, therefore,
attracted widespread attention, and it has become an
important subject in the field of environmental protec-
tion in terms of the comprehensive use of industrial
waste residues.

Coal fly ash is rich in Si, Al, Fe, and other ele-
ments. However, these elements are present in the
form of minerals with stable structures [7]. Si and Al
are mainly present in the form of the mullite phase
(3Al2O3.2SiO2), in which the Si–Al bond is stable and
not easily broken, meaning that Al is difficult to
extract from coal fly ash using conventional methods
[7–9]. In general, Al and Fe are abundant in an acid
solution that has been used to leach coal ash, and they
can be used to produce a coagulant for treating
wastewater, the leached coal fly ash residue can also
be used as an adsorbent, and this use allows the total
environmental pollution caused by the solid waste
from coal combustion to be mitigated and effectively
add value using the coal fly ash productively [10–13].
Many researchers have performed studies on the
leaching of elements from coal fly ash in recent years,
but most leaching processes are still at the laboratory
testing stage, and there have been few reports of
leaching being used in industrial applications. The
main problem that restricts the use of coal fly ash is
achieving the efficient extraction of Al and Fe from
the coal fly ash [14–16].

In the work presented here, hydrochloric acid was
used to leach coal fly ash under reflux condensation.
Yulin City is an important area for the energy and
chemical industries in China, and a lot of coal fly ash
is generated in this area in power plants. Excess
hydrochloric acid is also produced in large amounts
in factories in Yulin City, making this a convenient
acid for leaching the coal fly ash produced in the area.
We aimed to comprehensively and efficiently use
these local resources, and the effects of the dosage of
the activator Na2CO3 in a coal fly ash sample, the
hydrochloric acid concentration, the reaction time, and
the reaction temperature on the acid leaching process
were studied separately. The optimal conditions for
acid leaching coal fly ash were then determined using
an orthogonal test. Finally, the coal fly ash samples

before and after acid leaching were analyzed using
scanning electron microscopy (SEM), energy disper-
sive spectroscopy (EDS), and Brunauer–Emmett–Teller
adsorption (BET) analysis and the properties of the
unleached and leached samples were compared.

2. Experimental details

2.1. Materials

Coal fly ash was collected from the Shenhua
Guohua power plant in the Yulin Shenfu Economic
Development Zone, Shaanxi Province, China. One of
the seven largest coalfields in the world is located in
this area. The chemical properties of the coal fly ash
were determined by X-ray fluorescence analysis (XRF)
by the coal fly ash supplier, and they are listed in
Table 1. The coal fly ash was a typical silicon–aluminum
coal fly ash, of a high quality, and it was rich in iron
and deficient in calcium. Analytical reagent grade HCl
and Na2CO3 were purchased from the Xi’an Reagent
Co. (Xi’an, China), and all of the other reagents were
purchased from the Tianjin Reagent Co. (Tianjin,
China).

2.2. Experimental procedure

The coal fly ash samples were reacted with the
HCl solution (300 mL) at a specified temperature in a
500-mL three-necked glass reactor vessel to which a
straight condenser was connected (Fig. 1). The raw
coal fly ash was mixed with Na2CO3 and the mixture
was calcined at 800˚C for 2 h, then the mixture was
treated with the HCl solution. The effects of using dif-
ferent weight ratios of the raw coal fly ash to Na2CO3,
HCl concentrations, leaching temperatures, and leach-
ing times were determined, but the calcination tem-
perature and time were taken from the literature
[17,18]. The yellow–green viscous liquid that was pro-
duced was suction filtered, washed until the washings
had a pH of 7, and dried, then the acid-leached coal
fly ash sample was prepared and analyzed by SEM,
EDS, and BET. The Al3+ concentration in the leaching
liquid was measured by replacement complexometric
titration method (excess EDTA solution was added to
chelate Al3+, the free EDTA titrated with a standard
zinc chloride solution) according to the Chinese
national standard method and used as an index for
investigating the effects of the different experimental
conditions that were used [19]. Furthermore, the
phenanthroline spectrophotometry method was used
to determine the Fe2+/Fe3+ concentration in the lea-
chates with a spectrophotometer at 510 nm (721,
China) [20]. The determination of the pHpzc of the
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samples was carried out as follows [21]: 50 cm3 of
0.01 M NaCl solution was placed in a closed Erlen-
meyer flask. The pH was adjusted to a value between
2 and 12 by adding HCl 0.1 M or NaOH 0.1 M solu-
tions. Then, 0.15 g of each coal fly ash sample was
added and the final pH was measured after 48 h
under agitation at room temperature. The pHpzc is the
point where the curve pHfinal vs. pHinitial crosses the
line pHinitial = pHfinal.

3. Experimental results and discussion

3.1. Effect of the sodium carbonate dosage

The acid leaching process is known to be sensitive
to the dosage of the Na2CO3 activator. Different
Na2CO3 dosages were mixed with 100 g of coal fly ash
to activate the fly ash, and then the mixture was cal-
cined. A 4 mol L−1 HCl solution was then used to
leach the activated samples at 80˚C for 2 h. The effects
of the Na2CO3 dosage on the Al3+ leaching rate are
shown in Fig. 2. When the Na2CO3 dosage was lower

than 7 g, the Al3+ leaching rate increased as the
dosage was increased. However, the Al3+ leaching rate
decreased as the Na2CO3 dosage increased above 7 g.
The maximum leaching rate was found when the mass
ratio of the coal fly ash to the Na2CO3 was 100:7, and
this shows that Na2CO3 had an important influence
on the acid leaching process.

Table 1
Chemical composition of the coal fly ash

Content SiO2 Al2O3 Fe2O3 CaO TiO2 Na2O SO3 LOI

wt% 45.51 21.38 19.36 3.24 0.74 1.32 0.97 1.96

Note: LOI—loss on ignition.

2 3

4

1

Fig. 1. Experimental setup. 1—Three-necked glass reactor,
2—stirrer, 3—condenser, and 4—water bath.

Fig. 2. Effect of the Na2CO3 dosage on the Al3+ leaching
rate.

Fig. 3. X-ray diffraction patterns of the coal fly ash before
and after activation.
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The coal fly ash samples before and after activation
were analyzed by X-ray diffraction to determine the
effect of the Na2CO3, and the results are shown in
Fig. 3. It can be seen that the raw fly ash sample was
complex, and it contained many mineral phases,
including SiO2, Al6Si2O13, Al2O3, Fe2O3, Fe3O4, Ca2Al2-
SiO7, and Ca3Fe2Si3O12. Some glass phases were also
found in the raw fly ash, but no sodium compounds
were detected in this sample. Sodium compounds
may not have been found in the raw fly ash sample
because of the low Na2O concentration in the fly ash,
and the Na2O that was present would have been dis-
persed in the mineral and glass phases. Several min-
eral phases disappeared when Na2CO3 was added to
the fly ash and the mixture was sintered at 800˚C, and
the NaAlSi3O8 and NaAlSiO4 phases, which were not
found in the raw fly ash sample, appeared. This
means that the Na2CO3 that was added reacted with
the fly ash according to Eqs. (1) and (2) during the sin-
tering process, and this could have broken the stable
Si–Al bonds of the mullite phase, producing some sol-
uble compounds that were easily leached by acid. This
allowed most of the Al to be extracted from the coal
fly ash (Eqs. (3) and (4)). There was an excess of
Na2CO3 present at higher Na2CO3 dosages, and this
excess could react with the nepheline that was gener-
ated in the system, producing the alkaline nepheline
complex (Na2O)0.33NaAlSiO4 [8], meaning that the
active soluble aluminum compounds that were pro-
duced from the coal fly ash were turned back into an
inert aluminum compound. This suggests that a
Na2CO3 dosage of 7 g should be mixed with 100 g of
coal fly ash to conserve the reagents and to improve
the Al3+ leaching rate. The diffraction intensity of the
Fe2O3 peak was enhanced when the fly ash was acti-

vated, as shown in Fig. 3, indicating that the Na2CO3

that was added increased the Fe2+/Fe3+ leaching rate.
Those results can also be proved by Fig. 4, which
depicted that the concentration of Al3+ and Fe2+/Fe3+

in the leachate of the activated fly ash sample is
higher than that in the leachates of the raw fly ash
sample.

3Al2O3 � 2SiO2 þ 7SiO2 þ 6Na2CO3

! 6NaAlSiO4 þ 3Na2SiO3 þ 6CO2 " (1)

3Al2O3 � 2SiO2 þ 9SiO2 þ 6Na2CO3

! NaAlSi3O8 þ 3Na2SiO3 þ 6CO2 " (2)

NaAlSiO4 þ 4HCl ! AlCl3 þNaClþH2SiO3 þH2O

(3)

NaAlSi3O8 þ 4HCl ! AlCl3 þNaClþ 3SiO2 þ 2H2O

(4)

3.2. Effect of the HCl concentration

To investigate the effects of using different HCl
concentrations on the acid leaching process, 7 g of
Na2CO3 was mixed with 100 g coal fly ash when
preparing the activated coal fly ash sample. The acti-
vated mixture was then leached using different HCl
solutions (300 mL) at different concentrations at 80˚C
for 2 h. HCl concentrations of 1, 2, 4, and 6 mol L−1

were used. The effects of the HCl concentration on
the Al3+ leaching rate are shown in Fig. 5. It can be
seen that the HCl concentration played an important
role in the acid leaching process, and increasing the
HCl concentration increased the Al3+ leaching rate.

Fig. 4. Concentration of Al3+ and Fe2+/Fe3+ in the leached
liquor of the fly ash.

Fig. 5. Effect of the HCl concentration on the Al3+ leaching
rate.
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However, the Al3+ leaching rate continued to increase
when the HCl concentration was increased from 4 to
6 mol L−1, and a high HCl concentration could result
in the reaction being too violent, leading to the loss
of large amounts of volatile chemicals. Furthermore,
using high HCl concentrations led to the suction fil-
tration process being very difficult to perform, and
this was possibly caused by the large amounts of
aluminum-containing silica sol that was generated
during the acid leaching process at these high HCl
concentrations [12,22]. This means that using too high
a HCl concentration not only increased the cost, but
also had negative impacts on the leaching operation
and environment. A HCl concentration of 4 mol L−1

was therefore chosen for the subsequent investiga-
tions, to give a reaction that would proceed
completely.

3.3. Effect of the leaching time

The effects of the leaching time on the Al3+ leach-
ing rate are shown in Fig. 6. An activated coal fly ash
sample (7 g Na2CO3 and 100 g coal fly ash) was lea-
ched using 4 mol L−1 HCl (300 mL) at 80˚C for 0.5, 1,
1.5, 2, 2.5, and 3 h. It can be seen that the Al3+ leach-
ing rate gradually increased as the leaching time was
increased. However, the leaching rate had increased
almost to its maximum at a leaching time of 2 h, then
it tended to remain stable, and it started to decrease at
a leaching time of 3 h. This was because the soluble
aluminum compound concentration was constant, and
these compounds could react with SiO2, Al6Si2O13,
NaAlSi3O8, and NaAlSiO4 in the activated coal fly ash
at leaching times longer than 3 h, transforming the
sodium aluminosilicate precipitate, which cannot react
with HCl. This process is also a problem in the

aluminum industry [23,24]. Moreover, a long leaching
time increases the power consumed in the process.
The acid leaching time used in the subsequent investi-
gations was therefore 2 h, to achieve the optimum
reaction efficiency.

3.4. Effect of the leaching temperature

The effects of the leaching temperature on the Al3+

leaching rate are shown in Fig. 7. The activated coal
fly ash sample (7 g Na2CO3 and 100 g coal fly ash)
was leached for 2 h using 4 mol L−1 HCl (300 mL) at
60, 70, 80, 90, 100, and 110˚C. The Al3+ leaching rate
increased noticeably as the acid leaching temperature
was increased, which is completely in accordance with
the classical theory of chemical reaction kinetics (i.e.
that an increase in temperature speeds up a reaction)
[25]. The obvious reaction phase lasted for 30 and
12 min when the leaching temperature was 60 and
80˚C, respectively. Increasing the leaching temperature
to 110˚C impaired the condensation and reflux pro-
cesses, resulting in the noticeable volatilization of HCl.
This caused the HCl concentration to decrease to a
large extent, leading to the Al3+ leaching rate eventu-
ally decreasing. This shows that using too high a
leaching temperature wastes energy resources and
cause the volatilization of large amounts of HCl,
which will not only pollute the environment and harm
human health, but decrease the Al3+ leaching rate. The
acid leaching temperature should, therefore, be strictly
controlled to ensure that the reaction can proceed. We
thought that the leaching temperature should be
within the range 80–100˚C in the subsequent investiga-
tions, so three temperatures, 80, 90, and 100˚C, were
selected for use when optimizing the experimental
conditions in the orthogonal test.

Fig. 6. Effect of the leaching time on the Al3+ leaching rate.
Fig. 7. Effect of the leaching temperature on the Al3+

leaching rate.
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3.5. Optimization of the experiment conditions for acid
leaching coal fly ash

An orthogonal test was performed to optimize the
acid leaching process conditions, and four factors,
each at three levels, were chosen, based on the results
of previous research and qualitative experiments. The
matrix experiment was designed by selecting the
appropriate orthogonal L9(3

4) array for the control
parameters. The controlled factors and their levels that
were used in the L9(3

4) array are presented in Table 2.
The matrix experiments were conducted, and the Al3+

leaching rate was used as the experimental response.
The results are shown in Table 3.

The best conditions that were found, seen in
Table 3, were 6 g Na2CO3 in 100 g fly ash, 4 mol L−1

HCl, a 1.5 h leaching time, and a temperature of 90˚C.
These conditions gave an Al3+ leaching rate of 90.36%.

Visual analysis of the orthogonal test results is an
important method of evaluating the controllable factors
and their levels, and this can allow the controllable fac-
tors to be put into an appropriate order of importance
and allow optimal combinations of the levels to be

selected [26]. Table 4 shows the total response K, aver-
age response k, and range R for each factor calculated at
each level. For example, the total response to factor B at
level 2 was calculated as K2 = (L2 + L5 + L8), L2 is the
leaching rate for run no. 2, the average response to fac-
tor B at level 2 was calculated as k2 = (L2 + L5 + L8)/3,
and R is the maximum k value for each factor minus the
minimum k value. The k value can provide the optimal
level for the design parameters giving the greatest k,

Table 2
Factors and levels used in the orthogonal test

Level

Factor

Dosage of NaCO3 (g) HCl concentration (mol L−1) Acid leaching time (h) Acid leaching temperature (˚C)
A B C D

1 6 2 1.0 80
2 7 4 1.5 90
3 8 6 2.0 100

Table 3
L9(3

4) orthogonal table and the test results

Run no.

Factor
Response

Dosage of
NaCO3 (g)

HCl concentration
(mol L−1)

Acid leaching time
(h)

Acid leaching temperature
(˚C)

Leaching rate
(%)

A B C D

1 6 2 1.0 80 80.82
2 6 4 1.5 90 90.36
3 6 6 2.0 100 88.05
4 7 2 1.5 100 83.17
5 7 4 2.0 80 86.38
6 7 6 1.0 90 83.86
7 8 2 2.0 90 78.13
8 8 4 1.0 100 81.81
9 8 6 1.5 80 84.72

Table 4
Visual analysis of the orthogonal test results

A B C D

K1 259.23 242.12 246.49 251.92
K2 253.41 258.55 258.25 252.35
K3 244.66 256.63 252.56 253.03
k1 86.41 80.71 82.16 83.23
k2 84.47 86.18 86.08 84.12
k3 81.55 85.54 84.19 84.34
R 4.86 5.47 3.92 1.11
Optimal A1 B2 C2 D3
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and the R value can provide the order of importance for
the controllable factors [26]. From Table 4, it can be seen
that the importance of the factors decreased in the order
HCl concentration > Na2CO3 dosage > acid leaching
temperature > acid leaching time. The values A1 (6 g
Na2CO3 in 100 g fly ash), B2 (4 mol L−1 HCl), C2 (1.5 h),
and D3 (100˚C) were found to be the optimal parameter
levels for the acid leaching of coal fly ash. The optimal
conditions gave an Al3+ leaching rate of 90.68% and
Al3+ and Fe2+ plus Fe3+ concentrations in the leaching
liquid of 34.21 and 30.67 g L−1, respectively.

3.6. Comparison of the coal fly ash before and after acid
leaching

Fig. 8 shows SEM images of the coal fly ash sam-
ples before and after acid leaching. As compared with
Fig. 8(a) and (b) displays that the HCl treatment chan-
ged the surface structures of the initial ash micro-
spheres, and the treated particles displayed flakes,
folding flakes, and porous structures, and the edges
and corners became sharper. There were clear traces
of erosion on the surfaces, and the surfaces became
rough after HCl treatment, implying that Al and Fe
elements were leached by HCl, and that the specific
surface area of the ash had been increased noticeably
by the leaching process.

Fig. 9 and Table 5 show the EDS data for the coal
fly ash samples before and after acid leaching.
Although the relative amounts of the components can
be inferred from their relative peak heights, the
intensities of the peaks in the EDS are not quantitative
measures of the elemental concentration, but are only
semi-quantitative measures [27]. We found that Si, Al,
and Fe were the major constituents, and this is consis-
tent with the elemental compositions determined by
XRF. The very high C concentrations in the ash sam-
ples indicate that incomplete and poor combustion of
the coal occurred in the power plant. The elements O,
Na, Mo, K, and Ca were found in the initial ash sam-
ple, and the Al, Ca, and Na concentrations were
noticeably lower in the leached ash than in the initial
ash. This indicates that there were considerable losses
of metal ions during the acid leaching process, and
this could have caused the specific surface area of the
leached ash sample to be higher than the specific sur-
face area of the initial ash sample. Table 5 shows that
the Fe concentration was higher in the leached ash
sample than in the initial ash sample, even though
Fe2+ and Fe3+ were found at measurable
concentrations in the leaching liquid. This apparent
contradiction occurred because the data listed in
Table 5 are the relative contents, and the leaching of

Al, Ca, Na, and other elements will have led to the
relative contents of other elements present in the lea-
ched ash to increase. This also suggests that there was
still a considerable amount of Fe in the leached ash
that had not been leached.

The specific surface area of the ash and the pore
size distribution in the ash were determined from N2

adsorption–desorption isotherms, and the specific sur-
face area of the coal fly ash was calculated using the
BET equation. The BET analysis showed that the
specific surface area in the initial ash was 24.50 m2

Fig. 8. SEM images of the coal fly ash (a) before and (b)
after leaching.
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g−1, the pore volume was 0.01 g−1 cm3, and the aver-
age pore diameter was 2.5 nm, and that these parame-
ters increased to 55.73 m2 g−1, 0.03 g−1 cm3, and
2.9 nm, respectively, when the coal fly ash had been
leached. The increases in these parameters were

related to the leaching of certain components during
the acid treatment, but the low specific surface area
and small pore volume of the initial ash with a
relatively large mean pore radius indicated that the
ash contained mesopores (pore radii of 1–25 nm) and

Fig. 9. EDS of the coal fly ash (a) before and (b) after leaching.
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macropores (pore radii > 25 nm), according to the
IUPAC classification system [28]. This supposition
was confirmed by the dependence of the adsorbed
nitrogen volume on the pore radius (Fig. 10). The
dominant pores had radii of 2–3 nm in the initial ash.

A similar conclusion was drawn for the leached ash,
in which mesopores with radii 2–3 nm were abundant,
and a contribution from mesopores with radii of
10 nm was also established. The pore volumes of the
mesopores and macropores were found to be higher
in the leached ash than in the initial ash, as is shown
in Fig. 10. This again proved to be a consequence of
the extraction of the soluble components of the fly ash
into the leaching liquid.

The nitrogen adsorption isotherm for the initial ash
(Fig. 11) was classified as type II in the IUPAC classi-
fication [28]. This kind of isotherm corresponds to a
situation when a monolayer of nitrogen is formed at
relatively low pressures and a nitrogen multilayer is
formed at relatively high pressures. This characteristic
is typical of mesoporous materials. The small specific
surface area and low pore volume with a relatively
large mean pore radius indicates that the fly ash that
was tested had a macroporous structure. The fact that
the hysteresis loop finished at a relatively high pres-
sure also implied that there was a contribution from
macropores. The hysteresis loop was classified as the
H2 type with an admixture of the H4 type [29], which

Table 5
Elemental contents of the coal fly ash before and after leaching

Element C O Na Al Si Mo K Ca Fe

Before leaching wt% 8.70 41.16 1.5 13.24 17.87 1.97 1.95 2.38 11.23
at% 13.77 50.68 1.24 9.31 12.11 0.39 0.95 1.13 10.42

After leaching wt% 1.27 36.36 0.79 9.55 32.45 – 2.99 1.66 14.93
at% 0.75 51.87 0.73 7.52 24.78 – 1.62 0.88 11.87

Notes: wt% = weight percentage.

at% = percentage by numbers of atoms.

Fig. 10. Pore distribution in the coal fly ash before and
after leaching.

Fig. 11. N2 adsorption–desorption isotherms for the coal
fly ash before and after leaching.

Fig. 12. Determination of pHpzc of the coal fly ash before
and after leaching.
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means that the pore structure was overwhelmingly
formed by spherical or granular crystals.

The leached fly ash sample gave different nitrogen
adsorption isotherm characteristics, as is shown in
Fig. 11. Adsorption by the leached fly ash increased
noticeably at relatively high pressures, which means
that the number of mesopores and macropores was
much higher in this sample than in the initial ash sam-
ple. The isotherm was classified as type I with an
admixture of type II, which corresponds to a meso-
porous adsorbent (like zeolite-like crystalline solids)
containing some macropores [28]. The hysteresis loop
looked like that of an admixture of type H2 and type
H3, and this characteristic is associated with a varied
pore structure containing networks and channels [30],
which is consistent with the increase in the pore size
distribution and the specific surface area that occurred
through the leaching process. These results also corre-
spond with the results of the SEM and EDS analyses.

Fig. 12 depicted the results of “pH drift” experi-
ment, from which the pHpzc of the initial coal fly ash
sample was not found, and its surface has a basic
character. However, the pHpzc of the leached fly ash
sample in this test was found to be 7.76, this means that
pHpzc of the coal fly ash was influenced by the chemical
composition, mainly composed of SiO2, Al2O3, and
Fe2O3 [31]. The leached fly ash sample is material with
amphoteric character after Al and Fe elements were lea-
ched by HCl, thus, depending on the pH of the solution,
their surfaces might be positively or negatively charged.
At pH < pHpzc, the leached fly ash surface becomes
positively charged favoring the adsorption of anionic
species. On the other hand, adsorption of cationic spe-
cies will be favored at pH > pHpzc [32].

3.7. Analysis of the cost and environmental effect

Overall, the leached residue of coal fly ash can be
transformed to an adsorbent. Lots of coal fly ash and
excess hydrochloric acid are produced in Yulin power
plants and chlor-alkali chemical plants because Yulin
City is an important energy and chemical industries
base in China, the price is about 0–26 and
100–200 RMB/t, respectively. Furthermore, the waste
heat from power plant may be utilized for the reaction
required, the transportation cost of these local raw
materials can be saved, the leachate can also be used
to produce a coagulant, this means that comprehen-
sive utilization of local resources and coal solid wastes
is feasible from the perspective of environmental pro-
tection and sustainable energy development, good
effect and low cost can be obtained in the leaching
coal fly ash process.

4. Conclusions

The optimal conditions for the acid leaching of coal
fly ash were investigated by determining the effects of
the controllable factors and using an orthogonal test.
The coal fly ash before and after leaching was also
analyzed using SEM, EDS, and BET analysis. The
specific surface area, the pore volume, and the average
pore diameter were higher in the leached ash sample
than in the initial ash, and this was caused by the
leaching of some of the coal fly ash components
during the acid treatment.
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