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Abstract

Aiming at the development of a phosphorus removal technology for waste water, phosphate (PO,>") retention behavior of bituminous and
lignitous coal ashes was investigated using a batch reactor. Ash samples, including fresh and weathered fly and bottom ashes, were studied for
their sorption isotherms and reversibility. Fly ashes had a much higher phosphate retention capacity (4000-30,000 mg P/kg) than bottom ashes
(15-600 mg P/kg). Lignitous coal ashes were more capable of retaining phosphate than bituminous coal ashes. The retention process was largely
irreversible, and the irreversibility increased with the increase in the retention capacity. Weathering enlarged the retention capacity of the bituminous
bottom ash, but substantially lowered that of the fly ash, likely due to the difference in the weather-induced changes between the fly and bottom
ashes. Sorption isotherms of fly ashes were found to be adequately represented by the Langmuir model while those of bottom ashes fitted better to
the Freundlich model. Concentrations of Ca?* and PO,>~ in the aqueous phase were measured at the end of sorption and desorption experiments,
and were compared with solubilities of three calcium phosphate minerals. The aqueous solutions were saturated or super-saturated with respect to
tricalcium phosphate (Caz;(PO,),) and hydroxyapatite (Cas(PO,);OH), and slightly under-saturated with respect to amorphous calcium phosphate.
It is concluded that precipitation of calcium phosphate is the predominant mechanism for phosphate retention by coal ash under the conditions
studied. There is a strong and positive correlation between alkalinity and phosphate sorption capacity. Consequently, acid neutralization capacity

(ANC) can be used as an indicator of phosphate sorption capacity of coal ashes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Worldwide, approximately 500 million tonnes of coal ashes
are produced annually, while most of the ashes are disposed of
in landfills and surface impoundments. In Canada, for exam-
ple, in 1998 only 25% of fly ash and 10% of bottom ash were
utilized for cement/concrete productions, mining applications
and road-base construction [1]. Driven mainly by environmental
regulations, there is a growing interest in coal ash utiliza-
tion, particularly in the area of waste management, where
coal ashes are often used as a sorbent for various pollutants
especially in water. It has been shown that coal ashes have signif-
icant retention capacity for various contaminants, ranging from
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anions [2—4] and cations [5—7] to dissolved organic compounds
[8-12].

As a critical nutrient for aquatic plant species, phosphorus (P)
often controls the productivity of phytoplankton in fresh water
ecosystems; its oversupply can result in eutrophication [13]. In
the past, large point sources (primarily industrial) were the focus
of P pollution prevention. Because of the progress in control-
ling P discharge from industrial operations, the contribution of
non-point sources, such as agricultural soils, to surface water
phosphorus is becoming more significant [14—16]. In North
America and Europe, the concern over P levels in fresh water
has led to the development of new guidelines and legislation for
P management.

Many alkaline materials, such as calcite [17], have been stud-
ied for use as filter units in constructed wetland systems to
remove phosphorus. Shiltona et al. [18] documented the long-
term field data for steelmaking slag-based filters used for P
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Table 1

A summary of ash samples

Sample ID Coal types Ash types Sampling status Surface area (m?/kg) MPD (mm)
LB-f Lignite Bottom Fresh/wet 7.1 1.98

LF-f Lignite Fly Fresh/wet 27.7 1.05

BB-f Bituminous Bottom Fresh/wet 10.5 1.92
BB-w? Bituminous Bottom Weathered/wet 117 0.07

BF-f Bituminous Fly Fresh/dry 96.9 0.11

BF-wP Bituminous Fly Weathered/wet 78.7 0.15

L: Lignite; B: bituminous; F: fly; B: bottom; f: fresh; w: weathered.

2 The “BB-w” ash had been in the landfill for about 1-2 years, and was sampled from the top of the landfill.
b The “BF-w” ash had been in the soil-covered landfill for 4-5 years and was sampled from the top of the landfill but underneath the soil layer.

removal. Although coal ashes have been examined previously
as a potential P retention material in various settings, most of
the previous studies [2—4], however, focused on the use of ash
as an additive to soil for increasing P retention capacity. There
is a significant knowledge gap as to how the dissolved P inter-
acts with coal ashes and what determines P retention capacity.
Objectives of this study were to evaluate P retention capacity
of typical coal ashes, to analyze physical/chemical properties of
ashes and to relate them to the P retention behavior of ashes.
It is hoped that this study will lead to a better understanding of
mechanisms of P retention and lay a foundation for the devel-
opment of coal ash-based systems for controlling P discharge to
aquatic systems.

2. Materials and experimental methods
2.1. Materials

Three factors were considered during coal ash sampling: the
type of coal, the type of coal ash, and the potential changes
in physicochemical properties due to weathering. Six samples
were chosen to represent the major coal ashes produced by power
plants burning bituminous and lignite coal in Canada. For each
coal, two types of ashes, fly ash and bottom ash were collected.
Since there has been a large quantity of coal ash deposited in
landfills for long time, two weathered samples of bituminous
coal ashes (fly ash and bottom ash) were also collected. Table 1
summarizes the conditions of the six samples.

Mineral compositions of the ashes were determined using
X-ray powder diffraction technique. With over 50% of amor-
phous phases, major crystalline phases identified in the ashes
were aluminum silicates containing alkaline and alkaline earth
metals such as albite, anorthite and gehlenite. This is consis-
tent with the relatively weak effects of weathering on chemical

composition of ashes, which will be discussed later. Interest-
ingly, the specific silicate minerals found in the bituminous ashes
differ from those in the lignitous ashes. Two major minerals
shared by the two coal groups were hematite and quartz. Par-
ticle size distribution and chemical composition of six samples
were also measured. Particle size was determined via mechani-
cal sieving following ASTM standard procedure (D6913-04el).
Table 1 shows the results of particle size analyses after remov-
ing large particles (mainly unburned coal) and the geometric
surface area calculated. MPD stands for the mean particle diam-
eter defined by ASTM standard method D2862-97. Geometric
surface area is calculated based on the particle size distribu-
tion of ash sample under the assumption of spherical particles.
Weathering significantly lowered the MPD of bottom ash, but
had a smaller effect on fly ashes. The decrease in particle size of
bottom ash is attributed to the freeze—thaw cycles of pore water
in ash particles during weathering. As expected, fly ashes are
much finer particles than bottom ashes.

Ash compositions were determined with borate fusion XRF
combined with liquid chromatography by the Analytical Ser-
vices at Lakefield Research Inc. The results are given in Table 2.
In general, they are aluminum-rich silicate-based materials con-
taining small amounts of sulfate and carbonate. Interestingly,
the fly and bottom ashes from the same coal have a very similar
chemical composition of major elements, suggesting that it is
their difference in physical properties such as particle size sep-
arating them in the combustion/collection process. On the other
hand, there is a significant difference between lignite ashes and
bituminous ashes, particularly in their Ca, Mg and Si contents.
Consequently, they are very different in alkalinity. Weathering
did not result in any substantial change in chemical composition,
even in Na and K, suggesting chemical stability of ash matrices
in the natural environment. According to the ASTM classifi-
cation scheme C618-98, the bituminous coal ashes belong to

Table 2

Chemical compositions of major elements in coal ashes

Sample ID SiO, Al O3 Fe, O3 TiO, CaO MgO Na,O K>,O SOy COs3
BB-f 554 23.0 6.7 1.3 59 1.5 0.7 1.6 0.4 0.7
BB-w 51.8 223 7.4 1.1 5.0 1.0 0.6 1.3 0.4 1.5
LB-f 39.1 17.9 7.1 0.9 16.5 35 5.8 0.5 0.4 0.3
BF-f 47.6 21.7 5.1 1.2 6.4 1.5 0.9 1.5 1.3 2.1
BF-w 46.0 21.1 11.0 1.1 5.1 1.0 0.7 1.1 0.4 2.5
LF-f 37.9 18.7 53 0.9 16.3 34 7.7 0.7 35 0.1
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the Class F (SiO, + Al O3 + Fe; O3 >70%), and the lignite coal
ashes are the Class C (50% < SiO + AlLbO3 + Fe; 03 < 70%).

2.2. Experimental methods

Sorption/desorption experiments were carried out in a batch
reactor following the ASTM standard procedure (D4646-87).
The batch reactor was equipped with a Mistral multi-stirrer. All
experiments were carried out at room temperatures (22-25 °C)
and duplicated. All data reported was an average of two values.
Their relative differences were all less than 10%, in most of the
cases less than 5%.

In the sorption experiment, samples were dried, weighted,
and added to the solution of set phosphate concentration. The
solid/liquid ratio was controlled at 1/20 g/mL (12.5 g/250 mL).
To determine the sorption isotherms, the initial concentration
of phosphate was varied. For bottom ashes, the concentra-
tion range was 5—40 mg HPO4>~/L, while for fly ashes it was
200-1500 mg/L. The ionic strength of the solution was kept
constant (0.01 M) by adjusting with NaNO3. Based on our previ-
ous study on kinetics, all sorption experiments were performed
for 72 h to ensure equilibrium. Liquid samples were withdrawn
using a 0.22 wm syringe filter unit and analyzed for pH, PO43~,
Ca”*, Mg?*, Fe**, AI**. At the end of a sorption experiment,
the solid and liquid were separated using a vacuum filter with a
water aspirator. The solid was then dried and subsequently used
in desorption experiments.

Desorption was carried out in a two-step process with solid
samples produced from the sorption experiments. Each step took
24 h. The solid/liquid ratio was kept at 1/10. Liquid samples were
withdrawn using a 0.22 pum syringe filter unit and analyzed for
pH, PO43~, Ca®*, Mg?*, Fe3*, AI** The concentration of phos-
phate was determined with APHA vanadomolybdophosphoric
acid colorimetry method (4500-P-C). Cation concentrations
were analyzed with an inductively coupled plasma (ICP) and
an atomic absorption spectrometry (AAS) following the ASTM
standard procedure (C1109-93) Acid neutralization capacity
(ANC) of ashes was determined in a batch reactor using a series
of titrations of a mixture of ash/water (S/L =20) with HCI for
24 h. A plot of acid consumption against the pH of solution gives
the values of ANC over a pH range. The ANC reported is the
amount of HCI neutralized (in mM) by 1 g of the ash at pH 7.0.
For more details about ANC measurement, one is referred to
Yan [19].

Sorption isotherms determined experimentally were evalu-
ated using the Langmiur model and the Freundlich model, which
are widely used to describe P retention isotherms for natural
materials [20]. The Langmuir model can be expressed as

_ qmb Ceq

= dm2 e 1
T 14 b C )

where ¢ stands for a solute sorbed by the solid phase (mg/kg),
gm 1S maximum sorption capacity corresponding to complete
sorption at all sites (mg/kg), b is a sorption coefficient related
to bonding energy (L/mg), Ceq is the solute concentration in
aqueous phase at equilibrium (mg/L).

The Freundlich equation is the most widely used nonlinear
sorption model. This semi-empirical model can be expressed as

q=KpCl, )

where KF is sorption coefficient related to sorption capacity and
n is an empirical constant.

The physical meaning of # is not entirely clear, but has values
less than 1 and is related to sorption intensity, i.e. the character-
istics of the sorbent [21].

3. Results and discussion
3.1. Sorption/desorption behavior

As shown in Table 3, the fly ashes followed the Langmuir
model well, while the bottom ashes fitted the Freundlich equa-
tion better. Also included in Table 3 are the measured amounts of
P sorbed by ashes and the initial P concentrations. The values of
Kr and g, (both are a measure of sorption capacity) suggest that
for the same ash type, lignite ashes have a greater capacity than
bituminous coal ashes. According to the observed amounts of P
sorbed, for the same coal, fly ashes had much larger P retention
capacity compared to the bottom ashes.

The Langmuir parameter, g, represents a maximum sorp-
tion capacity. For all three fly ashes, the highest amount of P
sorbed was very close to the g, suggesting that equilibrium
was reached after 72 h. It was also observed that the fly ash with
a higher value of b resulted in a lower P concentration in solu-
tion. This is expected since the b is a measure of bonding force
of P to the sorbent. Weathering lowered b from greater than 1.33
toabout 0.11, and reduced P sorption capacity substantially. The
lignite fly ash had a much greater b, likely due to its much higher

Table 3

Sorption isotherms, acid neutralization capacity and initial pH of slurry

Ashes Models Initial P (mg/L) R? Kr (L/kg) N P sorbed (mg/kg) ANC (mM H/g) Initial pH
BB-f Freundlich 5-40 0.999 5.0 0.77 14-81 0.012 9.5
BB-w Freundlich 5-40 0.969 6.8 0.74 18-101 0.022 9.5

LB-f Freundlich 5-40 0.924 503 1.38 90-787 0.174 9.7

Ashes Models Initial P(mg/L) R? gm (mg/kg) b (L/g) P sorbed (mg/kg) ANC (mM H/g) Initial pH
BF-f Langmuir 450-700 0.999 12500 1.33 910-12500 0.336 11.3
BF-w Langmuir 200-600 0.994 10600 0.11 3900-10000 0.205 9.7
LF-f Langmuir 950-1500 0.994 28600 7.45 19400-29500 1.097 11.6
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Table 4

Desorption behavior of P sorbed by ashes

Samples % P lost in desorption Desorption pH Sorption pH
BB-f 43.5-50.8 8.7-9.2 7.9-93
BB-w 48.7-67.1 8.9-9.2 8.0-8.8
LB-f 5.7-1.0 9.6-9.7 9.5-9.8
BF-f 0.2-1.2 9.4-10.0 9.0-9.8
BF-w 3.5-6.8 8.6-9.2 8.3-9.0
LF-f 0.1-0.2 10.3-10.5 10.4-10.7

content of Ca. Although Freundlich parameters, Kr and n, do not
directly give the maximum sorption capacity, they may be used
to evaluate P sorption in a similar way as Langmuir parame-
ters. As shown in Table 3, the fresh lignite bottom ash had the
largest Kr and the highest amount of sorbed P measured, while
the fresh bituminous ash was at the opposite extreme. Overall,
the retention capacity seems to correlate positively to K.

Weathering lowered the capacity of fly ash, but not that of
bottom ash. Indeed, there seemed an increase in Kg as well as
the observed amount of P sorbed after weathering. Weather-
ing can potentially affect the P sorption capacity by facilitating
physical and chemical changes of ashes. As shown in Table 2,
the weathered bottom ash had smaller particle size and greater
surface area than the fresh one. Table 2 also shows an increase
in carbonate content and decrease in alkaline and alkaline earth
metals content in fly and bottom ash after weathering. Bottom
ashes are known to contain less water-soluble species than fly
ashes and therefore are less susceptible to chemical changes. On
the other hand, the decrease in particle size of bottom ash was
much more significant than that of the fly ash. If one factors
in the increase in surface area after weathering and evaluates P
sorption on a surface area basis (mg P/m?), the weathered bottom
ash becomes less sorptive. Itis believed that the weather-induced
chemical changes will lower the activity of an ash as a P sorbent
while physical changes may enlarge the surface area available
for sorption and hence increase the retention capacity.

Table 4 shows the percent loss of sorbed P in the desorp-
tion measurements. For fly ashes, desorption varied from 0.1
to 6.8%, suggesting that P retention by fly ash is largely irre-
versible. Weathering increased desorption by 3.3 to 5.6% for
the bituminous fly ash. The desorption of P from lignite bot-
tom ashes was also very low. Bituminous bottom ashes however
lost 43—67% of the sorbed P. There was a striking difference
in release rate between bituminous and lignite bottom ashes.
Weathering increased desorption by 5.2—-16.3% for bituminous
bottom ash. Overall, the highest sorption is associated with the
most irreversible sorption, suggesting that high retention capac-
ity is not the result of physical adsorption which is largely
reversible. Chemical processes, including chemical adsorption,
must play much greater roles in the P retention for fly ashes as
well as the more alkaline lignite bottom ash. The irreversibility
of P sorption by coal ashes is similar to that observed for soil-
like materials where the sorbed P is considered as inner-sphere
complex species [22], meaning chemical sorption.

Table 4 also gives the final solution pH recorded for desorp-
tion as well as sorption. Their ranges were quite similar, implying

that the change in the composition of bulk ash during sorption
experiments was insignificant. In some cases, the desorption pH
was slightly higher than the sorption pH, likely due to the smaller
buffering capacity of the solution with less dissolved phosphate.
From the data, the higher the desorption pH, the lower the per-
cent loss of P. It will be demonstrated later that there is a strong
and positive correlation between alkalinity and the P sorption
capacity.

3.2. Solution chemistry and phosphate precipitates

Total dissolved PO43~, Ca®*, Mg?*, Fe** and AI’* in aque-
ous solutions were analyzed at the end of all sorption and
desorption experiments. Using PHREEQC, a geochemistry
package [23] along with measured concentrations of major
cations, phosphate and pH, chemical speciation calculations
were performed to identify major aqueous species and potential
precipitates. The existing database of PHREEQC was aug-
mented with additional thermodynamic data [24,25] for the
precipitation reactions of common phosphate minerals. The
major ionic species identified include Ca?*, Mg2+, HPO,42~,
MgOH™* and CaPO,4~. The potential precipitates of phosphate
found were all calcium-based, including hydroxyapatite (HAP,
Cas5(PO4)30H)), tricalcium phosphate (TCP, (3-Caz(POas)2),
octacalcium phosphate (OCP, Ca4H(PO4)3-2.5H,0), and amor-
phous calcium phosphate (ACP2). Among the four calcium
phosphate precipitates, ACP2 is the most soluble, while HAP
is the least soluble.

To determine the degree of saturation of the aqueous solu-
tion with respect to various calcium phosphate minerals, the
pH-dependence of the solubility of three phosphate precipi-
tates (HAP, TCP and ACP2) are presented in Figs. 1 and 2,
using a double-function-parameter approach [24]. Also shown
in these figures are Ca>* and HPO4>~ measured at a specific pH
at the end of sorption and desorption experiments. As shown in
Figs. 1 and 2, the aqueous phase in all four cases would be super-
saturated with respect to hydroxyapatite, the least soluble solid
phase, suggesting the possibility of precipitation of HAP. X-ray
diffraction analysis (not included for conciseness) indicated that
HAP was the only crystalline calcium phosphate phase in the
ashes studied. It is well known that solubility of calcium phos-
phate precipitates is a function of pH. With the double-function
parameters used in Figs. 1 and 2, the slope of lines represents
the dependence of solubility on pH. Experimental data have a
similar slope in all cases. This similarity implies that precipita-
tion/dissolution of calcium phosphate played a very important
role in determining the amount of phosphate dissolved in the
aqueous phase. Therefore, the amount of phosphate removed or
retained by ashes should largely depend on the calcium available
from the ashes for the precipitation reaction.

Sorption experiments started with a high concentration of
phosphate; calcium for a precipitation reaction would have to
be supplied by the ash. Upon reaching a super-saturation, crys-
talline phases of calcium phosphate, such as TCP and HAP,
could grow at the surface of ash particles following heteroge-
neous nucleation. Figs. 1 and 2 show that all solutions were
under-saturated with respect to amorphous calcium phosphate,
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Fig. 1. Experimental dissolved Ca%* and HPO,?~ at various pHs with the bitu-
minous bottom (a) and fly (b) ashes, as compared to theoretical solubilities of
three calcium phosphate precipitates (Ca = activity of Ca>*; HPO4 = activity of
HPO4%~; TCP= Caz(PO4),; IP =initial P concentration; DS = desorption exper-
iment).

except for one case of sorption on the bituminous bottom ash
where the solution was essentially saturated. In soil systems, it
has been proposed [26] that the calcium phosphate precipitated
is initially meta-stable and gradually transforms into more sta-
ble, less soluble forms. A similar process could take place in
the coal ash system during sorption. Initially, the meta-stable
ACP could be formed from the over-saturated solution, and then
gradually be transformed into TCP and finally HAP. The fact
that most of the solutions were under-saturated with respect
to ACP seems consistent with the argument of phase transfor-
mation of calcium phosphate precipitated. Indeed, the behavior
of P sorption by coal ash somewhat resembles that in natural
waters in which P concentration is controlled by solubilities
of phosphate minerals [27]. This dependence on solubility was
also found for phosphate removal by Ca-containing industrial
slags [28]. Clearly, calcium phosphate precipitation is the pre-
dominant mechanism in P retention, especially when the pH
of solution is relatively high. It is widely reported that surface
adsorption of phosphate is unfavorable in an alkaline environ-
ment because of the competition for surface sites by hydroxide
and phosphate ions [15,29,30]

In the case of desorption, the P-loaded ash separated after
the sorption experiment would be the only source of Ca’* and

Fig. 2. Experimental dissolved Ca** and HPO42~ at various pHs with the lignite
bottom (a) and fly (b) ashes, as compared to theoretical solubilities of three cal-
cium phosphate precipitates (Ca = activity of Ca>*; HPO4 = activity of HPO,42~;
Caz(POy4), =TCP; IP =initial P concentration; DS = desorption experiment).

HPO42~. Since similar solution compositions were found for
both sorption and desorption, the experiments suggest that the
form of the precipitates did not change significantly. In the case
of bituminous bottom ash, there was a clear difference in solu-
tion chemistry between sorption and desorption (Fig. 1). This
difference may be attributed to the limited amount of calcium
phosphate in the P-loaded ash. The bituminous bottom ash had
the least capacity for retaining phosphate, despite its similar
chemical composition to the bituminous fly ash. Therefore, the
rate of supply of Ca** from the bottom ash was too slow and
that even after 72 h there was not yet a full utilization of Ca®* in
the bottom ash. Given the time required to determine P retention
potential, there appears to be a need for a more effective analy-
sis technique. Acid neutralization capacity is such a technique,
which will be discussed next.

3.3. Acid neutralization capacity (ANC) and P sorption
capacity

Table 3 gives the ANC values determined at pH 7.0 for all
ashes along with the initial pH values of ash—water slurries at a
L/S =20 measured before adding phosphate. As expected, lignite
ashes had a greater ANC and were more alkaline than bitumi-
nous ashes, while fly ashes had higher pH as well as much higher
ANC than bottom ashes. Weathering substantially lowered the
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initial pH and ANC of the bituminous fly ash. However, weath-
ering did not change the initial pH of bituminous bottom ash
slurries, but almost doubled its ANC. For MSWI bottom ashes
Zevenbergen [31] reported that the transformation of soluble
calcium-constituents to carbonates during weathering reduced
the alkalinity of the ash. As shown in Table 2, there was a sig-
nificant increase in carbonate content after weathering, despite
the decline in almost all alkaline and alkaline earth metals. This
difference in weathering effect is tentatively attributed to the
difference in particle size and possibly in mineral composi-
tions between the fly and bottom ashes. More work however
is needed to determine the exact reason behind the increased
ANC of bottom ash after weathering.

It has been demonstrated that precipitation of calcium phos-
phate is a very important mechanism in retaining phosphate. Ca
is therefore a critical element in phosphate retention capacity.
The total Ca content in an ash, however, provides little infor-
mation about the behavior of Ca in the ash—water system [32].
Only the Ca that is accessible to the solution and the dissolved
phosphate will likely contribute to the P retention. A study by
Drizo et al. [33] provided evidence that P retention potential is
linked to the alkaline mineral composition of the sorbent mate-
rial. Although ANC is a measure of alkalinity of a material in
an aqueous system, it was used previously as a measure of the
amount of reactive alkaline earth metals such as Ca in various
materials including coal ash [19,34]. If the major alkaline or
alkaline earth element is Ca, ANC becomes a measure of the
amount of Ca that is accessible to acid. Since HCI was used
in ANC measurement, the value of ANC is about a half of the
CaCl, formed (in mM) with 1 g of the ash. In Figs. 3 and 4, the
measured maximum P retention capacities are plotted against
the measured ANC for fly and bottom ashes, respectively. There
is a strong positive correlation between ANC and P retention
capacity, confirming the dependence of P retention capacity on
the amount of calcium available to chemical reactions with the
added phosphate. P retention capacity can be predicted based
on the amount of “available” Ca calculated from the measured
ANC and the Ca/PO4 molar ratio for a given calcium phosphate
mineral. In Figs. 3 and 4, the prediction was compared with mea-
surements for fly and bottom ashes, respectively. As shown in
Fig. 3, for fly ash the measured results were close to the predic-
tions based on ACP (Ca/PO4 =1.33) and HAP (Ca/PO4=1.67).
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Fig. 3. Correlation between ANC and P retention capacities of fly ashes.
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Fig. 4. Correlation between ANC and P retention capacities of bottom ashes.

For the bottom ashes, however, the predictions based on both
ACP and HAP gave much larger P-retention capacities than what
were observed, suggesting the amount of Ca available to HCl
was much greater than that to phosphate. Apparently, the release
of Ca from bottom ashes during sorption experiments was much
slower than that during ANC experiments. This difference may
be attributed to the fact that CaCl, is much more water soluble
than calcium phosphates. Calcium phosphates may precipitate
on the surface of ash particles and hinder the release of phos-
phate from the inner part of the particles. The effect can be more
significant for large particles. Particle size of bottom ashes was
much greater than that of fly ashes. Despite this over estimation
for the bottom ashes, the strong linear correlation between ANC
and the measured P retention, we believe, justifies the use of
ANC as a measure of phosphate retention capacity in an alka-
line solution where the precipitation of calcium phosphates is
the predominant retention mechanism.

4. Conclusions

(1) Fly ashes had a much greater phosphate retention capacity
(4-30 g P/kg) than bottom ashes (15-600 mg P/kg). Ligni-
tous coal ashes were more capable of retaining phosphate
than bituminous coal ashes.

(2) Sorption isotherms of fly ashes were found to be adequately
represented by the Langmuir model while those of bottom
ashes fitted better to the Freundlich model. The retention
process was however largely irreversible. The irreversibility
increased with the increase in the retention capacity, sug-
gesting that chemical sorption/reactions played a major role
in the retention process.

(3) Weathering enlarged the retention capacity of the bitumi-
nous bottom ash, but substantially lowered that of the fly
ash, which was attributed to the difference in the weather-
induced changes between the fly and bottom ashes.

(4) The aqueous solutions at the end of sorption/desorption
experiments were saturated or super-saturated with respect
to tricalcium phosphate (Ca3(PO4)2) and hydroxyapatite
(Ca5(PO4)30H), and slightly under-saturated with respect
to amorphous calcium phosphate. Precipitation of calcium
phosphate is the predominant mechanism for phosphate
retention by coal ash under the conditions studied.



J. Yan et al. / Journal of Hazardous Materials 148 (2007) 395—401 401

(5) The linear correlation between acid neutralization capacity
(ANC) and phosphate sorption capacity led to the suggestion
of using ANC as a simpler measure of phosphate sorption
capacity of coal ashes.
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