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Phosphorus has been recognized as a leading pollutant for surface water quality deterioration. In the
Midwestern USA, subsurface drainage not only provides a pathway for excess water to leave the field but
it also drains out nutrients like nitrogen (N) and phosphorus (P). Fly ash has been identified as one of the
viable materials for phosphorus removal from contaminated waters. In this study, a ceramic pellet was
manufactured using fly ash for P absorption. Three types of pellet with varying lime and clay proportions
by weight (type 1: 10% lime + 30% clay, type 2: 20% lime + 20% clay, and type 3: 30% lime + 10% clay)
were characterized and evaluated for absorption efficiency. The result showed that type 3 pellet (60% fly
ash with 30% lime and 10% clay) had the highest porosity (14%) and absorption efficiency and saturated
absorption capacity (1.98 mg P/g pellet) compared to type 1 and 2 pellets. The heavy metal leaching was
the least (30 pg/L of chromium after 5 h) for type 3 pellet compared to other two. The microcosmic
structure of pellet from scanning electron microscope showed the type 3 pellet had the better distri-
bution of aluminum and iron oxide on the surface compared other two pellets. This result indicates that
addition of lime and clay can improve P absorption capacity of fly ash while reducing the potential to
reduce chromium leaching.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Phosphorus (P) has been considered as the critical element to
cause eutrophication (Daigh et al., 2015; Smith et al., 2015; Su et al.,
2014) because P is the limiting nutrient for algal bloom (Kleinman
et al.,, 2015). Phosphorus loss from agricultural areas has been a
major water quality concern throughout the world (Kronvang et al.,
2007; Lietal., 2010; Liu et al., 2006). Past studies have shown that P
loss occurs predominantly in surface runoff (Melland et al., 2008;
Smith et al., 2015; Uusitalo et al., 2001; Wright et al., 2001). How-
ever, recent studies have demonstrated that subsurface drainage is
another major source of P loss from the tiled-drained watersheds in
Midwestern USA (Baker et al., 1975; Bhattarai et al, 2009;
Heathwaite and Dils, 2000; King et al., 2015; Laubel et al., 1999;
Smith et al, 1995). Ruark et al. (2012) reported that nearly
16—58% of dissolved P loads were contributed by tile drainage in
Wisconsin. King et al. (2015) summarized previous studies and
found that P concentrations varied spatially and temporally in tile
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drains (<0.01 to >8.0 mg/L) but generally exceeded a critical limit of
eutrophication (0.02—0.03 mg/L). Based on the analysis of 16 years
of water quality data from three tile-drained watersheds in east-
central Illinois, Gentry et al. (2007) reported that the average
annual flow-weighted total phosphorus (TP) concentration excee-
ded 0.2 mg/L. Eastman et al. (2010) investigated P transport under
tile drainage and naturally drained condition for two years and
found that tile drainage had 1.5 times higher P load than the
naturally drained farmland. In Minnesota, dissolved P concentra-
tions ranged from 0.1 to 0.9 mg/L at the tile outlets from two large
depressions with catchment areas of 44.3 and 41.5 ha (Ginting et al.,
2000).

Preferential flow has been considered as a probable cause for P
transport through subsurface tile (Gachter et al., 1998; King et al.,
2015; Kung et al., 2000; Stone and Wilson, 2006). Simard et al.
(2000) reported that preferential flow pathways might be partic-
ularly important after storm events that rapidly follow periods of
drought and surface P inputs as inorganic fertilizer or manure.
Nielsen et al. (2010) irrigated two areas field with dye water for 8 h,
and the vertical section showed many dyed biopores up to 150 cm
depth and staining continued farther down in fractures. Redox
conditions of soil can also be a possible reason for P loss to sub-
surface drainage (Braskerud et al., 2005). The high positive redox
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potential probably conserves the redox-sensitive phosphorus in the
wet condition. Type of soil and drainage design can also impact P
transport in subsurface flow (Allen et al., 2012; Eastman et al., 2010;
Hornbuckle et al., 2007; Reid et al., 2012; Van Es et al., 2004). These
studies confirmed that finer-textured soils had much better ab-
sorption ability of P but also facilitated preferential flow pathway,
and the shallower subsurface drainage pipe resulted in higher P
loss.

In-stream and end-of-tile treatment have been recommended
as effective practices to control P loss from the agricultural area
(Allred, 2010; Bird and Drizo, 2010; Bock et al., 2015; Penn et al.,
2007; Vohla et al., 2011; Westholm, 2006). Earlier studies have
used metal turnings (Goodwin et al., 2015), biochar (Soinne et al.,
2014; Bock et al.,, 2015), zeolite, fly ash and modified zeolite
(Allred, 2010) to filter out phosphorus from water. Fly ash has been
considered as an efficient and cheap byproduct for P absorption
because it is readily available and rich in calcium (Ca), aluminium
(Al), iron (Fe) oxides (Allred, 2010). But fly ash also contains toxic
heavy metals such as mercury (Hg), chromium (Cr), lead (Pb),
arsenic (As), copper (Cu), and cadmium (Cd), which can have
adverse health and environmental impacts.

Several materials have been tested to immobilize the heavy
metals during the application of fly ash in water treatment practice.
Xu et al. (2006) reported that Metakaolin mixed with alkali acti-
vator solution could restrict Cu and Cd leaching concentration
under 88 pg/L and 40 pg/L, respectively. Karlfeldt Fedje et al. (2010)
used alternative media (EDTA, Ammonium nitrate, ammonium
chloride and organic acid) to treat fly ash and reduce the heavy
metal leaching. Jankowski et al. (2006) found that pH was the key
factor affecting the mobility of heavy metal. [zquierdo and Querol
(2012) reported that the leaching of most trace elements in fly
ash reduced in pH 7—10 region, indicating alkalinity additives
would help in immobilizing heavy metal in fly ash. The objective of
this study was to develop ceramic pellets using fly ash and other
additives to minimize the heavy metal leaching. Inexpensive and
easily available materials such as lime and bentonite clay were used
as additives in various proportions to prevent heavy metal leaching
from fly ash pellets.

2. Materials and methods
2.1. Fly ash ceramic pellet preparation

Fly ash (FA) was obtained from Abbott Power Plant, Urbana, IL,
USA. The basic chemical composition of fly ash is 35.8% SiO,, 28.19%
Al,03, 8.6% Fe,03, 5.3% Ca0, 1.9% MgO0, 2.6% Nay0, and the carbon
content, measured as loss on ignition, was 17.6%. The density of fly
ash was measured to be 1324.7 kg/m>. Fine bentonite clay was
obtained from Nature's Qil, Ohio, USA. The density of clay powder
was measured to be 801.1 kg/m>. The lime powder was obtained
from Waukesha Lime and Stone, Wisconsin, USA. The density of
lime powder was measured to be 1190.24 kg/m?>.

At first, four different slurries of fly ash mixture with the addi-
tives were prepared. The pellet mixture contained 60% of fly ash
with varying amount of lime and clay (type 1: lime 10% & clay 30%,
type 2: lime 20% & clay 20%, and type 3: lime 30% & clay 10%, by
weight, respectively). The pellet with 60% fly ash and 40% clay was
used as a reference in this study and labeled as type 0.

All the dry materials (fly ash, lime, and clay) were mixed uni-
formly with a blender. Deionized water (15% by weight) was added
to the mixture and blended again to prepare the slurry. The slurry
mix was then sealed, left to stabilize for 24 h at room temperature,
then converted into pellets using a commercial pelletizer (Colorado
Mill Equipment-ECO-10, USA) equipped with a 10 HP, and
208—-230/460 V, 3-phase motor. The pellets were then baked in a

high-temperature furnace (Thermolyne BOX furnace, MA, USA) for
a total of 7 h, raising the temperature 200 °C each hour for 5 h, then
keeping it at 1000 °C for another 2 h. Once the pellets were taken
out of the oven, they were cooled down for 6 h and then washed
with distilled water.

2.2. Pellet characterization

For the pellet samples, bulk density was measured using Oer-
tling YP4 balance. The porosity of the pellets was calculated using
the following relationship (Equation (1)):

Ppellet (1)

g=1- .
Pmaterial

where
@ = porosity of the pellet, ppe; = density of the pellet, ppqeri
al = density of fly ash, clay, and lime mixture

Elemental composition of the pellet samples was detected and
measured using Environmental Scanning Electron Microscopy
(ESEM) and Energy Dispersive X-ray Spectroscopy (EDS). The
element distribution on surface was mapped by ESEM-EDS by
interpreting the variation in absorption efficiency of each pellet.

2.3. P absorption performance and heavy metal leaching tests

The absorption efficiency of four types of the pellet was tested
using three replicates. In each test, 50 gm pellet was added to
100 ml of 1.0 mg/L phosphate solution and shaken at 80 rpm at the
room temperature. The samples were collected after 30 s, 1 min,
2 min, 5 min, 10 min, 30 min and 1 h after placing the pellets in the
solution. Then the samples were tested for phosphorus concen-
tration. After completing the 1 h sorption test, all the pellets were
filtrated and then put into flasks with 100 ml DI water for
desorption test. Flasks were put back to the shaker for 24 h with an
80 rpm speed at room temperature. Solution samples were
collected at 1, 2, 5 and 24 h contact time and analyzed for heavy
metals using Inductively Coupled Plasma mass spectrometry (ICP-
MS) test. Solution samples were collected after 24 h of desorption
and phosphate concentration was measured.

Laboratory tests were conducted to develop the absorption
isotherm for the pellets. 1 gm of the pellet was placed in 100 ml
phosphate solutions with different concentration (0.5, 1, 2, 5, 10, 50
and 100 mg/L) and left on a shaker for 24 h. Then the pellets were
removed from the solution, and phosphate concentration was
measured to develop the Langmuir-Freundlich isotherm curve for
each pellet type. A general form of Langmuir-Freundlich isotherm
equation for P adsorption showed in Equation (2) (Turiel et al.,
2003):

Qsat*K*Cl,

=K+ 1 (2)

where q = amount of P adsorbed on the pellet at equilibrium (mg/
g), Qsat = adsorption capacity of the system (mg of sorbate/g sor-

bant), Ceq = solution concentration at equilibrium (mg/L),
K = affinity constant for adsorption (L/mg), n = index of
heterogeneity.

In order analyze the effect of pH, 40 mg/L phosphate solution
was mixed with appropriate amount of hydrochloric acid (HCL) to
bring pH down to 4, 5, and 6. Similarly, the phosphate solution was
mixed with potassium hydroxide (KOH) to elevate the pH to 8, 9
and 10, respectively. Then, 1 gm of the pellet was added to the
100 ml phosphate solution with pH 4, 5, 6, 7, 8, 9 and 10, respec-
tively. Sample solutions were collected after 24 h, and phosphate
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concentration was measured in the solution. In order to study the
impact of pellet on solution pH, 1 gm of the pellet was added into
40 mg/L phosphate solution, and solution pH was measured after
5 min, 10 min, 30 min, 1 h, 2 h, 5 h, and 24 h.

3. Results
3.1. Pellet physical properties

Based on the die size of pellet machine, the pellet was cylindrical
in shape with approximately 4.0 mm diameter and 1 cm long
(Fig. 1). The measured physical properties of each pellet type
including composition, density and porosity are provided in Table 1.
It was observed that the theoretical porosity increased with the
increase in lime proportion. Type 3 pellet had the highest porosity
(14%) which might be resulted due to the bigger particle size of lime
compared to clay and fly ash. At the same time, the pellet density
variation was not significant. This result indicated that the pellet
porosity could be adjusted by varying lime content without
impacting the pellet density.

Based on EDS analysis result, the main component of the pellet
was found to be metallic (calcium, iron, potassium, silicon, and
aluminum) oxides (Table 2). The type 3 pellet had the highest
calcium proportion 16.46%, but the least aluminum content. The
difference in iron composition among three pellets was not
significant.

Fig. 1. Appearance (top) and surface structure as observed from ESEM (bottom) of
pellet type 3.

3.2. Absorption ability test

The absorption test was conducted to compare the efficiency of
pellets to remove dissolved phosphate. The result from the pellet
absorption test is provided in Fig. 2. The variation in P concentra-
tion in the solution for four different pellets is shown in Fig. 2A. The
result indicated that pellet type 0 had the highest absorption effi-
ciency. For this pellet, P concentration in solution (1 mg/L in the
beginning) reduced by 80% in 30 s after the pellet was added. With
10 min contact time, almost all P in the solution was absorbed by
the pellet. On the contrary, the P absorption rate of pellets with lime
was much slower than pellet without lime (type 0). The P absorp-
tion efficiencies of four types pellet were significantly different to
each other, based on the ANOVA result (p < 0.05, between groups).
This result indicated that the existence of lime in pellet would affect
the pellet P absorption rate. For the pellets with added lime, the
removal time for 80% reduction in P concentration for type 1, type 2
type 3 pellets were 28, 20, and 15 min, respectively.

3.3. Heavy metal leaching test

The heavy metal leaching test was conducted after absorption
efficiency test. The ICP-MS test result revealed that type O pellet
resulted in the highest Cr leaching compared to other three pellets
with lime. The Cr concentration in the leachate from type O pellet
after 24 h contact time was 2.5 times higher than the recom-
mended Cr concentration limit (100 ug/L) in drinking water by the
US Environmental Protection Agency (EPA) National Primary
Drinking Water Regulations (NPDWR, 2009). The Cr leaching from
other three pellets was under the limit set by EPA. All other heavy
metal (As, Cd, Cu, Hg, Mn, Mn, Pb, and Zn) concentration was under
the ICP-MS detection limit (0.001 pg/L). Because of observed heavy
metal leaching problem, type O pellet was included in the pre-
liminary analysis only and not analyzed further in detail in this
study. The result from Cr leaching test is presented in Fig. 2B.

The type 3 pellet was found to leach the smallest amount of Cr
which was measured to be 30 pug/L in 5 h contact time when the Cr
concentrations in the leachate were 58 ug/L and 56 ug/L for type 1
and type 2 pellets, respectively. But after 24 h, Cr concertations in
the leachate for all three type pellets were not significantly
different from each other. The desorption test result showed all the
leachate P concentration was under the detected limit (0.04 mg/L).

3.4. Isotherm fitting

After the absorption and desorption test, absorption isotherm
curve for each type of pellet was developed. Fig. 3 shows the
amount of adsorbed P ions per unit weight of pellet and unab-
sorbed P ions concentration in solution at equilibrium for each type
pellet. The absorbed P concentration increased with the concen-
tration equilibrium (Ceq) for all three pellets. The fitted values of k
and n are summarized in Table 3. The value of saturation absorption
capacity (Qsat) was computed to be 0.69 mg/g, 1.24 mg/g and
1.98 mg/g for type 1, 2 and 3 pellets, respectively. This result
implied that Qsa¢ increased as the lime proportion in the pellet
increased. The k values also increased with the proportion of lime
in pellets (1.21 L/mg, 1.82 L/mg to 2.31 L/mg for type 1, 2 and 3
pellets respectively (Table 3)). This result indicated that high lime
proportion improved the absorption interface condition and
enhanced the affinity of P ions on the pellet. Simultaneously, the
pellet surface became more homogeneous following the rise of
heterogeneity index n. This phenomenon was validated by the
observation from ESEM (the result is provided in Section 3.6).
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Table 1
Physical properties of pellets.
Variable Formulation FA: Clay: Lime (%) Density (kg/m?) Porositya (%)
Powder Pellet
Pellet type 0 60: 40: 0 1050.08 1025.70 0.02
Pellet type 1 60: 30: 10 1097.12 1011.60 0.08
Pellet type 2 60: 20: 20 1148.56 1003.06 0.13
Pellet type 3 60: 10: 30 1205.07 1037.39 0.14
Table 2
The elemental composition of each type of pellet (%).
Variable Oxygen (O) Magnesium (Mg) Aluminium (Al) Silicon (Si) Calcium (Ca) Iron (Fe)
Pellet type O 51.85 341 6.8 231 7.9 6.94
Pellet type 1 53.91 2 5.67 21.66 11.71 4.22
Pellet type 2 53.49 8.11 5.27 17.23 12.55 4.19
Pellet type 3 50.62 12.76 2.78 12.87 16.46 45
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Fig. 2. Pellet characteristic test result. A. P absorption efficiency of 4 type of pellet. B. Heavy metal leaching test result.
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Fig. 3. Fitted Langmuir-Freundlich isotherms curves for type 1, 2 and 3 pellets.

3.5. Effect of pH

The pH plays a significant role in the P absorption on the pellet.
The pH effect on P uptake from each type of pellet is presented in

Table 3
Fitted values of Langmuir-Freundlich parameters for each type of pellet (the equa-
tion is q = Qsar x K x Cq/(1 + k x Cgq)).

Type Qsat (Mg/g) K (L/mg) n R?

1 0.69 121 0.17 0.83
2 1.24 1.82 0.21 0.92
3 1.98 231 0.46 0.95

Fig. 4. After 24 h immersion in solutions with 40 mg/L concentra-
tion of P, the equilibrium sorbate quantity on each type pellet
showed noticeable difference under the different pH condition
(Fig. 4A). Especially, the lower initial pH of the solution resulted in
the smaller equilibrium sorbate quantity. From the Langmuir-
Freundlich isotherm result, the theoretical equilibrium sorbates
were 0.69 mg/g, 1.24 mg/g and 1.98 mg/g for type 1, 2, and 3 pellets
respectively. But equilibrium sorbate under pH 4 for each type
pellet dropped to 0.3 mg/g, 0.71 mg/g and 1.37 mg/g, respectively.
When pH reached to 10, the equilibrium sorbate quantities on each
pellets were close to the theoretical equilibrium sorbate (0.69 mg/g,
1.24 mg/g and 1.98 mg/g for type 1, 2, and 3 pellets respectively).
The change in pH for the pellet solution was monitored, and the
result supported the above deduction (Fig. 4B). The initial pH of
100 mg/L of P solution was 5.01, and the pH increased after pellets
were placed in. the solution. The solution with Type 3 pellet had the
highest pH increase, under which the absorption ability
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Fig. 4. A. Effect of pH on absorption ability of pellet. B. Change in solution pH with time for three different pellets.

significantly improved. This observation supports the result pre-
sented in Fig. 4A.

3.6. Pellet surface structure characteristic

In this study, the ESEM-EDS technique was used to investigate
the presence and distribution of various compounds (elements) on
the pellet surface and identify the functional mechanism of P ab-
sorption. The ESEM-EDS technique could provide helpful infor-
mation on the pellet composition and a possible reason for
variation in P uptake efficiencies of pellets. Fig. 5 shows the EDS
spectrum of the selected area on each pellet. The elements iden-
tified from EDS spectra of each type sample include oxygen, cal-
cium, silicon, aluminum, potassium, and iron. Based on the
excitation energy level of each peak, the element contained in each
type pellets were identical. But the concentrations of the element
were different, according to the counts of detected excited X-ray.

ESEM-EDS maps of elemental distribution on pellet surface
revealed more details of the absorption mechanism besides
chemical examination. The elements such as Al, Ca and Fe were the
primary function elements distributed over the surface. The ESEM
chart and EDS maps (Al, Ca and Fe) of the featured area on each type
of pellet are illustrated in Fig. 6. For type 1 pellet, there was an
apparent cluster of crystalloid in the middle of ESEM chart (Fig. 6a),
and this band of crystalloid was most likely iron oxide based on the
result from Fig. 6d. Although Ca (Fig. 6¢) and Fe (Fig. 6d) were
scattered in the same area, there was a clear boundary between
these two elements. It was also observed that the most Ca particles
surrounded iron oxide. This observation implied that the iron oxide
would form cluster when the lime proportion is less. Because of the
cluster formation, the specific surface area of iron oxide declined
drastically compared to fully disperse condition. This might be the
reason for the lower absorption efficiency of pellet type 1. More-
over, the results obtained from the chemical test also indicated the
index of heterogeneity number is lower for type 1 pellet.

Similarly, ESEM chart and EDS map for type 2 pellet are pre-
sented in Fig. 6e—g. Type 2 pellet seemed to be more porous
compared to type 1 pellet (Fig. 6e). Although the chemical
composition for type 2 pellet seemed similar to type 1 pellet as
observed in Fig. 5a, the crystalloid structure appeared protruding
and had bigger crystalloid size than type 1 pellet (Fig. 6e).

On the contrary, the distribution of Ca and Fe in type 3 pellet was
much uniform than type 1 and type 2 pellet as observed in Fig. 6i—I.
It was also detected that Al-rich spherical shaped particles were

distributed evenly in type 3 pellet (Fig. 6i). The iron oxide crystal-
loids were alternately positioned in between the gap of spherical
particles. Based on these observations, it can be postulated that the
uniform structure like Fig. 6i will have higher P absorption effi-
ciency compared to the random surface structure as observed for
type 1 and 2 pellets.

4. Discussion

The P adsorption is an exchange reaction which takes place on
the surface of calcium, iron, and aluminum hydroxides. Binuclear or
bridging complexes are formed between HPOZ ions and metal
oxide surfaces and OH; and OH™ are displaced (Vohla et al., 2011).
So, materials rich in calcium, iron or aluminum oxide can be a
proper filter material for P absorption. Based on the element
composition result presented in Table 2, fly ash can be a good
alternative (Vohla et al., 2011).

An earlier study has indicated that P absorption pattern on the
pellet with an active component like metal oxide followed both
Langmuir and Freundlich adsorption isotherm (Jeppu and Clement,
2012). The Langmuir adsorption isotherm builds on the assumption
that monolayer coverage on a homogeneous surface with identical
adsorption sites. The Freundlich adsorption isotherm, on a het-
erogeneous surface, can be derived from the assumption that the
adsorption sites are distributed exponentially. Both of these phases
are present during the P absorption process on the pellet, as re-
ported by Littler et al. (2013). Langmuir process occurs when P ions
are removed from the solution and become attached to the surface
of the pellet. Then if the adsorbed P ions diffuse into the solid,
Freundlich process occurs. Adsorbed P may become trapped on the
surface of pellet if any Fe or Al oxide coating is precipitated on the
pellet (Turiel et al., 2003).

In this study, it was observed that the higher lime proportion
would increase the rate of P removal from the solution. During the
pellet stirring process, the Dicalcium Ferrite (2Ca0-Fe;03) and
Calcium Oxide-Monocalcium Aluminate (Ca0O-Al,03) were formed
by the reaction of CaO with Fe,O03 and Al,03 (Equation (3) and
Equation (4)) in pellet along with the rise in temperature (Touzo
et al.,, 2013). This process dramatically reduced the P absorption
efficiency of fly ash pellet.

2Ca0 + Fe,03 = 2Ca0-Fe,03. 3)
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Fig. 5. EDS spectra of selected area on each type pellet (x-axis is level of excitation energy, y-axis is the counts of detected excited X-ray).

alkalinity provided by lime assisted in the process. The pH of pellet
. . surface changed after lime was added, which could also impact the P
Ca0 + Al05 = Ca0-Al 05, ) absorption process. CaO (contained in lime) is also a functional

The results presented in Fig. 3 suggested that pellet P absorption compound for P uptake. Along with the increase of in the lime
ability would be enhanced under the high pH condition, and the proportion in the pellet, P absorption rate also increased. Earlier
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Fig. 6. ESEM-EDS micrograph and maps of distribution of elements on the surface of pellets (x8000).

studies have shown the similar results on calcium-based P filter
materials (Kunaschk et al., 2015; Spears et al., 2013; Yin and Kong,
2014; Yin et al., 2013). At the same time, the higher lime propor-
tion in the pellet resulted in lesser Cr leaching. Earlier studies have
reported that the alkalinity added by lime might be the reason for
the heavy metal Cr immobilization (He and Traina, 2005; Reddy
etal., 2014).

Looking into the microstructure of pellet, the negative charge
provided by bentonite clay was probably the reason for the for-
mation of iron oxide crystalloid by activating the ferroelectricity
phenomenon during the pellet stirring process (Catalan et al., 2015;
Jayarathna et al.,, 2015). This change in crystal structure might have
enhanced P adsorption for type 2 compared to type 1 pellet due to
increasing in lime and the reduction in bentonite clay proportion
(Brannvall et al., 2015). An earlier study has demonstrated that
bentonite clay could enhance the iron oxide dispersion in a pellet
(Kobayashi et al., 2012).

Before applying the fly ash pellet in the field, further investi-
gation is needed to quantify the saturation time so that the pellet
can be replaced on time before it starts serving as a P sourc, rathern
than sink. In an earlier study, Xie et al. (2015) investigated P uptake
by zeolite modified fly ash pellet and suggested that a saturation
time of 17 days (17 cycles) under 20 mg/L phosphate solution. The
fly ash pellet, with lime and clay developed in this study, should be
last much longer than 17 days to reach saturation time under the
lower P concentration condition in subsurface drainage water.
Based on the efficiency and the pellet durability, it can be used as a
filter at the tile outlet for subsurface drainage water treatment
(which is under the frozen soil layer in most cases). Kirkkala et al.
(2012a, 2012b) have provided good examples of applying such fil-
ters at the field scale.

5. Conclusion

In this study, the phosphate adsorption on the pellets made up

of various proportions of fly ash, lime, and bentonite clay was
examined. The chemical and ESEM-EDS tests were performed to
investigate the general characteristic and P absorption efficiency of
three types of pellets. It was observed that the adsorption equi-
librium time was about 24 h. Phosphate adsorption increased with
pH. The higher lime proportion in pellet resulted in less heavy
metal (Cr) leaching. During the desorption test, there was no
phosphate desorption detected even after 24 h. The phosphate
adsorption on the pellets followed the Langmuir-Freundlich model.
The maximum phosphate adsorption capacity (Qmax) of the pellets
were 0.69, 1.24and 1.98 mg/g for type 1, 2, and 3, respectively, based
on the fitted Langmuir-Freundlich model. It was observed that the
chemical and physical interaction of lime and clay with fly ash
created a particular structure. The variation in lime and clay pro-
portions also altered the pellet surface structure. The difference in
pellet surface texture and structure are believed to be responsible
for the change in phosphate absorption efficiency. With further
investigation, the pellets have a potential to treat contaminated
water with high P concentration from the point and non-point
sources.
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