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Abstract. The removal of phosphorus from secondary trickling filter effluents by precipitation with fly ash
was studied in comparison with the conventional coagulant, lime. The optimum dosage of fly ash, as deter-
mined by jar test experiments. was 2500-4000 mg/l as compared to only 100 mg/! for lime to reduce soluble
phosphorus of up to 5.9 mg/l to less than 1.0 mg/l as P. For fly ash, prolonged rapid mix time improved
the quality of the treated effluent to an appreciable extent. The pH and dissolved oxygen of secondary
effluent appeared to have a significant effect on solution phosphate reduction with higher removals for
high values of pH and dissolved oxygen concentration.

Introduction

Phosphorus is one of the main nutrients which causes the growth of algae and plants
in water bodies due to eutrophication. Phosphorus concentrations less than 1.0 mg/l
in wastewater effluents discharged to lakes, estuaries, and rivers is generally consi-
dered as acceptable from a eutrophication point of view. Although, phosphorus is
essential for the growth of micro-organisms in biological waste treatment processes,
it has been well established by many investigators that wastewaters contain surplus
phosphorus that is more than what is needed for bio-treatment. In the United States,
for example, raw wastewaters normally contain around 10 mg/1 of total phosphorus,
of which 70% is soluble [1;2].

It has also been found that a maximum of 20-30% of phosphorus is removed dur-
ing biological processing of wastewaters by conventional treatment methods [2-4].
This leaves far more than 1.0 mg/l of phosphorus in the effluents. The soluble phos-
phorus concentration in the trickling filter effluent of Riyadh’s wastewater treatment
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plant averaged 6.2 mg/l in the year 1413 H [5]. Hence, additional processing or mod-
ification to the existing treatment schemes is warranted for proper control of phos-
phorus levels.

Chemical precipitation by salts of iron and aluminium or lime along with
polyelectrolytes is the most popular tertiary wastewater treatment method for phos-
phorus removal. Waste pickle liquor, a waste from steel industries, is one of the
coagulants used for the precipitation of phosphorus for economic reasons [6]. Efforts
have been made by many investigators to find efficient and more economical mate-
rials and methods for reducing phosphorus in wastewater effluents.

Recently, fly ash, an industrial solid waste of thermal power plants, has been
demonstrated to be a feasible material for the removal of organics [7;8], phenols [9],
fluoride [10], and heavy metals [11-14] from water and wastewater. Fly ash is defined
by ASTM [15] as finely divided residue that results from the combustion of ground
and powdered coal. It is composed chiefly of silica, alumina, iron, and calcium oxides
(lime). ASTM divides fly ash into two distinct classes based on the coal source: class
F. from bituminous coal, and class C, from sub-bituminous and lignite coal origins.
Sub-bituminous and lignite ashes have comparatively higher lime content and lower
amounts of silica, alumina, and ferric oxide than class F and hence are termed “high
lime” fly ashes.

In the present investigation lignite fly ash was utilized as a coagulant for the pre-
cipitation of phosphorus from trickling filter effluents. The results of the study con-
ducted at varying experimental conditions are discussed in this paper.

Materials and Methods

The fly ash used in this investigation was of lignite coal origin and had the com-
position shown in Table 1, as provided by the source supplier. High purity commer-
cial lime was obtained from one of the local treatment plants. The wastewater
effluents were collected from the secondary trickling filter wastewater treatment
plant of King Saud University, Riyadh, Saudi Arabia. The samples were collected
just before the chlorination chamber, once a day, for a period of one week. Jar test
experiments were run using a Phipps and Bird apparatus.

Total Organic Carbon (TOC) determinations were performed on a Dohrmann
DC-190 TOC analyzer. All other parameters were measured in accordance with
Standard Methods [16].
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Table 1. Characteristics of fly ash (lignite coal origin)

Constituent % by weight
SiO, 51.19
AlLO, 24.66
Fe, 0O, 4.96
CaO 13.14
MgO 2.39
SO, 1.03
Na,O 0.38
K,O 1.10
Others 1.15
Total 100.00

Results and Discussion

Characteristics of secondary effluent

The concentration of some important parameters of the secondary trickling fil-
ter effluent collected before chlorination is presented in Table 2. The mean and the
range values given in the table reflect the characteristics of the effluent for a one
week period. The pH of the effluent is around neutral and there is no great variation
in the alkalinity and hardness as indicated by low standard deviation values (see
Table 2). However, the ortho-P varied from 4.4 to 5.9 mg/l as P. The conductivity
remained uniform indicating low variation in the dissolved solids concentration.

Characteristics of fly ash leachate

Humenich er al. [17] conducted laboratory batch and column leaching experi-
ments and found that lignite fly ashes release various inorganic materials into water.
The major ash leachate species found were calcium and sulfate. In addition to these,
trace elements; aluminium, arsenic, boron, phosphorus, selenium, silicon, and zinc
were found in concentrations having some significance.

Since fly ashes of the same classification can differ in composition, a jar test
experiment was performed to characterize the leachate from the fly ash and also the
commercial lime used in this study. The experimental procedure was similar to that
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Table 2. Characteristics of secondary effluent (KSU plant)

Mean No. of samples  Standard deviation

Parameter concentration® Range n s

pH - 7.1-7.5 S 0.16
Alkalinity® 48 42-51 5 4.50
Calcium hardness 210 188-232 S 18.04
Total hardness 261 248-284 4 19.72
Ortho-P 5.1 4.4-59 S 0.62
COD 32 26-38 S 7.16
Turbidity (NTU) 5.4 3.2-7.8 5 2.24
Conductivity (uS/cm) 1075 1050 - 1100 4 28.86

* Concentrations are in mg/l, except for pH, and where stated otherwise.

® Alkalinity and Hardness in mg/l as CaCo,.

used for actual wastewater effluents. However. only one dose (1000 mg/l) was
applied to both distilled water (DW) and tap water (TW) systems. Tap water was
chosen because it was found out that it contains inorganic constituents similar to
wastewater effluents.

The results of the leaching experiment are shown in Table 3. The pH, alkalinity,
hardness, ortho-P and sulfate concentrations of both DW and TW were increased
due to the addition of fly ash. pH and alkalinity changes may be due to the release of
bicarbonate, carbonate and hydroxyl ions from the minerals present in the fly ash.
Calcium and sulfate releases may be from calcium oxide. calcium sulfate, etc. found
in fly ashes [17]. Changes in chloride, dissolved solids and organic contents of fly ash
leachate were insignificant. As expected, addition of lime increased the pH, alkalin-
ity. hardness. and conductivity of both DW and TW, probably due to the release of
hydroxyl ions. Small reductions in Ortho-P and TOC by lime can also be noticed
from Table 3.

Phosphorus removal by fly ash

Experiments with the jar test were conducted by fixing the operating parameters
normally adopted for lime treatment. The rapid and slow mixing, and sedimentation
times were 2, 18 and 30 minutes, respectively. The results of the tests conducted over
a one week period are summarized in Table 4. Reported values represent the mean
concentrations for five data sets obtained by testing trickling filter effluents collected
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on five different days. An overall average of 4000 mg/l of fly ash was needed to
reduce phosphorus concentration to less than 1.0 mg/l from mean secondary effluent
level of 5.1 mg/l as P. However, even a fly ash dosage of 2500 mg/l was sufficient for
some effluents containing low initial phosphorus concentrations. On the contrary, a
lime dosage of even 100 mg/l was enough to reduce the phosphorus concentrations
to less than 1.0 mg/l (see Table 4).

Figure 1 shows the relationship between fly ash dosage and the mean percentage
of ortho-P reduction. The relation appears to be linear between dosages of 1500-3000
mg/l and approaches asymptotically above 3000 mg/l. This indicates that 100%
removal of phosphorus from wastewater effluents by fly ash may not be feasible
under the experimental conditions studied. Moreover, phosphorus was found to
leach from the fly ash in the previous leaching experiment, as also shown by other
investigators [17]. The removal of phosphorus from the effluents by fly ash may be
mainly due to a combination of adsorption and precipitation reactions with calcium
(Ca), aluminium (Al), iron (Fe) or other clay minerals present in fly ash. This
phenomena of phosphorus removalis also reported in the literature for sand and nat-
ural wetland systems [18-20].
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Fig. 1. Removal of phosphorus as a function of fly ash dose
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The addition of fly ash increased the pH, alkalinity and calcium content of the
secondary trickling filter effluents (Table 4), as was previously observed in the case
of distilled and tap water experiments. According to Table 4, the fly ash dosage
should be greater than 4000 mg/l in order to be able to raise the pH above 10.0; the
optimum value for phosphate removal by lime [1]. The changes in effluent pH values
due to the addition of varying fly ash dosages are shown in Fig. 2. The alkalinity and
calcium concentrations increased with increasing fly ash dosage, but to a much lesser
extent than observed in the case of leaching in tap water. This indicates the possible
consumption of both alkalinity and calcium in the precipitation reactions.
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Fig. 2. The change in effluent pH values as a function of fly ash dose

The turbidity was very high (Av. 28 NTU) for 1000 mg/I fly ash dose for all the
experiments. The optimum dosage of fly ash was around 3000 mg/l which gives the
lowest turbidity of 3.7 NTU. There was no appreciable change in the conductivity of
the trickling filter effluents with changing fly ash dosage, indicating low solubility of
fly ash. A reduction of up to 44% in the dissolved organic content measured as COD
can be noticed from Table 4. The removal of COD can be attributed to two proces-
ses; adsorption of non-polar and higher molecular weight organics onto fly ash [7]
and enmeshment of organics in the precipitates (CaCOj;, hydroxyapatite, etc.) and
subsequent settlement.



Phosphorus Removal from Trickling Filter Effluents by Fly Ash 193

Effect of mixing time

For fly ash dosages above 1500 mg/l, the particles and precipitates in the jars
were settling down soon after the rapid mix period (approx. 2-3 min), leaving a clear
supernatant at the top. In order to find the effect of mixing time one additional set
of experiments with prolonged mixing time (20 min. rapid mix, 10 min. slow mix and
20 min settling) was run simultaneously with the normal set. The results of the two
sets are shown in Table 5. There was an overall improvement in the characteristics
of the effluent, in the case of the longer mixing period. Longer rapid mixing achieved
0-24% more reduction of phosphorus than the shorter rapid mix period. The
organics removal (measured as COD) was also enhanced (see Table 5). This
increased reduction may be due to slow precipitation and adsorption, which takes
place apart from the fast reactions [18].

Effect of dissolved oxygen

Secondary effluents from activated sludge treatment plants normally have more
dissolved oxygen (DO) than trickling filter effluents. Hence, an experiment was con-
ducted in which one sample of trickling filter effluent was aerated to increase the DO
concentration to 6.8 mg/l. Jar tests were run on both aerated and unaerated samples
using a long mixing time of 20 min. and a fly ash dosage of 2500 mg/l, which was found
effective in the previous experiment. The results are presented in Table 6. Ascanbe
seen from the table, phosphorus removal was 82.2% for the aerated sample as com-
pared to 71.8% in case of the unaerated sample. This indicates that DO has a positive
effect on the removal of phosphorus from wastewater effluents by fly ash.

Effect of solution pH

pH of the solution plays an active role in the precipitation/adsorption of phos-
phate by various coagulants, such as salts of aluminium, iron or lime. Reactions with
lime occur mainly under alkaline conditions, while reactions with aluminium and
iron salts predominate in acid to neutral conditions [1;18]. Hence, an additional test
was conducted in which 1g each of fly ash was mixed with 100 ml portions of trickling
filter effluent. High dosage of fly ash was selected to raise the solution pH to higher
levels. The solutions were also adjusted to initi-! pH values of 4.0, 7.0 and 10.0 with
the addition of dilute sodium hydroxide or sulpu.uric acid solutions.

The effluent was also spiked with phosphate solution to increase the concentra-
tion to approximately 15.0 mg/l as P. The contents were mixed thoroughly for one
hour, filtered using 0.45um membrane filter and analyzed. The results of these runs
are shown in Table 7.
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Table 6. Effect of DO on phosphorus removal by fly ash®

DO (mg/l) Ortho-P (mg/l) Removal (%)
4.0 0.4 _
4.0 1.82 71.8
6.8 1.10 82.2

2 Fly ash dosage = 2500 mg/l

Table 7. Effect of pH on phosphorus removal by fly ash?

Initial pH Final pH Ortho-P (mg/l) Removal (%)
7.5 7.5 15.2 -
4.0 8.6 33 78.3
7.0 9.6 0.8 94.7
10.0 12.2 0.3 98.0
* Fly ash dosage = 10,000 mg/I

b Spiked sample

As seen from the Table. greater phosphorus removal occurred at high pH
values. The phosphorus removal was 78.3, 94.7 and 98.0% for final solution pH
values of 8.6, 9.6, and 12.2 respectively. This indicates that neutral to alkaline condi-
tions favor the precipitation of phosphorus by lime present in the fly ash.

The discussion presented above is based on a preliminary study. But the results
provide a crude estimate of the quantity of fly ash needed to remove phosphorus
from the effluents. The fly ash dosages required (2500-4000 mg/1) are very high when
compared to the normal lime dosages of 150-400 mg/1 used in wastewater treatment.
This may create serious sludge handling problems. The cost of fly ash has not been
evaluated but it is expected to be very low in comparison to the cost of lime.
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Conclusions

The conclusions drawn from this study, which was conducted to evaluate the
removal of soluble phosphorus from trickling filter effluents by fly ash, are as fol-
lows:

® Fly ash is effective in removing phosphorus from up to 5.9 mg/l to less than 1.0
mg/l. However, the dosages required (2500-4000 mg/1) to accomplish the task
are very high.

® Highsolution pH values favour the precipitation reactions between phosphorus
and fly ash. The phosphorus reduction was 78.3,94.7 and 98.0% for reaction pH
values of 8.6, 9.6 and 12.2, respectively.

® The DO concentration of the effluent has an appreciable effect on the removal
of phosphorus by fly ash. Increasing DO resulted in increased phosphorus
removal. This indicates that fly ash is expected to be more efficient for the
removal of phosphorus from activated sludge effluents.

® A prolonged rapid mix period enhanced phosphorus reduction; hence the
optimum rapid mix period for maximum phosphorus reduction should be deter-
mined.

e The high dosage of fly ash necessary to reduce the phosphorus concentration is
more likely to create sludge handling problems, which requires serious consider-
ation.

Recommendations

® More detailed studies need to be conducted to understand the mechanisms of
phosphorus and other pollutants removal from wastewaters by fly ash.

® Methods of treatment which consume less fly ash dosages should be sought.

® Possible incorporation of fly ash addition to suspended growth processes, such
as activated sludge treatment, is expected to have significant advantage and
should be investigated.

® The removal and addition of heavy metals of concern in wastewater effluents
should also be considered and evaluated.
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