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HIGHLIGHTS
e LFD was treated by fly ash-based chemical
precipitation and CO, mineralization.

e >93% COD and > 98% TP removal efficiency, and

<2 mS-cm™1 EC was achieved.

e COD and TP removal was achieved by co-
precipitation during CO, mineralization.

e CO;, mineralization neutralized the alkaline LFD
and removed heavy met.
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ABSTRACT
Chemical precipitation is a widely applied approach for a liquid fraction of
digestate (LFD) of agricultural waste but its large-scale application requires
low-cost and efficient precipitating agents and novel process design. This study
evaluated novel approach for the efficient removal of contaminants from the
LFD using fly ash-based chemical precipitation, followed by filtration and CO,
mineralization. The technical feasibility of this approach was evaluated using
pH and electrical conductivity (EC), and removal efficiencies of total
phosphorus (TP), chemical oxygen demand (COD) and heavy metals during the
treatment. The fly ash used in this study showed a promising performance as a
chemical precipitation agent for COD and TP removal from the treated LFD
involving complex effects of precipitation and adsorption. CO, bubbling after
fly ash-based chemical precipitation provided further COD and TP removal by
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carbonation reactions between CO, and the excessive alkaline minerals in fly
ash. Although addition of fly ash to untreated LFD increased pH from 8.3 to
12.9 and EC from 7.01 to 13.7 mS-cm™1, CO, bubbling helped neutralize the
treated LFD and reduce the EC, and concentrations of toxic ions by
carbonation reactions. The fly ash-based chemical precipitation and CO,
mineralization had > 93% COD and > 98% TP removal efficiencies, and resulted
in an EC of < 2 mS-cm™ and a neutral pH in the treated LFD, as well as the high
purity calcite product.

© The Author(s) 2023. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 INTRODUCTION

Anaerobic digestion is a promising technology to deal with the
increasing volume of global agricultural wastel'l. Tt takes
advantage of biogas generation, process stability and low
operating costs. However, the liquid fraction of digestate (LFD)
discharged from the anaerobic plants has high chemical
oxygen demand (COD) and contains high phosphate
concentration[>’). The discharge of LFD without proper
treatment may lead to environmental risks, such as the
eutrophication of water bodies']. Therefore, contaminant
removal from the LFD before discharge is a matter of great
concern. LFD is widely used as an organic fertilizer given its
high nutrient content can increase crop yields and reduce the
need for mineral fertilizer application!™]. However, the direct
application of LFD as a fertilizer is always restricted by the
growing season and the area of available farmland!‘l. Also, the
continuous application of LFD to farmland can result in
serious leaching of nutrient from the soil to water bodies!']. In
addition, the potential risk of toxic metals accumulation from
LFED into crops is not clear.

Various alternative technologies form LFD treatment have

been reported in the literature, including chemical
precipitation[’], flocculation-coagulationl’], air stripping!'’],
membrane separation!''], ion exchangel'”), adsorption!'’],

evaporation!'*], chemical oxidation or advanced oxidation, and
microalgal cultivation!'"~'7]. Chemical precipitation, as a

widely applied pretreatment approach for wastewater
treatment, aims to remove phosphate, heavy metals and
organic contaminants!’l. Compared to other LFD treatment
technologies, chemical precipitation takes advantage of simple
configurations and low capital costs. It is based on the reactions
of metallic and nonmetallic ions to form insoluble precipitates
which are then removed by filtration or sedimentation!'“l.
Several chemical precipitating agents have been developed for
LFD treatment, such as lime (CaO), hydrated lime (Ca(OH),)

and magnesium oxide (MgO)['>"l. However, currently-

practiced chemical precipitation are limited by high operating
costs because of the constant consumption of chemical agents
and the treatment of sludge formed in the process. To improve
the large-scale application of this technology, low-cost and
efficient precipitating agents, and novel process designs will be
essential.

Coal fly ash, a byproduct of coal combustion power plants, has
been considered a promising precipitation agent for LFD
treatment because of its high alkalinity and metal content, and
particularly large volume production worldwide. The
worldwide generation of coal fly ash was about 1.1 Gt in
201901, although 53% of this is used for construction
materials, the remainder sent to landfilll”’l. Considering the
decreasing amount of landfill area available for fly ash disposal
and increasing disposal cost, it is essential to develop new uses
for fly ash. However, fly ash-based chemical precipitation of
LFD is not widely reported in the literaturel'*l. In addition,
although chemical precipitation allows the simultaneous
removal of several organic and inorganic contaminants, its use
is still constrained by the extensive dissolution of alkaline
minerals from the fly ash into the LFD, such as OH~, Ca?*, and
Mg?*, which leads to the increased pH and electrical
conductivity (EC) after treatment of LFD. The post-treated
effluent must be neutralized and desalted to meet the pH and
EC requirements for direct discharge. Also, toxic ions,
especially heavy metals, are dissolved from the fly ash into the
LFD during the treatment, which adds environmental risks for

the further use of the treated LFD.

To deal with these challenges, this study evaluated a sustainable
approach for LFD treatment by integrating fly ash-based
CO;
mineralization is a promising CO, capture and storage

chemical precipitation with CO, mineralization.
technology in which alkaline minerals react with CO, from the
gas streams (e.g., flue gas and biogas) in the presence of water
to form stable carbonates!”’]. CO, mineralization after fly ash-

based chemical precipitation is not only expected to eliminate
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the unwanted metal ions but also neutralize the excess
alkalinity of the treated LFD. An earlier study indicated that
CO, mineralization might induce additional removal of
organic contaminants by co-precipitation with Ca?* and CO32-
to form CaCOs!
hydroxyl and other functional groups can adsorb multivalent
1. By bubbling CO; into
LFD, the precipitation reaction of CaCO;z can occur while

»’l. The organic contaminants with carboxyl,
cations by electrostatic interaction[’®

organic contaminants can be gradually embedded in the
precipitates’>*’] and removed from the treated LFD.
Therefore, CO, mineralization has the potential to efficiently

remove inorganic-organic contaminants from the treated LFD.

This study aimed to confirm the technical feasibility of this
process and explore the underlying mechanism. A typical LFD
was treated with fly ash-based to effect chemical precipitation,
which was then followed by filtration and CO, mineralization.
The pH and EC, and removal efficiencies of total phosphorus
(TP), COD, and heavy metals during the treatment were
measured. The physicochemical property of fly ash and LFD
before and after the experiments was analyzed to determine the

underlying mechanism.

2 MATERIALS AND METHODS

2.1 Materials

Fly ash was supplied by Huadian Electric Power Research
Institute Co., Ltd., China. The elemental composition of the
original fly ash sample was determined using X-ray
fluorescence spectrometry and the results are given in

Crystalline phases of the unused fly ash were determined by X-
ray diffractometry (XRD, D8 Advance Buker, Germany).
Morphological investigation of the unused fly ash was
performed with scanning electron microscopy (SEM, NTC

JSM-6390LV, NTC, Japan).

LFD was collected from a mesophilic (~35C) anaerobic
digestion plant located in Wuhan City, Hubei Province, China
that has used pig manure as the substrate. The untreated LFD
was stored anaerobically at ambient temperature before
treatment until no more biogas was produced. The untreated
LFD sample was characterized for its main physicochemical

Table1 Elemental composition of fly ash samples (given as oxides)

SiOZ A1203 CaO MgO SO3 Fe203 Kzo NaZO P205

Constituent

Fraction (wt%) 30.2 293 215 07 9.6 47 07 04 03

properties. The pH was determined using a pH meter (FE28,
Metler Toledo, Switzerland) and EC with a conductivity meter
(DDS-307A, Shanghai INESA Scientific Instrument Co., Ltd.,
China). COD was measured using a COD meter (CM-03,
Beijing Shuanghui Jingcheng Electronics Co., Ltd., China). CO,
loading of the anaerobic digestate was tested by a standard acid
method. Total (TAN)
concentration was determined in a Smartchem 200 Discrete
Auto  Analyzer (AMS-Westco, Italy). Heavy metal
concentrations (As, Cd, Cr, Cu, Mn, Ni, Pb, and Zn) were
determined by an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-AES, 5110VDV, Agilent, United
States). The characteristics of untreated LFD are shown in

titration ammonia  nitrogen

2.2 Contaminant removal experiments

Four experimental methods were evaluated for removal of
). All the
experiments were run at room temperature with 250 mL of

contaminants from the untreated LFD (

untreated LFD. The untreated LFD was placed into a glass
bottle and continuously stirred at 200 r-min~! with a magnetic
stirrer  (DF-101-51, Zhengzhou Taiyuan Instrument
Equipment Co., Ltd., China). The time that fly ash was added
to the untreated LFD was recorded as the starting time of the
chemical precipitation reaction. Five fly ash concentrations
assessed were 25, 50, 100, 150 and 200 g-L~1.

Experiment EI-P: Contaminant removal by fly ash-based
chemical precipitation. For each experiment, 24 h was allowed
for chemical precipitation then stirring was stopped and the
suspension collected. The suspension was immediately filtered
through a 0.20-um filter unit equipped with a vacuum pump.
The pH and EC of the filtrate were measured. The COD, TP,
TAN and heavy metal concentrations of the filtrate were
measured after microwave digestion. The filter cake was oven-
dried overnight at 105 ‘C and then analyzed by XRD and SEM
to determine the mineralogy and morphology properties.

Table 2 Characteristics of the untreated liquid fraction of digestate
used in this study

Parameter Value
pH 8.3
Electrical conductivity (mS-cm~1) 7.02
Chemical oxygen demand (mS-cm~1) 817
CO; loading (mol-L71) 0.061

Total phosphorous content (mg-L~1) 215
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Fig. 1 Schematic indicating the processing steps for the four experiments used for liquid fraction of digestate (LFD) treatment.

Experiment E2-PM: Contaminant removal by fly ash-based
chemical precipitation, followed by CO, mineralization. For
each experiment, 24 h was allowed for chemical precipitation
then CO, was bubbled into the suspension to promote CO,
mineralization reactions. pH was measured every 5 min. After
CO; bubbling for 40 min, stirring was stopped. The subsequent
procedures were as experiment E1-P.

Experiment E3-PFM: Contaminant removal by fly ash-based
chemical precipitation, followed by filtration and CO,
mineralization of filtrate. For each experiment, 24 h was
allowed for chemical precipitation then the suspension was
immediately filtered through a 0.20-pm filter. CO, was bubbled
into the filtrate to promote CO, mineralization reactions. pH
was measured every 5 min. After CO, bubbling for 40 min, the
stirring was stopped and the suspension was collected (Fig. 2).
The subsequent procedures were as experiment E1-P.

Experiment E4-P&M: Contaminant removal by chemical
precipitation and CO, mineralization in a single step. For each
experiment, at the time of adding fly ash to the untreated LFD,
CO, was also bubbled into the suspension to promote the
chemical precipitation and CO, mineralization reactions. pH
of the suspension was measured every 5 min. After CO,

LFD after E3-PFM

25217 50g L7t 100/ ElStin

Fig. 2 Untreated and treated liquid fraction of digestate (LFD)
following the experiment E3-PFM.

bubbling for 40 min, the stirring was stopped. The subsequent
procedures were as experiment E1-P.

2.3 Leaching from fly ash

To investigate the amount of metallic components that leached
from the used fly ash, the British Standard method (EN 12457-
2) was applied. Used fly ash samples from experiments E1-P
and E2-PM were mixed with ultrapure water at 100 g-L~!. The
suspension was stirred for 24 h at 200 r-min~! and then filtered
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through a 0.20-pm filter. The filtrates were analyzed by ICP-
OES.

3 RESULTS AND DISCUSSION

3.1 Fly ash physical and chemical properties

3.1.1 Elemental composition and mineralogy

The elemental composition of the original fly ash was
determined by X-ray fluorescence spectroscopy. Si, Al and Ca
were the major constituents of the original fly ash being 30.2%,
29.3% and 21.5% by weight (as SiO,, ALO; and CaO),
). The high fraction of CaO indicated its
potential for LFD treatment and CO, mineralization since CaO

respectively (

is the ideal feedstock for both chemical precipitation of LFD
contaminants and CO, mineralization!'®]. Apart from CaO, the
original fly ash sample contained various other alkaline and
alkaline-earth elements, such as Mg, K and Na (3.16%, 0.7%
and 0.4% by weight as MgO, KO and Na,O, respectively). The
results of elemental composition can help with phase peak
identification in XRD analysis and results explanation of LFD
treatment experiments.

shows a comparison of the XRD patterns of the
unused and used fly ash samples for the four experiments. The
unused fly ash ( ) was mainly composed of various
crystalline phases, including anhydrite (CaSOy),
(CaCO0s3), quartz (SiO), hematite (Fe;O3) and tricalcium

aluminate (Ca3AlL,Og). Anhydrite and tricalcium aluminate

calcite

were the dominating crystalline Ca-bearing phases. The broad
background within 2-40 degrees of the XRD curve ( )
indicated the presence of an amorphous phase in the unused
fly ashl*0-11,

After experiment E1-P, the abundance of the amorphous phase
). In addition, the peak
intensity of calcite obviously increased while the peak

did not change substantively (

intensities of anhydrite and tricalcium aluminate significantly
decreased. This result can be explained by the CO,
mineralization reaction between anhydrite and tricalcium
aluminate and the CO, dissolved in the untreated LFD, which
produced calcitel’”l. Similarly, the fly ash samples after
experiments E2-PM and E4-PM also displayed significantly
enhanced peak intensity of calcite and reduced anhydrite and
tricalcium aluminate peaks ( . Also, the relative calcite
peak intensity of fly ash in experiment E2-PM was much larger
than that of fly ash in experiment E1-P. The reason for more
calcite produced in experiment E2-PM might be more CO,

available for mineralization reactions as CO, was bubbled into
the suspension. In , calcite was the only phase

identified in the used fly ash from experiment E3-PFM.

3.1.2 Morphology

shows the SEM images of the unused and used fly ash
samples for the four LFD treatments. The unused fly ash had
). In the used fly assh,
flocculent precipitation has formed on the external surfaces in
E1-P (
that the newly formed crystals had formed on the external

irregular shaped particles (
). Compared to the unused samples, it was clear

surfaces of the particles or these had precipitated as separate
fine particles ( ). Most of the newly formed crystals
( ) were cube-shaped and featured smooth surfaces,
which was consistent with the typical calcite properties
reported in the literaturel’”’]. This result provided direct
evidence for the newly formed calcite phases shown in

. More importantly, the newly formed calcite crystals
featured smaller particle sizes (c. 1 um) and more uniform cube
shape ( ), compared to those reported for a previous
studyl’"l. The reason for this might be the effect of organic
species of the untreated LFD on the process of crystal
formation. Earlier studies indicated that the nucleation rate of
CaCOj was substantially affected by the difference in interfacial
energy between crystal formsl'’]. The metastable morphology
might tend to precipitate at high supersaturation of reactants.
Organic molecules, such as humic and fulvic acids, could be
adsorbed on the surface of the precipitated particles, therefore
increasing the activated energy of the dissolved unstable
precipitates and delaying the continuous transformation and
growth of CaCOjs to large calcite particles!*°l.

3.2 Contaminant removal from liquid fraction of
digestate by fly ash-based chemical precipitation
and CO, mineralization

3.2.1 pH and electrical conductivity

The initial pH and EC of the untreated LFD were 8.3 units and
7.02 mS-cm™1, respectively ( ). In experiment E1-P, pH
and EC of the treated LFD increased with the fly ash
concentration ( ). This phenomenon can be explained
by the dissolution of metal oxides/hydroxides from the fly ash
into the LFD during the experiment, which increased the
»71. The fly ash
sample contains various alkaline and alkaline-earth elements,
such as Ca, Mg, Na, and K (21.5%, 3.16%, 0.4%, and 0.7% by
weight as CaO, MgO, Na,O, and K,O, respectively) ( ).
There was not any Na* and K* ions dissolved from fly ash into

concentrations of OH~ ions and metal ionsl
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Fig. 3 X-ray diffraction patterns of the unused fly ash (a), and used fly ash from experiments E1-P (b), E2-PM (c), E3-PFM (d), and E4-P&M (e)

with the fly ash at 200 g-L™2.

the LFD ( ). The main ions that originated from fly
ash into the LFD were Ca?* and Mg?* ( ). The fly ash
concentrations ranged from 25 to 200 g-L7!, and the highest
pH and EC were obtained by the highest fly ash concentration
(200 g-L71), which were 12.9 and 13.7 mS-cm™! ( ),
respectively. Such results are expected since a larger fly ash
concentration means more mineral components were dissolved
in the treated LFD. For example, the Ca* concentration of the
treated LFD increased from 124 to 1030 mg-L~! as 200 g-L~! of

fly ash was added to the untreated LFD ( ).

In experiments E2-PM, E3-PFM and E4-P&M, the pH of the
treated LFD decreased with CO, introduction into the treated
LFD suspension ( ). This observation is consistent with
the neural reaction between CO, and OH~ ions. In contrast,
the changes in EC were more complex ( )- The changes
in EC in experiments E2-PM and E4-P&M were similar to

those in experiment E1-P, where EC increased with fly ash
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Fig. 4 SEM images of HD samples: unused fly ash (a), and used
fly ash from experiments E1-P (b), E2-PM (c), E4-P&M (d), and
E3-PFM (e,f) with the fly ash at 200 g-L™2.

concentration even after CO, mineralization. This is reasonable
given that more mineral components were removed by the
dissolved CO; in experiments E2-PM and E4-P&MU7]. This
phenomenon is evidenced by the higher Ca?* concentrations
observed in experiments E2-PM and E4-P&M than in
experiment E1-P ( ). However, the EC in experiment
E3-PFM decreased with fly ash concentration after CO,
mineralization. This is likely to be due to the filtration
treatment before CO, bubbling and there was no more mineral
components removal during the CO, mineralization step. This
finding can be confirmed by the lower Ca** and Mg?*
concentrations observed in experiment E3-PFM than that of
experiments E2-PM and E4-P&M ( ). The exhaust of
metal ions and OH~ ions by CO, resulted in reduced EC.
Overall, CO, bubbling ash-based
precipitation helped neutralize the treated LFD and reduce the
EC.

after fly chemical

3.2.2 Chemical oxygen demand and total phosphate removal
The initial COD and TP of the untreated LFD were 817 and
21.5 mg-L7! (
with the fly ash concentration increased from 25 to 200 g-L-1,
the COD removal efficiencies increased from 26.3% to 93.8%

), respectively. In experiment E1-P, along

( ). The highest COD removal efficiencies were
obtained with the highest fly ash concentration (200 g-L~1). The
COD removal can be explained by the removal of highly
recalcitrant organic species, such as humic and fulvic acids*"l.
As fly ash was added to the untreated LFD, the partial
dissolution of mineral components from the fly ash into the
treated LFD contributed to an increased pH and concentration
of polyvalent cations. The increased pH promoted the
deprotonation of hydroxyl and carboxylic groups of the
organic species, which facilitated the complexing of organic
species cations and the

with  polyvalent subsequent

precipitation[’>>%2°], These results are consistent with earlier
studies that used CaO as an agent for chemical precipitating!'“].
The XRD results ( ) provide evidence for the presence
of CaCOs in the used fly ash from experiment E1-P. The
CaCO; might be produced by the reaction between the
calcium-bearing phases of the fly ash and the initially dissolved
CO, in the untreated LFD. Earlier studies indicated that
organic species, such as humic and fulvic acids, could be co-
precipitated with CaCOs3. Also, these organic species can also
be adsorbed onto the surface of fly ash and CaCOs;
particlesl”>”’]. Compared to experiment E1-P, higher COD
removal efficiencies were achieved in experiments E2-PM, E3-
PFM and E4-P&M at all fly ash concentrations. This can be
explained by the CO, mineralization as CO, was introduced
into the treated LFD suspension, which induced further
precipitation. This finding is evidenced in XRD results
( ), where the CaCO; peak intensities of fly ash
samples from experiments E2-PM, E3-PFM and E4-P&M
experiments were obviously larger than those from experiment
E1-P.

TP was more sensitive to these chemical precipitation
treatments than COD (
concentration (25 g-L71), the removal efficiencies of TP in the

). Even with the lowest fly ash

four experimental routes were higher than 80%. Along with the
fly ash concentration increased from 25 to 200 g-L-!, the TP
removal efficiencies increased from 80% to 98%. Different
treatments displayed very similar trends of TP removal.
Considering that inorganic phosphorous was found to be
dominant in the untreated LFD, which normally accounted for
60% to 80% of TPl the removal of TP would be a
combination mechanism of polyvalent cations and pH change
induced by partial dissolution of fly ash components.
Compared to the untreated LFD, the concentrations of Ca**
and Mg?* had increased significantly ( ), indicating
that the major contributors to TP precipitation were Ca?* and
Mg?* dissolved from the fly ash. These results were consistent
with earlier studies, in which the performance of Ca?* and
Mg** on inorganic

phosphorus  precipitation  was
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Fig. 5 Effect of various treatments on pH (a), electrical conductivity (EC) (b), chemical oxygen demand (COD) (c), and total phosphate (TP) (d)

in treated liquid fraction of digestate over a range of concentrations.

I. In addition, earlier studies indicated that
both Fe** addition and Mg?** addition with pH adjustment

investigated[

gave comparable inorganic phosphorus removal efficiencies!*’].
However, Fe>* concentrations in the treated LED from the four
experiments were lower than those in the untreated LFD
( ). Also, the TP removal efficiency increased along with
the increased pH ( , which is consistent with earlier
studies that found that an acidic environment can slow down
the precipitation reaction between Mg and phosphate, and the
inorganic phosphorus removal efficiency by Mg?* increased
significantly as the pH was increased from about 7 to
9-130%-], Additionally, the removal of TP by Ca2*, Mg?* and
Fe3* was normally precipitated as apatite, struvite and
vivianitel' "], However, none of these mineral phases were
detected in the used fly ash samples ( ). The reason
for this might be the low TP concentration in the untreated
LFD and the small amount of newly formed phosphorous-

bearing precipitation.

Overall, fly ash preformed well as a chemical precipitation
agent for COD and TP removal from LFD. CO, bubbling after

fly ash-based chemical precipitation also provided further
COD and TP removal by CO, mineralization of excessive
alkaline mineral components in fly ash. Of the four treatment
routes, the route for experiment E3-PFM is suggested as the
best candidate given that it had > 93% COD and > 98% TP
removal efficiencies and resulted in an EC of < 2 mS-cm™! EC
and a neutral pH in the treated LFD. Considering the low price
of fly ash, it can be used in high concentrations to achieve high
COD and TP removal efficiencies without affecting the
economic viability of the process. It has the potential to be used
as an efficient, sustainable, and cost-effective alternative to the
commonly applied chemical precipitation agent for LFD
treatment.

3.2.3 Heavy metal removal

In experiment E1-P, adding fly ash to untreated LFD removed
a substantial proportion of TP and organic contaminants that
contributed to the COD, but there still high
concentrations of inorganic compounds, especially toxic
metallic and nonmetallic ions in the treated LFD ( ). A
portion of these toxic ions initially present in the LFD but some

were
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ions from the treated sample into the natural environment as
the treated samples were disposed. Compared to the unused fly
ash, the treated samples from experiments E1-P and E2PM
released much lower concentrations of toxic ions, including As,
Cd, Cu, Cr, Ni, Pb, and Zn (
result from the co-precipitation of COD, TP, CaO, and CO,
( ). Newly formed flocculent precipitation and cube

). This phenomenon might

shape calcite crystals grew on the external surface of the fly ash
particles, which inhibited further removal of toxic ions. To
summarize, compared to experiment E1-P, the routes of
experiments E2-PM, E3-PFM, and E4-P&M not only provided
further COD and TP removal but also removal of some toxic
ions, especially the heavy metals.

4 CONCLUSIONS

Chemical precipitation is a widely applied approach for an LFD
but its large-scale application requires low-cost and efficient
precipitating agents and novel process design. This study
evaluated a novel approach for the efficient removal of
contaminants from the LFD by fly ash-based chemical
precipitation, followed by filtration and CO, mineralization.
Technical feasibility of this approach was evaluated by changes

in pH and EC, and removal efficiencies of TP, COD and heavy
metals during the treatment. The fly ash used in this study
performed well as a chemical precipitation agent for COD and
TP removal from LFD. CO, bubbling after fly ash-based
chemical precipitation also provided further COD and TP
removal by CO, mineralization of excessive alkaline mineral
components in fly ash. The removal of COD and TP was
achieved by the co-precipitation of these contaminants with
CaCO;. Although adding fly ash to LFD increased pH and EC,
CO; bubbling after fly ash-based chemical precipitation helped
neutralize the treated LFD and reduced the EC, as well as the
removal of some toxic ions, especially the heavy metals. During
experiment E3-PEM, calcite crystals with small particle sizes
(c. 1 um) and uniform cube shapes were obtained asserted by
the effect of organic species of LFD on the process of crystal
growth. Of the four treatment routes, the route of experiment
E3-PFM is suggested as the best candidate given that it had
> 93% COD and > 98% TP removal efficiencies, and resulted in
an EC of < 2 mS.cm™! and a neutral pH in the treated LFD, as
well as calcite product. The treated LFD can meet the
requirement for irrigation water. Considering the low price of
fly ash, it can be used in high concentrations to achieve high
COD and TP removal efficiencies without harming the
economic feasibility of the process.
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