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ABSTRACT

A seeding concept was successfully applied for water treatment application, in particular to
phosphate removal from wastewater. Here, several different seeding materials based on
hydroxylapatite and fluoroapatite were synthesized and the P-removal capabilities were
tested in a test water system. Besides high chemical stability, the fluoroapatite seeding mate-
rial successfully and repeatedly removes >95% of phosphorous from the test water. A small
pilot test was carried out, showing that also in continuous operation the seeds have high

removal capacity of >90%.

Keywords: Seeding; Water treatment; Phosphorous removal;, P recovery; Hydroxylapatite;
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1. Introduction

The removal and recovery of phosphorous from
waste water streams before discharge has gained
growing interest among researchers in the last decade.
Since the availability of phosphorus in natural and
surface waters is one the leading cause for phyto-
plankton growth, controlling the discharge of phos-
phorous compounds by municipal and industrial
waste water plants is essential in the prevention of
eutrophication of lakes and natural waters [1-3]. Sev-
eral strategies to remove phosphorus from waste
water are applied, P is removed, for example, by bio-
logical processes (incorporation of P into cell biomass
with subsequent removal from the process as a result
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of sludge wasting, so called conventional biological
P-elimination [4]), but mainly by chemical/physical
removal by means of phosphate precipitation. Gener-
ally, phosphate precipitation involves the addition of
lime or coagulant, such as aluminum and iron salt or
organic polymers [5]. Disadvantage of these methods
are the necessity of pH increase for enhanced phos-
phate removal, high amounts of salts are needed (typi-
cally overdosing of coagulants) as well as potential
contaminant incorporation into sludge due to impuri-
ties of the used salts, which are typically byproducts
from industrial productions. Recent developments
include phosphate recovery by e.g. MAP (magnesium
ammonium phosphate or struvite) crystallization,
which uses magnesium and ammonium salts for
controlled precipitation [6]. However, also here, an
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equimolar dosage of the salt is necessary to archive a
1:1:1 ratio of Mg?*, NH;, and PO}~ [1].

An alternative approach to -effectively remove
phosphorus from waste water is the so-called “seed
crystal induced crystallization” [7]. Waste water usu-
ally is supersaturated with calcium phosphate com-
pounds, but due to kinetic limitations, spontaneous
precipitation on rare occasions occurs. The “seed crys-
tal induced crystallization” method is based on the
addition of seed crystals to such high or low supersat-
urated solutions. This leads to a change of the equilib-
rium of calcium and phosphate, lowers interfacial
energies, and thus triggers precipitation phosphate
onto the seed crystal surface [8]. Advantages of this
method are the low dosage of active seed material
required (substoichiometric amounts) compared with
the standard coagulant dosage and no pH adjustment
is necessary during precipitation [9]. Whereas several
seed materials have been evaluated in detail including
sand [10], calcite [7], tobermorite-rich crushed gas con-
crete [11,12], blast furnace [13], and xonolite [14], it
turned out that the physicochemical properties of the
seed crystals is crucial for an efficient P removal, espe-
cially in a waste water with a low phosphorus concen-
tration [2]. We present our efforts towards a novel

seeding material which showed increased phosphorus
removal in both lab scale as well as small pilot scale.
We also compare the new material with already avail-
able seeding material such as precipitated calcium car-
bonate (pcc), silica, or calcium silicate hydrate (main
part of crushed concrete) with respect to both effi-
ciency as well as kinetic considerations. Our findings
show that tailor-made design of seeding crystals allow
increased P removal of more than 96% already within
the first hour of experiment, and thus opens the door
for new efficient ways of P removal and recovery.

2. Results and discussion
2.1. Different seeding materials and tailor-made seeds

The phosphate removal capacity of several avail-
able seeding materials was investigated. The phos-
phate removal of the different seeding materials after
stirring for 20 h is shown in Fig. 1.

While pcc, calcium carbonate granules, and also
grounded calcium carbonate do not show good phos-
phate reduction even with a very high dosage of 0.5w%,
precipitated zinc oxide, calcium-silicate-hydrate (C-S-H)
powder, as well as commercial available X-Seed
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Fig. 1. Overview of P removal of several seeding materials at different dosages.
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100 suspension show ~90% phosphate reduction at
0.5w% dosage. Nevertheless, lower dosages signifi-
cantly reduce phosphate removal capacity; only for
zinc oxide, a similar reduction capacity could be
observed for 0.1w% dosage. One possible explanation
might be the pH of the resulting solution after seed
addition. Whereas for CaCO;, the pH stays around 8.4
after 20h, C-S-H powder and X-Seed increased the
pH to values >9.5, which might explain the good P
removal values for this material. However, for zinc
oxide, no such pH increase could be observed, indicat-
ing that the pH effect is not the reason, but more
important the nature of the seeding material is essen-
tial for the observed phosphate removal. Since it is
known that crystal growth is favorable on surfaces
similar to the growing crystal morphology (epitaxy),
we decided to synthesize specific seed material based
on hydroxyapatite, Cas(PO,)3(OH). Fig. 2 shows the
result of different synthesized hydroxyapatite (HAp)
seeding materials which were applied as suspensions.

It is interesting to note that even very low amounts
of this epitaxial seeding materials (down to 0.002w%)
show similar removal capacity after 20h compared
with zinc oxide with a 20-fold higher dosage or lower
dose efficiency. Again, the pH was not affected by the

A. Kempter et al. | Desalination and Water Treatment 55 (2015) 2638-2646

addition of the seeding material and stayed close to
the starting value of 7.8. With this tailor-made mate-
rial, P removal of ~90% could be achieved within 20 h
at a dosage of 0.02%. We also tried to investigate the
mechanism of precipitation in detail. Generally, two
different mechanisms are possible: (1) the seed crystals
lower the surface energy and the phosphate starts to
crystallize on the seed crystal surface and (2) partial
dissolution of the seed crystals increase the calcium
and/or phosphate concentration locally, which increases
supersaturation and thus induces crystallization.

For this purpose, we tried to use a calcium selec-
tive electrode to follow the calcium amount in the
solution. Unfortunately, due to no significant and
detectable changes of the calcium content in the sys-
tem during seed addition and precipitation, we could
not exclude or strengthen any of the two possible
mechanisms at this stage.

2.2. New seed generation

As industrial and municipal waste water do not
vary only in their water composition but also in their
pH value, (from 4-5 up to 11) and as hydroxyapatite
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Fig. 2. P removal of different synthesized hydroxyapatite samples after 1 and 20 h stirring time at different dosages.
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Fig. 3. P removal efficiency of different synthesized FAp samples after 1h at different dosages.

starts to dissolve under acidic conditions (pH <7) [15],
the use of HAp cannot be considered in all waste
water, but only in basic waste waters. We, therefore,
decided to use an isotype, but more pH-stable seeding
material, namely fluorapatite, Cas[(PO,)sF] (FAp). This
material is more acid resistant than hydroxyapatite as
well as less soluble, but should show similar removal
capacity. The results of the phosphate removal tests
for different FAp samples are summarized in Fig. 3.
We tested two different FAp suspensions with active
content of ~14% as well as a dried FAp powder. As
expected, the suspensions showed higher P removal
values than the powder, which is most likely due to
lower agglomeration which might take place in the
drying step. In comparison to the HAp seed crystals,
the new synthesized FAp seed crystals showed almost
complete removal (>95%) in the first hour even for the
low dosage of 0.028 and 0.027w%, respectively. Higher
dosages (0.056 and 0.053%) do not improve the recov-
ery, but stays at a similar lever within the error of
experiment. For the dried FAp powder, the removal is
also very high—around or close to 90% at 0.05w%
dosage.

In order to have a closer look on the kinetics of P
removal by FAp seed crystals, we did time-dependent
tests with our material. We, therefore, performed P
removal tests with our FAp suspensions as well as
with the FAp powder, took samples every 2-3 min,
and analyzed them for their P content. The results are
shown in Fig. 4. As already known from the previous
experiments, the FAp powders showed a somehow

slower P removal rate compared with the respective
FAp suspensions. Also, a higher dosage of 0.1w%
increases the P removal rate being almost at its maxi-
mum after only 15 min. However, in both cases, even
for the powders at low dosages of 0.05w%, the P
removal is ~85% after only 15min and reached its
maximum at ~60 min. Thus, a residence time of ~1h
is sufficient for the performance tests.

2.3. Efficiency of P removal

In order to elucidate the phosphate removal effi-
ciency of our new seed material in more detail, we
used two different approaches to test our seed crystals
activity. In the first approach, schematically shown in
Fig. 5, we prepared a standard beaker test, we added
the FAp seeding material in quantities of 0.05 and
0.1w% related to mass of water used, and stirred it for
1h, and then we measured the residual P content to
analyze the P removal efficiency. Then, 15ppm of
phosphate was added by addition of 1ml of a concen-
trated phosphate stock solution, the suspension was
stirred again for 1h, and the residual P content was
measured. This procedure was repeated four times
until a total amount of 75 ppm phosphate was added
to the standard solution. The results of this approach
are summarized in Table 1.

Here, one has to distinguish between two different
phosphate removal values: the overall P removal and
the phosphorous removal in each step. The overall P
removal is based on a total addition of 75ppm
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Fig. 4. Time-dependent P removal tests with different FAp samples. The squares represent powder samples which were
dried and applied as powders, whereas the triangles represent FAp suspensions.
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Fig. 5. Schematic description of the first approach to test seed activity. After adding the seed crystals to the standard
solution and stirring for 1h, 15ppm of phosphate was added as a stock solution and stirred for 1h. This step was
repeated four times.

Table 1
Results of the addition of PO, stock solution to the standard test solution and P removal values for two seed crystal
dosages of FAp seeds

Seed

dosage PO, added PO, in solution after addition Measured Overall PO, PO,4 removal in
[%] [ppm] (measured PO, + added POy) POy [ppm] removal [%] each step [%]
0.05 15 15 0.82 94.5 94.5

0.1 15 15 0.3 98.0 98.0

0.05 30 15.82 3.39 78.6 88.7

0.1 30 15.3 1.16 92.4 96.1

0.05 45 18.39 6.2 66.3 86.2

0.1 45 16.16 2.5 84.5 94 4

0.05 60 21.2 9.6 54.7 84.0

0.1 60 17.5 49 72.0 91.8

0.05 75 24.6 12.8 48.0 82.9

0.1 75 19.9 7.28 63.4 90.3
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Fig. 6. Schematic description of the second approach to test seed activity. After adding the seed crystals to the standard
solution and stirring for 1h, 100 ml of standard test water was added and further stirred for 1h. This step was repeated

four times.

Table 2

Results of the addition of 100 ml standard test water to the seed crystal containing test solution and P removal values for

two seed crystal dosages of FAp seeds

Seed

dosage PO, added PO, in solution after addition Measured Overall PO, PO, removal in
[%] [ppm] (measured POy, + added POy) POy [ppm] removal [%] each step [%]
0.05 15 15 0.75 95.0 95.0

0.1 15 15 0.27 98.2 98.2

0.05 30 15.75 1.72 89.1 94.3

0.1 30 15.27 0.66 95.7 97.8

0.05 45 16.72 248 85.2 94.5

0.1 45 15.66 1.36 91.3 97.0

0.05 60 17.48 2.92 83.3 95.1

0.1 60 16.36 1.84 88.8 96.9

0.05 75 17.92 3.2 82.1 95.7

0.1 75 16.84 2.28 86.5 97.0

phosphate and starts at 94.5w% (for 0.05w% dosage)
after the seed addition, going down to 78.6w% after
the first phosphate addition until it reaches only 48.0%
at the end of the experiment. A similar trend is
observed for the 0.01w% dosage, although the remain-
ing P removal stays at 63.4w%. This can be explained
by the fact that we only added phosphate and, there-
fore, depletion of calcium in our test water occurs;
thus, no further crystallization of calcium phosphate
can take place. For the higher dosage, more surface is
present, and thus slightly more phosphate can addi-
tionally adsorb on the crystals; hence, the remaining P
removal is higher.

In contrast to that one can calculate the P removal
based on the actual present P content in the solution
after each phosphate addition. This simply corre-
sponds to the added phosphate amount in each step
(15 ppm) plus the residual phosphate after the follow-
ing 1h stirring period (e.g. 1.16 ppm). If calculating
the P removal based on this values, the removal
capacity of the seed crystals for each individual step

also decreases, but in the final step, it is still very high
with 82.9w% (dosage 0.05w%) and 90.3w% (dosage
0.1w%).

Since in the aforementioned approach we deplete
our test solution with calcium, we added in the sec-
ond approach not the phosphate stock solution but
100 ml of test water which originally was used for the
beaker tests (i.e. 100ml of a solution containing 80
ppm calcium, 12.5ppm magnesium, 15ppm phos-
phate, and 250 ppm bicarbonate for each addition, see
Fig. 6).

Similar to the first approach, we also observed a
decline in P removal, which, however, is less pro-
nounced compared with the phosphate addition only,
starting from 95% (0.05w% addition) or 98.2% (0.1w%
dosage, see Table 2). The final P removal considering
a total P content of 75ppm was 82.1% and 86.5%,
respectively. Taking the P removal of each individual
step into account, we do not observe a significant
decline in P removal capacity (always stays in the
range of 95-97% for all dosages). This shows on the
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Fig. 7. Schematic drawing of the small pilot plant setup
used for testing different seed crystals in P removal.

one hand that depletion of calcium reduces signifi-
cantly the efficiency of the seed crystal induced P
removal. On the other hand, a high P removal is
allowed, since we used only a fixed amount of seed
crystals. The dilution of the original seed crystals (by
five times) does in this case still allow a very high P
removal. One possible explanation might be that addi-
tional crystals are formed during precipitation of cal-
cium phosphates in each step; thus, the overall seed
crystal concentration increases over time.

2.4. Small pilot plant test trial

A small pilot test system was set up to test if
continuous addition of the seed material allows
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continuous P removal. The setup is schematically
shown in Fig. 7.

First, 4.51 of the artificial waste water (also used in
the beaker tests) was added into the mixing vessel.
Then, new artificial waste water as feed water was
added to the mixing vessel with a flow rate of 31/h.
In this stream, the FAp seeding crystal solution was
added with a concentration of 0.05w%. The solution
passed into the settling tank via an overflow valve
and was recirculated into the mixing vessel at 101/h.
Finally, the discharge was collected every 30 min and
analyzed. Two different seeding materials were tested:
the new FAp suspension as well as a commercial pcc.
The results of the P removal are summarized in Fig. 8.

After an induction phase of around 2h, the FAp
suspension showed a constant P removal of ~96% for
an additional 2h. The induction phase can be
explained by the fact that the seed crystal concentra-
tion at the beginning is rather low (dosing seed crys-
tals into 4.51 of water), whereas after 2 h, the desired
concentration of the seed crystals are obtained in the
system. In contrast to that the similar test with pcc did
not show any P removal even after 3.5h of experimen-
tal time.

2.5. Summary

We have shown that P removal can be achieved
via seed crystal-induced crystallization of calcium
phosphates even in low supersaturated waters. Here,
the nature (i.e. morphology as well as chemical

—1

—+ FApsuspension 0.05%
- FApsuspension 0.05%

precipitated CaCO3

120 150 180 210

Fig. 8. Results of the small pilot test for two FAp samples and precipitated CaCO;. After ~2 h, the P removal is ~96% for
the FAp suspensions at 0.05% dosage, whereas for precipitated CaCOj3, no removal could be observed.
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nature) of the seeding material is essential for their
performance. While calcium carbonate does not show
good P removal capacity, zinc oxide and C-5-H (e.g.
crushed concrete) offer a certain alternative for P
removal technologies. Nevertheless, epitaxial seed
crystals such as hydroxyapatite or, due to their lower
solubility and chemical inertness, fluorapatite allow
much higher seeding efficiencies. A P removal capac-
ity of up to 95% within the first hour at very low dos-
ages (0.02w%) are proofed. We also showed that seeds
can be used multiple times for waste water purifica-
tion, with a P removal performance remaining higher
than 90%. Furthermore, the water composition is cru-
cial for this approach since depletion of one of the
necessary compounds such as calcium leads to a loss
in efficiency. The general concept, however, can be
applied also in small pilot scale where we showed P
removal after an induction period of more than 96%
with only 0.05w% of seed crystal addition. More
experiments to optimize seed crystal dosage as well as
further elucidations of the working mechanism will be
part of ongoing research.

3. Experimental setup
3.1. Hydroxyapatite seed synthesis

In a typical synthesis for hydroxyapatite, 69.2¢g
phosphoric acid (85w%), HzPO,, was diluted with
489.6 g water. This solution was then poured into a
slurry containing 74.1 g calcium hydroxide, Ca(OH),,
and 100g of a sodium hydroxide solution (50w%),
NaOH, in 450 g of water.

The resulting slurry contains 10.1w% of hydroxy-
apatite and has a solid content of 15.1w%. The forma-
tion of hydroxyapatite was ensured by powder XRD.

3.2. Fluorapatite seed synthesis

In a stirred 11 glass reactor, 78.4g diammonium
phosphate, (NH4),HPO,4, and 7.3 g ammonium fluo-
ride, NH4F, were dissolved in 750 g water.

A second solution containing 234.1g calcium
nitrate tetrahydrate, Ca(NOj3),-4H,O, in 250g water
was dosed by means of a peristaltic pump during
7 min during stirring into the reactor.

Subsequently, 24.7 g of an ammonia solution (32w %)
was added directly to the reactor during stirring.

The formation of fluorapatite was ensured by
powder XRD.

3.3. Phosphate removal batch experiments

All  experiments were performed by batch
experiments using synthetic solutions. Briefly, stock
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solutions from reagent grade KH,PO, (200mg/1
PO;"), CaCl,2H,O (200mg/l Ca®*"), MgCly-6H,0
(1,000 mg/1 Mg®") and NaHCO; (2,000mg/1 HCO;)
were prepared by dissolving the respective amounts
of salts in deionized water and stirring until all solids
are dissolved. Then, the test solution was prepared by
adding the desired amounts of stock solution into
50ml of DI water to reach a concentration of 80 ppm
Ca**, 12.5ppmMg”**, 250 ppm HCO; and 15ppm
PO; . The pH of the solution was adjusted to pH
8 +0.1. While stirring the test solution with a magnetic
stirrer (~300rpm), the respective amount of seed
material (powder or dispersion) was added under stir-
ring. Samples of these solutions were taken after e.g.
1h, filtered through a 0.22um syringe filter, and
diluted by a factor of 10 to allow orthophosphate
determination.

3.4. Determination of soluble phosphate salts
(orthophosphate)

To determine the soluble phosphate (orthophos-
phate) content, a spectrophotometric method was
used. This method is based on quantification of the
green complex formed between Malachite Green,
molybdate, and free orthophosphate. The rapid color
formation from the reaction can be measured on a
spectrophotometer at 620nm. For more detailed
information see e.g. [16]. Briefly, 440 mg malachite
green was dissolved in 360ml of 20% sulfuric acid.
Then, 10 ml of this solution was mixed with 2.5ml of
a 7.5w% ammonium molybdate solution and 200 pl of
a 11% TWEEN 20 solution. 2.5ml of the mentioned
malachite-molybdate solution was added to 10ml of an
orthophosphate-containing solution. After 10-15min,
the UV/vis extinction at 620 nm was measured and the
respective amount of orthophosphate in the test solu-
tion was determined.

3.5. Phosphate removal small pilot plant test

A small pilot plant (total volume 6.61) according to
the schematic presented (Fig. 7) was set up. Briefly,
into a mixing tank with a volume of 4.51, synthetic
feed water with a concentration of 80 ppm Ca®*, 12.5
ppm Mg**, 250 ppm HCO; and 15ppm PO,  was
added continuously with 31/h. Additionally, the seed-
ing material was added continuously into the mixing
tank as a suspension in the desired dosage (0.05w%).
Under moderate stirring (~300 rpm) the solutions were
mixed via an overflow valve, the solution was then
passed into a settling tank (V' =2.11), and was recircu-
lated into the mixing tank with a flow of 101/h.
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The discharge was collected and samples were taken
every 30 min for their orthophosphate analysis.

References

[1] A. Drizo, Phosphorus removal by electric arc furnace
steel slag and serpentinite, Water Res. 17 (2006) 3209-
3218.

[2] E.A. Deliyanni, E.N. Peleka, N.K. Lazaridis, Compara-
tive study of phosphates removal from aqueous solu-
tions by mnanocrystalline akaganéite and hybrid
surfactant-akaganéite, Sep. Purif. Technol. 52 (2007)
478-486.

[3]1 J. Tong, Y. Chen, Recovery of nitrogen and phospho-
rus from alkaline fermentation liquid of waste acti-
vated sludge and application of the fermentation
liquid to promote biological municipal wastewater
treatment, Water Res. 12 (2009) 383-385.

[4] N. Jardin, H.J. Popel, Effect of Biological Phosphorus
Removal (Bio-P) on Sludge Treatment, Veroeffentlich-
ungen des Institutes fuer Siedlungswasserwirtschaft
und Abfalltechnik der Universitaet Hannover, Han-
nover, 92 (1995) 18/1-18/27.

[5] D.M. Montag, Phosphorus Recovery During Wastewa-
ter Treatment: Development of a Process for Integra-
tion in Municipal Wastewater Treatment Plants,
Dissertation, 2008.

[6] X.D. Hao, Struvite formation, analytical methods and
effects of pH and Ca®*, Water Sci. Technol. 58 (2008)
1687-1692.

[71 D. Donnert, M. Salecker, Elimination of phosphorus
from waste water by crystallization, Environ. Technol.
20 (1999) 735-742.

A. Kempter et al. | Desalination and Water Treatment 55 (2015) 2638-2646

[8] W.A. House, The physico-chemical conditions for the
precipitation of phosphate with calcium, Environ.
Technol. 20 (1999) 727-733.

[9]1 U. Berg, D. Donnert, A. Ehbrecht, W. Bumiller, L
Kusche, P.G. Weidler, R. Niiesch, Active filtration for
the elimination and recovery of phosphorus from
waste water, Colloids Surf., A 265 (2005) 141-148.

[10] A. Giesen, Crystallisation process enables environmen-
tal friendly phosphate removal at low costs, Environ.
Technol. 20 (1999) 769-775.

[11] U. Berg, A. Ehbrecht, E. Roehm, P.G. Weidler, R.
Nuesch, Impact of calcite on phosphorus removal and
recovery from wastewater using CSH-filled fixed bed
filters, J. Residuals Sci. Technol. 4 (2007) 73-81.

[12] U. Berg, G. Knoll, E. Kaschka, V. Kreutzer, P.G.
Weidler, R. Nuesch, P-RoC-phosphorus recovery from
wastewater by crystallisation of calcium phosphate
compounds, J. Residuals Sci. Technol. 4 (2007)
121-126.

[13] L. Qiu, G. Wang, S. Zhang, T. Yu, Phosphate removal
and recovery with seed crystals in low concentrated
phosphate wastewater, Adv. Mater. Res. 374-377
(2012) 865-868.

[14] X. Chen, H. Kong, D. Wu, X. Wang, Y. Lin, Phosphate
removal and recovery through crystallization of
hydroxyapatite using xonotlite as seed crystal, ]J. Envi-
ron. Sci. 21 (2009) 575-580.

[15] J. Christoffersen, Dissolution of calcium hydroxyapa-
tite, Calcified Tissue Int. 33 (1981) 557-560.

[16] J. Feng, Y. Chen, J. Pu, X. Yang, C. Zhang, S. Zhu, Y.
Zhao, Y.Yuan, H. Yuan, F. Liao, An improved mala-
chite green assay of phosphate: Mechanism and appli-
cation, Anal Biochem. 409 (2011) 144-149.



	Abstract
	1. Introduction
	2. Results and discussion
	2.1. Different seeding materials and tailor-made seeds
	2.2. New seed generation
	2.3. Efficiency of P removal
	2.4. Small pilot plant test trial
	2.5. Summary

	3. Experimental setup
	3.1. Hydroxyapatite seed synthesis
	3.2. Fluorapatite seed synthesis
	3.3. Phosphate removal batch experiments
	3.4. Determination of soluble phosphate salts (orthophosphate)
	3.5. Phosphate removal small pilot plant test

	References



