
Journal of the Taiwan Institute of Chemical Engineers 83 (2018) 124–132 

Contents lists available at ScienceDirect 

Journal of the Taiwan Institute of Chemical Engineers 

journal homepage: www.elsevier.com/locate/jtice 

Phosphorous recovery by means of fluidize d b e d homogeneous 

crystallization of calcium phosphate. Influence of operational variables 

and electrolytes on brushite homogeneous crystallization 

Patrick S. Caddarao 

a , Sergi Garcia-Segura 

b , Florencio C. Ballesteros Jr a , Yao-Hui Huang 

c , 
Ming-Chun Lu 

b , ∗

a Environmental Engineering Graduate Program, College of Engineering, University of the Philippines, Diliman, Quezon City, Philippines 
b Department of Environmental Resources Management, Chia-Nan University of Pharmacy and Science, Tainan 71710, Taiwan 
c Department of Chemical Engineering, Sustainable Environment Research Center, National Cheng Kung University, Tainan, Taiwan 

a r t i c l e i n f o 

Article history: 

Received 26 September 2017 

Revised 7 December 2017 

Accepted 8 December 2017 

Available online 26 December 2017 

Keywords: 

Fluidized-bed reactor 

Phosphate homogeneous crystallization 

Water treatment technologies 

Granulation process 

Phosphate removal 

a b s t r a c t 

Phosphate recovery from wastewaters is one of the major engineering challenges to securing the world- 

wide food production. Fluidized-bed heterogeneous crystallization of struvite has been one of the most 

considered technologies. Nevertheless, the recovery of other phosphate products could be of the major 

interest at industrial level. Thus, in this work we present the recovery of calcium phosphate salts as 

brushite by a novel fluidized-bed homogeneous crystallization (FBHC) process. The no requirement of 

seeds in FBHC reactor allows obtaining high-purity crystals. The operational parameters of the FBHC pro- 

cess have been optimized in order to achieve the higher degree of granulation and to obtain the most 

homogeneous distribution of granules sizes. Thus, the treatment of 1500 mg/L of phosphate at pH 9.0 

with a ratio of 1.2:1.0 of [Ca 2 + ]:[PO 4 
3 −] T leads to the obtaining of ca. 90% of granulation with crystals of 

0.5 mm of diameter. The influence of electrolytes typically found in TFT-LCD industry has been further 

considered. The characterization of the spheroidal crystals obtained allowed identifying brushite (calcium 

hydrogenphosphate salt) as unique crystal phase. 

© 2017 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Phosphorous is an indispensable chemical in fertilizers compo-

sition along with nitrogen species. Unlike nitrogen, phosphorous

is a non-renewable resource [ 1 −3 ]. The mining extraction of

phosphate rocks is depleting dramatically mineral reserves. Thus,

ascertaining phosphorous sources will not become only an en-

gineering challenge but also of high social relevance in order to

securing worldwide food production [1] . 

Phosphorous in wastewaters contributes to the eutrophication

of waters [4,5] . About 90% of incoming phosphorous in water

treatment plants is lost in the form of sewage sludge [ 6 −8 ]. The

development of water treatment technologies able to recover

phosphate for its reuse in industrial manufacturing processes

could contribute in a double beneficial way: (i) removal of phos-

phorous as pollutant from water sources, and (ii) secondary

alternative phosphorous source. Phosphorous removal has been

considered by using different technologies such filtration [9,10] ,
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oagulation [11] , electrocoagulation [12,13] , electrodyalisis [14] ,

apacitive deionization [15] or biological treatments with photo-

ynthetic organisms [16,17] . The mentioned processes do not allow

hosphorous recovery for reuse. 

Precipitation is a low-cost and highly efficient methodology for

hosphorous removal. Unfortunately, the recovery of phosphorous

rom the precipitation sludge with high moisture content is not

ossible. Fluidized-bed crystallization (FBC) emerges as a promis-

ng environmental-friendly technology of phosphorous recovery

2,6,20,22] . FBC presents several advantages in front of conven-

ional precipitation such as the use of fewer chemicals and the

btaining of crystallized particles (granules). Fluidized-bed reactors

ave been applied to the treatment of wastewaters containing

norganic pollutants such as Ni 2 + [27,28] , Cu 

2 + [29] , Pb 2 + [30,31] ,

uoride [32,33] and phosphorous [34,35] . The main disadvantage

f FBC is that crystals grow onto supports (seeds). The different

omposition of these seeds leads to unpurified products that

ould inevitably affect the recyclability of the recovered crystals

y FBC [30,32,34] . This work presents phosphorous recovery by a

ovel process without seeds so-called fluidized-bed homogeneous

rystallization (FBHC). Here, the final product is obtained solely
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Fig. 1. Scheme of fluidized-bed reactor for homogeneous crystallization. 
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y homogeneous crystallization instead of conventional hetero-

eneous growing of the product onto the active surface of seed

aterial [7,28,30] . FBHC is conducted under mild conditions of

upersaturation where moderate amounts of fine nuclei agglomer-

te forming sufficient active sites to promote homogeneous crystal

rowth of high-purity granules. The main differences of FBHC to

onventional technologies should be highlighted as (i) sludge is

ot produced, (ii) phosphorous is not only removed but recovered,

nd (iii) high pure granules are produced. 

The formation of insoluble phosphate salts such struvite

agnesium ammonium phosphate ( K ps = 7.58 × 10 −14 ) is known

ecause its natural precipitation in the sludge pipes at water-

reatment plants [ 2,4,6,18–20 ]. However, other phosphate salts

hould be considered because of their interest from indus-

rial/manufacturing points of view [ 8, 21 −23 ]. Calcium phosphates

brushite) is used for several medical/biological applications as

ioceramic in orthopedic and dental application, cancer therapies,

ood additive and biotechnological applications [24,25] . Further-

ore, brushite is a phosphorous source for fertilizer or phosphoric

cid manufacture [26] . 

In this work, obtaining of brushite crystals from synthetic efflu-

nts was studied by means of FBHC process. Variables of influence

ere studied in order to optimize removal with major granulation

ercentages. FBHC was conducted in presence of different elec-

rolytes typically found in TFT-LCD industry effluents to evaluate

he feasible application of this technology on the treatment of

ctual effluents. The characterization of the crystals allowed a

etter understanding of brushite crystallization mechanism and

BHC process. 

. Experimental 

.1. Chemicals 

Phosphate solutions were prepared with KH 2 PO 4 of high pu-

ity degree ( > 99.5%) purchased from Merck. Calcium chloride
96% purity) used as precipitant was supplied by Ferak Berlin

mbH. Reaction zone pH was maintained by the addition of

ittle amounts of NaOH or HCl acquired from Merck. Ammonium

olybdate tetrahydrated, potassium antimony (III) oxide tartrate

rihydrate, and L( + )-Ascorbic acid of analytical grade used in the

olorimetric quantification of phosphate were purchased from

anreac. The electrolytes used to simulate the industrial effluent

ere of analytical grade supplied by Sigma-Aldrich. All solutions

ere prepared using high-purity water from a Millipore Milli-Q

ystem with resistivity > 18 M � cm. 

.2. Fluidized-bed homogeneous crystallization reactor 

The fluidized-bed reactor ( Fig. 1 ) consisted of a 550 mL cylin-

rical glass tube reactor divided in two sections: (i) Lower section

f 80 cm height and 2 cm of inner diameter, (ii) upper section of

5 cm height and 4 cm of inner diameter. The treated solution was

ecirculated through the reactor with a peristaltic pump at variable

ow rate to ensure fluidization of obtained granules. Achieving

uidization conditions is mandatory to ensure the formation of

nsoluble granules. Thus, up-flow solution recirculated should sur-

ass the minimum fluid velocity ( U mf ) where the flow compensate

he gravitational force of the particles maintaining the particles in

uidized state [30,36,37] . For a low Reynolds ( Re ) number, as ap-

lied in FBHC process, the U mf can be defined by expression ( 1 ). 

 mf = [0 . 0 0 07 ( Re ) m f 
−0 . 063 ] 

g d p 
2 
(
ρp − ρ f 

)
μ

(1)

here g is the gravitational acceleration, d p is the equivalent

article diameter, ρp is the particles density, ρf is the fluid density

nd μ is the fluid viscosity. Due to the nucleation, nuclei agglom-

ration and crystal growth mechanism, the particles change their

 p in function of time. Consequently, recirculation flow should be

odified according to ( δd p / δt ) variation to maintain the granules

n the fluidization state. Fluidization state was ascertained by
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Fig. 2. (a) Phosphate anionic species distribution in function of pH. (b) Minimum 

concentration of precipitant ([Ca 2 + ]) required to initiate precipitation of insoluble 

phosphate salts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

0 10 20 30 40 50 60 70

time / h

noi tal un a r
G

%

0

20

40

60

80

100

la vo
m er

P
%

a

b

Fig. 3. Percentage of (a) phosphorus removal and (b) granulation achieved by 

means of FBHC vs time of operation on the treatment of 1500 mg/L solutions of 

phosphate with a molar ratio of 1.2:1.0 [Ca 2 + ]:[PO 4 
3 −] T 

−under different pH: ( ) 

6.0, ( ) 7.0, ( ) 9.0 and ( )11.0. 
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maintaining formed granules under 50% bed expansion within the

fluidized-bed reactor. 

Glass beads were added at the bottom of the reactor as

turbulence promoters to prevent sever clogging; avoid bubbles

formation in distributor holes and to improve flow distribution.

The precipitant was always added in excess to ensure [PO 4 
3 −] T 

conversion into calcium phosphate. Samples were filtered with

0.45 μm membranes and mixed with 30 μL of concentrated HNO 3 

prior dissolved phosphate and calcium ions quantification. Total

phosphate and calcium (including fines) were determined from

unfiltered samples. Phosphate removal and phosphate granulation

were estimated according to Eqs. (2) and ( 3 ) [7,30] : 

%Removal = 

[ P ] 0 − [ P D ] t 
[ P ] 0 

× 100 (2)

%Granulation = 

[ P ] 0 − [ P D ] t 
[ P ] 0 

× 100 (3)

where [P] 0 is the initial phosphate content, [P D ] t is the dissolved

phosphate in solution at treatment time t and [P T ] t the total

phosphate in solution including fines and solids in suspension (not

granules) at treatment time t , respectively. 
.3. Instruments and analytical procedures 

Solution pH was continuously monitored by a pH/ORP con-

roller PC-310 from Shin Shiang Tech Instruments. Phosphate

n solution was quantified by spectrophotometric analysis ac-

ording to the phosphomolybdenum blue method at 698 nm

38] with a Genesys 20 UV–Vis spectrophotometer of Thermo

pectronic. Calcium cation concentration was quantified by atomic

bsorption spectrometry with a Lumina® hollow cathode lamp

sing an AAnlayst 200 Atomic Absorption Spectrometer of Perkin

lmer. Obtained granules were recovered, dried at 37 °C, and

ieved to define particle size distribution using Mechanical Sieve

eries. Granules were characterized by Scanning Electron Mi-

roscopy (SEM) using a Quanta 200 SEM from FEI Company.

rystalline phase characterization was conducted by X-Ray Diffrac-

ion (XRD) analysis with a Rigaku DX-20 0 0 SSC diffractometer

y applying a Cu K α1 + 2 radiation ( λ( α1 ) = 0.154060 nm and

( α2 ) = 0.154 4 43 nm) at 40 kV and 30 mA current. 

. Results and discussion 

.1. Influence of pH on phosphate recovery 

Two insoluble calcium phosphate salts could be obtained:

i) Calcium hydrogenphosphate formed from reaction ( 4 ); and

ii) calcium phosphate precipitated following reaction ( 5 ). Their

espective solubility product constants (K sp ) could be expressed by

eans of Eq. (6) and ( 7 ), respectively [25] : 
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Fig. 4. Size distribution of granules obtained from experiences of Fig. 3 at different pH: (a) 6.0, (b) 7.0, (c) 9.0 and (d) 11.0. 
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Fig. 5. Percentage of (a) phosphorus removal and (b) granulation achieved by 

means of FBHC vs time on the treatment of 1500 mg/L solutions of phosphate at 

pH 9.0 with different molar ratio of [Ca 2 + ]:[PO 4 
3 −] T : ( ) 1.0:1.0, ( ) 1.2:1.0 and 

( ) 1.4:1.0. 
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a 2 + + HPO 4 
2- � CaHPO 4 (4) 

 Ca 2 + + 2 PO 4 
3- � Ca 3 (PO 4 ) 2 (5)

 sp = 

a C a 2+ a HPO 2 −4 

a CaHP O 4 

= 

[
C a 2+ ][HPO 

2 −
4 

]
= 1 . 0 × 1 0 

−7 (6)

 sp = 

( a Ca 2+ ) 
3 
(

a PO 3 −4 

)2 

a C a 3 (P O 4 ) 2 

= 

[
C a 2+ ]3 [

PO 

3 −
4 

]2 = 2 . 07 × 1 0 

−33 (7)

here a i are the activity of the different species involved in the

recipitation reaction. Solid species activity could be considered

qual to the unity and simplified. Under diluted concentra-

ion of ionic species, such in the FBHC operational conditions,

heir activities could be considered approximately equal to their

oncentrations [30] . 

The pH affects species distribution in solution, being of indis-

utable relevance on the crystallization processes of phosphate

pecies. Phosphoric acid presents three different pK a values for

he dissociation of the protons of pK a1 = 2.15, pK a2 = 7.20 and

K a3 = 12.35 for reactions ( 8 ) −( 10 ), respectively. 

 3 PO 4 � H 

+ + H 2 PO 4 
− (8)

 2 PO 4 
− � H 

+ + HPO 4 
2 − (9) 

PO 4 
2 − � H 

+ + PO 4 
3 − (10) 

ig. 2 a shows the speciation distribution of phosphate anionic

pecies determined in function of pH. It can be inferred that to
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5 at different [Ca 2 + ]:[PO 4 
3 −] T molar ratios: (a) 1.0:1.0, (b) 1.2:1.0, and (d) 1.4:1.0. 
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precipitate insoluble calcium phosphate, operational pH should be

encompassed in the range 5.0–14.0. Concentrations of hydrogen-

phosphate and phosphate in solution define the minimum calcium

requirements as precipitant to reach supersaturation conditions

( Fig. 2 b). 

Fig. 3 depicts the percentage of granulation and the phos-

phorous removal of comparative experiences carried out at fixed

molar ratio of 1.2:1.0 of [Ca 2 + ]:[PO 4 
3 −] T with an influent phos-

phate concentration of 1500 mg/L (15.8 mM) under an inflow rate

of 20 mL/min (1.2 L/h) under different pH. The attained percentage

of P-removal is always higher than the percentage of P-recovered

independently of the pH conditions. This trend could be ex-

plained by the formation of fine nuclei that are not recoverable,

diminishing the overall granulation efficiency. 
Increasing percentages of 56.40%, 78.69% and 88.37% were

btained after 60 h of FBHC treatment at pH 6.0, 7.0 and 9.0,

espectively. Increasing performance of FBHC process is associated

o the speciation of phosphate. Alkaline influent pH incentivizes

o reach supersaturation conditions due to the major presence of

PO 4 
2 − and PO 4 

3-, which are the precursors of their respective

nsoluble calcium salts (reactions ( 4 ), (5)). Similar behavior on

hosphate crystallization was previously reported regarding the

btaining of struvite [4,9,20] and magnesium phosphate [23] .

onversely, higher level of supersaturation under excessively al-

aline conditions induces the preferential nucleation over crystal

rowth kinetics. At pH 11.0 the treated solution became more

hitish and cloudy due to the formation of a colloidal suspension

f fines precipitated, instead of the colorless solution obtained at

H 9.0. Formation of higher amounts of fines diminishes FBHC

ranulation recovery attaining only a poor 74.81%, although ∼72%

f the phosphorous could be removed by filtration after 5 min of

reatment. 

Size distribution of granules obtained at different pH provides

aluable information on the applicability of FBHC to recovery

alcium phosphates. Fig. 4 shows the granule size distribution,

hich under no circumstances were bigger than 2.0 mm. The

rystals presented the characteristic spheroidal shape obtained

n fluidized-bed reactors due to solid fluidization during crystal

rowth. Major crystals were obtained under more alkaline solu-

ions where the major concentration of precipitates led to their

gglomeration and crystal growth as deduced from the Gaussian

istribution of sizes. Noteworthy is that under pH 11.0 highly

eterogeneous distribution of crystal size was obtained. 
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Fig. 8. Size distribution of granules obtained at different initial concentrations of 

phosphate: (a) 500 mg/L, (b) 1000 mg/L and (c) 1500 mg/L. 
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.2. Effect of [Ca 2 + ]:[PO 4 
3 −] T molar ratio on the FBHC performance 

The ratio between precipitant (Ca 2 + ) and pollutant (PO 4 
3 −)

oncentration could affect the performance of FBHC, as observed

n FBC [4,30,31] . Phosphate recovery experiments were carried

ut under optimal pH 9.0, influent phosphate concentration

f 1500 mg/L (15.8 mM), inflow rate of 20 mL/min at different

Ca 2 + ]:[PO 4 
3 −] T molar ratio. 

Increase on [Ca 2 + ] leads to a major phosphorous removal per-

entage at identical times of treatment (see Fig. 5 ) of 73.4%, 91.2%

nd 97.6% for ratios of 1.0:1.0, 1.2:1.0 and 1:4:1.0, respectively. This

ehavior is associated to the increase on the supersaturation due

o the major concentration of precipitant [Ca 2 + ]. Similar trends

ere observed on the percentage of granulation, where higher

rystallization percentages were attained for higher molar ratios
f [Ca 2 + ]:[PO 4 
3 −] T in crescent order of 72.4% < 86.9% < 97.1% for

.0:1.0, 1.2:1.0 and 1:4:1.0 [Ca 2 + ]:[PO 4 
3 −] T ratios, respectively.

urther analysis of crystal size distribution ( Fig. 6 ) demonstrated

he favored crystal growth of brushite under greater ratios. As

hown in Fig. 6 b, a better Gaussian distribution was obtained at

.2:1.0 [Ca 2 + ]:[PO 4 
3 −] T ratio than the wider range of crystals size

istributions observed for 1.4:1.0 ratio. Even though the crystal

ecovery is slightly inferior, the obtaining of homogeneous size

roduct is of higher interest for industrial purpose and commer-

ialization. Therefore, the use of [Ca 2 + ]:[PO 4 
3 −] T ratio 1.2:1.0 was

efined as optimum operational condition. 

.3. Recovery under different inlet concentrations of phosphate 

Comparative experiments were conducted under opti- 

al defined conditions of pH 9.0 and molar ratio 1.2:1.0 of

Ca 2 + ]:[PO 4 
3 −] T under 20 mL/min of influent containing phosphate

oncentration in the range found in industrial effluents of 500–

500 mg/L. From Fig. 7 can be concluded that low concentrations

f 500 mg/L phosphate led to poor removals of 48.5% in com-

arison to 66.7% and 91.3% achieved at 10 0 0 and 150 0 mg/L of

hosphate. The analysis of granules size distribution ( Fig. 8 ) evi-

ences higher crystal sizes for higher phosphate contents. Thereby,

ajor concentrations lead not only to major precipitation and

hosphorous removal from aqueous phase, but also enhance the

rystal growth. However, it is important to remark that excessive

oncentrations could lead to preferential precipitation of large

mounts of fine nuclei diminishing crystal growth. 
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.4. FBHC treatment of simulated TFT-LCD/photonics industry effluent 

Taiwan is the largest worldwide supplier ( ∼ 40%) of transistor-

iquid crystal display (TFT-LCD). Large volumes of water are

onsumed during TFT-LCD panels manufacturing [39,40] . High

oncentrations of phosphate ( ∼1500 mg/L) are present in these

ffluents due to the use of high amounts of phosphoric acid of

lectronic grade. Nevertheless, another anionic species are found

n the industrial effluents due to the use of strong inorganic

cids. TFT-LCD effluents present also appreciable concentrations

f fluoride ( ∼7 mg/L), nitrate ( ∼70 mg/L) and sulfate ( ∼550 mg/L)

41] . These anionic species could compromise the overall perfor-

ance and recovery of phosphate from industrial effluents. To

valuate the influence of complex water matrices treatment, a

ynthetic effluent of TFT-LCD industry considering the maximum

oncentrations of competitive anions (7 mg/L of F −, 70 mg/L of

O 3 
− and 550 mg/L of SO 4 

2 −) was treated by FBHC under optimal

onditions of 1500 mg/L of PO 4 
3 −, pH 9.0 and molar ratio 1.2:1.0 of

Ca 2 + ]:[PO 4 
3 −] T at 20 mg/L influent. Fig. 9 shows that similar phos-

horous removal is attained when the simulated effluent is treated,

ttaining 85.2% removal instead of 91.3% of the ideal solution

 ∼6.1% difference). Meanwhile, similar granulation is observed with

alues ∼85–86% in both cases. These results are highly encouraging

ince it could be inferred that the addition of competing species

oes not affect severely the FBHC performance, recovering brushite

ith average granule size of 0.5–0.6 mm (inset panel Fig. 9 ). 

If we analyze the possible interference of typical anionic

pecies in TFT-LCD effluents, different K sp of insoluble products

hould be considered. Calcium nitrate is a highly soluble salt in

ater (1210 g/L at 20 °C) which could only modify the overall

onic strength of the solution. Calcium sulfate (K sp = 4.93 × 10 −5 )

s soluble in water (2.1 g/L at 20 °C) in the conditions of the

ndustrial effluent and its influence can be neglected. 

On the other hand, calcium fluoride is quite insoluble with

 K sp = 3.90 × 10 −11 and an estimated solubility of 16 mg/L at

0 °C in water. Even though K sp of phosphate salts are several

rders of magnitude lower, the formation of CaF 2 is the only

recipitation equilibria that could be considered as competing

eaction under experimental conditions. However, CaF 2 crystals

ere not identified as individual granules or co-precipitated with

rushite granules recovered. This trend can be explained by the

igher concentration of phosphate (15 mM) in comparison to flu-

ride (0.37 mM), which favors thermodynamically and kinetically

rushite precipitation in FBHC reactor. Therefore, the decrease of

% on phosphate removal can be associated to the increase of

onic strength that affects the solubility of phosphate salts [42,43] .

he high removals of phosphorus attained are comparable to the

erformance of other removal technologies [44,45] . But FBHC is

ore competitive non-solid waste technology due to the higher

ecovery of pure granules [44,45] . 

.5. Crystals characterization 

The crystals obtained by FBHC process under optimum con-

itions of treatment for influents of 1500 mg/L of phosphate at

H 9.0 with a ratio of 1.2:1.0 of [Ca 2 + ]:[PO 4 
3 −] T were further

haracterized. The SEM micrograph of Fig. 10 a and b. show the

ypical morphological structure of petal-like particles of brushite

hat form parallelogram shapes stacked in multiple layers. While

he granules are composed of clusters or aggregations of these

etal-like crystals [24,25] . This result suggests the following mech-

nism ( Fig. 10 c): (i) formation of nuclei, (ii) aggregation of fine

ucleis and (iii) crystal growth. 

The X-ray diffractogram demonstrated that the granules are

omposed by calcium hydrogenphosphate dihydrated crystals

CaHPO 

•2H O) showing the characteristic planes of brushite
4 2 
onoclinic crystal phase. Similar results were observed during the

nalysis of granules obtained during the treatment of synthetic

FT-LCD effluent. From these valuable data, it should be concluded

hat FBHC at pH 9.0 does not involve the formation of the most

nsoluble calcium phosphate expected from Fig. 2 according to re-

ction ( 5 ), but solely the nucleation and crystal growth of brushite

ccording to reaction ( 4 ). 

. Conclusions 

Applicability of FBHC to recover phosphate from aqueous bod-

es has been demonstrated. Operational parameters presented a

arked influence on granulation performance. Optimal treatment

onditions were defined as 1500 mg/L of phosphate inlet at pH

.0 with a ratio of 1.2:1.0 of [Ca 2 + ]:[PO 4 
3 −] T . Despite higher

ercentages of granulation were found using a higher ratio of

recipitant and phosphate, the crystals obtained presented a wide

istribution of heterogeneous sizes. Since FBHC process aimed

ot only phosphate removal but also its recovery for industrial

anufacturing purposes, the formation of homogeneous crystals

s of high relevance. The crystals characterization allowed identi-

ying only brushite crystal phase composition, showing that pure

alcium hydrogenphosphate crystals can be recovered efficiently

y this novel technology. The treatment of synthetic effluents of

FT/LCD industry evidenced a small influence of water matrix.

herefore, FBHC emerges as a potential remediation water treat-

ent technology to recover/revalorize phosphate residues from

aste streams in comparison to existing technologies. 
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