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Abstract Nitrogen and phosphorus in wastewaters are a burning environmental issue of the pres-

ent world. This review covers the studies conducted on the removal and recovery of phosphorus and

nitrogen from wastewaters through struvite crystallization. Wastewater which contains a high

amount of phosphorus and nitrogen would be a good source of struvite. Struvite is a phosphate

fertilizer, although it contains a significant amount of nitrogen and magnesium, and it is an effective

alternative source of rock phosphate to maintain the agricultural production system. The present

review deals with the principles and concept of struvite nucleation, crystal growth and the factors

that affect on the struvite quality. Struvite precipitation occurs in an equimolecular concentration of

Mg2+, NHþ4 and PO3�
4 at slightly alkaline conditions. Addition of a source of Mg is essential to

maintain the favorable condition of PO4 and Mg. Different factors such as Mg:PO4 molar

ratio, pH, aeration rate, reactor types, as well as P and N removal efficiencies were also discussed

throughout this review. The slower nutrient leaching loss and its fertilizer quality make struvite an

eco-friendly fertilizer. It is possible to overcome the acute shortage of rock phosphate if all the

municipal and livestock wastewaters are connected with the wastewater treatment plants.
ª 2013 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Wastewaters contain a high amount of organic matter, nitro-

gen and phosphorus (Deng et al., 2006), a considerable
amount of Mg (Suzuki et al., 2007), different macro and micro
elements (Ali, 2005), and heavy metals (Liu et al., 2011a,b,c)

due to which it is considered as one of the major polluting
agents discharged into the environment. These pollutants come
ier B.V. All rights reserved.
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from anthropogenic, livestock, natural or industrial sources
(Panizza and Cerisola, 2001). Nitrogen and phosphorus are
important organic plant nutrients (ICM, 2000) and also uti-

lized for optimization of animal and plant production. A large
amount of nitrogenous and phosphate fertilizers is applied in
the soil every year to increase the fertility of the soil. The pres-

ent consumption of rock phosphorus (P) is over one million
tons yearly (Rahman et al., 2011) as fertilizer and Nitrogen
(N) fertilizer consumption might be three fold of this. It is

known that in addition to the leaching loss of N from
urea, large N losses occur through ammonia volatilization
(26.5–29.4%), surface runoff (5.6–7.7%), vertical leaching
(4.0–5.0%), lateral seepage (4.0–5.3%), and denitrification

(4.37–5.0%) after field application (Liang et al., 2007).
Moreover, about 10% is unused and only 38.2–44.8% nitrogen
is taken up by the rice crop. Thus, a large amount of N and P is

added to water stream and then transferred to the environment
from this fertilizer source.

Besides crop production, P is one of the vital elements needed

for animal growth, milk and egg production as well (Saito,
2001). The daily nutritional requirements for dairy cattle and
beef cattle have been stated as 86–95 g day�1 and 35–40 g day�1,

respectively (CEEP, 2003). Animals cannot utilize the whole
amount and are excreted through manure or urine that exists
in the wastewater. So, the feeding of excess P increases the phos-
phate levels in animalwastewaters.Only 14%of cornPand 31%

of soybean meal can be digested by swine. A large percentage of
phosphorus is unavailable, and most of it is excreted into the
environment throughmanure and urine (Dhakal, 2008). The ex-

creted P is dissolved into thewater and transported to the nearby
water bodies or infiltrates onto the groundwater (ICM, 2000).
The livestock waste stream is therefore, very rich in phosphorus.

A significant amount of nitrogen comes out through excreta as a
residue of protein supplement as well as dead animals. Improper
management of livestock waste creates a nuisance and obnox-

ious environment which also greatly affect on public health. A
lot of currency is expended for importing rock phosphate to ful-
fill the national demand but proper recovery of phosphate from
wastewaters can be reduced with the import of rock phosphate.

Municipal wastewater or sewage contains a significant amount
ofN andP alongwith organic and inorganic substances (Bashan
et al., 2004). Industrial wastewaters are also an important source

of phosphorus. Phosphorus is used (i) for stabilization of cal-
cium carbonate to softened waters, (ii) in public water systems
in order to control corrosion as well as in steam power plants

to control scaling in the boilers, and (iii) in dairy and other
food-processing industries (Dhakal, 2008). Fig. 1 showed the
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Figure 1 Sources of P in the wastewaters (CEEP, 2003).
sources of P in the wastewaters. Insufficient and improper treat-
ment facilities of these effluents cause serious soil and water pol-
lution, including eutrophication in the surrounding areas.

Phosphorus and nitrogen enhance the growth of algal blooms
in the water bodies (rivers, lakes and seas) worldwide, which re-
duce light penetration and available oxygen in the water bodies.

Thus, eutrophication leads to aquatic death all over the world
(Khan and Ansari, 2005; Lee et al., 2003). Some forms of nitro-
gen (ammonia, nitrite, and nitrate) and phosphorus (ortho-

phosphate and monophosphate) produce toxicity in the water
and affect on aquatic life. It is obligatory to remove nitrogen
and phosphorus from wastewaters before discharging it into
the water stream to create an eco-friendly, pollution-free envi-

ronment. So, many countries are paying attention to water pol-
lution resulted fromwastewaters, and have tightened legislation
and discharging standards.

Great efforts have been done by researchers for the removal
of nitrogen from wastewater through biological nitrification
and denitrification (Welander et al., 1998), ammonia-stripping

(Bonmati and Flotats, 2003), electrochemical conversion (Kim
et al., 2006), ion exchange (Jeong et al., 2006; Liu et al., 2011a),
microwave irradiation (Cho et al., 2009) and struvite precipita-

tion (Rahman et al., 2011). Wastewater that contains high con-
centration of N, and P is an effective source of struvite
recovery. In recent years, struvite has been recovered from dif-
ferent types of wastewaters, such as swine wastewater (Nelson

et al., 2003; Deng et al., 2006; Suzuki et al., 2005, 2007; Rah-
man et al., 2011), calf manure wastewater (Schuiling and And-
rade, 1999), leather tanning wastewater (Tunay et al., 1997),

sewage sludge (Munch and Barr, 2001), dairy wastewater
(Massey et al., 2007), wasted sludge (Jaffer et al., 2002), diges-
ter supernatant (Battistoni et al., 2000; Pastor et al., 2010),

industrial wastewater (Diwani et al., 2007), municipal landfill
leachate (Kim et al., 2007), lagoon wastewater (Westerman
et al., 2009), poultry manure wastewater (Yetilmezsoy and

Zengin, 2009), agro-industrial wastes (Moerman et al., 2009),
slaughterhouse wastewater (Kabdasli et al., 2003), anaerobic
digester effluents (Celen and Turker, 2001), synthetic wastewa-
ter (Adnan et al., 2003), slurry type swine wastewater (Kim

et al., 2004), animal manure (Burns and Moody, 2002), urine
(Etter et al., 2011) and fertilizer plant wastewater (Yu et al.,
2013). Recently, struvite has been produced from wastewaters

using microbial fuel cells by Ichihashi and Hirooka (2012).
Struvite is a crystalline substance consisting of magnesium,
ammonium and phosphorus in equal molar concentrations

(MgNH4PO4�6H2O). The crystals form in an alkaline condi-
tion according to the reaction shown below (Bouropoulos
and Koutsoukos, 2000).

Mg2þ þNHþ4 þH2PO
�
4 þ 6H2O

!MgNH4PO4 � 6H2Oþ 2Hþ ðiÞ

Generally, wastewaters from anthropogenic, livestock, or mu-

nicipal leachate contains less magnesium compared with nitro-
gen and phosphate. So, it is necessary to add a source of Mg to
optimize the struvite crystallization process (Tunay et al., 1997;

Schuiling and Andrade, 1999; Battistoni et al., 2000; Nelson
et al., 2003; Suzuki et al., 2005, 2007; Massey et al., 2007;
Diwani et al., 2007; Kim et al., 2007; Westerman et al., 2009;

Yetilmezsoy and Zengin, 2009; Moerman et al., 2009). Not
only, from wastewaters but the addition of Mg and PO4 salts
during the composting process of manure also precipitated
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struvite crystals in the compost, which increases the compost

quality (Lee et al., 2009, 2010).
The composition of wastewater differs according to their

source of origin. A gross composition of wastewaters is shown

in Table 1 through which we can get an idea about character-
istics of wastewaters. Most of the wastewaters contain a high
concentration of organic matter, including N, and the P con-
centration depends on its source. Different theoretical and

experimental processes have been adopted by the researchers
for the successful recovery of struvite (Abbona et al., 1982;
Ohlinger et al., 1998; Hao and Von Loosdrecht, 2006; Rontel-

tap et al., 2007; Wilsenach et al., 2007; Pastor et al., 2008). In
near future, wastewaters will no longer be a hazardous mate-
rial; it will be a valuable resource when all wastewaters under-

go the treatment process. Therefore, environmental scientists
and workers are doing efforts to optimize the factors such as
influent concentrations, the molar ratio of NH4, PO4 & Mg,
pH level, aeration rate, temperature, types of crystallizing reac-

tors, etc. for optimum struvite production. Struvite is an effec-
tive alternative source of rock phosphate, and thus it will be
the chief P fertilizer in the future after exhaustion of all rock

phosphate (Munch and Barr, 2001; Shu et al., 2006; Massey
et al., 2007). Struvite has excellent fertilizer qualities under spe-
cific conditions when compared with standard fertilizers

(Ghosh et al., 1996; Liu et al., 2011a).
In the past decade, struvite precipitation has gained interest

as a route to phosphorus recovery (Doyle et al., 2003). Cheap-

er source of N and P in wastewater makes it a potential raw
material for fertilizer industry, provided that its nucleation
and the quality of crystals recovered can be controlled. Re-
search in struvite formation is now widespread and includes

studies on the prevention of scaling, alternative phosphorus re-
moval and recovery from wastewater effluents, and possible
exploitation for the benefit of wastewater companies and

industries as a fertilizer. Struvite precipitation has also been
studied in the medical field, as it can spontaneously form cal-
culi in human kidneys (Coe et al., 2005) and in agricultural sci-

ences in a way to entrap N and P in compost (Jeong and Kim,
2001; Jeong and Hwang, 2005; Lee et al., 2009, 2010). Not only
this, struvite can also be used as a source of P and Mg during
microwave treatment of wastewaters to curtail the need of Mg

salts. Microwave irradiation dissociates the struvite into Mg,
NH4 and PO4 that are recycled again to the influent wastewa-
ters for struvite precipitation (Cho et al., 2009) that reduced

the struvite production cost. This review paper is an overview
of struvite crystallization from different types of wastewaters
at different conditions and its quality identification.
2. Physical and chemical nature of struvite

Struvite is a crystal which is formed with an equal molar con-

centrations of magnesium, ammonium and phosphate com-
bined with six water molecules (MgNH4PO4�6H2O). Its
molecular weight is 245.43 g mol�1, and it is sparingly soluble

under neutral and alkaline conditions but readily soluble in
acid (Chirmuley, 1994). Solubility value is 0.018 g 100 ml�1

at 25 �C in water, 0.033 g 100 ml�1 at 25 �C in 0.001 N HCl
and 0.178 g 100 ml�1 at 25 �C in 0.01 N HCl (Le Corre

et al., 2009), and the solubility constant is 10�13.26 (Ohlinger
et al., 1998). Crystallization process occurred under a wide
range of alkaline condition. Struvite might be described as
a soft mineral with a low specific gravity (1.7), which is not
flashed away by rainfall, and hence, can be successfully used
as fertilizer in flooded areas (Lee et al., 2009). Pure struvite

occurs as white crystalline powder, but also can occurs either
as large single crystals, very small crystals, curds or a gelati-
nous mass (Munch and Barr, 2001). Yellowish or brownish-

white, orthorhombic or pyramidal crystals or in platey
mica-like structures of MAP are also available (Lee et al.,
2009). Orthorhombic is a complex structure indicated by reg-

ular PO3�
4 octahedral, distorted MgðH2OÞ2þ6 octahedral, and

NH4 groups all held together by hydrogen bonding (Abbona
et al., 1982). Sometimes it appears as tight aggregates of fine
crystals (Adnan et al., 2003), star-like particles (Regy et al.,

2002), irregular, unshaped, coarse crystals (Zhang et al.,
2009; Westerman et al., 2009; Rahman et al., 2011), elongated
structures (Le Corre et al., 2007; Kozik et al., 2011; Hutnik

et al., 2013a,b; Matynia et al., 2013) were found as struvite.
Struvite crystal size varied on different production conditions
and found from 15 lm (Zhang et al., 2009) to 3.5 mm (Adnan

et al., 2003) in length. Munch and Barr (2001) found a signif-
icant smaller crystal from a pilot-scale MAP reactor com-
pared to the crystals produced from full-scale MAP

reactors in Japan. The average sizes of the crystals
(2.0 ± 3.8 mm) were found by Kurita Water Industries,
Japan (Abe, 1995). He (Abe, 1995) also stated that the crystal
size was influenced by the influent phosphorus concentration

and particle retention time in the reactor. He reported that
the crystal growth rate was 0.173 mm/d with a high influent
P concentration (>200 mg/l) and only 0.061 mm/d for a

low influent P concentration (34 ± 100 mg/l). A more detail
physical shapes and sizes are shown in Table 2, which are
found by several researchers. Different types of struvite crys-

tals are shown in Fig. 2 (gross crystals) and Fig. 3 (SEM of
crystals). According to compositional structure, it contains
13% P and treated as P fertilizer, although it is also an effec-

tive source of nitrogen (6% N) and magnesium (10% Mg).
Morphologies of MAP crystals are identified by scanning
electron microscopy (SEM), but the compositional quality
of the crystals can be identified via X-ray diffraction (XRD)

by matching the position and intensity of the peaks with
the database model for the reference. Chemically, it is
sparingly soluble under neutral conditions, but highly soluble

in acidic media and highly insoluble in alkaline media
(Chirmuley, 1994). It can increases soil pH (Johnston and
Richards, 2003), and hence it is suitable for acidic soils.

Rahman et al. (2011) found an increasing tendency of pH
in MAP treated soils, whereas a decreasing tendency of pH
in commercial N and P fertilizer treated soils.

The thermal characteristic of struvite was studied by several

researchers (Ali, 2005; Ali and Schneider, 2008; Bhuiyan et al.,
2008) and found the decomposition of struvite, under dynamic
temperature conditions. Struvite shows a gradual decrease of

some ammonia and was partially transformed into bobierrite
when it was boiled (temperature <100 �C) for 24 h. Boiling
struvite in excess water resulted in the loss of five water mole-

cules from its structure and transformed into the monohy-
drate, dittmarite. As a result, dittmarite contains a higher
P2O5 (45.7%) or P (19.9%) whereas, struvite contains only

28.9% P2O5 or 9.8% P (Bhuiyan et al., 2008). The conditions
for the transformation of struvite to dittmarite could be
exploited for intentional dittmarite formation that would ex-
tend the field of P recovery from wastewater. Fig. 4 shows



Table 1 Characteristics of wastewaters.

Parameters

(mg L�1)

Swine wastewater

(Liu et al., 2011c)

Municipal

wastewater (Kim

et al., 2007)

Mixed UASB effluent

(Yetilmezsoy and Zengin,

2009)

Nylon industry

wastewater (Huang et al.,

2012)

COD ND 1500–2500 1800 1095

TN 2623.50 800–2200 1580 781

TP 31.62 1–45 370 0.20

Mg ND ND ND 0.50

SO2�
4 ND ND ND 389

TSS 10.73 100–200 1130 ND

VSS 2.21 ND 970 ND

pH 8.31 7.2–8.7 7.95 7.9

N. B.: COD = chemical oxygen demand, TN= total nitrogen, TP = total phosphorus, TSS = total suspended solids, VSS = volatile sus-

pended solids, ND= not detected.
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the detail transformation pathways of struvite under different
temperature conditions. However, the economics associated

with this transformation have yet to be proven as cost-effec-
tive. Studies involving the effect of ammonia pressure, water
vapor pressure and simultaneous use of temperature and ultra-

sonic on the decomposition of struvite are recommended to
understand more about struvite. With quantification of water
in each compound and quantification of each element in a

compound, derivation of a phase diagram of the relationship
between struvite, bobierrite, and dittmarite is also recom-
mended. The decomposition temperature of dittmarite was
found to be around 220 �C in the same study (Bhuiyan et al.,

2008) under static air and a heating rate of 5 �C min�1.
Around 80% of ammonia losses from dittmarite under above
condition through the reaction shown below:
MgNHþ4 PO4
ðDittmariteÞ

�H2O!MgHPO4
ðAmorphousÞ

þNH3 " þH2O " ðiiÞ
3. Background theory of struvite nucleation

The struvite crystal development occurs in two chemical

phases: nucleation or crystal birth and crystal growth. Predict-
ing these mechanisms is complex, as it is controlled by a com-
bination of factors such as the crystal state of initial
compounds, thermodynamic of liquid–solid equilibrium, phe-

nomena of mass transfer between solid and liquid phases
(Jones, 2002) and kinetics of reaction (Ohlinger et al., 1999).
The nucleation corresponds to the apparition of new particles.

Several mechanisms are possible for struvite crystallization
depending on the supersaturation level in the crystallizer.
Homogeneous primary nucleation corresponds to nuclei appa-

rition directly in the supersaturated solution. Heterogeneous
primary nucleation takes place on foreign surfaces, which
can be dust in suspension or parts of the crystallize itself. Sur-
face secondary nucleation, also called true secondary nucle-

ation, needs to have already suspension particles of the same
specie as the solid which is crystallized. Indeed, surface second-
ary nucleation corresponds to the nuclei formation on the sur-

face of these particles. The new-born surface nuclei are then
detached by the shear exerted by the fluid or by shocks under-
gone by the particles (Regy et al., 2002). Among the different

nucleation mechanisms, homogeneous primary nucleation
requires the highest super saturation level to spontaneous
development. It is followed by heterogeneous primary nucle-
ation and surface secondary nucleation, respectively.

Several physico-chemical parameters also influence these
mechanisms such as pH of the solution (Bouropoulos and
Koutsoukos, 2000), supersaturation (Doyle et al., 2002), mix-

ing energy (Ohlinger et al., 1999), temperature (Aage et al.,
1997), and presence of foreign ions (Le Corre et al., 2005). Free
Mg2+, NH4

+ and PO3�
4 ions react to form struvite are subject

to a range of speciation in a standard pH. It is therefore,
important to understand the equilibrium to calculate the free
ion concentrations and other thermodynamic properties dur-
ing crystallization. Mixing effect occurs if the reaction and

crystallization kinetic rates are faster or of the same order of
magnitude than the mixing process rates, resulting in competi-
tion among mixing, reaction, and nucleation. In this case mix-

ing kinetics show a strong effect on the number of crystals
formed and consequently, on their size (Regy et al., 2002).
The effects of foreign ions (Fe2+, PO�4 , NO2�

3 ) and organic

impurities presence were investigated and presented in litera-
tures, both for individual species and many species in various
mixtures (Hutnik et al., 2012; Hutnik et al., 2013a,b; Kozik
et al., 2011). These foreign ions can also co-precipitate in the

form of sparingly soluble hydroxides or phosphates in alkaline
environment along with the struvite precipitation, which dete-
riorate the chemical composition of struvite. The presence of

calcium ions in the continuous struvite reaction crystallization
process showed a lower homogeneity, and smaller crystal size
(Hutnik et al., 2011).

Several researchers investigated the thermodynamical prop-
erties of Mg2+, MgOH�, NHþ4 , NH3, PO

3�
4 , HPO2�

4 , H2PO
�
4 ,

H3PO4, MgNH2þ
3 and MgðNH3Þ2þ2 species (Snoeyink and Jen-

kins, 1980; Bouropoulos and Koutsoukos, 2000). Thermody-
namical calculation of these reagents expanded the
subsequent research for MAP precipitation (Ali, 2007; Ali
and Schneider, 2008). Ohlinger et al. (1999) studied the nucle-

ation properties of MAP from the previous thermodynamic
calculations and showed the equations for equilibrium reac-
tions. Supersaturation is the state of a solution where the sol-

ute concentration is greater than its value at equilibrium. As
struvite contains three specific ions (Mg2+, NHþ4 and PO3�

4 ),
and its solute concentration can be defined by the ion activity

product (IAP). When the IAP is greater than the solubility
product (Ksp) the system is supersaturated and struvite may
nucleate and grow, returning the system to equilibrium (Gal-

braith and Schneider, 2009). Nelson et al. (2003) stated that



Table 2 An overview of struvite crystallization.

Source of waste/

wastewater

Additional chemicals PO4:Mg

molar ratio

pH range Reactor type NH4

removal

(%)

PO4

removal

(%)

Crystal type References

Swine wastewater MgCl2 1: 1.2 8.0–9.0 Continuous flow reactor 31 93 Irregular shaped, coarse Rahman et al. (2011)

Swine wastewater MgCl2 1:0.8 7.82–8.92 Batch test in CFR 65 67 Irregular shaped, coarse Liu et al. (2011a)

Synthetic

wastewater

MgCl2 2:1 8.5–10.5 Pilot scale Continuous

flow reactor

56 81 Elongated crystals (50–

100 lm)

Le Corre et al. (2007)

Anaerobic digester

sidestream

Mg(OH)2 slurry 1:1.3 8.0–9.0 Pilot-scale MAP reactor – 94 Trapezoidal shape crystal Tunay et al. (1997)

Swine manure MgCl2, KH2PO4 1:1.2 8.0–9.5 Batch test in aerobic

reactor

– – – Lee et al. (2009)

Swine manure MgCl2 1:1.2 8.0–8.5 Batch test – – Irregular shaped crystal Lee et al. (2010)

Swine manure slurry MgO, Mg(Cl)2.6H2O 1:1.6 7.0–11.0 Bench scale reactor – 91 Irregular shaped, white

crystal

Burns and Moody (2002)

Sewage wastewater By-product of

magnesium oxide

production (BMP)

1.6:1 8.28–8.41 Full scale sewage

treatment plant

30 90 Quintana et al. (2008)

Landfill leachate MgCl2, MgO, Na2HPO4 1: 1.1 8.4–9.0 Batch reactor – 85.5 Coarse, irregular crystals (15–

40 lm)

Zhang et al. (2009)

MAP containing

slurry

MgCl2, KH2PO4 1:1 8.0–9.0 Batch reactor

(microwave irradiation)

40 87 Cube granules Cho et al. (2009)

Poultry manure

wastewater

MgCl2,MgSO4,MgO,

KH2PO4

1:1 9.0 Batch reactor – 85.4 Yetilmezsoy and Zengin (2009)

Slurry-type swine

wastewater

MgO, H3PO4 1: 1.5 8.0–11.0 Anaerobic digester 20 99 Irregular white crystals Kim et al. (2004)

Synthetic

wastewater

NaCl2, (NH4)2HPO4,

NH4Cl

1:1.2–1:2.4 7.5–8.7 Bench-scale reactor 42 90 2.5–3.5 mm Adnan et al. (2003)

Digested swine

wastewater

Bittern 1.0:0.6 8.0–11.0 Batch reactor 23–29 90 Irregular mixed crystals Ye et al. (2011)

Swine wastewater N, P and Mg in

wastewater

– 8.0–9.0 Batch mode reactor

connected with MFC

– 79–82 Irregularly shaped, hexagonal

crystals

Ichihashi and Hirooka (2012)

Synthetic

wastewater

NH4H2PO4, MgCl2,

NaNO3

1:1, 1:1.2 9.0–11.0 Continuous flow reactor – – Rod shaped crystals (18–

55 lm)

Hutnik et al. (2013a)
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Figure 2 Struvite crystal produced from lagoon wastewater

(Westerman, 2009).
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the IAP value was 7.08 · 10�14. The IAP, saturation index
(SI), saturation ratio (Sa) and Ksp can be explained by the fol-

lowing formula:

IAP ¼Mg2þ NHþ4
� �

PO3�
4

� �
ðiiiÞ

SI ¼ log
IAP

Ksp

� �
ðivÞ

Sa ¼
IAP

Ksp

� �1=3

ðvÞ

Ohlinger et al. (1998) showed the minimum solubility product
(Kso) of struvite as 10�13.26, and the value was used by Ohlin-

ger et al. (1999) and Bouropoulos and Koutsoukos (2000).
Bhuiyan et al. (2007) found that the Kso value was 10�13.36,
and the value was applied for further MAP products. Most

commonly used apparent value of Kso is 10�12.6 (Snoeyink
and Jenkins, 1980) that might be resulted from the lowest re-
agent concentration. A smaller Kso than the calculated value

indicates that the solution is supersaturated for struvite precip-
itation. On the other hand, a higher calculated value than the
Kso indicates that the solution is undersaturated. SI and (Sa)
would be required for dealing with non-ideal, multi-compo-

nent systems. Both the expressions are incorporated into the
ion activity product and the minimum solubility product.

Nucleation is the first step of the struvite crystallization

process. It occurs when Mg2+, NHþ4 and PO3�
4 molecules come

in contact with each other in clusters and grow by accretion in
a favorable pH. Then, they come in contact with each other

quickly to form a larger nucleus of crystals in a new phase
(Mullin, 1993). The required time between the achievement
of super saturation and the starting of the crystal nuclei is

called the induction time. Ali and Schneider (2008) estimated
the struvite growth kinetics using four different approaches.
The kinetic equation of struvite growth incorporates a mathe-
matical relation with the increase of mean particle size and the

solution supersaturation. In approach 1 and 2, they incorpo-
rated relative supersaturation to compute supersaturation
solution; on the other hand, they incorporated saturation in-
dex to compute the supersaturation solution in approach 3
and 4. Different expressions of supersaturation were employed

for the kinetic estimation to verify the responses of the struvite
growth model. Regy et al. (2002) stated that the struvite crystal
growth was generally a two-step process: a mass transfer pro-

cess across the diffusion layer surrounding the crystal, fol-
lowed by a surface integration mechanism of the solute into
the crystal. The global growth kinetics depends on the kinetics

of each step. Thus, if the mass transfer kinetic is greatly lower
than the integration kinetics, growth is controlled by diffusion.
On the contrary, struvite crystal growth will be controlled by
surface integration if the solute transfer is much more rapid

than the solute surface integration. The nucleation of struvite
can be completed within one minute when the required ions
are present in equal molar concentrations (Booker et al.,

1999). The reaction kinetics of struvite is as given below
(Zhang et al., 2009):

Mg2þ þNHþ4 þ PO�34 þ 6H2O!MgNH4PO4 � 6H2O # ðviÞ

pKs = 12.6 at 25 �C. The kinetics of chemical reactions can be

written as:

�d½C�dt ¼ k½C�n ðviiÞ

where C is the molar concentration of reactant, t is the reaction
time, k is the rate constant and n is the order of reaction.

Zhang et al. (2009) also stated that the first, second and
third-order kinetic models were fitted through the struvite pre-
cipitation data, and its respective R-square value was 0.99, 0.93

and 0.79, respectively. Some other researchers have further-
more studied the kinetics of struvite precipitation reaction.
Nelson et al. (2003) reported that the struvite formation fitted

well to the first-order kinetics with the rate constants 3.7 h�1 at
pH 8.4, 7.9 h�1 at pH 8.7 and 12.3 h�1 at pH 9.0. Ohlinger
et al. (2000) stated that the struvite precipitation fitted to the

first-order kinetics with the rate constant 4.2 h�1. They all used
the Mg2+ to study the kinetic reactions.

4. Conditions for struvite precipitation

4.1. Molar ratio

Recently, researchers have tried to identify the factors that
influence the struvite precipitation. A lot of factors such as
types of chemicals added, PO4:Mg molar ratio, pH, type of

the reactors and the removal efficiency of P and N by several
researchers are shown in Table 2. Most of the researchers used
MgCl2 as a source of magnesium for struvite precipitation, but

only few of them used MgSO4, MgO and Mg(OH)2. Yetilmez-
soy and Zengin (2009) found no significant differences between
MgCl2 and MgSO4 in case of NH4-N, COD and color remo-

vals. However, a much lesser NH4-N, COD and color removal
occurred when MgO was used as a source of magnesium. Kim
et al. (2007) stated that magnesium hydroxide attributed to in-
creased TSS in the solutions that lead to a lower NH4-N re-

moval. From the esthetic point of view, it might be stated
that the addition of MgCl2 as a source of magnesium is more
suitable to achieve highest efficiencies of NHþ4 -N, COD and

color removals. Therefore, MgCl2 may be proposed as the best
option to achieve the maximum removal of NHþ4 -N through
recovery from wastewater. The presence of calcium ion



(a) Irregular crystal (Rahman et al., 2011) (b) Cube like crystal (Cho et al., 2009) 

(c) Rod lioke irregular crystal (Le Corre et al., 
2007)

(d) Irregular crystal (Ali, 2007) 

(e) Irregular crystal (Kim et al., 2004) (f) Cube like irregular crystal (Zhang et al., 
2009)

Figure 3 SEM of struvite crystals.
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(Ca2+) in the wastewater might preferentially react with PO4

to produce hydroxyapatite, dicalcium phosphate, and octacal-
cium phosphate. Correspondingly, low level of residual PO4

was observed by Kim et al. (2007) where Ca2+ concentration
was approximately 224 mgL�1. Le Corre et al. (2005) found
an amorphous calcium phosphate in struvite when high con-
centration of Ca2+ ions was presented in the solution. Doyle

and Parsons (2002) also stated that struvite formation can be
inhibited by the formation of calcium phosphates. The pres-
ence of residual Ca2+ in the solution might be the cause of im-

pure struvite. Therefore, it might be stated that highly pure
struvite can be achieved by the addition of magnesium and
orthophosphate in an ammonia rich wastewater.

It is found that a wide range of PO4 and Mg ratio was ap-
plied for struvite precipitation, but in most cases, the effective
ratio was 1:1 or 1:1.2 (Rahman et al., 2011). The addition of
chemicals to the wastewaters would be needed to provide an
equimolecular condition of PO4 and Mg. Yetilmezsoy and
Zengin (2009) conducted a series of experiments to see the ef-
fect of Mg, NH4 and PO4 ratio on struvite precipitation and

nitrogen removal efficiency. They found a lesser N and COD
removal at under dose conditions of molar ratios of
Mg:NH4:PO4 (0.5:1:1, 0.8:1:1, 1:1:0.5, 1:1:0.8) compared to
higher molar concentrations (1.2:1:1, 1.5:1:1, 1:1:1.2, 1:1:1.5).

Actually, lesser N and COD removal occurred when the molar
concentrations of Mg2+ or PO3�

4 were lower than 1, compared
to higher molar concentrations (1.5:1:1 and 1:1:1.5). They con-

cluded that the Mg2+:NHþ4 -N:PO3�
4 -P molar ratio of 1:1:1

would be enough for the residual N removal and struvite
precipitation. Zhang et al. (2009) stated that suitable

Mg2+:NHþ4 :PO
3�
4 would be 1.15:1:1 in order to remove ammo-

nium effectively and avoid higher concentration of PO3�
4 in the

effluent. Kozik et al. (2011) found that an average crystal size
was 42 lm when the pH was 9.0 and the PO4:Mg molar ratio
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was 1:1, but the crystal size increased at 58 lm when the molar

ratio was increased to 1:1.2 within 30 minutes. The crystal
growth was 67 and 80 lm when the PO4:Mg was 1:1 and
1:1.2, respectively in one-hour reaction at the same operational
conditions. Larger crystals were also found by several other

researchers with a higher molar ratio (1.2 mole) of magnesium
based on the PO4 of the wastewaters (Koralewska et al., 2009;
Matynia et al., 2013; Hutnik et al., 2012, 2013a,b).

Struvite crystallization also occurred in swine manure com-
posting when 1.2 mole Mg was added based on the TN of the
manure (Lee et al., 2009, 2010). Lee et al. (2009) found an

interesting behavior of the ortho phosphate/total phosphate
(OP/TP) ratio in struvite formation during composting of
swine manure. They found that the OP/TP ratio decreased
when both Mg and PO4 were added for struvite formation,

and the decreasing rate was proportional to the amounts of
Mg and PO4 up to 0.05 molar ratio of Mg. The added Mg
and PO4 react with aboriginal NH4 or the NH4 produced dur-

ing organic matter decomposition, resulting from the forma-
tion of struvite and subsequently the OP/TP decreased. In
case of addition of only Mg, continuous struvite formation

was not found during composting when Mg was below
0.06 molar ratio due to Mg deficiency. Whereas, Lee et al.
(2010) stated that a decrease of OP/TP and a clear increase

of TP content in the finishing compost might be due to the
struvite formation in the finishing compost; because, they
added 1.2 mole Mg according to the TN of the swine manure.
Finally, they concluded that continuous formation of struvite

during composting can be achieved if more than 0.06 molar ra-
tio of Mg according to TP of the manure was added. However,
further study is needed to identify the maximum amount of

Mg for optimum struvite formation.

4.2. pH

The pH plays an important role during the struvite precipita-
tion process. Struvite or MAP can be precipitated at a wide
range of pH (7.0–11.5), but the suitable pH ranges between

7.5 to 9.0 (Hao et al., 2008). Efficiency of MAP precipitation
depends on the concentration and molar ratios of Mg2+,
NHþ4 , & PO3�

4 , pH, aeration rate, temperature, and presence
of Ca2+ in the reacting media (Stratful et al., 2001; Le Corre
et al., 2005; Hao et al., 2008; Yetilmezsoy and Zengin, 2009).

The rate of pH decrease reflects the speed of crystal growth
rate and also influences the quality of precipitated crystals.
So, pH might be used as an indicator of struvite nucleation
(Bouropoulos and Koutsoukos, 2000; Kabdasli et al., 2004).

Influent pH is also important in transforming of NHþ4 ions
into gaseous ammonia through ammonia stripping. Various
researchers have investigated the effect of pH on the removal

efficiency of P and N (Ohlinger et al., 1999; Celen and Turker,
2001; Stratful et al., 2001; Battistoni et al., 2001; Dastur, 2001;
Adnan et al., 2003). All these investigations have found a high-

er P and N removal with the increasing of pH. This might
establish the fact that the solubility of struvite decreases with
increasing of pH (Snoeyink and Jenkins, 1980), thus facilitat-
ing higher P & N removal and recovery for a given feed

strength. Adnan et al. (2003) also stated that the operating
pH should be raised up to 8.3 to get more than 90% P re-
moval. They increased the pH gradually to a higher value

and found a smoother operation of the reactor. Theoretically,
there should be a direct relationship between pH and the P re-
moval to some limiting value. Steady operation condition in

struvite crystallization could be obtained by maintaining the
pH, molar ratios, influent flow rate, and temperature. System-
atic studies on successful steady-state operation of struvite

were obtained both in bench scale operation (Lee et al.,
2010; Adnan et al., 2003) and continuous reaction crystalliza-
tion process (Matynia et al., 2013; Hutnik et al., 2012; Hutnik
et al., 2013a,b). It can also be observed that comparable re-

moval efficiencies were obtained in low and medium phospho-
rus concentrations, since for both feed strengths it was possible
to achieve high P removal rates at more or less similar operat-

ing conditions.
Solution pH also influences the growth rate of struvite crys-

tal. Ohlinger et al. (1999) showed that the accumulation of

struvite on stainless steel coupons in contact with supernatants
of anaerobically digested sludge was influenced by the pH. An
increase in pH caused an increase of supersaturation and a
resultant increase in the growth rate (Le Corre et al., 2009).

Ali (2007) stated that the formation of struvite depends upon
the reactant concentration and solution pH. He (Ali, 2007)
found a mean particle size of 127.77 lm and 133.25 lm where

the growth rate of struvite was 1.625 and 0.83 lm h�1 and the



Production of slow release crystal fertilizer from wastewaters through struvite crystallization – A review 147
operating supersaturations were 0.23 and 0.17, respectively.
Thermodynamic modeling and simulation along with crystal
growth are a function of solution supersaturation. Moreover,

pH has also a significant effect on struvite crystal size and pur-
ity. Matynia et al. (2006) demonstrated that an increase of pH
from 8 to 11 could decrease five times the mean crystal size of

struvite formed in synthetic solutions (NH4H2PO4/MgCl2/
NaOH). Matynia et al. (2013) also stated that an increase of
pH from 9 to 11 decreased the crystal size by more than 2-

times in a continuous flow struvite crystallizer (from 20.2 to
9.2 lm, in 15 min where Vw was 1.2 dm3). It is established
through several researches that a comparative higher pH re-
duces the struvite crystal size within the same reaction time

(Kozik et al., 2011; Hutnik et al., 2011, 2012). Struvite precip-
itation potential significantly increases due to its solubility and
decreases with the increasing of pH. Increase in pH produces

higher nuclei population densities that might be the cause of
producing smaller crystals. Higher pH in the crystallizer is
not only responsible for smaller particles, but also higher size

diversity. On the other hand, prolonged contact time of crystal
suspension with supersaturated condition increased the stru-
vite crystal size significantly.

Le Corre et al. (2007) have also shown that pH was respon-
sible for the change in struvite zeta-potential, hence influencing
struvite agglomerative properties. They showed that the crystal
size increased from 33.57 ± 0.7 to 84.07 ± 11.2 mm as the

zeta-potential decreased in magnitude from �23.37 ± 0.6 to
�17.57 ± 1.1 mV. Crystal’s size is not only depended on the
pH, but also on other factors such as aeration rate (Liu

et al., 2011b,c), influent concentration and crystal retention
time (Adnan et al., 2003). They (Adnan et al., 2003) further-
more, stated that larger struvite crystal can be achieved when

the crystals spend sufficient time within the reactor. They
found a linear increase in the mean crystal size with an increase
in crystal retention time (CRT). Optimum CRT of 8–12 d is

sufficient to achieve the required size (3.5 mm) and structural
strength of the crystals.

Hao et al. (2008) stated that transparent rods like crystals
were obtained in the ultra-pure water solutions within the

pH range of 7.5–9.0 and in the tap water solutions within
the pH range of 7.0–8.5. In both solutions with higher pH
(more than 9.0), the precipitations became white and even col-

orful powders, but not crystals. Therefore, the precipitations at
higher pH values are not pure struvite. When pH was higher
than 9.0, some impurities such as Mg(OH)2 and Mg3PO4 prob-

ably emerged in the precipitations, which indicates more noisy
XRD patterns with reduction in peak intensities and change in
peak positions and which also shows more irregular patterns in
the microscopic images. In other words, the existence of Ca2+

in the tap water solutions at higher pH values would contrib-
ute to more impurities like Ca3PO4 and even CaHPO4 (Yigit
and Mazlum, 2007), besides Mg(OH)2 and Mg3PO4 found in

the ultra-pure water solutions.
Very recently, Hao et al. (2013) described a little different

statement about the pH properties during struvite formation.

They found that XRD data misled the researchers into believ-
ing that the harvested crystals were struvite, but in fact, it was
amorphous phosphorus. Struvite precipitation is a pH depen-

dent reaction and pure struvite is form near neutral pH. From
the elemental analysis of the crystals, they confirmed that the
highly purified (99.7%) struvite was formed at pH 7.0–7.5 at
a longer period of time (three months) under ambient
temperatures (25–30 �C) and controlled conditions. They also
found that the struvite content decreased to around 30–70%
at pH 8.0–9.0, and over pH 9.5, the content decreased sharply

to <30%. Higher pH levels (>10.5) resulted in the complete
disappearance of struvite in the precipitates.

4.3. Aeration rate

Air flow plays an important role in the removal of NH4-N
from the solution. Air flow agitates the solution and creates

a removal pathway for dissolved ammonia to volatilize from
the solution. Moreover, air flow dilutes the concentration of
gas-phase NH4-N and increase the driving force for dissolving

NH4-N to separate the gaseous phase. So, there is an increas-
ing tendency for ammonia volatilization with increasing air
flow rate. Yetilmezsoy and Zengin (2009) stated that a suffi-
cient aeration time should be provided to achieve high removal

efficiencies. They obtained about 93.4% NH4-N removal with
an aeration rate of 0.6 L min�1 within a period of 24 h. They
also found the highest NH4-N removal (95.3%) in 12 h reac-

tion time with an aeration rate of 10 L min�1. Lei et al.
(2006) found about 60.2% ammonia removal with an aeration
rate of 0.6 L min�1 in a reaction time of four hours. On the

contrary, they achieved the same removal efficiency without
aeration in a period of 24 h. Liu et al. (2011b,c) found that
struvite formation is proportional to the aeration rate and
reached a plateau at around 0.73 L min�1. Suzuki et al.

(2007) stated that aeration rate enhanced the CO2 stripping
that helps to raise the pH of the aeration column. They found
the pH ranged between 7.5 and 8.0 when the aeration rate was

12 m3 h�1, but a higher pH (range between 8.0 and 8.5) was
found when the aeration rate was 16 m3 h�1. Higher aeration
also enhances the foam formation in the aeration column dur-

ing crystallization process, and it is necessary to use defoaming
agent.

4.4. Operation mode of crystallization process

The operation mode of crystallization process has an impor-
tant role on the performances of struvite production.
Researchers are trying to get the highest removal of PO4 and

NH4 through struvite precipitation from wastewaters through
different types of reactors (Table 2 and Fig. 5). Cost involve-
ment in preparation of reactors also influenced the production

cost of struvite. Le Corre et al. (2007) designed a pilot-scale
crystallization reactor continuously fed with synthetic liquors
with two concentric stainless steel meshes that were immerged

in the upper section (Fig. 5a). They found that the system com-
bining two concentric meshes placed in the enlarged section of
the pilot-scale crystallization reactor could accumulate struvite

at a rate of 7.6 g m�2 h�1 under optimum conditions of precip-
itation and also to achieve 81% PO4 removal. Suzuki et al.
(2007) constructed a continuous flow reactor with three layers
of stainless steel wire mesh providing aeration and settling

zones (Fig. 5b). They produced 65.0 kg struvite in 70 days
operation where influent loading rate was 5.3 m3 day�1 and
the struvite recovery rate was 171 g m�3 wastewater.

Bhuiyan et al. (2008) precipitated a comparative larger stru-
vite crystal (0.5–3.5 mm) with a fluidized bed reactor consisting
of an external clarifier, a storage tank for receiving anaerobic

digester supernatant (PO4 and NH4 rich wastewater), several
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pumps for controlling feed materials, MgCl2 and NaOH solu-
tions. MgCl2 and NaOH solutions were added into the reactor
through the injection ports, just above the feed and recycle

flows. Ali and Schneider (2008) designed a batch reactor with
auto control of feed and temperature (Fig. 5c). Volume of the
reactor was 44 L, made with clear perspex allowing the seed to

keep in uniform and full suspension. A pH controller con-
trolled the pH set point and triggered feed addition when solu-
tion pH dropped below the set point. Two dosing pumps were

operated for the addition of feed solution based upon the out-
put signal sent from the pH controller. They controlled the
temperature through encompassing a plastic-coated copper-
cooling coil, resistive temperature device and solenoid valves.

They try to estimate the struvite growth kinetics using four dif-
ferent approaches with this highly controlled reactor. They
also establish the kinetics of struvite growth and the mathe-

matical relation between mean particle size and the solution
supersaturation.

A simple reactor was designed by Rahman et al. (2011)

where continuously feeds were added in a Plexiglas reactor
(12.3 L). Influent wastewater and MgCl2 solutions were added
to the reaction zone through the pump where air flow rate was

0.73 L min�1 (Fig. 5d). Irregular white crystals were produced
with 93% PO4 and 31% NH4 removals with this crystallizer. A
glass made continuous flow type cylindrical tank equipped
with heating/cooling jacket was developed by Hutnik et al.

(2013a,b). The process was also equipped with a draft type cir-
cular tube with a three-paddled propeller (Fig. 5e). PO4, Mg
and NH4 were added in a ratio of 1:1:1 and 1:1.2:1 in a varied

pH and fixed temperature. High-quality elongated crystals
were produced through this crystallizer. It was also found that
the unit process yield was small with this process condition and

thus, a lower economic efficiency of a whole production plant
was reported. Successful steady-state operation in the
continuous reaction crystallization process was found where

continuous struvite reaction crystallization process ran in
original jet-pump crystallizers of various scales, which operate
successfully in a continuous regime (Matynia et al., 2013).
5. Fertilizer quality of struvite

5.1. Nutrient leaching rate

Struvite is an effective fertilizer as its nutrient releasing rate is
very slow. Rate of N release also depends on the size of the crys-

tals. Nelson (2000) studied theN releasing pattern bymeasuring
N uptake rate from three different sizes of struvite crystals
(<2 mm, 2–3 mm, and 4–8 mm) on ryegrass grown as a green-

house. He found that the struvite particle size affected N release
in the first 3–6 weeks after planting, when the smaller particle
sizes released more N than the coarser particles did. After 6–

9 weeks, the N release was similar for all particle sizes. Johnston
andRichards (2004) also stated that struvite was the typical con-
trol released fertilizer, after testing the growth of potted rye-
grass. It was found from the investigation that the uptake rate

of P of struvite was 100% (Westerman et al., 2009).
Struvite has been successfully used on turf grass, tree seed-

lings, ornamentals, vegetables, flower boards and garden grass

as fertilizer (Munch and Barr, 2001; Nelson et al., 2003; Gonz-
alez Poncer and Garcialopez, 2007; Yetilmezsoy and Zengin,
2009), and found it as an excellent fertilizer. Moreover, struvite
would be the most alternative fertilizer for a few crops, like su-
gar beet that needs magnesium (Gaterell et al., 2000). Over
application of struvite does not burn the roots due to its slow

releasing characteristics, which is common with traditional
ammonium–phosphate fertilizers (Scope Newsletter, 2003). It
has a long residual effect on the root zone of plant that makes

it more advantageous on soluble fertilizers. Highly soluble fer-
tilizers are undesirable in grasslands and forests, where fertiliz-
ers are applied once in every several years. A slow-releasing

fertilizer would be effective in such environments. According
to Bashan and Bashan (2004), struvite may have a low leaching
rate and slowly releases nutrients during the plant growing sea-
son. Small quantities of recovered struvite are currently being

tested on ornamental plants as fertilizer. It is essential to eval-
uate the efficiency of struvite on different types of crops and
plant growth as an alternative source of fertilizer. The fertilizer

properties of struvite have been investigated by several
researchers (Schuiling and Andrade, 1999; Li and Zhao,
2003; Yetilmezsoy and Zengin, 2009; Liu et al., 2011a). From

the last decade, struvite had been commercially produced in
Japan, and sold to fertilizer companies (Ueno and Fujii,
2001). It is very effective for those crops, which needs low-sol-

uble fertilizers. The presence of magnesium makes struvite use-
ful for sugar beets because sugar beet needs magnesium ions
(Bashan and Bashan, 2004). This slow-release behavior is ideal
for coastal agriculture.

Rothbaum and Rohde (1976) found that struvite showed
the higher growth of grass, fruit and various crops, compared
with conventional fertilizers. It is well suited for fertilizing turf

grass not only providing the N and P, but also for the presence
of the Mg, because it is the vital element of chlorophyll, which
is responsible for the green coloration of the plants. Fernan-

dez-Escobar et al. (2004) found that less than 20% of the urea
N was recovered by fruit trees. They also stated that the annual
application rate of N fertilizer for olive orchards is

350 kg ha�1. Low N recovery by the fruit trees might be due
to higher N loss by leaching and evaporation that results in
a negative impact in the environment. Thus, urea fertilization
increases the global warming issue. In that situation, struvite

would be an effective eco friendly fertilizer for fruit trees.
5.2. Soil type and struvite

Gonzalez Poncer and Garcialopez (2007) studied the effective-
ness of struvite as a P source compared to that of phosphate
rock, mono ammonium phosphate and calcium superphos-

phate on potted ryegrass. The doses applied with each source
were 0, 8, 16, 24, 32 and 40 mg of P kg�1 of soil. They found
that plant P concentration was greater than all of these fertil-
izers compared to no fertilizer applied. Moreover, struvite

treated ryegrass achieved greater P concentration than that
of any other P sources. It might be revealed that the P uptake
rate is higher from struvite than that of any other PO4

fertilizers.
Calcareous soil contains high concentrations of Ca phos-

phate that substantially decreases the solubility of rock phos-

phate. Manure and compost could be used for organic
production in calcareous soil; rock phosphate and bone meal
might also be used as fertilizer, but they are ineffective as fer-

tilizers in calcareous soil. So, development of a sustainable,
effective alternative P fertilizer for calcareous soils is important



Figure 5 Recently adopted struvite crystallizers.
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for organic agriculture in semi-arid environments. According
to Lindsay (1979), struvite is substantially more soluble than

Ca phosphates at alkaline pH, and hence it is a potential P fer-
tilizer in calcareous soils. Massey et al. (2007) conducted a
greenhouse trial for organic wheat production in calcareous
soil to investigate the effectiveness of recovered struvite as a
fertilizer in different types of soil conditions. They found that
struvite is very effective in moderately acidic and moderately

alkaline soils. Increased P concentration within the plant as
well as higher yield was found in struvite applied plants in
semiarid environment (Massey et al., 2009). Pastor et al.
(2008) also stated that struvite was an effective fertilizer source
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in acidic and hilly lands. The presence of access heavy metals in
the fertilizers reduced the crop yield (Islam et al., 2010). Stru-
vite also contains some heavy metals, because wastewater con-

tains a significant amount of heavy metals. Heavy-metal ions
can be incorporated into the struvite crystalline network not
only by nucleation, but also during the crystal growth process.

Although the struvite contains heavy metals, it is perfectly
maintained the legal limits for fertilizers (Munch and Barr,
2001; Antakyali et al., 2006; Guney et al., 2008; Qiu et al.,

2011; Liu et al., 2011b,c). So, it is also an eco-friendly fertilizer
regarding heavy-metal situation. Pretreatment with membrane
filtration might be an effective method of reducing heavy metal
contamination in struvite. Use of the Donnan membrane pro-

cess can successfully remove metal ions from P rich wastewa-
ters by the help of a Nafion 117 membrane after dissolution
in the acidic media (Prakash et al., 2004; Guney et al., 2008).

Table 3 shows the heavy-metal situation of struvite with its
legal limit.

Application of struvite in the agricultural sector would be a

profitable investment. Generation of 1 kg of struvite per day is
enough to fertilize 2.6 ha of arable land by applying phospho-
rus (as P2O5) at the rate of 40 kg ha�1 per annum (European

Fertilizer Manufacturers Association, 2000; Zheng et al.,
2004). Shu et al. (2006) stated that 100 m3 wastewater could re-
cover 1 kg MAP per day that would lead to an increase of nine
tons in dry grain yield. Furthermore, it helps to create an eco-

friendly environment by reducing the need of rock phosphate.

5.3. Eco-friendly crop/agricultural production

Agricultural soil contributes only 1% of the global CO2

whereas, CH4 and N2O emissions were 39 and 60%, respec-
tively (OECD, 2000), and nitrogen fertilization is the chief

source of NO, N2O and CH4 emission from the soil (Matson
et al., 1998; Perala et al., 2006; Chu et al., 2007; Aguilera
et al., 2013). Greenhouse gases (CH4, CO2, NO, N2O) are

the key elements for global warming and presently efforts
are going on to reduce these gases. Urea is widely used as
nitrogen fertilizer worldwide that released N rapidly to the soil,
from which only 40% is recovered by plant and 60% is lost by

different ways (Liang et al., 2007) and maximum loss was esti-
mated as evaporative loss (26.5–29.4%) that contributed to
greenhouse-gas emission. Methane contributes to climatic

change by trapping outgoing terrestrial infrared radiation
20 times more effectively than CO2 (Getachew et al., 2005),
whereas N2O is 300 times more potent than CO2 in absorbing

terrestrial thermal radiation (IPCC, 2001) in the troposphere
that enhances global warming. Application of struvite as fertil-
izer may reduce the risk of global warming, although it con-
tains only 6% N. Due to slow releasing characteristics

(Nelson, 2000) of struvite, plant can uptake most of the N
without any wastes (Lee et al., 2009; Westerman et al., 2009)
after application in the soil. A controlled-release N fertilizer

is the best solution to minimize the N2O emission from soil
(Chu et al., 2007). Nitrous oxide production by nitrification
and denitrification of agricultural nitrogen that is lost from

the field through leaching and runoff is directly influenced
on global warming (Nevison, 2000). One kg of volatilized
NH3-N contributes approximately 0.01 kg of N2O (Mkhabela

et al., 2008). A large amount of N2O is emitted every year
through urea fertilization throughout the world. From this
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perspective, struvite would be a useful alternative to traditional
N fertilizers because reducing the greenhouse-gas emissions
might be possible due to its slow releasing pattern. Mao

et al. (2005) stated that slow releasing N fertilizers would be
the best alternative to traditional N fertilizer as they reduce
N loss through leaching and volatilization. Not only this, pro-

duction of struvite simultaneously reduced the P and N from
wastewaters that help to reduce the risk of eutrophication in
water bodies. Liu et al. (2011a) stated that MAP might be

the ideal eco-friendly fertilizer for crop production. They con-
ducted a comparative experiment with MAP and commercial P
and N fertilizer for maize forage growth. They used MAP as P
and N source; on the other hand, equivalent weight of P was

used from FSP, and N was used from urea fertilizer. The re-
sults revealed that biomass yield and crude protein percentage
were significantly higher in MAP treated groups compared to

FSP-urea treated groups. At the same time, N2O emission was
3-fold higher in FSP-urea treated group than in MAP treated
group. A similar study (Rahman et al., 2011) also found that N

leaching was also 3-fold lower in MAP than in commercial N
fertilizer. Slow solubility rate might be the cause of a lower
leaching tendency in MAP treated groups. Lower leaching rate

of N and lower emission of N2O made the struvite as an eco-
friendly fertilizer (Ueno and Yamamuro, 1996). Finally, it
could be said that struvite was an ideal slow-release fertilizer,
and thus, application of it as a fertilizer could create an

eco-friendly environment by reducing the greenhouse-gas
emissions.

6. Essentials of struvite recovery

It is estimated that the present reserve of mined phosphate
rocks is 7000 million tons as P2O5, in which 40 million tons

of P rock are used for fertilizer production and human con-
sumption every year (Florida Institute of Phosphate Research,
2005). Rock phosphate is used as raw materials for the produc-

tion of phosphate fertilizer, which are not evenly distributed
throughout the world. Morocco and China are called the res-
ervoir of P rock that reserves about 68% of the total P rock

around the world. Fig. 6 shows the distribution of P rock
around the world where Morocco is clearly on the driver’s seat.
There is a growing demand for sustainable phosphorus re-
sources in the industrialized world for fertilizer production.

It is predicted that the demand of P will increase by 1.5% each
year (Steen, 1998). So, it might be stated that the mined P
rocks will be exhausted within 90 years, assuming a 1.5% an-

nual increase of utilization. Shu et al. (2006) stated that all re-
served P rocks would be exhausted by the year 2090 at 1.5%
increasing utilization trend. In contrast, mined P rock will be

continued up to the year 2200, if the utilization decreases
1.5% each year. Decreasing of P rock utilization is impossible
without the recovery of organic phosphate. Because agricul-
tural production depends on P utilization, and currently there

are only a few alternative sources of P for crop production
(Sharpley, 2001). Very recently, Elser and Bennett (2011) de-
scribed that the maximum production of reserved rock P will

continue up to 2030 and then will be started to decrease, which
might increases its price. They suggested taking the immediate
recycling program of P from wastewaters. It is possible to re-

move 93% P (Rahman et al., 2011) and 40% N (Cho et al.,
2009) through struvite crystallization from wastewaters. The
utilization of MAP as fertilizer would help to reduce the appli-
cation of rock phosphate in the agricultural sector.

At present, the average world P fertilizer application rate is
21.62 kg ha�1 year�1 as P2O5 over arable land of 1.48 billion
ha (Wild, 1993). This already indicates a shortage in the utili-
zation of P as fertilizer, because the required rate of applica-

tion is 40 kg ha�1 year�1. Once the P resources are
exhausted, application rates would have to be reduced to
around 1 kg ha�1 year�1, depending upon the population

(Shu et al., 2006). This situation is very alarming for the crop
production, and also to feed the fast-growing world popula-
tion, and hence, P recovery from organic sources is an urgent

need to optimize crop production and human consumption.
Phosphorus recovery from wastewaters is an effective way to
overcome this situation. Research is currently going on to re-

cover phosphorus from wastewater, since domestic sewage of-
fers a great potential for phosphorus to be recovered and
recycled (Driver et al., 1999; Massey et al., 2009).

It is assumed that a wastewater treatment plant (WWTP)

can recover one kg of MAP from 100 m3 of wastewater
(Munch and Barr, 2001), considering that the wastewater con-
tains 7 mg PO3�

4 L�1 and the phosphorus recovery rate is

55.3%. It is possible to recover 0.63 million tons of phospho-
rus annually as P2O5, if 50% of the global population (6 bil-
lion) is connected with wastewater treatment plant (WWTP),

assuming that each person generates 2.5 g phosphorus yearly,
and the recovery rate is 55% (Shu et al., 2006). It is also as-
sumed that a 3.6-folds increase of P recovery is possible if
the entire human population connected to WWTPs and the

phosphorus recovery rate is 100%. It is equally important to
recover all P from livestock and industrial wastewaters. So,
struvite crystallization is simultaneously beneficial for the

mankind by providing slow-releasing, high-quality fertilizer,
and reducing the risk of soil and water pollution by recovering
the N and P from wastewaters.

7. Conclusion

Struvite crystallization process is an effective eco-friendly pro-

cess that removes and recovers P and N from wastewaters. The
hazardous elements in wastewaters (mainly NH4 and PO4)
might be converted to a valuable resource through this

process. So, the optimization of Mg molar ratio, pH level,
aeration rate, reaction time and temperature would enhance
the quality as well as production. About 90–94% P and half
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of the N are recovered as struvite during the crystallization
process. Although the amount of N is less in struvite, a huge
amount of N is removed from wastewaters through ammonia

stripping during the struvite crystallization process. Struvite
would be the principal P fertilizer after exhaustion of all mined
P rock in near future. It is a slow-release valuable fertilizer that

reduces the cost of production in agriculture. So, it is necessary
to develop the optimum conditions for small-scale and com-
mercial production of struvite.
8. Future prospect

i. Production of struvite from wastewaters will reduce the
hazard of eutrophication in the water bodies by remov-

ing N and P.
ii. Struvite will be the most effective alternative source of P

that will help to continue agricultural and animal pro-

duction after exhaustion of all mined phosphate rock.
iii. Small-scale and commercial struvite production plant

will be established at the wastewater production site
throughout the world.

iv. Production of struvite from wastewater and its utiliza-
tion as fertilizer would partially help to reduce global
warming and thus, it would be an effective eco-friendly

fertilizer.

References

Aage, H.K., Andersen, B.L., Blom, A., Jensen, I., 1997. The solubility

of struvite. J. Radioanal. Nucl. Chem. 223, 213–215.

Abbona, F., Boistelle, R., Lundager, H., 1982. Crystallization of two

magnesium phosphates, struvite and newberyite: effect of pH and

concentration. J. Cryst. Growth 57, 6–14.

Abe, S., 1995. Phosphate removal from dewatering filtrate by MAP

process at Seibu treatment plant in Fukuoka City. Sewage Works

in Japan, 59–64.

Adnan, A., Koch, F.A., Mavinic, D.S., 2003. Pilot-scale study of

phosphorus recovery through struvite crystallisation-II: applying

in-reactor supersaturation ratio as a process control parameter. J.

Environ. Eng. Sci. 2, 473–483.

Aguilera, E., Lassaletta, L., Sanz-Cobena, A., Garniere, J., Vallejo,

A., 2013. The potential of organic fertilizers and water management

to reduce N2O emissions in Mediterranean climate cropping

systems. Rev. Agric. Ecosyst. Environ. 164, 32–52.

Ali, M.I., Schneider, P.A., 2008. An approach of estimating struvite

growth kinetic incorporating thermodynamic and solution chem-

istry, kinetic and process description. Chem. Eng. Sci. 63, 3514–

3525.

Ali, M.I., 2007. Struvite crystallization in fed-batch pilot scale and

description of solution chemistry of struvite. Trans. I Chem. E, Part

A Chem. Eng. Res. Des. 85, 344–356.

Antakyali, D., Krampe, J., Rott, U., 2006. Development of a Mobile

Plant for the Treatment of Process Water from the Sludge

Treatment (Entwicklung einer mobilen Anlage zur Behandlung

von Prozesswassern aus der Schlammbehandlung), Final Report.

Universitat Stuttgart, ISWA.

Ali, M.I., 2005. Struvite crystallization from nutrient rich wastewater.

Ph. D thesis. School of Engineering, James Cook University,

Townsville, Australia.

Bashan, D.L.E., Hernandez, J.P., Morey, T., Bashan, Y., 2004.

Microalgae growth-promoting bacteria as ‘‘helpers’’ for microal-
gae: a novel approach for removing ammonium and phosphorus

from municipal wastewater. Water Res. 38, 466–474.

Bashan, D.L.E., Bashan, Y., 2004. Recent advances in removing

phosphorus from wastewater and its future use as a fertilizer (1997–

2003). Water Res. 38, 4222–4246.

Battistoni, P., De Angelis, A., Pavan, P., Prisciandaro, M., Cecchi,

F., 2001. Phosphorus removal from a real anaerobic supernatant by

struvite crystallization. Water Res. 35, 2161–2178.

Battistoni, P., Pavan, M.P., Prisciandaro, M., Cecchi, F., 2000.

Struvite crystallization: a feasible and reliable way to fix phospho-

rous in anaerobic supernatants. Water Res. 34, 3033–3041.

Bhuiyan, M.I.H., Mavinic, D.S., Koch, F.A., 2008. Thermal decom-

position of struvite and its phase transition. Chemosphere 70,

1347–1356.

Bhuiyan, M.I.H., Mavinic, D.S., Beckie, R.D., 2007. A solubility and

thermodynamic study of struvite. Environ. Technol. 28, 1015–1026.

Bonmati, A., Flotats, X., 2003. Air stripping of ammonia from pig

slurry: characterization and feasibility as a pre- of post-treatment to

mesophilic anaerobic digestion. Waste Manage. (Oxford) 23, 261–

272.

Booker, N.A., Priestley, A.J., Fraser, I.H., 1999. Struvite formation

in wastewater treatment plants: opportunities for nutrient recovery.

Environ. Technol. 20, 777–782.

Bouropoulos, N.C., Koutsoukos, P.G., 2000. Spontaneous precipi-

tation of struvite from aqueous solutions. J. Cryst. Growth 213,

381–388.

Burns, R.T., Moody, L.B., 2002. Phosphorus recovery from animal

manures using optimized struvite precipitation. In: Proceedings of

Coagulants and Flocculants: Global Market and Technical Oppor-

tunities for Water Treatment Chemicals, Chicago, Illinois. May 22–

24.

CEEP (Centre Europeen d’Etudes des Polyphosphates, the European

Chemical Industry Council). 2003. Available online at: <http://

www.nhm.ac.uk/mineralogy/phos/> (accessed 20.11.2007; verified

26.08.2012).

Celen, I., Turker, M., 2001. Recovery of ammonia as struvite from

anaerobic digester effluents. Environ. Technol. 22, 1263–1272.

Cho, J.H., Lee, J.E., Ra, C.S., 2009. Microwave irradiation as a way

to reutilize the recovered struvite slurry and to enhance system

performance. J. Anim. Sci. Technol. 51, 337–342.

Chirmuley, D.G., 1994. Struvite precipitation in WWTPs: causes and

solutions. Water (J. Aust. Water Assoc.), 21–23.

Chu, H., Hosen, Y., Yagi, K., 2007. NO, N2O, CH4 and CO2 fluxes in

winter barley field of Japanese Andisol as affected by N fertilizer

management. Soil Biol. Biochem. 39, 330–339.

Coe, F.L., Evan, A., Worcester, E., 2005. Kidney stone diseases. J.

Clin. Invest. 115, 2598–2608.

Dastur, M.B., 2001. Investigation into the factors affecting controlled

struvite crystallization at the bench-scale. M A Sc. Thesis,

Department of Civil Engineering, The University of British

Columbia, Vancouver, B.C.

Deng, L.W., Zheng, P., Chen, Z.A., 2006. Anaerobic digestion and

post-treatment of swine wastewater using IC–SBR process with

bypass of raw wastewater. Process Biochem. 41, 965–969.

Dhakal, S. 2008. A laboratory study of struvite precipitation for

phosphorus removal from concentrated animal feeding operation

wastewater. Masters Thesis, Department of Civil Engineering,

Missouri University of Science and Technology, USA.

Diwani, G.E., Rafie, S.E., Ibiari, N.N.E., El-Aila, H.I., 2007.

Recovery of ammonia nitrogen from industrial wastewater treat-

ment as struvite slow releasing fertilizer. Desalination 214, 200–214.

Doyle, J.D., Oldring, K., Churchley, J., Price, C., Parsons, S.A., 2003.

Chemical control of struvite precipitation. J. Environ. Eng. -ASCE

129, 419–426.

Doyle, J.D., Oldring, K., Churchley, J., Parsons, S.A., 2002. Struvite

formation and the fouling propensity of different materials. Water

Res. 36, 3971–3978.

http://refhub.elsevier.com/S1878-5352(13)00347-X/h0005
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0005
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0010
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0010
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0010
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9000
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9000
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9000
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0030
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0030
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0030
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0035
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0035
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0035
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0035
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0040
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0040
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0040
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0045
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0045
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0045
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0050
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0050
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0050
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0055
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0055
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0055
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9010
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9010
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0060
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0060
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0060
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0060
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0065
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0065
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0065
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0070
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0070
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0070
http://www.nhm.ac.uk/mineralogy/phos/
http://www.nhm.ac.uk/mineralogy/phos/
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0075
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0075
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0080
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0080
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0080
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0085
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0085
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0090
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0095
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0095
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0110
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0110
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0110
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0115
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0115
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0115
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0120
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0120
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0120
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0125
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0125
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0125


Production of slow release crystal fertilizer from wastewaters through struvite crystallization – A review 153
Doyle, J.D., Parsons, S.A., 2002. Struvite formation, control and

recovery. Water Res. 36, 3925–3940.

Driver, J., Lijmbach, D., Steen, I., 1999. Why recover phosphorus for

recycling and how? Environ. Technol. 20, 651–662.

Elser, J., Bennett, E., 2011. Phosphorus cycle: a broken biogeochem-

ical cycle. Nature 478, 29–31.

European Fertilizer Manufacturers Association, 2000. Phosphorus

essential element for food, production. pp. 9–10.

Etter, B., Tilley, E., Khadka, R., Udert, K.M., 2011. Low-cost

struvite production using source-separated urine in Nepal. Water

Res. 45, 852–862.

Fernandez-Escobar, R., Benlloch, M., Herrera, E., Garcia-Novelo,

J.M., 2004. Effect of traditional and slow-release N fertilizers on

growth of olive nursery plants and N losses by leaching. Sci. Hortic.

101, 39–49.

Florida Institute of Phosphate Research, 2005. Phosphorus prime,

USA.

Galbraith, S.C., Schneider, P.A., 2009. A review of struvite nucle-

ation studies. In: Ashley, K., Mavinic, D.S., Koch, F. (Eds.),

International Conference on Nutrient Recovery from Wastewater

Streams. IWA Publishing, London, UK, ISBN 9781843392323.

Gaterell, M.R., Gay, R., Wilson, R., Gochin, R.J., Lester, J.N., 2000.

An economic and environmental evaluation of the opportunities

for substituting phosphorus recovered from wastewater treatment

works in existing UK fertilizer markets. Environ. Technol. 21,

1067–1084.

Getachew, G., Robinson, P.H., DePeters, E.J., Taylor, J.S., Gisi,

D.D., Higginbotham, G.E., Riordan, T.J., 2005. Methane produc-

tion from commercial dairy rations estimated using an in vitro gas

technique. Anim. Feed Sci. Technol. 123–124, 391–402.

Ghosh, G.K., Mohan, K.S., Sarkar, A.K., 1996. Characterisation of

soil fertilizer P reaction products and their evaluation as sources of

P for gram (Cicer arietinum L.). Nutr. Cycl. Agroecosyst. 46, 71–79.

Gonzalez Poncer, R., Garcialopez, D.M.E., 2007. Evaluation of

struvite as a fertilizer: a comparison with traditional P sources.

Agrochimica 51, 301–308.

Guney, K., Weidelener, A., Krampe, J., 2008. Phosphorus recovery

from digested sewage sludge as MAP by the help of metal ion

separation. Water Res. 42, 4692–4698.

Hao, X., Wang, C., van Loosdrecht, M.C.M., Hu, Y., 2013. Looking

beyond struvite for P-recovery. Environ. Sci. Technol.. http://

dx.doi.org/10.1021/es401140s.

Hao, X.D., Wang, C.C., Lan, L., Von Loosdrecht, M.C.M., 2008.

Struvite formation, analytical methods and effects of pH and Ca2+.

Water Sci. Technol. 58, 1687–1692.

Hao, X.D., Von Loosdrecht, M.C.M., 2006. Model-based evaluation

of struvite recovery from P-released supernatant in a BNR process.

Water Sci. Technol. 53, 191–198.

Huang, H., Song, Q., Wang, W., Wu, S., Dai, J., 2012. Treatment of

anaerobic digester effluents of nylon wastewater through chemical

precipitation and a sequencing batch reactor process. J. Environ.

Manage. 101, 68–74.

Hutnik, N., Wierzbowska, B., Piotrowski, K., Matynia, A., 2013a.

Continuous reaction crystallization of struvite from solution

containing phosphate(V) and nitrate(V) ions. Online J. Sci.

Technol. 3, 58–66.

Hutnik, N., Kozik, A., Mazienczuk, A., Piotrowski, K., Wie-

rzbowska, B., Matynia, A., 2013b. Phosphates (V) recovery from

phosphorus mineral fertilizers industry wastewater by continuous

struvite reaction crystallization process. Water Res. 47, 3635–3643.

Hutnik, N., Piotrowski, K., Wierzbowska, B., Matynia, A., 2012.

Continuous reaction crystallization of struvite from water solutions

of phosphates(V) in presence of iron(II) ions. J. Environ. Sci. Eng.

A 1, 35–42.

Hutnik, N., Piotrowski, K., Wierzbowska, B., Matynia, A., 2011.

Continuous reaction crystallization of struvite from phosphate(V)

solutions containing calcium ions. Cryst. Res. Technol. 46, 443–

449.
ICM, 2000. Integrated Crop Management. Department of Agron-

omy, Iowa State University, USA. Available online at: http://www.

ipm.iastate.edu/ipm/icm/2000/8-7-2000/pbasics.html. (accessed

15.11.2007; verified 26.08.2012).

Ichihashi, O., Hirooka, K., 2012. Removal and recovery of phos-

phorus as struvite from swine wastewater using microbial fuel cell.

Bioresour. Technol. 114, 303–307.

Intergovernmental Panel on Climate Change (IPCC), 2001. Climate

change 2001: the scientific basis. In: Houghton, J.T., Ding, Y.,

Griggs, D.J., Noguer, M., Van der Linden, P.J. (Eds.), Contribu-

tion of Working Group I to the Third Assessment Report of the

Intergovernmental Panel on Climate Change. Cambridge Univer-

sity Press, Cambridge, United Kingdom and New York.

Islam, M.R., Rahman, S.M.E., Rahman, M.M., Oh, D.H., Ra, C.S.,

2010. The effects of biogas slurry on the production and quality of

maize fodder. Turk. J. Agric. For. 34, 91–99.

Jaffer, Y., Clark, T.A., Pearce, P., Parsons, S.A., 2002. Potential

phosphorus recovery by struvite formation. Water Res. 36, 1834–

1842.

Jeong, B.Y., Song, S.H., Baek, K.W., Cho, I.H., Hwang, T.S., 2006.

Preparation and properties of heterogeneous cation exchange

membrane for recovery of ammonium ion from waste water.

Polymer (Korea) 30, 486–491.

Jeong, Y.K., Hwang, S.J., 2005. Optimum doses of Mg and P salts for

precipitating ammonia into struvite crystals in aerobic composting.

Bioresour. Technol. 96, 1–6.

Jeong, Y.K., Kim, J.S., 2001. A new method for conservation of

nitrogen in aerobic composting processes. Bioresour. Technol. 79,

129–133.

Johnston, A.E., Richards, I.R., 2004. Effectiveness of different

precipitated phosphates as phosphorus sources for plants. Phos-

phorus Res. Bull. 15, 52–59.

Johnston, A.E., Richards, I.R., 2003. Effectiveness of different

precipitated phosphates as phosphorus sources for plants. Soil

Use Manage. 19, 45–49.

Jones, A.G., 2002. Crystallization Process System. Butterworth/

Heinemann, Oxford, Great Britain.

Kabdasli, I., Parsons, S.A., Tunay, O., 2004. Effect of major ions on

struvite crystallization. In: Proceedings of the International Con-

ference on Struvite: Its Role in Phosphorus Recovery and Reuse.

Cranfield, UK.

Kabdasli, I., Ozcan, P., Tunay, O., 2003. Nitrogen removal by

magnesium ammonium phosphate precipitation in slaugtheryhouse

wastewater. Su Kirlenmesi Kontrolu Dergisi 13, 13–18.

Khan, F.A., Ansari, A.A., 2005. Eutrophication: an ecological vision.

Bot. Rev. 71, 449–482.

Kim, D.K., Ryu, H.D., Kim, M.S., Kim, J., Lee, S.I., 2007.

Enhancing struvite precipitation potential for ammonia nitrogen

removal in municipal landfill leachate. J. Hazard. Mater. 146, 81–

85.

Kim, K.W., Kim, Y.J., Kim, I.T., Park, G.I., Lee, E.H., 2006.

Electrochemical conversion characteristics of ammonia to nitrogen.

Water Res. 40, 1431–1441.

Kim, B.U., Lee, W.H., Lee, H.J., Rim, J.M., 2004. Ammonium

nitrogen removal from slurry-type swine wastewater by pretreat-

ment using struvite crystallization for nitrogen control of anaerobic

digestion. Water Sci. Technol. 49, 215–222.

Koralewska, J., Piotrowski, K., Wierzbowska, B., Matynia, A., 2009.

Kinetics of reaction-crystallization of struvite in the continuous

draft tube magma type crystallizers-influence of different internal

hydrodynamics. Chin. J. Chem. Eng. 17, 330–339.

Kozik, A., Hutnik, N., Matynia, A., Gluzinska, J., Piotrowski, K.,

2011. Recovery of phosphate(V) ions from liquid waste solutions

containing organic impurities. Chemik 65, 675–686.

Lee, J.E., Kwag, J.H., Ra, C.S., 2010. Influence of compost recycling

and magnesium supplement on physical and chemical traits of

animal manure compost. J. Anim. Sci. Technol. (Korea) 52, 513–

519.

http://refhub.elsevier.com/S1878-5352(13)00347-X/h9015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9015
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0130
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0130
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0140
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0140
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0145
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0145
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0145
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0150
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0150
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0150
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0150
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0155
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0155
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0155
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0155
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0160
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0160
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0160
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0160
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0160
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0165
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0165
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0165
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0165
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0170
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0170
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0170
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0175
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0175
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0175
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9020
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9020
http://dx.doi.org/10.1021/es401140s
http://dx.doi.org/10.1021/es401140s
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0190
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0190
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0190
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0190
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0195
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0195
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0195
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0200
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0200
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0200
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0200
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0205
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0205
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0205
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0205
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0210
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0210
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0210
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0210
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0215
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0215
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0215
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0215
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0220
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0220
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0220
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0220
http://www.ipm.iastate.edu/ipm/icm/2000/8-7-2000/pbasics.html
http://www.ipm.iastate.edu/ipm/icm/2000/8-7-2000/pbasics.html
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9900
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9900
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9900
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0230
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h9025
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0240
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0240
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0240
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0245
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0245
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0245
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0245
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0250
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0250
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0250
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0255
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0255
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0255
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0260
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0260
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0260
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0265
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0265
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0265
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0270
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0270
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0275
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0275
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0275
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0275
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0280
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0280
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0280
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0285
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0285
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0290
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0290
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0290
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0290
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0295
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0295
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0295
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0300
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0300
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0300
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0300
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0305
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0305
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0305
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0305
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0310
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0310
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0310
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0315
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0315
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0315
http://refhub.elsevier.com/S1878-5352(13)00347-X/h0315


154 M.M. Rahman et al.
Lee, J.E., Rahman, M.M., Ra, C.S., 2009. Dose effects of Mg and

PO4 sources on the composting of swine manure. J. Hazard. Mater.

169, 801–807.

Lee, S.I., Weon, S.Y., Lee, C.W., Koopman, B., 2003. Removal of

nitrogen and phosphate from wastewater by addition of bittern.

Chemosphere 51, 265–271.

Le Corre, K.S., Jones, E.V., Hobbs, P., Parsons, S.A., 2009.

Phosphorus recovery from wastewater by struvite crystallization:

a review. Crit. Rev. Environ. Sci. Technol. 39, 433–477.

Le Corre, K.S., Jones, E.V., Hobbs, P., Jefferson, B., Parsons, S.A.,

2007. Struvite crystallisation and recovery using a stainless steel

structure as a seed material. Water Res. 41, 2449–2456.

Le Corre, K.S., Valsami-Jones, E., Hobbs, P., Parsons, S.A., 2005.

Impact of calcium on struvite crystal size, shape and purity. J.

Cryst. Growth 283, 514–522.

Lei, X., Shimada, S., Intabon, K., Maekawa, T., 2006. Pretreatment of

methane fermentation effluent by physico-chemical processes before

applied to soil trench system. Agric. Eng. Int.: CIGR E J. 8, 1–15.

Li, X.Z., Zhao, Q.L., 2003. Recovery of ammonium-nitrogen from

landfill leachate as amulti-nutrient fertilizer. Ecol. Eng. 20, 171–181.

Liang, X.Q., Chen, Y.X., Li, H., Tian, G.M., Ni, W.Z., He, M.M.,

Zhang, Z.J., 2007.Modeling transport and fate of nitrogen fromurea

applied to a near-trench paddy field. Environ. Pollut. 50, 313–320.

Lindsay, W.L., 1979. Chemical Equilibria in Soils. The Blackburn

Press, New Jersey, USA, 2001 Reprint ed. Caldwell.

Liu, Y.H., Kwag, J.H., Kim, J.H., Ra, C.S., 2011a. Recovery of

nitrogen and phosphorus by struvite crystallization from swine

wastewater. Desalination 277, 364–369.

Liu, Y.H., Rahman, M.M., Kwag, J.H., Kim, J.H., Ra, C.S., 2011b.

Eco-friendly production of maize using struvite recovered from

swine wastewater as a sustainable fertilizer source. Asian-Aust. J.

Anim. Sci. 24, 1699–1705.

Liu, Y.H., Kumar, S., Kwag, J.H., Kim, J.H., Kim, J.D., Ra, C.S.,

2011c. Recycle of electrolytically dissolved struvite as an alternative

to enhance phosphate and nitrogen recovery from swine wastewa-

ter. J. Hazard. Mater. 195, 175–181.

Mao, X.Y., Sun, K.J., Wang, D.H., Liao, Z.W., 2005. Controlled–

release fertilizer (CRF): a green fertilizer for controlling non-point

contamination in agriculture. J. Environ. Sci. 17, 181–184.

Massey, M.S., Davis, J.G., Ippolito, J.A., Sheffield, R.E., 2009.

Effectiveness of recovered magnesium phosphates as fertilizers in

neutral and slightly alkaline soils. J. Agron. 101, 323–329.

Massey, M.S., Davis, J.G., Sheffield, R.E., Ippolito, J.A., 2007.

Struvite production from dairy wastewater and its potential as a

fertilizer for organic production in calcareous soils. In: Interna-

tional Symposium on Air Quality and Waste Management for

Agriculture. CD-Rom Proceedings of the 16–19 September 2007,

Conference (Broomfield, Colorado), USA. ASABE Publication

Number 701P0907cd.

Matson, P.A., Naylor, R., Ortiz-Monasterio, I., 1998. Integration of

environmental, agronomic, and economic aspects of fertilizer

management. Science 280, 112–115.

Matynia, A., Wierzbowska, B., Hutnik, N., Mazienczuk, A., Kozik,

A., Piotrowski, K., 2013. Separation of struvite from mineral

fertilizer industry wastewater. Proc. Environ. Sci. 18, 766–775.

Matynia, A., Koralewska, J., Wierzbowska, B., Piotrowski, K., 2006.

The influence of process parameters on struvite continuous

crystallization kinetics. Chem. Eng. Commun. 193, 160–176.

Mkhabela, M.S., Madani, A., Gordon, R., Burton, D., Cudmore, D.,

Elmi, A., Hart, W., 2008. Gaseous and leaching nitrogen losses

from no-tillage and conventional tillage systems following surface

application of cattle manure. Soil Till. Res. 98, 187–199.

Moerman, W., Carballa, M., Wandekerckhove, A., Derycke, D.,

Werstraete, W., 2009. Phosphate removal in agro-industry: pilot-

and full-scale operational considerations of struvite crystallization.

Water Res. 43, 1887–1892.

Mullin, J.W., 1993. Crystallization. Butterworth-Heinemann,

Oxford.
Munch, E.V., Barr, K., 2001. Controlled struvite crystallisation for

removing phosphorus from anaerobic digester sidestreams. Water

Res. 35, 151–159.

Nelson, N.O., Mikkelsen, R.L., Hesterberg, D.L., 2003. Struvite

precipitation in anaerobic swine lagoon liquid: effect of pH and

Mg:P ratio and determination of rate constant. Bioresour. Technol.

89, 229–236.

Nelson, N.O., 2000. Phosphorus removal from anaerobic swine

lagoon effluent as struvite and its use as a slow-release fertilizer.

Masters Thesis, Dept. of Soil Science. North Carolina State

University, Raleigh, NC, USA.

Nevison, C., 2000. Review of the IPCC methodology for estimating

nitrous oxide emissions associated with agricultural leaching and

runoff. Chemosphere – Global Change Sci. 2, 493–500.

OECD, 2000. Environmental Indicators for Agriculture, Methods

and Results, Executive Summary 2000, Paris, France. http://

www.oecd.org/dataoecd/0/9/1916629.pdf.

Ohlinger, K.N., Young, T.M., Schroeder, E.D., 2000. Postdigestion

struvite precipitation using a fluidized bed reactor. J. Environ. Eng.

126, 361–368.

Ohlinger, K.N., Young, T.M., Schroeder, E.D., 1999. Kinetics effects

on preferential struvite accumulation in wastewater. J. Environ.

Eng. 125, 730–737.

Ohlinger, K.M., Young, T.M., Schroeder, E., 1998. Predicting

struvite formation in digestion. Water Res. 26, 2229–2232.

Panizza, M., Cerisola, G., 2001. Removal of organic pollutants from

industrial wastewater by electrogenerated Fenton’s reagent. Water

Res. 35, 3987–3992.

Pastor, L., Mangin, D., Ferrer, J., Seco, A., 2010. Struvite formation

from the supernatants of an anaerobic digestion pilot plant.

Bioresour. Technol. 101, 118–125.

Pastor, L., Mangin, D., Barat, R., Seco, A., 2008. A pilot-scale study

of struvite precipitation in a stirred tank reactor: conditions

influencing the process. Bioresour. Technol. 99, 6285–6291.

Perala, P., Kapuinen, P., Esala, M., Tyynela, S., Regina, K., 2006.

Influence of slurry and mineral fertiliser application techniques on

N2O and CH4 fluxes from a barley field in southern Finland. Agric.

Ecosyst. Environ. 117, 71–78.

Prakash, P., Hoskins, D., SenGupta, A.K., 2004. Application of

homogenous and heterogenous cation-exchange membranes in

coagulant recovery from water treatment plant residuals using

Donnan membrane process. J. Membr. Sci. 237, 131–144.

Qiu, G., Song, Y., Zeng, P., Xiao, S., Duan, L., 2011. Phosphorus

recovery from fosfomycin pharmaceutical wastewater by wet air oxi-

dation and phosphate crystallization. Chemosphere 84, 241–246.

Quintana, M., Colmenarejo, M.F., Barrera, J., Sanchez, E., Garcia,

G., Travieso, L., Borja, R., 2008. Removal of phosphorus through

struvite precipitation using a by-product of magnesium oxide

production (BMP): effect of the mode of BMP preparation. Chem.

Eng. J. 136, 204–209.

Rahman, M.M., Liu, Y.H., Kwag, J.H., Ra, C.S., 2011. Recovery of

struvite from animal wastewater and its nutrient leaching loss in

soil. J. Hazard. Mater. 186, 2026–2030.

Regy, S., Mangin, D., Klein, J.P., Lieto, J., 2002. Lagep Report.

Phosphate recovery by struvite precipitation in a stirred reactor.

Lagep (laboratoire dautomatique et de genie des procedes)/CEEP
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