609

© IWA Publishing 2017 Water Science & Technology

|

75.3

|

2017

Enhancement of struvite pellets crystallization in a fullscale plant using an industrial grade magnesium product
D. Crutchik, N. Morales, J. R. Vázquez-Padín and J. M. Garrido

ABSTRACT
A full-scale struvite crystallization system was operated for the treatment of the centrate obtained
from the sludge anaerobic digester in a municipal wastewater treatment plant. Additionally, the
feasibility of an industrial grade Mg(OH)2 as a cheap magnesium and alkali source was also
investigated. The struvite crystallization plant was operated for two different periods: period I, in
which an inﬂuent with low phosphate concentration (34.0 mg P·L1) was fed to the crystallization
plant; and period II, in which an inﬂuent with higher phosphate concentration (68.0 mg P·L1) was
used. A high efﬁciency of phosphorus recovery by struvite crystallization was obtained, even when
the efﬂuent treated had a high level of alkalinity. Phosphorus recovery percentage was around 77%,
with a phosphate concentration in the efﬂuent between 10.0 and 30.0 mg P·L1. The experiments
gained struvite pellets of 0.5–5.0 mm size. Moreover, the consumption of Mg(OH)2 was estimated at
1.5 mol Mg added·mol P recovered1. Thus, industrial grade Mg(OH)2 can be an economical
alternative as magnesium and alkali sources for struvite crystallization at industrial scale.
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INTRODUCTION
The crystallization of struvite (MgNH4PO4·6H2O) could be
a sustainable and economical alternative for recovering
phosphorus from wastewater. The principles of struvite formation, as well as the optimum operating conditions for
struvite crystallization at bench scale, have been extensively
studied (Rahman et al. ). However, only few struvite
crystallization studies have been conducted at full scale.
Some of these technologies developed at full scale are Unitika Phosnix© process, Ostara PEARL© process,
Phospaq™ process and NuReSys© process. The Unitika
Phosnix process is based on the struvite crystallization in a
ﬂuidized bed reactor (FBR), in which the crystallization of
struvite is promoted by adding NaOH and Mg(OH)2 as
alkali and magnesium sources, respectively. The Ostara
PEARL is a process, based on using a two-phase FBR.
This system is composed of a column comprising a
number of sections. The diameter of the column increases
stepwise between the sections. This technology uses MgCl,
when required, and NaOH to facilitate the struvite crystallization (Koch et al. ). The Phospaq process recovers
phosphorus in a continuously aerated and agitated reactor.
doi: 10.2166/wst.2016.527
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In this technology struvite crystallization is facilitated by
the increase of pH via stripping of carbon dioxide (CO2)
and the addition of MgO as magnesium source (Remy
et al. ). The NuReSys process is based on two completely
stirred tanks: a stripping reactor and a stirred crystallization
reactor, in which MgCl and NaOH are added to promote
struvite crystallization (Moerman et al. ).
Struvite crystallization is recommended for wastewater
streams with high phosphate concentration. Dockhorn
() performed an economic analysis and stated that
the operating costs of struvite are reliant on phosphate concentration, in a way that the costs decrease with increasing
phosphate concentration. So, phosphate concentrations
1
should be above 50 mg PO3
in order to guarantee
4 -P·L
the economic viability of the process (Dockhorn ; Desmidt et al. ). Other authors reported a minimum
1
phosphate concentration of 60 mg PO3
(Rahman
4 -P·L
et al. ). These values have been observed in different
types of wastewater, such as swine wastewater, agro-industrial efﬂuents, anaerobic liquor from primary and
secondary sludge digestion, urine, and wastewater from
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food processing factories (Rahman et al. ). Generally,
wastewater contains less magnesium compared with phosphate and ammonium, and the addition of a magnesium
source to promote struvite crystallization is often required.
The use of high grade magnesium sources, such as MgCl2,
MgSO4, MgO or Mg(OH)2, has been reported in other
studies (Rahman et al. ). Nevertheless, the use of
these high grade products can lead to high operating
costs, compromising the viability of the process. The use
of low cost magnesium sources, such as industrial grade
MgO or Mg(OH)2, can signiﬁcantly reduce the operating
costs.
One of the main challenges of struvite crystallization is
the formation of undesirable small crystals. These ﬁne crystals are often washed out with treated efﬂuent, affecting the
quality of the treated efﬂuent as well as the economical viability of the crystallization process. Moreover, ﬁne crystals
diminish the market value of struvite as fertilizer (Forrest
et al. ). For this reason, it is important to promote the
growth of ﬁne crystals, obtaining struvite pellets with a suitable size (>1.0 mm) to market the produced struvite
efﬁciently. In this regard, the chosen crystallization system
must be able to recover the phosphorus from wastewater
in an efﬁcient and economical way, converting it into granular product, struvite pellets, which could be
commercialized as agricultural fertilizer.
The main aim of this study was to design and operate an
innovative full-scale struvite crystallization plant. The crystallization plant was developed to (i) recover phosphorus
in the form of struvite pellets and (ii) determine the viability
of a low cost industrial grade Mg(OH)2 slurry as magnesium
and alkali sources for struvite crystallization.

MATERIALS AND METHODS
Experimental set-up and operating strategy
Crystallization system description
This study was carried out by operating a struvite crystallization plant at full scale, which was located in the
municipal wastewater treatment plant (WWTP) of Guillarei (Galicia, NW Spain). The crystallization plant was
composed of a 125 L two-phase FBR connected in
series to a 3,260 L settler, and a Mg(OH)2 slurry unit
(Figure 1).
The FBR had a two-phase solid–liquid separator
designed for separating the treated wastewater from
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Diagram of the struvite crystallization plant: (1) two-phase FBR; (2) settler; (3)
central distribution system; (4) industrial Mg(OH)2 slurry unit.

struvite pellets. The FBR was composed of two different
cross-sectional areas, the top section and the bottom section, designed for maintaining the larger crystals (pellets)
ﬂuidized inside the FBR and promoting their growth
(Figure 1). A weir was located at the top of the FBR in
order to provide a uniform outﬂow of the treated efﬂuent
and the ﬁne precipitates. A purge valve was located at
the bottom of the FBR and was used for struvite pellets
harvesting.
The settler was designed to promote the growth and
recovery of ﬁne crystals of struvite (Figure 1). The settler
had a central distribution system, which was composed of
two concentric cylinders designed for achieving a uniform
distribution of the treated efﬂuent and ﬁne precipitates from
the FBR. The bottom of the settler was conical in order to
collect a mixture of unreacted Mg(OH)2 slurry and struvite
ﬁnes, which were recycled back to the FBR. This allowed us
to obtain a better use of the industrial Mg(OH)2.
The Mg(OH)2 slurry unit was composed of a hydration
reactor (an adapted concrete mixer) and a tank to store the
Mg(OH)2 slurry. Mg(OH)2 was prepared by hydrating
industrial grade MgO at 75 C with water and steam.
Additionally, a dosing pump was used to inject the
Mg(OH)2 slurry through a point located in the recirculation
of the settler.
The managing and the monitoring of the crystallization
system were carried out using a supervisory control and data
W
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acquisition (SCADA) sytem, which was connected to a programmable logic controller. The SCADA system was used to
monitor the crystallization system operation focusing on the
pH, conductivity, the level of inﬂuent tank, and the ﬂows
control. The SCADA system also allowed control of the
equipment of the crystallization system and provided the
information of operating parameters and the equipment
operation. This information can be extracted directly from
the database.
Operating strategy and inﬂuent
The centrate obtained after centrifuging the efﬂuent of the
anaerobic sludge digester was fed to the crystallization
plant. The centrate was accumulated in a homogenization
tank in order to homogenize inlet peak ﬂows before the struvite crystallization plant. The crystallization plant was
operated continuously. It is important to note that struvite
crystallization was the only P recovery/removal process
applied in this municipal WWTP located in a non-sensitive
area.
The hydraulic retention time (HRT) was between 1.3
and 2.6 min for the FBR and 74.2–135.0 min for the settler.
The HRT for the entire system was in the range of 75.5–
137.6 min. The operating temperature of the crystallization
plant was around 25 C. An on/off control strategy was
used to maintain the operating pH between 8.1 and 8.6 by
adding industrial Mg(OH)2 slurry. The study lasted for 52
days and was divided into two different experimental
periods. Table 1 summarizes the composition of the centrate
fed wastewater used during the experimental period.
Period I lasted from day 0 until day 24. At the ﬁrst experimental day, struvite seed crystals were added to the FBR to
promote the heterogeneous crystallization of struvite. A centrate fed wastewater with high alkalinity and ammonium
concentrations was fed. Phosphate concentration was 1.1 ±
W
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Period I

Period II

pH

8.2 ± 0.2

8.1 ± 0.1

Conductivity (mS·cm1)

7.7 ± 0.4

7.6 ± 0.2

1

(mmol·L )

1.1 ± 0.2

2.2 ± 0.9

1
NHþ
4 (mmol·L )

70.4 ± 3.1

70.0 ± 6.8

Mgþ2 (mmol·L1)

0.5 ± 0.1

0.6 ± 0.1

Caþ2 (mmol·L1)

1.6 ± 0.3

1.8 ± 0.2

67.0 ± 2.7

63.6 ± 2.5

2.0 ± 0.2

2.3 ± 0.2

PO3
4

HCO
3

1

(mmol·L )

Kþ (mmol·L1)
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1
0.2 mmol PO3
(34 ± 6 mg-P·L1). Ammonium concen4 ·L
1
tration (70.4 ± 3.1 mmol NHþ
4 ·L ) in wastewater was
higher than stoichiometric requirements; the molar ratio of
þ
PO3
4 :NH4 was 1.0:64.0. The bicarbonate concentration
was similar to that of ammonia. Magnesium and calcium
2þ
ions were also present in the inﬂuent, with Mg2þ:PO3
4 :Ca
molar ratio of 0.5:1.0:1.5 (Table 1).
Period II was from day 25 until day 52. Inﬂuent composition was similar to period I; however, phosphate
concentration was higher than for the previous period. Phos1
phate concentration increased to 2.2 ± 0.9 mmol PO3
4 ·L
1
2þ
3
(68 ± 28 mg-P·L ). The molar ratios of Mg :PO4 :NHþ
4

and Ca2þ:PO3
4 :HCO3 were 0.3:1.0:32.0 and 0.8:1.0:29.0,
respectively (Table 1).

Analytical methods
þ
PO3
4 -P and NH4 -N concentrations were determined
according to Standard Methods (APHA ). Mg2þ and
Ca2þ concentrations were analyzed by ionic chromatography using a Metrohm 861 Advanced Compact IC
equipped with a Metrosep A Supp 5-250 column and an
853 CO2 suppressor. Bicarbonate concentration was related
to the concentration of inorganic carbon (IC). IC concentration was determined by a Shimadzu analyzer (TOC5000) coupled to an automated sampling system (Shimadzu,
ASI-5000-S).
Solid samples were taken from the crystallization system
for observation and analysis during the experimental time.
These samples were fractionated to determine the crystal
size distribution. This analysis was carried out using a
series of stacked mesh sieves with different size openings.
Four fractions of the solid samples were obtained; the
range of fractions were: smaller than 0.5 mm (hereafter
referred to as ﬁne crystals), between 0.5 and 1.0 mm,
between 1.0 and 2.0 mm and larger than 2.0 mm. For a
better understanding, pellets have been deﬁned as the precipitates with a size higher than 0.5 mm. Then, the solid
samples were dried at 45 C for 24 h in order to avoid struvite thermal decomposition (Bhuiyan et al. ). The
dried solid samples were weighed and their relative abundance was determined.
The appearance of the precipitates was analyzed by
using a scanning electron microscope (SEM, ZEISS
EVO®LS 15) coupled to an energy dispersive X-ray microanalysis detector (EDX, Oxford 300; Leica Microsystems,
Cambridge, UK). Meanwhile, the crystalline nature and
the semi-quantitative composition of precipitates were
determined by X-ray diffraction (XRD, Siemens D505).
W
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RESULTS AND DISCUSSION
Crystallization plant operation
During the operation of the struvite crystallization plant a
direct relationship between the operating pH and the efﬁciency of P recovery was observed. At high values of pH,
phosphate concentration in the efﬂuent was low, which
suggests that the percentage of P recovery increased with
increasing pH (Figure 2(a)). The pH was between 8.0 and 8.6.
Figure 2(a) illustrates that an adequate operating pH
could be between 8.3 and 8.4. Phosphate concentration in
the efﬂuent at these pH values was similar to values obtained
at higher operating pH levels, above 8.4. Moreover, when the
struvite crystallization system was operated at pH values
lower than 8.4, the amount required of Mg(OH)2 was less
than for the crystallization plant operation at pH above 8.4.
Phosphorus recovery efﬁciency was determined in the
two components of the crystallization system, the FBR and
the settler. In the FBR, the average phosphate concentration
1
in the efﬂuent was 0.70 ± 0.17 mmol PO3
and 0.75 ±
4 ·L

Figure 2

|

(a) Phosphate concentration in the efﬂuent of FBR (●) and settler (○) versus
operating pH and (b) evolution of phosphate concentration in the inﬂuent (◊),
FBR efﬂuent and settler efﬂuent during the experimental operation.
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1
0.31 mmol PO3
for periods I and II, respectively
4 ·L
(Figure 2(b)). Even when the phosphate concentration in
the inﬂuent for period II was higher than for period I, phosphate concentration in the efﬂuent was similar during the
whole operational time. The average phosphate concentration in the settler efﬂuent was 0.53 ± 0.16 mmol
1
1
PO3
and 0.55 ± 0.20 mmol PO3
in periods I and
4 ·L
4 ·L
II, respectively (Figure 2(b)). The aforementioned results
indicated that the increment in the inﬂuent phosphate
concentration enhanced the potential of struvite crystallization, incrementing the percentage of P recovery. Literature
data show that the phosphate concentration in wastewater
affects the struvite crystallization signiﬁcantly (Dockhorn
; Desmidt et al. ).
The overall percentage of phosphate crystallization was
60.1% for period I, and then it increased up to 76.7% for
period II. Most of the phosphate recovery occurred in the
FBR. Phosphate recovery percentage in the FBR has been
calculated considering the effect of the recirculation ﬂow
on the concentration of phosphate in the FBR inﬂuent.
The recirculation ratio was maintained around 1.0 during
the whole operational time. Around 28.4% and 63.6% of
the phosphate entering the FBR was converted to struvite
in a few minutes during the periods I and II, respectively.
The HRT of FBR was between 1.3 and 2.6 minutes. This
time represents about 2% of the overall HRT, which was
between 75.5 and 137.6 minutes. Thus, a high amount of
phosphate that entered the FBR was converted to struvite
in less than 3 min. These experimental results corroborate
the results presented in Crutchik & Garrido (); struvite
crystallization is a rapid reversible reaction. According to
the struvite crystallization model developed in Crutchik &
Garrido (), equilibrium conversion can be obtained in
a few minutes. Thus, the observed phosphate concentration
of the settler efﬂuent was not affected by the phosphate fed,
but by the operating conditions.
On the other hand, ammonium concentration in the
efﬂuent remained constant during the operation time, with
1
an average concentration of 64.6 ± 5.3 mmol NHþ
4 ·L .
The decrease of ammonium concentration, around
5 mmol·L1, was higher than the expected values by the crystallization of struvite, which should be less than
1.5 mmol·L1. Free ammonia concentration was around
4.5 mmol·L1, and corresponded to around 7% of total
ammonium in the inﬂuent. These results indicated that the
higher reduction of ammonium was caused by the stripping
of free ammonia, which is in agreement with the results
reported by other authors (Uludag-Demirer & Othman
).
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Regarding magnesium ion, magnesium concentration in
the inﬂuent was relatively stable during the operation of the
crystallization system. Magnesium concentration was 0.5 ±
0.1 mmol Mg2þ·L1, which was lower than phosphate and
ammonium concentrations. So, magnesium was the limiting
factor to recover P by struvite crystallization and was supplied
by adding an industrial Mg(OH)2 slurry. As mentioned above,
Mg(OH)2 slurry was used as magnesium source as well as
alkali source. During the operation of the crystallization
plant, the dissolved concentration of magnesium in the
FBR efﬂuent was around 1.6 ± 0.9 mmol Mg2þ·L1,
while magnesium concentration in the settler efﬂuent was
1.2 ± 0.6 mmol Mg2þ·L1 and 1.5 ± 0.8 mmol Mg2þ·L1 for
periods I and II, respectively. Magnesium concentration was
slightly higher in the FBR efﬂuent than in the settler
efﬂuent because magnesium was involved in precipitation
reactions, mainly for struvite crystallization and/or magnesium carbonates precipitation. Magnesium concentration
in the efﬂuent was mainly associated with the magnesium
from the industrial Mg(OH)2 added, which did not react in
the crystallization system.
Regarding calcium ions, calcium concentration in the
inﬂuent remained constant throughout the operation
time, with an average concentration of 1.7 ± 0.3 mmol
Ca2þ·L1 and 1.8 ± 0.2 mmol Ca2þ·L1. Meanwhile, calcium concentration in the efﬂuent was 1.1 ± 0.5 mmol
Ca2þ·L1 and 1.6 ± 0.1 mmol Ca2þ·L1 for periods I and
II, respectively. The difference between inﬂuent and efﬂuent concentrations can be associated with the formation
of calcium carbonates. This was because, as mentioned in
Crutchik & Garrido (), the formation of calcium phosphate was not favored over struvite crystallization because
of the high molar ratio of ammonium to phosphate in the
inﬂuent, which was higher than 32 mol/mol for the whole
experimental time.
On the other hand, the treated inﬂuent had a high alkalinity with an average IC concentration of 65.2 ± 2.6 mmol
1
HCO
Bicarbonate concentration in the efﬂuent was
3 ·L
1
around 63.6 ± 3.8 mmol HCO
3 ·L . The difference between
inﬂuent and efﬂuent concentrations can be associated with
the formation of magnesium and/or calcium carbonates.
Analysis of the solid phase
Precipitates size distribution
Whilst the efﬁciency of the crystallization process is mainly
affected by the wastewater composition and operating conditions, the characteristics of obtained precipitates are very
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much inﬂuenced by the reactor hydrodynamics and the
phosphate loading rate. From a hydrodynamic point of
view, the hydraulic shear forces affect the size of the precipitates because the shear forces break the precipitates into
smaller fractions, ﬁne precipitates. Fine precipitates are
more likely to be washed out with the efﬂuent, decreasing
the recovery of precipitates. Thus, reactor hydrodynamics
may affect the quantity and quality of the produced precipitates. The characteristics of precipitates are directly
correlated to the precipitate’s recovery efﬁciency.
Fine precipitates grew during the operation of the crystallization plant, and subsequently these precipitates
agglomerated especially in the FBR to form pellets. The pellets grew by assimilating remaining crystals of lower size.
This indicates that the heterogeneous crystallization was
promoted rather than homogeneous crystallization. In
period I, most of the precipitates had a size less than
0.5 mm; in fact, around 76.0% of the solid phase corresponded to ﬁne precipitates, while the remaining 24.0% of
the solid phase corresponded to pellets. Therefore, the
solid phase obtained in period I was mainly a powder,
which had not an adequate particle size for its use as fertilizer because it is more difﬁcult to handle, in terms of storage
and transport, than pellets.
The amount of ﬁne precipitates was reduced (40.0%) for
period II (Figure S1 in the Supporting Information, available
with the online version of this paper). This signiﬁcant
reduction can be associated with the increase of the inﬂuent
phosphate concentration (Table 1). The increase in phosphate
concentration provided a greater potential for struvite crystallization, which directly affected the size and appearance of
those precipitates. Ping et al. () also found that the purity
and size of struvite pellets were more affected for struvite crystallization from wastewater with low P concentrations than
from wastewater with high levels of P. In this regard, the fraction of pellets with a size between 0.5 and 1.0 mm was
increased from 7.0% (period I) to 24.0% (period II). A similar
increase was observed in pellets with a size range between 1.0
and 2.0 mm, which was increased from 12.0% (period I) to
32.0% (period II). Meanwhile, the amount of pellets higher
than 2.0 mm was around 5.0% for the whole experimental
time. Figure 3 shows the precipitate pellets obtained for
period II. The aforementioned results indicate that the hydrodynamics conditions of FBR and the increase of phosphate
concentration favored the pellet formation.
The results obtained in this study are in general agreement with previous studies. In the literature, a wide size
range of precipitates obtained during the operation of pilotor full-scale reactors has been reported. The size of produced
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Image of the precipitate samples of period II used in precipitate size distribution analysis, with the size range: (I) >2.0 mm; (II) 2.0–1.0 mm; (III) 1.0–0.5 mm; (IV) <0.5 mm.

struvite varies from 0.5 mm (Ueno & Fujii ) to 6.0 mm
(Moerman et al. ). Moerman et al. () obtained struvite pellets with sizes of 2.0–6.0 mm in a full-scale stirred
tank crystallizer. Abe () reported struvite pellet sizes of
2.0 ± 3.8 mm in an FBR using sand as seeding material.
Ueno & Fujii () obtained struvite crystals with sizes of
0.5–1.0 mm in a full-scale FBR. Remy et al. () have
obtained an average size of the struvite crystals recovered
in a continuously aerated reactor of 0.7 mm. Battistoni et al.
() have used two different crystallization systems,
packed and FBRs, at pilot scale. These authors reported
sizes of struvite pellets between 0.5 and 1.4 mm in the
packed bed reactor and no higher than 0.5 mm in the FBR.
Additionally, Abe () and Moerman et al. () stated
that the size of produced precipitates is inﬂuenced by the P
concentration in the inﬂuent of the crystallization system.
Appearance and composition of the solid phase
For period I, SEM-EDX microphotographs showed that the
solid phase was composed of larger and ﬁne precipitates
(Figure S2A in the Supporting Information, available with
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the online version of this paper). Two types of ﬁne precipitates can be identiﬁed: crystals with a needle-like shape
and small precipitates. Meanwhile, the larger precipitates
were shaped like spherical (pellets), which were formed by
the agglomeration of needle-like crystals and small precipitates with an amorphous appearance.
For this period, XRD results detected that phosphorus
was crystallized as struvite and trimagnesium phosphate (cattiite, Mg3(PO4)2·22H2O). The crystalline nature and the semiquantitative composition of precipitates are shown in
Figure S3 and Table S1 in the Supporting Information (available with the online version of this paper). The struvite coprecipitation with this magnesium phosphate was probably
due to the high molar ratio of Mg2þ/PO3
4 (Korchef et al.
). Many authors are in agreement that the presence of
an excess of magnesium concentration does not have a positive effect on the struvite crystallization (Korchef et al. ;
Desmidt et al. ). This is because a high magnesium concentration can promote the magnesium phosphates or/and
magnesium carbonates co-precipitation with struvite,
depending on the operating pH. The precipitation of these
magnesium precipitates affects the purity of the precipitates.
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In addition, the formation of magnesium phosphates reduces
the phosphate ions available for struvite crystallization. The
amount of cattiite was around 13.0% of the total dry mass
of the solid phase. In this period, about 64.0% of ﬁne precipitates was struvite. XRD results determined that the struvite
content was 27.0% in the pellets with a size higher than
2.0 mm, and the amount of struvite in pellets with a size
range between 0.5 and 2.0 mm was 40.0%. So, phosphorus
was mainly recovered as ﬁne struvite crystals for period I.
XRD results corroborated that the difference between
the concentration of carbonate in the inﬂuent and efﬂuent
was due to the formation of calcium and magnesium carbonate precipitates. Magnesium carbonate (nesquehonite,
MgCO3·3H2O) was detected in precipitates of period I).
The amount of nesquehonite was around 50.0% of the
total dry mass in pellets higher than 1.0 mm, while 24.0%
of the solid sample was nesquehonite in pellets with a size
range between 0.5 and 1.0 mm. Unlike in the case of the pellets, nesquehonite was not detected in the ﬁne precipitates.
The formation of this mineral was mainly due to the high
level of bicarbonate and magnesium ions in the liquid
phase. The formation of these magnesium carbonates
reduces the amount of magnesium available for struvite crystallization. Struvite co-precipitation with nesquehonite had
also been observed by Sakthivel et al. () and Hug &
Udert ().
Additionally, carbonate ions reacted with calcium ions
present in the inﬂuent wastewater. Two calcium carbonates
were detected by XRD analysis, calcite (CaCO3) and monohydrocalcite (hydrocalcite, CaCO3·H2O). In this regard, the
amount of calcite was lower than 6.0% in the pellets and ﬁne
precipitates obtained for this period. The fraction of
monohydrocalcite was 7.0% in pellets higher than 2.0 mm,
and the amount of this calcium carbonate was around
9.0% in pellets with a size between 2.0 and 1.0 mm and
ﬁne precipitates. A high amount of monohydrocalcite,
27%, was detected in pellets with size range between 1.0
and 0.5 mm.
For period I, the amount of magnesium carbonate and
calcium carbonate was around 50.0% of the total dry mass
of precipitates, decreasing the purity of the produced precipitates. Thus, the recovery of phosphorus and struvite
purity can be compromised by calcium and/or magnesium
carbonates co-precipitation (Le Corre et al. ; Hao
et al. ; Moerman et al. ).
Moreover, XRD analysis detected the presence of a
small fraction of brucite (Mg(OH)2) in the pellets and ﬁne
precipitates. According to semi-quantitative analysis of
XRD, the amount of brucite was around 4.0% of the total
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dry mass. The presence of Mg(OH)2 was attributed to the
slurry of Mg(OH)2, which corresponded to the fraction of
the Mg(OH)2 added that did not either solubilize or react
in the crystallization system.
For period II, in which the inﬂuent had a higher phosphate concentration, the nature of precipitates changed
(Figure S3 in the Supporting Information). However, SEMEDX microphotographs showed that the appearance of precipitates was similar in both periods (Figure S2 in the
Supporting Information). Regarding the composition of the
solid phase, XRD results identiﬁed that the most abundant
mineral present in the solid phase was struvite. The struvite
content was increased from 27.0% to 64.0% in the largest
crystals. However, a high level of struvite was detected in
the other fractions of the solid phase: it was around 78%
in the ﬁne precipitates. Therefore, struvite crystallization
was promoted with the increase of phosphate concentration
in the inﬂuent.
Unlike for period I, nesquehonite was only identiﬁed in
the largest pellets in period II; the nesquehonite content was
7.0% of the total dry mass. Probably, this quantity of nesquehonite might have been present because of the high level of
nesquehonite obtained in period I. This can be explained by
the fact that nesquehonite was not detected in the pellets
with size less than 2.0 mm or in ﬁne precipitates. According
to this, it seems that nesquehonite was not formed in this
period. Moreover, the content of calcite in the solid phase
was quite similar to that determined in period I; it was
around 3%, whilst the amount of monohydrocalcite determined in the solid fractions was slightly lower than in the
solid phase of the previous period.
Brucite was not detected in any of the solid fractions
during period II. This could indicate that the struvite crystallization plant was able to operate efﬁciently in terms of
Mg(OH)2 added/Mg(OH)2 consumed. Also, the semiquantitative analysis of XRD determined that the content
of cattiite was relatively similar, around 13.0% of the total
dry mass, during both experimental periods (Table S1 in
the Supporting Information).
Technical and economic evaluation of the use of the
industrial Mg(OH)2 slurry for struvite crystallization at
full scale
The use of the industrial Mg(OH)2 slurry was evaluated to
determine the feasibility of this magnesium product as a
magnesium and alkali source for struvite crystallization at
full scale. The industrial Mg(OH)2 was a slurry of powdered
product in water. Due to the powdered nature of this
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product, MgO was not fully converted to Mg(OH)2 as also
stated by Matabola et al. (). However, high chemical
conversions of MgO to Mg(OH)2, around 60%, were
obtained during the hydration process. During the operation
of the struvite crystallization plant, samples of Mg(OH)2
slurry were taken to verify its stability. The obtained results
indicated that the characteristics of Mg(OH)2 slurry
remained stable during the operation of the crystallization
plant (Table S2 in the Supporting Information, available
with the online version of this paper). Contrary to the industrial grade MgO, which forms stones of unreacted MgO, Mg
(OH)2 does not agglomerate in contact with water at
environment temperature. Thus, Mg(OH)2 and not MgO,
was chosen as the low cost magnesium and alkali source.
Regarding the efﬁciency of Mg(OH)2 slurry, the molar
ratio of Mg added·P precipitated1 was 7.1 mol Mg
added·mol P precipitated1 (16.6 t-industrial Mg product
added·t-P recovered1) for period I. However, the molar
ratio of Mg added·P precipitated1 was signiﬁcantly reduced
to 1.5 mol Mg added·mol P precipitated1 (3.5 t-industrial
Mg product added·t-P recovered1) for period II. This
reduction in the consumption of Mg(OH)2 slurry was due
to the increase of inﬂuent phosphate concentration. In this
regard, the low phosphate recovery observed for period I
can be attributed to the relatively low phosphate concentration in the inﬂuent, resulting in low potential for
struvite crystallization. Large amounts of chemical (external
sources of magnesium and alkali) are necessary in order to
obtain an efﬁcient struvite crystallization process. It is
important to note that even when the amount of Mg(OH)2
slurry added for period I was around ﬁve times higher
than for period II, the phosphate concentration in the efﬂuent was more or less constant during the whole
experimental period (Figure 2(b)).
The high consumption of Mg(OH)2 slurry observed in
period I was also affected by the high alkalinity level. In
this study, the main species that contributed to wastewater
alkalinity were ammonium and bicarbonate ions. These
ions are involved in other equilibrium reactions that release
protons, when pH is raised, and consequently it was necessary to add more Mg(OH)2 slurry to achieve the optimal pH
range for struvite crystallization. Stratful et al. ()
suggested that an excess of ammonium concentration
could be beneﬁcial for struvite crystallization to ensure
high struvite crystallization efﬁciency. Nevertheless, high
ammonium concentration increased the requirements for
Mg(OH)2 at laboratory scale.
In this work, a chemical equilibrium software, Visual
Minteq, (Gustafsson ) was used to demonstrate the effect
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of these ions on the consumption of Mg(OH)2. For simulations, the possible solid phases that might precipitate were
speciﬁed during the simulations. The mineral species considered were only those that precipitated experimentally
during this work (struvite, monohydroclacite, calcite, nesquehonite, and cattiite). For period I, the theoretical Mg(OH)2
consumption to increase the pH from 8.2 to 8.4 was 6.1 t-industrial Mg product added per t-P recovered, which was lower
than the experimental value (16.6 t-industrial Mg product
added·t-P recovered1). In contrast, for period II, the predicted
Mg(OH)2 consumption was similar to the experimental value
to increase the pH from 8.1 to 8.3 (3.4 t-industrial Mg product
added·t-P recovered1). Predicted results corroborate that the
consumption of Mg(OH)2 is also affected by ammonium and
bicarbonate concentrations (Figure S4 in the Supporting Information, available with the online version of this paper).
The obtained results indicate that phosphate concentration had a higher impact on Mg(OH)2 requirements
than the alkalinity level. High efﬁciencies of struvite crystallization and Mg(OH)2 consumptions were obtained, even
when the treated wastewater had a high level of alkalinity.
Additionally, an overdose of magnesium ion did not
increase the P recovery percentage.
Similar results were obtained by Sánchez et al. ().
Sánchez et al. () used an industrial grade magnesium product with a purity in terms of MgO, 68.0%, less than that used
in this study (80.5%). Sánchez et al. () reported a consumption of an industrial magnesium product for struvite
crystallization of 1.6 mol Mg added·mol P precipitated1 in
an FBR, which is similar to the consumption obtained in
this work (1.5 mol Mg·mol P precipitated1).
Furthermore, an economic evaluation of the use of the
industrial Mg(OH)2 slurry was developed. The operating
costs associated with the requirements for Mg(OH)2 slurry
were determined considering an estimated cost of industrial
magnesium product used (€350·t-Mg(OH)1
2 ). The estimated
costs were around €4,700·t-P precipitated1 and €980·t-P
precipitated1 for periods I and II, respectively. The consumed amount of the magnesium product affected directly
the economy of the crystallization process.
As previously stated by other authors, high phosphate concentrations make it possible to guarantee the economic
viability of the process (Dockhorn ; Desmidt et al. ).
In this study, the costs associated with phosphorus concen1
trations of 2.2 mM (68 mg PO3
4 -P·L ) were much lower
than those estimated using other processes to remove/recover
phosphorus from wastewater. In this regard, the cost of phosphorus precipitation by conventional processes, adding
aluminum or iron salts, is between €2,000 and €3,000·t-P
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precipitated1 (Dockhorn ). In struvite crystallization, the
cost of the addition of an external magnesium source has been
estimated as between €700 and €4,000·t-P precipitated1 (Carballa et al. ; Dockhorn ; Etter et al. ; Señoráns
et al. ; Sakthivel et al. ; Hug & Udert ). In this
regard, a study by Dockhorn () estimated that a general
struvite market value is around €700·t-P precipitated1. The
struvite crystallization cost by adding MgCl2 and NaOH is
around of €4,000·t-P precipitated1 (Carballa et al. );
whilst the cost for struvite crystallization by using MgSO4 is
estimated at around €2,000·t-P precipitated1 (Etter et al.
; Sakthivel et al. ). Similar struvite operating cost has
been determined by using magnesium dosing by electro-dissolution (Hug & Udert ). On the other hand, Señoráns et al.
() reported that the operating cost of struvite crystallization
at industrial scale was around to €2,900·t-P precipitated1.
These authors have used seawater as magnesium source; in
fact, the chemical cost was mainly due to the alkali requirements. These results are in agreement with our ﬁndings.
Furthermore, it is important to take into account that struvite
could be commercialized as agricultural fertilizer. In the literature, the estimated market price of struvite is between €2,000
and €4,500·t-P1 (Münch & Barr ; Etter et al. ;
Geerts et al. ). Therefore, on the basis of our experimental
results and literature data for the estimated prices of struvite,
the use of this industrial grade magnesium product for struvite
crystallization could be economically viable at industrial scale.

CONCLUSIONS
The viability of phosphorus recovery from wastewater in a
full-scale crystallization plant has been veriﬁed, obtaining
struvite pellets with a size range of 0.5–5.0 mm. This produced struvite was suitable to be used as an agricultural
fertilizer.
Inﬂuent phosphate concentration has an important
effect on the crystallization efﬁciency and the purity of
obtained precipitates. Struvite crystallization from wastewater with low phosphate concentration, P concentration
1
lower than 60 mg PO3
4 -P·L , is not economically viable
because it requires large amounts of chemicals. Also, an
inverse relationship between the phosphate concentration
in the efﬂuent and the operating pH was observed, in
which the optimal operating pH was between 8.3 and 8.4.
A high efﬁciency of phosphorus recovery was obtained,
even when the efﬂuent treated had a high level of alkalinity.
The industrial magnesium product can be an economical alternative as magnesium and alkalinity sources for
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struvite crystallization at full-scale plant, with a Mg(OH)2
requirement of 1.5 mol Mg(OH)2·mol P precipitated1.
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