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A B S T R A C T

Struvite crystallization is widely applied for nutrient recovery from wastewater streams. The better under-
standing of the effects of reaction conditions on final crystal properties will contribute to improve both the
recovery efficiency and product quality of struvite as a fertilizer. In this study, batch crystallization experiments
were performed in laboratory scale to reveal the effect of supersaturation on the phosphorus recovery and crystal
properties. For this purpose, supersaturation is regulated through varying the pH, magnesium and ammonium
concentrations in solution. The effects of these parameters on controlling crystal properties such as size and
morphology are highlighted through their role as supersaturation regulators.

The potential implications of different crystal morphologies on settling velocity and aggregation of crystals
are also discussed. This improved understanding could aid in improved struvite crystallization processes for
wastewater treatment.

1. Introduction

Phosphorus (P) is one of the essential elements in living organisms
and an irreplaceable ingredient for agricultural fertilizers that are used
in crop and livestock production. However, phosphate rocks, which are
the main source of P, are non-renewable and in danger of depletion [1].
In addition, beside diminishing phosphate rocks, P content has in-
creased notably in the hydrosphere because of human activity through
domestic and industrial waste, which can cause eutrophication [2].
Therefore, its efficient use, recovery and recycling are important steps
towards environmental safety and a sustainable development.

P-recovery from wastewater is an effective strategy to address both
problems and has gained great attention [1]. The most commonly used
approach has been the precipitation of P-bearing minerals from was-
tewater, such as struvite (magnesium ammonium phosphate hexahy-
drate, MgNH4PO4·6H2O). Struvite has the advantages of being com-
posed of primary macronutrient (nitrogen and phosphorus) and
secondary macronutrient (magnesium), and being a slow-release ferti-
lizer that can be used directly as precipitated [3,4]. In addition, con-
trolled precipitation of struvite in wastewater treatment plants aids in
avoiding pipe clogging and extra costs of equipment cleaning [5,6].

Efficiency of a P-recovery process and struvite product quality can
be enhanced by controlling the precipitation reaction to optimize the
reaction time as well as the size and morphology of the crystals. The

shape and size of crystals have strong impact on the properties of final
product as well as the efficiency of downstream processes like settle-
ability, filtering and drying. Therefore, it is important to be able to
tailor process conditions for optimization of these properties. It could
be misleading to measure the process efficiency in terms of soluble-P
removal as the fine particles can be washed-out and redissolve in
downstream processes, which affect the reliability of modeling and
economic predictions for the whole process [7]. Therefore, improving
the efficiency of downstream processes via regulating reaction para-
meters enhances the phosphorus recovery efficiency and ensures the
quality of effluent. The consistency in the quality and properties of final
product is one of the determinative factors for the success of struvite
production. The particular processes in wastewater treatment plants,
feed and seasonal variations often create changes in the composition of
the input material to the crystallizer. Therefore, the operational con-
ditions should be properly adjusted to minimize the risk of fail to meet
the product quality and process requirements.

Supersaturation is the main parameter that governs size and mor-
phology of the precipitated struvite and the phosphorus recovery effi-
ciency [8,9]. Crystal size is determined dominantly by supersaturation
since the nucleation and growth kinetics are correlated with the ther-
modynamic driving force in the crystallizing system. The application of
the kinetic models for nucleation and growth can be used to control the
size related settling characteristics of struvite crystals [10]. The crystal
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morphology is an outcome of the internal (crystal lattice structure and
crystal defects) and external factors (supersaturation, the presence of
impurities, temperature, etc.). The modification of crystal morphology
has been receiving growing attention due to both theoretical interest
and industrial needs [11,12]. However, a systematic correlation of
struvite morphology with supersaturation and transition boundary be-
tween different morphologies for wastewater application is not yet fully
explored in the literature. The dependency of struvite morphology on
supersaturation, mixing energy and retention time has already been
mentioned by previous studies [8,13,14]. Although it is well established
that crystal morphology is highly effective on the settling velocity, this
aspect has not been reported for struvite previously.

Previous work also implicitly reported the dominant effect of su-
persaturation on precipitation kinetics and aggregative properties of
crystals [15,16]. The liquid from dewatering of anaerobically digested
sludge is the main feed for the majority of struvite reactors [17]. Al-
though, the reported studies are not directly applicable for wastewater
applications due to distinct compositions and characteristics related to
wastewater. The equimolar and low concentration of struvite con-
stituents ions or the high phosphate concentrations in swine wastewater
are not representative for wastewater applications.

High initial supersaturation in the vicinity of inlet ports of struvite
reactor can favor nucleation over crystal growth at the onset of crys-
tallization. Improving aggregation of the generated crystals in this stage
is important; otherwise distribution of them in the space and time will
reduce the chance of collision and aggregation in later stages.
Moreover, improved aggregation contributes to better granulation and
will further reduce the chance of product loss from reactor by wash out.
While the struvite aggregation is mainly explained based on zeta po-
tential in previous studies [18,19], the effect of initial supersaturation
on crystal aggregation is mainly disregarded.

Numerous studies have investigated the feasibility of P-recovery via
struvite precipitation from laboratory to pilot scale and the existing full-
scale struvite crystallization techniques all advertise high recovery ef-
ficiency (80–90%) [7,19–21]. However, the impacts of operational
conditions on the different characteristics of obtained products remain
unclear. Thus, large-scale processes are yet to be optimized in terms of
product quality and efficiency, where variations can be expected due to
individual processes employed at different plants. The individual opti-
mization of reaction parameters such as pH and struvite constituent
ions (Mg2+, NH4

+) is the most common approach to enhance the
phosphorus recovery. However, this approach without a clear under-
standing of benefits and disadvantages on product properties will not
improve the overall efficiency of the process. Further, owing to the
complexity of crystallization processes, considering a comprehensive
parameter is necessary to consistently achieve the desired recovery
efficiency and product properties. Supersaturation is an inclusive
parameter independent of reactor type which takes into account the
effect of several parameters (struvite constituent ions, ionic strength,
pH and temperature). Although supersaturation regulation is crucial to
improve the overall process performance, lack of a fundamental un-
derstanding on lumped recovery efficiency and struvite properties
hindered the utilization of supersaturation as a design parameter.
Therefore, coupling the recovery efficiency and product properties re-
quires a better understanding of the role of supersaturation from a
fundamental viewpoint.

The aim of this study is to explore the central role of supersaturation
on phosphorus recovery efficiency and shaping product properties.
Revealing the correlation between supersaturation and the size and
morphology of the final precipitation products, and further evaluate
their consequent effects on downstream processes is the main focus of
this work.

One of the objectives of this study was to utilize the supersaturation
as an inclusive parameter to couple the recovery efficiency and product
properties. Therefore, the effects of impurities were eliminated by
conducting the experiments with synthetic reject water that enables

accurate calculation of supersaturation. Both reaction conditions and
crystal properties are evaluated for discussing the final crystal mor-
phology where supersaturation was followed as the main parameter.

In order to define a proper operational strategy for supersaturation
regulation, a systematic approach was employed to investigate the ef-
fects of pH and molar ratios of constituent ions on the P-removal effi-
ciency and product quality. By scanning through a relevant range of
supersaturation values, efficient control on crystal size and morphology
was attained and further correlation of these properties with settling
and aggregation characteristics were evaluated. This fundamental un-
derstanding is crucial for improving full-scale applications of phos-
phorus recovery by struvite crystallization via optimization of opera-
tional conditions and their effects on crystal properties.

2. Materials and methods

2.1. Materials

Magnesium chloride hexahydrate (MgCl2·6H2O), sodium dihy-
drogen phosphate (NaH2PO4·2H2O), ammonium chloride (NH4Cl) and
sodium hydroxide (NaOH) were used for the synthesis of struvite. All
chemical reagents were purchased from Merck with analytical grade.
Milli-Q water (18.2 MΩ.cm) was used for all purposes.

2.2. Methods

All experiments were carried out using a lab-scale crystallization
system, composed of a 1 L glass reactor, stirred with Teflon two-blade
propeller controlled by a mechanical stirrer operated at 200 rpm.
Temperature was regulated by a water bath and maintained at
20 ± 0.5 ͦ C for all experiments. The pH was constantly measured and
recorded by a combined glass electrode with KCl reference electrolyte
connected to EasyDirect™ pH Software (Metrohm), and calibrations
were carried out daily. The precipitation reaction was initiated by ad-
dition of MgCl2 solution to a synthetic reject solution and the reactions
were let to proceed for 60min. The pH was kept constant during ex-
periments by addition of 1M NaOH. In the case of terminating crys-
tallization reactions for further studies, the pH of reaction was lowered
to pH=7 by adding appropriate amounts of HCl followed by quick
filtration to prevent dissolution. Nitrogen atmosphere was constantly
preserved on top of the solutions throughout the crystallization reac-
tions to prevent intrusion of atmospheric carbon dioxide. The chemical
speciation and activity based supersaturation were determined by
thermodynamic calculation program Visual MINTEQ 3.1. The pre-
cipitates were collected at the end of each experiment by vacuum fil-
tration through a 0.2 μm pore size filter (PP membranes). The ion
concentrations in the filtrate were determined via spectrophotometry
(Hach DR Lange 1900). The particle size distribution was performed
and analyzed with Beckman Coulter LS230 laser diffraction particle size
analyzer. The presented particle size distributions are based on dynamic
light scattering technique and derived based on sphericity. Thus, the
presented results are nominal size of crystals for the comparison of the
results.

Solid phases were characterized via powder X-ray diffraction (XRD)
(D8 Advance DaVinci, Bruker AXS GmBH) in the range of 5− 75° with
a step size of 0.013° and a step time of 0.67 s. The analysis of XRD data
was performed by DIFRACC.SUITE EVA software (Bruker) and the
International Centre for Diffraction Data database (ICDD PDF-
4+2018) was used to characterize the precipitates. SEM analyses
(Hitachi S-3400 N) were performed where samples were placed on
carbon tape and sputter coated with gold. The zeta potential mea-
surements were conducted by Malvern Zetasizer Nano ZS in a dip cell at
20 °C.
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2.3. Design of experiments

The solution concentrations in this study were selected based on a
dewatering reject of anaerobically digested sludge at a municipal
wastewater treatment plant. The feed to the digester is a mixture of the
thickened primary sludge and dewatered sludge that resulted from an
enhanced biological phosphorus removal (EBPR) process. The opera-
tion strategy for supersaturation regulation is important in order to
keep high recovery efficiency and product quality. The Mg:N:P= 1:1:1
is the theoretic requirement for struvite precipitation, while there is an
imbalance between molar ratios of these ions in practical implications.
The reagent cost for magnesium and alkali may affect the economic
feasibility of struvite production [22]. In this work, different pH and
Mg:N:P molar ratios were evaluated for struvite crystallization. The
reaction kinetics at pH < 7.5 were very slow and pH > 9.5 may result
in precipitation of other phases than struvite [23], thus the reaction pH
were selected as pH=7.5 (low), pH=8.5 (medium) and pH=9.5
(high). By combining different molar ratios with different pH values,
struvite crystallization was investigated under a broad range of super-
saturation and growth kinetics. The addition of magnesium beyond the
consumption potential by struvite crystallization increases the oper-
ating cost, may result in formation of various magnesium phosphate
precipitates and increases the chance of unintentional struvite pre-
cipitation in other processes [24]. Therefore, a series of preliminary
experiments were performed to maximize P-recovery with minimum
increment of Mg:P molar ratio beyond the stoichiometric value of 1:1.
The Mg:P=1.67:1 was selected based on the result of these experi-
ments. The dewatering sidestreams of EBPR sludge both before and
after anaerobic digestion are rich in phosphorus, while the reject flows
after anaerobic digestion have significant surplus of ammonium with
respect to phosphate and magnesium [25]. Therefore, the ammonium
concentration to the crystallizer (N:P molar ratio) can be controlled by
regulating the contribution of phosphate rich and ammonium rich
streams or by control of recycle ratio of the reactor. According to
technology providers N:P>6 is optimal to maximize the recovery ef-
ficiency and purity of struvite and struvite precipitation would be of
interest if N:P>1 [19,26]. The molar ratio of N:P=12 is the original
N:P in the selected reject water and the other N:P molar ratios were
selected based on these criteria. All experiments were performed in
duplicates and Table 1 shows the experimental conditions and the
thermodynamically calculated activity based supersaturation, Sa, for
each experiment by using Eq. (1) [27]:

⎜ ⎟= ⎛
⎝

⎞
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IAP= ion activity product= aMg
2+ · aNH4+· aPO43−

Ksp= thermodynamic solubility product
The thermodynamic equilibrium calculations for struvite

precipitation were performed by Visual MINTEQ 3.1 software to cal-
culate the theoretical yield for each solution and the thermodynamic
evaluation was followed by lab-scale batch experiments with a reaction
duration of 60min. The presented theoretical and experimental results
of percent phosphorus recovery were calculated by using Eq. (2).
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2.4. Preparation of solutions

Stock solutions of magnesium chloride hexahydrate (MgCl2·6H2O),
sodium dihydrogen phosphate (NaH2PO4·2H2O) and ammonium
chloride (NH4Cl) were prepared from their corresponding crystalline
solids (Merck, reagent-grade) using MQ-water. Synthetic reject water
was then prepared from the stock solutions following the original
composition of the reject water with total ammonium nitrogen (NH4-
N=745mg/L) and total phosphate (PO4-P=137mg/L) conforming
N:P=12:1, and the final composition in each experiment was adjusted
to achieve the compositions in Table 1. The supersaturated solutions
with respect to struvite were prepared by addition of the magnesium-
containing solution to synthetic reject water under constant stirring.

2.5. Measurements of settling velocity

Sedimentation tests were conducted on an experimental set-up
which was a modified form of the Andreasen pipette method [28]. The
set-up consisted of a cylindrical glass burette with 8mm internal dia-
meter filled with water pre-saturated with respect to struvite to avoid
dissolution. The sieved crystals were dispersed in 1mL of the same li-
quid and allowed to make a distinct front before measurements. The
measuring system was based on visual space-time registration and
travel time of the particles measured by digital-display stopwatch.

3. Results and discussion

3.1. Efficiency of phosphorus recovery

The initial phosphorus concentration is equal in all conditions and
the final phosphorus concentration is determined by the solubility of
struvite, which is constant at constant temperature, for the calculation
of theoretical yield. Fig. 1 presents the experimentally measured and
theoretically percent P-recovery values for all determined conditions.
The increasing values of P-recovery shown with thermodynamic cal-
culations reflect the effect of higher supersaturation in the reaction
medium that is achieved either by increasing the pH or molar ratio of
the constituent ions with respect to P. The results for struvite yield

Table 1
Experimental conditions and calculated activity based supersaturation values
(P= 137mgL−1).

ExP. Mg:N:P pH Sa

1 1:2:1 7.5 1.5
2 1:2:1 8.5 3.3
3 1:2:1 9.5 5.8
4 1:6:1 7.5 2.1
5 1:6:1 8.5 4.5
6 1:6:1 9.5 7.9
7 1:12:1 7.5 2.4
8 1:12:1 8.5 5.3
9 1:12:1 9.5 9.5
10 1.67:12:1 7.5 2.7
11 1.67:12:1 8.5 5.9
12 1.67:12:1 9.5 10.6

Fig. 1. The P-recovery measured in the experiments and equilibrium theoretical
P-recovery calculated from Visual MINTEQ.
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based on thermodynamic equilibrium calculation are presented in
Figure S1.

The strong influence of pH on supersaturation results from its de-
terministic effect on phosphate and ammonia speciation in solution
(Table S1) [60]. Increasing pH shifts the equilibrium reactions of
struvite constituents, which consequently increases the supersaturation
with respect to struvite. A satisfactory fit was observed between theo-
retical and experimental results within the reaction time of 60min
determined for this study, except for two sets of experiments at
pH=7.5 with lowest supersaturation values due to slower reaction
kinetics (Mg:N:P=1:6:1 and Mg:N:P= 1:2:1). Higher supersaturation
means a higher chemical potential for the crystallization of struvite and
consequently a higher phosphorus recovery as observed in the ther-
modynamic calculations. Increasing Mg:P and N:P molar ratio at low
pH (7.5) caused a greater effect on P-recovery efficiency than that in
higher pH values.

Moreover, experimental results also showed the strong effect of
supersaturation on the kinetics of the precipitation reaction and in-
dicated that supersaturation is a key parameter for efficient P-recovery
by precipitation. Both nucleation and crystal growth rates scale with
supersaturation, thus, the reaction times for completing the precipita-
tion shorten under high supersaturation. The rate of NaOH addition for
maintaining the solution pH during the precipitation reactions was an
indication of the reaction progression [22] and it was found that among
the studied factors, pH showed the major effect on the reaction time.
Increasing the reaction pH from 7.5 to 8.5 and from 8.5 to 9.5, reduced
the time for completing the reactions by a factor of ≈5 and ≈3, re-
spectively (data not shown). According to the results of ion and com-
plex speciation by Visual MINTEQ 3.1 (Figure S2) the increase of pH
changes the ion speciation and ion complexations towards a higher
PO4

3− and MgPO4
− content while decreasing free Mg2+ and NH4

+.
This implies that higher rates of the precipitation reactions at higher pH
can mainly be explained based on higher amounts of available phos-
phate precursors. This hypothesis is in line with the findings of Abbona
et al. deducted from molecular modeling based on periodic bond chain
(PBC) theory [8].

The slow reaction kinetics observed at low supersaturation levels
can be disadvantageous in the case of full-scale application specially for
big treatment plants with high flows of reject water. Therefore, super-
saturation adjustment via pH and precursor concentration is of vital
importance for enhanced recovery efficiency. The struvite rectors must
be optimized to not only convert the soluble phosphorus to struvite but
also to maximize the quality and collection of the product [29]. How-
ever, the dissimilarities associated with reactor type (i.e. fluidized bed,
air-agitated and stirred) make this optimization challenging. Aeration is
mainly practiced for pH increase by CO2 stripping, while process reg-
ulation by aeration adjustment could be challenging due to complex
dependency of turbulence on bubble size and reactor dimensions.
Further, it has been reported that adjustment of aeration intensity did
not improved the struvite recovery and particle settling [30]. In stirred
reactors, the mixing improvement enhances the struvite recovery by
more homogenous distribution of supersaturation and preventing local
peaks in supersaturation, otherwise mixing by itself can not be con-
sidered as the main parameter for optimization. Therefore, process
optimization requires selection of a proper control parameter. Super-
saturation incorporates the impact of essential parameters (constituent
ions, pH and temperature) and has the privilege to uncouple the opti-
mization to a great extent from reactor type. Moreover, supersaturation
regulation approach can be further utilized for crystal growth and ki-
netics studies as a well-established theoretical and practical knowledge
is available on the supersaturation role in different aspects of crystal-
lization process [10,27,31].

3.2. Product characterization: purity and crystal morphology

In the crystallization systems with sufficient concentrations of

Mg2+, NH4
+ and PO4

3− ions, struvite and various magnesium phos-
phate minerals can potentially precipitate. However, the final pre-
cipitate is the result of both thermodynamic and reactions kinetics. The
thermodynamic calculations showed that at the defined experimental
conditions, the supersaturated phases were limited to struvite, new-
beryite (MgHPO4·3H2O) and trimagnesium phosphate (Mg3(PO4)2).

The intensity and positions of XRD patterns matched with the re-
ference powder diffraction file for struvite (PDF 00-015-0762) that
further confirmed presence of pure struvite under all experimental
conditions (Figure S3). Further, based on defined experimental condi-
tions, obtaining pure struvite is in accordance with previous studies. It
is reported that nucleation rate of struvite is greater than that of new-
beryite and newbryite is the stable form at low pH (pH < 6) and high
magnesium concentrations [32]. Trimagnesium phosphate has never
been observed in the pH range of 6–9.5 and is reported to have low
precipitation rate. Therefore, in the pH range of this work, neither
newberyite nor trimagnesium phosphate are kinetically favorable
phases and struvite precipitation is more abundant [23,32,33].

The morphology (external shape) of a crystalline particle is de-
termined by the intrinsic characteristics of the crystal structure and the
external factors of growth conditions such as solution composition and
temperature. The final crystal morphology arises as a result of the re-
lative growth rates of each of its faces which are affected by both in-
ternal and external elements of growth [24,34]. Fig. 2 shows the wedge
shape morphology of struvite crystals with corresponding miller indices
for different faces.

The effects of reaction conditions on the final crystal morphology
are investigated in detail and Fig. 3 summarizes the different
morphologies observed at varying conditions of supersaturation and
ammonium concentration. The represented morphologies in Fig. 3 are
selected after thorough inspection by SEM in order to report the
dominant crystal morphology in each experiment. The observed
morphologies are categorized in three groups as polyhedral (well-fa-
ceted), hopper and rough (dendritic) morphologies with a possible
transition boundary between them.

3.2.1. Effects of supersaturation on struvite morphology
Struvite morphologies observed at low supersaturations (Sa= 1–3)

showed a well-faceted structure with a bipyramidal appearance and
generally free of major defects (zone 1). The crystals at Sa= 1.5
(Fig. 3a) reflected the most basic morphology of struvite crystal that is
hemimorphic with unequally developed [001] and [001̄] faces. In this
zone, increasing the ammonium concentration triggered the growth of
[001] face which appeared as a sharp and narrow face on the top of the
crystal (Fig. 3b, c and d). It can be seen that in zone 1 increasing pH by
one unit caused longitudinal elongation of the crystals (Fig. 3e). In-
creasing the supersaturation beyond Sa= 3, either by increasing the pH
or the concentration of constituent ions, initiated the transition be-
tween zone 1 with well-faceted crystals and zone 2 with hopper crys-
tals. The crystals observed in zone 2 seemed to be twin crystals with the

Fig. 2. The wedge shape morphology of struvite crystals. The facets are defined
with corresponding Miller indices.
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X-shape morphology. It was noticed that as the supersaturation was
increased, the area of the [012] planes became smaller and it eventually
disappeared at higher supersaturation. The further increase of super-
saturation resulted in the formation of needle-like and dendritic crystals
with high aspect ratios as shown in zone 3. It was observed that higher
levels of supersaturation attained by increasing the ammonium con-
centration within zone 3 amplified the branching of struvite crystals
and shifted the needle-like morphology to a dendrite. (Fig. 3m, n).

The transition exhibited by the crystals from polyhedral to dendritic
morphologies was induced by changing growth mechanisms as a result
of the increasing supersaturation. Under low to moderate super-
saturation levels growth is surface reaction controlled and mono-
crystalline particles with polyhedral morphologies are the expected
outcomes of the advancement of smooth faces along the crystal lattice.
With increasing driving force, surface roughness increases due to ex-
tensive surface nucleation and stimulates a change in the growth me-
chanism from reaction-controlled to diffusion-controlled growth. The
diffusion field around crystals becomes prominent on their develop-
ment under these conditions and concentration gradients along the
diffusion field induce morphological instabilities at the crystal inter-
face. Depending on the diffusion field, certain edges and corners of
crystals can have access to higher supersaturation and consumption of
supersaturation by growth of these locations prevents growth of the
central part, which results in hopper crystals (Fig. 4a) [31]. Further
elevation of the characteristics observed in hopper crystals results in a
more efficacious advancement in the direction of high supersaturation
along the same lattice and give rise to dendritic growth. The X-shape
morphology can be considered as an intermediate stage of evolution
between the well-faceted and dendrite crystals or as an implicit
boundary between slow and rapid growth (Fig. 3) [35,36].

Previous studies also showed that the internal structure of struvite
induces surfaces with higher potential and probability of growth in

certain directions, which will regulate the final morphology of struvite
crystals [8]. However, the complex morphology of X-shape crystals has
been explained by some researchers to be formed by self-assembly and
fusion of independent crystals [37–39]. In order to investigate this
hypothesis, crystallization reactions with different initial super-
saturation values were terminated at varying time intervals and pre-
cipitates were examined by SEM (Fig. 4). Our results did not show any
supporting evidence for mesocrystal formation, which proposes that a
composite structure forms via oriented aggregation of small particles
[36]. Instead, we suggest these complex morphologies are mainly sur-
face patterns that reflect different shapes due to different growth rates
of struvite faces. However, further interpretations cannot be made
within the scope of this work and detailed investigations would be
necessary to determine the underlying formation mechanism of these
morphologies.

From practical point of view, the regulation of supersaturation is
achievable by adjustment of the nutrient rich flows, chemical dosing
and pH. Although, the accurate measurement of supersaturation in full-
scale applications is quiet challenging since the real wastewater is a
complex matrix of organic and inorganic materials [40]. The crystal
morphology yet can be determined by simple microscopy or an image

Fig. 3. Crossover of the struvite morphology versus activity based supersaturation and ammonium concentration (note that the placement of f and k do not follow the
placement with respect to axes).

Fig. 4. The X-shape morphology of struvite crystals from a) bottom and b) side
views.
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analysis technique, which further can be used as an auxiliary indicator
for approximation of the supersaturation extent (Fig. 3).

3.2.2. Effects of Mg2+ and NH4
+ concentration

The effect of Mg2+ on struvite morphology was mainly observed as
a regulator of supersaturation and reaction kinetics. The reflection of
higher Mg2+ concentration on the morphology of crystal is observed in
the development of [001̄] face. The higher Mg2+ concentration slightly
increased the longitudinal elongation of crystals along b-axis (Fig. 3c,
3d and 3h, 3i). This is in line with the molecular modeling and previous
observations in other studies [36,37].

The ammonium concentration influences the lateral growth and
thickness of struvite crystals (Fig. 3a, c and c, d). This deduction is
based on several experiments in addition to presented experiments in
this paper and it will be discussed in more detail. Struvite crystals
consist of tetrahedral PO4

3− and NH4
+, and Mg[H2O]62+species. In all

observed morphologies the [001̄] face is larger than [001] face and
NH4

+ concentration is efficient in shaping the outcrop of [00i] surfaces
(i = 1–4) (Fig. 3). For moderately low values of pH (about 7.5) and low
concentrations of NH4

+, the [001] face appears as a flat trapezoidal
surface which is elongated more along b-axis (Fig. 2). Higher con-
centrations of NH4

+ produced a sharp outcrop for this face and it
triggered the growth of [00i] (i = 1–4) faces. At medium pH=8.5 the
lower concentration of NH4

+ hindered the formation of a smooth fin-
ished surface at [001] face and at high pH=9.5 it can be seen that the
higher concentrations of NH4

+ induced the dendritic structure of the
crystals which has started on the top face of [001] (Fig. 3). However,
lower concentrations of NH4

+ resulted in smoother top surface and less
branching of crystals.

It has previously been reported that the [001] surface has the higher
density of electropositive groups (NH4

+) or in other words the NH4
+

groups terminate the [001] surface [41]. PO4
3−and Mg

[H2O]62+groups terminate the [001̄] surface that makes the c-axis a
dipole axis [36,41]. Thus, increasing the content of NH4

+ affects the
distribution of supersaturation around the growing crystal. The NH4

+

groups on [001] faces are likely to be more polarized than the PO4
3−

and Mg[H2O]62+ groups on [001̄] face [41]. The NH4
+ groups can

induce growth along the c-axis and outcrop on [00i] surface (i= 1–4)
that results in such structures. The XRD results (Figure S3) further
showed that the expression of observed peaks for [002] (2θ=15.78)
and [004] (2θ=31.88) were higher in the case of higher NH4

+ con-
centration.

3.3. Product properties

3.3.1. Size distribution
The final particle size, purity and crystal morphology are the key

factors to the phosphorus recovery efficiency [42]. The desired size of
struvite particles mostly depends on its final use. Smaller particles have
higher release rate of nutrients because of their high surface area/vo-
lume ratio [43,44]. However, in the nutrient recovery by struvite
crystallization, uniform distribution of big particles with minimum
contribution of fine particles is favorable. Bigger particles settle faster
and bring less challenge in post-handling like drying and filtration,
while the fine particles increase the chance of wash out from the re-
actor, especially in fluidized bed reactors (FBR) [29,45].

Fig. 5 presents the nominal size distribution graphs for struvite
particles precipitated at different conditions. As a general trend, the
particle size decreased with increasing initial supersaturation and a
more homogenous size distribution was obtained for the particles
crystallized at lower supersaturations. The particle sizes were in the
range of 70–90 μm in zone 1, 40–60 μm in zone 2 and 20–50 μm in zone
3.

The share of fine particles (smaller than 10 μm) in final products
were also calculated at each experimental condition and given in Fig. 6.
Results show that the share of fine particles increased with increasing

supersaturation via both pH and ion concentrations. Experiments con-
ducted at pH=7.5 had no share of fine particles except for the lowest
supersaturation condition at the case of Mg:N:P= 1:2:1. As shown in
Fig. 1, 60min reaction time was not enough for complete growth of
crystals at that supersaturation (Sa= 1.5) which resulted in fine par-
ticle formation in this case.

Supersaturation is the main driving force for the crystallization
process and highly influences particle size and size distribution due to
its strong effect on the nucleation rate. Smaller particles observed with
increasing initial supersaturation results from boosted nucleation rates
that produces higher number of particles, which then consume the re-
maining supersaturation by crystal growth [10]. Similarly, the in-
creasing share of fine particles detected at pH=8.5 and pH=9.5 is
associated with high initial supersaturation which implies high nu-
cleation rate [46]. Thus, lower initial supersaturation levels that result
in large size crystals with a lower content of fine particles can be
considered for process optimization.

3.3.2. Settleability
Crystal size and shape affect the efficiency of downstream processes

like settleability, filtering and drying, so it is important to be able to
tailor process conditions for optimization of these properties. Improving
crystal settleability by optimization of reaction parameters to minimize
loss of crystals due to wash out will enhance phosphorus recovery ef-
ficiency and ensure the quality of effluent [47].

There are different factors that affect the settling velocity of a par-
ticle like size, shape and density [48]. The settleability test was per-
formed on the varying morphologies of struvite particles that were
obtained at different reaction conditions. Sieving was used in order to
investigate the effects of size and morphology separately on the settling
velocity of struvite particles. Fig. 7 shows the results of statistical
analysis for these measurements.

Results showed the strong dependency of the settling velocity on
both size and morphology of the precipitates. The bigger crystals settled
faster for all morphologies. Among different morphologies, the bipyr-
amidal crystals had the highest settling velocity for all crystal sizes
followed by X-shape crystals and the lowest settling velocity was ob-
served for the dendritic (needle-shape) crystals. The difference of the
settling velocities can be explained based on difference in mass and
packing density of the particles [49]. Further, the needle-shaped crys-
tals with high aspect ratio do not favor proper settling due to the higher
drag force they experience, which might cause difficulties during set-
tling and filtration [50].

These results reveal that for a more efficient solid-liquid separation
and better settling properties, the struvite particles crystallized under
low to moderate supersaturation conditions can be advantageous.

3.3.3. Aggregation
During crystallization, particles may grow as single particles or in

aggregates. The aggregation of struvite crystals is favorable for waste-
water applications since bigger aggregates settle faster and mediate the
granulation in the reactor. It is reported that the higher structural
strength of struvite pellets can be achieved by aggregation of fine
struvite crystals [51].

The aggregation process affects the final particle size and it requires
collision of particles and a sufficient period that particles stay together
[52]. Previous research has shown that supersaturation affects the ag-
gregation of struvite particles by influencing the adherence of particles
and increasing the pH of the precipitation reaction leads to the pro-
duction of particles with weak aggregation and settling properties
[16,53]. In our study, we also observed that both pH and super-
saturation are important parameters for aggregation of struvite parti-
cles. Fig. 8 shows SEM images of struvite crystal with stronger ag-
gregation at low values of initial supersaturation and reaction pH (a, b
and c), and their transition to weak aggregates and to single crystals (d,
e and f) with increasing values of these parameters. In general, results
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showed that struvite particles crystallized under conditions corre-
sponding to zone 1 (Fig. 3) displayed better aggregation properties.

The measured zeta potentials for crystals at Mg:N:P= 1:12:1 and in
different pH levels (ζ= -7.51mV at pH=7.5, ζ= -9.30mV at pH=8.5
and ζ= -17.06mV at pH=9.5) confirmed that struvite particles have
higher negative zeta potential at higher pH values. It is known that the
aggregation of particles is mainly governed by surface charge and
struvite crystals showed higher negative surface charge at higher pH
values, which disrupts the aggregation potential and settleability due to
increased repulsive forces [18,54,55]. Therefore, crystallization reac-
tions held at low pH can mediate stronger charge induced aggregates of
struvite crystals termed as micro flocs that can initiate the formation of
compact aggregates by adsorption and bridging in the case of sufficient
supersaturation. The aggregation of micro flocs is an important step
that affects the efficiency of solid/liquid separation [56]. As shown in
Fig. 8e and f, when pH was increased to 9.5, no aggregation was ob-
served due to the high negative zeta potential of crystals precipitated
under this pH value.

Our results also showed the influence of initial supersaturation on
the aggregative properties along with the reaction pH. The comparison
of Fig. 8c and d (corresponding to Fig. 3e and g, respectively) showed
better aggregated struvite crystals in the zone 1. Aggregation rate shows
a linear relationship with crystal growth rate and scales with super-
saturation [57]. Thus, maintaining sufficiently high levels of super-
saturation during growth of particles can enhance their aggregation.
Zone 1 lies low in the supersaturation scale of our experiments; how-
ever, in this work only the initial values of supersaturation are de-
termined. High initial supersaturation induces high nucleation rates
and generation of higher numbers of particles, which triggers faster
consumption of supersaturation during growth regime. On the contrary,
the low initial supersaturation in zone 1 implies maintaining of super-
saturation for longer time during growth; hence, particle aggregation is
improved.

The aggregation of struvite particles has practical implications since
it favors the round granular shape of struvite. The granular struvite

Fig. 5. Particle size distribution for struvite particles precipitated at different conditions.

Fig. 6. The share of fine particles (< 10 μm) by volume percent in the final
products precipitated at different experimental conditions.

Fig. 7. The settling velocity of struvite particles with different size and
morphologies (bars show standard deviations).
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particles are preferable for ease of transportation and its applicability to
the farmers’ spreading equipment [58]. It was also reported that X-
shape struvite crystals do not favor the production of struvite granules,
which is undesired for agriculture purposes [59].

The results of this study show that struvite crystals precipitated at
different reaction conditions have different aggregation properties. The
electric charge of crystals plays an important role in granulation and
particle-particle interactions, and solution pH is shown to be an effec-
tive parameter for its control [15]. Solution supersaturation is another
important factor, where continuous measurement can impose some
practical difficulties for full-scale applications; however, adjustment of
initial values can be utilized for successful granulation.

4. Conclusion

Variational digester supernatant composition and operating condi-
tions in wastewater treatment plants requires adjustment of operating
parameters to ensure high P-recovery efficiency and product quality.
This study presents how different concentrations of struvite con-
stituents (Mg2+, NH4

+) and pH affect phosphorus recovery along with
crystal size and morphology, and settling and aggregation properties of
the final products.

It is concluded that an integrated optimization of both recovery
efficiency and product properties (size, aggregation and settling) is
necessary to achieve a well-controlled struvite crystallization. The su-
persaturation regulation is an effective approach to define the opera-
tional window for this integrated optimization. The proper control of
supersaturation through controlling the pH and ion concentrations in
the reaction medium demonstrated the combined effects of operating
conditions and feed composition on the final properties of the struvite
crystals. The operational conditions for production of three dominant
struvite morphologies are presented and the recovery potential and
properties of final crystals are discussed at each experimental condition.
In brief, providing the operational condition in a way that it lies in zone
1 (Fig. 3) produced bigger crystalline particles with better settling and
aggregation properties than zone 2 (Fig. 3) and the dendritic crystals in
zone 3 (Fig. 3) were not favorable in terms of settleability and ag-
gregative properties. Moreover, maintaining the sufficient levels of
supersaturation after nucleation showed improved aggregation of

struvite crystals. These results revealed that product properties, like
crystal size and morphology, can be efficiently controlled by super-
saturation. On the other hand, the general trend of phosphorus recovery
did not follow the same trend where the efficiency was highest in zone
3 with high supersaturation values.

The overall process efficiency requires maximized phosphorus re-
covery and favorable product properties. The results of this study show
that the supersaturation regulation is an effective strategy to optimize
the recovery efficiency and to consistently attain the desired struvite
properties.
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