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Influence of various operating parameters on struvite metastable zone width
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ABSTRACT

Struvite metastable zone width (MSZW) is important for the operation of struvite crystallizers
to recover phosphorus (P) from wastewater streams as large struvite crystals. However, limited
information on struvite MSZW is available. In this study, struvite MSZW was determined under
32 different conditions in a continuously stirred struvite crystallizer to systematically examine the
influence of various operating parameters on struvite MSZW. It was found that struvite MSZW
(1.3-73.1, presented as a supersaturation ratio difference) broadened with increasing pH (7.6-8.6),
struvite seed size (0.3-1.7 mm) and addition rate of MgCl, solution (0.7-4.1 mg Mg min™), but nar-
rowed with increasing agitation intensity (Reynolds number = 5.4 x 10°-2.3 x 10*) and struvite seed
mass (0-3.33 g L™). Based on the results of this study, the supersaturation ratio of struvite in indus-
trial struvite crystallizers should be kept below 10.7 to avoid the intensive formation of fine struvite
crystals and the optimal supersaturation ratio is 5.4, under operating conditions similar to those
used in this study. When changing the operating parameters of a struvite crystallizer, the resulting
change of struvite MSZW should be considered, especially when using the supersaturation ratio as
the process controlling parameter. From the MSZW perspective, higher pH, larger addition rate of
MgCl, solution, lower agitation intensity, smaller seed amount or larger struvite seeds enhances the
production of large struvite crystals in struvite crystallizers for P recovery from wastewater.

Keywords: Controlling parameter; Metastable zone width; Phosphorus recovery; Struvite crystallization;
Supersaturation generation rate

1. Introduction

Various technologies have been developed in the last
decades to recover phosphorus (P) from different wastewa-
ter streams by struvite (MgNH,_PO,6H,0) crystallization
(Eq. (1)) in fluidized bed reactors [1-3], stirred tank reactors
[4-6] and reactors with dual functions of aeration and set-
tling [7-9]. To increase the supersaturation level of struvite
in the reactor, Mg sources are generally added to the reac-
tors and the pH is raised by adding a base (e.g. NaOH) or
by aeration to strip out the dissolved CO, [8]. The recovered

* Corresponding author.

struvite is an effective multi-nutrient slow-release fertilizer
that gives equivalent P uptake and yield for plants as con-
ventional P fertilizers like di-ammonium phosphate and
triple superphosphate [10,11].

Mg®* + NH; + H PO + 6H,0 «» MgNH,PO, - 6H,0 +
nH" (1)

where 1 equals 1 or 2 in the pH range 5.5-9.0 [12].
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Regardless of the type of reactor, keeping the supersat-
uration level of struvite in the reactor within the metasta-
ble zone (the region between the solubility limit and the
supersolubility limit) where nucleation does not take place
spontaneously is a prerequisite for the stable operation of
the struvite crystallizer and obtaining products with a spe-
cific quality regarding crystal size distribution, habit, purity,
etc. [13]. Generally, the extent or width of the metastable
zone is expressed as the metastable zone width (MSZW).
On the one hand, a high supersaturation level exceeding
the supersolubility limit of struvite causes intensive nucle-
ation, resulting in small products [14], decreased P recov-
ery efficiency [15] and problematic operation of the struvite
crystallizer [16]. On the other hand, a low supersaturation
level leads to a small crystal growth rate. Thus, a long crys-
tal retention time is needed to obtain large struvite crystals
as products that are easy to harvest, dry quickly and have
good properties for transport and application [1]. As a rule
of thumb, operating the crystallizer at approximately half of
the MSZW of the crystallization system is considered to be
optimal [17]. Previous studies have shown that the MSZW
of crystals is influenced by many operating parameters of
the crystallizers such as the supersaturation generation rate,
presence of impurities, seeding, agitation intensity, solu-
tion volume, etc. [18,19]. For example, a smaller MSZW is
obtained at a smaller supersaturation generation rate or
when the crystallization solution is seeded. Therefore, it is
critical to determine the MSZW of struvite and the effects
of the operating parameters of struvite crystallizers on it to
recover P as struvite crystals with expected quality.

Despite the great importance, limited research has
focused on the struvite MSZW (Table 1), especially under the
conditions typical for operating struvite crystallizers fed with
wastewater. Struvite MSZW determined in the previous stud-
ies (from 1.8 to 2,511 as a supersaturation ratio difference)
differed by three orders of magnitude [20-23]. It was found
to be independent of pH [21] but decreased with the increas-
ing agitation rate [22] and ultrasonic power [23]. However,
the supersaturation generation and nucleation detection
methods, and the forms in which the struvite MSZW was
reported (as a pH or concentration difference) varied in

Table 1
Previous studies on struvite MSZW
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these studies, making the interpretation and comparison of
the results ambiguous. Moreover, the effects of other operat-
ing parameters (supersaturation generation rate, seed mass,
etc.) of a struvite crystallizer on the struvite MSZW have not
been examined. The purposes of this study are to determine
struvite MSZW and systematically investigate the influence
of the operating parameters of a struvite crystallizer (MgCl,
solution addition rate, pH, agitation intensity, seed mass, and
seed size) on the struvite MSZW.

2. Materials and methods
2.1. Experimental solution and analysis methods

The experiments were conducted with synthetic solutions
prepared by dissolving analytical grade chemicals in deion-
ized water. Diammonium hydrogen phosphate (NH,),HPO,,
VWR, Belgium) and ammonium chloride (NH,Cl, Merck,
Germany) were used to prepare the P-N solution with
135 mg L orthophosphate-P (PO,-P) and 610 mg L total
ammonia nitrogen (TAN). Magnesium chloride hexahydrate
(MgCl,6H,O, Merck, Germany) was used for the MgCl,
solution with 1,380 mg L™ total dissolved Mg. 0.5 and 1.0 M
NaOH solutions were also prepared with anhydrous sodium
hydroxide (Merck, Germany). The PO,~P concentration and
N:P molar ratio (~10:1) of the P-N solution approximated
to the average values of those in the anaerobically digested
sludge liquor from wastewater treatment plants using
enhanced biological P removal which is the most common
wastewater stream for P recovery by struvite crystalliza-
tion [24]. The MgCl, solution concentration yielded an Mg:P
molar ratio of 1.3:1 at the volume ratio of the MgCl, solution
to the P-N solution of 1:10 which simulated the practical stru-
vite crystallizer operation where a concentrated MgCl, solu-
tion was added to the wastewater at a small rate. The PO,-P
and TAN concentrations of the prepared P-N solution and
the total dissolved Mg concentration of the MgCl, solution
were standardized before the experiments. PO,-P and TAN
concentrations were determined with a spectrophotometer
(UV-1800, Shimadzu, Germany) according to DIN EN ISO
6878 and DIN 38406-5, respectively. The total dissolved Mg

References Supersaturation Nucleation detection pH Agitation MSZW report MSZW
generation method method rate (rpm) form (ASY)
[20] pH increase Visual observation of - 35 pH difference 2.5-73
laser light scattering
[21] Mg concentration pH drop, visual 8.0,8.5 200 Concentration 71-2,511
increase observation difference, SI_*
[22] pH increase pH drop, visual - 50, 100, 120 pH difference 1.8-173
observation
[23] pH increase Drop of the laser - 400 pH difference 0.9-3.6
transmission

“SI;: supersaturation index of struvite (Eq. (2)).

PAS: struvite MSZW, expressed as the difference between the supersaturation ratios of struvite (Eq. (3)) at the supersolubility limit and sol-
ubility limit. Supersaturation ratios of struvite at the supersolubility limit were calculated from SI data given in [21] and with PHREEQC
interactive based on the concentrations and pH data given in the other three studies.
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concentration was determined by titration with an ethylene-
diaminetetraacetic acid solution.

2.2. Experimental setup and procedure

The MSZW of struvite was experimentally determined
by a gradual increase of the supersaturation degree of stru-
vite in the experimental solution until nucleation took place.
The gradual increase of struvite supersaturation degree in
the experimental solution was realized by dosing MgCl,
solution to the stirred P-N solution at constant pH and tem-
perature, modified from the method of Bhuiyan et al. [21].
All experiments were conducted in a constant temperature
room (20°C + 2°C) [23] with a 1 L glass beaker (inner diam-
eter = 10 cm) stirred with a three-blade marine propeller
(diameter = 5 cm) made of stainless steel. The distance from
the propeller to the bottom of the beaker was 1.0 cm. A four-
blade standard baffle made of stainless steel (dimensions
are given in Fig. S1) was inserted in the beaker to facilitate
mixing. To detect nucleation and compare different nucle-
ation detection methods, the pH, conductivity and turbidity
of the solution in the beaker were recorded (once every 10 s)
with the pH (SenTix, WTW, Germany), conductivity (LF 400,
GHM-Greisinger, Germany) and turbidity (Ponsel Mesure,
France) electrodes and meters (WTW, Germany; GMH 5450,
GHM-Greisinger, Germany; Odeon, Ponsel Mesure, France).
The electrodes were fixed at the same positions in the beaker
in all experiments. A thermometer incorporated in the tur-
bidity meter also recorded the temperature of the solution
during the experiments which varied marginally (within
1.0°C) in all experiments.

At the beginning of each experiment, 600 mL P-N solu-
tion was filled in the beaker and stirred. The pH of the P-N
solution was adjusted to the set value with the NaOH solu-
tion. After further stirring for 3 min to ensure a steady-state,
a certain volume of MgCl, solution was added to the bea-
ker from the surface close to the stirrer shaft, followed by
immediate addition of NaOH solution until the pH of the
mixture in the beaker reached again the initial set value. By
doing so, the PO,~P and TAN concentrations of the mixture
in the beaker dropped slightly and the total dissolved Mg
concentration increased at the set pH. Consequently, stru-
vite supersaturation degree of the mixture in the beaker
increased. After a certain time interval (5-30 min, Table 2),
the same volumes of MgCl, solution and NaOH solution
were added to the beaker for the second time, which brought
a further increase of struvite supersaturation degree at the
set pH. No NaOH solution was added during the interval
because the pH of the mixture did not change when no nucle-
ation took place. The addition of the fixed volumes of MgCl,
and NaOH solutions to the beaker after the fixed time inter-
val was repeated until the pH dropped continuously and the
turbidity increased dramatically which indicated the occur-
rence of nucleation. Since the initially formed nuclei could
not be detected immediately after their formation due to
the tiny sizes, the time interval left between the addition of
the solutions allowed the initially formed nuclei to grow to
detectable sizes and quantities after the nucleation supersat-
uration degree (the metastability limit) was reached. In sim-
ilar experiments for the determination of struvite MSZW, a
time interval of 2 or 15 min was also adopted between every

step of supersaturation degree increase [20,23]. The mixture
in the beaker was continuously stirred during the exper-
iment. Each experiment was repeated at least three times.
In the experiments with seeds, the seeds were added to the
beaker immediately after the first-time addition of MgClI,
and NaOH solutions to prevent the dissolution of the seeds
in the undersaturated P-N solution. Struvite particles of dif-
ferent sizes produced from a previous continuous struvite
crystallization experiment with the same solutions as used
in this study were separated by sieving and directly used as
seeds without grinding.

With the total volume of the MgCl, solution added in
each experiment, the composition of the mixed solution
in the beaker at the time of nucleation (the supersolubility
limit) was calculated. The supersaturation index of struvite
(SI, Eq. (2) and other minerals at the supersolubility limit
were calculated with PHREEQC interactive (Version 3.4.0,
USGS) based on the composition and pH. From that, the
supersaturation ratio of struvite (S_, Eq. (3) and other min-
erals were calculated. The calculated S was the supersatu-
ration ratio of struvite at the supersolubility limit (S?). The
supersaturation ratio of struvite at equilibrium (5*) equals 1.
The MSZW of struvite (AS) was thus S minus 1. The data-
base minteq.v4 of PHREEQC interactive was used for the
calculation. The equilibrium with CO, in the atmosphere
(partial pressure = 10# atm) was also considered.

a o O .
SI, =log,, _Mg” NH; PO, 2)
sp,st
5, = M NMITIOL_ 10, ©)
sp,st
2
Re = pz\]iD (4)
9

where SI and S are the supersaturation index and super-
saturatlon ratio of struvite respectively, Re is the Reynolds
number in the stirred vessel, . ,, . and a__, are the
Mg? NH; PO}

activities of the ions in the solution (mol L™), o is the water
density at 20°C (kg m~), N is the rotational speed of the stir-
rer (s7), D is the diameter of the stirrer (m),  is the dynamic
viscosity of water at 20°C (kg m™ s), and K_ _ is the ther-
modynamic solubility product of struvite (107*%* mol®* L
according to Ohlinger et al. [25]). The K value from
Ohlinger et al. [25] was measured at 25°C. Smce the tem-
perature has a marginal effect on the K__ value between

20°C and 25°C [26], the K ot value from 6hhnger et al. [25]
was used in the calculation. The solubility products of other
minerals included in the database were also used.

2.3. Experimental conditions and statistical analysis

In total, 32 experiments under different conditions were
conducted (Table 2). The effects of the addition rate of MgCl,
solution (0.7-4.1 mg Mg min™), pH (7.6-8.6), agitation inten-
sity (130-560 rpm, corresponding to the Reynolds number
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Table 2
Experimental conditions and determined struvite MSZW
Exp.  Addition volume  Additioninterval = Additionrateof @ pH  Agitation  Seed size Seed MSZW
of MgCl, solution  of MgCl, solution ~ MgCl, solution rate amount  (ASY)
mL min mg Mg min™ - rpm mm gL -
1 2.5 5 0.7 7.6 400 - - 10.5+0.5
2 3.75 5 1.0 7.6 400 - - 13.2+0.3
3 5 5 1.4 7.6 400 - - 14.5
4 7.5 5 21 7.6 400 - - 16.0
5 15 5 41 7.6 400 - - 18.4+0.2
6 15 30 0.7 7.6 400 - - 9.7
7 15 20 1.0 7.6 400 - - 12.8
8 15 15 1.4 7.6 400 - - 15.2
9 15 10 2.1 7.6 400 - - 16.8
10 10 10 1.4 7.6 400 - - 13.7+1.0
11 10 10 1.4 7.8 400 - - 20.4
12 10 10 1.4 8.0 400 - - 27.2
13 10 10 1.4 8.2 400 - - 31.4
14 10 10 1.4 8.4 400 - - 49.1
15 10 10 1.4 8.6 400 - - 73.1
16 10 10 1.4 7.6 130 - - 17.2
17 10 10 1.4 7.6 160 - - 16.7+04
18 10 10 14 7.6 190 - - 16.0+£0.5
19 10 10 14 7.6 220 - - 156 +0.5
20 10 10 14 7.6 260 - - 15.4+09
21 10 10 14 7.6 300 - - 15.2
22 10 10 1.4 7.6 360 - - 13.8
23 10 10 1.4 7.6 460 - - 11.9
24 10 10 1.4 7.6 500 - - 11.9
25 10 10 1.4 7.6 560 - - 9.7
26 5 5 1.4 7.6 300 1.4-2.0 0.01 9.7
27 5 5 1.4 7.6 300 1.4-2.0 0.13 6.9
28 5 5 1.4 7.6 300 1.4-2.0 0.67 34
29 5 5 1.4 7.6 300 1.4-2.0 1.33 20+1.0
30 5 5 1.4 7.6 300 1.4-2.0 3.33 1.3
31 5 5 1.4 7.6 300 0.250-0.355  0.13 2.0+1.0
32 5 5 1.4 7.6 300 0.71-0.80 0.13 52

“Mean value and standard deviation of the results from three or more repeated experimental runs. Standard deviation equals zero when not

shown.

(Re) of 5,400-23,300, Eq. (4)), seed amount (0.01-3.33 g L™)
and seed size (mean size = 0.3-1.7 mm) on struvite MSZW
were examined in five groups of experiments respectively,
by keeping the investigated parameter as the only variable.
The chosen pH and seed size ranges are commonly used in
struvite crystallizers for P recovery. The agitation intensity
range covered the transition (10 <Re <1.0 x 10%) and turbulent
(Re>1.0x 10*) flow regimes [27] to show the possible different
effects on struvite MSZW in different flow regimes. The seed
mass ranged from only two particles in the reactor (0.01 g L)
to a sufficient amount (3.33 g L™). Except for the seed size, at
least five different values of the investigated parameter with
equal intervals or slightly larger intervals in the higher value
range were tested in each group of experiments. Only three

different seed sizes with large intervals were tested because
the difference in MSZW between the neighboring experi-
ments would be insignificant with smaller seed size intervals.
More than five different values of pH and agitation intensity
were tested to show the possible different effects in different
value ranges.

In Exp. 1 to Exp. 9, the addition rate of MgCl, solution
was varied either by changing the addition volume (Exp. 1
to Exp. 5) or addition interval (Exp. 5 to Exp. 9), while all the
other factors were held constant. These experiments were
designed to examine the effect of the addition rate of MgCl,
solution (supersaturation generation rate) on struvite MSZW,
as well as to check if the same results could be obtained at
the same addition rate with different addition volumes and
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intervals. The addition rate of MgCl, solution in the other
experiments was fixed at 1.4 mg Mg min™ (10 mL solution
added every 10 min) which was the median value of the
tested addition rate range from Exp. 1 to Exp. 9. The addition
volume and interval of MgCl, solution were halved in the
experiments with seeds because preliminary experiments
showed that struvite nucleated in the majority of the exper-
iments with seeds already after the first addition of 10 mL
MgCl, solution, that is, the supersaturation degree created
by the dosage of 10 mL MgCl, solution exceeded the meta-
stable limit. Only with a smaller addition volume of MgCl,
solution could the struvite MSZW values at different seed-
ing conditions be identified. To keep the same addition rate
of MgCl, solution as in the other experiments, the addition
interval of the MgCl, solution was also halved. The agitation
rate in the experiments without seeds was fixed at 400 rpm
which ensured a fully turbulent flow regime (Re = 16640)
and instant mixing of the added solutions. The agitation
rate in the experiments with seeds (300 rpm) was the mini-
mum rate to keep the 3.33 g L™ of 1.4-2.0 mm struvite seeds
suspended. Higher agitation rates were not chosen to avoid
seed breakage by the stirrer. Generally, a relatively low pH
is supposed to prevent excessive nucleation and enable the
production of big struvite crystals [2,6,7,28,29]. Therefore,
the pH was set at 7.6 in most of the experiments.

The statistical significance of the differences among
the struvite MSZW under different conditions was con-
ducted through a one-way analysis of variance followed by
Fisher’s least significant difference test at a significance level
of 0.05. The statistical analysis was conducted with IBM
SPSS Statistics.

3. Results and discussion
3.1. Composition of the nuclei

To investigate the influence of operating parameters on
the struvite MSZW, a prerequisite for the correct interpreta-
tion of the experimental results was that the nuclei formed
in all experiments were pure struvite. This was justified by
the calculation results from PHREEQC interactive. In 21 of
the 32 experiments, the solution at the time of nucleation,
when the supersaturation degree was the highest, was super-
saturated only with struvite (struvite was the only substance
with a positive SI). In the other 11 experiments, the solution
at the time of nucleation was supersaturated with newbery-
ite (MgHPO,-3H,0) besides struvite. However, the SI values
of newberyite (0.01-0.14) were much smaller than those of
struvite (1.19-1.29) in these experiments. Previous research
has shown that in solution systems supersaturated with stru-
vite and newberyite, only struvite precipitates when the ratio
of the supersaturation ratio of newberyite (S_ ) to the super-
saturation ratio of struvite (S,) is smaller than 2.0 [30]. The
ratio of S to S was smaller than 0.1 in the 11 experiments.
Therefore, newberyite was not likely to form in the experi-
ments and the nuclei were pure struvite.

Some microscopic images of the formed nuclei were
taken at the end of the experiments without seeds. Fig. 1
shows exemplarily an image of the crystals taken from the
reactor at the end of Exp. 12. The nuclei crystals show the
typical prismatic (orthorhombic) shape of struvite crystals.

The width of these crystals ranges between 4.5 and 26.0 pm.
No images of the crystals were taken in the experiments with
seeds because it was impossible to differentiate between the
newly formed nuclei and the added seeds or the fragments
of the added seeds.

3.2. Detection of struvite nucleation

To detect the start of struvite nucleation, suitable param-
eters for identifying the starting point are needed. Fig. 2
shows the changes in pH, conductivity, and turbidity of the
solution in the stirred beaker during an experiment at pH 7.6
(Exp. 5 in Table 2). After each time the MgCl, solution was
added to the beaker, the pH dropped slightly (by 0.01-0.02)
due to the acidity of the MgCl, solution. It was immediately
brought back to the set value by adding a small volume of
NaOH solution and remained until the next addition of
the MgCl, solution. The conductivity increased by approx-
imately 0.1 mS cm™ after each addition of the MgCl, solution
because new ions were introduced into the solution. The tur-
bidity remained at zero with a few small fluctuations which
dropped immediately to zero and could be considered as the
background noise. After several times of adding MgCl, and
NaOH solutions (7 times in Fig. 2), the pH dropped rapidly
and continuously. Simultaneously, the turbidity increased
sharply, indicating the occurrence of struvite nucleation
(Eq. (1)). The pH dropped stepwise since a short time interval
was needed for the concentration increase of H" generated
by the struvite crystallization reaction (Eq. (1)) to become
detectable by the pH meter. However, the conductivity var-
ied insignificantly with the changing pH and turbidity. The
reason was that only a small number of nuclei formed in the
solution at the time of nucleation at pH 7.6 with a relatively
low supersaturation. The reduction in the concentrations of
dissolved ions due to the nuclei formation was too small to
cause any significant decrease in the conductivity of the solu-
tion. Similarly, in the experiments at pH 7.8 to 8.2, the con-
ductivity of the crystallization solution in the stirred beaker
decreased insignificantly at the time of nucleation indicated
by the distinct pH drop and turbidity increase. Different
observations were made in the experiments at pH 8.4 and
8.6, where the conductivity dropped substantially with the
pH drop and turbidity increase (Figs. S2 and S3). The crys-
tallization driving force (supersaturation) of the nucleation
solution was high at the high pH. A large number of nuclei
formed, leading to a significant drop in the conductivity.

In the experiments with different stirring rates (130-
560 rpm) at pH 7.6 (Exp. 16 to Exp. 25, Table 2), it was also
observed that the conductivity changed insignificantly
at the time of nucleation indicated by the sharp pH drop
(stirring rates = 130-560 rpm) and turbidity increase (stirring
rates = 260-560 rpm). The turbidity increase weakened at the
small stirring rates (130-220 rpm) because the formed nuclei
could not be held in suspension. These results show that pH
and turbidity are more sensitive than conductivity to indi-
cate the start of struvite nucleation in solutions containing
PO,-P, TAN and dissolved Mg at pH 7.6-8.2. Thus, pH and/
or turbidity monitoring is a suitable method for the detection
of struvite nucleation.

The experimentally determined MSZW is highly depen-
dent on the method used for the detection of nucleation.
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Fig. 1. Microscopic image (magnification factor: 100) of the
crystals taken from the reactor at the end of Exp. 12 (conditions:
addition rate of MgCl, solution = 1.4 mg Mg min™, pH = 8.0,
agitation rate = 400 rpm, no seeds).
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Fig. 2. Typical changes in pH, turbidity (a), and conductivity
(b) of the solution in the stirred beaker during an experiment
at pH 7.6 (using Exp. 5 as an example, conditions: addition
volume of MgCl, solution = 15 mL, addition interval of MgCl,
solution = 5 min, agitation rate = 400 rpm, no seeds).

Generally, a more sensitive method that depends on the
intrinsic properties of the crystallization system leads to an
earlier stop of the experiment and smaller MSZW values
[31,32]. In the previous studies on struvite MSZW, the nucle-
ation was detected by the drop of pH or laser transmission,
or visual observation of the solution color change or laser
light scattering in the solution (Table 1). The results of this
study confirm that pH monitoring is a sensitive method for
the detection of struvite nucleation. However, visual obser-
vation is subjective and could vary largely. The inclusion
of turbidity monitoring in the experiments of this study
provided additional quantitative data, which increased
the accuracy of the judgment of the start of nucleation and
ensured the accuracy of the experimental results.

3.3. Effect of addition rate of MgCl, solution (supersaturation
generation rate) on struvite MSZW

As shown in Fig. 3a, struvite MSZW values determined
from the experiments with varying addition volume (AS)
and addition interval (AS)) of MgCl, solution were close at the
same addition rate. The difference between AS_and AS, at the
identical addition rate was between 0.4 and 0.8, originating
from the small SI_ difference of 0.01 to 0.03. Therefore, chang-
ing the added volume and addition interval of the MgCl,
solution did not alter the determined struvite MSZW as long
as the addition rate and other factors were maintained.

As the addition rate of MgCl, solution increased from
0.7 to 4.1 mg Mg min, struvite MSZW (AS) increased from
10.1+0.5t018.4£0.2 (P <0.01), that is, struvite MSZW broad-
ened with a faster addition of MgCl, solution to the P-N
solution, under constant pH (7.6), agitation rate (400 rpm)
and without seeds. It was because of the faster addition of
MgCl, solution to the P-N solution increased the supersatu-
ration generation rate (r). As the addition rate of the MgCl,
solution increased from 0.7 to 4.1 mg Mg min™, r_increased
almost linearly (R? = 0.97) from 0.16 to 0.43 min-. r,in each
of the experiments (Exp. 1-Exp. 9) was calculated from a
least-square linear regression between the supersaturation
ratio of struvite in the mixed solution in the stirred beaker
and the time. Except in Exp. 5 (R* = 0.92), the coefficients of
determination (R?) of the linear regressions were larger than
0.96, suggesting the good fit of the linear regression to the
experimental data.

When In(r /min™) was plotted against InAS, a positive
linear correlation was obtained, the value of R* being 0.93
(Fig. 3b). It directly shows that struvite MSZW increased
with an increase in the supersaturation generation rate.
In the classical MSZW determination experiments using the
polythermal method, the supersaturation of the crystalli-
zation solution was generated by cooling. The MSZW was
found to increase with an increase of the cooling rate, and
there was a linear relationship between the logarithms of the
cooling rate and the MSZW for more than 25 substances [33].
This linear relationship has also been observed in recent
studies for the cooling crystallization of many inorganic
and organic substances such as copper sulfate pentahydrate
and salicylic acid [34,35]. In the present study, the super-
saturation was generated by the addition of one reactant
solution (MgCl, solution) to the other (P-N solution). The
linear relationship between the logarithms of the MSZW and
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MSZW (AS) and the supersaturation generation rate (r) (a), and
the relationship between In(r /min™) and InAS (b). Conditions:
pH =7.6, agitation rate = 400 rpm, no seeds.

the supersaturation generation rate was originally reported
for the reactive crystallization of struvite from the aque-
ous solution. The slope of the linear regression function
between Inr_and InAS equals the order of nucleation [33].
According to Fig. 3b, the order of struvite nucleation is 1.6,
agreeing with the previous findings that struvite nucleation
is a reaction-controlled process and the nucleation order
is larger than 1.0 [14].

3.4. Effect of pH on struvite MSZW

Struvite MSZW (AS) increased from 13.7 + 1.0 to 73.1
(P < 0.01) as pH increased from 7.6 to 8.6, that is, stru-
vite MSZW broadened at a higher pH, when the addition
rate of MgCl, solution (1.4 mg Mg min™) and agitation rate
(400 rpm) were held constant and no seeds were added to the
reactor (Fig. 4). AS increased more steeply with pH in the pH
range of 8.2-8.6 than in the pH range of 7.6-8.2. A closer look
at the activities of the constituent ions of struvite (PO}, NH;
and Mg?) at the supersolubility limit under the different pH
calculated with PHREEQC interactive helps to explain this
phenomenon (Fig. 5).

The activities of PO}, NH; and Mg* depend on the
concentrations of PO,~P, TAN and total dissolved Mg respec-
tively, as well as the fractions and activity coefficients of
the three ions (Egs. (5)—(7)).

Cpoy = Cro, " ror Tror ®)

80
70 A *
60 -
50 ~ °
40 -
30 - °

20 - °

10 - ®

0 . . . . . .

74 76 78 80 82 84 86 88
pH

Struvite MSZW (AS)

Fig. 4. Effect of pH on struvite MSZW (AS). Conditions: addition
rate of MgCl, solution =1.4 mg Mg min™, agitation rate =400 rpm,
no seeds.

aNH} = CTAN .fNH} -YNH} (6)
aMgZ* = Cdiss.Mg : fMgz* : yMgZ* (7)
where C C and C are the concentrations of

PO, -P/ TAN diss.Mg
PO,-P, TAN and total dissolved Mg respectively (mol L™);
fr’oiv fNH; and fMg2+ are the fractions of PO in PO,-P, NH; in

TAN and Mg* in total dissolved Mg respectively; and Ypo:-,
Yan; and Yy are the activity coefficients of PO}, NH; and

Mg?** respectively. For a convenient demonstration of the
changes of these parameters in the pH range of 7.6-8.6, the
relative values of the parameters were calculated by divid-
ing the values of them at different pH to the corresponding
values at pH 7.6.

Among the three ions, the activity of PO} changed
most greatly with the pH due to the substantial increase of
the fraction of PO}~ in PO,-P at the higher pH. As shown
in Figs. 5a and b, the relative concentrations of PO,~P and
TAN at the supersolubility limit increased from 1.0 at pH 7.6
to 1.05 at pH 8.2 and remained unchanged in the pH range
of 8.2 to 8.6. Since the higher pH stimulates the transforma-
tion of HPO?- and H,PO; into PO}, the relative fraction of
PO} in PO,-P increased exponentially (R* = 0.9985) from
1.0 at pH 7.6 to 13.6 at pH 8.6, resulting in an exponential
increase of the relative activity of PO}, with an almost con-
stant activity coefficient of PO}~ (0.166-0.171). The higher
pH favors the transformation of NH; into NH,. Therefore,
the relative fraction of NH; in TAN decreased gradually
from 1.0 at pH 7.6 to 0.9 at pH 8.6. The activity coefficient
of NH; remained almost constant at 0.8. The overall effect
of the changing TAN concentration, NH fraction and NH;
activity coefficient was that the relative activity of NH; at
the supersolubility limit increased slightly from 1.0 at pH 7.6
to 1.02 at pH 8.0 but decreased to 1.01 at pH 8.2 and further
to 0.94 at pH 8.6. Similarly, the activity coefficient of Mg*
remained almost unchanged (0.45). However, the relative
concentration of total dissolved Mg at the supersolubility
limit decreased largely from 1.0 at pH 7.6 to 0.4 at pH 8.2
and remained at a higher pH (Fig. 5c). Together with a slight
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reduction of the fraction of Mg?* in total dissolved Mg, the
relative activity of Mg? dropped from 1.0 at pH 7.6 to 0.38 at
pH 8.2 and remained almost unchanged in the pH range of
8.2 to 8.6. The overall effect of the varying activities of PO,
NH; and Mg* at the different pH was that the relative ionic
activity product (IAP) of PO}, NH; and Mg* at the super-
solubility limit increased from 1.0 at pH 7.6 to 2.2 at pH 8.2

and 5.0 at pH 8.6, that is, IAP at the supersolubility limit and
thus AS (Eq. (2)) increased more steeply with the increasing
pH in the pH range of 8.2-8.6.

Our finding that struvite MSZW broadened with the
increasing pH was contrary to that of Bhuiyan et al. [21]
who stated that struvite MSZW was independent of pH (8.0
and 8.5). In their study, struvite supersolubility and solubiliti

limits were graphically represented as —log,, Oy " Oty

vs. —log,, (aM 2+). The two limits were parallel regardless
of pH. When our data were presented in the same way, the
region between the two limits which is the MSZW broad-
ened with the increasing pH (Fig. 6). The theory that struvite
crystals possess more negative surface charges at a higher
pH [36] supports our finding. At the higher pH, the con-
tact and agglomeration of struvite clusters to form nuclei
become more difficult due to higher electrostatic repulsions,
which finally leads to the broadening of struvite MSZW.
Sahin et al. [37] also reported that the MSZW of ammo-
nium biborate tetrahydrate produced by the reaction of
ammonium hydroxide with boric acid in aqueous solution
increased with the rising pH.

3.5. Effect of agitation intensity on struvite MSZW

Under the experimental conditions (addition rate of
MgCl, solution = 1.4 mg Mg min™, pH = 7.6, no seeds), stru-
vite MSZW (AS) decreased almost linearly (R* = 0.96) from
17.2 to 9.7 (P < 0.01) as the Reynolds number (Re) increased
from 5.4 x 10° to 2.3 x 10%, that is, struvite MSZW narrowed at
a larger agitation intensity (Fig. 7). The relationship between
AS and Re was:

AS=-3.8x10"Re+19.3 54x10° <Re<2.3x10* (8)

The flow in a stirred vessel is fully turbulent at
Re > 1.0 x 10* Transition flow occurs at 10 < Re < 1.0 x 10*
[27]. For the experimental system of this study, the flow in
the stirred beaker became fully turbulent when the agitation
rate was larger than 240 rpm (Eq. (4)). No significant differ-
ence existed in the relationships between AS and Re in the
transition flow regime and turbulent flow regime.

Ariyanto [22] also reported that struvite MSZW nar-
rowed with the increasing agitation rate (50, 100, and
120 rpm); however, no correlation between the MSZW and
the agitation rate was shown. The negative linear relationship
between struvite MSZW and the agitation intensity (Eq. (7))
was originally found in our study. These observations sug-
gest that the primary struvite nucleation is promoted by
the increased agitation intensity, that is, when the struvite
crystallizer is operated at a higher agitation intensity, the
maximum allowable supersaturation level to avoid the mas-
sive formation of fine crystals becomes smaller. However,
when the agitation intensity exceeds a certain limit, nucle-
ation could be retarded [38]. This limit was not reached in
the studied range.

3.6. Effects of seed mass and seed size on struvite MSZW

Struvite MSZW (AS) decreased from 9.7 to 1.3 (P <0.01) as
the mass density of 1.4-2.0 mm struvite seeds in the reactor
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increased from 0.01 to 3.33 g L7, that is, struvite MSZW
narrowed with more struvite seeds being added to the reac-
tor, at constant seed size, addition rate of MgCl, solution
(1.4 mg Mg min™', 5 mL MgCl, solution every 5 min), pH (7.6)
and agitation rate (300 rpm) (Fig. 8a, circular data points).
This effect was more significant with a smaller amount of
seeds (< 0.67 g L). The mechanism behind the observed
seed mass effect was that more nuclei were generated by
the secondary nucleation when more struvite seeds were
added to the reactor. The triangular data point in Fig. 8a
represents AS from the experiment with no seeds under the
same operating conditions except that 10 mL MgCl, solution
was added every 10 min (Exp. 21 in Table 2). Since changing
the added volume and interval of MgCl, solution did not
affect AS at the same addition rate (Fig. 3a), the result of
Exp. 21 could be compared with the others in Fig. 8a. With
no seeds in the reactor, AS was 15.2. When a small number
of seeds (0.01 g L7, two particles) were added, AS dropped
significantly (by 36%) to 9.7, in agreement with the fact that
the secondary nucleation requires a much smaller supersat-
uration than the primary nucleation.

When the seed mass density (0.13 g L) and other con-
ditions (addition rate of MgCl, solution = 1.4 mg Mg min™,
pH = 7.6, agitation rate = 300 rpm) were kept constant, stru-
vite MSZW (AS) increased from 2.0 + 1.0 to 6.9 (P < 0.01) as
the mean size of struvite seeds increased from 0.3 to 1.7 mm,
that is, struvite MSZW broadened with larger seeds at a con-
stant seed mass (Fig. 8b). The uncertainty of AS at the mean
seed size of 0.3 mm was high because a large number of small
seeds impeded the turbidity measurement. The secondary
nucleation rate (number of secondary nuclei produced per
unit time and volume) depends on the seed number den-
sity, seed size, agitation rate and supersaturation level [39].
Although a larger seed crystal has higher contact energy and
more secondary nuclei could be generated by the contact
nucleation of the single larger crystal, the total number of
larger seed crystals was smaller at the constant seed mass.
The overall effect of the increased seed size from 0.3 mm to
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Fig. 8. Effect of seed amount (a) and seed size (b) on struvite MSZW. Conditions: (a) addition rate of MgCl, solution = 1.4 mg Mg min™,
pH = 7.6, agitation rate = 300 rpm, seed size = 1.4-2.0 mm, the circular data points represent results from the experiments with
seeds where 5 mL MgCl, solution was added every 5 min, the triangular data point represents the result from the experiment
without seeds under identical conditions except that 10 mL MgCl, solution was added every 10 min; (b) addition rate of MgCl,
solution = 1.4 mg Mg min™', pH = 7.6, agitation rate = 300 rpm, seed mass density =0.13 g L™".
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1.7 mm was a decreased secondary nucleation rate at the
constant seed mass, agitation rate and supersaturation level
(detailed calculations can be found in the Supplementary
Material). In other words, when the larger seeds were added
to the identical crystallization solution (S, = 2.3 after the first-
time addition of 5 mL MgCl, solution), a smaller number of
secondary nuclei were formed. Since the pH drop and turbid-
ity increase were related to the number of nuclei, the smaller
number of nuclei needed a longer time to increase to the limit
which caused significant pH and turbidity changes, that is,
the nucleation was detected at a later time (with more addi-
tion times of MgCl, solution) with the larger seeds. Therefore,
the experimentally determined MSZW of struvite broadened
as the seed crystal size increased.

3.7. Implications for the operation of struvite crystallizers

Struvite MSZW (AS) determined from the experiments
without seeds ranged between 9.7 and 73.1 in this study
(Table 2). It is much smaller than that found by Bhuiyan
et al. [21] and within those determined by Ali and Schneider
[20] and Ariyanto [22], but larger than that described in Qiu
et al. [23] (Table 1). As shown by those previous studies,
struvite MSZW varies with the initial PO,~P concentra-
tion of the P-N solution. Besides, the MSZW determined
with different nucleation detection techniques could vary
substantially [31,40]. These factors and the different exper-
imental conditions (supersaturation generation rate, pH,
agitation rate, etc.) all contribute to the different stru-
vite MSZW found in the different studies, so that a clear
dependency of struvite MSZW on the operating parameters
could not be identified unless the operating conditions are
specified.

With the presence of 0.01-3.33 g L™ 1.4-2.0 mm struvite
seeds or 0.13 g L™ struvite seeds of three different sizes in
the reactor, AS decreased to 1.3-9.7 at constant pH (7.6),
agitation rate (300 rpm) and addition rate of MgCl, solu-
tion (1.4 mg Mg min™). Small struvite particles are the most
commonly used seed material in struvite crystallizers for P
recovery [41]. For the design and operation of industrial crys-
tallizers, the MSZW should be determined in the presence of
a small amount of the to be produced material as seeds [13].
Based on the result from the experiment with two 1.4-2.0 mm
struvite seed particles (Exp. 26 in Table 2), the supersatura-
tion ratio of struvite in the struvite crystallizer should be kept
smaller than 10.7 (AS plus 1) to avoid intensive secondary
nucleation and produce large struvite crystals. The optimal
supersaturation ratio at which the struvite crystallizer should
be operated (at half of the MSZW) was approx. 5.4, under
operating conditions (pH, agitation intensity, MgCl, solution
addition rate, etc.) similar to those used in this study.

The variation of struvite MSZW and thus the optimal
supersaturation ratio with the operating parameters has so
far not been systematically studied and been neglected by
the operators of struvite crystallizers for P recovery from
wastewater. Supersaturation ratio was used as the process
controlling parameter by some researchers in operating
struvite crystallizers for P recovery [42,43]. Specifically, the
optimal supersaturation ratio of struvite in the crystallizer
to reach a high P recovery efficiency and obtain good qual-
ity products was kept constant. To maintain this optimal

supersaturation ratio, the operating parameters such as
pH, Mg:P molar ratio and recirculation flow rate were
adjusted, when the characteristics of the inflowing wastewa-
ter changed. Nevertheless, it is clearly shown in this study
that once the operating conditions (pH, agitation inten-
sity, supersaturation generation rate, etc.) change, struvite
MSZW and thus the optimal supersaturation ratio change
accordingly, especially for pH. When the pH increased
slightly from 8.2 to 8.4, struvite MSZW increased by more
than 50%, that is, the optimal supersaturation ratio shifted
to a much larger value when the other factors were held
constant. For the steady crystallizer operation and large size
struvite products, a wider MSZW (a higher supersolubility
limit) is preferred because the crystallizer can be operated
within a broad window and at higher supersaturation lev-
els without the obstructing problem of massive formation of
fine crystals [44]. Based on the results of the present study,
larger addition rate of MgCl, solution, higher operation pH,
smaller agitation rate, a smaller amount of seeds or larger
seeds shifts the supersolubility limit to a higher value and
is beneficial for the steady operation of struvite crystallizers
and obtaining large struvite products. When two or more
of these operating parameters change simultaneously in the
positive-effect direction (leading to a higher supersolubility
limit), they exert an overall positive effect on the stable oper-
ation of struvite crystallizers and the production of large
struvite crystals. However, if the operating parameters do
not change simultaneously in the positive-effect direction,
the effects that may occur cannot be determined based on
the results from the present study and further research is
needed.

4. Conclusions

pH and turbidity are more sensitive than conductivity
to indicate the start of struvite nucleation. pH and turbidity
monitoring can be used as the nucleation detection method
in further investigations of struvite MSZW. Struvite MSZW
(1.3-73.1 as a supersaturation ratio difference) broadens
with increasing pH (7.6-8.6), struvite seed size (0.3-1.7 mm)
and addition rate of MgCl, solution (0.7-4.1 mg Mg min™).
It narrows with increasing agitation intensity (Re = 5.4 x 10°-
2.3 x 10*) and struvite seed mass (0-3.33 g L!). These operat-
ing parameters of a struvite crystallizer impede or stimulate
the tendency or rate of primary or secondary struvite nucle-
ation, resulting in the observed effects on struvite MSZW.
The supersaturation ratio of struvite in the industrial struvite
crystallizers should be kept below 10.7 to avoid the intensive
formation of fine struvite crystals and the optimal supersatu-
ration ratio is 5.4, under operating conditions similar to those
used in this study. When operating struvite crystallizers to
recover P from wastewater, the variations of struvite MSZW
and the optimal supersaturation ratio (at approx. half of the
MSZW) with these operating parameters should be taken
into account, especially when using the supersaturation ratio
as the process controlling parameter. From the MSZW per-
spective, higher pH, larger addition rate of MgCl, solution,
smaller agitation rate, smaller seed amount or larger stru-
vite seeds can be used to enhance the production of large
struvite crystals in struvite crystallizers for P recovery from
wastewater.
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Supplementary information
S1. Explanation on the effect of seed size on struvite MSZW

Contact secondary nucleation rate (B, number of second-
ary nuclei produced per min) could be expressed as the prod-
uct of the contact nucleation rate with a single seed crystal
(B,, number of secondary nuclei produced per min per seed
crystal of size L, pm) and the number of seed crystals in the
reactor (N,) (Bauer et al. [39]):

B=B,N

L™7L

SD
According to Bauer et al. [39], B, increased with the
increasing seed crystal size at the same agitation rate
(350 rpm) and supersaturation level:

B, =0.054L —4.25x 10°°1? (52)
which was due to the increased contact energy of the
larger seed crystal.

In the present experiments, the mass of seed crystals was
kept constant. Assuming that the seed crystals of all sizes
were of the same shape (volume shape factor f,, was a con-
stant) and porosity (¢ ), the number of the seed crystal was
inversely proportionaf to the seed size to the power of 3:

3
o
Fig. S1. Dimensions of the standard baffle used in the experi-
ments (unit: mm).
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N M

YT (S3)

where M, is the seed mass (0.08 x 107 kg); o, is the true
density of struvite (1711 kg m™=); f, is simplified to that of
the sphere (71/6); g, is simplified to 0, and L is in m.

Taking Egs. (S2) and (S3) into Eq. (S1), B was calculated
to be 51,442; 7,957; and 1,445 min™ for seed crystals of 0.30,
0.76, and 1.7 mm, respectively. The secondary nucleation
rate decreased with the increasing seed crystal size when the
seed mass and experimental conditions were kept constant.
Therefore, struvite MSZW broadened as the seed crystal size
increased.
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Fig. 52. Changes in pH, turbidity (a), and conductivity (b)
of the solution in the stirred beaker during Exp. 14 at pH 8.4
(Conditions: addition volume of MgCl, solution = 10 mL, addi-
tion interval of MgCl, solution = 10 min, agitation rate =400 rpm,
no seeds).
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Time when MgCl, solution was added
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Fig. S§3. Changes in pH, turbidity (a), and conductivity (b)
of the solution in the stirred beaker during Exp. 15 at pH 8.6
(Conditions: addition volume of MgCl, solution = 10 mL, addi-
tion interval of MgCl, solution = 10 min, agitation rate = 400 rpm,
no seeds).
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