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ABSTRACT: The combination of enhanced biological phospho-
rus removal (EBPR) with sidestream struvite precipitation is a
synergistic treatment approach for P removal and recovery.
However, periodic disruption events in crystallization reactors
can cause fine struvite particle washout followed by P
solubilization, leading to decreases in EBPR effluent quality, yet
modeling tools do not exist to quantify plantwide impacts of
struvite loss. To understand the impacts of struvite loss and
dissolution on EBPR, this work first quantifies the dissolution rate
of field-harvested struvite using the surface area-dependent
shrinking object model and presents a novel particle population
balance dissolution modeling tool for integration with a plantwide
process simulator (SUMO). Analysis of time series P concen-
tration data from dissolution experiments yields a rate constant of 1.14 mm min−1. Simulations of intra-plant phosphorus dynamics
indicate that when struvite reactors operate with a high capture efficiency, the majority of influent orthophosphate can be captured
through sidestream precipitation. In the event of struvite loss, large particles would not fully dissolve and are removed through
sedimentation during primary clarification without significant disruption of EBPR. In contrast, the loss of 200 μm-sized struvite
particles can lead to a difference in effluent phosphate of up to 0.8 mg P/L. Our results suggest that surface area-dependent models
are essential to quantify the impacts of struvite loss and that reactor design should center on particle retention, rather than
conversion of soluble P to struvite.

KEYWORDS: shrinking object model, nutrient recovery, population balance modeling, fines loss, dissolution

1. INTRODUCTION

Increasingly stringent regulatory standards for nutrients have
made phosphorus management at water resource recovery
facilities (WRRFs) a necessary part of treatment. By the end of
2021, 24 states and 5 U.S. territories will have implemented
quantitative total phosphorus (TP) water quality standards
that are used to facilitate permitting of WRRF treated effluent.1

In Europe, even the most lenient TP limits (2 mg P/L) require
specialized P treatment to achieve satisfactory effluent
quality.2,3 To reduce the P loading contribution from
WRRFs,4,5 mitigate the impact of intraplant P cycling,6,7 and
meet regulatory requirements,1−3,8 new treatment techniques
have focused on not just removal but also recovery of P from
wastewater.
Enhanced biological phosphorus removal (EBPR) coupled

with solids digestion and P crystallization has emerged as a
sustainable approach for P removal and recovery.9−11 P
crystallization technologies operate synergistically in the
sidestream, recovering P as struvite and reducing intraplant
cycling of P, which can enable mainstream EBPR to attain low
effluent P (∼0.3−1 mg/L) without reliance on exogenous
carbon.12 However, an often overlooked practical limitation of

crystallization is the nucleation and washout of fine crystals13

that when recycled to the WRRF headworks can disrupt
mainstream EBPR operations as they dissolve. This is mirrored
in the academic literature, where a majority of struvite work
focuses on soluble P removal through crystallization with
limited data available on how much P is actually harvested
from a reactor as a fraction of influent TP. From laboratory
studies, the potential for fines loss on larger scales is evidenced
mainly in particle size distributions (PSDs) that often are
populated with crystals smaller than 200 μm.14−25 Although
crystallization reactors can be designed to account for some
amount of fines production through seeding13,21,22,26,27 or
operational controls and conditions,15,18,19,28 pilot and full-
scale studies indicate the prevelance of fines washout. In pilot
struvite crystallization systems, reported P removal is good

Received: November 3, 2021
Revised: March 4, 2022
Accepted: March 7, 2022
Published: March 16, 2022

Articlepubs.acs.org/estengg

© 2022 American Chemical Society
874

https://doi.org/10.1021/acsestengg.1c00404
ACS EST Engg. 2022, 2, 874−885

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 I

L
L

IN
O

IS
 U

R
B

A
N

A
-C

H
A

M
PA

IG
N

 o
n 

A
ug

us
t 2

9,
 2

02
2 

at
 0

1:
09

:2
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+E.+Aguiar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manying+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Romero-Flores"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+D.+Cusick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsestengg.1c00404&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00404?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00404?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00404?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00404?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.1c00404?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aeecco/2/5?ref=pdf
https://pubs.acs.org/toc/aeecco/2/5?ref=pdf
https://pubs.acs.org/toc/aeecco/2/5?ref=pdf
https://pubs.acs.org/toc/aeecco/2/5?ref=pdf
pubs.acs.org/estengg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsestengg.1c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/estengg?ref=pdf
https://pubs.acs.org/estengg?ref=pdf


ranging from 78 to 93% while recovery varies from 7 to 91%
mainly due to fines loss.29−31 Full-scale struvite crystallization
systems also report fines issues with one plant producing up to
70% of its total struvite as fines (self-defined as particles <0.5
mm) depending on the operating conditions32 and others
estimating a P recovery of only 22%.33 The continued body of
evidence for fines points toward a phenomenon that is inherent
to the interdependence of reactor design, operating conditions,
and struvite growth mechanisms.
Assuming that most crystallizer systems will have some

degree of fine particle washout, the plantwide sensitivity to P
recycling would dictate whether steps should be taken to
further capture these solids or implement mitigation strategies
to protect effluent quality. A recent sensitivity analysis of an
EBPR plantwide model showed that the dissolution rate of lost
struvite is a dominant factor in determining plant effluent P,
especially in cases of low solids retention in the crystallization
reactor.34 However, the general precipitation framework35 used
in the study only considers solution supersaturation and total
mass rather than the surface area of solids. For sparingly
soluble salts like struvite, whose crystal growth and dissolution
kinetics are limited by the surface area, a model which takes
the total solute area into account would elucidate the
importance of particle size on dissolution rate and enable the
design and operation of struvite precipitation reactors that
minimize the risk of washout.36,37

A lack of agreement exists in the literature on the base
assumptions necessary to correctly model dissolution and
precipitation processes at WRRFs. Since the introduction of a
strictly thermodynamics-based model for precipitation,38 many
studies have built upon mass-based frameworks for use in
plantwide modeling.35,37,39,40 Although the models included in
these studies have been shown to fit equilibrium results well,
they lack the ability to predict crystallizer effluent PSDs. The
inclusion of a population balance equation, known as
population balance modeling (PBM), allows for prediction of
crystallizer effluent PSDs and can include nucleation, crystal
growth, and aggregation.17,22−25,28,41,42 Unlike the mass-based
activated sludge models (ASMs),43 the PBM tracks particle
size and number to estimate area dependent growth and
dissolution. Improvements have been made to struvite PBM by
choosing mass as the internal coordinate and including the
effects of shear on nucleation and growth.23,25,28 Despite these
improvements, difficulties still exist in accurately calibrating the
PBM and even within a set of specifically chosen case studies,
collinearity between kinetic parameters causes identifiability
issues (i.e., model outputs must be model input-sensitive and
the influence of a change in one input parameter on the model
output cannot be reversed through a change in another input
parameter). Unless steps are taken to isolate mechanisms, an
uncommon feature in most studies in this area, it is possible
that struvite precipitation data reported may be based on
conditions that would be considered unidentifiable from a
PBM perspective. Irrespective of the complexity in tracking
particles or mass of struvite, all available models assume that
precipitation and dissolution occur through the same
mechanisms. This yields no difference in dissolution/
precipitation rate constants at equal super-/under-saturations,
often disregarding the effect of particle size and surface areas,
resulting in a crucial data gap related to struvite dissolution
kinetics. Second, struvite-related PBM research has been solely
focused on providing a comprehensive crystallizer process

modeling without quantification of implications for down-
stream processes during washout or upset events.
In this study, we propose the use of the shrinking object

model (SOM)44 to capture the link between phosphate
mineral dissolution and solids surface area. We then integrate
the SOM into a larger plantwide model to determine the
effects of fine particle washout on mainstream processes. The
SOM was derived using classical chemical kinetic assumptions
that focus on observation rather than assumed mechanisms. In
this study, the SOM is used rather than a thermodynamics-
based approach to determine the dissolution rate of field-
grown struvite to allow for deviation from pure struvite
dissolution kinetics. Understanding struvite dissolution kinetics
will allow kinetics-based plantwide models to predict the
impact of fines loss on overall plant performance. The
objectives of this study are to (1) fully characterize the
dissolution rate of field-recovered struvite using the solute
surface area-dependent SOM and (2) determine the plantwide
implications of low-yield struvite precipitation and fines
washout by integrating a dissolution-focused PBM into a
plantwide process modeling software package.

2. MATERIALS AND METHODS
Laboratory-scale batch experiments were performed to
determine the dissolution rate of field-harvested struvite
samples of various particle diameters. Time series phosphorus
concentration data were fit using the SOM to determine an
empirically derived dissolution rate constant for struvite. Then,
a PBM process model was created that included discrete
struvite particle size classes with SOM-based dissolution rate
equations and integrated with SUMO,45 a plantwide process
modeling software that accounts for typical biological and
physio-chemical reactions present in activated sludge systems.
This process model was used to determine the plantwide
implications of low-yield struvite precipitation and fines
washout.

2.1. Kinetic Dissolution Modeling. Following the strict
empirical kinetics basis argued by Truesdale and Greenwood,44

the SOM is used to model the dissolution of struvite.

= −C
t

k
A
V

C C
d
d

( )sat (1)

Here, C and Csat are the concentrations of dissolved PO4−P in
solution and at equilibrium, respectively, A is the surface area
of the solute, V is the volume of the solvent, and k is the
dissolution rate constant. By integrating eq 1 under the
assumption of constant A, V, and Csat, a linearized expression is
created (eq 2) that can be used to determine the dissolution
rate constant from empirical concentration time series data.

− − =C C k
A
V

tln( )sat (2)

To satisfy the requirement of constant A, V, and Csat, high
struvite mass loadings, small sample collection volumes, and
pH buffer were used as described in Section 2.3.

2.2. Field-Grown Struvite Samples and Preparation.
Multiple sources of field-grown struvite granules were tested in
this study. Following the convention of struvite granules
produced in Ostara Pearl (Ostara Nutrient Recovery
Technologies Inc., Vancouver, BC, Canada) reactors, particles
of a diameter, D, are presented in this work according to their
sieve size guide number (SGN)
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= *X DSGN (mm) 100 (3)

When necessary, an identifier A/B will be added when
referencing a single run from a set of duplicate experiments.
The first set of samples tested was from the Clean Water
Services (CWS) Durham facility in Tigard, Oregon. These
samples were generated in an Ostara Pearl reactor with struvite
particle diameters ranging from 4.5 mm (SGN 450) down to
mixed-sized dust that passed a 350 μm sieve (dust). The
second set of samples was from an Ostara Pearl reactor at the
Stickney Water Reclamation Plant (Stickney) in the Metro-
politan Water Reclamation District of Greater Chicago. These
struvite particle diameters ranged from 3.0 mm (SGN 300)
down to mixed-size dust that passed a 350 μm sieve (dust).
The final set of samples was from a MagPrex (formerly known
as “AirPrex”) pilot reactor (Centrisys/CNP, Kenosha, WI) at
the Metro Wastewater Reclamation District (MWRD) in
Denver, Colorado, which generated particles with a 125 μm
diameter. All struvite solids were degassed in a vacuum oven
(Thermo Scientific Lindberg/Blue M) at 40 °C and ambient
pressure in loosely packed inert plastic containers for 2 weeks
(daily manual mixing) to remove volatile organics without
decomposing struvite.46 Reference struvite solids are described
in Section S1. Material characterization by X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FTIR)
for all samples tested is further described in Section S2.
2.3. Dissolution Experiments. Short-term dissolution

tests were conducted to determine the dissolution rate
constant of the various-sized solids tested. By fitting the
increasing concentration of PO4

3‑ to the SOM, the dissolution
rate constant was elucidated. The solids described in Section
2.1 were tested in duplicate short-term batch dissolution
experiments. A 500 mL three-neck flask (Figure 1) was first

triple-rinsed in DI water, followed by a HCl acid rinse, and
finally a Tris buffer rinse. Then, the flask was filled with 450
mL of 500 mM Tris buffer (prepared as described in Section
S3). A sampling needle and a calcium-ion selective electrode
(Sension+ 9660 Calcium ISE) were inserted into separate
outer flask necks and sealed with air-tight silicone stoppers.
The solution was then sparged with N2 and mixed with a
magnetic stir bar for 10 min to remove any dissolved CO2. The
pH of the solution was checked at the beginning and end of
experiments to ensure that a pH of 7.5 ± 0.02 was maintained.
An initial 2 mL sample was collected before solids addition to
account for any residual P in the vessel from previous
experiments. Residual P was minimal in all cases and did not
affect the results of these experiments.
Each experiment began with the addition of struvite particles

to the reaction vessel. Solids were added to the dissolution
vessel at a 10 g/L loading to ensure that the total particle
surface area was nearly constant over the course of the
experiment, satisfying the constant surface area condition of eq
2. The vessel was then completely closed to the atmosphere
and mixed with a magnetic stir bar at a rate of 300 rpm. A 2
mL sample was collected at 10 min intervals over the
experiment duration of 60 min. Over the course of the
experiment, only 16 mL (ΔV < 4%) was removed, thus
minimizing the error associated with the constant volume
assumption of eq 2. Collected liquid samples were passed
through a 0.22 μm filter and analyzed for inorganic phosphate
using ion chromatography (IC) (Dionex ICS-2100) with a
Dionex IonPac AS18 column (Section S4). Near-real-time (5 s
intervals) free calcium (Ca2+) concentrations monitored with a
calcium ISE showed no appreciable calcium dissolution.
Visual MINTEQ 3.147 was used to simulate the solution

chemistry at equilibrium in the dissolution reactor to estimate
a theoretical Csat. It was assumed that the equilibrium behavior
of the field-recovered granules would mirror that of pure
struvite. However, due to the fine size and hygroscopic nature
of the reference struvite, a time series dissolution curve could
not be accurately collected. Instead, solids were added to a
small test tube with the same buffer solution used in the short-
term dissolution experiments and were left to come to
equilibrium for 1 month. Periodic manual mixing ensured
diffusion did not limit dissolution. Before the sample was
collected for analysis, a final mixing was carried out and it was
allowed to settle for 1 h. In this test, the solution reached an

Figure 1. Short-term dissolution apparatus. The pH probe is only
inserted at the beginning and at the end of short-term dissolution
experiments and is sealed otherwise.

Figure 2. Process flow diagram for plantwide model simulations of struvite recovery and dissolution in SUMO.
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empirical Csat,exp of 6.14 mM P measured by IC. Csat,exp was
used later when fitting time series results to the SOM. This
simulation was also used to determine if the solution
conditions of the proposed dissolution experiments would
result in the saturation of other P-containing solids. In addition
to the solids considered in Visual Minteq V3.1, Cattite (pKsp =
23.1)48 was added as a potential forming solid. Ruling out the
formation of other solids is necessary to ensure that the
dissolution rate constant found is directly linked to dissolution
of struvite and not the net rate of P appearance during
simultaneous precipitation of another solid. Section S5 (Figure
S3) shows that over the course of the experiment, no other P-
containing solids were supersaturated during the dissolution
experiments.
2.4. Plantwide Modeling and Simulation. All process

modeling and simulation studies were performed using SUMO
v19.3 by Dynamita. To integrate the effect of particle size on
struvite dissolution, 100 new state variables that represented
discrete struvite particle sizes were added to the default
SUMO1 kinetic modelan activated sludge model that
includes one-step denitrification, polyphosphate accumulating
organisms (PAO), glycogen accumulating organisms, and
mineral precipitation. Each of the particles follows the generic
particle functions/reactions described in Section 2.4.1.
The particles added ranged in diameter from 1 to 1000 μm

to represent fines up to harvest-ready solids. A generic plant
layout based on a A2O mainstream treatment chain for N and
P removal with sidestream solids handling and struvite
precipitation shown in Figure 2 was used.
2.4.1. Generalized Discrete Particle Functions. To account

for size-specific struvite dissolution rates, additional reactions
were added to the Gujer kinetic matrix (SUMO1) based on
the SOM. These reactions can be generalized into either (A)
solids to solids + ions or (B) solids to ions. In our system, only
the smallest size class follows reaction (B), while all other
particles follow reaction (A). The rate at which particles
dissolved and changed from size class i to i − 1 was calculated
according to a discretized SOM (eq 1). Because mass is used
to track state variables in SUMO, eq 4 is used to calculate
surface area concentration per particle.

ρ
=A

V
X

V
1 SA

i

i

i
STR,Di

i
k
jjj

y
{
zzz

i
k
jjjjj

y
{
zzzzz (4)

where XSTR,Di
is struvite mass concentration and SAi is the

surface area of the ith particle. The volume of solution is Vi.
The density of the particles is ρ. Finally, (A/V)i is the surface
area concentration per particle. The stoichiometry of the two
generalized reactions is given in Table 1.

2.4.2. Influent Wastewater Composition. In all cases, the
influent conditions were selected according to default
parameters set in SUMO. An abbreviated influent character-
ization is shown in Table 2. A further breakdown of the
influent composition into the state variables accepted by the
modified SUMO1 model used is given in Table S1.

2.4.3. Plantwide Design and Operating Parameters. HRT
and SRT for primary clarification, A2O EBPR, and anaerobic
digestion were set to generally accepted values given in Metcalf
and Eddy.49 Default operating parameters in SUMO v19.3
were used, where recommendations in Metcalf and Eddy were
not given. Table S2 lists HRT, SRT, and necessary operating
parameters for all units shown in Figure 2.

2.4.4. Primary ClarificationReactive Volume and Point
Separator. To allow for dissolution to occur in the primary
clarifier, a dual-stage process was created, where stage 1 acts as
a biologically inactive CSTR that allows for struvite dissolution
and stage 2 is a volumeless point separator clarifier. In this
arrangement, it is assumed that real-world dissolution
processes are independent of settling or any accumulation of
struvite in an existing sludge blanket that may alter the overall
dissolution rate. This method also assumes that any solubilized
P is distributed proportionally to the flow of liquid effluents
and primary sludge. Although previous frameworks50 show that
particles in the size range simulated (1−1000 μm) should have
size-dependent settling rates, we do not have sufficient data to
quantify this difference in struvite. Considering this lack of
data, we have assumed a constant percentage removal of TSS
across all simulated size classes.

2.4.5. P Release, Anaerobic Digestion, and Sludge
Thickening. Following primary clarification and biological

Table 1. Stoichiometry of Discrete Particle Dissolution Processesa

process SNHx
SPO4

SMg XSTR,i−1 XSTR,i

XSTR,i to XSTR,i−1

−
*−V V

V

( ) AM
MM

i i

i

NSTR, STR, 1

STR, STR

−
*−V V

V

( ) AM
MM

i i

i

STR, STR, 1

STR,

P

STR

−
*−V V

V

( ) AM

MM
i i

i

STR, STR, 1

STR,

Mg

STR

−V

V
i

i

STR, 1

STR,
−1

XSTR,i to solubles
AM

MM
N

STR

AM
MM

P

STR

AM

MM
Mg

STR
−1

aWhere SNHx
, SPO4

, and SMg are soluble concentrations of NH4−N, PO4−P, and magnesium; VSTR,i is the volume of the ith particle; AMN, AMP, and
AMMg are the atomic mass of N, P, and Mg; and MMSTR is the molecular mass of struvite. It is important to note that this framework does not
change how precipitation or growth proceeds. Although this is an important component for modeling the crystallization process, we opted to use
the built-in precipitation rate equations (based on saturation alone) and assumed that only particles of a defined single size exited the crystallizer
reactor in all cases to focus on the impacts of particle size, yield, and dissolution because these are the parameters that will impact EBPR efficacy.

Table 2. Base Case Influent Characterization

parameter influent concentration unit

flow rate 24 000.0 m3/d
temperature 20.0 °C
total COD 420.0 g COD/m3

total BOD5 183.2 g O2/m
3

TSS 183.0 g TSS/m3

VSS 155.3 g VSS/m3

TN 34.4 g N/m3

NH4−N 24.0 g N/m3

NOx−N 0.0 g N/m3

TP 4.3 g P/m3

PO4−P 2.5 g P/m3

Mg 15.0 g Mg/m3

Ca 15.0 g Ca/m3

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.1c00404
ACS EST Engg. 2022, 2, 874−885

877

https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00404/suppl_file/ee1c00404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00404/suppl_file/ee1c00404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00404/suppl_file/ee1c00404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00404/suppl_file/ee1c00404_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.1c00404/suppl_file/ee1c00404_si_001.pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.1c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


treatment, the produced sludge is sent to a solids treatment
train. Sludge from the secondary clarifier containing EBPR
biomass is first passed through an anaerobic CSTR (based on
Ostara WASSTRIP)51 with an HRT of 1 h to solubilize
polyphosphate fixed in PAO biomass. Next, this P-stripped
secondary sludge and primary sludge are combined and
thickened, sent to an anaerobic digester, and finally dewatered.
The nutrient-rich liquid fractions resulting from thickening and
dewatering are combined and sent to the struvite crystallizer
(Figure 2). We assume 100% solids removal during thickening
and dewatering to simplify the struvite particle mass balance
and reduce complexity of the system. This assumption allows
for easier tracking of struvite particles within the plant and
does not pose cases where fully recycled particles may begin to
grow again in the crystallizer. Although this may artificially
increase biosolids struvite, the effect is minimized due to a
small increase in percentage removal compared to the default
value. The anaerobic digester is set to 35 °C.
2.4.6. Crystallizer Conversion and Yield Conditions. In all

simulations, conversion of PO4−P to struvite in the crystallizer
was set at ∼90% of influent PO4−P mass52,53 by increasing the
local precipitation rate constant sufficiently high such that
conversion was controlled by equilibrium rather than kinetics.
Although this is near the upper range of P removal reported in
the literature, this allows for easier understanding of the
importance of yielda much harder to control process
variable than conversion. The pH of the crystallizer was set
to 8.5 by dosing NaOH, and the Mg/P molar ratio was set to
1:1 by dosing MgCl2. Yield in the crystallizer is defined as

=
−

*
M M

M
yield 100STR,Cryst STR,Cryst,Eff

STR,Cryst (5)

where MSTR,Cryst is the total mass of struvite precipitated in the
crystallizer and MSTR,Cryst,Eff is the mass flow of struvite in the
crystallizer effluent. In all simulations, yield was set manually
by removing all struvite solids in the crystallizer effluent and
redosing with struvite particles of the desired size. Due to the
difficulties in selecting an applicable PBM calibration for
struvite precipitation as described earlier,23 we instead chose to
rely on an assumed crystallizer effluent PSD. Similarly, a high
solids retention efficiency of the thickeners stops the
recirculation of struvite acting as seed material for new growth,
negating the need for a size-dependent growth model although
recent PBM work has shown that this can be carried out.23,25,28

3. RESULTS AND DISCUSSION
3.1. Quantifying the Dissolution Rate of Field-Grown

Struvite. Observed dissolution of struvite harvested from field
reactors generally exhibited an inverse relationship to granule
size (Figure 3A). The time series P concentration data
collected during dissolution experiments were fit according to
the linearized SOM (Figure 3B). A mean dissolution rate
constant of 1.14 mm min−1 was calculated from experimental
data. A best fit line is also given for the slowest and fastest
dissolving particles at 0.94 mm min−1 (Stickney 90) and 2.61
mm min−1 (CWS 300), respectively. This deviation is small
relative to the multi-order of magnitude differences reported
for past precipitation studies, typically in which particle size
was not considered.13 Figure 3 only shows data for solids
(CWS 90, 150, 300, and 450; Stickney 90, 150, and 300),
whose Csat approached that of the reference pure struvite (6.14
mM P). XRD (Figure S1) and FTIR (Figure S2) spectra for

these solids were all similar to those of the reference pure
struvite. Samples that exceeded the expected solubility of pure
struvite were shown to contain other impurities either believed
to be extraneous P-containing solids or organic surface
impurities and were not included in the kinetic modeling of
plantwide struvite dissolution (Figure 3). The complexities of
struvite−organic interactions are intentionally avoided through
low-temperature degassing to volatilize any surface organics on
the solids (Section 2.2). However, struvite crystallization and
dissolution will occur in the presence of organic matter and
cannot be ignored. Furthermore, discussion on these
interactions is given in Section 3.4, where samples that showed
excess solubility relative to pure struvite are attributed to either
organic or inorganic impurities using FTIR and XRD. Using
the SOM, plantwide process modeling can now account for
surface area-dependent dissolution of struvite. In the following
sections, we discuss the plantwide implications for struvite
precipitation and dissolution processes as a function of yield
and particle size.

3.2. Struvite Dissolution in Primary Clarification.
Steady-state simulations at constant crystallizer yield typical
of working field reactors (43.5%) were run across various
particles sizes to determine overall dissolution rates when
mixed with the plant influent prior to primary clarification.
Simulation data showed a clear size-dependent relationship
between the dissolution rate and the amount of struvite
available for settling in the primary clarifier (HRT of 2 h),
confirming the importance of PBE equations in modeling
struvite at WRRFs (Figure 4). For 1000 μm particles, nearly
80% of the influent solids survive dissolution in the reactive
volume (stage 1) of the clarifier. This decreases to less than
10% for struvite particles smaller than ∼200 μm in diameter.
The following sedimentation stage then clearly poses a second
difference in the removal mechanism between large and small
particles. For large particles, Figure S5 shows that of the 1000
μm particles that do not dissolve in the primary clarifier (16.3
kg P/d), 60% (9.8 kg P/d) are removed through sedimentation
while the rest continue to mainstream EBPR for further
dissolution in the A2O process. In contrast, Figure S6 shows
that for 200 μm struvite, particles are almost entirely
solubilized, with only 1.5 kg P/d being removed through
sedimentation. Understanding if the removal mechanisms
simulated in the primary-clarification two-stage system

Figure 3. (A) Phosphate concentration data from dissolution
experiments. All data reported are from samples which did not
exceed the theoretical solubility of struvite and had well-defined size.
(B) Dissolution data was fit to the SOM. An average dissolution rate
of 1.14 mm min−1 was found with lower and upper bounds of 0.94
mm min−1 (Stickney 90) and 2.61 mm min−1 (CWS 300),
respectively.
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continue in the reactive A2O treatment chain followed by
secondary clarification provides insight into the fate of P flows
that continue from primary treatment.
Although the effluent mass flows are larger for small particles

as compared to large particles, one commonality is the lack of
struvite solids at typical operating yields in both plant effluents
(Table S3) and secondary sludge (Figures S5 and S6). This
means that for the conditions simulated, sufficient HRT and
driving force for P uptake are available in the A2O process to
sequester most PO4−P and dissolve any surviving solids from
the primary clarifier. However, the efficacy of P uptake in the
mainstream relies on the assumption that a sufficient BOD/P
ratio exists in the influent, allowing EBPR to metabolize
influent P and remove P through biomass sedimentation. The
sensitivity of this assumption is displayed when comparing the
effluent P mass flows shown in Table S3 between 1000 and

200 μm particles at 43.5% yield. For the smaller particles which
tend to dissolve and release PO4−P in primary clarification, a
15% and 22% increase in TP and PO4−P effluent mass flow
originates from this reduction in BOD/P. Nearly 22% more
PO4−P is present in the mainstream EBPR feedstock
compared to the large-particle scenario but lacks additional
carbon dosing to compensate.
It should be noted that the point separator clarification

model used in this analysis gives no preference to
sedimentation of larger particles although higher settling
rates would likely exist in real operation.50 Smaller particles
that may tend to remain in solution dissolve at extents larger
than observed in simulation here. Other studies have shown
fines19 to be smaller than the 200 μm particles simulated,
indicating complete dissolution of lost struvite is plausible
during primary clarification. P in excess of what is present in
the influent can reduce EBPR efficacy if the BOD/P ratio is
sufficiently altered.49 Additional data is shown in Section S6 for
this system, where the BOD/P ratio is decreased to
demonstrate P breakthrough and its effects on effluent quality.
The likelihood of P breakthrough is limited under simulated
conditions but is dependent on the influent BOD/P ratio and
additional P mass flow returning from the crystallizer and
dissolving in the primary clarifier.

3.3. Impact of Yield and Particle Size on Effluent
Quality and Fate of P. To elucidate the effect of struvite
crystallizer yield on treated effluent quality and the fate of P in
all plant effluent flows (treated effluent, biosolids, and
harvested struvite), two sets of steady-state simulations were
run across various yields with an assumed unimodal particle
size in the crystallizer effluent of 200 and 1000 μm (Figure 5).

Figure 4. % Solids remaining and P dissolution rate in the liquid
phase after dissolution in the primary clarification (HRT = 2 h) before
sedimentation.

Figure 5. Effluent quality (A,B) and fate of P (C,D) for 1000 (A,C) and 200 μm (B,D) particles, respectively. In both (A,B), effluent struvite
concentrations were very low (∼10−4 g/L) and are therefore not shown. Amorphous calcium phosphate (ACP) accounts for approximately 4% of
the P mass labeled “biosolidssolid P″ with struvite forming the remainder in both (C,D).
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The 1000 μm particle was representative of the dissolution
data collected in this study while the 200 μm particle
represented a particle size in which 90% of lost solids would
dissolve during primary clarification and represent the upper
limit of the particle size class that is expected to be lost from
working struvite precipitation reactors.19

Regardless of particle size, the main driver of changes in
effluent TP across yields is PO4−P (ortho P) (69 and 89%,
respectively, Figure 5A,B) from the dissolution of struvite
when carbon is not limiting EBPR P uptake. For the 200 μm
particle condition, a difference of up to 0.8 mg/L P is observed
in the treated wastewater effluent between full washout and
100% yield (Figure 5A), representing a 62% increase in daily
effluent P mass flow (Table S3). Even for the 1000 μm particle
conditions, the difference in effluent TP between the full
washout and 100% yield cases is 0.45 mg/L P (Figure 5B). For
plants that have implemented P removal processes like EBPR
and P crystallizers to meet stringent permit limits, these
changes in effluent concentration show the clear benefit of
sidestream struvite recovery but also highlight how precip-
itation-upset events could cause EBPR disruption and permit
exceedances.
Next, the concentration and form of P at each outlet from

the previously described simulation was analyzed to determine
the fate of influent P as a function of yield (Figure 5C,D). The
three plant outlets are referred to as “effluent”, “biosolids”, and
“harvest”, which describe the plants product water, biosolids
wasting, and the struvite crystallizer harvest line, respectively.
All P is categorized as ortho P, solid P (struvite + ACP), and
other P (which can be thought of as any other potential P sinks

but is almost exclusively sludge biomass). When crystallizer
yield was high, regardless of fine particle size, the majority of
influent P was recovered as harvested struvite (Figure 5C,D),
highlighting the synergistic effect of EBPR and sidestream
struvite precipitation for P removal and recovery. However,
operating at yields typical of high-performance crystallizers
(40−60%) results in similar P mass flows in both harvested
struvite and biosolids ortho P.
To capture the majority of PO4−P as harvested struvite,

yield must exceed the current standards of operation. For both
1000 and 200 μm simulation cases, the majority of TP exits the
plant in the biosolids across all yields. As yield decreases, more
P as struvite is recycled to the headworks, leading to
dissolution as loss in the plant effluent or capture in biosolids.
Since the dissolution kinetics is greater for 200 μm crystals,
more dissolution occurs in the primary clarifier, which lowers
the solid P fraction in biosolids while reducing EBPR efficacy
due to reduced BOD/P (Figure 5C,D). However, this result
depends partially on the assumption of 100% solids retention
in the thickener and dewatering systems. This value surpasses
typical operation but was used to stop recirculation of struvite
back to the crystallizer after washout. Including recirculation
would warrant the inclusion of a PBM-based struvite
crystallization model that is outside of the scope of this work
but does limit the accuracy of the fate results shown. These
results highlight how designing struvite crystallization reactors
to maximize yield would have impacts on EBPR performance,
biosolids composition, and struvite accumulation in anaerobic
digesters.

Figure 6. (A) Phosphate concentration data from dissolution experiments for particles that exhibited higher solubility than experimentally
determined struvite solubility. Csat,theo = 6.14 mM P and Csat,exp = 5.84 mM P. (B) Raw data fit to the SOM. Stickney dust is excluded because
particle size was not well-defined. (C) XRD of solids which featured distinct crystalline phases other than struvite. Characteristic peaks are marked
as follows: dittmariteα, quartzβ, and unidentifiedσ. (D) FTIR spectra from a reference struvite sample and excess solubility solids.
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3.4. Physical and Chemical Differences of Field-
Grown Struvite and Excess Solubility. Impurities can
alter the dissolution behavior of struvite particles either by
reducing the true struvite surface area, releasing P in excess of
what would be expected for dissolution of pure struvite, or
adsorbing to the surface creating diffusion barriers. In this
study, three of the field-collected solids, namely, MWRD 12.5,
Stickney dust, and CWS 35, exhibited excess solubility
compared to reference struvite (Figure 6A). Impurities in
recovered solids from struvite crystallization are not
uncommon as K analogues exist54−56 and naturally present
Ca forms insoluble phosphate solids that compete with
Mg.52,53,57,58 Additionally, the presence of soluble and
particulate organic matter in crystallizer feedstock streams
could also interact with particle surfaces, although their
interaction with struvite is poorly understood.59−61 When
comparing the dissolution rate constants shown in Figures
3B−6B, we see much smaller dissolution rate constants that
indicate an intrinsic difference between the solids, likely related
to composition. Stickney dust is excluded from Figure 6B
because the sample did not have unimodal PSD. Without this
information, estimates for the total surface area and fitting to
the SOM are not possible.
Experimental evidence indicates that differences in the

crystal phase or interactions with other organic impurities can
lead to differences in equilibrium solubility and dissolution
kinetics. XRD and FTIR were used to determine if inorganic or
organic impurities were present and potentially contributed to
observed differences in particle dissolution. In XRD spectra
collected for CWS SGN 35, three extraneous peaks were
detected at 10.2, 18.8, and 24.5° and identified as dittmarite
(MgNH4PO4*H2O, Figure 6C). In Stickney dust, dittmarite
peaks were found at 10.2 and 18.8°. Dittmarite in Stickney
dust can partially be attributed to dehydration during
harvesting or sample prepration. However, this heating step
is not present in CWS SGN 35 or larger particles, implying that
dittmarite may form under typical struvite crystallizer
conditions. MWRD 12.5 was more complex with a dittmarite
peak at 27.6°, a quartz peak at 26.7°, and an unidentified but
strong peak at 47.38°. The quartz impurities in MWRD 12.5
are expected due to residual sand present from the struvite
harvesting method of that specific reactor. All other samples
tested were nearly identical to the struvite reference solid with
some slight peak shifting attributed to strain within the
crystals.62,63 No significant peak matches were made with
reference hydroxyapatite in any of the field-grown samples.
Differences were also observed in the FTIR spectra of solids

that exhibited excess solubility (Figure 6D). In this analysis,
the objective is not to find specific compounds, which may be
present in the samples through fingerprint analysis, but to
show common group frequencies shared within the samples
and contrast them with those of the reference struvite sample.
This serves to develop an understanding of what types of
molecules may alter the dissolution behavior from pure struvite
either through molecules adsorbed on the surface of the field-
recovered struvite or in solution acting as a dissolution
inhibitor. Crushed samples give general chemistry of the solid,
and “solid” samples give surface character.
As a reference sample, the pure struvite is expected to

contain only inorganic PO4
3− (very strong at 1030 cm−1 and

medium at 570 cm−1) and NH4
+ (strong at 1410 cm−1) FTIR

bands.64,65 In fact, the reference struvite does contain inorganic
IR bands at 1430 and 560 cm−1 (Figure 6D). However,

medium-strength broad peaks also appear at 2330, 2870, 3220
cm−1, and very weakly at 3500 cm−1, strengthening the
indication of a primary amine (doublet at 3380 and 3300 cm−1

and a strong peak at 3000−2700 cm−1) or of a secondary
amine (a broad strong peak at 2700−3000 cm−1 and a
medium-strength peak at 1620−1560 cm−1).64 The MWRD
12.5 sample matches the reference struvite spectra in both
crushed and solid samples (Figure S2). The surface sample of
CWS SGN 35 was very distinct from the reference struvite
spectra with a weak peak at 3420 cm−1, a doublet at 2900 and
2750 cm−1, and a distinct fingerprint region. This could again
describe a primary amine by fulfilling 3500−3300, 3400−3200,
1630−1590, and 900−600 cm−1.64 Crushed CWS SGN 35
spectra were nearly identical to the reference struvite spectra
(Figure S2). In contrast, solid Stickney dust (Figure S2)
matches the reference struvite while the crushed sample only
exhibits a weak peak at 1000 and 570 cm−1. Definitive
conclusions are hard to draw from this sample in terms of what
species the fingerprint region indicates, but an absence of
upper bands present in the reference struvite is clear.
In all cases, the differences in the FTIR spectra relative to

the reference struvite indicate potential organic impurities both
on the surface and integrated into the recovered solids.
Although attempts were made to remove these impurities
through degassing for this study, it is important to note that
struvite precipitation and dissolution will occur in organic-rich
wastewater. Organic matter typically acts as an inhibitor both
in terms of extent of P removal and precipitation kinetics in
struvite crystallization systems. The strength of the effect is
dependent on the type of organic matter (particulate, colloidal,
or dissolved) and increases as reactor pH drops below 9.60,66,67

Other evidence shows that organic matter can cause
morphology changes that could result in differences in an
overall dissolution rate.67 In contrast, one study suggests that
certain phenolic groups may actually accelerate nucleation and
growth rates and counteract calcium-related morphology
changes.68 This conflicting empirical evidence is partially
reconciled by a mechanistic study that shows struvite−organic
interactions are adsorption-driven and thus will differ between
adsorbents with various interfacial energies.69 Current
quantitative methods to capture the influence of organic
matter on struvite are limited to overall P removal
crystallization process models based on the modified Monod
equation.67 The benefit of using the SOM for dissolution
kinetics is that by including an empirical saturation constant
(Csat), a specific plant can easily calibrate dissolution kinetics
(kSOM dissolution rate constant) by performing solubility
jar tests and couple that to expected or measured product
crystal sizes to calculate expected dissolution rates.
Not addressed in this work are other potential P sinks that

form by dosing iron or aluminum salts for chemical P
control,70 as a coagulant,71 or as a side effect of dosing iron for
sulfide control72 in anaerobic reducing environments like those
found during solids treatment or in collection systems. The
most prevalent iron phase observed to form at iron-dosed
WRRFs is vivianite (Fe2(PO4

)2·8H2O), which has a very low
solubility (pKsp = 36)73 comparable to a mineral like
hydroxyapatite. Some samples have shown that more than
90% of all P in digested sludge can be attributed to vivianite
when iron is dosed in the mainstream treatment process for
phosphorus removal.74 In this study, EBPR was the primary P
removal strategy in the mainstream. As a result, substantial
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soluble P rather than vivianite is shown exiting the anaerobic
digester (Figures S5 and S6) and routed either to the
crystallizer or removed from the plant in the biosolids. Future
research could account for the plantwide dynamics of vivianite
when iron dosing is used for P removal using the experimental
and modeling framework presented here.
Similarly, while included in the activated sludge model used

in this study, little focus was put on the formation of calcium
phosphatesa common co-precipitant alongside vivianite
(when iron is present) in struvite crystallization systems.74,75

The effects of calcium on struvite are best seen in animal
wastes,76−78 where baseline calcium concentrations are much
higher than in wastewater and result in the scavenging of P
forming kinetically favored ACP and can eventually lead to the
formation of thermodynamically stable hydroxyapatite.79−81

Roughly, 4% of the P solids seen in Figure 5C,D are ACP
formed during EBPR from influent calcium. Also of concern is
heavy metal adsorption on struvite as the known inhibition of
growth kinetics is likely to continue during dissolution.82 The
interactions between struvite solids and inorganic species are
ubiquitous and point toward a need for a further understanding
of the role each phase plays in the plantwide treatment
processes.

4. OUTLOOK

Due to the increased implementation of struvite crystallization
systems across North America and in Europe and the observed
washout of fines, a better understanding of the kinetics of
dissolution for struvite is necessary for accurate modeling and
simulation of plantwide processes related to P removal and
recovery. This work addresses this need by (1) fitting new
struvite dissolution kinetic data as a function of struvite particle
size to the SOM and (2) providing insights into the plantwide
implications of struvite loss from sidestream precipitation
reactors through process modeling and simulation in SUMO.
These results show a clear change in plant performance both in
terms of effluent P and the phase/stream, where P is
discharged when particle size is considered.
The next important step in verifying the results shown here

is calibration and validation with real plantwide data. More
data on particle size distributions is needed from crystallizer
effluents during washout and from primary clarifiers to
determine which particles survive dissolution. Second, future
attempts at understanding plantwide fines dynamics should be
made including crystallizer-specific process models23−25,28,42

and hydrodynamics to better simulate when fines will be
generated and when washout can be expected. However, the
less understood effect of organics and coprecipitates (ACP and
brushite) on the struvite crystallization process is another
missing component in these well-developed process models
that exists in practice. A combination of isolated process
experiments and calibration to real-world reactors could
address this issue.
Future struvite crystallizer design will be informed by an

additional feedback loop related to fines removal costs that
could lead to a new target particle size or even introduction of
new mechanism-specific zones (i.e. nucleation, crystal growth,
and agglomeration) and crystallizer conditions (low saturation,
high mixing, etc.). As the introduction of crystallizer
technologies becomes more prevalent, accounting for dis-
solution of fines could become a necessary part of accurate
modeling and simulation, especially for systems where upsets

occur that result in a significant transfer of P to mainstream
treatment processes as struvite fines.
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