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A B S T R A C T

Struvite crystallization is a widely used technique for reclaiming nitrogen and phosphorus from waste streams. K- 
struvite, an analogue of struvite 

(
NH+

4
)
, has attracted ever-growing attention as its precipitation often occurs 

under conditions similar to struvite (thereby, reactions can be implemented in existing facilities). However, K- 
struvite formation is usually influenced by co-occurring impurities, particularly dissolved organic matters 
(DOMs). Here, we evaluated the roles of three typical DOMs (i.e., L-arginine, citric acid, and humic acid) in K- 
struvite crystallization from a reaction kinetic perspective. It was found that K-struvite crystallization follows a 
well-defined first-order kinetics in the absence of any DOMs, regardless of the Mg/P molar ratio and supersat
uration level. The presence of DOMs at varying levels (2 − 50 mg L− 1) has been shown to have strong inhibition 
against K-struvite formation in batch reactors, with L-arginine acting as a phosphate binder, citric and humic 
acids as chelators of magnesium and potassium ions, and all DOMs as crystallization passivators via surface 
adsorption. Crystallographic and morphological analyses reveal that a lower supersaturation (0.47) level tends to 
yield amorphous precipitates with a small fraction of poorly crystallized K-struvite, failing to compensate for the 
inhibition from DOMs. While both the kinetic modeling and the structural examination indicate that the DOM 
inhibition was suppressed at a supersaturation as high as 2.57. In fluidized-bed reactors with a feed solution of a 
higher supersaturation (2.53), the natural DOMs appear to alter the phase composition and morphology 
significantly, with a majority of amorphous aggregates along with a few hexagonal K-struvite and shuttle-like 
vivianite crystals. Electrostatic potential mapping analysis of these DOMs reveals that the inhibition mecha
nisms varied with the type of DOMs, and future work would be necessary for molecular-level elucidation of the 
DOM-specific inhibition. This study offers a kinetic insight into K-struvite formation and underscores the ne
cessity of strategies to tackle DOM-related issues in practical projects.

1. Introduction

Phosphorus (P) is a vital component of all known life forms and 
essential to cellular processes on Earth—yet its future is precarious [1, 
2]. Projections of the ever-growing depletion of global phosphorus re
serves in this century raise significant concerns about food security and 
ecological stability [3,4]. The ubiquity of phosphorus compounds—from 
agricultural fertilizers to water-softening agents in household deter
gents—underscores its indispensable role in sustaining human activities 
[5]. However, its increasing consumption presents an environmental 

paradox: excessive phosphorus entering aquatic ecosystems drives 
eutrophication [2,5]. Historically, wastewater treatment strategies have 
focused on complete phosphate removal to minimize environmental 
harm from nutrient pollution [6,7]. While effective in mitigating 
eutrophication, this approach overlooks the vast potential for phos
phorus recovery and reuse, treating it as a waste product rather than a 
valuable resource [5,8]. Nevertheless, wastewater represents a readily 
available source of phosphate. Given the rising global demand for 
phosphorus, recovering and reclaiming phosphorus from wastewater is 
gaining increasing attention [9–11].
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To date, various chemical, biological, and physical processes [6,9], 
along with advanced crystallization technologies [11,12], have been 
employed for phosphorus recovery from wastewater. Among these, 
fluidized-bed crystallization (FBC) has emerged as a promising chemical 
method due to its ability to process large solution volumes and precisely 
control crystal size [10]. Initially developed for water-softening granu
lation, FBC technology has evolved from early experimental stages to 
large-scale industrial applications [8,10,11]. Generally, struvite 
(MgNH4PO4⋅6H2O, also known as magnesium ammonium phosphate, 
MAP) is the predominant crystalline product recovered through FBC 
technology and is widely regarded as a promising recycled fertilizer due 
to its high phosphorus content and slow-release properties [12–14]. 
However, in wastewaters where potassium (K⁺) dominates over ammo
nium 

(
NH+

4
)
, K-struvite (KMgPO₄⋅6H₂O, all termed as potassium mag

nesium phosphate, MKP) can form as an alternative phosphate mineral, 
incorporating potassium into its crystalline structure [15,16]. This 
analogue retains similar fertilizing benefits while adapting to the ionic 
composition of the wastewater stream [16].

Notably, the formation kinetics, morphology, purity, and overall 
quality of the resulting struvite are usually influenced by the co- 
occurring impurities [17–23], particularly the dissolved organic mat
ters (DOMs) [18–23], which is a heterogeneous mixture of organic 
compounds ubiquitously present in wastewater, primarily originating 
from humic substances, proteins, polysaccharides, and microbial 
byproducts [19,21,24]. These compounds vary in molecular weight, 
functional groups (e.g., carboxyl, hydroxyl, and amine groups), and 
hydrophobicity, influencing their reactivity in aqueous environments 
[19,22,24,25]. In P recovery systems, DOMs can significantly alter 
crystallization processes due to their ability to interact with inorganic 
ions and crystal surfaces [18–23]. For instance, humic acids—a major 
DOM component—can adsorb onto growing struvite crystals, blocking 
active growth sites and impeding crystal development through surface 
passivation [26,27]. Similarly, low-molecular-weight organic acids (e. 
g., citrates) may chelate magnesium (Mg²⁺) or phosphate 

(
PO3−

4
)

ions in 
solution, reducing their bioavailability for crystallization [28,29]. These 
interactions can lead to slower nucleation rates, smaller crystal sizes, or 
even amorphous precipitate formation, ultimately affecting the effi
ciency and quality of recovered products. While previous studies have 
extensively explored DOM’s inhibitory effects on conventional struvite 
formation, their impact on K-struvite—an analogue of struvite [30]— 
remains poorly understood [31,32]. Furthermore, the roles of DOM in 
altering the morphology, purity, and settling properties of K-struvi
te—key factors in its suitability as a fertilizer—have yet to be system
atically investigated. Addressing these unknowns is essential for 
optimizing reactor design and operational parameters to achieve 
consistent recovery performance in DOM-rich waste streams, such as 
agro-industrial effluents or anaerobically digested sludge liquors. 
Bridging this knowledge gap would not only advance a fundamental 
understanding of organic-inorganic interactions in crystallization pro
cesses but also support the scalable application of K-struvite recovery 
technologies in real-world wastewater treatment systems.

This study presents a systematic investigation of how DOM governs 
the crystallization kinetics of K-struvite formation across different 
reactor configurations, aiming to elucidate the fundamental roles of 
DOM in influencing K-struvite crystallization dynamics. Given the DOM- 
type impurities in actual wastewater are complex and of concentrations 
spanning a broad range of several to thousands of mg L− 1 [33–35], 
simulated DOMs (e.g., humic acid (HA), L-arginine (Arg), and citric acid 
(CA)) are often used as surrogates to represent the reactive fraction of 
such organic matters [24,27,33,36]. We specifically examine three 
representative organic constituents of wastewater, i.e., Arg, CA, and HA, 
to elucidate their distinct impacts on nucleation and crystal growth in
hibition in both batch reactor (BR) and fluidized-bed reactor (FBR) 
systems. Through controlled batch kinetic experiments, we demonstrate 
how increasing DOM concentrations fundamentally alter crystallization 

dynamics. Parallel FBR studies reveal how natural DOMs modulate these 
organic-inorganic interactions, offering new insights into K-struvite 
crystallization behavior. Beyond advancing a fundamental understand
ing of K-struvite crystallization in the presence of DOMs, this research 
also offers practical implications for wastewater treatment optimization, 
enabling informed reactor selection and operational parameter tuning 
for enhanced nutrient recovery efficiency.

2. Materials and methods

2.1. Chemicals

Chemicals of analytical purity or above were used for K-struvite 
crystallization in this study. Monopotassium phosphate (KH2PO4, 
≥99.0 %), magnesium chloride hexahydrate (MgCl2‧6H2O, ≥98.0 %), 
and sodium hydroxide (NaOH, ≥99.0 %) were purchased from Sino
pharm Chemical Reagent Co., Ltd (Shanghai, China). L-arginine (Arg, 
C6H14N4O2), citric acid (CA, C6H8O7‧H2O), and humic acid (HA) were 
provided by Yuanye Bio-Technology Co., Ltd (Shanghai, China). Ultra
pure deionized (DI) water (18.2 MΩ‧cm, 25 ◦C) was employed for pre
paring solutions.

2.2. K-struvite crystallization in batch reactors (BRs)

Batch crystallization kinetic experiments (Scheme 1) were conducted 
with a varying Mg/P molar ratio using a 1000-mL glass beaker as the 
batch reactor (Fig. S1, Supporting Information) under ambitious con
ditions (ca. 25 ◦C, 1 atm). Prior studies have shown that K-struvite 
crystallization is most sensitive to Mg/P molar ratio, with K⁺ equal to or 
above stoichiometry does not markedly affect removal efficacy or 
product purity [31,37,38]. Therefore, Mg/P molar ratios of 1.2 − 1.5:1 
were examined comprehensively. In brief, solution A was prepared by 
dissolving 0.2106 mmol KH2PO4 into 500 mL of DI water, and then a 
diluted NaOH solution was added until the pH reached 10 ± 0.2. Like
wise, solution B was prepared by mixing 0.2106 mmol of MgCl2‧6H2O 
into 500 mL of DI water, followed by rapidly transferring it to the above 
beaker, yielding a mixture containing 0.2106 mM of Mg²⁺, K⁺, and PO3−

4 
in a 1:1:1 molar ratio. The mixture with a supersaturation index (SI, Text 
S1, Supporting Information) of 0.47 was then stirred moderately on a 
magnetic stirrer (INTLLAB, Shenzhen, China). The pH of the synthetic 
mixture was monitored and recorded every 2 min using a pH meter 
(PHS-25, Rex Electric Chemical, China) for 60 min, while 0.1 mL of 
suspension was sampled every 2 min to measure the concentration of 
remaining soluble phosphate (PO3−

4 -P) using the ascorbic acid method as 
described elsewhere [39]. Following the same protocol, Arg, CA, and HA 
were used as the model DOM-type impurities for examining their impact 
on the crystallization of K-struvite at a constant Mg/P molar ratio of 1:1. 
Specifically, each impurity was introduced separately into the mixture 
when combining solutions A and B. Prior studies have documented that 

Scheme 1. Schematic view of (a) batch reactor (BR), and (b) fluidized bed 
reactor (FBR) for K-struvite crystallization.
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the DOM concentrations span a wide range, with values in the order of 
several to tens of mg L− 1 dissolved organic carbon (DOC) (e.g., 
5 − 50 mg L− 1) in municipal wastewater streams and/or treated efflu
ents [34–36]. To representatively simulate the typical municipal 
wastewater streams, we chosed experimental DOM concentration win
dow of 2–50 ppm [20], which is rational given that the COD values 
obtained with the typical oxidation factor (i.e., 2.67) [40] and the 
maximum DOM concentration (50 mg L− 1) are comparable to the actual 
wastewater COD values (Table S1). The resulting suspension was termed 
based on the type and content of impurity in the mixture, e.g., Arg-2ppm 
refers to a suspension containing 2 mg L− 1 of Arg. After each round of 
batch reaction (i.e., 60 min), all the precipitate samples were collected 
by centrifugation, rinsed twice with DI water, and dried in an oven at 80 
◦C overnight. The precipitates were allowed to cool to ambient tem
perature in a glass desiccator, denoted by the same code as their parent 
suspensions, and left in the desiccator for later characterization.

The rate constant for crystallization kinetics was obtained by fitting 
the data of remaining soluble phosphate in the suspensions to a first- 
order kinetic model as described in differential and linear forms of the 
model formulated in Eqs. 1 and 2, respectively [41]. 

− dC/dt = k(C0 − Ce) (1) 

ln(C − Ce) = − kb+ ln(CO − Ce) (2) 

where k is the rate constant (h− 1), C is the soluble phosphate (reactant) 
concentration (mg L− 1) at time t, C0 and Ce are the phosphate (PO3−

4 -P) 
concentration at the initial and equilibrium state (mmol L− 1).

2.3. K-struvite crystallization in a fluidized-bed reactor (FBR)

A customer-made FBR was used to evaluate the influence of natural 
DOM molecules from real wastewater on K-struvite formation (Fig. S2, 
Supporting Information). The FBR feed solution (~5 L) was composed of 
real wastewater from a local sewage treatment plant (Table S1), whose 
Mg/P and PO3−

4 concentration were adjusted to 1:1 and 150 mg L− 1, 
respectively, by adding appropriate quantities of MgCl2‧6H2O and 
KH2PO4. NaOH solution (0.1 M) was added to adjust the initial pH of the 
feed solution above 10 during the FBR operation. Firstly, the feed so
lution was injected into the FBR at a flow rate of 5 mL min− 1 by using a 
peristaltic pump (BT-100, Longer Pump Co., China). Then, the NaOH 
solution was introduced at 3 mL min− 1 using another pump, and the 
third pump connecting the bottom and the upper top of the FBR was 
launched simultaneously at 10 mL min− 1 to circulate the mixture and 
maintain a fluidization condition. At the end of the 6-day circulation, the 
experiment was terminated, and the precipitates were harvested from 
the FBR bottom (Fig. S2), followed by centrifugal separation, washing, 
and air drying over 24 h before characterization.

2.4. Characterization of the reclaimed precipitates

X-ray diffraction (XRD) measurements were carried out using an 
XRD-6100 diffractor (Shimadzu, Japan) system with Cu-K radiation (λ =
1.54178 Å) over the 2θ range of 10 – 60◦. The identification of all 
mineral phases was carried out using the Jade software (version 9.0, 
Materials Data Inc., USA) with the ICDD® PDF-2 database. Fourier 
transform infrared (FTIR) spectroscopy was recorded on a Nicolet iS5 
spectrometer (Thermo Fisher, USA) using the KBr pellet method in the 
wave number range of 4000 – 400 cm− 1. The morphology of reclaimed 
precipitates was examined using a Gemini 300 field emission scanning 
electron microscope (FE-SEM, ZEISS, Germany) at an acceleration 
voltage of 15 kV.

3. Results and discussion

3.1. Effects of Mg/P molar ratio on K-struvite formation kinetics in BRs

The influence of the Mg/P molar ratio on K-struvite crystallization in 
batch reactors is multifactorial, driven mainly by the molar ratios of the 
participating species and the extent of supersaturation [42]. For the 
precipitation of pure K-struvite in batch reactors, the optimal molar ratio 
of Mg/P is important, particularly for the exploration of the impact of 
other impurities. Batch reaction experiments were performed to eval
uate the effects of Mg/P molar ratios (i.e., 1:1, 1.2:1, and 1.5:1) on the 
removal of PO3−

4 , and thereof K-struvite formation kinetics indirectly 
(Fig. 1). As shown in Fig. 1a, the solution pH decreased apparently with 
time in all studied Mg/P molar ratios, with faster and much more pH 
drops at higher Mg/P ratios. This phenomenon can be explained based 
on the following two reactions (Eq.3 and Eq. 4):

i) The formation of MgKPO₄‧6H2O: 

Mg2+ + K+ + HPO4
2− + 6H2O→ MgKPO4•6H2O↓ + H+ (3)

ii) The hydrolysis of free Mg²⁺: 

Mg2+ + 2H2O ⇌ Mg(OH)+ + H3O+ (4)

Both reactions release hydrogen (or hydronium, H3O⁺) ions, directly 
increasing the solution’s acidity. At higher Mg/P ratios, excess Mg²⁺ 
drives the K-struvite formation reaction (Eq. 3) further to completion 
[43], consuming more HPO2−

4 and releasing more H⁺. Besides, the 
remaining free Mg²⁺ (not precipitated) undergoes hydrolysis in water 
(Eq. 4), further lowering pH by releasing additional hydronium ions. 
This is further confirmed by the soluble phosphate concentrations 
(PO3−

4 -P) versus time plots (Fig. 1b), showcasing lower free PO3−
4 -P 

concentrations at higher Mg/P ratios. Note that the removal of PO3−
4 at 

Mg/P ratio of 1:1 reached as much as 98 % at 55 min, while P removal 
for Mg/P ratios of 1.2:1 and 1.5:1 at the same time was determined as 
99 %, with a maximum of ~ 99.3 % for all three Mg/P ratios at the end 
of the batch reactions (Fig. 1b). This observation implies 60 min is 
enough to implement the complete crystallization of K-struvite irre
spective of the Mg/P ratio. Prior studies [44] have shown that excess 
magnesium (high Mg/P) not only increases supersaturation but also 
promotes secondary nucleation of K-struvite on intermediate phases 
such as Mg(OH)₂, which can facilitate heterogeneous nucleation of 
K-struvite [45]. To verify this possible pathway of K-struvite formation 
promoted by Mg(OH)₂, the precipitates from solutions with Mg/P ratios 
of 1.2 and 1.5 were reclaimed and examined by XRD and FTIR (Fig. S3). 
Our results confirmed the absence of Mg(OH)₂ in the reclaimed pre
cipitates that are mainly composed of poorly crystalline K-struvite (PDF 
#35–0812), thus excluding such ‘Mg(OH)₂-mediated’ mechanism.

The remaining phosphate concentration as a function of time was 
then further fitted using a first-order kinetic model (Eq. 2), and the re
sults are depicted in Fig. 1c-e. All plots are linear with negative slopes as 
expected. Notably, all the best-fit correlation coefficients (R2) are 
greater than 0.98 (Table 1), indicating the formation of K-struvite in BRs 
follows a well-defined first-order kinetics within the time scale of 
0 − 14 min, regardless of the Mg/P ratios. The highest rate constant (k) is 
5.4834 h− 1 for suspension with a Mg/P ratio of 1.5:1, further confirming 
that higher Mg/P ratios accelerate K-struvite crystallization, namely 
higher Mg/P ratios boost faster crystallization kinetics. However, it was 
found that K-struvite crystallization may be inhibited a little bit at much 
higher Mg/P ratios [46]. With elevated Mg/P ratios beyond 2.0, for 
instance, the K-struvite crystallization is significantly inhibited due to 
the precipitation of Mg3(PO4)2⋅22H2O and Mg3(PO4)2⋅8H2O [47,48]. To 
avoid such uncertainty for preparing pure K-struvite, an optimal stoi
chiometric Mg/P ratio of 1:1 was therefore chosen for the following 
batch experiments.
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3.2. Effects of Arg on K-struvite formation kinetics

Arg is a naturally occurring amino acid ubiquitously found in 
wastewater due to direct discharge from various sources and/or bio
logical degradation of organic matter-containing proteins (i.e., protein 
metabolism) [49]. Understanding the effect of Arg on the K-struvite 
formation has practical implications for nutrient-recovering processes, 
as Arg (pKa values: 2.2, 9.0, and 12.5) retains its positive charge over 
most of the pH range encountered in batch experiments (i.e., 8.5 − 10), 
ensuring continuous interaction with negatively-charged anions 
throughout the process. Similar batch experiments were performed in 
the presence of various levels of Arg and the results are shown in Fig. 2. 
Notably, the solution pH varied across different samples, with the blank 
sample (without Arg) exhibiting a moderate decrease in pH, while 
samples with lower Arg concentrations (2 and 5 mg L− 1) maintaining 

higher and more stable pH levels and sample with the highest Arg 
concentration (20 mg L− 1) leading to the most significant pH drop 
(Fig. 2a). This phenomenon is indicative of an inhibitory effect of Arg on 
the nucleation of K-struvite [50]. This strong inhibitory effect is also 
verified in Fig. 2b. Specifically, the blank sample showed a rapid drop in 
soluble PO3−

4 -P, indicating the formation of K-struvite. In contrast, all 
solutions containing Arg maintained significantly high levels of soluble 
phosphate throughout the experiments (above 10 mg L− 1), indicating a 
great inhibition of crystallization regardless of the concentration of Arg. 
This is due to the strong "covalent-like" electrostatic interactions be
tween Arg and phosphate in solution [51], specifically the electrostatic 
interaction between the protonated guanidinium group of Arg and the 
negatively charged phosphate [52], which reduces the phosphate 
availability for the formation of K-struvite.

Consequently, the strong interaction between Arg and phosphate 
appears to yield poor kinetic fitting results (Table 2 and Fig. 2d− f), 
implying that the formation of K-struvite is unlikely to occur in a solu
tion with a supersaturation of 0.47 in the presence of Arg. Noth that the 
solution with 5 mg L− 1 of Arg showed an R2 as high as 0.957, which 
appears to be irrelevant to K-struvite formation, as there is still a sig
nificant amount of phosphorus remaining in the solution and the pH is 
out of the optimal range (8–9.5) for K-struvite (Fig. 2b) [31,53]. How
ever, the inhibitory effect of Arg has been significantly neutralized in 
solution with a higher supersaturation (i.e., 2.57, with Mg/P = 1:1, 
initial phosphate concentration (C0, PO4) = 100 mg L− 1, equivalent to 
1.053 mM, pH = 10), where K-struvite crystallization followed a 
well-defined first-order kinetics with a high coefficient (R²) above 0.99 
(Fig. 3, and Table S2). This observation confirms that high 

Fig. 1. (a) The suspension pH profiles in solutions with 0.028 mM of PO3−
4 -P, (b) Plots of soluble PO3−

4 -P versus reaction time, (c) Kinetic linear fitting plots of 
soluble PO3−

4 -P in suspensions with Mg/P ratio of (c) 1:1 (d) 1.2:1 and (e) 1.5:1 during the K-struvite crystallization in batch reactors.

Table 1 
Best-fit kinetic equations and corresponding parameters of K-struvite formation 
in BRs with varying Mg/P ratio based on the first-order kinetic model.

Mg/P 
ratio

First-order kinetic 
equation

k (h¡1) Time scale 
(min)

R2

1:1 y = − 0.081x − 1.714 4.312 
± 0.317

0–14 0.979

1.2:1 y = − 0.054x − 1.551 3.525 
± 0.018

0–14 0.981

1.5:1 y = − 0.091x − 1.606 5.483 
± 0.017

0–14 0.991
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Fig. 2. (a) The solution pH profiles in solutions with 0.028 mM of PO3−
4 -P (Mg/P = 1:1) and varying contents of Arg, (b) Plots of soluble PO3−

4 -P versus reaction time, 
(c-f) Kinetic linear fitting plots of soluble phosphate concentration versus time in solutions containing (c) 0 (blank), (d) 2, (e) 5, and (f) 20 mg L− 1 of L-arginine (Arg).
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Table 2 
Best-fit kinetic equations and corresponding parameters of K-struvite formation in BRs (Mg/P = 1:1) with varying contents of DOM impurities (Arg, CA, and HA) based 
on the first-order kinetic model.

Suspension code Content (mg L− 1) First-order kinetic equation k (h¡1) Time scale 
(min)

R2

blank 0 y = − 0.081x − 1.714 4.312 ± 0.317 0–14 0.979
Arg− 2ppm 2 y = − 0.0096x − 2.4766 0.583 ± 0.225 0–10 0.537
Arg− 5ppm 5 y = − 0.0303x − 2.4119 1.962 ± 0.231 0–10 0.957
Arg− 20ppm 20 y = − 0.0155x − 2.4011 1.251 ± 0.293 0–10 0.599
CA− 5ppm 5 y = − 0.0226x − 2.5286 1.373 ± 0.163 0–10 0.982
CA− 20ppm 20 y = − 0.0114x − 2.4658 0.688 ± 0.218 0–10 0.713
CA− 50ppm 50 y = − 0.0139x − 2.4926 0.728 ± 0.102 0–10 0.918
HA− 5ppm 5 y = − 0.0150x − 2.5556 0.599 ± 0.252 0–10 0.721
HA− 20ppm 20 y = − 0.0235x − 2.5782 1.560 ± 0.205 0–10 0.929
HA− 50ppm 50 y = − 0.0273x − 3.0161 1.793 ± 0.390 0–10 0.837

Fig. 3. (a, c) Plots of soluble PO3−
4 -P versus reaction time in (a) blank (Mg/P = 1:1, C0, PO4 = 100 mg L− 1, equivalent to 1.053 mM) and (c) solution with 5 mg L− 1 of 

Arg; (b, d) the corresponding kinetic linear fitting plots of soluble phosphate concentration versus time in (b) blank, and (d) solution with 5 mg L− 1 of Arg. Note that 
the presence of 5 mg L− 1 of Arg appears to restrain the rate of K-struvite crystallization to some degree, but did not alter the trend and manner of K-struvite formation 
that follows a well-defined first-order kinetic model as evidenced by the high coefficients (i.e., R2 above 0.99).
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supersaturation can play a key role in overcoming the inhibitory effects 
that DOMs exert on the crystallization of K-struvite [54]. Collectively, 
the strong inhibitory efficacy of Arg in solution with a low supersatu
ration (e.g., 0.47) is attributed to its high ability to suppress phosphate 
availability for K-struvite formation, which may pose challenges in 
recovering phosphate from wastewater containing such amino acids but 
highlights Arg’s potential as an antifouling agent in industrial systems to 
prevent scaling.

3.3. Effects of CA on K-struvite formation kinetics

As a typical DOM originating from food industries, e.g., the orange 
juice production factories, CA is also ubiquitous in wastewater and 
contributes a high organic load (high chemical and biochemical oxygen 
demand) to the waste streams [55]. CA is believed to have a profound 
impact on struvite crystallization due to its high chelating ability toward 
cations [56]. Fig. S4 illustrates the effect of citric acid (5, 20, and 
50 mg L− 1) on the formation of K-struvite. CA appears to lower solution 
pH significantly, even at a low concentration of 5 mg L− 1, due to its 
strong ability to release hydrogen ions (H⁺) when dissolved in water 
(Fig. S4a) [55]. Specifically, in the presence of 5 mg L− 1 of CA, the so
lution pH stabilized at approximately 7.5 after a 60-minute batch re
action, suggesting moderate inhibition. In contrast, the final pH was 
maintained around pH 8.0 in the case of the solution with 20 mg L− 1 of 
CA, while the presence of 50 mg L− 1 of CA caused a sharp drop below 
the required threshold (pH 8.5) to around 5, indicating strong inhibition 
of K-struvite formation at higher levels of CA.

Notably, most of the PO3−
4 -P is retained in solution in the presence of 

CA regardless of its concentration (Fig. S4b), confirming the inhibitory 
effect of CA on K-struvite formation within the time duration of the 
study (i.e., 60 min). The first-order kinetic fitting results showed that the 
correlation coefficients were 0.982, 0.713, and 0.918 for solutions 
containing 5, 20, and 50 mg L− 1 of CA, respectively (Table 2 and 
Fig. S4c-e). However, given that the optimal pH range for K-struvite 
crystallization is between 8.0 and 9.5 [31], the reaction of K-struvite 
formation is only possible within 10 min in solutions with CA of 5 and 
20 mg L− 1, respectively (Fig. S4a, c, d). In the presence of 5 mg L− 1 CA, 
for instance, K-struvite formation is likely to occur within 10 min 
following a well-defined first-order kinetics as evidenced by the higher 
R2 (i.e., 0.982). But afterward, CA adsorbs on the fresh crystal nuclei and 
appears to extract magnesium ions (Mg2+), leading to the eventual 
dissolution of K-struvite nuclei [28,56]. Likewise, increasing supersat
uration from 0.47 to 2.57 can effectively counteract the inhibitory ef
fects of CA to a significant extent (Fig. S5), as evidenced by the 
well-defined first-order crystallization kinetics with higher coefficients 
(Table S2).

The major mechanism by which CA inhibits K-struvite crystallization 
involves the formation of citrate-magnesium complexes due to the high 
chelating ability of CA, which reduces the availability of free Mg2+ and 
K+ ions required for K-struvite formation [31,56,57]. Additionally, CA 
appears to lower solution pH, shifting the equilibrium toward K-struvite 
dissolution rather than formation (Fig. S4a). This dissolution is exacer
bated by CA’s ability to protonate phosphate ions, reducing their 
availability for K-struvite crystallization [31]. Combinedly, CA primar
ily inhibits K-struvite formation in solution with a low supersaturation 
(e.g., 0.47) by lowering the solution pH unfavorable, and chelating Mg²⁺ 
and K+ ions.

3.4. Effects of HA on K-struvite formation kinetics

Similarly, HA was also demonstrated to suppress the formation of 
struvite via a complex of interactions [20,58,59]. To evaluate the impact 
of HA molecules on K-struvite precipitation, we introduced HA at three 
levels (5, 20, and 50 mg L− 1) and investigated their effects on solution 
pH as well as the remaining phosphate (Fig. S6). Unlike our earlier 

observation in similar solutions for struvite crystallization showcasing a 
pH buffering effect of HA molecules [59], in the case of K-struvite for
mation, there was no pH buffering effect from HA, particularly at lower 
concentration (e.g., 5 mg L− 1, Fig. S6a). Namely, the presence of HA 
molecules appears to accelerate the pH drop, especially at lower HA 
levels. Interestingly, the introduction of 50 mg L− 1 of HA molecules 
demonstrated a pH buffering effect but only after a 30-minute reaction. 
This is likely attributed to the difference in supersaturation stemming 
from the concentration of each component (e.g., 160 vs 20 mg L− 1 in the 
case of phosphate) [28,59].

Likewise, in the presence of HA molecules, even the concentration of 
soluble phosphate decreased slightly with time as expected, but most of 
the soluble phosphate was retained in the solution (Fig. S6b), indicative 
of a strong inhibitory effect of HA on K-struvite crystallization. Note that 
all solution pH values fell out of the optimal crystallization pH range (>
9.5, Fig. S6a), indicating that K-struvite crystallization was unlikely to 
occur in solution with a supersaturation of 0.47 in the presence of HA. 
This is different from our earlier observation in solution with 
160 mg L− 1 of phosphate [59], implying a higher phosphate concen
tration and therefore higher supersaturation is necessary to drive 
K-struvite precipitation, particularly in the presence of HA. For this 
reason, the kinetic fitting failed to yield reasonable data (Table 2 and 
Fig. S6c-e), further confirming the strong inhibition of K-struvite crys
tallization by HA. However, a higher supersaturation level (e.g., 2.57) 
can effectively offset the inhibitory effects of HA on K-struvite formation 
(Fig. S5).

It is well known that HAs are complex organic macromolecules with 
various functional groups (e.g., carboxyl, carbonyl, phenolic hydroxyl, 
alcohol hydroxyl, amide, and amine, etc.), which play a crucial role in 
their reactivity, such as metal binding, solubility, and interactions with 
minerals or other organics [25–27,60,61]. To verify the surface 
adsorption between HA and K-struvite, zeta (ζ) potential measurements 
were conducted in diluted K-struvite suspensions in the absence or 
presence of HA over the pH range of 8–12. Notably, the presence of 
5 mg L− 1 of HA shifted the surface charge of K-struvite crystals to more 
negative values over the pH range (the cyan shaded region) favorable to 
K-struvite crystallization (Fig. 4), indicative of strong adsorption of HA 
onto the crystal surfaces since HA is much richer in negatively charged 
functional groups [59,60]. The increased surface negative charge, 
which, through enhanced electrostatic repulsion with negatively 
charged phosphate species as well as the negatively charged K-struvite 
nuclei, plays an inhibitory role in hindering the nucleation and contin
uous growth of K-struvite (i.e., inhibition by surface adsorption of 
DOMs) [62]. Similar trends were also observed for Arg and CA (Fig. 4), 
confirming the adsorption-based inhibition mechanism. In this context, 
the inhibitory role of HA in K-struvite formation in solution with a low 
supersaturation (e.g., 0.47) appears to involve multiple mechanisms: i) 
complexation and/or chelation of Mg2+ and K+ ions [56,63], ii) surface 
adsorption and passivation of crystals [61], iii) lowering solution su
persaturation [60,64], and iv) electrostatic stabilization of free phos
phate [25,59,61].

3.5. Effects of DOMs on the precipitates reclaimed from BRs and FBRs

Apart from the crystallization kinetics, the effects of these DOMs on 
the properties of the reclaimed precipitates were also investigated sub
sequently. As mentioned above, K-struvite appears to form in BRs by 
following a well-defined first-order kinetics in the absence of any DOM 
impurities and at a Mg/P ratio of 1:1 (Fig. 1c). The precipitate from the 
above system was collected centrifugally, washed, and dried, and 
referred to as the blank sample. Note that the XRD pattern of the blank 
sample is featured by two diffuse humps over the 2θ range of 15 – 40◦

with an intensity trend well matched with the standard K-struvite (PDF 
# 35–0812) (Fig. 5a), indicating that the blank sample is poorly crys
tallized and likely predominated by amorphous phases and/or meta
stable nanocrystals [59,65]. This is likely attributed to the small 
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supersaturation (i.e., SI = 0.47) and the short crystallization time (i.e., 
60 min) [30,31]. Other possible Mg-P phases, such as newberyite and 
bobierrite, are absent from the reclaimed precipitates, mainly since 
newberyite is formed only at pH < 6.5 [66], whereas bobierrite may 
form more slowly compared to K-struvite, despite being at a similar pH 
to that of K-struvite [67]. Infrared spectroscopic analysis (Fig. 5b) also 
confirmed the formation of K-struvite with typical IR bands assignable to 
hydroxyl groups (ν-OH at 3423 cm− 1, and δH2O at 1634 cm− 1), phosphate 
(ν3 at 1062 cm− 1, and ν4 at 575 cm− 1), and metal-oxygen band (Mg-O), 
respectively [31,68–70]. SEM images reveal that the poorly crystallized 
K-struvite was irregularly shaped particulates with a broad size variation 
from several to tens of μm (Fig. 5c, d). Unlike the well-defined wedg
e-shaped or cuboid morphology observed in K-struvite prepared hy
drothermally [30], the blank sample appears to be dominated by 
amorphous aggregates (see the yellow dashed box) with minor flat 
tabular crystals (highlighted with yellow arrows, Fig. 5c, d) [71], in 
good consistency with the above XRD data. Unfortunately, any attempts 
to centrifugally separate the precipitates from solutions in the presence 

of any DOMs (e.g., Arg, CA, and HA) failed due to their strong inhibitory 
effects on K-struvite crystallization (Figs. 2, S4 and S6) as well as the 
unfavorable solution conditions observed in the blank system (i.e., low 
SI, and short duration). Nevertheless, when a higher supersaturation (i. 
e., 2.57 with a Mg/P ratio of 1:1 and C0, PO4 of 100 mg L− 1) was applied, 
poorly crystallized K-struvite was formed regardless of the presence of 
these DOMs of 5 mg L− 1 (Fig. S7), confirming the above observation in 
kinetic studies that a higher supersaturation can effectively counteract 
the inhibition from DOMs (Figs. 3 and S5).

To evaluate the effects of naturally occurring DOMs (represented by 
the chemical oxygen demand (COD) values for simplicity) on the 
reclaimed precipitates in an FBR, we also harvested and characterized 
the settleable solids from the bottom of the custom-built FBR fed mainly 
with a real sludge dewatering liquid (Table S1). Crystallographic anal
ysis indicates that the reclaimed precipitate appears to consist of poorly 
crystallized K-struvite (PDF #35–0812), vivianite (PDF #30–0662) and 
a majority of amorphous phase (Fig. S8a) probably due to the combined 
actions from the inhibition of natural DOMs (i.e., 187 mg L− 1 of COD) 

Fig. 4. Zeta (ζ) potential profiles of K-struvite: (a) blank (5 mg of K-struvite dispersed in 100 mL DI H2O, w/o any DOMs), (b) with 5 mg L− 1 of Arg, (c) with 
5 mg L− 1 of CA, and (d) with 5 mg L− 1 of HA. ζ potential measurements were conducted in triplicate on a Zetasizer Nano ZS90 (Malvern, UK) under ambient 
conditions (25 ◦C, 1 atm). Note that the presence of Arg, CA, and HA shifted the surface charge of K-struvite crystals to more negative values over the pH range 
favorable to K-struvite crystallization, implying the adsorption of these DOMs on K-struvite and verifying the adsorption-based inhibition mechanism.
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and the competition from the complex co-occurring ions (Table S1), 
which is also substantiated by the corresponding FTIR analysis 
(Fig. S8b). Further studies are required to specify the underlying 
mechanism regulating phase compositions in FBRs with real wastewater 
as feed solutions. Interestingly, the precipitate appears to be dominated 
by irregularly shaped aggregates, hexagon-shaped crystals (see the blue 
hexagons, Fig. S8c), and radiative shuttle-shaped crystals (highlighted 
with yellow arrows, Fig. S8d), which are assignable to the amorphous 
phase, K-struvite and vivianite crystals, respectively, according to 
earlier reports [30,72]. Given the high SI of 2.53 in the FBR feed solution 
(Text S1, Supporting Information) and the crystallization period of up to 
6 days, these favorable conditions for crystallization will undoubtedly 
counteract in part the inhibition induced by coexisting DOMs, thus 
yielding crystals with a more regular morphology (Fig. S8c, d). Collec
tively, a low SI and short reaction time in BR systems are unfavorable for 
the formation of high crystallinity K-struvite, although the precipitation 
reaction is facilitated. The presence of any DOMs can completely hinder 
the precipitation reaction. In contrast, in FBR matrices, the high SI and 
long reaction time can partially counteract the inhibitory effect of 
DOMs, thus promoting the formation of crystals with regular 
morphology. However, the presence of foreign ions (e.g., Ca2+, Fe3+, 
etc.) in actual wastewater resulted in a decrease in the purity of the 
reclaimed K-struvite [38,73]. Further studies are needed to alleviate the 
interference of such foreign ions.

3.6. Roles of DOMs on K-struvite formation in BRs and FBRs

Recall that different DOMs have varying functional groups, which 
usually act as binding sites or domains towards different species (i.e., 

chelation or complexation with ions), thereby significantly influencing 
K-struvite crystallization in both BRs and FBRs. To illustrate the DOM- 
specific specific domains, we performed a structural optimization for 
the electrostatic potential maps of all three DOMs by using GaussView 
6.0 [74] software (Fig. 6). For instance, Arg is featured by guanidinium, 
amine, and carboxylic groups (see the blue, orange and red ovals, 
respectively in Fig. 6a). The positively charged guanidinium group ( −
NH − C(NH2)

+
2 , see the lower-left blue domain in Fig. 6b) is believed to 

bind anions e.g., PO3−
4 and HPO2−

4 (i.e., complexation of anions) [75]. 
Contrastingly, a CA molecule has three negatively charged carboxyl 
groups (–COO⁻, red domains in Fig. 6d) that are likely to form strong 
complexes with Mg²⁺ and K⁺ (i.e., charge-mediated complexation of 
cations) [57]. In the case of HA, it is rich in both the positively charged 
and the negatively charged groups (see the molecular structure of HA 
based on the Stevenson model (Fig. 6e) [76], and the blue and red do
mains in Fig. 6f), which can attract both the cations and the anions [31, 
32]. Besides, the heterogeneous surface with phenolic/carboxyl motifs 
of HA can chelate Mg²⁺ or K⁺ ions via polydentate binding (i.e., chelation 
of cations) [56,63]. These interactions dominate over ion-pair forma
tion, thereby limiting ions’ mobility and hindering K-struvite 
precipitation.

Moreover, acidic DOMs (e.g., CA and HA) release H⁺ when inter
acting with water, lowering solution pH to ≤ 7.0 in most situations. 
However, K-struvite crystallization favors alkaline conditions (i.e., pH 
8–10), where PO3−

4 dominates. Nevertheless, pH depression in the 
presence of acidic DOMs is likely to shift phosphate speciation toward 
HPO2−

4 /H2PO−
4 , reducing phosphate availability and therefore impeding 

nucleation and crystal growth of K-struvite [55]. Additionally, DOMs are 
likely to adsorb onto the active growth sites or the nuclei of K-struvite 

Fig. 5. Characterization of the reclaimed precipitate obtained from a BR with a Mg/P molar ratio of 1:1: (a) XRD pattern, (b) FTIR spectrum verifying the presence of 
K-struvite and the absence of brucite (cf. the standard brucite infrared data—the light magenta curve in panel b—is obtained from the RRUFF™ project database, htt 
ps://www.rruff.net/, while the infrared data of pure K-struvite is from [70]), and (c, d) SEM images (note: yellow arrows highlight the rodlike K-struvite).
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Fig. 6. The molecular structures and the corresponding electrostatic potentials of all these DOMs studied. (a, b) Arg, (c, d) CA, and (e, f) HA based on the Stevenson 
model. The ovals represent key moieties within DOMs: red for carboxylic groups, blue for guanidinium groups, green for phenolic groups, orange for amine or amide 
groups, and pink for nitrogen heterocycles. (g) The proposed roles of DOMs in suppressing the formation of K-struvite.
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crystals, blocking further ion attachment (i.e., surface adsorption and 
passivation) [25]. This appears to disrupt crystal lattice formation, 
leading to smaller, defective, or amorphous precipitates rather than 
well-defined crystals, which has also been observed in our current work 
(Figs. 5 and S8). Collectively, DOMs universally disrupt K-struvite for
mation via distinct mechanisms: i) chelation of cations, ii) complexation 
of anions, iii) pH suppression, and iv) surface adsorption and passivation 
of crystal nuclei (Fig. 6g). Specifically, negatively charged DOMs (e.g., 
CA and HA molecules) sequester Mg²⁺ or K⁺ ions and depress pH, while 
cationic Arg immobilizes phosphate. Besides, all these DOMs can adsorb 
and passivate the surface of crystal nuclei or active sites for crystal 
growth, hindering K-struvite growth and promoting the formation of 
amorphous precipitates. All these key mechanisms are likely to occur 
simultaneously, thus leading to synergistic inhibition of K-struvite for
mation. In this regard, optimizing K-struvite recovery requires 
DOM-specific pretreatment (e.g., pH adjustment, selective oxidation) to 
mitigate complexation and stabilize ideal crystallization conditions, 
which needs to be further explored in follow-up investigations.

4. Conclusion

In this study, three organic acids, i.e., Arg, CA, and HA, were 
employed as typical DOM-type impurities in phosphate-containing so
lution for systematically assessing their effects on K-struvite formation 
in both the batch and the fluidized-bed reactors. Our batch crystalliza
tion results indicate that, in the absence of any DOMs, K-struvite for
mation followed a well-defined first-order kinetic with correlation 
coefficients above 0.98, and that a higher Mg/P molar ratio appears to 
drive a much faster kinetics over the range of 1:1 – 1.5:1. In the presence 
of Arg, however, K-struvite precipitation was strongly hindered due to 
the high affinity of Arg towards phosphate ions, leading to poor kinetic 
modeling data. Likewise, the presence of citric or humic acids also 
significantly suppressed the formation of K-struvite by lowering the 
solution pH values unfavorable for K-struvite crystallization, and 
capturing Mg2+ and K+ by electrostatic attraction or chelation, resulting 
in poor kinetic modeling results too. Moreover, it has been shown 
experimentally that the DOM-free solution with a lower supersaturation 
in batch reactors seems to yield a precipitate dominated by amorphous 
phase along with poorly crystallized K-struvite, while the presence of 
naturally occurring DOMs also altered the phase compositions and 
morphology of the precipitates from the fluidized-bed reactors, yielding 
a mixture of amorphous precipitates and a few hexagonal K-struvite and 
shuttle-shaped vivianite. Additionally, electrostatic potential mapping 
analysis reveals that all these DOMs significantly influenced the for
mation of K-struvite via varying interactions between their surface 
functional groups and the species in solution, such as i) chelation of 
cations, ii) complexation of anions, iii) pH suppression, and iv) surface 
adsorption and passivation of tiny crystals or nuclei. However, further 
research would be required to underpin these mechanisms at the mo
lecular level and to tackle and mitigate the inhibition of DOM-type 
impurities to improve phosphorus sustainability. These insights can 
initiate strategies that address the inhibitory effects of DOMs and sta
bilize an optimal condition for K-struvite recovery from real wastewater 
streams.
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