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Abstract 1 

To reduce intra-plant nutrient cycling and recover phosphorus (P) fertilizers from nutrient-rich 2 

sidestreams, wastewater utilities increasingly elect to employ struvite precipitation processes 3 

without a clear understanding of the inherent tradeoffs associated with specific design and 4 

operating decisions. Specifically, the impact of reactor conditions on struvite crystallization rate 5 

and distribution between formation of fines particles and secondary growth onto large diameter 6 

seed crystals represent critical knowledge gaps limiting the predictive capabilities of existing 7 

process models. In this work, the relative impacts of initial supersaturation (Si) and seed loading 8 

on P removal kinetics and struvite solids distribution were investigated. In experiments 9 

conducted at different levels of initial supersaturation (1.7 – 2.4) and seed loading (0 – 25 g L-1), 10 

struvite fines represented the majority of phosphate solids formed in 10 of 12 conditions. While 11 

total P removal was dependent on Si, and primarily attributed to formation of fines, the 12 

concentration of struvite seed granules had a significant impact on the rate of P removal. 13 

Struvite seed granules increased the rate of precipitation by reducing induction time of primary 14 

nucleation of struvite fines.  Secondary crystal growth represented the majority of struvite solids 15 

formed at high seed loading and low Si, but presented the tradeoff of low total removal and low 16 

rate of removal. To convey the significance of these findings on process modeling, we show 17 

how a prominent kinetic model with a first order dependency on solid struvite concentration 18 

over-predicts P removal rate when total mass is dominated by large diameter seeds (0.9 mm). 19 

This works reveals the critical role of struvite fines in P removal and highlights the need to 20 

account for their production and kinetic importance in struvite process design and operation. 21 

 22 

 23 

 24 

 25 
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1. Introduction  26 

The phosphorus (P) contained in human excreta presents sanitation utilities with both an 27 

operational challenge and opportunity to contribute to the sustainable management of one of 28 

society’s most essential resources. To reduce the contribution of point-source nutrient discharge 29 

to major U.S. coastal hypoxic zones, such as the Gulf of Mexico and Chesapeake Bay, water 30 

resource recovery facilities (WRRFs; a.k.a. wastewater treatment plants, WWTPs) are facing 31 

increasingly stringent regulations of P in treated effluent. As of 2016, 23 states in the U.S. 32 

already had some level of EPA-approved numeric total P criteria for different water types (US 33 

EPA, 2016). As WRRFs adapt to meet these emerging water quality regulations, facilities could 34 

also help displace mined fertilizers if soluble P removal is accompanied with recovery. It is 35 

estimated that 22% of the total global P demand in 2009 could have potentially been satisfied 36 

through the P available in human urine and feces (Mihelcic et al., 2011). If the influent 37 

wastewater contains sufficient carbon, implementing Enhanced Biological Phosphorus Removal 38 

(EBPR) can enable effluent P concentrations below most discharge limits (0.1 - 1 mg·L-1) (Burn 39 

et al., 2014; Clark et al., 2010; Parsons and Smith, 2008). However, luxury P uptake by 40 

polyphosphate accumulating organisms (PAOs, up to 20-30% of their dry weight as P) in the 41 

aerobic zone of EBPR is released in the absence of aeration during sludge handling, which 42 

increases intra-plant nutrient cycling and can lead to P-mineral scale formation on sidestream 43 

conveyance conduit and equipment (Münch and Barr, 2001; Parsons and Smith, 2008; Woods 44 

et al., 1999).  45 

Controlling phosphate mineral formation within crystallization reactors is gaining momentum as 46 

an efficient means of reducing nutrient cycling and scaling potential, while also offsetting 47 

operating costs through the sale of recovered fertilizer. To fully realize plant specific benefits 48 

associated with sidestream P removal, precipitation reactors must be designed and operated to 49 

not only convert soluble P to struvite but also collect all of the solids that form. Unlike calcium 50 
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phosphate minerals, which forms in wastewater as difficult to capture amorphous phase 51 

particles (Seckler et al., 1996), magnesium ammonium phosphate hexahydrate 52 

(MgNH4PO4·6H2O; struvite) forms large diameter crystals (via heterogeneous nucleation or 53 

secondary growth) with high average settling velocity (Britton et al., 2005; Jaffer et al., 2002; 54 

Muster et al., 2013; Wang et al., 2005), enabling both treatment and recovery. Most struvite 55 

recovery processes operate with high seed crystal loadings to enhance secondary growth onto 56 

seed surfaces, but distribution of growth between struvite seed crystals and new colloidal 57 

struvite fines remains poorly understood. With an increase in extractive nutrient recovery 58 

installations (Latimer et al., 2016), utilities are making substantial investments in sidestream P 59 

recovery processes without a clear understanding of the true benefits of different designs and 60 

operating strategies. Although current full-scale struvite recovery systems (e.g., Ostara PearlTM, 61 

NuReSys, Phosnix, and PHOSPAQTM) all advertise high soluble phosphate removal efficiency 62 

(80 - 90%) and similarly broad P handling capacities (60 - 900 mg PO4-P/L), the impacts of 63 

reactor design (fluidized bed reactors vs. completely stirred tank reactors) and operating pH 64 

(which increases precipitation driving force, i.e., supersaturation) on solids recovery and product 65 

quality remain unclear (Desmidt et al., 2015; Ye et al., 2017). If struvite fines represent a 66 

significant fraction of solids formed during treatment, measuring process efficiency in terms of 67 

soluble phosphate removal could be misleading since fine particles can easily washout and re-68 

dissolve in downstream processes (Baur et al., 2008; Crutchik et al., 2017; Grooms et al., 69 

2015). Excess production and loss of struvite fines from precipitation reactors can also affect the 70 

validity of modeling assumptions and economic predictions for struvite crystal recovery and 71 

reuse. 72 

As evidenced by the multitude of models for struvite crystallization that exist in the literature, the 73 

research community has yet to reach consensus on a kinetic process model that accurately and 74 

efficiently predicts both soluble phosphate removal and the distribution of crystallite growth 75 
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between seeds and fines. Struvite crystallization rate has been defined using several 76 

approaches: power law correlation with relative supersaturation (Kofina and Koutsoukos, 2005; 77 

Rahaman et al., 2014); dependence on crystals mass ratio, specific surface area of crystals, 78 

and relative supersaturation (Mehta and Batstone, 2013). While some have neglected or 79 

lumped the nucleation and aggregation kinetics into crystal growth rate expressions (Mehta and 80 

Batstone, 2013; Rahaman et al., 2014), others have individually characterized the kinetics of 81 

nucleation, crystal growth, and aggregation using a dynamic particle population mass balance 82 

(Galbraith et al., 2014; Lizarralde et al., 2015). Coupling soluble P removal to particle size and 83 

surface area dynamics, while intuitive, introduces the need for a particle counting device with a 84 

broad detection limit and several fitting parameters that cannot be externally calibrated, both of 85 

which limit the applicability of these approaches at full-scale.  Recently, a computationally lean 86 

modeling approach with a first order dependence on struvite concentration and relative 87 

supersaturation (Kazadi Mbamba et al., 2015b) was recently integrated with a plant-wide model 88 

to project the significant benefits of sidestream struvite total nutrient removal capacity and plant 89 

effluent P concentration (Kazadi Mbamba et al., 2016). To evaluate if this approach has merit 90 

for full-scale struvite recovery systems, the model must be validated with struvite seed loadings 91 

and particle diameters that reflect full-scale operation. 92 

The objective of this work was to investigate the influence of solution supersaturation and seed 93 

crystal loading on struvite solids distribution (i.e., fines versus secondary crystal growth) and 94 

precipitation kinetics. Batch experiments were conducted using synthetic wastewater containing 95 

struvite-forming ions at concentrations typical of anaerobic digester supernatant and sludge 96 

centrate, at multiple levels of seed loading and initial supersaturation (Si) with respect to 97 

struvite. Experimental results were used to explore and understand potential tradeoffs between 98 

removal and recovery in struvite precipitation processes. Experimental data were also used to 99 
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better understand the efficacy and validity of current modeling techniques, and identify a path 100 

forward for model development and process design. 101 

2. Materials and methods 102 

Experiments were designed to create an initial driving force for precipitation 103 

(supersaturation, eq. 3) and measure the amount of struvite that forms onto existing seed 104 

crystals (struvite granules collected from a full-scale crystallization reactor), or through the 105 

production of fine particles, as the system approaches equilibrium. As described below (section 106 

2.4) chemical base was excluded from all experiments to reduce the impacts of localized 107 

supersaturation on fines production due to incomplete mixing. All experiments were conducted 108 

at room temperature (21 – 23 °C) in 1 L beakers, and a mixing speed of 300 rpm was used to 109 

be consistent with other nucleation studies (Mehta and Batstone, 2013; Ohlinger et al., 1999). 110 

Experimental data were used to quantify reaction kinetics of struvite formation (section 2.5) and 111 

evaluate the validity of a prominent precipitation process model under high seed loading 112 

(section 2.6). For all experiments, initial chemical concentrations of the synthetic solutions were 113 

2.2 mM of PO4
3-, 2.6 mM of Mg2+, and 50 mM of NH4

+. Given that ammonium was in excess for 114 

all experimental conditions, a Mg to P ratio of 1.2:1 was chosen to maximize the purity of 115 

struvite precipitation (Muster et al., 2013). The P concentration used was typical of centrate or 116 

filtrate for post-anaerobic digestion and in range of the P concentrations entering full-scale 117 

struvite recovery processes (Battistoni et al., 1998; Desmidt et al., 2015). Solution composition 118 

excluded impurities that would impact precipitate phase and product size (e.g., calcium and 119 

carbonate ions, dissolved organic matter, and inert particulates) in order to quantify the impact 120 

of supersaturation and seed loading on struvite mass distribution and modeling accuracy. 121 

2.1. Solution preparation  122 

Experimental solutions were prepared by mixing aliquots of ammonium chloride and 123 

magnesium chloride with a sodium phosphate solution composed of specific quantities of mono-124 
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, di-, and tribasic sodium phosphate to obtain a specific initial thermodynamic driving force for 125 

precipitation. Initial chemical concentrations of the synthetic solutions were approximately 126 

maintained at 2.2 mM of total phosphate, 2.64 mM of total magnesium, and 50 mM of total 127 

ammonia, while supersaturation was adjusted with pH. The ammonium concentration in solution 128 

was significantly higher than phosphate and magnesium to reflect Mg:NH4:PO4 ratios observed 129 

in wastewater and to promote formation of struvite over newberyite and amorphous magnesium 130 

phosphate (Abbona et al., 1982, 1984; Abbona and Boistelle, 1979; Crutchik and Garrido, 131 

2011). All stocks solutions were prepared by dissolving ACS grade inorganic salts (NH4Cl, 132 

MgCl2·6H2O NaH2PO4·H2O, Na2HPO4, and Na3PO4·12H2O; Sigma-Aldrich, MO, USA) in 133 

distilled water (ASTM Type II). Stock solutions were well-mixed using magnetic stirrers and 134 

were diluted with distilled water to the target concentrations before use.  135 

2.2. Analytical Methods 136 

Solution pH was continuously monitored to quantify induction of precipitation and ionic 137 

speciation with time for each experiment (Orion VERSA STAR; Thermo Scientific, MA, USA). 138 

Total dissolved phosphorous was measured using the Molybdovanadate Method with Acid 139 

Persulfate Digestion Test ’N TubeTM Procedure (Hach, CO, USA) after filtering samples through 140 

0.22 µm (Durapore 0.22 µm PVDF Membrane Filter, item no. GVWP02500; EMD Millipore, MA, 141 

USA). The turbidity of the solutions, which was used as a qualitative indicator of fines 142 

production, was monitored using a Hach 2100Q Turbidimeter (Hach, CO, USA). Solution 143 

turbidity measurements have been shown to correlate with the formation of struvite particles 144 

ranging from 5 – 120 µm (Triger et al., 2012).    145 

2.3. Induction Time Study 146 

Experiments were conducted to characterize the induction time of homogeneous 147 

nucleation (no seed granules) in solutions at different levels of supersaturation, with and without 148 

the addition of sodium hydroxide (NaOH). Although NaOH is commonly used for pH adjustment 149 
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in nucleation studies, it was hypothesized that its addition would expedite nucleation by 150 

generating localized zones of high pH as the concentrated base is mixed into solution. To test 151 

this hypothesis, ten solutions were prepared with identical concentrations of total phosphate, 152 

total magnesium, and total ammonium. Five levels of supersaturation (from 1.8 to 2.6) were 153 

achieved in duplicate by adjusting pH, either (i) through NaOH (1 N) addition or (ii) by selecting 154 

different combinations of dibasic and tribasic sodium phosphate. Induction time has been shown 155 

to be primarily dependent on supersaturation (Bhuiyan et al., 2008; Mehta and Batstone, 2013; 156 

Ohlinger et al., 1999) using the expression: 157 

log t��� =	 

(�
��)� 	− 	B                                                                                                                  (1) 158 

where tind (sec) is the measured induction time, S is supersaturation, and A and B are empirical 159 

constants. Induction time was defined as the time taken for the pH to decrease by 0.05 below its 160 

initial value in a batch reactor, as previously described (Mehta and Batstone, 2013). Solution pH 161 

can be used as an indicator for precipitation since struvite formation at near neutral pH involves 162 

HPO4
2- and produces an equivalent of acid per mole of struvite formed: 163 

NH4
+ + Mg2+ + HPO4

2-  ↔ NH4MgPO4(s) + H+                          (2) 164 

Preliminary unseeded precipitation experiments indicated the induction time of nucleation was 165 

sensitive to the addition of NaOH at lower values of supersaturation (Fig. S1). Since induction 166 

time is inversely related to supersaturation, increased rate of fines production associated with 167 

NaOH (Fig. 1) may be attributed to the formation of localized zones of higher supersaturation 168 

when base was added to adjust initial pH. To avoid the bias of enhanced fines production in 169 

subsequent experiments, the kinetics of phosphate removal were further studied by allowing 170 

solutions to reach equilibrium without any addition of NaOH (neither for initial pH adjustment or 171 

pH control).  172 
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 173 
Fig. 1. Variation of pH (primary y-axis) and solution turbidity (secondary y-axis) with time for experimental 174 

solutions prepared with and without NaOH at an initial supersaturation of 1.8. The rate of pH decrease 175 

and turbidity increase (attribute to fines formation) was higher when NaOH was used to prepare the 176 

solution. Since the addition of NaOH promoted fines production, all solutions for kinetic experiment were 177 

thus prepared without NaOH. 178 

2.4. Kinetic Experiments 179 

Batch experiments were conducted to understand the impacts of seed loading and 180 

supersaturation on kinetics of phosphate removal and struvite production as fines. Experiments 181 

were conducted in duplicate at initial superstations (Si) of 1.7, 2.1, and 2.4 across all seed 182 

loadings of 0 g·L-1, 5 g·L-1, 15 g·L-1, and 25 g·L-1. Struvite seeds used in this study were 0.9 mm 183 

(90 SGN) in diameter and were provided by Ostara (Vancouver, Canada). These saturation 184 

values are intentionally low to promote secondary growth onto existing seeds. To avoid spatial 185 

and temporal gradients in supersaturation from chemical addition that could promote nucleation 186 

(described in 2.3), experimental solutions were allowed to reach equilibrium without maintaining 187 

a fixed level of supersaturation.  Kinetic experiments were run for 3 hours (during which time all 188 

solutions reached equilibrium) and were sampled at different time points for phosphate and 189 

turbidity readings. At the end of the experiments, struvite granules were dried in an oven at 190 
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40°C for 48 hours to prevent any loss of water of crystallization from the struvite crystals 191 

(Ohlinger et al., 1999). To determine the amount of struvite solids that precipitated onto the 192 

seeds, the granules were weighed before and after each experiment. The mass of fines 193 

generated in each experiment were defined as the molar difference between soluble P removal 194 

and seed growth. 195 

2.5. Calculations 196 

Experimental data collected in batch precipitation experiments were used to estimate 197 

struvite supersaturation as a function of time and second order kinetic rate constants for struvite 198 

precipitation (hr-1). The struvite precipitation potential (or supersaturation, S) for any solution 199 

was defined by: 200 

� = �������������{� �!"}$%& '
(/*

                                                                                                            (3) 201 

where {} represents the activity of an ion and Ksp is the thermodynamic solubility product. The 202 

value of Ksp used in this work was 5.49 × 10-14 (pKsp = 13.26) (Mehta and Batstone, 2013; 203 

Ohlinger et al., 1998).  204 

The values of equilibrium constants and heat enthalpies for dissociation of the different species 205 

considered were taken from literature (Bhuiyan et al., 2007; Rahaman et al., 2006). The Van’t 206 

Hoff equation was used to correct the values of equilibrium constants for temperature variations 207 

and Davies equation was used to find the activity coefficient of different species in the solution. 208 

Since struvite was the only supersaturated mineral under all experimental conditions (Table S1), 209 

the decrease in molar concentrations of Mg2+ and NH4
+ was assumed to be equal to the 210 

corresponding decrease in PO4
3- molar concentrations. MATLAB (R2015a; MathWorks®, USA) 211 

was used to calculate the value of supersaturation and solve for the concentration of each ionic 212 

species at time points for the duration of the experiment. The interactions of the different ionic 213 

species and compounds considered in this study were (Rahaman et al., 2014): Mg2+, NH4
+, 214 
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PO4
3-, MgNH4PO4·6H2O(s), H3PO4(aq), H2PO4

-, HPO4
2-, MgH2PO4

+, MgHPO4(aq), MgPO4
-, MgOH+, 215 

NH3(aq), H
+, and OH-. 216 

The values of the kinetic rate constant for P removal were derived using regression analysis 217 

between relative supersaturation and time (Fig. S3). A pseudo-2nd order relationship with 218 

respect to relative supersaturation was used as the aqueous concentration of ammonium (NH4
+) 219 

was in excess relative to phosphate (PO4
3-) and magnesium (Mg2+). Experimental data prior to 220 

reaching a steady state were used to determine the kinetic parameters as the solution reached 221 

equilibrium (Nelson et al., 2003). The r-squared values of the fits for the pseudo-2nd order 222 

kinetics plots were greater than 0.90 except for one, which was 0.87. 223 

2.6. Modeling Analysis 224 

Crystal growth modeling is critical to process development and system optimization as it 225 

allows us to traverse the design and operational landscape. Recently, a mineral precipitation 226 

approach for struvite using Eqn. (4) was used while modeling a multi-species system with 227 

multiple mineral precipitation processes (Kazadi Mbamba et al., 2015b, 2015a). Based on this 228 

kinetic modeling approach, plant-wide models for tracking P transformations and evaluating 229 

struvite precipitation in wastewater treatment systems are being built (Kazadi Mbamba et al., 230 

2016; Solon et al., 2017). We leveraged our experimental data to evaluate the validity of a 231 

prominent kinetic model (Eq. 4) (Kazadi Mbamba et al., 2015b, 2015a) to understand the 232 

efficacy of this approach in predicting soluble P removal and struvite formation at high seed 233 

loadings. The evaluated rate expression is as follow: 234 

+,-./0 = 1,-./02,-./034                                                                                                              (4) 235 

where rcryst is the mineral precipitation rate (moles·L-1·h-1), kcryst is the kinetic rate constant (h-1), 236 

Xcryst is the concentration of precipitate at any time (moles·L-1), σ is relative supersaturation (σ = 237 

S -1) and n is the order of the reaction. This modeling approach for mineral precipitation rate 238 

has not been assessed in the presence of larger size struvite particles, which are typically 239 
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present in large full-scale struvite reactors. Supersaturation values from the experimental data 240 

were used to predict the mineral precipitation rate of struvite and were then compared with the 241 

actual observed mineral precipitation rate of struvite to calculate the residuals (the difference 242 

between the observed rate and predicted rate). The value of n was taken to be 3 and the value 243 

of kcryst for struvite was assumed to be 3.2 h-1, as found for synthetic wastewater (Kazadi 244 

Mbamba et al., 2015b). The value of Xcryst was assumed to be constant throughout the length of 245 

all batch experiments since the concentrations of struvite that precipitated in the experiments 246 

were negligible as compared to the concentrations of the struvite seed crystals (< 4.1%). 247 

 248 

3. Results and discussion 249 

3.1. P removal and struvite solids distribution 250 

The extent of soluble P removal in batch experiments was dependent on initial 251 

supersaturation (Si), while the distribution of struvite production was dependent on both Si and 252 

seed loading. Total solution phosphate removal ranged from 0.22 ± 0.04 mM at the lowest initial 253 

supersaturation (Si = 1.7) to 0.84 ± 0.03 mM at the highest (Si = 2.4), starting from an initial 254 

phosphate concentration of 2.2 mM as PO4
3- in all batch experiments (Fig. 2, Left). As described 255 

in section 2.4, experimental solutions were allowed to approach equilibrium without maintaining 256 

a fixed level of supersaturation (average final across all experiments S = 1.2 ± 0.02). As a 257 

result, total P removal was comparatively lower (10 - 38%) than values observed for full scale 258 

processes (80 - 90%) (Desmidt et al., 2015) in which chemicals are added (NaOH and MgCl2) to 259 

maintain a constant level of supersaturation. Fines represented the majority of struvite solids 260 

formed in all but two experimental conditions (Si = 1.7 at 15 g·L-1 and 25 g·L-1) (Fig. 2).  While 261 

the percentage of struvite solids attributed to secondary growth of seed crystals increased with 262 

seed loading for each value of Si, observed increases in P removal was primarily attributed to 263 

the production of new particles (Fig. 2, Right).  High seed loading can be used to exert control 264 
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over secondary crystal growth (Fig. 2A, Right), but supersaturation must be kept low to minimize 265 

fines production.  266 

 267 
Fig. 2. (Left) Total phosphate removal averaged across all the seed loadings (0 g·L-1, 5 g·L-1, 15 g·L-1, 268 

and 25 g·L-1) for a particular value of initial supersaturation (Si): (A) Si = 1.7; (B) Si = 2.1; (C) Si = 2.4. 269 

Error bars represent the standard deviations for the averaged removals across all seed loadings. 270 

(Right) Distribution of struvite precipitation onto seed crystals (blue colored region) or as fines (red 271 

colored region) for each seed loading and corresponding value of initial supersaturation (Si). Error 272 

bars represent the minimum and maximum values of the experimental replicates. As solutions 273 

reached equilibrium, the total P removed was independent of seed loading and increased with Si. 274 
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Fines represented the majority of struvite solids formed across different seed loading concentrations 275 

and Si for 10 of the 12 experiments. 276 

 277 

3.2. Effects of seed loading and initial supersaturation on kinetics and fines production 278 

The percentage of total phosphate removal associated with struvite fines was dependent 279 

on both seed loading and initial supersaturation (Fig. 3A). Higher seed loadings and lower 280 

values of initial supersaturation maximized secondary crystal growth on struvite seeds while 281 

minimizing the production of suspended struvite fines in the solution. Higher recoveries of the 282 

struvite formed via secondary crystal growth on the seed crystals were observed at the cost of 283 

lower soluble phosphate removal (Fig.2, Left) due to slower removal kinetics (Fig. 3B). For 284 

example, the highest recovery of the struvite formed via secondary crystal growth on the seed 285 

crystals was 69.31% (± 1.75) at a seed loading of 25 g·L-1 and initial supersaturation (Si) of 1.7 286 

(Fig. 2 Right). But the total phosphate removed at this condition was only 0.2 mM (Fig. 2 Left).  287 

The kinetic rate of phosphate removal via struvite precipitation also exhibited 288 

dependence on both seed loading and initial supersaturation (Fig. 3B). The kinetic rate constant 289 

appeared to plateau as seed loading was increased at higher values of initial supersaturation (Si 290 

= 2.4) (Figs. S5 and S2). At these conditions, kinetics of P removal was governed by fines 291 

production instead of secondary crystal growth (Fig. 2C). The greatest shift in the kinetic 292 

precipitation rate was observed during the transition from no seeds to a seed loading of 5 g·L-1 293 

at the higher initial supersaturation (Si > 2.1), and can be attributed to an observed decrease in 294 

the total induction time (Fig. 4A). The change in seed loading concentration from 0 g·L-1 to 5 g·L-
295 

1 at Si of 1.7 eliminated the precipitation lag-phase that was observed in the absence of seed 296 

crystals (Fig. 4B). These results indicate that the designation of metastability for primary 297 

nucleation are not applicable in the presence of seed crystals (Fig. 4B). Total induction time also 298 

showed a waning dependence on both seed loading and initial supersaturation (Fig. 4A). These 299 

findings elucidate a potential important design and operation trade-off. Systems designed to 300 
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optimize struvite recovery at higher seed loadings and lower initial supersaturations may require 301 

longer residence times than those that promote rapid removal through heterogeneous 302 

nucleation of fines.  303 

 304 
Fig. 3. The observed effect of seed loading (x-axis) and initial supersaturation (y-axis) on (A) the 305 

percentage removal of total phosphate associated with the formation of struvite fines, and (B) the 306 

variation of the kinetic rate constant for phosphate removal. The highest percentage of fines aligned with 307 

the highest rate of removal. Raw data for figure can be found in Table S2 and Table S3. 308 

 309 
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  310 
Fig. 4. (A) Total Induction time at various seed loading concentrations for different levels of initial 311 

supersaturation. Error bars represent the minimum and maximum values of the experimental 312 

replicates. (B) pH profiles for seed loading concentrations of 0 g·L-1 and 5 g·L-1 at the same level of 313 

initial supersaturation (Si = 1.7). pH was used to characterize induction time and track the kinetics of 314 

struvite precipitation. 315 

 316 

3.3. Engineering Design Implications 317 

Assuming our results translate to full-scale reactors, recovery of fines will broadly dictate 318 

the struvite collection efficiency of a process. Ostara PearlTM upflow fluidized bed reactors, 319 

which represent the majority of operational full-scale struvite recovery systems, work at 320 

conditions of high seed loading and lower values of supersaturation (characterized by target pH 321 

values as low as 6.9 and 7.2) (Baur et al., 2008; Britton et al., 2009), thus maximizing the 322 

collection efficiency. But if struvite fines are produced, the potential for process disruption could 323 

increase because of the associated risks with fines washout from the high recycle rate of 324 

fluidized bed reactors. Since the kinetics of P removal and production of fines were most 325 

sensitive to saturation at high seed loading (Fig. 3A and B), addition of magnesium and base to 326 

maintain saturation likely creates spatial and temporal variations in precipitation rate and 327 

mechanism. Struvite precipitation in the NuReSys process occurs at a higher pH range of 8-8.5 328 
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and supersaturation (assuming similar concentrations) (Desmidt et al., 2015; Ye et al., 2017), 329 

indicating that both fines production and removal kinetics may be higher in this system. Despite 330 

this difference, NuReSys systems achieve similar removal (80 – 90%) and produce struvite 331 

particles in the range of 1-3 mm (Desmidt et al., 2015; Moerman, 2011) which is similar to 332 

values reported for Ostara PearlTM FBRs (1-4.5 mm) (Desmidt et al., 2015; Grooms et al., 333 

2015). Since the NuReSys system promotes formation and capture (with a hydrocyclone), the 334 

risk of washout may be lower than fluidized bed systems. Most importantly, recovery of fines 335 

has not been reported for each of these systems and should be a primary metric during pilot 336 

scale technology evaluations.  337 

3.4. Precipitation kinetics and modeling 338 

The values of second order kinetic rate constant observed in this study (1.6 – 11.5 h-1) 339 

varied with seed loading and initial supersaturation, and were in range and similar to those 340 

observed others in both synthetic and real wastewaters. For struvite precipitation, the values of 341 

kinetic rate constant vary by more than an order of magnitude in the literature (Table 1).  The 342 

reason for the large reported range of kinetic rate constant (2.2 – 125 h-1) can likely be attributed 343 

to the variations in wastewater aqueous and solid phase compositions. The presence of ionic 344 

ligands (calcium, carbonate, organic ligands, etc.) can reduce precipitation rate by forming 345 

complexes with magnesium and phosphates and lowering the apparent supersaturation 346 

(Moerman, 2011, 2011; Musvoto et al., 2000). The formation of non-struvite minerals 347 

(amorphous calcium phosphate (ACP), calcite, magnesium carbonate, dicalcium phosphate 348 

dihydrate, etc.) can further also influence struvite production kinetics (Le Corre et al., 2005; 349 

Muster et al., 2013). Since the rate of struvite precipitation in anaerobic digestion effluent 350 

appears to exhibit an inverse relationship to organic solids concentration, it is possible that 351 

sorption of organic contaminants increases the activation energy of secondary crystal growth 352 

and heterogeneous nucleation (Table 1). A recent study showed that micro-molar 353 

concentrations of alginate, a model polysaccharide, can inhibit crystal growth forming 354 
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electrostatic bonds with struvite surface functional groups (Wei et al., 2017). This could also 355 

stabilize fines, increasing the risk of washout in high rate systems. Future work should focus on 356 

the impact of specific impurities on precipitation kinetics and stability of fines. 357 

 358 

 359 

 360 

Table 1. Kinetic values of struvite precipitation rate constants available in literature for different 361 

wastewater types. 362 

Wastewater type 
Struvite 

precipitation rate 
constant (h-1) 

Synthetic (Kazadi Mbamba et 
al., 2015b) 3.2 ± 1.0 

Piggery digestate (Kazadi 
Mbamba et al., 2015b) 12 ± 10 

Sludge digestate (Kazadi 
Mbamba et al., 2015b) 4.49 ± 1.3 

Sludge digestate (Kazadi 
Mbamba et al., 2015b)a 33 ± 13 

Anaerobic digester liquor 
(van Rensburg et al., 2003) 41.7 

Anaerobic digested sludge 
liquor (Musvoto et al., 2000)b 12.5 

UASB digester supernatant 
(Musvoto et al., 2000)b 125 

Postdigestion sludge lagoon 
supernatant (Ohlinger and 

Young, 2000) 
4.2 

Anaerobic swine lagoon liquid 
(Nelson et al., 2003)c 3.7, 7.9, 12.3 

This study 1.6 - 11.5 

 363 

aSludge digestate: high concentrations of total suspended solids were present (1.1 kgTSS·m-3, 4.0 kgTSS·m-3, 11.0 kgTSS·m-3). 364 

bAnaerobic digested sludge liquor and UASB digester supernatant: presence and absence of high concentrations of particulate 365 

organics inhibited and promoted crystal growth, respectively. cAnaerobic swine lagoon liquid: 3.7 h-1 at pH 8.4, 7.9 h-1 at pH 8.7 and 366 

12.3 h-1 at pH 9. 367 

 368 

 369 

 370 
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 371 

 372 

Fig. 5. Plots of mineral precipitation rate residuals versus seed loading for different initial supersaturation 373 

(Si) (A) Si = 1.7 (B) Si = 2.1 (C) Si = 2.4 (Residual = Experimental value - Model Predicted Value). Filled 374 

circles are the average residuals for the first 3 sampling times and open circles are the residuals for the 375 

next 3 sampling points, and error bars represent the standard deviations. Due to faster struvite 376 

precipitation at higher Si, the sampling intervals were reduced from (A) to (C). Complete residuals can be 377 

found in Fig. S8 in the SI. Struvite mineral precipitation rate model used was taken from Kazadi Mbamba 378 

et al., 2015b, 2015a.  379 

 380 
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Modeling the struvite production with 1st order dependence on seed loading (Eq. 4) will 381 

severely over-predict the rate of precipitation at higher seed loadings. Residuals between 382 

predicted and observed mineral precipitation rate (Fig. 5, Fig. S8) were significant for all seeded 383 

conditions and increased with seed loading. When the mass seed crystals were included in the 384 

growth equation, simulated rates of mineral precipitation predict complete removal of the total 385 

phosphate (2.2 mM) in all batch experiments within 7.8 mins (at 5 g·L-1, Si = 1.7) to 0.15 mins 386 

(at 25 g·L-1, Si = 2.4). This is in contradiction to our experimental results in (Fig. 2, Fig. S2) 387 

which show only a partial removal of total phosphate across all seed loadings and initial 388 

supersaturations after 180 mins. The discrepancy between predicted P removal and 389 

experimental data also stems from our observation that the kinetic rate constant for struvite 390 

precipitation is not fixed, and exhibits dependence on both seed loading and initial 391 

supersaturation. Mineral seed loadings used in our batch experiments were comparatively 392 

higher than the experiments used to calibrate and validate Eq. 4 (0.085 g·L-1, 0.1 g·L-1) (Kazadi 393 

Mbamba et al., 2015b; Mehta and Batstone, 2013). Our batch experiments were conducted with 394 

a seed size of 0.9 mm (sourced from working Ostara PearlTM reactors) while others have 395 

worked with moderately lower seed sizes such as 53-297 µm (Shih et al., 2017), 250 µm 396 

(Rahaman et al., 2008) and 30-50 µm (Kazadi Mbamba et al., 2015b; Mehta and Batstone, 397 

2013), which does not reflect the reality of full-scale P recovery processes in which struvite 398 

crystals as large as 4.5 mm in size are produced. It is possible that distinguishing between the 399 

mass of crystals and fines within a crystallization reactor may improve the predictive capabilities 400 

of mass dependent models. 401 

To accurately predict both phosphate removal rate and precipitate recovery, struvite 402 

crystallization models must distinguish between the relative abundance of high settling velocity 403 

seed crystals and fine crystallites that are difficult to capture. Since fines  production may be 404 

responsible for the majority of P removal, lumping nucleation or fines kinetics into a crystal 405 

growth rate expressions based on seed crystal diameter (Rahaman et al., 2014) will only 406 
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accurately predict P removal and growth if: i) secondary growth dictates kinetics, or ii) fines 407 

dictate kinetics but agglomeration onto seeds is so rapid that fines are not observed in the 408 

system. Efforts have been made to describe precipitation in physio-chemical models using 409 

Monod-style mineral rate expressions for different individual pathways of precipitation 410 

(Lizarralde et al., 2015). Incorporating switching functions into the expressions of nucleation, 411 

crystal growth, agglomeration, and breakage may give more dynamic control over the 412 

simultaneous reactions taking place in a system, depending upon which pathway is dominant. 413 

However, model development must also consider the constraints of characterizing individual 414 

precipitation pathways in the field. In the laboratory, dynamic light scattering, particle counting, 415 

and atomic force microscopy can be use understand precipitation pathways, quantify nucleation 416 

kinetics, and characterize particle size distributions at the lab-scale, but these techniques will 417 

not be available to calibrate a model in the field. A more realistic approach may be to first study 418 

kinetics and particle dynamics at lab-scale and use settling column tests and total solids 419 

concentration at full-scale to estimate particle size distributions and the balance between 420 

secondary crystal growth and fines formation. 421 

 422 

4. Conclusions  423 

These results show how variations in seed loading and initial supersaturation conditions 424 

can have a significant impact on the rate of phosphate removal, the role of primary versus 425 

secondary struvite crystal growth, and the validity of mass dependent kinetic precipitation 426 

models. The key findings are as follow: 427 

• Formation of struvite fines was observed in majority of the experiments and found to 428 

govern the rate of struvite precipitation; 429 

• P removal kinetics and fines formation exhibited dependence on both seed loading and 430 

initial supersaturation. 431 
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• The presence of seed granules indirectly increased the rate of struvite precipitation by 432 

reducing nucleation induction time;  433 

A key challenge for the design, operation, and modeling of struvite recovery processes will be to 434 

understand the dynamics of fine particles in the presence of larger seed crystals and soluble 435 

ligands. The pathway towards a consensus struvite precipitation process model must 436 

incorporate some form particle size distribution, while also considering the constraints of model 437 

calibration and validation at the plant-scale. By understanding the dynamic interactions between 438 

secondary growth processes and fines formation, and tuning operational parameters of seed 439 

crystal loading and initial supersaturation, kinetic models for struvite precipitation can be better 440 

used to optimize reactor design based upon the balance needed between struvite removal and 441 

recovery. Understanding the impacts of ionic ligands, organic contaminants, and co-precipitation 442 

products in sidestream wastewater on the precipitation kinetics and fines stability will also be 443 

critical. In the meantime, accounting for the production and capture of fines must be 444 

incorporated into the capital and operating cost estimates of struvite recovery systems. 445 

 446 
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Highlights 

• P removal kinetics and struvite crystal growth were explored in seeded solutions. 

• Struvite fines were majority of solids formed under explored conditions. 

• Precipitation rate was dependent on initial supersaturation and seed loading. 

• Higher seed loading and lower initial supersaturation minimized fines production. 

• Struvite process models with linear dependence on seed mass over-predict P 

removal. 

 


