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Ackerman, J., E. Jordaan, B. Rezania and N. Cicek. 2014. 
Phosphorus removal from solids separated hog manure by 
air stripping. Canadian Biosystems Engineering/Le génie des 
biosystèmes au Canada 56: 6.13-6.20.  Removal of phosphorus 
(P) from hog manure can be accomplished by struvite 
(MgNH4PO4) precipitation but the use of liquid hog manure in 
most reactors is hindered by manure total solids (TS), low 
soluble P concentration and interfering ions such as calcium (Ca). 
In addition, the cost of typical alkali and magnesium (Mg) 
additions adds significantly to reactor operational costs. 
Anaerobic fermentation can increase acidity of liquid manures by 
increasing both VFA and carbonic acid content. This pre-
treatment increases soluble P by dissolving P solids in the acid 
environment and also enables pH increase by air stripping CO2 
and carbonic acid. Manure solids separation technologies such as 
a centrifuge or rotary press produce a liquid stream with TS of 
<1% however, dissolved Ca can be high, producing a non-
settling floc instead of struvite crystals. On a commercial pig 
farm with anaerobic manure storage, a rotary press provided the 
liquid feed stream for a 230 L airsparged upflow struvite reactor 
(Crystaphos™). The reactor was airsparged to increase the pH of 
the liquid from 6.59 to 6.81 and no chemical additions of alkali 
or Mg were made in the ten trial runs conducted. Influent liquid 
had dissolved nutrient concentrations of 202, 174 and 217 mg/L 
soluble P (PO4), Mg and Ca, respectively.  
 Aeration rates were varied for different trials which affected 
pH increase and total phosphorus (TP) removal which averaged 
32% PO4 and 31% TP removal for 3 trials of 24 hrs each. Air 
stripping did not increase pH as much as expected, with an 
average increase of 0.25 pH units (range of 0.07 to 0.94 pH 
units). This was attributed to the buffering effect of manure 
alkalinity of 6 g/L and a volatile fatty acid (VFA) concentration 
of 8 g/L. This data is significant due to the significant TP 
reduction from a relatively small pH increase at low reactor pH 
conditions.   
 Comparison of influent and effluent nutrient concentrations 
indicated a 1:1 molar reduction in Mg and PO4-P and the dried 
precipitate consisted of 85% pure struvite. Precipitate impurities 
were organic solids and not Ca, due to the precipitation point 
being low. Struvite crystals harvested from the reactor were up to 
200 µm in size and no increase was found from longer reactor 
runs.  Although TP removal was moderate, this system could be 
used as a second stage reduction of TP before land application. It 
is also apparent that struvite can form even though the manure 
influent is high in Ca due to the precipitation point being at a low 
pH. Small operational modifications such as settling tanks and 
dry precipitate screening would improve recovery and struvite 
purity.  Keywords: Phosphorus, struvite, manure, hog, centrate, 
air stripping, fermentation. 

L’extraction du phosphore (P) dans le lisier de porc peut être 
faite par une précipitation par struvite (MgNH4PO4). Toutefois, le 
traitement du lisier de porc dans la plupart des réacteurs est limité 
en raison de la teneur en solides totaux du lisier, de la faible 
concentration de P soluble et de la présence d’ions, tel le calcium 
(Ca), qui interfèrent. De plus, le coût d’ajout d’alcali standard et 
de magnésium (Mg) augmente de manière importante les coûts 
d’exploitation du réacteur. La fermentation anaérobie peut 
augmenter l’acidité des lisiers en augmentant tant les VFA que le 
contenu en acide carbonique. Ce prétraitement augmente le P 
soluble en dissolvant les solides de P dans un environnement 
acide et permet aussi une élévation du pH par un stripage à l’air 
du CO2 et de l’acide carbonique. Les technologies de séparation 
des solides des lisiers, telles les presses centrifuges ou rotatives, 
produisent un effluent liquide qui contient moins de 1 % de 
solides totaux, mais qui peut avoir un contenu en Ca élevé, 
générant un floc non sédimenté plutôt que des cristaux de 
struvite. Des essais d’extraction ont été réalisés dans une 
porcherie munie d’un système d’entreposage anaérobie du lisier. 
Une presse rotative fournissait un volume liquide de 230 L à un 
réacteur struvite à lavage à air à courant vertical (Crystaphos™). 
Le lavage à air dans le réacteur avait permis d’élever le pH du 
liquide de 6,59 à 6,81. Aucun composé chimique, alcali ou Mg, 
n’était ajouté dans les dix premiers essais réalisés. Le liquide à 
l’entrée du réacteur avait des concentrations en nutriants dissous 
de 202, 174 et 217 mg/L, de P soluble (PO4), Mg et Ca, 
respectivement. 
 Les taux d’aération variaient pour différents essais. Ceci 
affectait l’augmentation du pH et l’extraction le phosphore total 
(TP) qui était en moyenne de 32 % pour le PO4 et 31 % pour le 
TP pour trois essais de 24 h chacun. Le lavage à l’air n’a pas 
élevé le pH autant que prévu; l’augmentation moyenne étant de 
0,25 unités de pH (variant de 0,07 à 0,94 unités pH). Ceci a été 
attribué à l’effet tampon de l’alcalinité du lisier de 6 g/L et à la 
concentration en acides gras volatiles (VFA) de 8 g/L. Ces 
résultats sont notables à cause de la réduction significative du TP 
provenant d’une augmentation relativement faible du pH pour 
des conditions d’exploitation du réacteur à faible pH. 
 Une comparaison des concentrations de nutriants dans les 
liquides d’entrée et de sortie indiquait une réduction molaire de 
1 : 1 pour le Mg et le PO4-P, et le précipité séché était constitué à 
85 % de struvite pure. Dû au bas point de précipitation, les 
impuretés du précipité étaient constituées de solides organiques 
et non de Ca. Les cristaux de struvite recueillis dans le réacteur 
avaient une taille de moins de 200 µm, et celle-ci n’augmentait 
pas avec une augmentation du temps de traitement. Bien que 
l’extraction du TP fût modérée, ce système pourrait être utilisé 
comme deuxième étape d’extraction du TP avant l’épandage aux 
champs. Même si le lisier à traiter est élevé en Ca, il est clair que 
la struvite peut se former dû au point de précipitation à bas pH. 
Des modifications mineures au système, tels les réservoirs de 
sédimentation et le tamisage des précipités secs, augmenteraient 
la récupération et la pureté de la struvite.  Mots clés : Phosphore, 
struvite, lisier, porc, centrifugat, lavage à l’air, fermentation 
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INTRODUCTION 
Reclaiming phosphorus (P) from hog manure is important 
due to limited P resources and environmental problems 
associated from the over application of P on fields. 
Increasingly, manure has been studied as a target for 
reclamation of P as struvite (MgNH4PO4) because it can be 
used as a fertilizer (Greaves et al. 1999). Theoretically, the 
process is simple: liquid manure passes through a struvite 
reactor where the pH is increased to 8.5 or 9 by the 
addition of alkali. A soluble form of magnesium (Mg) is 
added to complete the 1:1:1 Mg:NH4:PO4 stoichiometry 
(de-Bashan and Bashan 2004; Bhuiyan et al. 2007; Stratful 
et al. 2001) and struvite crystals form and are harvested. 
However, in practice, manure chemistry and the use of 
chemical additions present physical and economic 
challenges for this technology becoming implemented at a 
commercial scale. High manure total solids (TS) and the 
presence of dissolved calcium (Ca) impedes struvite 
crystal development and separation.  Typical chemical 
additions of alkali and Mg make up 15% of total costs of 
reactor operation and annual capital expense (Westerman 
et al. 2010). These problems are addressed in this research 
by manure handling technology and reactor design.   
TS reduction in manure 
Manures with high TS are not commonly used in pilot 
struvite reactors, presumably due to problems with 
clogging of hoses and pumps, as well as difficulty in 
separating newly created struvite crystals from existing 
manure particles (Liu et al. 2011). Successful struvite 
reactors that achieved 60-73% total phosphorus (TP) 
removal used manure with low TS, either by extensive 
settling in a covered lagoon (5 g/L TS, Bowers and 
Westerman 2005) or by other upstream processes (4 g/L 
TS, Suzuki et al. 2007). Manure solids separation 
technologies such as a centrifuge or rotary press collect 
solids for off-farm export and produce a low TS 
supernatant containing the majority of total nitrogen (TN) 
and roughly half of TP (Hjorth et al. 2010). This liquid can 
be spread onto fields according to crop N requirements, 
but for land with P saturated soils, P levels can be further 
reduced by precipitation and removal in a struvite reactor. 
Supernatant from a centrifuge or rotary press is ideal 
feedstock for an upflow reactor due to lower TS (reduced 
from 20-40 g/L to under 10 g/L) and presence of dissolved 
constituents of struvite: P, Mg and NH4. 
Calcium and pH 
Hog manure typically has high Ca levels from feed 
supplements and occasionally from the use of high Ca well 

water to wash down pens. It has been shown struvite 
formation is inhibited when the Ca:P molar ratios exceed 
0.5 (Le Corre et al. 2005) because of competition with Mg 
for PO4. Raising pH in these supernatants forms calcium 
phosphate, a small particle (Pastor et al. 2008) that is not 
usually retained in a flow through reactor (Moerman et al. 
2009; Shen et al. 2011) due to its low density and 
amorphous floc formation.   Phosphorus removal as 
struvite decreased steadily from 93% to 12%  as Ca:Mg 
ratios were increased from 0.1 to 1.8 in synthetic liquors 
(Pastor et al. 2008). These findings were confirmed in a 
pilot reactor by Moerman et al. (2009) who found no 
struvite precipitated in food processing wastewater when 
Ca:P ratios were 2.7 but did when new influent ratios were 
reduced to 1.4. However, pH is also a factor in Ca 
interference, with increased pH removing more P from 
solution, but as calcium phosphate (Pastor et al. 2008) or 
possibly along with calcium carbonate (Jordaan et al. 
2010). In most studies supernatant is precipitated in a pH 
range between 8.5 and 9.0 but experiments with high Ca 
supernatants report improved struvite purity at lower pH 
levels such as 8.2 and 7.5 (Pastor et al. 2008; Jordaan et al. 
2010).  This suggests that while TP removal may be lower 
at a lower pH, interference by Ca is avoided, producing 
struvite of higher purity.  
 If reactor operation increases effluent pH to 8.5 or 
higher, there is a risk of NH3 volatilization to the 
atmosphere. Equilibrium between NH4 and NH3 is at pH 
9.3, thus manure of this pH cannot be stored without 
losing significant quantities of TN. To avoid this, other 
researchers have proposed field application of manure 
immediately after struvite precipitation (Burns et al. 2001) 
but this requires proper timing for weather and crop 
development to coincide with P removal. If struvite were 
precipitated at lower pH, the effluent could be stored for a 
period of time before field application without TN loss.    
Chemicals in struvite reactors 
Increasing manure pH from 7.5 to 8.5 or 9 results in 
precipitation of 85-97% of PO4 (Burns et al. 2003; Nelson 
et al. 2003). An alkali is often used for pH adjustment, 
most commonly NaOH, but occasionally KOH (Ackerman 
and Cicek 2011), or Mg(OH)2 (Wu and Bishop 2004).  
Chemical pH adjustment adds significantly to the 
operating costs of a reactor with alkali costs exceeding the 
value of reclaimed struvite (Song et al. 2011, Ackerman, 
unpublished data).  

A pH increase can also be accomplished by air 
stripping CO2 from manure supernatant (Table 1). Fine air 

Table 1.  Research using air sparging of pig manure to increase pH for struvite recovery. 
Study Reactor 

volume 
(L) 

Air volume 
(L/min) 

Feed rate  (L/min) Sparging rate 
(Lair/ L 

liquid/min) 

% TP 
reduction 

pH increase pHi, 
pHf 

Shepherd et al. 2009 2000 566 115 0.3 18 7.05, 7.30 
Song et al. 2011 1000 250 100 0.28 70-90 7.0, 9.0 
Suzuki et al. 2007 3720 200-267 3.6-2.8 0.07 73 7.4, 8.5 

Note: pHi is reactor influent pH, pHf is reactor effluent pH 
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diffusion has increased manure pH 1.7 to 2 units (Song et 
al. 2011); by 0.5 to 1 unit (Zhu et al. 2001; Suzuki et al. 
2007); and by 0.25 units or less (Shepherd et al. 2009, Liu 
et al. 2011). Air stripping reduces acidity by reducing the 
concentration of dissolved CO2 and thus carbonic acid, 
driving the equilibrium equations to the left:   
 𝐶𝐶𝐶𝐶! + 𝐻𝐻!𝑂𝑂 ↔ 𝐻𝐻!𝐶𝐶𝑂𝑂!          𝐾𝐾! =   1.7  𝑥𝑥  10!! (1) 
 𝐻𝐻!𝐶𝐶𝑂𝑂! ↔   𝐻𝐻𝐻𝐻𝑂𝑂!! +   𝐻𝐻!          𝐾𝐾! = 4.3  𝑥𝑥  10!! (2) 
where,  
 Kh =  hydration equilibrium constant, and  
 Ka  =  dissociation constant (Christian 1994).  
 The rate of aeration is quite variable in the literature 
with varying reactor size, airflow rates and hydraulic 
retention times. In order to compare rates, they have been 
normalized (Equation 3) to reflect a given volume of air 
that passes through a given volume of stationary reactor 
liquid per minute:   

 !"#$
!"#$!!"#$      

= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (3) 
where, 
 Avol = air flow rate (L/min),  
 Rvol = reactor volume (L), and 
 Fvol = feed rate (L/min) to give sparging rate in L air 

per L of liquid per minute. 
Addition of Mg is a common practice in struvite 

reactor operation when Mg concentrations are less than the 
molar ratio of 1:1:1 for Mg, NH4 and PO4 required in the 
theoretical formation of struvite. While some researchers 
have found optimum P:Mg ratios for maximum P removal 
to be 1.5:1 and 1.6:1 Mg:P,  (Burns et al. 2003; Nelson et 
al. 2003; Celen et al. 2007; Jordaan et al. 2010)), others 
did not add Mg and still found high TP removal (e.g., 
~85%, Song et al. 2011; ~70%, Ackerman and Cicek 
2011). This was due to adequate Mg in reactor influent 
(Mg:P ratios of 1.79, Song et al. 2011) and co precipitation 
of calcium phosphate along with struvite from a low Mg 
influent (Mg:P ratio of 0.84, Ackerman and Cicek 2011).  
Therefore, the necessity of Mg addition depends on the 
characteristics of the manure and considerable chemical 
costs can be saved if Mg is present in adequate 
concentrations.  

This paper describes the results of operating an 
airsparged upflow reactor using a manure supernatant with 
low pH, moderate TS and relatively high PO4-P. The 
reactor feed supernatant had these favourable 

characteristics from a two-week anaerobic storage period 
and subsequent solids separation with a rotary press. The 
supernatant should enable struvite recovery via air 
stripping without addition of alkali. The reactor was 
operated for two and 24-hour periods using various rates 
of airsparging to test its effect on pH increase and TP 
removal. Struvite crystal formation, purity and size were 
recorded for each of the runs to examine correlation with 
run times and aeration. 

MATERIALS AND METHODS 
Manure storage  
Manure supernatant for this experiment was produced by a 
manure solids separation trial at a commercial feeder hog 
barn near Niverville, Manitoba, Canada. A Fournier rotary 
press was being tested by Prairie Agricultural Machinery 
Institute of Manitoba to process stored barn effluent into 
dry solids and a liquid stream that was available for 
struvite recovery (Table 2). The farm used a covered 
concrete tank (10 m X 15 m X 10 m deep) to hold barn 
manure slurry before it was pumped to the outdoor lagoon 
and farm staff estimated retention time to be 1-2 weeks.  
Manure from the storage tank had a pH of 6.50-6.60 and 
sample tests showed air stripping could raise the pH to 7.3 
in 1.5 h (4 L air/min and 1 L sample) indicating a CO2 
build-up and potential success of pH increase in our 
reactor. Manure was pumped from different depths of the 
holding tank and a cationic dispersion polymer flocculent 
was added (EnviroZ 7875FS40, Enviro Solutions, San 
Antonio USA), producing a liquid supernatant (pH 6.55-
6.63) that was diverted into holding tanks for the struvite 
reactor.    
Prongineer Ltd. reactor design  
The 130 L up flow reactor (Crystaphos® Struvite 
Recovery Process) was built in a tall funnel shape from 
clear Plexiglas to enable inspection of precipitate build up 
(Fig. 1). The steep smooth sides enabled precipitate to 
concentrate at the bottom and mix with influent manure 
liquid thereby encouraging crystal growth and 
agglomeration. The reactor was aerated by two air pumps 
(totaling 85 L/min) through ½ inch copper tubes with 0.8 
mm holes spaced along the submerged lower section. A 
100 L recycle tank-collected outflow from the top of the 
reactor and a second peristaltic pump enabled controlled 
recirculation back through the bottom bracket. Reactor 
effluent exited through the side of the recycle tank.  

Table  2.  Reactor influent and effluent composition. Standard deviation in parentheses. 
pH TS 

g/L 
VS 
% 

TSS 
g/L 

PO4-P 
mg/L 

TP 
mg/L 

Mg 
mg/L 

Ca 
mg/L 

Alkalinity 
as CaCO3 

mg/L 

VFA 
mg/L 

Influent 
N=7 

6.59 
(0.06) 

9.3 
(1.3) 

50.7 
(1.4) 

1.5 
(0.6) 

202 
(18) 

336 
(37) 

174 
(41) 

217 
(36) 

5291  
(345) 

7939 
(262) 

Effluent 
N=7 

6.81 
(0.17) 

8.6 
(0.2) 

52.0 
(0.9) 

1.3 
(0.2) 

154 
(31) 

297 
(36) 

143 
(17) 

210 
(30) 

NA NA 
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Reactor operation 
The reactor was tested over a two-week period at 2 hr and 
24 hr operational runs. Influent feed for both run times 
were set at 1.3 L/min due to influent storage limitations of 
2400 L. Manure recycle for the reactor was set at 4 L/min, 
making a 3 h hydraulic retention time (HRT) for the 230 L 
reactor system.  This gave a sparging rate of 0.37 L air/L 
stationary liquid/min when operating at 100% capacity and 
allowed adjustment to match the sparging rate of other 
studies (e.g., 20% of our sparging rate would match that 
used by Suzuki et al. 2007).     
 Two 1200 L influent feed tanks were filled with 
manure liquid when the rotary press was in operation. 
Rotary press effluent may have contained residual polymer 
flocculant that could form solids in the feed tanks, so as a 
precaution, reactor feed was taken from the top of one tank 
by a floating hose to avoid any solids that may form and 
settle. The feed tanks were connected by a hose at the 
bottom, for passive equalization of the tanks. Effluent was 
collected by gravity into a similar 2400 L tank system.  
Composite samples (in triplicate) of influent were taken 

from the top of the influent feed tank just prior to 
beginning a run, and again at the end of the run (usually 24 
hs later). These values were averaged. Composite effluent 
samples (in triplicate) were taken at the end of the gravity 
drain hose from the recycle tank.  Precipitate was collected 
by shutting down the air pump and peristaltic pumps and 
allowing the reactor to sit idle for 20 minutes. During this 
time precipitate could be seen settling and flowing down 
the sides of the cone. Precipitated solids settled in the 
bottom bracket of the reactor (1 L vol) and was isolated by 
closing the other valves and collected by opening the 
bottom valve.  
Analysis 
Reactor influent and effluent were analyzed for pH, TS 
and TSS by conventional wastewater methods (Standard 
Methods). Samples were also digested in a Hach 
Digestahl® (Hach Co., Loveland, Colo.) at 430° C using 
concentrated sulphuric acid and peroxide (50%). Digested 
samples were analyzed for P, Mg, and Ca via inductively 
coupled plasma optical emission spectrometer (ICP-OES, 
Varian 700 Series, Agilent Technologies Inc., Santa Clara 
CA, USA). 

  Feed 

Reactor    
130 L 

Harvest 

Recycle Tank  
100 L 

Effluent 

Recycle pump 
4 L/min 

Feed pump  
1.3 L/min 

Air pump    
85 L/min 

Fig. 1.  Schematic diagram and photo of 130 L struvite reactor with 100 L recycle tank. The system receives manure 
liquid from a rotary press or centrifuge. 
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Samples were also centrifuged (5 min at 10,000 RPM) and 
filtered (0.45 µm syringe filter) before testing for PO4-P 
by the ascorbic acid method in a spectrophotometer 
(Ultrospec 4300 Pro, GE Healthcare, Piscataway NJ) and 
for P, Mg and Ca in the ICP-OES. VFA concentration was 
measured by further filtering acidified samples to pH 1.9, 
addition of crotonic acid (internal standard) and injection 
to a gas chromatograph (CP 3800 GC, Varian, 
Middleburg, The Netherlands). Precipitated solids were 
analyzed for crystal size by wet sieving through 600, 300, 
and 150 µm sieves followed by visual analysis with a 
microscope. Solids were tested for TS and then digested to  
determine TP, Mg and Ca content with the ICP-OES. 
Dried solids were subjected to tests for struvite presence 
by XRD with a reflection diffractometer (Phillips PW 
1710, Amsterdam, The Netherlands) and tests for struvite 
purity by adding 1 M HCl to 1 g solids to attain stable pH 
of 1.5. This supernatant was filtered and analyzed with 
ICP for P, Mg and Ca and compared with pure struvite 
processed in the same way (Ackerman and Cicek 2011). 

RESULTS AND DISCUSSION 
Influent manure pH was within a narrow range of 6.55 to 
6.63, and may indicate acidification of manure during 
storage in the concrete cistern. Anaerobic storage has been 
shown to increase PO4-P in hog manure by lowering pH 
and dissolving mineral P particulates into solution 
(Ackerman et al. 2012). Verification of this acidification 
process was not possible due to lack of sampling access to 
manure as it entered the cistern. Processing manure 
through the rotary press produced reactor feedstock with 
reduced TS but still measuring three times the PO4-P 
concentration used by both Westerman et al.  (2010) and 
Suzuki et al. (2007).    
 The reactor was operated for ten runs, for either 2 h or 
overnight (22-26 h). The general effect on manure liquid 
passing through the reactor was a small increase in pH and 

a decrease in PO4-P, TP and Mg (Table 2). Aggregate 
means are reported and reduction in nutrients on a “per run 
basis” was greater than the mean values suggest, due to 
variance in influent feed as received from the rotary press. 
Suspended solids as well as TS were reduced from reactor 
operation, while %VS increased, indicating a change in 
effluent composition to lower TS but of higher organic 
material content. This suggests retention of some existing 
influent mineral particulates in the reactor.  
 Problems were experienced in air pump operation, 
with hose leakage and plugged air diffusion holes. 
Diffusion tubes were made of copper and reaction with 
hydrogen sulphide gas present in the supernatant gradually 
clogged the 0.8 mm air holes with an oxidized sulphur 
compound. These problems were remedied when 
recognized. The reactor was run at 100% and 20% aeration 
(sparging rate of 0.38 and 0.07 L air/L stationary 
liquid/min) matching other research. Differences in 
sparging rates during a run appeared to affect TP reduction 
more dramatically than change in pH (Table 3), which was 
unexpected, as TP reduction should be directly linked with 
rise in pH, not aeration.  However, other researchers have 
found reduction of PO4-P to be proportional to aeration 
rates applied to hog manure (Liu et al. 2011). 
 Reactor operation resulted in a reduction in PO4-P 
and TP whether the reactor was run for 2 h or 22 h. The 
trials with full aeration (Trials 1, 7, and 8) averaged 32% 
PO4 and 31% TP removal. Specific trials with 20% 
aeration showed little decrease in TP (Trial 2) and 
anomalous TP data (Trial 3), possibly due to sampling 
error. Generally, air stripping did not increase pH as much 
as expected, with an average increase of 0.25 pH units. 
The small pH increase was attributed to the buffering 
effect of the high alkalinity and VFA concentrations in the 
influent. Suzuki et al. (2007) used manure lower alkalinity 
(2130 mg/L) while Song et al. (2011) used manure with 

Table 3.  Reactor trials using rotary press manure liquid.

Trial Hr of run 
Aeration (% of 

full) 

Delta pH 

(increase) 

PO4-P reduction 

(%) 
TP reduction (%) 

1 22 100a 0.08 21 30.1 
2 2 20 0.29 NA 2.3 
3 23 20 0.24 0.8 -8.8 
4 26 100b 0.19 12.8 9.4 
5 2 100b 0.22 27 2.3 
6 22 Plugged 0.07 9.2 11.3 
7 2 100 0.29 31.5 36.7 
8 23 100 0.61 44.3 27.4 
9 22 100c 0.94 40.7 52.8 

10 22 0 0.13 14.7 1.7 
aBroken aeration hose  
bPartially plugged aeration holes 
cRecycled reactor contents continually without additional influent 
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crystal size corresponding with duration of reactor run 
time.  However, no large crystals or aggregated 
precipitates were found, and crystals did not increase in 
size with duration of trial or throughout the experiment. 
Microscope photos of wet solids showed distinct singular 
crystals to a maximum of 200 µm in length (Fig. 2), with 
no agglomeration. Wet sieving easily separated the 
majority of organic particles and this technique could be 
integrated into the operation to improve struvite purity. 
This separation was not carried out in this experiment and 
organics were added back to the mineral solids. It is not 
understood why crystals did not grow larger than 200 µm 
with longer run times. It is possible that orienting the air 
stripping ports at the bottom of the reactor would expose 
formed crystals to influent and higher pH simultaneously 
and promote crystal growth.  
 Settled solids were analyzed by ICP-OES and X ray 
diffraction and then assessed by molar mass ratio to 
determine struvite purity. Analysis by digestion and ICP-
OES indicated struvite of high purity formed in the reactor. 
Companion analysis of pure lab-synthesized struvite 
indicated P and Mg to be 128.4 (±1.8) and 106.6 (±4.8) 
mg/g respectively, and taking these as a benchmark, solids 
collected from reactor runs varied in purity between 61.7% 
and 99.9% with a mean of 84.0%. Dried powdered solids 

similar alkalinity concentration to ours. Most pilot struvite 
reactors adjust pH to a much higher end point because 
more struvite will precipitate and TP removal rates are 
higher. When considering airsparged pilot scale reactors 
ours operated at the lowest pH increase and endpoint yet 
achieved a moderate TP removal.   Manure with lower 
buffering capacity would enable higher pH endpoint and 
greater TP removal. 
 It was evident that recovery rates could be improved 
by installing a settling basin with a 1 h retention time. A 
spot test was conducted, collecting 12 L of reactor effluent 
that produced 60 ml of sludge in 1 h of settling. This 
sludge was 18% TS and when dried and analyzed, was 
identical to sludge collected from the bottom bracket for 
that run (i.e., high purity struvite). The spot test showed 
settling boosts P recovery by 106 mg/L.  If these amounts 
are representative of all reactor effluent, TP removal can 
be increased by at least two- fold (> 62%), bringing TP 
removal from this reactor and manure handling system into 
line with high recovery pilot struvite reactors. Additional 
improvements would include changes to the aeration 
system to prevent clogging. 
Solids analysis
Settled solids from the bottom bracket of the reactor were 
wet-sieved to determine any agglomeration or increase in 

1	  mm
Fig. 2. Reactor settled solids with struvite crystals up to 200 µm in size. 
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analyzed with X ray diffraction and samples from each run 
were found to contain only struvite crystalline structure.  
 Calculating soluble P and Mg removed from influent 
during reactor operation also assessed Struvite purity. 
These values, when expressed as mM/L, showed similar 
amounts were precipitated from solution (Fig. 3) and 
indicate P and Mg were removed at a 1:1 ratio as required 
by struvite formation.  
 Calcium did not precipitate from the supernatant even 
though it was present in high concentrations and could 
potentially form calcium phosphates. Average Ca:Mg 
ratios were 0.76, and according to other research levels 
found to impede struvite formation begin at 0.25 (Wang et 
al. 2005) and 0.5 (Le Corre et al. 2005), so clearly Ca 
would pose a problem under standard reactor conditions. 
Calcium precipitates more readily at high pH and 
operation of our reactor at pH 6.8 successfully eliminated 
Ca precipitation in the reactor. 

CONCLUSIONS 
This experimental trial offered an example of what can be 
achieved in struvite recovery from high Ca liquid manure 
supernatant with only air stripping as pH adjustment. 
While 30% TP removal is not high compared with some 
pilot studies, the purity of struvite was high and Ca 
precipitation was avoided due to the low pH endpoint of 
the reactor. Aeration rates appeared to have a stronger 
impact on precipitation (as measured by TP removal) than 
pH change.   Struvite crystals did not agglomerate or grow 
beyond 200 µm with either longer run times or throughout 

the experiment. Both P recovery and struvite purity could 
be improved with minor reactor and sludge handling 
changes. A settling tank with 1 h retention time would 
improve recovery by 100% (to >62% TP) and coarse 
sieving (0.5 mm) of precipitate would remove the majority 
of organic particles improving struvite purity.  
 In the interests of lowering operating costs of struvite 
recovery, this airsparged reactor would not be cost 
effective with this manure. Gains made in savings on 
alkali need to be coupled with higher recovery rates to 
make reactor operation worthwhile.  Its appeal may be for 
a large-scale solids separation system to remove a portion 
of TP as high purity struvite with minimal operating costs. 
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