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Industry Summary 

Environmental concern with phosphorus (P) transport in runoff or drainage is equally important as the concern 

with nitrogen transport regarding eutrophication or degradation of receiving waters.  Numerous fields that have 

been receiving animal wastes have a high P index in soil-test samples, meaning the soil already has enough P to 

provide crop nutrients for several years; in some cases for the next 20 or more years.  Applying typical animal 

manure or wastewater based on N requirements means excess application of P compared to crop uptake.  If 

farms continue to apply P in excess of crop needs, it is only a matter of time until more fields are limited to 

applying P at crop uptake rates or no manure P at all.  This project conducted demonstration and evaluation of a 

struvite crystallizer at a commercial swine farm for recovering P in a product that is relatively easy to dry and 

transport and could have substantial fertilizer value for slow-release P and magnesium (Mg).  Struvite is a 

common name for magnesium ammonium phosphate hexahydrate (MgNH4PO4· 6(H2O)).  The fertilizer 

analysis of pure struvite is 5.7-29-0 for N-P2O5-K20 and 16.4 for MgO.  The struvite crystallizer works well 

with liquid wastewater such as from an anaerobic lagoon or anaerobic digester.  A bed of struvite particles is 

initially put into the crystallizer, and these particles grow as more struvite is formed.  Increasing Mg 

concentration and raising pH in the flowing liquid promotes struvite formation in wastewaters that already have 

high concentrations of ammonium and phosphate.  The objectives of this project were to: (1) Construct a 

struvite crystallizer system for a commercial swine farm, (2) Conduct preliminary lab tests with the farm’s 

lagoon or digester liquid to determine the appropriate amounts of Mg addition and pH adjustment to obtain 80 

% removal of P in a struvite product, (3) Determine crystallizer performance for farm conditions and full scale 

crystallizer, and (4) Perform cost analysis of the struvite crystallizer system.  Lab tests for phosphorus reduction 

by increasing magnesium and pH to form struvite were conducted using effluent from a covered earthen 

digester for swine manure. A cone-shaped crystallizer system was constructed in the field and operated with 

direct pumping of covered digester liquid at a flow rate of 1.43 gal./min. (5.4 L/min).  Using the field system, 

twenty-four combinations of pH increase (0 to 1.5 pH units) and magnesium (Mg) addition (increase by 0, 20, 

40 and 60 ppm) were tested in short-term (30 min.) tests.  Up to 80 % of the total phosphorus (TP) could be 

removed with the highest increases in pH and Mg.  About 65 % of TP was removed with the combination of 0.5 

pH unit increase and addition of 40 ppm of Mg.  To test performance over longer test-periods and different 

seasons, this combination was utilized in 40 tests each of 2-hr duration during the period of September 2007 

through October 2008. Reductions averaged 55 % removal of TP and 65 % removal of orthophosphate 
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phosphorus (OP).  Analyses of samples of the solids removed from the crystallizer on six different dates 

indicated that N, P and Mg were lower on average than theoretical values for pure struvite (5.71 % N, 12.62 % 

P and 9.90 % Mg) by 9.9 %, 4.4 % and 6.2 %. The solids included 1.8 % calcium, indicating calcium 

compounds were being included in the formed material.  Costs and returns were estimated for a commercial 

scale system and chemical costs and TP removal were estimated at selected levels of Mg addition and increase 

in pH.  The net annual cost of the system for 60 % removal of TP from digester effluent for a 1,000-sow farrow-

to-finish operation was estimated to be $0.01/lb of live hog marketed.  The largest portions of net cost of the 

system are labor (53%), depreciation (24%), chemicals (12 %) and electricity (9%).   Economies of scale are 

expected for this system. Scaling up of the struvite system could be accomplished by increasing the size of the 

crystallizer or by using multiple units.  For farms with anaerobic digesters or lagoons, the struvite crystallizer 

offers a method to reduce phosphorus in the liquid and recover it relatively easily in a potentially valuable slow-

release fertilizer. 

 

Contact information:  Dr. Philip Westerman, NC State University, Dept. of Biological and Agricultural 

Engineering, Raleigh, NC 27695-7625.  Email address: phil_westerman@ncsu.edu 

 

Scientific Abstract 

Lab tests for phosphorus reduction by increasing magnesium and pH to form struvite (magnesium ammonium 

phosphate hexahydrate (MgNH4PO4· 6(H2O)) were conducted using effluent from a covered earthen digester for 

swine manure. A cone-shaped crystallizer system was constructed in the field and operated with direct pumping 

of covered digester liquid at a flow rate of 5.4 L/min. (1.43 gal./min.).  Using the field system, twenty-four 

combinations of pH increase (0 to 1.5 pH units) and magnesium (Mg) addition (0, 20, 40 and 60 mg/L) were 

tested in short-term (30 min.) tests.  Up to 80 % of the total phosphorus (TP) could be removed with the highest 

increases in pH and Mg.  About 65 % of TP was removed with the combination of 0.5 pH unit increase and 

addition of 40 mg/L of Mg.  To test performance over longer periods, this combination was utilized in 40 tests 

each of 2-hr duration during the period of September 2007 through October 2008. Reductions averaged 55 ± 

10% (mean ± standard deviation) removal of TP and 65 ± 5 % removal of orthophosphate phosphorus (OP). 

Analyses of samples of the solids removed from the crystallizer on six different dates indicated that N, P and 

Mg were lower on average than theoretical values for pure struvite (5.71 % N, 12.62 % P and 9.90 % Mg) by 

9.9 %, 4.4 % and 6.2 %. The solids included 1.8 % calcium, indicating calcium compounds were being included 

in the formed material.  Costs and returns were estimated for a commercial scale system and chemical costs and 

TP removal were estimated at selected levels of Mg addition and increase in pH. The net annual cost of the 

system for 60 % removal of TP from digester effluent for a 1,000-sow farrow-to-finish operation was estimated 

to be $0.01/lb of live hog marketed. 

 

Introduction 

For concentrated animal feeding operations with lagoons or digesters, the continuous-flow struvite crystallizer 

offers an option to remove P from wastewater and capture it in a struvite product that is relatively easy to dry 

and handle, and has potential utilization as a slow-release fertilizer.  Struvite is a common name for magnesium 

ammonium phosphate hexahydrate (MgNH4PO4· 6(H2O)).  Pure struvite has 9.9 % Mg, 5.7 % N, and 12.6 % P, 

which as a fertilizer would be 5.7-29-0 for N-P2O5-K20, and would be a higher analysis if the water of 

crystallization was removed by heating, except ammonium may also be lost with heating.  The continuous-flow 

cone-shaped struvite crystallizer was developed and patented at NC State University (Bowers and Westerman, 

2005a, 2005b, 2006a, 2006b).  A bed of struvite particles is initially put into the crystallizer, and these particles 

grow as more struvite is formed.  Increasing Mg and/or increasing pH causes struvite to form in wastewaters 

where the magnesium (Mg
2+

), ammonium (NH4
+
), and phosphate (PO4

3-
) concentration product is near the 

struvite conditional solubility product.  The cone shaped fluidized bed crystallizer results in reduction in 

velocity as the flow continues upward with increased diameter of the cone, and offers the following attributes:  

 Fluidized bed: packs high surface area into small space 

 At given liquid flow rate, cone shape allows simultaneous retaining of: 

mailto:phil_westerman@ncsu.edu
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– Small particles, resulting from seeding and important for high surface area 

– Large particles, wanted for product (removed periodically from the bottom) 

 At given particle size distribution, allows varying flow rate, important for: 

– Freedom to operate at different rates 

– Resistance to upsets caused by temporary high flow or loss of flow 

Previous work with the continuous-flow struvite crystallizer on swine farms has been with swine lagoon liquid 

(Bowers and Westerman, 2005b).  This project utilized effluent from a covered digester that was designed for 

ambient-temperature digestion and biogas collection for energy production.  There is increased potential for 

having covered lagoons, covered earthen digesters, and other types of anaerobic digesters because of renewable 

energy incentives and interest in carbon credits and greenhouse gas (GHG) credits.  The liquid in a covered 

digester has higher total ammoniacal nitrogen (TAN) and higher dissolved carbon dioxide than liquid in an open 

lagoon because the cover will reduce gaseous losses from the liquid.  The pH of the liquid in the covered 

digester is also lower than typically found in liquid in an open lagoon.  

 

Objectives 

1. Construct a struvite crystallizer system for a commercial swine farm. 

2. Conduct preliminary lab tests with the farm’s digester liquid to determine the appropriate amounts of 

Mg addition and pH adjustment to obtain 80 % removal of P in a struvite product. 

3. Determine crystallizer performance for farm conditions and full scale crystallizer. 

4. Perform cost analysis of the struvite crystallizer system. 

 

 

Materials & Methods 

 

Protocol/Methods for Lab Tests  

Digester effluent was obtained from the farm and stored at 7º C.  Batch tests were conducted in 500 mL 

beakers.  Three levels of pH increase (0, + 0.5, and + 1.0) and four levels of Mg addition (0, + 20, + 40, + 60 

mg/L) were tested with two replications.  Levels of Mg adjustment were based on Mg:OP (OP is 

orthophosphate phosphorus) molar ratios of 1, 1.34, 1.67, and 2.0, resulting in additions of 0, 20, 40 and 60 

mg/L of Mg.  This resulted in Mg:TP (TP is total phosphorus) ratios of 0.77, 1.03, 1.29 and 1.54.  Burns et al. 

(2003) indicated that adding Mg to obtain a molar ratio of 1.6 to 1 for Mg:PO4 was effective in lab tests for 

phosphate removal from swine manure with initial phosphate (PO4) concentrations of 157 mg/L and 590 mg/L. 

A representative sample of the wastewater was taken for analysis of TP, OP, Mg, and NH4-N, and pH was 

measured.  Then, 300 mL of wastewater was put into 500 mL glass beakers.  Then, Mg solution with 

magnesium chloride hexahydrate (MgCl2·6(H2O), 1200 mg Mg/L) was added along with ammonium hydroxide 

solution (8,000 mg TAN/L) while measuring pH.  The two reagents were added simultaneously, but from two 

separate containers, and with the wastewater already stirring.  It was important to not stir the wastewater 

vigorously to minimize pH rise resulting from aeration.  Preliminary experiments had shown that vigorous 

aeration resulted in pH increase from about 7.4 to 8.2 without any ammonia water addition.  The liquid was 

mixed for 10 min. with stir plate.  The beaker was covered with paraffin film and let sit 24 hr.  After 24 hr., 20 

mL of liquid was removed near the center of sample with a pipette and placed in a glass container and then 

analyzed for TP and OP.   

 

Methods for Field Tests 

The crystallizer used in the field is shown in Figure 1.  The cone is 152 cm tall with a diameter of 3.8 cm at the 

bottom and 25.4 cm at the top.  A suction line was put through a port in the digester cover in order to pump 

digester liquid to the crystallizer.  Peristaltic pumps (Masterflex Tubing Pump, Cole-Palmer, Inc.) each with a 

drive unit, a controller and a pump head were used for pumping digester liquid, and for pumping magnesium 

solution and alkaline solution.  The pumping rate of digester liquid was 5.4 L/min (1.43 gal./min).  A water hose 

was used for the supply line to the crystallizer.  Magnesium chloride hexahydrate was used for adding Mg, 
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while either anhydrous ammonia or sodium hydroxide (NaOH) was added to raise pH.  The Mg solution was 

normally made by adding 100 g of MgCl2·6(H2O) to 10 L of water and pumping at various rates to obtain the 

desired increase in Mg concentration.  For example, for + 40 mg Mg/L, the pump rate was 180 mL/min.  The 

ammonia flow rate was initially adjusted with valves on the compressed gas cylinder, but later a flow meter 

with needle valve was added to better adjust flow rate.  The pH in the liquid in the cone was measured with a 

pH meter, and the ammonia rate adjusted to obtain the desired rise in pH.  When NaOH was used for pH 

increase in the longer term field tests, a solution was normally made by adding 167 mL of 50 % NaOH to 11.4 

L (3 gal.) and adjusting the pumping rate until the desired increase in pH (0.5 pH unit) was maintained.  A rod 

with a stopper on the end of the rod was inserted into the crystallizer cone to prevent struvite particles from 

settling out the bottom of the cone, while also allowing flow upward in the cone when liquid was being 

pumped.  Tubing was affixed to and run down the length of the rod to allow pumping of the magnesium 

chloride, ammonia or sodium hydroxide to the bottom of the cone where the digester liquid was being added.  

On 3/21/2008, tees were put in the digester liquid feed line to allow addition and mixing of chemicals before 

entering the bottom of the cone. Overflow from the top of the cone flowed through a 10-cm plastic drain tube 

into a 189-L (50-gal.) collection barrel, which had an overflow pipe to the storage pond. 

 

Twenty-four combinations of conditions of pH increase (0, 0.25, 0.5, 0.75, 1.0, and 1.5) and magnesium 

increase (0, +20, +40, +60 mg/L) were run for 30 min. using ammonia to raise the pH.  After 30 min., grab 

samples were taken of the inflow and the overflow of the cone at the end of the drain tube.  Samples were 

analyzed for TP and OP. 

 

Based on the results of the tests with various combinations of Mg and pH increase, one combination was 

selected to run longer-term tests.  The selected combination was pH increase of 0.5 unit and Mg addition of +40 

mg/L, which resulted in about 65 % TP reduction in the 30 min. test.  Tests were 2 h in length with 125-mL 

samples of inflow and outflow taken at 0.5 h, 1 h, 1.5 h and 2 h and combined to result in one pair (one inflow 

and one outflow) of 500-mL samples per test.  During Sept. 2007 through Oct. 2008, 40 2-h tests were 

conducted using ammonia (22 tests) or caustic soda (50 % NaOH) (18 tests) to raise pH.  Samples were 

analyzed for TP, OP, total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen (TAN), Mg, and a few samples 

for calcium (Ca). 
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Figure 1.  Struvite crystallizer system set up at farm with covered digester (storage pond for effluent from 

covered digester is in the background).  Flow rate used for tests was 1.43 gal./min. (equivalent to 2,000 

gal./day)). 

 

Struvite Bed Management  

The crystallizer was initially seeded in July 2007 with 4.5 L of struvite in the 10-60 mesh (2 – 0.25 mm 

openings) (Table 1) range. The bed material was obtained from material that had been removed from the 25.4 

cm (10-inch) overflow pipe between the covered digester and the storage pond. Evidently, enough carbon 

dioxide was released when the digester effluent flowed through the pipe (flow depth typically about 2.5 – 5 cm 

(1-2 inches)) to increase the pH and cause struvite formation in the pipe.  On 9/27/2007, 1271 g of struvite was 

―harvested‖ from the crystallizer by raising the stopper and allowing some struvite to exit out the bottom of the 

cone into a collection cylinder attached to the bottom of the cone.  The struvite was analyzed for TKN, TP and 

Mg.  The struvite bed was completely removed on 10/19/ 2007 in order to replace it with a bed with more 

distinct particle size distribution.  The removed bed weighed 6246 g after drying and was 6.7 L.  The new bed 

installed on 10/23/2007 had the following particle size distribution:  1552 g in 12-20 mesh, 1424 g in 20-30 

mesh, and 1550 g in 30-40 mesh (total of 4526 g).  On 12/12/2007, the bed was removed resulting in 7 L of 

material, and after drying weighed 5791 g.  A new bed was put in the crystallizer on 12/12/2007 which had been 

developed using struvite which was on hand. The particle size distribution of the bed installed on 12/12/2007 

was:  2652 g on 16-30 mesh, 1262 of 30-40 mesh and 1119 g of 40-50 mesh (total of 5033 g).  The struvite bed 

was also removed on 5/14/2008, 7/25/2008, 11/21/2008, 3/4/2009, and 3/25/2009 and replaced each time with 

the same particle size distribution and weights as the 12/12/2007 bed.  Periodically, the struvite was analyzed 

for TKN, P, Mg and sometimes Ca. 

 

Table  1.  Screen opening sizes for different mesh. 
Mesh 10 12 16 20 30 40 50 60 

Opening 

(mm) 

2.00 1.68 1.19 0.841 0.595 0.420 0.297 0.250 
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Laboratory Analysis Methods 

Analyses of samples were conducted by the NC State University Environmental Analysis Lab in the Dept. of 

Biological and Agricultural Engineering using standard methods (APHA, 1998, US EPA, 1979 and Technicon, 

1973).  Analyses of TKN, TAN, TP and OP were by Standard Methods (APHA, 1998) with minor 

modifications. The TKN and TP analyses included persulfate digestion (Method 4500 NorgB), and then 

ammonia salicylate method for automated analysis (Method 4500 NH3-N G) and ascorbic acid method for 

automated analysis (Method 4500-P F), respectively. The TAN and OP were analyzed by the previously stated 

methods without digestion.  Automated analyses were by Technicon industrial methods for water and 

wastewater analysis (Technicon, 1973).  Minor modifications to the Standard Methods included a longer 

dialyzer block, adjustment of pump tube sizes and less mercuric oxide in the digestion reagent.  Mg and Ca 

analyses included nitric acid digestion for total metals followed by direct aspiration atomic absorption 

spectroscopy (EPA (1979) or Standard Methods 3111-B (1998)). 

 

Results 

 

Laboratory Tests 

Mean reductions (of two replications) for TP varied from 63 % to 91 % (Figure 2), while reductions in OP 

varied from 74 % to 95 % (Figure 3).  These results indicated that reductions in phosphorus of over 60 % could 

be obtained just by stirring and letting settle for 24 h.  The pH may have increased during the settling period, 

but was not measured.  More than 80 % of the TP removal could be obtained by raising pH 0.5 units and 

increasing magnesium concentration by 20 mg/L.  The procedures for the lab tests of letting settle for 24 h 

before taking a sample near the center of the liquid in the beaker prevented sampling of small crystals that 

might be suspended soon after adding the amendments.  As reported later, the field tests with the crystallizer 

resulted in less removal of TP and OP than found with the lab tests.  The lab tests also had the confounding 

factor of initial pH varying during the tests (Table 2). 
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Figure 2.  Average reductions in TP for two replications of pH and Mg additions in lab tests. 

 

 

 

 
Figure 3.  Average reductions in OP for two replications of pH and Mg  additions in lab tests. 
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Table 2.  Lab test results for reduction in TP and OP for increases in pH and Mg.  Initial concentrations were TP 

= 87 mg/L and OP = 73 mg/L. 
REP 

1 
Temp pH pH    NH4OH    pH 

Mg 

incr. 
Final 

TP 

TP 

Reduc. 
Final 

OP 

OP 

Reduc. 

Test  # (ºC) Initial Incr. (mL) Final (mg/L) (mg/L) % (mg/L) (%) 

1 13 7.44 0 n/a n/a 0 37.0 57 17.2 77 

2 13 7.49 0 n/a n/a 20 35.8 59 13.6 81 

3 13 7.49 0 n/a n/a 40 25.0 71 10.6 85 

4 18.9 7.55 0 n/a n/a 60 30.6 65 9.9 86 

5 18.4 7.57 0.5 2.1 8.06 0 29.0 67 14.2 81 

6 19.2 7.57 0.5 2.3 8.07 20 10.5 88 7.4 90 

7 19 7.57 0.5 2.5 8.07 40 10.6 88 5.0 93 

8 18.5 7.57 0.5 2.5 8.07 60 12.1 86 7.5 90 

9 20.4 7.68 1 7.3 8.68 0 17.8 80 10.8 85 

10 20.1 7.61 1 7 8.61 20 10.6 88 7.6 90 

11 20 7.6 1 6.8 8.6 40 7.8 91 4.4 94 

12 20.4 7.63 1 6.9 8.63 60 7.0 92 3.2 96 

REP 

2 
Temp pH pH    NH4OH    pH 

Mg 

incr. 
Final 

TP 

TP 

Reduc. 
Final 

OP 

OP 

Reduc. 

Test # (ºC) Initial Incr. (mL) Final (mg/L) (mg/L) (%)  (mg/L)  (%) 

1 17.7 7.51 0 n/a n/a 0 27.4 69 21.0 71 

2 17.7 7.52 0 n/a n/a 20 20.9 76 13.8 81 

3 17.7 7.54 0 n/a n/a 40 22.0 75 12.6 83 

4 17.8 7.55 0 n/a n/a 60 19.8 77 12.1 83 

5 18 7.54 0.5 2.5 8.04 0 27.2 69 17.8 76 

6 17.9 7.55 0.5 2.2 8.05 20 17.8 80 9.5 87 

7 17.9 7.56 0.5 2.6 8.06 40 19.9 77 10.2 86 

8 18.4 7.57 0.5 2.7 8.07 60 11.9 86 9.8 87 

9 18.9 7.58 1 6.8 8.58 0 17.8 80 11.2 85 

10 19.3 7.57 1 6.2 8.57 20 12.4 86 7.1 90 

11 19.2 7.62 1 7.2 8.62 40 8.8 90 4.6 94 

12 20 7.64 1 8.5 8.64 60 8.0 91 4.3 94 
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Field Tests 

Initial field tests showed lower reductions in phosphorus than the laboratory tests.  One difference between the 

lab tests and the field tests was that the samples were taken from moving fluid (inflow and outflow) and thus 

collected any small suspended crystals in the sample.  Laboratory analyses of the field samples were from well 

mixed samples, instead of from supernatant of settled samples because the total phosphorus in the sample was 

of interest.  In addition, the limited time (4-5 min.) required in the field system for liquid to flow from the 

inflow sampling point to the outflow sampling point prevents any opportunity for increased removal that might 

have occurred in the laboratory tests as a result of slow carbon dioxide loss after the initial targeted pH rise 

achieved by ammonium hydroxide addition.  Thus, it was decided that a wide range of conditions needed to be 

run for the field tests to determine how phosphorus removal varied for the various conditions.  Twenty 

conditions were run for the field tests.  The reduction results for the various conditions are shown in Figure 4 

for TP and Figure 5 for OP.   

 

Generally, the trends were increased reductions with increases in pH or magnesium.  The increases in 

phosphorus removal were significant for even a 0.25 increase in pH.  The influent conditions were pH of 7.3 

and magnesium concentration of 50 mg/L.  Approximately 65 % removal of TP was obtained with an increase 

in pH of 0.5 pH units and increase in magnesium concentration of 40 mg/L.  This condition was selected for 

operation at longer periods because it offered the opportunity to remove the majority of TP without resorting to 

the highest chemical addition rates. 
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Figure 4.  Reductions in TP with changes in pH and magnesium for field 30-min. tests. 



10 

 

-10
0

10
20
30
40
50
60
70
80
90

0 20 40 60

Increase in  Mg (mg/L)

O
P

 r
ed

u
ct

io
n

 (
%

)

pH = +1.5

pH = +1.0

pH = +0.75

pH = +0.50

pH = +0.25

pH = +0

 
Figure 5.  Reductions in OP with changes in pH and magnesium for field 30-min. tests. 

 

The combination of 0.5 pH unit increase and addition of 40 mg/L of Mg was utilized in 40 tests each of 2-hr 

hour duration during the period of Sept. 2007 through Oct. 2008.   Mg was increased using magnesium chloride 

(MgCl2 6 H20) in all tests.  Twenty-two of the tests used ammonia for raising pH and 18 of the tests used 

sodium hydroxide (NaOH) for increasing pH.  The TP and OP concentrations into and out of the cone and 

temperature of the liquid are shown in Figure 6 with time.   

 

 
Figure 6.  TP and OP in and out of cone and temperature of liquid with date for all tests with +0.5 pH and +40 

mg/L Mg. 

 

 

The TP and OP in the digester liquid showed some variability.  The mean and standard deviation of digester 

liquid for these tests were 72 ± 12 mg/L for TP and 65 ± 8 mg/L for OP (Table 3).  The TAN and Mg in 

digester liquid were 1053 ± 59 mg/L and 42 ± 6 mg/L, respectively.  Concentrations in the digester liquid might 
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vary with variation of loading of flushed waste into the digester or with seasonal effects on the digester.  Data is 

missing for July and August of 2008 because tests at other conditions were being run.    

 

Mean reductions were similar for tests with anhydrous ammonia and with caustic soda (Table 3), about 55 % 

for TP and about 65 % for OP.  The standard deviations were also similar being 9 to 10 % for TP and 4 to 6 % 

for OP.  The net increases (outflow concentration minus inflow concentration which should equal the amount 

added minus the amount incorporated into struvite) in wastewater concentrations of TAN averaged 8 % (when 

using ammonium for pH increase) and for Mg averaged 21 % (Table 3).  When using NaOH for pH increase, 

the decrease in TAN averaged 10 % and the increase in Mg averaged 22 %.   

 

Table 3.  Reductions (%) in concentrations comparing inflow and outflow of crystallizer cone in field tests with 

Mg addition of 40 mg/L and pH increase of 0.5 unit. 

Input for pH 

increase 

No. of tests 

(2-hr each)
1
 

TP OP Mg TKN TAN 

Anhydrous 

ammonia 

22 55 (9)
2
 64 (6) -21 (11) -8 (6) -9 (3) 

Caustic soda 

 

18 55 (10) 65 (4) -22 (11) 10 (5) 9 (2) 

Inflow concentrations (mg/L) 72 (12) 65 (8) 42 (6) 1156 (105) 1053 (59) 

Inflow pH varied from 7.23 to 7.35. 
1
 Test periods were Sept. 2007 – Oct. 2008 for ammonia tests and Nov. 2007- Oct. 2008 for caustic soda tests.  

Number of tests per day varied from 1 to 3, and on some days both ammonia and caustic tests were run.  Total 

number of test days was 12 for ammonia and 12 for caustic. 
2
 Mean and standard deviation in parenthesis.  Negative numbers indicate an increase in concentration. 

 

The reductions in TP were slightly less for the longer-term tests than for the 30 min. test.  The struvite bed in 

the crystallizer seemed to lose some of its fluidization during the longer-term tests.  Less fluidization may 

indicate that the bed particles are becoming heavier and the distribution of bed particles are tending toward 

larger sizes.  Thus, the bed was removed and resized with three different particle size ranges to see if 

fluidization and performance improved.  The TP and OP reductions did not noticeably increase with the change 

in particle size distribution. 

 

The reductions in TP and O-P varied some with season (temperature) (Figure 7).  Reductions in OP were more 

consistent than reductions in TP.  Part of the lower consistency with TP could be due to more variability in TP 

influent due to variability of solids. 
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Figure 7.  Reductions (%) in TP and OP and temperature with time. 

 

Replicated Tests for Various pH and Mg Increases 

Although the 30-min. tests had shown fairly consistent trends of increased reduction of TP and OP with 

increased pH and/or increased Mg, the series of longer tests (2 hr) with + 0.5 pH and + 40 mg/L of Mg showed 

some variability.  Thus, three replications of 2-hr tests were conducted for each combination of two pH 

increases (0.5 and 1.0 pH units), three Mg increases (40, 60, 100 mg/L), and two pH-increasing reagents 

(ammonia and caustic soda).  Table 4 shows both % reductions and final concentrations for TP and OP for these 

tests.  The standard deviations indicate variability within the same conditions.  The variation could be partly due 

to conducting tests at different times of the year and variability in influent concentrations of TP and OP.  Also, 

it could be due to variability in control of Mg inputs and ammonia or caustic soda inputs.  Pairwise comparison 

of means with Tukey’s studentized range test (p<0.05) indicated no differences for TP final concentration or TP 

% reduction.   However, OP final concentration and OP % reduction had some differences between means, with 

the highest pH (+ 1.0) and highest Mg (+100 mg/L) having the highest % reductions and lowest final 

concentrations.  

 

Statistical analysis (Proc GLM (SAS, 2002)) of the data in Table 4 indicated that the type of compound (NH3 or 

caustic soda) had no significant effect.  Thus, analysis was conducted for effects of pH increase, Mg increase, 

and their interaction.  Table 5 presents the F-values.  Only Mg increase level was significant for TP final 

concentrations and TP % reductions.  However, pH increase, Mg increase and their interaction were significant 

for OP final concentrations and OP % reductions.  One possible explanation is that pH increase results in 

conversion of OP to struvite, thus reducing the OP concentration, but that the struvite crystals formed at high 

pH are not captured by the bed.  This effect would therefore not reduce the TP because the crystals in the treated 

water would be accounted for in the TP analysis.  If Mg increase caused increased conversion of OP into 

struvite that is captured by the bed, then Mg increase would show up as a significant effect for both OP and TP.  

Pairwise comparisons of means for significant effects are shown in Tables 6 and 7. 
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Table  4.  Reductions (%) and concentrations (mg/L) in TP and OP with various pH and Mg (mg/L) increases (2-hr tests replicated 

three times). 

A. % Reductions in  TP 
          Replicate Ammonia for pH increase Caustic Soda for pH increase 

Increase = 0.5 pH unit Increase = 1.0 pH unit Increase = 0.5 pH unit Increase = 1.0 pH unit 

Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 

1 43 53 73 55 54 65 42 53 74 62 68 65 

2 70 53 60 56 51 62 66 54 59 64 50 62 

3 66 56 63 63 48 62 67 58 58 56 54 61 

Mean 59.7 a1 54.0 a 65.3 a 58.0 a 51.0 a 63.0 a 58.3 a 55.0 a 63.7 a 60.7 a 57.3 a 62.7  a 

Stdev 14.6 1.7 6.8 4.4 3.0 1.7 14.2 2.6 9.0 4.2 9.5 2.1 

B. % Reductions in OP 
           Replicate Ammonia for pH increase Caustic Soda for pH increase 

Increase = 0.5 pH unit Increase = 1.0 pH unit Increase = 0.5 pH unit Increase = 1.0 pH unit 

Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 

1 54 65 78 76 74 83 65 66 77 91 72 93 

2 65 81 75 79 75 83 66 81 73 76 73 80 

3 68 67 71 83 75 87 68 74 72 81 73 78 

Mean 62.3 c 71.0 abc 74.7 abc 79.3 ab 74.7 abc 84.3 a 66.3 c 73.7abc 74.0 abc 82.7 a 72.7 abc 83.7 a 

Stdev 7.4 8.7 3.5 3.5 0.6 2.3 1.5 7.5 2.6 7.6 0.6 8.1 



14 

 

 

C. Final TP Concentration (mg/L) 
          Replicate Ammonia for pH increase Caustic Soda for pH increase 

Increase = 0.5 pH unit Increase = 1.0 pH unit Increase = 0.5 pH unit Increase = 1.0 pH unit 

Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 

1 32.8 34.8 16.9 28.5 34.3 25.6 34.1 33.8 17.1 24 22.3 21.4 

2 21.3 37.91 24.4 30.76 37.5 24.38 19.5 37.91 24.1 23.66 38.2 22.74 

3 19.3 30.87 28.78 26.94 38.8 23.21 18.8 30 26.51 31.29 38.2 24.59 

Mean 24.5 a 34.5 a 23.4 a 28.7 a 36.9 a 24.4 a 24.1 a 33.9 a 22.6 a 26.3 a 32.9 a 22.9 a 

Stdev 7.3 3.5 6.0 1.9 2.3 1.2 8.6 4.0 4.9 4.3 9.2 1.6 

D. Final OP Concentration (mg/L) 
          Replicate Ammonia for pH increase Caustic Soda for pH increase 

Increase = 0.5 pH unit Increase = 1.0 pH unit Increase = 0.5 pH unit Increase = 1.0 pH unit 

Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 Mg=40 Mg=60 Mg=100 

1 20.4 19.4 12.7 12.4 16.7 9.5 19.7 19.4 14.2 4.2 16.9 3.2 

2 18.3 10.21 15.1 11.67 13.4 10.15 18.9 10.21 15.8 14.31 14.2 12.03 

3 18 19.01 16.71 10.31 13.8 8.07 17.7 18.88 14.45 11.66 15 11.64 

Mean 18.9 a 16.2 ab 14.8 ab 11.5 ab 14.6 ab 9.2 b 18.8 a 16.2 ab 14.8 ab 10.1 ab 15.4 ab 9.0 b 

Stdev 1.3 5.2 2.0 1.1 1.8 1.1 1.0 5.2 0.9 5.2 1.4 5.0 
1
Means with the same letter are not significantly different using Tukey’s studentized range for p<0.05 (SAS, 2002). 
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Table  5 .  Effects of pH and Mg on final TP and OP concentrations, and TP and OP reductions.  

** Pr>F is <.0001 

*Pr>F is <.02 

 

Table 6.  Effect of Mg on TP reductions and final concentrations. 

Parameter Mg addition (mg/L) 

40 60 100 

TP reduction (%) 59.2 ab
1
 54.3 a 63.7 b 

TP final conc. (mg/L) 25.9 a 34.5 b 23.3 a 
1
 Means with same letter are not significantly different using Tukey’s studentized range for 

p<0.05. 

 

Table 7.  Effect of pH and Mg on OP reductions and final concentrations. 
pH  +0.5 + 1.0 

Mg added (mg/L) 40 60 100 40 60 100 

OP reduction (%) 64.3 c
1
 

 

72.3 bc 74.3 b 81.0 ab 73.7 bc 84.0 a 

OP final conc. (mg/L) 18.8 a 16.2 ab 14.8 ab 10.8 bc 15.0 ab 9.1 c 
1
 Means with same letter are not significantly different using Tukey’s studentized range for 

p<0.05. 

 

Struvite Amounts and Characterization 

Struvite was periodically removed from the cone crystallizer, air dried (Figure 8), sieved, and  

 

 

 
Figure 8.  Struvite bed material removed from crystallizer. 

Parameter F-value from Proc GLM analysis in SAS 

pH Mg pH * Mg 

Final TP concentrations 0.90 17.78** 0.28 

TP reductions 0.06 5.36* 0.06 

Final OP concentrations 27.41** 5.33* 4.49* 

OP reductions 30.16** 6.34* 6.97* 
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weighed.  The rate of struvite growth varied between 114 and 153 g/hr of operation after 

12/12/2008 when the replacement beds were all identical weights for three size intervals of 

particles.   Various conditions and tests were run between 12/12/2008 and 03/25/2009, thus the 

growth rates were expected to vary between beds.  For the condition of +0.5 pH and +40 mg/L of 

Mg and about 55 % removal of TP, a growth rate of about 120 to 130 g/hr would be a reasonable 

estimate. 

 

The analysis of different samples of the bed for N, P, Mg and calcium are shown in Table 8. 

Theoretical N, P, and Mg are 5.71 %, 12.62 % and 9.90 %.   Normally, the concentrations of N, 

P and Mg in the harvested material are slightly less than theoretical.  There is about 1.3 to 2.2 % 

Ca, indicating some Ca compounds being included in the formed material. 

 

Table 8.  Analysis of material harvested from the crystallizer (%). 

Date Source N P Mg Ca 

 Theoretical 5.71 12.62 9.90 0 

7/7/2007 Initial bed
1
 4.24 13.29 8.75 1.80 

9/27/2007 Crystallizer 5.21 12.64 8.88 NA
2
 

5/14/2008 Crystallizer 5.61 12.25 9.93 NA 

7/25/2008 Crystallizer 5.48 11.99 10.1 1.29 

12/5/2008 Crystallizer 4.94 11.69 7.50 1.74 

4/3/2009 Crystallizer 4.49 11.74 10.05 2.21 

Mean Crystallizer 5.15 12.06 9.29 1.75 
1
 Initial bed was made from struvite recovered from pipe between digester and storage pond. 

2
 NA = Not analyzed 

 

Cost Analysis    

The cost of Mg and ammonia (NH3) for various combinations of Mg addition and pH adjustment 

for different levels of TP removal found in 30-min field tests are shown in Figure 9.  The NH3 

requirements are based on lab beaker tests adjusted by a multiplier of 1.3 for field crystallizer 

conditions based on NH3 concentration changes for one combination of Mg and NH3 additions 

in 2-hr field tests.  The amounts of NH3 calculated for various pH increases were: 64 mg/L for 

+0.25, 133 mg/L for +0.50, 193 mg/L for +0.75, 247 mg/L for +1.0 and 705 mg/L for + 1.5.  For 

a particular level of TP removal, the most cost efficient combination of Mg and NH3 can be 

selected.  If 70 % reduction of TP is desired, then a pH increase of 0.5 and Mg addition of 40 

mg/L would be most cost effective.  However, a series of 2-hr tests at this condition showed 

about 60 % TP reduction rather than 65-70 % found with the 30 min. test. 

 

An example of projected costs for a 1,000-sow farrow-to-finish operation with a covered digester 

is shown in Table 9.  The reduction in TP used for this example is 60% (about -40 mg/L).  The 

estimated $87,000 capital cost is depreciated over an assumed 7-yr lifetime at $12,429 per year, 

and the annual operating cost is $42,067.  Subtracting the estimated value of the struvite at 

$0.33/kg ($0.15/lb), the net cost is $0.0204 /kg ($0.0093/lb) of live hog marketed.  The value of 

the struvite will vary depending on fertilizer costs, niche markets for the struvite such as 

turfgrass fertilization, and also possible use as a feed ingredient. This analysis excludes any cost 
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for treated water storage, which would probably not have to be added on farms with a covered 

digester because a storage unit for the overflow from the digester would most likely already be  

present, and the crystallizer could be positioned to take liquid from the digester and discharge 

treated liquid to the storage pond such as in the project reported in this paper.  The largest 

portions of net cost of the system are labor (53%), depreciation (24%), chemicals (12 %) and 

electricity (9%).   Economies of scale are expected for this system. Capital cost and labor costs 

may change at a fraction of the rate of change in animal capacity treated.  Scaling up of the 

struvite system could be accomplished by increasing the size of the crystallizer or by using 

multiple units. 
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Figure 9.  Cost of NH3 and Mg for various Mg additions (+ 0, +20, +40, +60 mg/L) and pH 

increases to obtain various reductions in TP.  Prices of Mg and NH3 are $0.55 and $0.99 per kg, 

respectively. 
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Table 9.  Cost analysis example for struvite crystallizer for 1,000-sow farrow-to-finish operation. 

Assumptions 
a. Estimate assumes a 1,000 sow farrow-to-finish operation (about 10,000 animals total 

population at an average weight of 64 kg. (140 pounds)). 
b. Annual production is 20,000 market hogs weighing an average of 125 kg (275 pounds). 
c. Estimate produced using experience from building and operating a unit sized to 2,000 animals 

(200 sows). 
d. Capital investment is depreciated over 7 years to obtain annual amount 
e. Assume 1.5 hours of labor per day to:    1.) remove product,  2.) monitor the system and 

make minor repairs, 3.) make up magnesium solution, and 4.)  change ammonia cylinders. 

 

Item 

 

Units 

 

Quantity 

 

Price 

Annual 

Amount 

Capital Costs (annual 

depreciation) 

    Equipment, materials 

   

$44,000 

 

$6,286 

    Installation, construction   $43,000 $6,143 

    Subtotal   $87,000 $12,429 

 

Operating Costs 

     Mg  Brine (+40 ppm) delivered 

 

 

Kg. of 

Mg 

 

 

1327 

 

 

$0.55 

 

 

$730 

     Ammonia (+133 ppm) delivered Kg. 5374    $0.99 $5,320 

     Electricity ( 10 hp average) KwH. 66,671 $0.07 $4,667 

     Labor Hours 540 $50.00 $27,000 

     Maintenance at 5% of Capital 

Cost 

$ 87,000 5% $4,350 

     Subtotal    $42,067 

 

Total Costs 

    

$54,496 

Revenue 

    Struvite (29.12 kg. per day)  (40 

ppm TP removal; 90,850 L/d flow)                

 

 

Kg. 

 

 

10,629 

 

 

$0.33 

 

 

$3,508 

 

Net Cost 

    

$50,988 

 

Notes 
a. Excludes cost for treated water storage 
b. Equates to $0.0204 net cost per kg. live hog marketed ($51,000/(20,000 x 125)) 
c. Equates to $0.0134 net cost per animal per day ($51,000/(10,000 x 365)) 
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Discussion 

Laboratory beaker tests indicated potential for reducing TP by 60 % to 90 % by increasing pH 

and Mg, stirring and letting settle for 24 hr.  However, 30-min. field tests with similar increases 

in pH and Mg in a continuous-flow fluidized bed crystallizer and sampling the inflow and 

outflow without a settling period for outflow showed less reduction in TP, but still in the 50% to 

80 % reduction range.  Longer tests (2 hr) with Mg addition of +40 mg/L and pH increase of 0.5 

unit (using either ammonia or NaOH) showed about 55 % reduction of TP.  Reduction of TP 

changed little with varying temperatures, bed particle size distribution, or using ammonia or 

NaOH. 

 

Ammonia and sodium hydroxide worked well to adjust pH.  Some nitrogen is added to the 

wastewater when ammonia is utilized, and this has fertilizer value in the wastewater.  However, 

if a farm does not want to add any nitrogen and prefers to handle a liquid solution rather than 

have a compressed cylinder of ammonia for the system operation, the use of sodium hydroxide is 

a good alternative.  The NaOH solution addition may be easier to automate compared to the 

anhydrous ammonia.  The ammonia addition required frequent checking of the pH in the liquid 

and adjusting the flow of ammonia.  The cost of ammonia was much greater than that of Mg for 

the example cost analysis, with the total chemical costs being 12 % of net annual cost.    

 

The net annual cost of the system for 60 % removal of TP from digester effluent for a 1,000-sow 

farrow-to-finish operation was estimated to be $0.0204/kg ($0.0093/lb) of live hog marketed.  

Economies of scale are expected for this system. Scaling up of the struvite system could be 

accomplished by increasing the size of the crystallizer or by using multiple units. 

 

Future work in commercial design modification could include more automation and other 

refinements to reduce labor, capital, and electricity requirements. 
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Appendix A.  Minteq Simulations  

 

This appendix summarizes use of Visual Minteq (Gustafsson, J.P. 2007) to model the chemical 

behavior of wastewater from the covered digester at the Barham farm.  Visual Minteq is a 

computer application used to thermodynamically simulate the chemical composition of 

wastewater.  The pH and concentrations of all the various chemical species (e.g., metals, 

ammonium, and other cations; chlorides, total phosphate, total carbonate, and other anions) in a 

given wastewater can be input, and the model will predict the equilibrium distribution of the 

species.  The predicted distribution will specify how much of each species is protonated, and to 

what degree, and how much of each ion will exist in complex with other ions.  The model will 

also distribute species among dissolved and solid phases, if the user directs the model to account 

for one or more solids. The chemical behavior of the wastewater in the present project was 

modeled to gain insight useful for applying the fluidized-bed struvite crystallizer technology to 

the wastewater for the purpose of phosphorus removal.  Two kinds of simulations were 

conducted: 

 

1)   "No-solids" simulations.  In these simulations, the model was not allowed to assume that 

any solids could precipitate.  Using this option recognizes that solids may be 

thermodynamically possible but not actually formed due to kinetic or other reasons.  In 

most of the cases for this project, the wastewater is supersaturated in more than one solid.  

Minteq is a thermodynamic, not kinetic, model and therefore it cannot indicate which 

solid(s) will form if multiple solids that share at least one component are supersaturated.  

For instance, in many cases, both struvite, which contains phosphate, and calcium 

phosphate are supersaturated.  If one forms quickly, then the concentration of phosphate 

may decline sufficiently that the other solid is no longer supersaturated and therefore 

cannot form until some of the quick-forming solid dissolves.  Given sufficient time, the 

amount of each solid will approach equilibrium values predicted by Minteq.  However, in 

the relatively short time that the liquid spends in the crystallizer bed (about one minute), 

fast-forming solids may exceed their equilibrium levels.  It is not necessarily true that the 

most supersaturated solid will be the one to form first.  The no-solids simulations 

indicated all of the solids that could be present to show whether specific solids of interest 

are possible at various conditions. 

 

2) "Struvite-only" simulations.  In these simulations, one solid (struvite) was allowed to 

precipitate.  By running the model in this manner for wastewater at two conditions, the 

maximum amount of phosphate removal achievable by struvite precipitation in changing 

wastewater from one condition to the other can be determined.  The determination is 

done by comparing the phosphate contents at the two conditions. 

 

Results from no-solids simulations. 

 

For these simulations, conditions (composition and pH) were first estimated for raw wastewater 

drawn from the Barham digester for the first crystallizer run on November 20, 2008.  These 

conditions, and the method of estimating them, are summarized in Table A1.  The first no-solids 



22 

 

simulation (NS-1) applied Minteq to these conditions.  For simulations NS-2, NS-3, and NS-4, it 

was applied at that same composition but at pH 6.9, 6.6, and 6.2, respectively.   

Table A1.  Estimate of Conditions for 11/20/08 Raw Wastewater 

 

Condition parameter 

 

Value  

(mmoles/liter, except pH) 
Means of estimating 

pH 7.3 measurement at site 

Magnesium content 1.82 analysis of sample from site 

Calcium content 2.70 " 

Total ammonia content 70.21 " 

OP content 2.27 " 

Iron content 0.04 " 

Potassium content 12.41 

NCSU data for average swine 

flush lagoon: Barker
i
 Table 

JCB/BAE/NCSU/1994/PR2/3 

Sodium content 7.35 " 

Chloride content 8.48 " 

Total carbonate content 93.2 Estimated by charge balance.
ii
   

1
 http://www.bae.ncsu.edu/programs/extension/manure/awm/program/barker/a&pmp&c/sll.htm 

2
 The net positive charge (millimoles) was estimated by adding the millimolarity of all the cations, each 

multiplied by its charge.  Using an alpha table, total ammonia was first speciated into free ammonia and 

ammonium ion, and OP was speciated into phosphate ion, hydrogen phosphate ion, and dihydrogen 

phosphate ion.  (An alpha table gives the fractions of the protonated and deprotonated forms of acids 

given the difference between the pKa of the acid and the pH of the solution of interest.)  Then it was 

determined what millimolarity of total carbonate would be needed to balance this net positive charge 

when the total carbonate is partitioned between carbonate ion and bicarbonate ion according to the alpha 

table. 

 

Table A2 summarizes the results from these four simulations, giving the saturation index (with 

numbers less than 1 indicating subsaturation and greater than one indicating supersaturation).  

The results show that it may be necessary to acidify the digestate all the way down to near pH 

6.2 in order to dissolve beta-tricalcium phosphate (BTCP) if it is present.  As low as pH of 6.6, 

the saturation index remains positive, and thus phosphate could still be held in suspended BTCP 

at that pH.  It is possible that some of the calcium is unavailable due to being tied up as 

suspended calcite, which also maintains a positive saturation index down to almost 6.2, in which 

case BTCP could be all dissolved at a somewhat higher pH.  At pH 7.3, struvite could be slightly 

supersaturated and exist as a solid, and at pH 6.9 the index is negative and therefore all struvite 

would be dissolved.  However, it must be kept in mind that the saturation index for struvite in 

Table A2 assumes that all the phosphate is available.  If some of it is tied up as suspended BTCP, 

then the true saturation index would be lower, and the pH at which all struvite is dissolved would 

be higher. 
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Table A2.  Results from Minteq Simulations NS-1 through NS-4: 

Supersaturation Indexes (SIs) for 11/20/08 Raw Wastewater at Various pHs 

 

Solid NS-1 NS-2 NS-3 NS-4 

pH 7.3 6.9 6.6 6.2 

SI of beta-

tricalcium  

phosphate 

2.61 1.64 0.82 -0.38 

SI of calcite 1.08 0.67 0.33 -0.18 

SI of struvite 0.28 -0.22 -0.64 -1.26 

 

 

Results from struvite-only simulations. 

 

Table A3 shows results of struvite-only simulations SO-1 through SO-8.  The simulations are 

paired, with the first simulation of each pair representing the condition of liquid entering the 

reactor and the second representing the exiting condition.  In all four pairs, the liquid entering is 

at the same condition as simulation NS-1 (estimated 11/20/08 raw wastewater condition, as in 

Table A1).   

 

For each pair, two theoretical percentages of OP reduction are given.  The first is calculated as 

the amount of OP as solid struvite at the exit conditions, as a percentage of the total OP (both 

dissolved and as struvite) at the entrance conditions.  This reduction is based on the assumption 

that all OP present at equilibrium at the exit conditions is captured in the bed, including any that 

entered as suspended struvite.  The second OP reduction is based on the assumption that 

suspended struvite in the entering stream will not be captured in the bed, and thus only the 

increase in equilibrium struvite content between entrance and exit condition will be removed.  It 

is calculated as the difference between the amounts of struvite at the exit and entrance 

conditions, as a percentage of the total OP at the entrance conditions. 

 

In Table A3, increasing pH boost and magnesium addition produce increasing OP reductions, 

and reductions are higher under the assumption that entering struvite is captured.  On 11/20/08, 

two runs were made with the crystallizer.  In the first, pH was raised one-half point and 40 ppm 

magnesium were added (the SO-2 conditions).  Actual measured OP reduction was 63%, 5% 

greater than the corresponding Minteq estimate under the "struvite passes through" assumption.  

In the second run, pH was raised one-half point and 100 ppm magnesium was added (SO-6 

conditions).  Actual measured OP reduction for this run was 72%, again 5% greater than the 

corresponding Minteq estimate under the "struvite passes through" assumption. 

 

 



24 

 

 

Table A3.  Results from Minteq Simulations SO-1 through SO-8: 

OP Content and Reduction for 11/20/08 Raw Wastewater Entering at pH 7.3  

 

Description of 

simulation pair 

Simulation 

number 

OP 

(mmole) 

dissolved 

OP 

(mmole) 

struvite 

OP reduction 

if entering 

struvite is 

captured 

if entering 

struvite passes 

through 

Entry: Table 1 

conditions.  Exit: 40 

ppm magnesium 

addition and 0.5 pH 

boost. 

SO-1 1.70 0.57 83% 58% 

SO-2 0.38 1.89 

Entry: Table 1 

conditions. Exit: 40 

ppm magnesium 

addition and 1.0 pH 

boost. 

SO-3 1.70 0.57 93% 68% 

SO-4 0.15 2.12 

Entry: Table 1 

conditions. Exit: 100 

ppm magnesium 

addition and 0.5 pH 

boost. 

SO-5 1.70 0.57 92% 67% 

SO-6 0.18 2.09 

Entry: Table 1 

conditions.  Exit:100 

ppm magnesium 

addition and 1.0 pH 

boost 

SO-7 1.70 0.57 97% 72% 

SO-8 0.06 2.21 

 

References: 

Gustafsson, J.P.  2007.  Visual Minteq version 2.53, based on MINTEQA2 version 4.0, 1999, by 

CEAM, EPA, US.  KTH, Dept. of Land and Water Resources Engineering, Stockholm, Sweden. 
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Appendix B.  Experiments on Pretreatment to Increase Phosphorus Removal in Struvite 

 

The present project included several runs exploring the use of pretreatment of the raw digestate 

with hydrochloric acid (HCl) alone or in combination with oxalic acid (OA) or with 

ethylenediaminetetraacetic acid (EDTA).  These experiments aimed to test whether performance 

could be improved by addressing two effects suspected of limiting phosphorus removal 

performance: (1) tie-up of phosphorus in suspended solids; and (2) calcium interference.  Below, 

each of these effects and the reasons for suspecting them are introduced.  Then, the experiments 

devised to address the effects are explained.  Results are then presented and discussed. 

 

The effects and reasons for suspecting them 

 

Tie-up of Phosphorus in Suspended Solids 

The struvite reactor removes phosphorus from wastewater by precipitating dissolved phosphate.  

In theory, only dissolved phosphate can therefore be removed, and any phosphorus present in 

suspended solid form will pass through the reactor, thus limiting its phosphorus removal 

performance.  This effect was suspected because the phosphorus removal performance generally 

fell short of theoretical removal by struvite.  For example, measured TP removal was 63 % for a 

pH boost of 0.5 and Mg addition of 40 ppm on November 20, 2008, but theoretical removal 

would be 83 % for wastewater with that day’s characteristics and those chemical addition levels.  

TP removal in this project was also short of that observed in the same reactor when it treated 

non-digested swine wastewater at a different site.  Another cause for suspicion was the 

observation that settling of samples led to lower total phosphorus (TP) and orthophosphate 

phosphorus (OP) content in the liquid.  Table B1 shows comparisons made between settled and 

non-settled samples: 

 

Table B1: Phosphorus Content of Settled and Non-Settled Liquid 

 
 Settled Non-settled 

Sample Settling time OP (mg/L) TP (mg/L) OP (mg/L) TP (mg/L) 

Treated, 9/28/07, run “A” 24 hours + 7.1 11.1 28.2 30.7 

Treated, 9/28/07, run “B” 24 hours + 6.7 10.7 27.2 38.1 

Treated, 9/28/07, run “C” 24 hours + 6.7 10.2 27.2 32.5 

Raw, 10/23/07, first run 24 hours + 54.8 56.3 69.3 79.8 

Treated, 10/23/07, first run 24 hours + 10.7 14.2 28.1 31.6 

Raw, 10/23/07, second run 24 hours + 52.6 53.1 72.4 76.8 

Treated, 10/23/07, second run 24 hours + 11.2 13.9 37.2 41.9 

Raw, 1/23/08 2 hours 69.2 71.1 69.1 75.9 

Treated, 1/23/08 2 hours 28.8 35.4 29.3 32.7 

 

As shown in the table, the samples that were settled longer (from delivery of sample to the 

laboratory until analysis commenced, constituting at least 24 hours) all showed reduction of 14.5 

to 28 mg/L in both OP and TP as a result of settling for both treated and raw liquids.  Those 

samples that were settled only two hours showed no clear effect, with OP content varying very 

little between settled and non-settled samples, and TP content increasing a few mg/L in one of 

the samples and decreasing a few mg/L in the other.  These observations suggest that a 

significant portion of the TP and OP in the liquid exists as a suspended solid, but that the solid is 

fine and/or light enough that at least several hours are required to settle it.  It seems unlikely that 
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any suspended solids present would be coarse and fast-settling, because the liquid is drawn from 

near the surface of the digester at a point distant from the liquid inflow to the digester, and no 

agitation mechanism is provided for the digester.  Fine suspended solids could nevertheless be 

present because the point of withdrawal for feeding the struvite system is within the pipe exiting 

the digester.  At this location, the current could suspend fine material from the digester floor, 

which is near the surface at that point.  In addition, biological generation of gas bubbles or some 

other, unknown mechanism could loft fine sediment from the digester floor. 

 

Calcium Interference 

Calcium in wastewater can interfere with struvite precipitation in a fluidized bed crystallizer in 

three ways.  First, it can tie up phosphate in the form of fine, suspended calcium phosphate, thus 

making the phosphate unavailable for struvite precipitation.  (Note that this is one special case of 

the above-described effect.  Phosphorus-containing suspended solids can be calcium phosphate, 

struvite, or other substances.) Second, calcium can combine with carbonate in the wastewater to 

form calcium carbonate, which can coat the surfaces of the struvite grains in the fluidized bed.  

With struvite surfaces unavailable, additional struvite precipitation may not occur or may occur 

separately from the existing bed grains, resulting in fine struvite particles that carry over with the 

treated liquid.  Third, calcium phosphate could conceivably precipitate onto the bed particles.  

This effect would not degrade phosphorus removal performance, but would degrade the purity of 

the struvite product by lacing it with calcium phosphate.  Calcium phosphate lacks the desirable 

nutrient release characteristics, nitrogen content, and magnesium content of struvite. 

 

Calcium has been demonstrated to interfere with struvite precipitation in dairy wastewater 

containing more than 200 mg/L calcium.  The calcium content in the digestate in this project did 

not exceed 172 mg/L on any calcium-assayed samples.  Nevertheless, some sort of calcium 

interference was suspected in the present project because most of the runs for which the raw and 

treated samples were calcium-assayed showed calcium was reduced in the system, while 

precipitation of struvite alone would have no effect on calcium.  Also, calcium interference 

would be consistent with the above-mentioned shortfall in phosphorus removal performance.  

Furthermore, assays of samples of bed material taken from the reactor contained calcium, and the 

struvite constituent content of the samples fell short of that expected for struvite, with the 

exception of magnesium for one of the samples (see Table B2), which suggests the possibility 

that calcium carbonate is precipitating onto the bed grains.  Finally, the above-presented 

observations suggesting presence of phosphorus as a fine suspended solid are consistent with tie-

up of phosphorus by calcium. 
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Table B2: Composition of Pure Struvite, Pure Calcium Carbonate, and Bed Material Samples 

 
 Magnesium 

% by weight 

Calcium 

% by weight 

TKN  

% by weight 

Phosphorus 

% by weight 

Theoretical: struvite 9.90 0 5.71 12.62 

Theoretical: calcium carbonate 

(anhydrous) 

0 40.0 0 0 

7/7/07 analysis of starting bed 

material 

8.75 1.80 4.24 13.29 

9/27/07 analysis of bed 8.88 - 5.21 12.64 

5/14/2008 analysis of bed 9.93 - 5.61 12.25 

7/25/08 analysis of bed 10.10 1.29 5.48 11.99 

12/5/08 analysis of bed 7.50 1.74 4.94 11.69 

4/3/2009 analysis of bed 10.05 2.21 4.49 11.74 

 

Experiments to test the effects 

 

Reasoning for the Experiments 

Pretreatment methods were conceived to attempt to counter the performance-hindering effects.  

Lack of a positive response (performance improvement) to these procedures would serve as 

evidence that the effects are not limiting performance.  A positive response would provide 

evidence that one or more of the effects is occurring as well and would help in devising a 

practical approach to address them.  The pretreatment methods involved addition of hydrochloric 

acid (HA), ethylenediaminetetraacetic acid tetrasodium salt (EDTA), and oxalic acid (OA).   

 

The HA was used to reduce the pH of the raw wastewater and hence reduce the concentration of 

phosphate ion.  The concentration of phosphate ion decreases rapidly with pH, as the increasing 

hydrogen ion concentration protonates phosphate to hydrogen phosphate ion, dihydrogen 

phosphate ion, and phosphoric acid.  The reduced phosphate ion concentration will reduce the 

ionic product for phosphate salts such as struvite and calcium phosphate below their equilibrium 

solubility ionic product, thus allowing the salts to dissolve and free their phosphate for 

crystallization in the struvite reactor.  The Minteq model was used to determine how much pH 

depression would be required to ensure complete dissolution of any calcium phosphate and 

struvite in wastewater with a composition judged typical for this site.  The calcium phosphate 

solid assumed possible in applying the model was beta-tricalcium phosphate (BTCP), which is 

the least soluble of the calcium phosphates believed able to precipitate in wastewater, and the 

one that earlier research (Menar and Jenkins, 1972) has suggested will control phosphorus 

concentration.  Hydroxyapatite (HAP) has lower solubility, but kinetics are so slow that in that 

earlier research , it was judged unlikely to form under these conditions.  Output from the Minteq 

model suggested that depressing the pH to 6.9 and 6.2 would be necessary for ensuring 

dissolution of all struvite and BTCP, respectively. 

 

The OA was used because it can remove calcium from solution by precipitating it as calcium 

oxalate.  Calcium removed in this way could be rendered unable to interfere with struvite 

crystallization.  The OA also provides some modest pH depression, and therefore may also 

dissolve some suspended phosphate salts. It is not clear whether the oxalate can remove the 

calcium directly from suspended BTCP.  If not, the pH of the wastewater would have to be 
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depressed to completely dissolve the BTCP to make the calcium available to the oxalate in order 

for the calcium oxalate to form and free phosphate.  (Dissolving calcium oxalate requires a lower 

pH than that required for dissolving BTCP.)  Furthermore, even if the calcium oxalate does form, 

if the calcium oxalate remains suspended in the wastewater as it enters the crystallizer, it is 

possible that as the pH is boosted and the phosphate concentration rises, phosphate could pull the 

calcium from the calcium oxalate to re-form BTCP, thus defeating the purpose of the OA. 

 

The EDTA was used because it forms a strong dissolved complex with calcium and thus can 

prevent it from interfering with struvite precipitation.  It is unlikely EDTA would be economical 

in full-scale use--the EDTA experiments were intended for gleaning information, not for piloting 

of a potential mode of operating a full-scale system.  There are some uncertainties in using 

EDTA to block interference by calcium.  The uncertainties are similar to those encountered with 

OA. First, although EDTA can bind the calcium more strongly than can OA, there is the question 

of whether EDTA can remove the calcium directly from the suspended BTCP.  If not, the pH of 

the liquid would have to be depressed adequately to dissolve the BTCP.  Minteq runs suggested 

that a pH of 6.2 might be required to dissolve all the BTCP. If wastewater is fed to the 

crystallizer at this low a pH, the amount of sodium hydroxide injection required to raise the pH 

sufficiently in the crystallizer could create a zone of very high pH at the injection point and 

generate unwanted struvite fines in the crystallizer. Also, EDTA begins to lose its calcium-

binding strength as the pH falls to near 6, as hydrogen ions begin vying with calcium ions for the 

EDTA binding sites.  Finally, though less likely than in the case of OA, it is possible that when 

phosphate concentration rises with increasing pH in the crystallizer, it could displace EDTA and 

recombine with the calcium.   

 

Procedures for the Experiments 

 

Two experiments were undertaken to test the effects of HA and/or OA.  The first was conducted 

in the laboratory, using raw wastewater taken from the site, and the second took place at the field 

site using the crystallizer. 

 

In the laboratory experiment, raw digestate transported from the crystallizer site was divided into 

eight samples.  Seven of the samples were acidified using HA to pH levels ranging from 0.1 to 

0.7 pH points below the pH of the raw digestate (7.5) in 0.1-point increments.  All eight samples 

were stored one day to allow reaction, after which each sample was stirred well, and its pH 

measured again.  An aliquot of the non-acidified sample was drawn and assayed for 

orthophosphate phosphorus (OP) using a Hach Model PO-19 test kit (Hach Company, Loveland, 

CO.).   Then all eight samples were centrifuged, and the supernate of each sample was assayed 

for OP with the Hach kit.  The OP figures were compared against the OP content of the non-

centrifuged sample to determine the extent to which pH depression would free phosphate by 

dissolving solids that otherwise would be centrifuged out.   

 

In the field experiment for OA/HA, four pairs of two-hour crystallizer runs were made.  For each 

pair of runs, a 500-gallon pretreatment tank was filled to approximately 450 gallons with raw 

digestate and pre-treated, and the crystallizer fed from this one mixed tank through both runs.  

The pH was boosted to 7.8 (0.5 pH points above the digester pH) using sodium hydroxide in all 

runs, and magnesium addition was 40 ppm for one run in each pair and 100 ppm in the other.  
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There were four pretreatments: (1) addition of HA to reduce pH to 6.9; (2) addition of OA in an 

amount equal in moles to the estimated calcium content (100 ppm) and also addition of HA to 

depress the final pretreatment pH to 6.9; (3) addition of neither OA nor HA; and (4) addition of 

OA only, in an amount equal in moles to the estimated calcium content (100 ppm), but no 

addition of HA.  In pretreatment (4), the OA reduced the pH of the digestate to 7.16. 

 

To test the effects of EDTA and HA, two additional experiments were devised.  Both 

experiments took place at the crystallizer site. 

 

The first EDTA/HA experiment consisted of three pairs of crystallizer runs with pretreatment, 

with crystallizer magnesium addition of 40 ppm in one run and 100 ppm in the other of each 

pair.  For all three pairs, the first step in pretreatment was to add HA to reduce pH to 6.2 to 

dissolve all suspended phosphate salts, followed by addition of EDTA in a molar amount 

equivalent to that of 100 ppm calcium, judged a typical calcium content.  These additions were 

followed by addition of sodium hydroxide to raise pH back to 7.3 (that of raw lagoon liquid) and 

6.9 for the first and second pairs, respectively.  For the third pair, the pretreatment included no 

pH boost after the EDTA was added.  The pH was boosted to about 7.8 (the raw lagoon pH plus 

one-half point) in the crystallizer using sodium hydroxide. 

 

The second EDTA/HA experiment expanded upon the first one by replicating the conditions of 

its third pair of runs (EDTA addition plus acidification to 6.2, with no pH adjustment back up) 

two more times.  These conditions had yielded the best P reductions. These runs were also 

replicated three times each without the EDTA, to test whether the improvement was due at least 

in part to the EDTA or resulted simply from the HA.  These combinations produced twelve runs 

with HA pretreatment to pH 6.2: three replicates with two magnesium addition levels, each with 

and without EDTA.    

 

Results 

 

Laboratory HA experiment 

 

Table B3 shows the results from this experiment.  Increasing addition of HA yielded increasing 

OP content in the supernate.  The OP content of the supernate approached that of the non-

centrifuged raw when HA addition was sufficient to lower pH to 6.9.  This result indicates that 

depressing pH to that value is dissolving a suspended phosphate-bearing solid that is reflected in 

the Hach OP test.  The dissolution of the phosphate would presumably render it available for 

removal as struvite in the crystallizer.  There may be phosphate-bearing solids that are not 

reflected in the Hach OP test, and this result provides no evidence as to whether pH depression 

would dissolve them and, if so, how much depression would be needed.  However, these results 

provide evidence that crystallizer performance at the Barham site may be limited at least in part 

by some of the OP being contained in suspended solids rather than as dissolved OP free to 

crystallize as struvite onto the bed particles.  The results provide no evidence as to what those 

solids may be.  Also, note that with time the pH of the samples rises.  The digestate is typically at 

a pH around 7.3 at the site, but its pH had risen to7.5 by the time it was measured in the lab, and 

to 7.66 by the next day.  The results of the sample acidified to 7.1 may be more relevant to 

conditions on site, because its pH was near 7.3 at the time it was centrifuged.  Judging from these 
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data, about 8% of its OP content was contained in a suspended solid (5ppm out of 60 ppm), and 

depression of its pH by 0.25 points (to 7.08) would dissolve that 8%.  

 

Table B3: Hach OP Results from Raw and HA-treated Centrifuged Wastewater 

 

 

Treatment Description 

pH 

depression  

pH, day 1 pH, day 2 OP (ppm) of 

mixed 

sample 

Raw, uncentrifuged 0 7.5 7.66 60.0 

 pH, day 2, 

before 

centrifuging 

OP (ppm) of 

supernate 

Centrifuged, no HA added 0 7.5 7.67 40.0 

 

Centrifuged, HA added 

0.1 7.4 7.62 43.3 

0.2 7.3 7.55 46.7 

0.3 7.2 7.44 50.0 

0.4 7.1 7.33 55.0 

0.5 7.0 7.23 58.5 

0.6 6.9 7.08 60.0 

0.7 6.8 7.00 60.0 

 

 

OA/HA experiment at site 

 

Table B4 shows the results from the OA/HA experiments at the crystallizer site.  It appeared that 

pretreatment with HA had some positive effect. All eight phosphorus reductions (two for each 

run—one OP and one TP) using HA gave better OP reduction and TP (total phosphorus) 

reduction than any not using HA, with the lone exception of the TP reduction on the low-

magnesium OA-only run.  However, the TP analysis for the "in" sample was unusually high for 

that run, resulting in a high TP reduction percentage even though the TP content of the "out" 

sample was higher than that of the "out" samples for any other pre-treatment combination at that 

magnesium level.   

 

The effect of OA was in two directions, depending on whether it was combined with HA.  

Among the runs with HA, those with OA gave slightly poorer results.  Among the runs without 

HA, those with OA gave equal or better results.  The better results when not adding HA may 

have stemmed from the slight pH-depressing effect (to 7.16) of OA rather than from calcium-

tying.  Note that, when HA was added, the pH of the pretreated liquid was the same (6.9) 

regardless of whether OA was added.   

 

In summary, the pH depression provided by HA appeared to improve performance.  OA 

appeared not to provide any calcium-binding benefit, and in fact it degraded performance when 

its pH-depressing effect was negated. 
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Table B4: Phosphorus Reduction in Crystallizer, Using HA and OA Pretreatment Combinations 

Pretreatment 

Description 

Magnesium addition = 40 ppm Magnesium addition = 100 ppm 

OP TP OP TP 
HA to 

pH 6.9 

OA equiv. to 

100 ppm Ca 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

X  58.9 16.7 72 67.1 26.6 60 59.2 12.6 79 62.1 20.2 67 
X X 58.0 17.0 71 58.3 25.7 56 59.2 13.6 77 66.3 26.1 61 
  56.8 21.3 63 58.9 33.3 43 57.0 15.9 72 70.4 28.9 59 
 X 58.5 18.7 68 73.3 29.0 60 58.3 14.8 75 64.3 26.1 59 

 

EDTA/HA experiment with three pretreatments 

 

Table B5 shows results from the EDTA/HA experiment with three pretreatments.  There appears 

to be a trend of improving performance with decreasing final pretreatment pH.  In seven of the 

eight cases where such a comparison is possible, the P reduction (either OP or TP) at a given 

final pretreatment pH and magnesium level improved over that at the same magnesium level but 

the next higher final pretreatment pH.  The lone exception was the OP reduction at the 6.9 final 

pretreatment pH and 100 ppm magnesium.   

 

The data provide little evidence that EDTA improved performance.  Comparing P removals at 

6.9 and 7.3 final pretreatment pH in this experiment, which used EDTA, with those at the same 

pH and no OA in the previous experiment, which used no EDTA, does not reveal any obvious 

difference.  In addition, if EDTA were acting as hypothesized, i.e., tying up the calcium once it 

was freed at pH 6.2 and keeping it bound tightly through the rest of the process, raising the pH to 

6.9 or 7.3 would not degrade performance.  However, raising the pH did in fact degrade 

performance.  This result suggests either that the EDTA did not perform well in tying up calcium 

or that calcium interference is not the principal factor limiting P removal performance. 

 

In the twenty-six preceding runs for which the calcium content of the digestate was tested, the 

calcium content averaged 81 ppm.  The EDTA addition amount was calculated as equimolar to 

100 ppm calcium to provide at least as much EDTA as calcium. However, the calcium content 

was actually higher than this average during this experiment, ranging from 134 to 169 ppm.  This 

difference raises the question of whether the absence of an EDTA effect could have been due to 

the shortfall in EDTA.  However, even though the calcium content of the digestate was high, the 

EDTA, if tying up calcium as hypothesized, should have reduced calcium to 34 to 69 ppm, well 

below the average, and produced at least a modest effect. 
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Table B5: P Reduction in Crystallizer, Using HA and EDTA Pretreatment Combinations 
Final pretreatment 

pH (using NaOH if 

required) after HA to 

pH 6.2 and EDTA 

equiv. to 100 ppm Ca 

Magnesium addition = 40 ppm Magnesium addition = 100 ppm 

OP TP OP TP 
in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

7.3 50.3 21.4 58 57.4 29.8 48 65.1 11.4 82 75.7 26.1 66 
6.9 65.6 25.8 61 76.2 35.2 54 64.8 14.8 77 73.6 23.5 68 
6.2 68.0 17.9 74 78.6 25.5 68 70.4 10.0 86 76.4 19.2 75 

 

EDTA/HA experiment with two pretreatments in three replications 

 

Table B6  shows the "in" and "out" values of OP, as well as OP reduction, for the three 

replications of runs using two different pretreatments (HA alone or with EDTA) and two 

magnesium addition levels in the crystallizer.  Table B7 shows the same information for TP. 

 

Table B6: OP and Reduction in Crystallizer, Using HA and EDTA Pretreatment Combinations 

 

 

 

Replicate 

HA alone to pH 6.2, then 7.7 in cone HA plus EDTA to pH 6.2, then 7.7 in 

cone 

Mg = 40 ppm Mg = 100 ppm Mg = 40 ppm Mg = 100 ppm 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

1 65.5 20.4 69 64.2 12.7 80 68 17.9 74 76.4 19.2 86 

2 75.4 14.8 80 77.1 4.5 94 76.8 17.3 78 78.3 6.5 92 

3 77.7 16.2 79 76.8 8.4 89 75.3 15 80 77.9 6.8 91 

Mean 72.9 17.1 76 72.7 8.5 88 73.4 16.7 77 77.5 10.8 90 

 

 

Table B7: TP and Reduction in Crystallizer, Using HA and EDTA Pretreatment Combinations 

 

 

 

Replicate 

HA alone to pH 6.2, then 7.7 in cone HA plus EDTA to pH 6.2, then 7.7 in 

cone 

Mg = 40 ppm Mg = 100 ppm Mg = 40 ppm Mg = 100 ppm 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

in 

ppm 

out 

ppm 

red. 

% 

1 70.3 31.7 55 70.9 26.3 63 78.6 25.5 68 76.4 19.2 75 

2 82.4 35.3 57 80 30.1 62 82.5 34.1 59 78.6 30.7 61 

3 74.8 35.1 53 81.8 28.5 65 79.3 34.5 56 83 29.8 64 

Mean 75.8 34.0 55 77.6 28.3 63 80.1 31.4 61 79.3 26.6 67 
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Tables B8, B9, B10, and B11 present analyses of variance for OP out, OP reduction, TP out, and 

TP reduction. 

 

Table B8: Analysis of Variance for OP Out 

   

ANOVA       

Source of 

Variation SS df MS F P-value F crit 

EDTA 2.7075 1 2.7075 0.135065 0.722769 5.317645 

Magnesium 157.6875 1 157.6875 7.866348 0.02303 5.317645 

Interaction 5.4675 1 5.4675 0.27275 0.615642 5.317645 

Within 160.3667 8 20.04583    

       

Total 326.2292 11         

 

 

 

Table B9: Analysis of Variance for OP Reduction 

 

ANOVA       

Source of 

Variation SS df MS F P-value F crit 

EDTA 8.333333 1 8.333333 0.311526 0.592018 5.317645 

Magnesium 432 1 432 16.14953 0.003848 5.317645 

Interaction 0.333333 1 0.333333 0.012461 0.913867 5.317645 

Within 214 8 26.75    

       

Total 654.6667 11         

 

 

Table B10: Analysis of Variance for TP Out 

 

ANOVA       

Source of 

Variation SS df MS F P-value F crit 

EDTA 14.52 1 14.52 0.779702 0.402986 5.317645 

Magnesium 83.21333 1 83.21333 4.46843 0.067466 5.317645 

Interaction 0.653333 1 0.653333 0.035083 0.856085 5.317645 

Within 148.98 8 18.6225    

       

Total 247.3667 11         
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Table B11: Analysis of Variance for TP Reduction 

  

ANOVA       

Source of 

Variation SS df MS F P-value F crit 

EDTA 65.33333 1 65.33333 2.622074 0.144047 5.317645 

Magnesium 147 1 147 5.899666 0.041272 5.317645 

Interaction 5.333333 1 5.333333 0.214047 0.655938 5.317645 

Within 199.3333 8 24.91667    

       

Total 417 11         

 

 

Magnesium has significant effect (P less than 0.05) for three of the four markers, and for the 

remaining one, it is close.  EDTA average is better (i.e., higher for P removals, lower for P outs)  

than non-EDTA average in seven of eight cases, but effect is insignificant. 
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