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Abstract: Small, municipal wastewater treatment plants (WWTPs) that use aerobic digestion treat
approximately 40% of the discharged wastewater in the USA, and yet they are an overlooked source
of recoverable P. There are no known reports of small, aerobic WWTPs recovering P through struvite
(MgNH4 PO4 ·6H2 O) precipitation for repurposing as a mineral fertilizer, even though some large WWTPs
with anaerobic digestion are. Four small WWTPs in north Florida, USA, with treatment capacities from
371 to 2650 m3 wastewater d−1 and incoming P loads from 2 to 14 kg d−1 were investigated for their
potential to produce struvite from digester filtrates. A chemical equilibrium model was used to predict
the feasibility of struvite production and the results compared with actual WWTP filtrate measurements.
Filtrates from aerobic digesters were able to form struvite if solution pH was increased by ≤1 pH unit.
Depending on the WWTP, P recovery in filtrates through struvite precipitation ranged from 27–57% by
mass at pH 8.5, via NaOH additions or air sparging. Increasing filtrate Mg concentrations improved P
recovery up to 97%. Based upon these results, small WWTPs using aerobic digestion will be able to lower
their P waste output through recovery as struvite fertilizer.
Keywords: activated sludge; aerobic digestion; phosphorus; struvite; wastewater treatment plant

1. Introduction
Global phosphorus (P) demand continues to increase but it is debatable how long P reserves
will last. Cordell et al. [1] suggested that P reserves may be exhausted within decades. If true,
then it will be critical for the agriculture industry to identify alternative sources of P-based fertilizer.
In contrast, Scholz et al. [2] contended that reserves will likely remain viable for hundreds of years, with
demand-side production controlling prices and availability. If this argument is true, then preventing
excess P from entering aquatic systems will be increasingly necessary, as projected P demand and use
increases. Regardless, both arguments support the need for P recycling and recovery.
In the USA, there are over 14,000 municipal wastewater treatment plants (WWTPs) processing over
1736 m3 s−1 (33,000 million gallons per day) of wastewater [3]. National-scale, influent P concentration
statistics are difficult to obtain, but total P concentrations entering a WWTP often range from 3–11 mg
P L−1 [4]. If one considers an average influent concentration of 7.5 mg P L−1 , then approximately
0.34 Tg P annually is being processed through WWTPs in the USA [3]. Wastewater P originates
primarily from human excreta, food wastes, food additives, and detergents [5]. In comparison,
the USA consumed 1.8 Tg P fertilizer in 2014 [6] or about 5 times the P mass being passed through
WWTPs. However, if recovery and re-use was fully implemented, P fertilizer demand from phosphate
rock can potentially be reduced 20%.
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Technologies exist to recover almost all the P load entering WWTPs [7]. Phosphorus removal is
primarily through an accumulation of biological solids. The biological solids are further processed to
reduce volatile suspended solids and pathogens, which then are reclassified as biosolids. Biosolids are
often used as an organic-based, nitrogen (N) or P fertilizer. Land-applied biosolids as fertilizer may
sometimes be problematic when the fertilizer application rates are based upon biosolids N rather than
P content. Mismatching crop demand with wastes having lower N:P ratios often leads to excessive P
applications, thereby increasing P loss to the surrounding environment. For example, the relative uptake
of N:P by crops is approximately 4:1, whereas biosolids N:P ratios are typically 2:1. Rather than taking
advantage of their fertilizer value, biosolids are often transported to landfills. In fact, approximately a third
of Florida’s biosolids are placed in landfills [8]. Landfilling of biosolids relegates potentially renewable
P and other fertilizer nutrients into a non-recoverable waste. Phosphorus can also leave the WWTP via
the effluent. Effluents must meet water quality standards of the receiving waters. For example, Florida
streams have 0.18 mg L−1 total P limit. Effluent may also be applied to spray fields, or further processed
using other technologies.
Among all the WWTPs in the USA, over a third of wastewater treatment (based upon flow)
occurs at small (≤38,000 m3 wastewater d−1 ) operations. The processed P is typically sequestered into
biosolids [9] and a fraction of the P leaves the plant via the effluent. Although there are a variety of P
recovery technologies available to large plants (>38,000 m3 d−1 ) [7], and more specifically anaerobically
treated wastewater, the small WWTPs nearly universally rely on aerobic treatments [10]. They often
lack the capital, economies of scale, operational staffing and the physical area to implement expensive
technologies, such as anaerobic processing, which favors struvite formation.
Recovering P through struvite (MgNH4 PO4 ·6H2 O) precipitation is an attractive option for P
recovery from municipal wastewater. A general equation for struvite is:
Mg2+ + NH4 + + PO4 3− + 6H2 O → MgNH4 PO4 + 6H2 O

(1)

Struvite precipitation is controlled by a combination of physio-chemical factors affecting both
nucleation and crystal growth. These include temperature, mixing energy, pH, the degree of Mg,
NH4 , and PO4 2− supersaturation, and the presence of competing ions. If conditions are favorable,
struvite can be recovered from various liquid waste streams, including raw wastewater, landfill
leachates, swine and dairy liquors, and anaerobic digester liquor supernatant/centrate/filtrates [11–13].
Spontaneous struvite precipitation in WWTPs was documented as early as 1939 [14] and was often
associated with scaling in plumbing and clogged pumps. Using anaerobic-based WWTPs has resulted
in 71–96% P recovery through struvite crystallization [15]. However, spontaneous struvite precipitation
in small WWTPs is often not as thermodynamically favored. Also, converting smaller WWTPs to
anaerobic treatment (more conducive to struvite formation) is typically cost prohibitive. Therefore, it is
not surprising that large WWTPs have been targeted for developing struvite recovery strategies,
leaving the smaller WWTPs behind [16–18].
Managing for struvite recovery at small WWTPs might be a valid P recovery option. The objectives
of this study were to (1) model and measure struvite formation in unaltered and minimally modified
filtrates recovered from four small, municipal WWTPs located in north Florida, USA, and (2) determine
if struvite production at small WWTPs can be potentially economically feasible.
2. Materials and Methods
2.1. Wastewater Characterization
The four selected wastewater treatment plants (WWTPs) represent two commonly used variations
of activated sludge wastewater treatment (Figure 1). Three of the WWTPs were sequencing batch
reactors, where the activated sludge process was carried out in a single tank, and one WWTP was
a complete-mix reactor, where the activated sludge was returned throughout the entire active sludge
process [4,9]. The treatment capacities of the WWTPs ranged from 371 to 2650 m3 wastewater d−1 (Table 1).
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Wastewater Treatment Plant
Parameters
Wastewater
Treatment
Plant
1
Parameters
11
22 2
32
42
2
Population Served
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Design Treatment Capacity (m3 d−1 )
DesignAverage
Treatment
Capacity
Treatment
(m3 (m
d−13 )d−1)
−
1
Influent P Load (kg
Average
Treatment (m3 dd−1) )
Effluent P Load (kg d−1 )

1
8313
8313
2650

2650
2445
17.6
2445
4.9

2

3980
3980
1893
1893
976
7.0
976
2.0

3

109
109
946
518 946
3.7 518
1.0

735
371
278
2.0
0.6

17.6
7.0
3.7
Influent P 1Load
(kg d−1)
Complete-mix activated sludge plant. 2 Activated sludge sequencing batch reactor.
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predict struvite production from filtrates. The model incorporated pH values from 4 to 14, in
increments of 0.1 units, the ionic strength was set to µ = 0.1, and precipitates were not allowed at 25
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activity solubility product, which in this case was pKso = 13.26 [23]. The IAP was plotted against pH
to determine an optimal pH that allowed for struvite formation and minimal co-precipitate formation.
To quantify potential co-precipitates during struvite formation, the model was executed a second time
at 25 ◦ C, but allowing for other solid phases, particularly in the presence of Ca2+ [24]. However, struvite
kinetics is likely faster than amorphous calcium phosphate [ACP, Ca3 (PO4 )2 ], a precursor to hydroxyapatite
[HAP, Ca5 (PO4 )3 (OH)], magnesite (MgCO3 ) and newberyite (MgHPO4 ) [25,26], and therefore not expected
in the product. Additionally, other slow-forming minerals were removed from model consideration [27].
The omitted species were bobierrite [Mg3 (PO4 )2 ·8H2 O], dolomite [CaMg(CO3 )2 ] [27], hydroxyapatite
[HAP, Ca5 (PO4 )3 (OH)], octacalcium phosphate [OCP, Ca8 H2 (PO4 )6 .5H2 O], and tricalcium phosphate [TCP,
Ca3 (PO4 )2 ] [25]. All other potential solids that might compete for PO4 3− and Mg2+ were allowed in
the model.
Wastewater pH affects struvite precursor concentrations, especially NH4 + , which can evolve
as NH3 gas, along an increasing pH gradient. Struvite crystal size and formation can also be
affected by system pH [12]. A constant pH of 8.5 was maintained by caustic addition for testing
co-precipitate formation, since this was the value that modeled the greatest struvite yield, while
minimizing unwanted co-precipitates. Typically, Mg2+ is the most limiting reagent in domestic
wastewater struvite formation [16–18]. Therefore, Mg2+ concentrations from 1 to 10 mM, at 0.1 mM
increments, were tested to determine its effect on struvite production, at a constant pH of 8.5.
2.3. Experimental Procedure
Filtrates from four different WWTPs were used to compare against the modeled results. For each test,
a 2-L glass beaker with magnetic stirrer represented a continuous stirred-tank reactor (CSTR). For the first
experiment, the pH in the CSTR was adjusted and maintained at pH 8.5 through additions of 5 N NaOH.
For the second experiment, the pH in the CSTR was initially adjusted to pH 8.5 using air sparging and
then monitored until termination. Sparging was through a Sweetwater Air Diffuser (bubble size 1–3 mm)
(Pentair Aquatic Eco-Systems, Cary, NC, USA) placed on the bottom of the beaker. The diffuser delivered
air at 8.5 L min−1 for 30 min, when the experiment was terminated. Stirring or air sparging wastewater
can contribute to struvite nucleation induction without the use of a seedbed [13,16,23].
A third experiment tested filtrate dosing with Mg2+ from Location 1 WWTP, using an A&F
Machine Four Station Portable Jar Mixer (Novatech, Berea, OH, USA) with 1-L glass beakers managed
as CSTRs. A 1 M Mg2+ stock solution was prepared by dissolving MgSO4 ·7H2 O in ultra-pure Type I
deionized/distilled water. Treatments were 0, 24, 48, and 73 mg Mg additions.
The CSTR pH was controlled at 8.5 during each 30-min experiment that also included
continual stirring. The beakers were then covered with Parafilm™ and allowed to settle for 24 h
at 25 ◦ C. Precipitate was passed through a Whatman 42 filter, triple-washed with ultra-pure Type
I deionized/distilled water, air-dried for 24 h, transferred to a desiccator for 24 h, and then
weighed. The supernatant was collected and analyzed for NH4 -N, PO4 -P, and Mg2+ to determine
analyte loss from solution. The precipitate from Location 1 WWTP was characterized by X-ray
diffraction (XRD) analysis on a computer-controlled diffractometer equipped with stepping motor
and graphite crystal monochromator (Ultima IV X-Ray Diffractometer, Rigaku Corp., Tokyo, Japan).
Identification of phase peaks was accomplished by comparing the observed XRD patterns to standards
compiled by the Joint Committee on Powder Diffraction Standards [28]. Solids recovery from the other
WWTP locations were not confirmed by XRD. Supernatant N, P, and Mg2+ concentrations initially (T0)
and after 24 h (T24) were analyzed and used to quantify struvite formation, using Equation (2) [24].
[Struvite] = [C]Precipitated = [C]Initial − [C]Final
where,
[C]Initial is the concentration in solution of NH4 -N, PO4 -P, and Mg2+ at T0.
[C]Final is the concentration in solution of NH4 -N, PO4 -P, and Mg2+ at T24.

(2)
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The percent recovery of N, P, and Mg2+ as struvite were calculated using Equation (3).
% Recovery =

[C] Intial − [C] Final
× 100
[C] Intial

(3)

Struvite yield was determined as the mass of precipitate formed expressed as a percentage of the
calculated (using the model) mass of struvite.
2.4. Statistical Analyses
A mixed model (PROC MIXED) method was used (SAS, version 9.4, SAS Institute, Cary, NC,
USA) for assessing struvite precipitation of filtrates treated by NaOH additions or air sparging from
four locations. Data were subjected to two-way Analysis of Variance (ANOVA) for assessing pH
management by location (two replicates). When significant differences were observed, multiple
comparisons were conducted with the Tukey method (p < 0.05).
3. Results
3.1. Filtrate Characterization
Filtrate characterization from the four WWTPs is given in Table 2. Location 1 samples had NH4 -N and
PO4 -P concentrations that were at least twice the concentrations found at the other WWTPs, and alkalinity
was highest at this location, as well. In comparison, P-competing species Ca2+ , Fe3+ , and Al3+ concentrations
were similar among all locations (Table 2). The model indicated that the measured concentrations of
Al3+ , Ca2+ , and Fe3+ did not interfere with struvite formation and they were not addressed further.
Location 4 WWTP was subjected to significant infiltration and inflow into the sewer collection systems
during the study period, which caused washouts of the aerobic digester’s microbial biomass (sludge)
into the effluent, thereby diluting the digester. The concomitantly lower PO4 -P and Mg2+ concentrations
resulted in lower struvite production compared to the other WWTPs in this study.
Table 2. Aerobically digested sludge filtrate composition.
Parameters 1
pH
ORP (mV)
Alkalinity (as CaCO3 ) (g/m3 )
NH4 + (g/m3 )
PO4 3− (g/m3 )
Mg2+ (g/m3 )
Ca2+ (g/m3 )
Fe3+ (g/m3 )
Al3+ (g/m3 )
1

Wastewater Treatment Plant
1

2

3

4

8.0 ± 0.4
225 ± 37
1197 ± 24
404 ± 112
400 ± 141
32 ± 4
41 ± 13
0.9 ± 0.7
0.7 ± 0.5

7.8 ± 0.4
271 ± 32
359 ± 37
89 ± 26
120 ± 33
20 ± 3
43 ± 1.7
0.4 ± 0.2
0.7 ± 0.4

7.8 ± 0.4
269 ± 42
424 ± 90
8.2 ± 2.1
128 ± 56
30 ± 4
48 ± 11
1.0 ± 0.7
1.2 ± 0.7

8.1 ± 0.3
227 ± 33
515 ± 197
9.6 ± 2.9
35 ± 5
11 ± 3
38 ± 12
2.0 ± 0.3
1.2 ± 1.2

Values represent mean ± standard deviation of 6 samples collected from August 2014 to September 2015.

3.2. Effect of NaOH, Sparging and Mg on Struvite Precipitation
The model predicted that all four of the WWTP filtrates had NH4 -N, PO4 -P, and Mg2+
concentrations adequate for struvite precipitation, once the pH was increased (Table 3). The predicted
maximum struvite oversaturation for all locations was below pH 10.3, using a product solubility
constant (pKso) of 13.26 [23]. Struvite was the favored precipitate to form between pH 8 and 10 in all
cases. In comparison, there was potential competition with brushite ( CaHPO4 ·2H2 O) precipitation
below pH 8, in filtrates from Locations 1 and 3, and brucite (Mg(OH)2 ) precipitation in filtrates above
pH 10, from all locations. These competing minerals were due to predicted consumption of Mg2+ and
PO4 3− , respectively (Figure 2).
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Figure 2. Potential formation products in filtrates from four small WWTPs: (1) Location 1, (2) Location
2. Potential
formation
products
in filtrates from four small WWTPs: (1) Location 1, (2) Location
2Figure
(3) Location
3, and
(4) Location
4.
2 (3) Location 3, and (4) Location 4.

Sparging was tested as a replacement for NaOH for pH adjustment to pH 8.5. Data demonstrated
Sparging struvite
was tested
as a replacement
for NaOH for
adjustment
to pH
8.5.4).
Data
demonstrated
that observed
precipitation
was comparable
to pH
predicted
values
(Table
Based
upon the
2+
that
observed
struvite
precipitation
was
comparable
to
predicted
values
(Table
4).
Based
upon the
stoichiometry of supernatant N, P, and Mg concentrations following treatment, struvite formation
2+
stoichiometry
of supernatant
N, P,
andincrease
Mg concentrations
following
struvite
formation
under
air sparging
led to a small
yield
(p = 0.03) over
the use treatment,
of NaOH for
pH adjustment
(Figure 3). Precipitate collected from treated Location 1 filtrate was confirmed by XRD analysis to be
struvite (Figure 4). The XRD peak height variability among samples may have been due to different
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crystal orientations, especially with the air-sparged sample. In a separate investigation using Location
1 filtrate, struvite precipitation increased with increasing additions of MgSO4 ·7H2 O and had model
support (Figure 5).
Table 4. Comparison of NaOH versus air sparging on struvite precipitation, based upon remaining
NH4 + , PO4 3− , and Mg2+ in solution.
Location
1
2
3
4

NaOH (g m−3 )

Air Sparging (g m−3 )

Predicted

Actual 1

Predicted

Actual 1

342
73.4
70.1
28.8

347 ± 7.1
71.4 ± 0.3
71.1 ± 0.4
27.1 ± 0.2

355
74.1
92.9
30.9

353 ± 4.0
74.4 ± 1.1
93.8 ± 19.8
30.7 ± 0.3

Values represent mean ± standard deviation (n = 2).

4. Discussion
The WWTP filtrate characteristics were representative of filtrates likely to be found in many
small WWTPs across the southern USA. Speciation modeling and analytic measurements support
the potential ability of aerobic digester filtrate to form struvite when the pH is increased to at least
8.5 units, by using either base additions or air sparging. Although pH 8.5 does not maximize P recovery
as struvite, Hao et al. [24] reported that struvite formation at pH ~8.5 lessened the prospect of Ca
and Mg co-precipitates. Lew et al. [29] reported more Mg2+ and PO4 3− co-precipitates formed at
higher pH (conditions that maximized struvite formation). Operating under conditions that promote
mixed P precipitate formation may be allowable under some circumstances, but a business aimed at
commercializing struvite fertilizer will likely desire a relatively pure product.
Sparging eliminates the cost of caustic solutions for pH adjustment, while activated sludge
aeration infrastructure can likely support sparging with minimal economic investment [30].
For example, assuming 2017 NaOH costs of $0.45 kg−1 , the annual cost of caustic addition can
range from $1100 to $8000 per year or 1 to 2.5% of the test plants’ operation and maintenance budgets,
based on treatment volume and initial alkalinity. This equates to approximately $1 to $3 m−3 of treated
wastewater. In comparison, air sparging at a cost of 0.14 kilowatt-hour (kWh) per m3 [31] and an
average 2017 (USD) energy cost of $0.1284 per kWh [32], can range from $49 to $350 per year or 0.1%
or less of the test plants’ operation and maintenance budgets ($0.02 to $0.13 m−3 ). Wastewater pH and
alkalinity may influence CO2 stripping effectiveness and pH responsiveness, thereby sparging costs.
However, it is notable that the four WWTPs varied in alkalinity and initial pH but responded similarly
to sparging and were representative of domestic wastewater in the USA [4].
Another potential benefit of using filtrate sparging is that stripping CO2 from solution may
limit CaCO3 co-precipitates [31]. It is interesting to note that crystals collected from the air-sparged
treatments tended to be larger (39 to 134 µm length) than crystals from the NaOH treated filtrate
(27 to 64 µm length) (Figure 6). Also, crystals from the NaOH treatments were often irregular shaped,
and had non-crystalline floc associated with them that was unidentifiable by x-ray diffraction, due to
lack of crystal structure.
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Sustainability 2019, 11, 376

10 of 12

Table 5. Annual struvite production and wastewater treatment plant P load reduction estimates based
upon treating filtrates from four wastewater treatment plants with air sparging (pH 8.5), and their
potential fertilizer values.
P Load Reduction
Location

1
1 + Mg 1
2
3
4

Filtrate-Scale

Struvite

P Value 2

N+P Value 2

kg P yr−1
1514
1961
223
111
17

USD
$2665
$3451
$392
$195
$30

USD
$3346
$4332
$492
$245
$36

WWTP-Scale

------------------%-----------------59
24
97
43
43
10
41
10
61
3

Location 1 filtrate Mg2+ was elevated from 68 to 141 g Mg m−3 , using MgSO4 ·7H2 O. 2 Column 5 represents
struvite value as a P fertilizer and column 6 represents struvite value as a N+P fertilizer, based upon approximate N
and P fertilizer prices (2017 US dollar amount).
1

Capital costs for constructing filtrate collection systems for the four WWTPs were estimated.
A regression analysis of capital cost to plant design discharge was conducted, using reported
construction bids for similar systems [35] and then updating to 2018 USD [36]. Estimated construction
costs for filtrate collection systems at the study locations ranged from $30,000 to $160,000, based upon
filtrate processing volume. This needs to be verified with a full economic analysis, but initially it
appears that cost of operation and return on investment are within the scope of one or more of the
sampled WWTPs.
The extent of ecological benefits provided by diverting WWTP P into struvite rather than biosolids
may be underappreciated. Struvite is a concentrated P source, having a typical fertilizer analysis of
5-28-0. Therefore, it may be used in place of conventional P mineral fertilizers, with the caveat that
struvite-P is somewhat less soluble. In comparison, biosolids (6-3-0) is often land-applied as a fertilizer
and therefore the soils might accumulate excess P, which can be detrimental to the environment over
time. Increasing biosolids N:P ratio by diverting some of the P to struvite formation might translate
into an environmentally friendlier biosolids fertilizer.
5. Conclusions
Phosphorus recovery as struvite from four small WWTPs was modeled and then confirmed
experimentally, thereby demonstrating that struvite production may be a viable method for P recovery
from small WWTPs that rely on aerobic digestion methods. Pure struvite was obtained through a
modest increase in digester filtrate pH. The economics were improved by replacing the NaOH method
for increasing alkalinity with air sparging. Phosphorus recovery in filtrate collected from four different
commercially operated digesters ranged from 41% to 61%. Increasing the filtrate Mg concentration
through Mg salt additions improved struvite recovery to more than 90%. By increasing struvite P,
it is likely that less P is diverted to biosolids. This might translate into an environmental benefit by
reducing P loading of lands receiving these modified biosolids.
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