Water Research 112 (2017) 137e146

Contents lists available at ScienceDirect

Water Research
journal homepage: www.elsevier.com/locate/watres

Recovery of ammonia and phosphate minerals from swine wastewater
using gas-permeable membranes
lez b
M.B. Vanotti a, *, P.J. Dube a, A.A. Szogi a, M.C. García-Gonza
a
United States Department of Agriculture, Agricultural Research Service, Coastal Plains Soil, Water and Plant Research Center, 2611 W. Lucas St, Florence, SC
29501, USA
b
Agriculture Technological Institute of Castilla and Leon (ITACyL), Valladolid, Spain

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 27 September 2016
Received in revised form
16 January 2017
Accepted 22 January 2017
Available online 30 January 2017

Gas-permeable membrane technology is useful to recover ammonia (NH3) from liquid manures. In this
study, phosphorus (P) recovery via MgCl2 precipitation was enhanced by combining it with NH3 recovery
through gas-permeable membranes. Anaerobically digested swine wastewater containing approximately
1
and 450 mg P L1 was treated using submerged membranes plus low-rate aeration
2300 mg NHþ
4 -N L
to recover the NH3 from within the liquid and MgCl2 to precipitate the P. The experiments included a ﬁrst
conﬁguration where N and P were recovered sequentially and a second conﬁguration with simultaneous
recovery. The low-rate aeration reduced the natural carbonate, increased pH and accelerated NH3 uptake
by the gas-permeable membrane system, which in turn beneﬁted P recovery. Phosphorus removal efﬁciency was >90% and P recovery efﬁciency was about 100%. With higher NH3 capture, the recovered P
contained higher P2O5 content (37e46%, >98% available), similar to the composition of the biomineral
newberyite (MgHPO4$3H2O).
Published by Elsevier Ltd.
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1. Introduction
Conservation and recovery of nitrogen (N) and phosphorus (P)
from livestock, industrial and municipal wastes is important
because of economic and environmental reasons. More sustainable
techniques using P recovery for both solid and liquid waste are
important to close the P cycle in modern human society and
address future scarcity (Desmidt et al., 2015; Keyzer, 2010). In the
United States, the largest source of ammonia (NH3) emissions is
livestock farming, contributing 2.5 million tons/year (EPA, 2014). In
addition, P build up in soils to excessively high levels due to animal
manures often results in eutrophication and pollution of surface
waters (Kleinman et al., 2015). Therefore, the removal and recovery
of N and P is a desirable feature for new treatment technology for
livestock efﬂuents because the nutrients can be exported off the
farm, which could solve the problems of N and P surpluses in
concentrated livestock production, substitute for commercial fertilizers, help close the P cycle, and create new businesses (Keyzer,
2010; Szogi et al., 2015; Vanotti et al., 2009).
Technologies for recovery and reuse of P from livestock efﬂuents
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and also municipal efﬂuents have focused mostly on struvite
(MgNH4PO4$6H2O) precipitation (Burns et al., 2001; Desmidt et al.,
2015; Karunanithi et al., 2015; Nelson et al., 2003). Struvite forms
from 1:1:1 ratios of magnesium (Mg2þ), ammonium (NHþ
4 ) and
phosphate (PO3
4 ). Addition of MgCl2 and NaOH (Burns et al., 2001;
Nelson et al., 2003; Westerman et al., 2008) have been used to
balance Mg2þ to PO3
4 ratio, increase pH, and improve process efﬁciency. Although the process also recovers N, in livestock wastewater
only about <15% of the N contained in the inﬂuent could potentially
3
be recovered through struvite because of the very high NHþ
4 to PO4ratio in these efﬂuents (i.e. 7.6:1 to 17.0:1, Burns et al., 2001), unless
external phosphates are added to balance the NHþ
4 (Liberti et al.,
1986). Another way to recover P is through calcium phosphate
precipitation with Ca(OH)2 at pH > 9. Vanotti et al. (2005) used a
biological nitriﬁcation step to eliminate the carbonate interference
in swine wastewater before precipitating calcium phosphate with
lime. Hao et al. (2013) indicated that future efforts should go to
develop technologies based on other phosphate-based compound:
any acceptable form of phosphate by the fertilizer industry as long as
it contains appropriate P2O5 content (30e40% favored).
New technologies for NH3 abatement in livestock operations are
being focussed on N recovery. These technologies include: 1) reverse
osmosis using high pressure and hydrophilic membranes (Masse
sz et al.,
et al., 2010; Thorneby et al., 1999); 2) nanoﬁltration (Kerte
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2010); 3) air-stripping using stripping towers and acid absorption
(Bonmatí and Flotats, 2003; Liao et al., 1995); 4) zeolite adsorption
through ion exchange (Milan et al., 1997); 5) co-precipitation with
phosphate and magnesium to form struvites (Nelson et al., 2003;
Uludag-Demirer et al., 2005); and 6) a new process using gaspermeable membranes at low pressure (Vanotti and Szogi, 2015;
Garcia-Gonzalez and Vanotti, 2015). Zarebska et al. (2015)
reviewed the pros and cons of all these N recovery methods and
indicated the energy consumption for the gas-permeable membrane
process was among the lowest (0.18 kW h kg NH1
3 ). However, its
main drawback was the cost of alkali chemicals to increase manure
pH (Zarebska et al., 2015).
The gas-permeable membrane process includes the passage of
gaseous NH3 through a microporous, hydrophobic membrane, and
capture and concentration in a stripping solution on the other side
of the membrane. The membrane manifolds are submerged in the
liquid and the NH3 is removed from the liquid before it escapes into
the air (Vanotti and Szogi, 2015); the NH3 permeates through the
membrane pores reaching the acidic solution located on the other
side of the membrane. Once in the acidic solution, NH3 combines
with free protons to form non-volatile ammonium (NHþ
4 ) ions that
are converted into a valuable NHþ
4 salt fertilizer, which is desirable
to export N off the farm to other regions where N is needed.
Gas-permeable membranes have been shown to effectively
recover more than 97% of NHþ
4 from raw and anaerobically digested
swine wastewater (Garcia-Gonzalez and Vanotti, 2015; Dube et al.,
2016; Garcia-Gonzalez et al., 2015). The process is responsive to
increased pH through addition of alkali chemicals, which leads to an
increased release of NH3 from the manure and capture by the
membrane. A strategy to reduce costs of this N recovery process and
facilitate its adoption by farmers is to use simple and inexpensive
alternatives for raising the pH of the manure in a farm setting.
Vanotti and Szogi (2015) proposed the use of gas-permeable
membranes with low-rate aeration and nitriﬁcation inhibitors to
enhance the recovery of NH3 without alkali and reduce costs. Such
conditions applied to stored livestock efﬂuents resulted in a pH
increase of about 1 unit and increased NH3 release. For the purpose
of the enhancement of the recovery of NH3 N recovery using gaspermeable membranes, the term “low-rate aeration” was deﬁned
as an aeration rate that is less than about 5% of the aeration rate
used for biological ammonia removal/nitriﬁcation (Vanotti et al.,
2016). Using the aeration approach, Dube et al. (2016) increased
the pH of swine wastewater to 9.2 without alkali chemicals and
obtained NHþ
4 recovery efﬁciencies of 96e98% while reducing costs
of treatment by 70%. The annualized of NHþ
4 recovery from a 4000head swine farm with anaerobic digester (12,547 kg N/year) using
gas-permeable membranes with low-rate aeration and nitriﬁcation
inhibitors was calculated at $37,926/year: 55.5% for equipment,
37.1% for acid (120 kg H2SO4/day), 4.7% for nitriﬁcation inhibitor
(0.5 kg/d), and 2.7% electrical cost (40.1 kW h/d for power use of
blower and pumps) (Dube et al., 2016). Garcia-Gonzalez et al. (2015)
compared the operational cost of using alkali (NaOH) vs. low-rate
aeration (power and inhibitor) to increase manure pH and optimize N recovery using gas-permeable membranes. Relative to alkali
addition, the aeration approach reduced the costs of NHþ
4 recovery
by 57%. Alkalinity is readily consumed in this system (72e73%
reduction). The N recovery process produces wastewater with
higher pH, lower NHþ
4 concentration and lower carbonate alkalinity
(Dube et al., 2016), which are modiﬁed conditions that could promote P recovery using precipitation processes (Desmidt et al., 2015;
Liu et al., 2015; Nelson et al., 2003; Vanotti et al., 2003).
We hypothesized that, by implementing P precipitation in combination with the membrane N recovery system, the phosphorus
recovery could also beneﬁt. The objective of this study was to
evaluate the potential advantages and technical feasibility of

simultaneous N and P recovery suitable for digester efﬂuents. It
combines a gas-permeable membrane technology (N recovery) with
P recovery of solid products by precipitation. The P precipitating
agent selected was MgCl2 with or without alkali supplements.
2. Materials and methods
2.1. Basic process conﬁguration
The basic conﬁguration of the process evaluated in the experiments is shown in Fig. 1 (Vanotti et al., 2016). The overall goal was
to synchronize the recovery of phosphorus (P) via chemical precipitation with the recovery of NH3 through gas-permeable membranes and low-rate aeration by taking advantage of the increased
pH and alkalinity destruction during the N recovery. Ammonia
from anaerobically digested swine efﬂuent was extracted in an
ammonia-separation tank using a submerged gas-permeable
membrane module and its was recovered in a stripping acid solution reservoir/nitrogen concentration tank. Low-rate aeration was
provided in the ammonia separation tank to increase pH and the
ammonium (NHþ
4 ) recovery rate (Dube et al., 2016). A phosphorus
recovery tank separated precipitated phosphorus. The two conﬁgurations evaluated in this work used the same NH3 recovery system
but varied in the location where the P precipitating agents were
added. In the ﬁrst conﬁguration (experiment 1), the P precipitating
agents (MgCl2 with or without NaOH) were added to the liquid after
NHþ
4 was substantially removed. In the second conﬁguration
(experiment 2), the same P precipitating agents were added into
the ammonia-separation tank at the start of N separation with the
liquid containing high NHþ
4 concentration. The two experiments
were done under laboratory conditions.
2.2. Ammonia separation reactor
The NH3 recovery portion of the study was done using the
ammonia-separation reactor and protocol of Dube et al., 2016
(Fig. A.1). It consisted of a 2-L aerated ammonia-separation tank
with an effective liquid manure volume of 1.5 L ﬁtted with a submerged gas-permeable membrane connected with a stripping solution reservoir containing 0.25 L diluted 1N sulfuric acid (stripping
solution). The acid solution was continuously recirculated at
4 mL min1 through the inside of the tubular membrane located in
the ammonia-separation tank using a peristaltic pump (ColeParmer, Masterﬂex L/S Digital Drive, Illinois, USA). The tubular
membrane was anchored to a glass rod inside the vessel to ensure
submersion in the liquid manure. The tubular membrane was made
of e-PTFE material (Phillips Scientiﬁc, Inc., Rock Hill, SC) with a
length of 60 cm, outer diameter of 10.25 mm, and wall thickness of
0.75 mm. It had an average pore size of 2.5 mm and bubble point of
210 kPa. Bubble point was determined as the minimum pressure
required to force air through the membrane which has been prewet
with isopropylalcohol (ASTM, 2011). The ratio of the tubular
membrane length per manure volume was 0.04 cm cm3 and the
ratio of e-PTFE membrane area per length was 0.0323 m2 m1. Lowrate aeration was delivered to the bottom of the ammoniaseparation tank at a rate of 0.12 L-air L-manure1 min1 using an
aquarium air pump, a shielded air ﬂow meter with a precision valve
(GF-9260, Gilmont Instruments, Illinois, USA) and an aquarium
diffuser stone that provided ﬁne bubbles. The lid of the ammoniaseparation tank was not sealed; it had one open port that allowed
the air to escape. Nitriﬁcation inhibitor N-Serve (TCMP - 2-chloro-6
trichloromethyl pyridine, Hach, Loveland, CO, USA) was added to
the manure at a rate of 22.5 mg L1 dosage to ensure nitriﬁcation
inhibition (Dube et al., 2016). Small volume wastewater samples
(2 mL) were drawn daily from the ammonia separation tank to test
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Fig. 1. Schematic showing the basic conﬁguration of the process used to remove ammonia and phosphorus from liquid swine manure.

for alkalinity and NHþ
4 concentration. Samples from the stripping
solution (0.2 mL) were also taken daily and tested for NHþ
4 . The pH
was measured daily directly in the wastewater and stripping solution. Concentrated sulfuric acid was added to the stripping acid
solution reservoir as needed to an end-point pH of about 1 when
the pH of the stripping solution increased above about 2 as result of
active NH3 capture (NH3 þ Hþ / NHþ
4 ).
2.3. Phosphorus separation in experiment 1 (conﬁguration 1)
In this experiment, NH3 was substantially removed from
wastewater (about 70%) with the gas-permeable membrane process in a ﬁrst step. In a second step, P precipitating agents were
added to the N treated efﬂuent in the phosphorus-recovery tank
(Fig. 1). The efﬂuent from the ammonia-separation tank after 2 days
of treatment was transferred to a 2-L phosphorus separation tank
where it was mixed with magnesium chloride (MgCl2) with or
without NaOH to obtain P precipitate. The chemical used was
MgCl2$6H2O (CAS 7791-18-6, Sigma Aldrich, St. Louis, MO). In both
treatments, the rate of Mg applied was 16.4 mmol L1 (3.34 mg
MgCl2$6H2O L1). This rate was based on the initial total P concentration in the wastewater (about 430 mg L1) and a Mg:P molar
ratio setting of about 1.2:1. In the second treatment (with NaOH),
the phosphorus recovery tank received approximately 10 mmol
NaOH after the addition of MgCl2 to increase the pH to 9.2. The
chemicals were reacted with the efﬂuent by mixing with a stirrer
for about 1 min. After about a 0.5 h gravity sedimentation period,
the supernatant (treated efﬂuent, Fig. 1) was decanted using a
peristaltic pump, sampled and analyzed for total P, NHþ
4 , TKN, and
alkalinity. The P precipitate sludge was further dewatered using
glass ﬁber ﬁlters and washed with small portions of distilled water
in ﬁne stream until ﬁltrate measured about three times the initial
wet sludge volume. Solids were dried at 40  C in a forced-air drier
and characterized for dry weight, total N, NHþ
4 , TKN, P, Mg, Ca, and K
and citrate soluble P (plant available P). Mass balances were

conducted to calculate recoveries of N and P by measuring ﬂows
and concentrations in the inﬂow and the three outputs of the
system in Fig. 1. All experiments were duplicated. The entire process was performed at room temperature of approximately 25 C.
2.4. Phosphorus separation in experiment 2 (conﬁguration 2)
In this conﬁguration, the P precipitating agents (MgCl2 with or
without NaOH) were added ﬁrst to the digester efﬂuent in the
ammonia-separation tank containing high-ammonia concentration
(Fig. 1). In this example, the ammonia-separation tank also acts as a
P reaction tank. There were three chemical treatment combinations. One treatment received only MgCl2 addition at
16.4 mmol L1. Another treatment received MgCl2 in the same
dosage and a small amount of alkali, approximately 3 mmol L1 of
NaOH, to adjust the pH to 8.2. The third treatment received MgCl2
in the same dosage and a larger amount of alkali, 117 mmol/L NaOH,
to reach pH 9.2. The MgCl2 was added ﬁrst to the wastewater and
then NaOH was added in the second and third treatment while
mixing with a stirrer and monitoring pH. The wastewater with
mixed chemicals was reacted in the ammonia/phosphorusseparation tank. Low-rate aeration was used in the ammoniaseparation tank as described before to increase process pH and
enhance the capture and recovery of the NH3 and the formation of P
solids at the higher pH created by aeration. The process was
completed at the end of the NH3 extraction when >90% of the NHþ
4
was removed from the manure. The treatment time for the swine
anaerobic digester efﬂuents containing approximately 2400 mg
NH3/L was approximately 5e6 days. At that time, all the P was in
solid form and precipitated. The mixed liquid and solids was
transferred to a settling vessel. After about 0.5 h gravity sedimentation period, the supernatant (treated water, Fig. 1) was decanted,
sampled and analyzed for total P, NHþ
4 , TKN, and alkalinity. The P
precipitate was dewatered and characterized in the same manner
as experiment 1. Mass balances were conducted to calculate
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recoveries of N and P by measuring ﬂows and concentrations in the
inﬂow and the outputs of the system. All experiments were
duplicated. The entire process was performed at room temperature
of approximately 25 C.

1.35 mg L1, and Zn 1.14 mg L1.
3. Results and discussion
3.1. Experiment 1

2.5. Analytical methods
Alkalinity was determined with an automatic titrator (TitroLine
easy, Schott Instruments) by measuring the amount of 0.01 N hydrochloric acid required to reach an end-point pH of 4.5 and was
reported as mg CaCO3 L1 (total alkalinity, Standard Methods
2320 B). The pH was monitored using a pH meter (Orion Star A111,
Thermo Scientiﬁc). Determination of total solids (TS), volatile solids
(VS), chemical oxygen demand (COD), total Kjeldahl nitrogen
(TKN), ammonium (NHþ
4 ), nitrate-N, total phosphorus (P) and
phosphate-P in the liquid manure samples were performed using
the APHA Standard Methods (1998). Total solids (TS) were determined after sample drying to constant weight at 105  C and volatile
solids (VS) were determined after further ignition in a mufﬂe
furnace at 500  C for 15 min (Standard Methods 2540 B and 2540 E,
respectively). Chemical oxygen demand (COD) was determined
through the closed reﬂux colorimetric method (Standard Method
5220 D). The NHþ
4 analysis was done by colorimetry (Technicon
Instruments Corp, 1997, Standard Method 4500-NH3 G).
Phosphate-P was determined with the automated ascorbic acid
method (Standard Method 4500-P F) and nitrate-N by the automated Cd reduction method (Standard Method 4500-NO-3 F). The
total phosphorus (P), Calcium (Ca), Mg (magnesium), and potassium (K) concentrations in the liquid were determined using nitric
acid digestion with peroxide (EPA 3050B) using a block digester
(Peters, 2003) and inductively coupled plasma (ICP) analysis
(Standard Method 3125). For the recovered phosphorus solids, N
was determined using TKN acid digestion (Gallaher et al., 1976) and
the salicilate method (Standard Method 4500-Norg D) adapted to
digested extracts (Technicon Instruments Corp., 1977). The P content in the recovered phosphorus solids was determined using HCl
acid extraction (Vanotti et al., 2003). For the HCl extraction, 5 mL of
1 N HCl was added to 100 mg of dry precipitate in a test tube,
vortexed for 1 min, and allowed to sit for 1 h. The extract was
diluted to 75 mL with distilled water and analyzed using ICP
analysis. The K, Ca and Mg concentrations were also measured in
the HCl extract using ICP. Citrate-insoluble P and plant available P
(citrate-insoluble P subtracted from total P) were determined according to AOAC Ofﬁcial Methods 963.03 and 960.02 (AOAC
International, 2000). Data results were analyzed by means and
standard deviation. Removal and recovery efﬁciencies of P and N
were determined using mass balances that considered the manure
liquid volume and P and N concentrations before and after treatment as well as in the mass of N and P in recovered phosphorus
solids and the N concentration tank.
2.6. Origin of manure
Liquid swine manure was collected from a source of anaerobic
digester supernatant efﬂuent in North Carolina, USA. The manure
was collected from the supernatant efﬂuent of covered anaerobic
lagoons on a swine ﬁnishing farm growing pigs from 22.7 to 100 kg.
Three 15-L plastic containers were ﬁlled using a pump, transported
to USDA-ARS laboratory in Florence, SC and stored at 4  C until
used. The stored liquid manure was thoroughly mixed before use in
the experiments. The digested liquid manure contained, on
average, pH 8.36, alkalinity 11.4 g L1, TS 8.5 g L1, VS 1.5 g L1, COD
1700 mg L1, TKN 2460 mg L1, NH4-N 2330 mg L1, nitrate-N
0 mg L1, K 2300 mg L1, P 446 mg L1, phosphate-P 363 mg L1,
Ca 63.8 mg L1, Mg 10.3 mg L1, Fe 3.26 mg L1, Al 1.28 mg L1, Cu

In this experiment, the initial goal was to remove approximately
70% of the NHþ
4 from the digester supernatant wastewater (containing 2300 mg NH4-N/L) in the ammonia separation tank in a ﬁrst
step, and then apply MgCl2 in a second step to precipitate the P
under conditions of reduced NHþ
4 concentrations (Conﬁguration 1,
Fig. 1 and Table 1). The ammonia separation tank with gaspermeable membrane module and aeration was operated in a
batch process. The NHþ
4 concentration in the manure was monitored daily and the target level of removal of 70% was reached at
about two days of treatment (Fig. 2). At that time, the N recovery
process was stopped and the liquid was transferred to the P recovery tank. During the 2-day N recovery period, NHþ
4 concentration in the wastewater was reduced from an initial
2300 ± 110 mg N L1 to 696 ± 56 mg N L1. At the same time, the
NHþ
4 concentration in the stripping solution increased linearly from
0 to 9580 ± 778 mg N L1 (Fig. 2), about 4 times the concentration
of the inﬂuent manure. The NHþ
4 recovery efﬁciency obtained in the
ammonia-separation tank was 99.9% (Table 1).
Since the removal of NH3 by the gas-permeable membrane increases the acidity in the liquid manure as represented in Eq. (1)
(Dube et al., 2016), an increased pH is needed for efﬁcient N uptake by the gas-permeable process (Garcia-Gonzalez and Vanotti,
2015).
þ
NHþ
4 / NH3 þ H

(1)

Low-rate aeration was an effective approach to increase the pH
of the manure and achieve high N recovery efﬁciency without
chemicals consistent with Dube et al. (2016) and Garcia-Gonzalez
et al. (2015, 2015) showed that the positive effect of the low-rate
aeration on the NHþ
4 recovery rate by the gas-permeable membrane process was equivalent to adding 2.14 g NaOH per L of
manure. Dube et al. (2016) showed that the low-rate aeration
resulted in a higher pH along with 5e6 times as fast recovery
compared to the same system without aeration. During aeration of
the manure, carbonate alkalinity is consumed and OH is instantly
released, subsequently raising the pH of the manure according to
Eq. (2) and enhancing both the formation of NH3 as deﬁned in Eq.
(3) and the NH3 uptake via the gas-permeable membrane.

HCO
3 þ air / OH þ CO2

(2)


NHþ
4 þ OH / NH3 þ H2O

(3)

During the 2-day N recovery period with low-rate aeration, the
pH of the manure increased about one unit, from 8.36 ± 0.01 to
9.38 ± 0.06, and the total alkalinity concentration was reduced from
11,400 ± 35 mg L1 to 6230 ± 239 mg N L1 (Table 1).
Higher pH, lower carbonate alkalinity and reduced NHþ
4 are
modiﬁed conditions in livestock wastewater that enhance precipitation of phosphates with alkaline earth metal precipitating compounds (Vanotti et al., 2005). In this experiment, those conditions
were attained. The efﬂuent after NH3 treatment had a high pH of
approximately 9.38 as a result of CO2 stripping (Eq. (2)), and a lower
alkalinity by the removal of NH3 thru the membrane and release of
hydrogen ions (Eq. (1)). The high pH was sufﬁcient to effectively
precipitate the P with MgCl2 without need of alkali (NaOH) addition
(Table 1). After rapid mixing with the MgCl2$6H2O, the phosphorus
quickly precipitated as a solid. Precipitate ﬂocs were visible. The
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Table 1
Removal and recovery of ammonia and phosphorus from liquid swine manure using gas-permeable membranes and magnesium chloride precipitation in conﬁguration 1.a,b
MgCl2 Applied
(mmol L1)

NaOH Applied
(mmol L1)

pH

Total Alkalinity (mg NH4-N
(mg L1)
CaCO3 L1)

Total P
(mg L1)

NH4-N Removal
Efﬁciencyc (%)

P Removal
Efﬁciencyd (%)

NH4-N Recovery
Efﬁciencye (%)

P Recovery
Efﬁciencyf (%)

Inﬂuent
0

e

8.36
(0.01)

11,400 (35)

2300
(110)

446 (7)

e

e

e

e

9.38
(0.06)
Efﬂuent after phosphorus precipitation
16.4
0
8.45
(0.00)
16.4
9.5
9.19
(0.01)

6230 (239)

696 (56)

462 (1)

69.7

e

99.9

e

4800 (20)

574 (0)

21 (1)

75.0

95.3

94.9

99.1

4440 (7)

537 (13)

12 (2)

76.6

97.3

92.8

97.4

g

Efﬂuent after ammonia removal
0
e

In Conﬁguration 1, the precipitating chemicals were added after NHþ
4 was substantially removed from the manure with gas-permeable membrane module.
1.5 L manure in a 2 L vessel, using 250 mL 1 N H2SO4 of acidic solution in the concentrator tank (recirculation rate of 4 mL min1) and membrane tubing length ¼ 0.6 m
(area ¼ 194 cm2). Aeration rate ¼ 180 mL min1 (0.12 L air L manure1 minute1). Data are average and std. dev. of duplicate reactors.
c
NH4-N removal efﬁciency ¼ (NH4-N removed from manure/initial NH4-N in manure) x 100.
d
P removal efﬁciency ¼ (P removed from manure/initial P in manure) x 100.
e
NH4-N recovery efﬁciency ¼ [(NH4-N recovered by membrane in concentration tank þ NH4-N recovered as solid in the precipitate)/(NH4-N removed from manure)]  100.
Recovered N shown Table 2.
f
P recovery efﬁciency ¼ (P recovered in the precipitated solid/P removed from manure) x 100. Recovered P shown in Table 2.
g
Ammonia removal step after 2-days when about 70% of N was removed.
a

2500

12500

2000

10000

1500

7500

1000

5000

500

2500

0

0
0

1

2

Ammonia in N Concentration
Tank (mg N/L)

Ammonia in N Separation
Tank (mg N/L)

b

Time (d)
Ammonia Separation Tank
N Concentration Tank
Fig. 2. Removal and recovery of ammonia using gas-permeable membranes in
experiment 1 (conﬁguration 1). The error bars are standard deviation of duplicate
experiments.

efﬁciencies of P removal obtained using MgCl2 were high in both the
treatment without alkali addition and the treatment with NaOH
addition: 95 and 97% (Table 1). Corresponding P recovery efﬁciencies
(how much of the P removed from wastewater was recovered) were
also high: 99 and 97%. Therefore, alkali addition was not needed to
precipitate the P with MgCl2. Mass balances of the recovery of N and
P are shown in Table 2. Using conﬁguration 1, the N that was
recovered (about 71%) was mostly recovered by the gas-permeable
membrane and little (1.5%e1.6%) of the N was recovered in the
solid precipitate. For P, conﬁguration 1 recovered 94% of the P. The
unaccounted N and P were generally low (<5.5%). Overall, results of
nutrient recovery obtained with conﬁguration 1 indicate that efﬁcient N and P recovery can be obtained using the gas-permeable
system and subsequent P precipitation with alkaline earth metal
compounds, in this case MgCl2. Low-rate aeration had the double
beneﬁt that substituted for alkali chemical addition twice: during
capture of NH3 with the membrane system and during the precipitation of Mg phosphates.
3.2. Experiment 2
In this experiment, the P precipitating agents (MgCl2 alone or

with NaOH) were added ﬁrst in the ammonia-separation tank to
the digester supernatant efﬂuent containing high-ammonia concentration (Conﬁguration 2, Fig. 1). In this example, the ammonia
separation tank also acts as a P reaction tank and the precipitation
of P with Mg occurs with higher NHþ
4 concentrations present. The
initial pH of wastewater was 8.36 ± 0.01. After MgCl2 addition, it
decreased to 7.87 ± 0.01. In the treatment with only MgCl2 addition,
the pH increased after aeration over one day to 9.47 ± 0.01 when
the P was being reacted and precipitated and the NH3 extracted,
simultaneously (Table 3). In the treatments with MgCl2 plus addition of alkali to a target pH 8.2 (2.7 mmol NaOH L1) and 9.2
(117 mmol NaOH L1), the pH increased further after aeration to a
ﬁnal pH that was about the same as the treatment without NaOH:
about 9.6e9.7 vs. 9.5, respectively (Table 3). The N recovery process
with aeration plus precipitation signiﬁcantly reduced the total
alkalinity in the liquid. It was reduced from 11,400 ± 35 mg L1 to
2520 ± 108 mg L1 at a rate of 3.9 g total alkalinity consumed per g
of N removed from the liquid. From Eq. (1), it may be shown that
3.57 g of alkalinity as CaCO3 are destroyed per g of NH3-N removed
by the membrane system. Liu et al. (2015) indicated that in
3
Mg2þeCa2þeNHþ
4 ePO4 systems, the bicarbonate alkalinity plays
an important role in phosphate removal because it decreases the
removal rate of phosphate in the precipitate reaction.
The NHþ
4 concentration in the manure was monitored daily and
the target level of removal of >90% was reached at about 5e6 days
of treatment (Fig. 3). At that time, the liquid was transferred to a
settling vessel to harvest the suspended P solids. In all three
treatments, the total P recovered by the system was high, approximately >99%, as well as the total N recovered of approximately
>88% (Table 2, conﬁguration 2). During the N recovery period, NHþ
4
concentration in the wastewater was reduced >93% from an initial
2350 ± 92 mg N L1 to <170 mg N L1 at 5e6 days. At the same
time, the NHþ
4 concentration in the stripping solution increased to
approximately 12,000 mg N L1 (Fig. 3), about 5 times the concentration of the inﬂuent manure. The NHþ
4 removal efﬁciency
(93e97%, Fig. A.2) and the NHþ
4 recovery efﬁciency (92e93%,
Table 3) obtained in the ammonia-separation tank after 5e6 days
were consistent among the three treatments. However, the rate of
NHþ
4 removal observed during the ﬁrst 24 h was different. This rate
was faster in the alkali amended treatments. For instance, in the
ﬁrst 24 h, 270 mg NH4-N L1 were removed from liquid manure in
the 0 mmol NaOH L1 treatment (aeration only), compared to NHþ
4
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Table 2
Mass balances of the recovery of ammonia and phosphorus from digested swine efﬂuent using gas-permeable membrane module and chemical precipitation.a
Conﬁguration MgCl2 Applied (mmol NaOH Applied (mmol Nutrient Mass
L1)
L1)
Inﬂow
Inﬂuent

Mass Outﬂow
Recovered in Solid
Precipitate

Total
Recoveredc
Unaccountedb

Recovered by
Membrane

Efﬂuent

37 (1.6%)

1600 (69.6%)

421 (94.4%)

0 (0.0%)

574
87 (3.8%)
(25.0%)
21 (4.7%) 4 (0.9%)

35 (1.5%)

1600 (63.3%)

423 (94.8%)

mg (% of initial)
1

16.4

0

N
P

1

16.4

9.5

N
P

2d

16.4

0

N
P

2

16.4

2.7

N
P

2

16.4

117

N
P

a
b
c
d

2300
(100%)
446
(100%)
2300
(100%)
446
(100%)
2350
(100%)
446
(100%)
2350
(100%)
446
(100%)
2350
(100%)
446
(100%)

1630 (71.2%)
421 (94.4%)

0 (0.0%)

537
126 (5.5%)
(23.4%)
12 (2.7%) 11 (2.5%)

1630 (71.1%)
423 (94.8%)

184 (7.8%)

1950 (82.8%)

69 (2.9%) 152 (6.5%)

2130 (90.6%)

472 (105.9%)

0 (0.0%)

24 (5.4%) 0 (0.0%)

472 (105.9%)

104 (4.4%)

1970 (83.6%)

2070 (88.0%)

441 (98.8%)

0 (0.0%)

157
126 (5.3%)
(6.7%)
26 (5.8%) 0 (0.0%)

68 (2.9%)

2100 (89.3%)

500 (112.0%)

0 (0.0%)

441 (98.8%)

163
0 (0.0%)
(6.9%)
41 (9.2%) 0 (0.0%)

2170 (92.2%)
500 (112.0%)

Mass balances based on a per liter (L) inﬂuent basis.
Unaccounted ¼ Inﬂuent e (recovered in solid precipitate þ recovered by membrane þ efﬂuent).
Total recovered ¼ (Recovered in solid precipitate þ recovered by membrane)/Inﬂuent x 100.
Mass balance for this case shown also in Fig. 4.

Table 3
Removal and recovery of ammonia and phosphorus from liquid swine manure using gas-permeable membranes and magnesium chloride precipitation in conﬁguration 2.a,b
MgCl2 Applied
(mmol L1)

NaOH Applied
(mmol L1)

pH

Total Alkalinity (mg NH4-N
(mg L1)
CaCO3 L1)

Inﬂuent
0

e

8.36
(0.01)

11,400 (35)

Efﬂuent after ammonia removal and phosphorus precipitation
16.4
0
9.47
2520 (108)
(0.01)
16.4
2.7
9.56
2600 (207)
(0.02)
16.4
117
9.69
5310 (16)
(0.21)

NH4-N Removal
Efﬁciencyc (%)

P Removal
Efﬁciencyd (%)

NH4-N Recovery
Efﬁciencye (%)

P Recovery
Efﬁciencyf (%)

2350 (92) 446 (7)

e

e

e

e

69 (55)

24 (2)

97.1

94.6

93.3

111.9

157 (86)

26 (8)

93.3

94.2

93.4

104.9

163 (51)

41 (7)

93.1

90.8

92.0

123.3

Total P
(mg L1)

a
In Conﬁguration 2, the precipitating chemicals were added into the ammonia separation tank at the start of NHþ
4 removal from the manure with the gas-permeable
membrane module.
b
1.5 L manure in a 2 L vessel, using 250 mL 1 N H2SO4 of acidic solution in the concentrator tank (recirculation rate of 4 mL min1) and membrane tubing length ¼ 0.6 m
(area ¼ 194 cm2). Aeration rate ¼ 180 mL min1 (0.12 L air L manure1 minute1). Data are average (and std. dev.) of duplicate reactors.
c
NH4-N removal efﬁciency ¼ (NH4-N removed from manure/initial NH4-N in manure) x 100.
d
P removal efﬁciency ¼ (P removed from manure/initial P in manure) x 100.
e
NH4-N recovery efﬁciency ¼ [(NH4-N recovered by membrane in concentration tank þ NH4-N recovered as solid in the precipitate)/(NH4-N removed from manure)] x 100.
f
P recovery efﬁciency ¼ (P recovered in the precipitated solid/P removed from manure) x 100.

removals of 650 and 830 mg NH4-N L1 the 2.7 and 117 mmol
NaOH L1 treatments (Fig. 3).
The process reduced total P concentrations in the efﬂuent about
91e95%, from 446 ± 7 mg P L1 to <50 mg P L1 (Table 3). A
schematic mass balance of the recovery of N and P (for the ﬁrst case
without alkali addition) is shown in Fig. 4. The process provided
quantitative recovery of the P in the solid form and yielded
approximately 100% recovery. For N, the combined process recovered approximately 91%; approximately 8% of the N was recovered
in the P precipitate and approximately 83% of the N was recovered
in the NHþ
4 concentrate with the gas-permeable membrane module. The addition of alkali to the process did not improve N or P
recovery efﬁciencies. However, the alkali addition affected the

amount of N recovered in the P precipitate, it decreased from
approximately 8%e3% (Table 2). It also affected the P2O5 grade and
P:Mg:N molar ratios of the P product as discussed in the following
section. Overall, results of nutrient recovery obtained with conﬁguration 2 indicate that efﬁcient N and P recovery can also be obtained using the gas-permeable system and simultaneous P
precipitation with MgCl2 in a single operation.
3.3. Composition of the recovered phosphorus products
Nearly 100% of the total P removed from the liquid manure using
the process (conﬁgurations 1 and 2) was recovered in the precipitated solids, as shown in the solid analyses (Table 4). The precipitate
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6

Time (d)

Ammonia Separation Tank
N Concentration Tank
Fig. 3. Removal and recovery of ammonia using gas-permeable membranes and
aeration in experiment 2 (conﬁguration 2). A) Treatment 1e0 mmol/L NaOH, B)
Treatment 2e2.67 mmol/L NaOH, C) Treatment 3e117 mmol/L NaOH. The error bars
are standard deviation of duplicate experiments.

settled readily within 0.5 h, and it was concentrated to a volume
that ranged from 15 to 27 mL per L of liquid treated. Although the P
recovery using the gas-permeable membrane process with Mg
precipitating compounds was consistently high in all conﬁguration
and treatments, the chemical composition of the P precipitate obtained varied with system conﬁguration and the treatments
(Tables 4 and 5).
The process with conﬁguration 1 - which removed 70% of the
NH3 from the liquid before Mg2þ addition - produced high quality P
materials with surprisingly high P and Mg content and with low
concentration of N: approximately 46% P2O5 (20% P) and approximately 17% Mg, and 1.8% N (Table 5). Calcium and K content were
generally low, 0.4% and 1.7%, respectively, indicating that Caphosphates and K-phosphates were not important contributors to
the precipitate. The precipitate composition was unchanged in the
second treatment with additional NaOH. In both treatments, the
resulting molar ratio relative to P was approximately
1.0:1.1:0.2:0.0:0.1 for P:Mg:N:Ca:K, respectively. The plant available
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P of the product was high, >99% (Table 5). As a comparison, triple
superphosphate contains 46% P2O5 and phosphate rock mineral in
the USA typically contains 27.5e37.9% P2O5. For Mg phosphates,
two potential forms that can precipitate in liquid systems that
3
contain Mg2þeNHþ
4 ePO4 and a high Mg/Ca ratio are struvite and
newberyite (Boistelle et al., 1983; Abbona et al., 1988; Muster et al.,
2013). Struvite (MgNH4PO4$6H2O) has approximately 29% P2O5,
9.9% Mg and 5.7% N composition and 1:1:1 P:Mg:N molar ratio.
Newberyite (MgHPO4$3H2O), a biomineral found in guano deposits, has approximately 40.8% P2O5 and 13.9% Mg composition
and 1:1 P:Mg molar ratio. The formation of one or the other depends on the NH3 concentration, solution strength, pH and time
according to the following reactions for the formation of struvite
(Eq. (4)) and newberyite (Eq. (5)):
þ
Mg2þ þ H2PO
4 þ NH3 / MgNH4PO4 þ H

(4)

þ
Mg2þ þ H2PO
4 / MgHPO4 þ H

(5)

The composition of the precipitate obtained using conﬁguration
1 is more similar to newberyite than struvite. It contained 46.3%
P2O5 (6.52 mmol P g1), which is about 60% higher P grade than
struvite (29.0% P2O5, 4.07 mmol P g1). These results showed that it
is possible to produce Mg phosphates with high P2O5 content by
removing the NH3 from the liquid with the gas-permeable membrane process. This is an important ﬁnding because recovered
phosphates with high P2O5 content are more in line with mineral
commercial fertilizers and favored by the fertilizer industry (Hao
et al., 2013).
The process with conﬁguration 2 - with a higher NHþ
4 in liquid
during P precipitation - produced P solids that were also high in
available P (>98% plant available), but with lower P grade than
conﬁguration 1 (Tables 4 and 5). The ﬁrst treatment with no alkali
addition produced phosphates containing 26.4% P2O5, 10% Mg and
4.5% N (Table 5, conﬁguration 2). The molar ratio was approximately 1.0:1.1:0.9:0.1:0.1 for P:Mg:N:Ca:K, respectively. The
composition of this product was more similar to struvite (approximately 29% P2O5, 9.9% Mg, and 5.7% N) than newberyite. Compared
to typical process to produce struvite mineral that use MgCl2 and
NaOH (Karunanithi et al., 2015), in this example aeration
substituted for NaOH to increase the pH and produce the struvite
type material that also contains N. However, only about 8% of the
NH3 is recovered in the P solids using the struvite route, and the
majority of the NH3, approximately 83%, being recovered with the
gas-permeable membrane module, on a mass basis (Fig. 4).
With NaOH addition, the capture of NH3 by the gas-permeable
membrane was more active during the ﬁrst 24 h and lowered the
instant NHþ
4 concentration of the liquid manure when the P precipitate was being formed (Fig. 3). As a result, the precipitates
produced had reduced N and higher P (Table 5, conﬁguration 2). For
example, at the higher NaOH rate (117 mmol NaOH), the Mg
phosphates produced contained 37.2% P2O5, 14% Mg and 2.2 N, and
molar ratio of approximately 1.0:1.1:0.3:0.1:0.2 for P:Mg:N:Ca:K,
respectively. The element composition approached the composition of newberyite type of material compared to struvite material.
These results suggest that the removal of NH3 from the liquid by the
gas-permeable membrane can inﬂuence the type of Mg phosphate
being precipitated and that active NH3 capture with increased pH
favors the formation of higher grade Mg phosphates approaching
newberyite composition.
4. Conclusions
Phosphorus recovery of anaerobically digested swine wastewater via MgCl2 precipitation was enhanced by combining it with
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Configura on 2
16.45 mmol / L MgCl2
0 mmol / L NaOH
N = 1949 mg (82.8 %)
P = 0 mg (0.0 %)

Recovered by
Membrane

Nutrient
Recovery
System

Influent
N = 2354 mg (100.0 %)
P = 446 mg (100.0 %)

Recovered
Solid

Eﬄuent

N = 184 mg (7.8 %)
P = 472 mg (105.9 %)

N = 69 mg (2.9 %)
P = 24 mg (5.4 %)

Fig. 4. Schematic showing the mass balance of N and P in nutrient recovery system for conﬁguration 2, treatment without alkali addition. Mass balances for all treatments are
shown in Table 2.

Table 4
Phosphorus content and recovery in solids produced from liquid manure using gas-permeable membranes and MgCl2 precipitation.a
Conﬁguration

MgCl2 Added
(mmol L1)

NaOH Added
(mmol L1)

Precipitate Volume
Produced per L of
Liquid Treated (mL)

Dewatered Solids
Produced per L of
Liquid Treated (g)

Phosphorus Content
in Solids
%P

% P2O5b

P Recovered in
Precipitate per L
of Liquid Treated (mg)

P Recovery
Efﬁciencyc (%)

1
1

16.4
16.4

0
9.5

14.8 (0.2)
15.7 (0.1)

2.09 (0.03)
2.06 (0.00)

20.2 (0.3)
20.6 (0.1)

46.4 (0.7)
47.2 (0.2)

421
423

99.1
97.4

2
2
2

16.4
16.4
16.4

0
2.7
117

25.5 (0.3)
26.8 (2.6)
21.5 (4.9)

4.11 (0.09)
3.53 (0.19)
3.08 (0.06)

11.5 (0.9)
12.5 (3.4)
16.2 (1.6)

26.4 (2.0)
28.6 (7.9)
37.2 (3.7)

472
441
500

112.9
104.9
123.3

a

Data are average (and std. dev.) of duplicate reactors. % ¼ g per 100 g.
P2O5 ¼ P x 2.2951.
c
P recovery efﬁciency ¼ (P recovered in precipitate per L of manure treated/P removed from manure) x 100. P removed from manure ¼ Inﬂuent e efﬂuent after phosphorus
precipitation (Tables 1 and 3).
b

Table 5
Composition of the solid precipitate produced from liquid swine manure using gas-permeable membranes and aeration to recover ammonia and precipitation of magnesium
phosphates using MgCl2.a
Conﬁguration

MgCl2 Applied (mmol L1)

NaOH Applied (mmol L1)

P2O5b (%)

N (%)

Mg (%)

Ca (%)

K (%)

Available P2O5 (% of total)

1
1

16.4
16.4

0
9.5

46.4 (0.7)
47.2 (0.2)

1.8 (0.01)
1.7 (0.01)

17.1 (0.2)
17.6 (0.3)

0.39 (0.05)
0.32 (0.07)

1.87 (0.01)
1.88 (0.07)

99.7 (0.03)
99.9 (0.00)

2
2
2

16.4
16.4
16.4

0
2.7
117

26.4 (2.0)
28.6 (7.9)
37.2 (3.7)

4.5 (0.00)
2.9 (0.95)
2.2 (0.39)

10.0 (0.7)
13.1 (0.4)
14.1 (1.3)

2.01 (0.10)
5.00 (2.43)
2.99 (0.30)

1.65 (0.37)
3.58 (2.58)
4.46 (0.92)

99.0 (0.37)
98.4 (0.61)
98.9 (0.10)

a
b

Data are the mean (and SD) of two replicates. % ¼ g per 100 g precipitate solids. For available P, % ¼ g per 100 g P2O5.
P2O5 ¼ P  2.2951.

the recovery of NH3 through gas-permeable membranes and lowrate aeration. The low-rate aeration stripped the natural carbonate in the wastewater and increased pH, which accelerated NH3
uptake in the gas-permeable membrane system and beneﬁted P
recovery. The combined process provided quantitative (ca 100%) P
recovery efﬁciencies. With active NH3 extraction, the magnesium

phosphates produced contained higher P2O5 grade (37e46%) and
lower N, similar to the composition of the biomineral newberyite.
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Appendix. Figure Captions
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Fig. A.1. Experimental device for NHþ
4 capture from manure using gas-permeable membranes and low-level aeration to increase manure pH.
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