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Gas-permeable membrane technology is useful to recover ammonia from manure. In this study, the tech-
nology was enhanced using aeration instead of alkali chemicals to increase pH and the ammonium
(NH4

+) recovery rate. Digested effluents from covered anaerobic swine lagoons containing 1465–
2097 mg NH4

+–N L�1 were treated using submerged membranes (0.13 cm2 cm�3), low-rate aeration
(120 mL air L-manure�1 min�1) and nitrification inhibitor (22 mg L�1) to prevent nitrification. The exper-
iment included a control without aeration. The pH of the manure with aeration rose from 8.6 to 9.2 while
the manure without aeration decreased from 8.6 to 8.1. With aeration, 97–99% of the NH4

+ was removed
in about 5 days of operation with 96–98% recovery efficiency. In contrast, without aeration it took 25 days
to treat the NH4

+. Therefore, the recovery of NH4
+ was five times faster with the low-rate aeration

treatment. This enhancement could reduce costs by 70%.
Published by Elsevier Ltd.
1. Introduction

Ammonia (NH3) emissions to the atmosphere are an environ-
mental quality concern because they can contribute to eutrophica-
tion of surface waters, nitrate contamination of ground waters, and
impair air quality (EPA, 2014). In the United States, the largest
source of NH3 is livestock farming; NH3 emissions from animal
husbandry operations (dairy, beef, poultry and swine) were esti-
mated at 2.4 million tons/year in 2010 and 2.5 million tons/year
in 2015 (EPA, 2014). In its volatile form, NH3 is a cause of air pol-
lution and can create health problems for neighboring residents
(Wing and Wolf, 2000). Ammonia runoff and subsequent accumu-
lation in water sources leads to eutrophication and destruction of
marine habitats (Paerl, 2006). On the other hand, NH3 is a valuable
chemical for use in agricultural fertilizers and in the chemical
industry. Current practices for NH3 production are energy intensive
and contribute to global warming (Funderburg, 2013; IFA, 2009);
manufacturing one metric tonne of anhydrous NH3 fertilizer
requires 1043 m3 of natural gas. Therefore, developing new meth-
ods for removal and recovery of NH3 from swine manure is desir-
able for environmental and economical reasons.

Ammonia mitigation techniques for livestock farming typically
focus on five areas: reduction of nitrogen (N) excretion through
dietary modifications, reduction of volatile N, building designs
and manure managements, land application strategies, and
emission capture and treatment (Ndegwa et al., 2008). Among
technologies that focus on NH3 emission capture and treatment,
some are focused on the recovery of the N for further use. These
technologies include: (1) wet scrubber and stripping technologies
(proposed for ammonia removal from swine manure wastewaters)
(Bonmati and Flotats, 2003; Liao et al., 1995; Lin et al., 2014), (2)
struvite precipitation with phosphate and magnesium (Nelson
et al., 2000), (3) reverse osmosis using osmotic pressure (Masse
et al., 2010), (4) ion exchange adsorption with zeolites (Milan
et al., 1997), and (5) a gas-permeable membrane process at low
pressure (Vanotti and Szogi, 2015).

The gas-permeable membrane process includes the passage of
gaseous NH3 through a microporous hydrophobic membrane and
subsequent capture and concentration in an acidic stripping solu-
tion on the other side of the membrane (Fig. 1). The membrane
manifolds are submerged in the liquid manure and the NH3 is
removed from the liquid before it escapes into the air (Vanotti
and Szogi, 2011, 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 (NH4

+) ions that are con-
verted into a valuable NH4

+ salt fertilizer. The process is responsive
to increased pH through addition of alkali chemicals (Garcia-
Gonzalez and Vanotti, 2015), which leads to an increased release
of NH3 from the manure and capture by the membrane (Fig. 1).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2015.12.011&domain=pdf
http://dx.doi.org/10.1016/j.wasman.2015.12.011
mailto:Patrick.dube@ars.usda.gov
http://dx.doi.org/10.1016/j.wasman.2015.12.011
http://www.sciencedirect.com/science/journal/0956053X
http://www.elsevier.com/locate/wasman


Liquid Manure Strip solution
(Aqueous acid)

NH4+  +  OH-

H2O  +  NH3 NH3  +  H+

NH4+

Gas-filled poreHydrophobic
Polymer (e-PTFE)

Fig. 1. Experimental device for NH4
+ capture from manure using gas-permeable

membranes and low-level aeration to increase manure pH.
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Fig. 2. Process diagram of gas-permeable membrane system for removal and
recovery of anaerobically digested swine effluent.
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Gas-permeable membranes have been shown to effectively
recover more than 98% of NH4

+ from liquid swine manure
(Garcia-Gonzalez et al., 2015; Garcia-Gonzalez and Vanotti, 2015;
Vanotti and Szogi, 2015). Zarebska et al. (2015) reviewed the pros
and cons of six ammonia recovery methods including nanofiltra-
tion, reverse osmosis, gas-permeable membrane process (mem-
brane distillation), air stripping, zeolite ion exchange, and
struvite chemical precipitation and indicated the energy consump-
tion for the gas-permeable membrane process was among the low-
est (0.18 kW h kg NH3

�1). For example, comparing gas-permeable
membranes with air stripping, which both produce liquid ammo-
nium sulfate, the energy consumption for the gas-permeable mem-
brane process is 18 times lower than for air stripping. The main
drawback from gas-permeable membrane systems is the cost of
alkali chemicals to increase manure pH (Zarebska et al., 2015).
Therefore, a strategy to reduce costs of the gas-permeable mem-
brane process and improve farmer’s adoption is to seek a simple
and inexpensive alternative for raising the pH of the manure in a
farm setting.

Vanotti and Szogi (2015) proposed the use of gas-permeable
membranes with aeration instead of alkali chemicals to enhance
the removal and recovery of NH4

+ from livestock effluents. Such
conditions applied to stored livestock effluents results in a pH
increase of about 1 unit and increased NH3 release. This effect
has been demonstrated in experimentation involving the aeration
of swine manure. In one study, passing air, 0.5% O2 or 4.9% O2

gas mixtures through slurry caused an increase in pH of about 1
unit in 1–2 days and about 2 units in 10 days (from 7 to between
8.5 and 9) (Stevens and Cornforth, 1974). Another study showed
that aeration of swine lagoon wastewater without nitrification
increased the pH of wastewater 1.5 units, from 7.5 to 9, in the first
18 h (Vanotti and Hunt, 2000). Others showed continuous aeration
of manure increased pH almost 2 units (Zhu et al., 2001). In order
to recover NH3 using gas-permeable membranes with aeration,
nitrification must be inhibited or else it will oxidize NH3, decrease
pH, and affect overall NH4

+ recovery efficiency (Vanotti and Szogi,
2015). Nitrification inhibition can be achieved in various effective
ways, for example: reducing aeration rates, reducing nitrifying bio-
mass, increasing temperatures, or adding a commercial nitrifica-
tion inhibitor (Vanotti and Szogi, 2015).

Using raw swine manure that contained high NH4
+ concentra-

tion and high carbon (chemical oxygen demand 17 g L�1), Garcia-
Gonzalez et al., 2015 showed that 98% recovery of NH4

+ can be
obtained with gas-permeable membranes using low-rate aeration
for increasing pH while reducing operational costs by 57% when
compared to alkali chemical addition. The objective of this research
was to determine if the aeration approach – with nitrification inhi-
bition – is also effective to increase pH and recover NH4
+ from

anaerobically digested effluents containing high NH4
+ concentration

and low organic carbon (chemical oxygen demand < 2.5 g L�1). We
used anaerobically digested manure effluent from two swine farms
with covered anaerobic lagoons in North Carolina, USA.
2. Methods

2.1. Experimental procedure

Batch experiments were conducted in 2-L wastewater vessels
made of polyethylene terephthalate (PET) with an effective volume
of 1.5 L (Fig. 2). The acid tank used to concentrate the NH4

+ con-
sisted of 500-mL Erlenmeyer flasks with 250 mL of a 1 N sulfuric
acid (H2SO4) stripping solution. This stripping solution was contin-
uously recirculated using a peristaltic pump (Cole-Parmer, Master-
flex L/S Digital Drive, Illinois, USA) at 4 mL min�1 through a tubular
gas-permeable membrane submerged in the reactor. In the aerated
treatments, air was delivered to the bottom of the manure vessel at
a low-rate of 0.18 L-air min�1 (0.12 L-air L-manure�1 min�1) using
an aquarium pump, a shielded air flow meter with a precision
valve (GF-9260, Gilmont Instruments, Illinois, USA) and an aquar-
ium diffuser stone that provided fine bubbles. This low airflow rate
was selected to effectively increase the pH of manure based on pre-
liminary aeration tests and at the same time avoid nitrification of
the NH4

+ (that reduces pH in manure). Aeration rate was half the
aeration rate used in the experiments of Garcia-Gonzalez et al.
(2015) with raw swine manure (0.24 L-air L-manure�1 min�1),
and about 8 times lower than aeration rates used by Magrí et al.
(2012), that greatly inhibited nitrite production activity in experi-
ments of partial nitritation of swine wastewater (0.9 L-air
L-liquid�1 min�1). Another strategy to avoid nitrification was the
addition of a commercial nitrification inhibitor (Vanotti and
Szogi, 2015). In this study we used both low-aeration and a nitrifi-
cation inhibitor (nitrapyrin) to stop NH4

+ oxidation in the aerated
treatments. The vessels were not sealed and had 5 ports in the
lid: two ports for acid recirculation, one sampling port, one port
for aeration and one port that remained open to allow air to escape.

Gas-permeable membrane made of expanded polytetrafluo-
roethylene (ePTFE) (Phillips Scientific Inc., Rock Hill, SC) with a
length of 60 cm, outer diameter of 10.25 mm and wall thickness
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of 0.75 mm was used for this experiment. The ePTFE membrane
had an average pore size of 2.5 lm and bubble point of 210 kPa.
The membrane was anchored to a glass rod inside the vessel to
ensuring submersion throughout the experiment.

Four sets of experiments were carried out using the experimen-
tal device for NH4

+ capture shown in Fig. 2. These experiments
included two separate sources of liquid swine manure from cov-
ered lagoons effluents sampled from two farms in North Carolina.
For each liquid source, aerated and non-aerated trials were carried
out in duplicate. Aerated trials applied aeration to increase the pH
and promote NH4

+ removal, while non-aerated trials (control) did
not include aeration. Nitrification inhibitor N-Serve (TCMP –
2-chloro-6 trichloromethyl pyridine, Hach, Loveland, CO, USA)
was added to the aerated manure at a rate of 22.5 mg L�1. All the
experiments were done at a constant room temperature of 25 �C.

Small volume wastewater samples (2 mL) were drawn daily
from the reaction vessels to test for alkalinity and NH4

+ concentra-
tion. Samples from the stripping solution (0.2 mL) were also taken
daily and tested for NH4

+. The sampling decreased the initial vol-
ume of the manure and stripping solutions less than 5% and 1%,
respectively. The pH was measured daily directly in the reaction
vessels and stripping solutions. If the pH of the stripping solution
rose above 2, concentrated H2SO4 was added to reduce the
pH < 1. Initial and final samples for each trial were taken and ana-
lyzed for pH, alkalinity, NH4–N, total Kjeldahl nitrogen (TKN) con-
centration, chemical oxygen demand (COD) and solids.

2.2. Origin of manure

Anaerobically digested liquid swine manure was collected from
two separate sources of digested swine manure in North Carolina.
It was collected from the effluent of covered anaerobic lagoons on
typical swine finishing farms. Three 15-L plastic containers were
filled using a pump, transported to USDA-ARS laboratory in Flor-
ence, SC and stored at 4 �C until used. The stored liquid manure
was thoroughly mixed before use in the experiments. Chemical
characteristics of the manure are shown in Table 1 for each farm.

2.3. Analytical methods

Alkalinity was determined by measuring the amount of 0.01 N
hydrochloric acid required to reach pH of 4.5 and was reported
as mg CaCO3 L�1 and 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) and ammonium (NH4

+) in the initial and treated
manure samples were performed using the APHA Standard
Methods (1989). Total Kjeldahl N (TKN) was determined using acid
digestion (Gallaher et al., 1976) and the salicylate methods (Stan-
dard Method 4500-Norg D) adapted to digested extracts
(Technicon Instruments Corp., 1977). The NH4

+ analysis was done
by colorimetry (Standard Method 4500-NH3 G). Data results were
analyzed by means and standard deviation. Removal and recovery
Table 1
Characteristics of manure before and after experimentsa.

Initial effluent Treated effl

Farm 1 initial Farm 2 initial Farm 1 aer

pH 8.71 (0) 8.47 (0.01) 9.26 (0.09)
COD (mg L�1) 1695 (35) 2485 (92) 1720 (113)
TS (g L�1) 8.5 (0.17) 6.42 (0.07) 8.7 (0.02)
VS (g L�1) 1.5 (0.17) 1.80 (0.05) 1.4 (0.01)
TKN (mg N L�1) 2459 (165) 1752 (16) 102 (24)
NH4

+ (mg N L�1) 2097 (78) 1465 (106) 64 (20)
Alkalinity (mg CaCO3 L�1) 11,337 (10) 7369 (37) 3033 (58)

a For initial effluent, data are average of 4 replicates. For treated effluent, data are ave
efficiencies of NH4
+ were determined using mass NH4

+ balances that
considered the manure liquid volume and NH4

+ concentration
before and after treatment as well as the mass of N recovered in
the acid tank.

3. Results and discussion

3.1. Nitrogen removal by gas membrane system: aeration vs. non-
aeration

In this experiment, the recovery of NH4
+ from anaerobically

digested swine effluent was tested using gas-permeable mem-
branes with and without aeration. As shown in Fig. 3, the test with
effluent from Farm 1 and aeration removed 97% of NH4

+ from the
swine manure, reducing the NH4

+ concentration from
2089 ± 101 mg N L�1 to 64 ± 20 mg N L�1 and reaching maximum
NH4

+ recovery in 4 days. The test with Farm 2 effluent and aeration
saw a similar performance, reaching maximum NH4

+ recovery in
5 days and decreasing NH4

+ concentration from 1554 ± 19 mg N L�1

to 23 ± 5 mg N L�1 for a removal efficiency of 99%. Using gas-
permeable membranes without aeration, NH4

+ from Farm 1 was
effectively reduced but at a much lower rate, it went from
2105 ± 88 mg N L�1 to 47 ± 13 mg N L�1 over 25 days. Similarly,
without aeration the NH4

+ from Farm 2 effluent decreased from
1375 ± 37 mg N L�1 to 103 ± 48 mg N L�1 over 28 days. Results
show the addition of low-rate aeration to a gas-permeable mem-
brane system removes NH4

+ about 5 times as faster than the same
system without aeration.

In addition to improved NH4
+ removal, NH4

+ recovery efficiency
obtained was also consistently high. Table 2 shows recovery of
98% and 96% of N in the acid stripping solution from Farm 1 and
Farm 2 respectively, with aeration versus 95% and 76% recovery
without aeration. The aerated trial quickly recovered NH4

+ with
average recovery rates of 596 mg N day�1 with manure from Farm
1 and 441 mg N day�1 with manure from Farm 2. Corresponding
average NH4

+ recovery rates without aeration were consistently
lower: 117 and 52 mg N day�1.

The stripping solution was not changed throughout the course
of the experiment and as a result, NH4

+ concentration increased to
over 5 times the concentration of the influent manure. Maximum
NH4

+ concentrations of 11,916 ± 7 and 8814 ± 175 mg N L�1 were
reached in the aerated trial for Farm 1 and Farm 2, respectively,
over 5 times the concentration of the influent manure
(2089 ± 101 and 1554 ± 19 mg N L�1 for Farm 1 and Farm 2, respec-
tively) (Fig. 3).

3.2. The effect of aeration on pH

During aeration of the manure, carbonate alkalinity is con-
sumed and OH� is instantly released, subsequently raising the
pH of the manure according to Eq. (1).

HCO�
3 þ air ! OH� þ CO2 ð1Þ
uent

ated Farm 2 aerated Farm 1 non aerated Farm 2 non aerated

9.17 (0.09) 8.13 (0.11) 7.99 (0.1)
1885 (35) 1675 (21) 1825 (35)
6.68 (0.06) 8.9 (0.11) 6.49 (0.24)
1.82 (0.05) 1.3 (0.13) 1.60 (0.16)
120 (14) 162 (12) 181 (36)
23 (5) 47 (13) 103.1 (48)
2083 (25) 3319 (80) 2763 (205)

rage of 2 replicates. Values in parenthesis are standard deviation of the mean.
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Fig. 3. Effect of aeration on the removal and recovery of NH4
+ from digested swine effluent in two farms in North Carolina. The error bars are standard deviation of duplicate

experiments.

Table 2
Mass balances of the recovery of ammonia from digested swine effluent in two farms using gas-permeable membrane module with and without aeration treatmenta.

Treatments Time Time to
maximum
recovery

Initial
NH4

+ in
manure

Remaining
NH4

+ in
manure

NH4
+

removed
from
manureb

NH4
+

potentially
volatilized in
airc

NH4
+

recovered in
acidic
solution

NH4–N
removal
efficiencyd

NH4–N
recovery
efficiencye

Maximum
NH4

+

recovery
rate

Average
NH4

+

recovery
ratef

(days) (mg N) (%) (mg NH4–N day�1)

Farm 1
aerated

5 4 3133
(151)

96 (29) 3037 58 2979 (2) 97 98 1621 596

Farm 1 non
aerated

25 25 3157
(132)

71 (19) 3086 150 2936 (40) 98 95 424 117

Farm 2
aerated

5 5 2332
(28)

34 (8) 2298 94 2204 (44) 99 96 768 441

Farm 2 non
aerated

28 24 2062
(56)

155 (72) 1907 465 1442 (83) 92 76 538 52

a 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 min�1) and membrane tubing length = 0.6 m
(area = 194 cm2). Aeration rate = 180 mL min�1 (0.12 L-air L-manure�1 min�1). Data are average and std. dev. of duplicate reactors.

b NH4
+ removed from manure = initial NH4

+ in manure � remaining NH4
+ in manure.

c NH4
+ potentially volatilized in the air = initial NH4

+ in manure � remaining NH4
+ in manure � NH4

+ recovered in the acidic solution.
d NH4

+ removal efficiency = (NH4
+ removed from manure/initial NH4

+ in manure) � 100.
e NH4

+ recovery efficiency = (NH4
+ recovered in the acidic solution/NH4

+ removed from manure) � 100.
f Average NH4

+ recovery rate = mass NH4–N recovered in the acidic solution/days in experiment.
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This rise in pH due to aeration affects the formation of NH3 as
defined in Eq. (2).

NHþ
4 þ OH� $ NH3 þH2O ð2Þ
In the experiment, these reactions significantly enhanced NH3

availability and uptake via the gas-permeable membrane (Table 2
and Fig. 3). The starting pH for the manure from Farm 1 was
8.71 ± 0 and the starting pH for Farm 2 was 8.47 ± 0.01. As shown
in Fig. 4, in the aerated trials, the pH of the manure rapidly
increased over 5 days reaching a final pH of 9.26 ± 0.10 and
9.17 ± 0.09 in the digested swine effluents from Farm 1 and 2,
respectively. Aeration resulted in a higher pH along with 5–6 times
as fast recovery of NH4

+ (Table 2).
In the non-aerated trials, the manure pH consistently decreased

in both farm effluents as a result of the NH4
+ being removed by the

gas-permeable membrane system: in Farm 1 effluent, the pH
decreased from 8.71 ± 0.0 to 8.13 ± 0.11 after 25 days, whereas in
Farm 2 effluent, it decreased from 8.47 ± 0.01 to 7.99 ± 0.11. The
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removal of NH4
+ by the gas-permeable membrane increases the

acidity in the liquid manure as represented in Eq. (3).

NHþ
4 $ NH3 þHþ ð3Þ
Ammonia is then readily absorbed into the stripping solution of

the gas-permeable membrane system, leaving H+ behind and in the
case of the non-aerated system, lowering the pH of the manure and
slowing down the uptake of NH3. Therefore, pH correction is
needed for efficient N uptake by the gas-permeable process. This
is consistent with the findings observed by Vanotti and Szogi
(2011), in which they saw 10 times as high of a NH4

+ recovery rate
by gas-permeable membranes at pH 10 using alkali chemicals
when compared to pH 8.3. Garcia-Gonzalez et al. (2015) showed
the positive effect of the low-rate aeration on the NH4

+ recovery
rate by the gas-permeable membrane process was equivalent to
adding 2.14 g NaOH L�1 of manure. Our results showed that alka-
linity destruction using low-rate aeration is an effective approach
to increase the pH of the manure and could substitute significant
alkali chemical to achieve quick N recovery efficiency.

3.3. The effect of N removal on alkalinity

The initial carbonate alkalinity of Farm 1 effluent was
11,337 ± 10 mg CaCO3 L�1 and finished at 3033 ± 58 and
3319 ± 80 mg CaCO3 L�1 for the aerated and non-aerated trials,
respectively (Fig. 5). Farm 2 effluent also had a decrease in
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Fig. 5. Effect of aeration on swine wastewater alkalinity during capture of ammonia
with gas-permeable membranes. The error bars are standard deviation of duplicate
experiments.
alkalinity with the gas-permeable membrane system in place,
starting at 7369 ± 37 mg CaCO3 L�1 and finishing at 2083 ± 25
and 2763 ± 205 mg CaCO3 L�1 for the aerated and non-aerated tri-
als, respectively. Alkalinity was readily consumed in the system as
NH4

+ removal increased, counteracting manure acidification. Lower
alkalinity can be valuable when looking forward to further treat-
ment of the manure. Phosphorus removal could also benefit as
lower alkalinity requires lower amount of chemicals needed to
precipitate phosphorus (Vanotti et al., 2005).

3.4. Economic considerations

The annualized cost of NH4
+ recovery with the gas-permeable

membrane system was calculated on the basis of treating the
anaerobic digestion effluent from a typical 4000-head swine finish-
ing farm in North Carolina growing pigs from 22.7 to 100 kg (50–
220 lb) with a 540,000 lb steady state live weight (SSLW). Treat-
ment parameter and target values used in these calculations are
based on this study along with the following conditions:

� Raw swine manure is produced at a rate of 21.8 m3 d�1 and con-
tains 2007 mg TKN L�1 (Vanotti et al., 2009).

� After anaerobic digestion, 80% of the TKN in raw manure is
available as NH4

+ for recovery by the system.
� NH4

+ recovery efficiency using gas permeable membrane is 98%
(this study).

� NH4
+ removal rate of a membrane module with 32.3 m2 surface

area (e-PTFE tubing area/length = 0.0323 m2/m) is 1.29 kg N d�1

with aeration and 0.21 kg N d�1 without aeration (this study).
� Amount of H2SO4 needed to absorb the NH3 calculated from
mole ratio, equivalent to 3.5 kg of acid per kg of N recovered.

� Annualized costs of equipment calculated using 8% interest and
10-year useful life (Rothrock et al., 2013).

The amount of NH4
+ available after anaerobic digestion for the

4000-head swine operation is 35.1 kg N day�1. With aeration, a
membrane surface of 872 m2 is required to remove the daily NH4

+

generated in the effluent. Equipment cost estimates include 27
membrane modules at $4280 each plus additional components
shown in Fig. 2 (feed pump, acid pump and controls, tanks, blower
and piping) for a total annualized cost of equipment of $21,059
($141,310 initial investment). With an average recovery efficiency
of 98%, the amount of N recovered per year from this operation is
12,547 kg. The dosage of H2SO4 to absorb this N is 120 kg d�1 and
the annual cost of acid is $14,053 (unit cost = $0.32 kg�1). For nitri-
fication inhibitor, using nitrapyrin (commonly used for farming) at
22.5 mg L�1 concentration, the dosage is 0.5 kg d�1. The resulting
cost of nitrification inhibitor is $1794 per year (unit cost =
$10 kg�1). Power consumption for the blower is 13.7 kW h/d, and
for influent and module pumps is 26.4 kW h/d that amount to a
total power consumption of 40.1 kW h/d, resulting in an annual
electrical cost of $1020 (unit cost = $0.0698 kW h�1, U.S. Energy
Information Administration). Therefore, using the aeration
approach, the estimated total annual cost (equipment + chemi-
cals + power) for a gas-permeable membrane system in a 4000-
head swine farm that uses anaerobic digestion is $37,926 or
$70.23 per 1000 lb SSLW per year.

Without aeration, a much higher membrane surface is required
(5491 m2) to remove the same amount of NH4

+ generated daily by
the 4000 head operation (35.1 kg N day�1). Equipment cost
estimates include 170 membrane modules and a total annualized
cost of equipment of $112,070. The cost of acid is the same
($14,053 per year), but nitrification inhibitor is not required, and
without the blower, the power consumption is reduced to
26.4 kW h/d ($672 per year). Thus, the estimated total annual cost
(equipment + chemicals + power) without the aeration is $126,794,



P.J. Dube et al. /Waste Management 49 (2016) 372–377 377
compared with $37,926 cost with aeration. Therefore, combining a
gas permeable membrane system with low-rate aeration for N
removal could result in a 70% cost reduction when compared with
a gas-permeable membrane system without aeration.

The ammonium sulfate potentially recovered during one year
operation of the N recovery system (12,547 kg N) has an equivalent
fertilizer value of $34,002 assuming a value of $2.71 per kg N as
ammonium sulfate ($522/ton, USDA-ERS, 2013). Considering the
value of recovered N, the net cost is $3924 per year ($37,926–$3
4,002) when the aeration approach is used. Water quality credits
are expected to become an important benefit to farmers adopting
new manure treatment technologies in the future (EPA, 2015;
Ribaudo et al., 2007). For current credit prices of $12.34 kg�1 N
(Connecticut Department of Energy and Environmental
Protection, 2014) and trading ratios for nonpoint sources of 2:1,
the potential benefit from removing the N from the farm is
$77,427.

A complete economic analysis of the technology would need to
consider labor costs and unexpected expenses (recovered NH4

+

storage reservoir, operator training, lab analysis, etc.) as well as
other benefits such as reduction of greenhouse gas emissions due
to reduction of direct and indirect N2O emissions (Vanotti et al.,
2008), and the significant reduction of land area required on the
farm to dispose the treated effluents.

4. Conclusions

Ammonia recovery of anaerobically digested liquid swine man-
ure using gas-permeable membranes was enhanced using low-rate
aeration. The low-rate aeration reacted with the natural carbonates
in wastewater and increased pH, which accelerated NH3 uptake in
the gas-permeable membrane system without the use of alkali
chemicals. Utilizing aeration, more than 96% of NH4

+ was able to
be recovered in about 4 days’ time which significantly improves
on the 25 days required to remove NH3 without aeration. Complet-
ing NH4

+ removal more than 5 times faster represented a 70%
reduction in costs.
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