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ABSTRACT: Ammonia in poultry barns produced by microbial action
on the birds’ excreta can be removed by scrubbing into aqueous solution
at pH ∼4. However, disposal of the resulting solution remains a problem.
In this work, ammonia was oxidized electrochemically in the presence of
unreactive electrolytes (NaClO4, Na2SO4), but the conditions were not
compatible with treatment inside or outside a poultry barn (high pH,
closed electrochemical reactor, and high ammonia concentration).
Efficient denitrification is possible without pH adjustment of the
scrubbed solution when chloride ion is also present in the scrubbing
solution. This reaction is based on electrochemical hypochlorination,
which is similar to breakpoint chlorination for the chemical elimination of
ammonia. This work confirms a recent mechanistic proposal that efficient denitrification at pH ∼3 is the result of concomitant
oxidation of water and acidification at the anode, but shows in addition that the mechanisms of both chemical and
electrochemical hypochlorination are similar at acidic pH. These results allow us to propose that ammonia scrubbed into acidic
brine can be oxidized to elemental nitrogen with high current efficiency without pH adjustment and without chemical additives,
providing a “green” solution to the problem at hand.

KEYWORDS: Ammonia oxidation, Graphite anode, Electrochemical hypochlorination, Scrubbers

■ INTRODUCTION

Gas-phase ammonia is of concern in the context of poultry
barns both because of toxicity toward the birds and to human
workers1−5 and because of fugitive emissions to the wider
environment. In the first context, the industrial criterion
(threshold limit value, TLV) is 25 ppmv (17 mg m−3), time-
weighted over an 8 h working day, with 35 ppmv as a 15 min
short-term exposure limit.6 Concentrations above the TLV
represent a health hazard to both humans and poultry and
impact negatively on the birds’ productivity.7−9 Ventilation and
manure management practices (solid versus liquid systems and
frequency of manure removal) have a profound influence on
whether ambient ammonia concentrations exceed the TLV.10

For the wider environment, the main issues are contributions to
acidic precipitation after atmospheric oxidation10−13 and
toxicity toward aquatic life downstream of aqueous ammonia
discharges.14−18 In North America, the focus is principally on
amelioration on high concentrations of ammonia in the barn in
winter, when ventilation rates are low to conserve energy; in
Europe, the main focus to date has been to avoid fugitive
emissions to the outdoor environment.
A Spanish study of the production of ∼19 000 broilers

illustrates the magnitude of the ammonia problem. Ammonia
emission rates were in the range 18−20 mg h−1 per bird for a
total emission of 0.4 t ammonia per 48 day cycle, most of which
was produced during the final 14 days.19 Emissions from layer
hens are of a similar order of magnitude.20,21

The most commonly used method to prevent fugitive
emissions is scrubbing ammonia into dilute sulfuric acid
solution at pH ∼4 before the air is exhausted.22−24 In this
work we propose to treat the resulting aqueous solution of
ammonium sulfate by electrochemical oxidation to elemental
nitrogen (denitrification). Although the ultimate goal is the
treatment of solutions in which ammonia is scrubbed from the
air of poultry barns, this proof-of-concept study involved
synthetic solutions of ammonia and no economic analysis was
considered.
The course of electrochemical oxidation depends on the

choice of anode. It may be initiated by direct transfer of one or
more electrons from the substrate to the anode, or the substrate
may be oxidized indirectly by intermediates formed by
oxidation of water.25−27 Ammonia can be oxidized to N2 with
excellent chemical and current efficiency at noble metal anodes,
but several factors make the approach impractical for the
proposed application. These include the high cost of noble
metals, the need for highly alkaline pH to convert NH4

+ into
the more easily oxidized NH3, and careful control of the anode
potential to avoid overoxidation to nitrate. Much less is known
about the direct oxidation of ammonia at other anodes.28

The electrochemical oxidation of ammonia can also be
carried out indirectly in the presence of chloride ion, which is
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oxidized at the anode to hypochlorite (HOCl or OCl−,
depending on the pH). Hypochlorite oxidizes ammonia to N2,
with reduction back to chloride ion; hence, the reaction is the
electrochemical analogue of “breakpoint chlorination” of
drinking water.29−34

In this work, we first attempted to determine whether direct
oxidation could be practical, using a variety of anodes, including
graphite. Graphite has been long and widely used as an anode
in electrolyses,35 although little work has been reported on the
oxidation of ammonia at this anode.36 We also studied graphite
for the option of electrochemical hypochlorination of ammonia
to nitrogen, because this is efficient at oxidizing chloride ion to
hypochlorite.37−39 An important consideration was whether the
proposed process could be used directly on an acidic scrubbing
solution, in order to avoid the cost of chemicals for changing
the pH from acidic (scrubber) to alkaline (electrolyzer) and
back.40

■ MATERIALS AND METHODS
Reagents. Ammonium perchlorate, sodium perchlorate, sodium

citrate, and phenol were supplied by Sigma-Aldrich (Oakville,
Canada). Sodium chloride, sodium hydroxide, sodium nitroprusside,
sodium sulfite, and concentrated sulfuric acid were obtained from
Fisher Scientific (Toronto, Canada). Bleach (sodium hypochlorite)
was purchased from Loblaws (Toronto, Canada), and ethanol was
made available from Commercial Alcohols Inc. (Brampton, Canada).
All solutions were prepared using deionized water.
Cyclic Voltammetry. Voltammetry was performed using a

DY2113 potentiostat from Digi-Ivy Inc. (Austin, U.S.A.). A 0.5 mm
diameter HB pencil lead from Pentel Ltd. (Tokyo, Japan) provided a
working electrode (immersed area of 1.77 mm2). Because of the
change in voltammograms produced during multiple cycles of
voltammetry due to modification of the electrode surface, a new
microelectrode was used for each experiment. Platinum wire or a Ag/
AgCl electrode were the reference electrodes used, and platinum foil
(immersed surface area of 2 cm2) was the counterelectrode. Both
platinum electrodes were obtained from Sigma-Aldrich (Oakville,
Canada); the Ag/AgCl electrode was obtained from Thermo Scientific
(Beverly, U.S.A.). All experiments were conducted in a 50 mL glass
beaker.
Batch-Cell Electrolysis. Open-cell electrolyses were performed in

a 100 mL glass beaker containing 50 mL of solution to be electrolyzed.
Two graphite rods 6.3 mm in diameter with a length of 150 mm (Alfa
Aesar, Ward Hill, U.S.A.) were used as anode and cathode (immersed
area 7.24 cm2). The electrodes were fixed in the center of the beaker,
with an interelectrode gap of 1.5 cm. A Princeton Applied Research
model 363 Potentiostat Galvanostat was used as the power supply for
the electrolyses, alongside an Agilent U1242A True RMS Multimeter
to monitor the voltage between the electrodes. In experiments to
compare anode materials, Ti/RuO2 from ELTECH Systems
Corporation (Painesville, U.S.A.) and boron-doped diamond on
niobium mesh (Nb/BDD) from Condias (Itzehoe, Germany) were
tested alongside a graphite rod cathode as previously described, also
with an interelectrode distance of 1.5 cm. The Ti/RuO2 and Nb/BDD
had immersed surface areas of 5.25 cm2.
Electrolyses performed in closed conditions were carried out using a

150 mL glass beaker with a tightly fitting lid. The lid had four separate
ports, two of which allowed the graphite rod electrodes to be inserted
into the cell. Plastic tubing ran from an argon gas tank from Linde Gas
(Mississauga, Canada), through the third port, down into the bottom
of the reactor, and the fourth port was connected to a T-joint that
allowed samples to be collected using a syringe attached to tubing at
the bottom of the cell, as well as providing an outlet flow of gas to a 50
mL acid trap (1 M H2SO4). Laboratory film was used to seal all the
joints of the cell airtight.
'Electrolyses in both open and closed reactors were carried out

amperostatically for 6 h with periodic sampling and mixing using a
magnetic stir bar and a Fisher Scientific Thermix stirrer. Samples were

analyzed after diluting 0.5 mL of solution from the reactor with
deionized water to 10 mL in a volumetric flask. The diluted samples
were analyzed for total nitrogen, using a Shimadzu TOC-VCPN, with
the TOC + TN protocol, which monitors the luminescence of NO2,
following oxidation of the nitrogenous compounds. In some
experiments the diluted sample was also analyzed for ammonia
spectrophotometrically,41 by treatment with phenol, sodium nitro-
prusside, and an alkaline citrate buffer with sodium hypochlorite to
form indophenol blue. The absorbance of the resulting solution at 640
nm is proportional to the ammonia present; therefore, unknown
samples taken from an electrolysis can be compared to a standard
calibration curve and quantified with reasonable accuracy. A Pharmacia
LKB-Novaspec II spectrophotometer was used to measure absorbance
in this analysis.

Chemical Hypochlorination. Sodium hypochlorite was added to
a 100 mL glass beaker containing 50 mL of varying concentrations of
ammonia (most often 50 mM). The solution was stirred rapidly and
sampled five minutes after addition of each aliquot of bleach. Analysis
followed the same methodology used in the electrolysis experiments.
The pH of the reaction was measured constantly using a Beckman Φ
340 pH/Temp meter, and the pH was adjusted using dropwise
additions of 1 M H2SO4 and 1 M NaOH.

■ RESULTS
Voltammetry. No oxidation current was observed at a

graphite anode in the absence of ammonia at <0.7 V vs Pt (+1.4
V vs SHE) in a supporting electrolyte of 0.1 M NaOH, and the
oxidation of the anode surface began at less positive potentials
than the oxidation of water (Supporting Information, Figure 1).
Figure 1 shows cycle 5 abstracted from Supporting Information,

Figure 1, as well as cycle 5 when ammonia was also present. No
voltammetric current separate from the oxidation of water
could be seen even with concentrated (d = 0.88 g cm−3)
ammonia (Supporting Information, Figure 2), but the presence
of ammonia appeared to suppress the oxidation of the graphite
surface. Analogously, Ji et al.42 saw a well-defined peak for the
oxidation of ammonia at boron doped diamond (BDD) but not
at various samples of graphite.

Electrolyses in the Absence of Chloride. In a
preliminary study in an open, undivided cell, the oxidation of

Figure 1. Cyclic voltammograms of multiple cycles experiments (only
cycle 5 presented); pencil lead working electrode, platinum wire
reference electrode, and platinum foil counter electrode;  0.1 M
NaOH;    0.1 M NaOH + 0.1 M NH4ClO4.
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ammonia at graphite, Ti/RuO2, or Nb/BDD anodes was
negligibly slow at pH 3 (Figure 2). In alkaline solution there

appeared to be rapid loss of ammonia, but this was an artifact;
almost all the loss of ammonia was due to gas stripping. All
further experiments in alkaline solution were therefore carried
out in closed cells, one of whose ports was connected to a trap
containing dilute sulphuric acid. The loss of ammonia from the
electrolyzate was corrected for the amount of ammonia in the
trap.
In a series of experiments in alkaline solution at different

starting concentrations of ammonia, the rate of loss of ammonia
increased with the initial concentration, indicating a mass
transport controlled reaction (Figure 3). Care was taken to
distinguish electrochemical oxidation from gas stripping, whose
rate also increases with concentration. In Figure 3 the point at
time zero was omitted from the regression because we
consistently found a faster loss of ammonia prior to the first
sampling time, suggesting that the unused graphite surface is
initially more active than one in continued use. Throughout the
electrolyses, all the total nitrogen was in the form of ammonia
(there was no overoxidation to nitrate). The current efficiency
increased with the initial ammonia concentration, consistent
with competitive oxidation of water. The reaction rate was
directly proportional to the current below 50 mA but tended
toward a constant value at higher currents (Supporting
Information, Figure 3). This suggests mixed kinetics: current
control at low current (kobs independent of [NH3]), tending
toward mass transport control (kobs independent of current) as
the current increased.
We showed previously35 that the functionalization of the

graphite surface leads to mineralization and disintegration at
the graphite surface. When the same anode was used three
times for electrolysis of ammonia in 0.1 M NaOH at 100 mA,
the average loss of ammonia and the cell voltage were constant
(19% over 5 h and 3.7 V, respectively), but by the third use, the

anode became pitted and black particles were found in the
solution.

Electrolytic and Chemical Hypochlorination. Prelimi-
nary experiments showed that the electro-oxidation of ammonia
was much faster in the presence of chloride ion under various
conditions: alkaline solution with acid trap; neutral NaCl
solution; divided or undivided cell. Complete denitrification
was achieved upon electrolysis of 25 mM NH4ClO4 and 0.5 M
NaCl at 100 mA. At all times the TN was equal to c(NH3),
again showing that ammonia had been oxidized to N2 rather
than to nitrate (Supporting Information, Figure 4). The loss of
ammonia increased almost proportionately with the current,
but the slope of the line kobs versus current was slightly larger
when a new graphite anode was used for each electrolysis than
when the same anode was used throughout (Figure 4),
indicating gradual degradation of anode performance. At
constant ionic strength, constant current, and constant initial
concentration of NH4ClO4 (25 mM), the rate of denitrification
increased (but more than proportionally) with c(NaCl) (Figure
5).
There has recently been debate about mechanistic differences

between chemical and electrochemical hypochlorination in the
presence of ammonia. When the chemical process is carried out
near neutral pH, the TN of the solution does not decrease
significantly until the ratio [added hypochlorite]/[initial
ammonia] > 1, because the first aliquots of hypochlorite
convert NH3 to NH2Cl, which does not remove TN from
solution. Further hypochlorite converts NH2Cl to NHCl2;
these react together to eliminate TN as N2. In contrast, the
electrochemical process has been observed to show a linear
decrease of TN from the very beginning of electrolysis.43−45

In electrolyses carried out with a Ti/PtOx−IrO2 anode at pH
∼6 (at which HOCl is the main “positive chlorine” species),
Kapalka et al.44 proposed that the electrochemical process
generates high local concentrations of NH2Cl and NHCl2,

Figure 2. Electrolysis of 50 mL of 25 mM NH4ClO4 at 100 mA.
Graphite rods were used as both the anode and cathode. An identical
solution had argon gas bubbled through it slowly over the same
amount of time; ▲ electrolysis at pH 3; ⧫/◊ electrolysis at pH 14; ■
argon stripping at pH 14; filled symbols, analysis by TN; open
symbols, indophenol method.

Figure 3. Electrolysis of NH4ClO4 at different initial concentrations in
1 M NaOH at 100 mA using a closed-cell reactor with Ar gas bubbling;
the moles of NH3 from H2SO4 trap were included in the calculation of
the NH3 concentration at the time of sampling; ⧫ 25 mM (current
efficiency of 3.6%); ▲ 40 mM (current efficiency of 6.3%); ● 90 mM
NH4ClO4 (current efficiency of 12.6%); ■ 250 mM (current efficiency
of 53%).
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which react with each other close to the anode before diffusing
into the bulk. This makes the concentrations of nitrogen
species in the bulk solution irrelevant to the progress of the
reaction. Gendel and Lahav43 suggested instead that because
water and Cl− are oxidized simultaneously, the solution near a
Ti/RuO2−TiO2 anode becomes so acidic that the main active
chlorine species is Cl2 rather than HOCl. The essence of their
proposal is that the oxidation of ammonia and chloramines is
significantly faster with Cl2 than with HOCl.

Our own work indicates two experimental complexities. First,
there is an analytical discrepancy according to whether
ammonia is analyzed as TN or spectrophotometrically. In a
conventional (nonelectrochemical) hypochlorination experi-
ment carried out at pH 7, the indophenol method showed the
“classical” behavior, with a lag before the concentration of
dissolved N fell significantly, but TN analysis indicated loss of
TN from the earliest addition of hypochlorite (Figure 6). This

result was an artifact due to the different calibration sensitivities
of ammonia and chloramines in the total nitrogen analyzer.46

The evidence was that the “lost” TN was recovered when a
partly hypochlorinated solution of ammonia was treated with
sodium sulfite to reduce the chloramines back to ammonia
(Table 1). No “loss” of ammonia was observed by the

indophenol method, because the chloramines equilibrate back
to ammonia during the analytical procedure. The reaction
between hypochlorite and ammonia was very rapid, with
identical analyses at 1, 5, and 10 min after the addition of
hypochlorite (Table 2). As before, the analyses by TN and the
indophenol method were not in agreement.

Figure 4. Electrolysis of 25 mM NH4ClO4 in 0.5 M NaCl at different
currents and graphite electrodes; ▲ new graphite anode for each
experiment; ■ the same graphite anode used in all experiments.

Figure 5. Electrolyses in a batch cell reactor of 25 mM NH4ClO4 at
100 mA with varying concentrations of NaCl but constant ionic
strength using NaClO4; ⧫ 500 mM NaCl (initial rate 0.078 mM/min
± 0.0041, current efficiency 19%); ■ 375 mM NaCl (0.044 mM/min
± 0.0012, 11%); ▲ 250 mM NaCl (0.021 mM/min ± 0.00047, 5%);
● 100 mM NaCl (0.0064 mM/min ± 0.00044, 2%).

Figure 6. Sodium hypochlorite (0.39 M) was added periodically to 50
mL of 50 mM NH4ClO4 with the pH maintained at ∼7 by dropwise
addition of 1 M H2SO4 and 1 M NaOH; ■ analysis by TN; □ analysis
by indophenol method.

Table 1. Oxidation of 25 mL of 50 mM NH4ClO4 Using 2
mL of 0.39 M Sodium Hypochlorite, Analyzed Using Both
TN and the Standard Indophenol Method (Two Trials),
Then Reacted with 1 mL of 1 M Sodium Sulfite, And
Reanalyzed; Duplicate Experiments

ammonia concentration (mM)

conditions TN method indophenol method

initial ammonia concentration 47.7; 47.4 47.7; 48.0
after adding 2.0 mL of 0.39 M NaOCl 40.5; 40.6 47.0; 47.4
after adding 1.0 mL of 1 M Na2SO3 46.3; 47.2 47.3; 49.3

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc300097p | ACS Sustainable Chem. Eng. 2013, 1, 190−197193



The second issue was that chemical hypochlorination gave
different results at pH 3 compared with pH 7. At pH 3 there
was a near-linear decrease in the analytical observable, by both
the TN and indophenol methods, with little difference between
them (Figure 7).

The “conventional wisdom” about the mechanism of
breakpoint chlorination is that the reaction is fastest near pH
8.5 when NH3 reacts with HOCl.30,33,34 However, the
concentration of free NH3 is negligible at pH 3, which is six
pH units away from the pKa of NH4

+. We excluded the
possibility of a photochemically induced radical reaction at pH
3 (involving either Cl2 or HOCl), by showing that the rate of
denitrification under ordinary laboratory illumination was the
same as that of a parallel reaction that was carefully protected
from the light (Supporting Information, Figure 5).
Electrochemical hypochlorinations were compared at the

anodes Ti/RuO2, Nb/BDD, and graphite, using 25 mM
ammonium perchlorate in the presence of 0.5 M sodium
chloride at 100 mA (Figure 8). The order of reactivity was Ti/
RuO2 > Nb/BDD > graphite. The high reactivity of Ti/RuO2 is
compatible with its use as the commonest dimensionally
stabilized anode (DSA) used for the chlor-alkali process.

■ DISCUSSION
Mechanical pencil “leads”, which are inexpensive and
disposable, provide a convenient method of carrying out
voltammetry at graphite,47−51 as they have similar voltammetric
behavior to the massive graphite anodes used in bulk
electrolyses.35,49 Repeated cycling of a graphite microelectrode
into the potential range of oxygen evolution functionalizes the
surface of the anode, as shown by changes to the appearance of
the voltammogram.35 Concerning the work by Ji et al.,42 who
saw an oxidation peak for ammonia at BDD but not at graphite,
BDD has a much wider useful anodic potential range than
graphite. This is because the sp3 carbons on its surface are more
resistant to oxidation than the sp2 carbons of graphite. At
graphite, the oxidation current for ammonia is obscured by the
oxidation of water in the same potential range.
Although conditions were found under which ammonia was

oxidized with high current efficiency at graphite in the absence
of chloride, it would be difficult to make this approach practical
in the context of ammonia scrubbed from poultry barns. First,
significant adjustment is needed to change the pH of the
scrubbing solution to that needed for electrolysis. This makes
recycling of the solution impractical due to the build-up of salts
in the solution when the pH is changed back and forth; this
requirement for added chemicals also negates the “green”
advantage of using electrolytic rather than chemical oxidation.40

Second, high current efficiency was achieved only at very high
ammonia concentrations. Although no oxidation current was
observed at a graphite microelectrode under conditions of
voltammetry, the rate of electrochemical oxidation in the
absence of chloride was concentration-dependent, increasing
with the concentration of ammonia in solution. Mechanistic
possibilities include either that ammonia is oxidized com-
petitively with water or (as we proposed previously for
acetaminophen35) that oxidation of ammonia involves oxygen
transfer to ammonia from an oxidized graphite surface,
following oxidation of water. Third, alkaline conditions
necessitated a closed electrolytic cell to avoid loss of ammonia

Table 2. Effect of Bleach Contact Time on the Ammonia
Concentration: 4 mL of 0.39 M Bleach Was Added To 50
mL of 50 mM NH4ClO4 (OCl/NH3 Mole Ratio of 0.63), and
the Reaction Was Sampled at Different Times

ammonia concentration (mM)

contact time TN method indophenol method

0 46 53
1 37 45
5 36 43
10 36 43

Figure 7. Sodium hypochlorite (0.39 M) was added periodically to 50
mL of 50 mM NH4ClO4; the pH was maintained at ∼3 by dropwise
addition of 1 M H2SO4 and 1 M NaOH; ■ analysis by TN; □ analysis
by indophenol method.

Figure 8. Electrolysis of 50 mL of 25 mM NH4ClO4 + 0.5 M NaCl at
100 mA, using a graphite rod cathode and different anode materials: ▲
graphite; ■ BDD; ⧫ Ti/RuO2.
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to the atmosphere due to gas stripping by the O2 and H2
byproducts of electrolysis. This would be technologically
impossible for a recirculating system. Previously, little success
was achieved in an attempt to oxidize ammonia at pH 5.5 using
a boron-doped diamond anode (BDD),45 even though Ji et al.42

had observed voltammetric oxidation currents proportional to
c(NH3) at BDD. Although BDD promotes efficient oxidation of
many substrates by the hydroxyl radical mechanism, the low
reactivity of NH3 and NH4

+ is probably due to their slow rate
constants for reaction with the hydroxyl radical.52,53

The electrolysis of ammonia in the presence of chloride ion
is generally considered to be similar, but not identical, to the
nonelectrochemical process known as breakpoint chlorination,
which is used to remove ammonia from wastewater34,54−57 or
drinking water sources concurrently with disinfection.29−34 In
breakpoint chlorination the fastest reaction involves the
interaction between neutral ammonia (NH3) and hypochlorous
acid (HOCl), and the optimum pH range for the reaction of
∼8.5 lies between the pKa values of HOCl and NH4

+. The
stoichiometric reaction is given by eq 1, although the
mechanism of denitrification involves chloramine species as
intermediates.

+ → + +−3HOCl 2NH N 3Cl 3H O3 2 2 (1)

The electrochemical oxidation of ammonia was much more
efficient in the presence of chloride ion (current efficiencies up
to 19% depending on the concentration of NaCl). The low cost
of electricity compared with chemical oxidants makes this
current yield acceptably efficient. Independent of apparent
differences in mechanism between conventional chemical and
electrochemical hypochlorination in neutral solution resulting
from analytical artifacts, there is an inherent difference between
pH 7 and pH 3 in the progress of the elimination of nitrogen
from solution under chemical conditions. Rapid denitrification
occurs at pH 3 at low ratios of [HOCl]/[NH3]. This is
compatible with the explanation of Gendel and Lahav43 that the
acidic pH generated at the anode is responsible. However, rapid
denitrification at pH 3 remains unexpected because in this pH
range ammonia is almost entirely in the non-nucleophilic form
of NH4

+, which has no obvious mode of reactivity with an
electrophilic species such as Cl2 or HOCl. Our tentative
suggestion, which requires mechanistic follow-up, is that water
promotes this reaction by acting as a general base catalyst.
Our results suggest possible technical conditions for applying

electrochemical oxidation to the aqueous phase obtained by
scrubbing ammonia into mildly acidic solution. Chloride ion
must be present in the scrubbing solution at moderate (e.g., 0.5
M/30 g L−1) concentrations to promote the mediated
oxidation in which chloride ion is oxidized electrochemically
to a positive chlorine compound (principally HOCl in the pH
range of the scrubbed solution) and reduced back to chloride
ion during the denitrification step. This combines the pre-
existing scrubbing technology for ammonia, only using acidified
brine as the scrubbing solution, with recirculation between the
scrubbing and electrolysis compartments. Critically, neither pH
adjustment nor chemical additives are required.40 Issues not yet
addressed are possible interference to the hypochlorination
method by other contaminants in the scrubbed solution, and an
evaluation of capital and operating costs of the system. The
proposed technology differs from the approach in which
ammonia is scrubbed continuously into the acid solution over a
protracted period to build up a high concentration of
ammonium sulfate that can be used then as fertilizer. In

temperate regions there are limited seasons when the solution
can be spread. In the present proposal, ammonia is denitrified
as it is scrubbed and never builds up to high concentrations; the
electrolyzer unit can be incorporated into existing technology
between the scrubbing unit and the recirculatory pump. The
ability to recirculate avoids the disposal cost of the discharge
water, which can be a significant operational cost of an acid
scrubber.58 An additional advantage of a hypochlorite-based
technology is that it inherently incorporates disinfection of
recirculating water of acid scrubbers due to aerial emissions
from the birds.59 Although the same overall chemistry could be
achieved by simply adding elemental chlorine or sodium
hypochlorite to the scrubbed solution, this would not be a
“green” answer to the problem. More NaOCl would need to be
added at each cycle in recirculation mode. Eventually, this
would build up the NaCl byproduct to very high concen-
trations. The same problem would arise if the hypochlorite
were generated electrochemically in a separate process (on-site
generation) and bled into a recirculatory system.
Several purely chemical reagents for the oxidation of

ammonia are in principle competing technologies for the
present proposal, but all of these require stoichiometric
amounts of the oxidant and can never be “green”. Ozone,
either alone or in combination with hydrogen peroxide (the
peroxone system),60−62 and potassium ferrate63 oxidize
ammonia to nitrate ion, leaving the same problem as with
ammonia itselfa need for further treatment of the dilute
solution to a useful product or denitrification. Ozone plus
bromide ion achieves oxidation of ammonia to N2 via
hypobromination,64−66 but this is merely a more complicated
and more costly analogue of chemical hypochlorination.
Unlike chemical processes, electrochemical hypochlorination

uses electrical charge rather than chemical oxidants and is
inherently “green” provided that the solution contains sufficient
electrolyte. In the present instance, inexpensive NaCl functions
as both electrolyte and electroactive species. Regarding the
choice of anode material, dimensionally stable anodes such as
Ti/RuO2 are known for their longevity in oxidizing chloride
ion. However, graphite might also be considered on the
grounds of low cost, its ability to be formed into a diversity of
shapes, and the possibility of reverse polarity to avoid cathode
fouling if hard water sources are used.
This proposal is completely compatible with the present

technology in which ammonia is scrubbed into dilute sulfuric
acid, producing a solution of ammonium sulfate that must
either be treated further or stored for use as nitrogenous
fertilizer in the growing season. By adding a chloride salt
(NaCl) to the scrubbing solution, with an electrolyzer unit in
the recycle loop, ammonia (NH4

+) can be continuously
oxidized to N2 without addition of further chemicals for either
oxidation or pH adjustment.
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