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Traditionally, livestock operations were small and combined with cropping operations.
This allowed farms to be self-sustaining because nutrients were constantly recycled on

the farm. Since the Haber-Bosch chemical process was patented, crop farmers turn to
industrial fertilizers when soils nutrients are depleted. Animal and plant operations
diverged, functionally separated, and specialized, leaving the traditional nutrient cycle

open. Animal operations continued to grow in size, while the total number of
livestock operations has consistently decreased over time, creating great amounts of
animal wastes with insufficient crop and utilization area for land application of the
manure.

Any time fertilizers are over applied, there is a risk of environmental pollution and

contamination. Of primary concern to this project is the concentration and loss of
nutrients, particularly nitrogen in the form of ammonia. Ammonia readily volatilizes,
so containment and storage in wastewater is not guaranteed. Ammonia discharged to
the atmosphere will oxidize to nitric acids, contributing to acid rain and greenhouse

effects. Even as farmers lose a valuable nutrient resource, ammonia volatilization is a
concern because it is a major odor nuisance. Litigation between neighbors has
brought odor control to the forefront of animal waste management issues.

This project seeks to close the circle of the nutrient cycle by allowing crop faiiners
convenient access to animal based fertilizers, Mass transfer techniques were
employed to separate the ammonia from a prepared wastewater and then convert that

ammonia into a usable fertilizer. Ammonia stripping is a chemical treatment
specifically designed to remove ammonia from a liquid. An absorption tower was
then used to convert the pure ammonia back into an ammonium crystal solution. The
solution is a fertilizer of known quality and quantity that is easier to handle than the
original wastewater.

Several components of the apparatuses were varied to determine the most efficient

method of stripping ammonia from wastewater. Calculations were made to determine
the efficiency of each apparatus and compared. Simply agitating the wastewater
produced high rates of ammonia removal (70.7 and 75.0 mg/L/h). A stripping tower
performed well with advantages including effective dispersal droplets with high

surface area to volume ratios and slower volumetric flow rates. The stripping tower
with an irrigation nozzle runs produced the highest percentages of ammonia removal

(9.2 - 34.9%). Using an aerator produced variable rates of ammonia removal (12.9129.3 mg/L/h), depending on initial ammonia concentration and absorption tower

configuration. A small mass transfer tower is capable of acid absorption (44.6 and
74.6% recovery), and further improvements to the recovery tower such as increasing
tower height, intentionally causing an acid backup or improving acid recirculation will
probably increase the efficiency.

The benefit of using the described technology is the targeted removal of ammonia

from wastewater. This decreases the nitrogen load in the wastewater, while
concentrating the nutrient into a manageable form. The mass transfer technology
discussed in this paper has potential applicability to livestock operations when
regulations enforce controls on ammonia emissions from livestock wastewater.
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Introduction
Traditionally, livestock operations were small and combined with cropping operations.
This allowed farms to be self-sustaining because nutrients were constantly recycled on

the farm. Plants accumulated nutrients, such as nitrogen and phosphorus, from the
soil. Animals were fed the plant material, and they deposited the valuable nutrients
back into the soil through urine, feces, and carcasses.

Now, when soils are depleted of nutrients, crop farmers turn to a limitless supply of
relatively cheap, concentrated, chemical fertilizers, greatly reducing the amount of
animal wastes that need to be applied to fields. In 1950, the Haber-Bosch chemical
process was patented to create a pure form of ammonium nitrate from atmospheric

nitrogen. Ammonium nitrate is a fertilizer for crops that is produced cheaply in mass
quantities and is of uniform quality. In a commercial fertilizer, farmers have an
advantage of knowing what is in the solution and the exact concentration. The
availability of inorganic chemical fertilizers revolutionized the ability of plant growers
to apply nitrogen and other nutrients uniformly to their fields and cancelled their need

for animal based fertilizers. The availability of industrial fertilizers released crop
operations from dependence on animal nutrients. This left the traditional nutrient
cycle open, and caused animal and crop operations to diverge, functionally separate,
and specialize.

Animal producers now have a waste disposal problem of too many animal based

nutrients in a smaller area for disposal. Compounding the issue, animal operations
continue to grow in size, while the total number of livestock operations has

consistently decreased over time. The operations have become more specialized, and
the area of land required to raise each animal decreases as efficiency increases. As a
result, operations with large herds (herd size is defined by individual states and varies

by species) are classified as Confined Animal Feeding Operations (CAFO). CAFO
increasingly concentrate flocks and herds to smaller plots of land, creating great
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amounts of animal wastes with insufficient crop and utilization area for land

application of the nutrients. Animal wastes include animal urine and feces, carcasses,
wash and rinse water and any acquired materials. Wastes must be moved away from
the animal living areas for the general health of the animals. Wastes must then be
stored or distributed quickly before they create serious environmental problems.
These problems necessitate an animal waste management strategy for all CAFO.

Disposing of animal wastes by land application is a preferred nutrient management
utilization strategy, because a plant cropping system can utilize and reduce the

nitrogen load to the land. Often, animal farms can only apply a fraction of their waste
for fertilizing crops, because they are land limited. Animal farms would like to use
liquid wastewater for irrigation, but the concentration of nutrients in the water may be
greater than can be used by plants.

Any time fertilizers are over applied, there is a risk of environmental pollution and

contamination. Nitrogen is applied in the form of nitrates (NO3), ammonia or
ammonium (NH3 and NHI), and organic nitrogen compounds (e.g. urea). Nitrate and
gaseous ammonia are the nitrogenous pollutants of most concern. Nitrates is highly
water soluble and is carried in water, while ammonia volatilizes to the atmosphere.

Particularly when industrial fertilizers were introduced, ammonia was so cheap and
effective, excess nitrogen was commonly applied to fields. Excess nutrients that
plants cannot use will be moved during irrigation or rain events. Nitrate will leach
into ground water an important drinking water supply. Drinking water with nitrate
concentrations higher than 10 mg/L is considered a health risk to humans (EPA 2000).

If pregnant or nursing mothers drink water contaminated with nitrates, their children
are at risk for methemoglobinemia (blue baby syndrome), which occurs when nitrates
in the blood cause hemoglobin molecules to bind methyl groups instead of oxygen,
reducing the ability of blood to transport oxygen to cells.
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Besides causing human health hazards, excess nutrients can compromise

environmental and aquatic systems. Nitrogen is one limiting nutrient to aquatic plants.
When it is supplied in great quantities, as in fertilizer runoff, a great growth of
biological material, such as algae in aquatic systems, commonly results. Surface mats

of algae block out the sun, causing the death of plants below the surface. As the plants
die and decay, bacteria increase their biochemical oxygen demand (BOD), causing

hypoxic or anoxic conditions. Animals that cannot move away die, creating more
detritus. This accelerates eutrophication of bodies of water and results in hypoxic
conditions. The recurring "Dead Zone" surrounding the Mississippi River delta in the
Gulf Coast is a four acre area of hypoxic conditions caused by the accumulation of
nutrients, with fertilizer runoff being one of the major sources, from the Mississippi

River watershed. Goolsby et al. (1999) found that 90% of the nitrogen and
phosphorus flux into the Gulf of Mexico are from non point sources of pollution, and
agriculture is the largest source.

In order to control pollution of surface and ground waters, and to control the excess
application of nutrients in many states, regulations limit the amount of nitrogen
fertilizers applied to an area of land, depending on the amount of nutrients the selected

crop can uptake and utilize. The nutrient demand of a crop has been determined by
empirical studies, as each species requires different amounts.

Any fertilizers applied in excess of crop needs pose an environmental risk. Of
primary concern to this project is the concentration and loss of nutrients, particularly

nitrogen in the form of ammonia. After understanding the environmental risks created
by massive amounts of animal wastes, this project seeks to evaluate one stratagem to
be used by animal waste managers.

The loss of nitrogen from farms is concerning not only because of potential
environmental pollution, but also because farmers are losing a valuable resource.

Nitrate will stay in solution and can be managed by careful storage and timely
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application of wastewater. Ammonia, however, readily volatilizes, so containment in
the wastewater is not guaranteed. In addition, ammonia volatilization is a concern
because it is a major odor nuisance. Ammonia is one chemical frequently responsible

for odor from farms. The amount of ammonia in the air is a strong indicator of odor
strength. Litigation between neighbors has brought odor control to the forefront of
animal waste management issues. Litigation for odor pollution will occur more
frequently, as neighbors move closer to farms and animal feeding operations

consolidate into larger CAFO. Acceptable levels of odor pollution are profoundly
variable among residents and have an inherently psychological aspect. Cases have
been reported where neighbors of animal farms and rendering plants were hospitalized

complaining of odor intolerance. CAFO are currently at risk for odor control litigation
and regulations, and restrictions on discharge will soon be widespread. Anticipated
regulations will likely include limits on ammonia emissions. As an odor control
strategy, ammonia will need to be contained or managed. The same technology
developed for ammonia containment will benefit a farmer who wishes to be a good
neighbor and avoid future costly fines. (Miner 2000).
At the OSU dairy, nitrogen is lost before the wastewater reaches the storage tank.

Cows deposit solid wastes in the feeding alley. Alleys are flushed twice daily with
recycled wastewater. The slurry is collected and drained into an underground
agitation tank. The well-mixed slurry is pumped over two solid-liquid separator
mechanisms. Solids are piled in a heap, and liquids run through a weir into a large
storage tank (Krahn pers. comm., 2003). Liquids must be either land applied before
the tank overflows, or otherwise managed in accordance with the National Pollutant

Discharge Elimination System Permit for CAFO. These regulations within the Clean
Water Act are intended to protect surface and groundwater systems and include

nitrogen overloads. However, most of the nitrogen loss from wastewater is in the
form of ammonia gas that escapes to the atmosphere. Ammonia can be lost at any
point in the system, from alley flushing to storage. This project focuses on reducing
the ammonia load in storage tanks. During storage of liquid wastes in lagoons or
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tanks, ammonia from animal farms constantly volatilizes into the atmosphere. This
represents a significant nitrogen loss from farms. Anticipated regulations will likely
require this ammonia to be contained. Ammonia discharged to the atmosphere will
oxidize to nitric acids, contributing to acid rain and greenhouse effects.

Treatment
Containment and blocking the escape of ammonia from the deposited or stored wastes
has been beneficial, as in lagoon covers or air filters and injecting wastewater or liquid
ammonia directly into the soil. Most other odor reducing measures, fall into three

categories: feed additives, chemical agents, and biological agents. Best management
practices, such as wind blocks, can help prevent the spread of odors laterally to
neighboring lands.

Due to environmental regulations, pollutants must be removed from. wastewaters

before discharge. There are several methods to remove nitrogen, each uniquely
advantageous depending on the form (e.g. nitrate or ammonia) and goal of removal.
Physical treatments of wastewater are classified as primary treatments used to separate

solid pollutants from water. The solids are generally removed mechanically in settling
tanks, or through mechanical screens.

Biological treatments are classified as secondary treatments used to remove soluble

pollutants from wastewater. Lagoons and holding tanks, as well as soil, harbor a
naturally occurring microbial community that digests soluble nutrients and converts
them to organic matter or smaller compounds. The microbial degradation is a natural

process that occurs predictably under certain conditions. When conditions are
acceptable, bacteria will grow on any suitable surface. The flow of wastewater and
nutrients over packing media provides ample habitat for microbes, which grow in

mats, called bioflim. In fact, trickling filters are a common low cost treatment option
for treating municipal wastewater, which encourage bacterial growth and increase the

uptake of soluble nutrients. Wastewater managers take advantage of the natural

processes and provide optimal conditions to accelerate the rate of ammonia removal.
By providing certain conditions and biological stresses a wastewater manager forces a

microbial community to undergo the preferred process, depending on the goal of
degradation. For example, under aerobic conditions, microbes oxidize ammonia to
nitrite and then nitrate, a process called nitrification. Although plants uptake nitrate
readily, excess nitrate leaches easily beyond the root zone and into groundwater,

creating a public health hazard. Under anaerobic conditions, the denitrification occurs
when microbes reduce nitrate to atmospheric nitrogen, which is harmless.

Many wastewater management designs focus on removing nitrogen by secondary

treatments. They deliberately use biological nitrification and denitrification processes
that require aerobic and anaerobic conditions, respectively. In large treatment
facilities, the system is usually well managed and can be expedited by alternating
those aerobic and anaerobic conditions by periodically introducing oxygen to the

system. This accelerates the naturally occurring nitrification and denitrification
processes, and the cyclical timing ensures safe removal of nitrogen from wastewater.

Chemical treatments are considered tertiary treatments. They generally target specific
chemicals, and are used to capture the remaining pollutants.

Often multiple methods are combined in the treatment of pollutants. For instance,
secondary and tertiary methods are employed in order to remove pollutants from

wastewater that is applied to land. The land application process usually starts by using
existing irrigation systems as a distribution system to apply fertilizers. Wastewater
supplements irrigation water, easing the spread of the nutrients to fields. After land
application, a small fraction of ammonium will convert to ammonia gas and volatilize.

It is difficult to know how much ammonium will volatilize. For instance, ammonium
sulfide volatilizes more ammonia than ammonium chloride (Bussink and Oenema

1998) Ammonium that does not volatilize will move into the soil with the water.
Soil surfaces are generally negatively charged, so the ammonium cation will bind to
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the soil. As in liquid holding tanks, under aerobic conditions, animonium will be
slowly nitrified by microbes into nitrate, a useable form of nitrogen to plants.
Applying ammonium salts as a fertilizer releases nitrate to the environment more

slowly than pure nitrate or ammonia solutions. Slow releasing reduces ground
leaching of nitrates, and therefore reduces the loss and waste of fertilizers.

As previously discussed, many farms cannot safely land apply all of their wastewater,
because of unacceptably high concentrations of nutrients and pollutants relative to

crop uptake. In Korea, 80% of swine operations prefer to land apply their wastes, but
there is a shortage of available land (Choi and Eum 2002). Since many large animal
operations do not have enough land to apply all of the nitrogen in their wastewater,
one chemical process to reduce the nitrogen content in manure is stripping the

ammonia out and venting it into the atmosphere. Ammonia stripping is a tertiary

treatment specifically designed to remove ammonia. However ammonia pollution in
the atmosphere will contribute to local odor problems and eventually to acid rain
problems.

Another way to reduce the nitrogen load for an animal farm is to return to the

historical use of wastes as fertilizers for plant crops. Animal farms are in need of
multiple ways to dispose of excess nutrients. This project seeks to close the circle of
the nutrient cycle by allowing crop farmers convenient access to animal based
fertilizers.

This project experimented with a technique to convert animal wastes to plant

fertilizers. It targeted the ammonia in wastewater as a useable form of nitrogen. Mass
transfer techniques were used to separate the ammonia from the wastewater. An
absorption tower was then used to convert the pure ammonia back into an ammonium

crystal solution. The solution is a fertilizer of known quality and quantity and is easier
to handle than the original wastewater.

The main problems facing this endeavor were making the process efficient, practical,

and convenient for a large herd and land-limited farmer. Criteria for animal based
fertilizers include low cost and uniform quality. A high nitrogen concentration is
preferable to crop farmers, so they have less hauling costs and spend less time

applying. Also, animal farmers would like to maximize the amount of nitrogen
exported from their farms. The less nitrogen that is in their wastewater the more water
they can discharge without adding to contamination problems.

The first stage of this project sought to reduce the ammonia content in liquid manures,
making more water available to a land-limited farmer for land application or irrigation.
The second stage of this project sought to capture the ammonia and absorb it into an

acid. The combined processes will produce an ammonium crystal fertilizer. The goal
was to produce a 5-10% ammonium compound solution that is viable to sell to crop
farmers.

This project involved a mass transfer tower to strip the ammonia out of the downward

flowing wastewater into the upward flowing air. The ammonia readily volatilizes
when the pH of the wastewater is above 10.8. The gaseous ammonia is captured and
collected in the bottom of a second mass transfer tower. A downward flowing acid
scrubs the ammonia from the upward flowing air. The resulting product is an
ammonium salt solution.

Literature review
Ammonia Stripping
When ammonia volatilizes to the atmosphere, it oxidizes to nitric oxides and

eventually contributes to acid rain problems. Animal farms are a significant source of
ammonia volatilization. As a plant nutrient, ammonia is a valuable form of nitrogen,

and plant farmers would like to keep the nutrients in a usable form. Bussink and
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Oenema (1998) described the major sources of nitrogen loss from livestock

operations. Ammonia losses range from 17-46 kgN/cow/year. In order of importance,
nitrogen is lost from: 1) slurry application, 2) housing, 3) slurry storage, 4) grazing, 5)

fertilizer application, and 6) crops. Zero to twenty percent of the nitrogen in the slurry
is lost during storage (Bussink and Oenema 1998). For farms, slurry storage can
represent a major loss of valuable ammonia. Work has been done to understand the
variability in the amount of ammonia lost between farms. There are several
mechanisms that contribute to the increased efficiency of ammonia volatilization, or

stripping efficiency. An increase in temperature, pH, or concentration of ammonia
will all theoretically cause an increase in ammonia volatilization. An increase in airwater contact area will also increase ammonia volatilization.

Temperature and Concentration

Under natural conditions, Aneja etal. (2001) measured the flux of ammonia across the
surface of 6 anaerobic lagoons. The authors found that concentration of ammonia and
temperature were both related to ammonia flux. An increase in either of these factors
increased the amount of ammonia volatilized, and explained 74% of the variation in

flux of ammonia across the lagoons Ammonia flux peaks in mid-afternoon, when
temperature peaks. Several studies correlated ammonia volatilization with ammonia

concentration. James etal. (1999) studied ammonia loss from dairy cow manure. Wet
and dry manures were collected separately and frozen to retard nitrogen degradation.
After wet and dry manures were combined in lab tests, ammonia emissions peaked
within 10-15 hours, and 90% of the ammonia volatilized within the first 26 hours

(James et al. 1999). As the concentration of ammonia decreased, the rate of ammonia
volatilization also decreased. In Silva et al.'s (2004) study, the rate of ammonia
removal was fast at high concentrations, but then dropped at lower concentrations. In
the first 48 hours, the concentration of ammonia in the wastewater decreased from 800
mg/L to 150 mg/L, with an average rate of removal of 15 mgIL!h. At less than 150
mg/L, the average rate of ammonia removal decreased to 4.3 mg/L/h (Silva et al.

2004). A similar rate of ammonia removal was found in the Marttinen et al. (2002)
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study system. Marttinen found that the rate of removal of ammonia was 10 mg/L/h in
Finnish landfill leachate with initial concentrations between 96 mg!L and 150 mgIL

(Marttinen et al. 2002). Cheung et aL (1997) examined an aeration system to strip
ammonia out of a Hong Kong landfill leachate. Cheung et al. (1997) reiterated that
the rate of mass transfer of ammonia is proportional to the concentration of ammonia
in the solution, making the process a first order linear process.

pH Adjustments
In Aneja et al. 's natural lagoons, pH was not adjusted to aid ammonia volatilization,

and the lagoons all had a pH in the range of 6.8 to 8.1 (Aneja et al. 2001). Previous
unpublished work at OSU confers with the general principal that raising the pH of the
liquid manure to at least 10.8 gives the most efficient ammonia extraction (Harris pers.

comm, 2003). Ammonia has a pka of 9.3, meaning that at pH 9.3, 50% of ammonia

(NH3) in the solution is still in the ionic form of ammonium (NH). At pH 10.3, 90%
of the ammonium is in the form of ammonia, and 99% at pH 11.3. Also supporting
this finding, Katehis et al. (1998) determined critical pH values for ammonia stripping
efficiency at higher temperatures. The authors' empirical findings suggest that when
temperature is raised to 46.5 °C, pH values above 10.3 no longer increase stripping

efficiency. At a higher temperature of 75 °C, the critical pH value is reduced to 9.8.
At a pH of 9.8 and 75 °C, 98% of the ammonia was stripped out, while only 62% of

the ammonia was stripped out at the same pH but the lower temperature of 40 'C.

Area

The rate of ammonia stripping is proportional to surface area. Cheung et al. (1997)
treated wastewater by air diffusion and lime addition. Lime precipitated phosphorus
and reduced COD, while simultaneously supplying hydroxide ions to raise the pH.

This aeration scheme is a mass transfer technique, similar to the packed tower. The air
bubbles rise from the bottom of the liquid, creating surface areas across which the

ammonia gas diffuses. The author used a wide flat container and allowed air flow
rates of 0, 1, or 5 L/min of air to flow into the liquid through perforated pipes. At pH
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11 and 20°C, the ammonia concentration was reduced 90% and 81% after 24 hours,

with the air flow rates of 5 and 1 L/min, respectively. With no air flowing through the
perforated pipes, 70% of the ammonia was released in 24 hours. The similar percent
reductions suggest that the container surface area is an important factor, and the
turbulence of the water when air is bubbled serves to increase the free liquid surface

area, more than the interfacial area. The authors note that bubbles are saturated with
ammonia from the liquid within a few centimeters of their foimation. In 24 hours, at
pH 11 and an initial concentration of 705 mgIL, an average of 1700 mg of ammonia

were removed from 3 L wastewater samples, at the highest air flow of 5 L/min. For
that configuration, the average rate of ammonia removal was 23.6 mg/L/h and was

similar with varying air flow rates. This was the highest rate of removal in this study,
and it was higher than the rates of removal from Silva et al. '5 2004 landfill leachate

aerator study (15-4.3 mglLIh). The differences may be explained by differences in
unquantified characteristics, such as air flow, bubble size, and surface area of the
experimental chamber.

Instead of pumping air into the wastewater, Ronen and van Vuuren (1978) allowed
ammonia to volatilize from pretreated wastewater in long shallow pools for several

days. The pond system had 2,220 m2 of surface area and the initial ammonia

concentration in the wastewater was relatively low at 14.0 to 25.0 mg/L The
wastewater was treated with lime until the initial pH was 11.2 to 11.4. For five days,
ammonia was lost at a constant rate, until the ammonia concentration fell below 5.35

mg/L and the pH was below 9.4. At this concentration of ammonia, the rate of
ammonia loss increased dramatically. The increase was probably due to the increase
in biological uptake, as microbes were no longer inhibited by excess ammonia (Ronen
and van Vuuren 1978).

Industrial Wastewater

While fieldwork has been done on dairy storage tanks and swine lagoons, research on

stripping efficiencies has also been done in other areas. Landfills create awastewater
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leachate, which is now collected and must be disposed. Some industrial and food
processing products also create wastewaters. These wastes can be rich in ammonia
and require special processing before disposal or discharge. Studies on landfill and
industrial wastewaters are often done in the laboratory, but the work is analogous to
animal wastewater research.

Ammonium concentrations in landfill leachates are often too high for surrounding

biological communities to function normally. Leachates also carry other pollutants to

receiving waters. In newer landfills, leachate is contained and treated. Mass transfer
techniques, such as stripping towers and aerators, are commonly used to treat

wastewater. Mass transfer is often combined with a biological method of ammonia

removal. Chemical and biological treatments have different advantages. In biological
systems, the microbial community has a great ability to degrade a wide variety of

pollutants. However, ammonium in leachates is highly concentrated and is often toxic
to many microbes (Cheung et al. 1997). The following studies concentrated on the
chemical stripping process as a precursor to biological treatment or as a method to

combine with the biological treatment. Marttinen et al. (2002) pretreated landfill
leachate to reduce ammonia concentration, to determine if chemical treatment would

aid in increasing biological activity. The chemical pretreatment occurred using a
randomly packed stripping tower. The flow rate of ammonia in the wastewater stream
through the tower was 10 mgILIh. At pH 11, the team removed 64% of the ammonia
at 6°C, in 24 hours. When they raised the temperature to 20°C, they removed 89% of
the ammonia. The stripping tower process also removed 4-21% of the chemical
oxygen demand (COD). After chemical treatment, the leachate was exposed to
specific microbes. Even after ammonia stripping, the leachate was as toxic as
untreated leachate (Marttinen et al. 2002). COD and high ammonia concentrations
were implicated in causing microbial toxicity. Anecdotal evidence of biological
toxicity was the inhibition of bioflim growth on the plastic media in the tower
(Marttinen et al. 2002).
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Using a similar strategy, Silva et al. (2004) removed ammonia from landfill leachate

before exposing the wastewater to biological organisms. They used either coagulation
or flocculation pretreatments to remove the bulk of the various pollutants, and then

tested aeration for removal of excess ammonia. The aerator was a glass flask with one

air diffuser in the bottom. It took 96 hours, at pH 11, to reduce the concentration of
ammonia in Brazilian landfill leachate from 750-800 rngIL to the legal discharge

standard of less than 5 mg/L. The air diffuser needed a large overflow volume for the
foam while it was in operation, therefore the liquid batch volume was small (0.8 L).
After coagulation or flocculation pretreatments, the toxicity of the leachate to selected

microbes was reduced. After ammonia stripping, the leachate was nontoxic to

Artemia sauna, and much less toxic to Vibriofisheri and Daphnia similis. The
researchers concluded that the high concentration of ammonia is one of the major
toxicity factors in the leachate.

Choi and Eum (2002) chose an aerobic biological process to remove nitrogen. Instead
of removing ammonia before exposing biota to the wastewater, the ammonia was

stripped while the microbial community simultaneously degraded ammonia. In a fullscale experiment, the researchers continuously pumped enough air into the wastewater
tanks, to create aerobic conditions. While providing air to the microbes in large
wastewater tanks, they also created an aeration system that stripped ammonia. At less
than 3 5°C, only 10% of the nitrogen was reduced by ammonia stripping, and 90% was

reduced by biological removal. The wastewater ranged in pH from 7.7-8.5 and was
not artificially increased. Above 3 5°C, the biological activity was inhibited, so 50% of
the nitrogen reduction was due to ammonia stripping, 30% by biological removal, and
20% by chemical coagulation and activated carbon adsorption (Choi and Eum 2002).

Rittsteig et al. (2001) also combined biological degradation and ammonia stripping

processes to reduce ammonia concentrations in industrial liquid waste. Instead of
bubbling air into the wastewater in liquid holding tanks, they bubbled streams of pure

oxygen gas. This aerated the microbial system in the wastewater as well as increased
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the gas liquid interface for ammonia stripping. The system automatically adjusted the

pllto 9.4, and came to steady state equilibrium as urea was hydrolyzed by bacteria at
the same rate that ammonia volatilized. This pH balance saved money that would
have been needed to neutralize the pH of the solution in order to increase the
efficiency of the bacteria, even though the bacteria were specifically adapted to high

ammonia concentrations. At 24°C, pH 9.4, with an influent ammonium concentration
of 280 mgIL, 59% of the ammonia in the solution was available for volatilization. In
six days, the overall total Kjeldahl nitrogen (TKN) load was reduced 78.0% when the
temperature increased from 24°C to 32°C. The rates of removal for dissolved organic
carbon (DOC) and nitrogen were increased when the temperature was increased from
24°C to 32°C. The rate of DOC and nitrogen reduction then decreased at 37°C, as

biological activity was inhibited. As pH increased, biological reduction of DOC was
not effected until the pH reached 9.4. Above pH 9.4, ammonia volatilization increased
unsteadily. Overall, the researchers recommended freeing the biological processes
from the ammonia stripping process, in order to maximize the efficiency produced by

raising the pH beyond the microbial tolerance. They felt that combining the processes
limited the ability of biota to degrade ammonia, but neutralizing pH for the microbes

would sacrifice the ammonia volatilization. They noted that Sackewitz and Maier
(1999) produced 90% removal efficiencies, when ammonia stripping was not

performed in consideration of biological activity (Sackewitz and Maier 1999; Rittsteig

et al. 2001). Both Rittsteig et al. (2001) and Ronen and van Vuuren (1978) found that
at pH 9.4, the biological activity of microbes in the wastewater was inhibited. Also,
biological activity is sustained until maximum temperatures of 35°C - 3 7°C.

Separating the biological and ammonia stripping processes allowed both activities to

be performed at their optimum conditions. Apparently, the optimum conditions are
mutually exclusive, and ammonia stripping was effective while biological nitrogen
reduction was a goal.

Boardman and McVeigh (1998) separated the biological and chemical processes. The
food industry also produces wastewater streams with high TKN concentrations. In
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this experiment, the industrial wastewater was fed to microbes, which digested

anaerobically, to save in aeration costs. The microbes produced large amounts of
ammonia as a product. The researchers then used air stripping as a secondary
treatment. They constructed a tower with randomly distributed plastic packing
material. With a liquid stream of 25L/m2/min at pH 12 and 14°C, 72% of the
ammonia was removed, with an air flow rate of 21 m3/min Ammonia removal was
reduced to 50% when the air flow rate was reduced to 9m3/min. As the gas flow rate

slowed, the ammonia removal decreased. As the liquid flow rate slowed, the ammonia
removal increased (Boardman and McVeigh 1998). It appears that liquid flow rate
was more responsible for the ammonia removal in this experiment, although it is
generally accepted that ammonia transfer is both gas and liquid phase controlled
(Boardman and McVeigh 1998).

Acid recovery
Once ammonia is stripped out of preconditioned wastewater, it can be vented to the

atmosphere or recovered. However, environmental and economic concerns dictate
that the ammonia gas should be recovered. Absorption into an acid is a simple and
generally efficient recovery process. Acid absorption is a common technique to
capture gases into a liquid. The following studies specifically captured ammonia gas
into an acid. The pH of the acid solutions varied, although low pH values were
preferred, and acid absorption was a very efficient part of the system. Janus and van
der Roest (1997) recommended acid absorption following ammonia air stripping.
Acid scrubbing needs pH values less than 3.5 to absorb effectively all the ammonia in

the air (Janus and van der Roest 1997). O'Brien et al. (1986) recommended using an
acid with a pH of less than 7. In their own experimental countercurrent tower, they
used a very strong sulfuric acid with a pH of 0. The acid absorption colunm recovered
99% of the ammonia. If the acid was recirculated, it lost absorption efficiency and

needed to be refreshed (O'Brien et al. 1986). Katehis, et al. (1998) designed their acid
recovery tower with the capacity to handle more ammonia than was available in
570.8L of wastewater with an initial ammonia concentration of 1000 mg/L. To make
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the acid absorption very efficient, they continuously adjusted the pllto be less than 2
and built the countercurrent stripping tower tall enough that contact area did not limit

the system. The authors addressed the concern that the final product must be
concentrated enough to be economical (Katehis et al. 1998).

Models
A model is another way to explore ammonia stripping efficiency. Saracco and Genon
(1994) illustrated the thermodynamic equilibriums that dictate how temperature and

pH greatly affect the rate of ammonia removal. They modeled an ammonia stripping
system and estimated the costs involved. When they increased the temperature in the
model, the costs decreased. In their model, they included an acidic ammonia
scrubbing system and dehydrator to create a concentrated fertilizer product (Saracco
and Genon 1994).

Saracco and Genon (1994) developed a cost efficiency model of the air stripping and

recovery process based on theoretical equations. The model example used a low
concentration wastewater of 150 mgIL and countercurrent randomly packed colunms

for both the stripping and absorption systems. When the efficiency of the towers
increased, by increasing temperature or packing material, the capital cost of the system

decreased (Saracco and Genon 1994). The final solution produced by the acid
absorption tower contained a low percentage of the ammonium fertilizers. Further
treatment of the acid solution was needed to concentrate the ammonia. The last
recovery step was to evaporate excess water, leaving a concentrated liquid solution, or
solid crystals. Saracco and Genon (1994) modeled an ammonium sulfate solution in a

dehydrator. They assumed the solution was 40% ammonium sulfate by mass. At this
percentage, the crystals will usually stay in liquid solution, depending on the
temperature (Saracco and Genon 1994).
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A separate philosophy
Concentration and acidification of wastewater without air scrubbing has also been

proposed. Wilier, et al. (2003) concentrated and acidified pig urine. They used this
solution to scrub ammonia from pig barn air emissions, further concentrating nutrients.
In this way, they collected ammonia directly from the pig housing, without

preconditioning the wastewater. The authors note that acid solutions must be
refreshed as the solution gains product, because a high concentration of solutes
decreases the absorption efficiency (Wilier et al. 2003).

Materials and Methods
Mass transfer
The use of stripping and recovery towers is well understood and established in the area

of mass transfer. Mass transfer towers are designed to maximize the contact area to
allow a chemical to move from one state to another. In this project, the towers were
chosen and designed to transfer ammonia from liquid to gas and back again across the

interfacial surfaces created in the towers. There were several factors considered when
the stripping and recovery towers were designed and built. Foremost was the
efficiency of the system, and second was the practical application. Every decision
regarding design was made to maximize efficiency while keeping the system practical.
The following information will provide context and background about design
decisions.

The first set of design considerations involved increasing the efficiency of ammonia
volatilization of the wastewater. There are several ways to increase rates of ammonia
stripping, such as tower height and diameter, distribution method, depth of packing
material, volumetric air flow, heating the wastewater, and increasing the concentration

gradient between the liquid and gas states. Overall, several components of the
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ammonia stripping process were modified. Details about construction of each
component of the stripping tower and aerator are discussed in the following pages.

Different pH of wastewater is known to influence ammonia volatilization. Raising the
pH of a wastewater solution drives the equilibrium reactiOn to convert most of the

ammonium (NH4) to ammonia (NH3). The ammonia gas readily volatilizes at liquidgas interfaces. Therefore, the pH of the wastewater was always adjusted to above 10.8
in these experiments.

Changing the concentration gradient of ammonia can increase stripping efficiency.
The concentration of ammonia in the air is assumed to be zero, and the concentration

of ammonia in the liquid was typically between 700-1000 mg/L. The initial
concentration of ammonia in the wastewater was adjusted for the purpose of

establishing system efficiency curves. Higher or lower initial concentrations of
ammonia outside of the standard range produced higher and lower rates of ammonia
removal, respectively.

Over the course of building and testing the ammonia stripping towers, the interfacial

area was the major focus for increasing stripping efficiency. A traditional design of a
mass transfer tower is countercurrent liquid and gas flow through a series of clay or
plastic media (Figure 1).

Figure]. Example ofplastic media in the Black Tower.
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The media are set in the tower in the packed bed. The media have a high surface areato-volume ratio, which increased the contact area between the liquid and gas. The
media also increase the pathway length of particles moving through the tower, and

therefore increase the contact time between the liquid and gas in the tower. The
packed bed can be installed in sheets, called structured packing. If the media are not
specifically aligned during installation, but are arbitrarily poured in, then the tower is

termed a randomly packed tower. The stripping tower experiments used the classic
randomly packed tower, as they are more common.

The principal design of the ammonia stripping and recovery process is a two tower

system (Figures 2 & 3). In the first tower, designed to remove ammonia from the
wastewater, the wastewater flows downward through a packed column (see a in Figure

2). Air is blown up from the bottom of the tower, with a fan (see b in Figure 2). The
fan is recessed from the tower to protect it from water damage. The ammonia
volatilizes and rises to the top of the tower. The fan pushes ammonia rich air through
tubing to the bottom of the second tower (see c in Figure 2). The ammonia-laden air
from the stripping tower blows into the bottom of the acid absorption tower (see a in

Figure 3). Simultaneously, acid flows down from a reservoir and is sprayed as a mist
into the recovery tower through a garden hose nozzle adapter (see b in Figure 3).
Upon contact with an acid, ammonia gas will undergo an acidlbase reaction.
Depending on the type of acid, a solution of ammonium salts (e.g., ammonium sulfate

or ammonium nitrate) and water will form. The final solution will contain 5-10%
nitrogen in the form of the ammonium compound (see c in Figure 3). During this
process, the wastewater, now stripped of its ammonia, is collected at the bottom of the
tower and piped out of the system or recycled through the tower, depending on the

efficiency of ammonia stripping (see d in Figure 2). Similarly, depending on the
efficiency of acid absorption, the acid solution may be recycled in the absorption
tower.
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One goal of the towers is to provide large surface areas for the liquid-air interface to
allow the ammonia to volatilize from the liquid wastewater into the air flow stream

and then absorb into an acid efficiently. One goal of the recovery tower is to provide
large interfacial areas to allow ammonia gas to absorb into the acid solution
efficiently.
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Figure 2. Example stripping tower. The wastewater was distributed by a splash plate, a garden hose
nozzle, or an irrigation nozzle. Media were added in one foot increments to a depth ofJIve feet.
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Figure 3. Example absorption tower.

Challenges

The major obstacle to the long-term success of using a field irrigation nozzle as the

mass transfer tower distribution mechanism is the amount of maintenance the nozzle
requires. It is expected that this type of nozzle will clog very easily, so the wastewater
must first pass through extensive filtration or flocculation processes to remove solids.
Livestock wastewater has high solids content and problems with clogging have been

reported. Previous unpublished work at OSU pretreated wastewater to remove solids.
Flocculants and filters were both required to consistently reduce the amount of solids.

Also at OSU, other research produced a manure application machine designed by Bary

et al. (2001) which also clogged occasionally. The manure had many solid objects,
and the machine was frequently stopped in order to clean the nozzles manually (Bary
et al. 2001). These extra treatments all add costs in terms of time and energy to the
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overall system. In choosing a stripping and recovery system, it is important to account
for these costs.

The stripping and recovery process has other benefits, such as decreasing the amount

of bacteria in the wastewater stream that results when raising the pH. Fecal coliform
bacteria are regulated in waterways as potential human health hazards, and more
relevant to this project, bacteria could potentially cause turbidity in water solutions,

causing excess solids to clog mechanical parts, particularly nozzles. All packed media
towers using wastewater potentially become trickling filters if microbes are allowed to

grow on the media. The bioflim growth clogs the media and further slows flow
through the tower. Fortunately for this project's stripping tower, this situation is
avoided because the high adjusted pH of the wastewater should inhibit growth or

cause the death of most bacteria. Solutions of high ammonia concentrations will
inhibit the growth of most microbial species. Even without bioflim growth, other
solids in the wastewater may clog mechanical parts. Types and amounts of solids in
wastewater vary with animal species, diet and waste collection system. These factors
were not studied in this paper, but may become a more important design consideration
influencing effectiveness and cost of a system.

Monitoring Methods

pH probe
The Corning digital pH meter was calibrated weekly using a two point calibration with

pH 7.0 and pH 10.0 buffers. The meter was not calibrated for the acidic range of pH.
A buffer of pH 4.0 read as pH 3.89, an acceptable range of error. Two probes were
used, a Cole Parmer electrode and an Orion gel filled electrode. The accuracy of the
Orion probe was affirmed using the manufacturer's expected absolute milivolt ranges.

Ammonia probe

The Orion ammonia probe is a gas sensing electrode with a gas permeable membrane.

To measure the concentration of ammonia in a sample, the manufacturer
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recommended converting all the ammonium ions to ammonia by raising the pH to at

least 11.5 with a strong base. The probe measured the concentration of gaseous
ammonia in a sample. Some ammonia volatilization from samples was expected.
However, according to the probe's manual, it takes 6 hours of continuously stirring a
high pH sample to lose 50% of the ammonia. The ammonia probe was manually
calibrated for the range of 100 mg!L - .1000 mg/L as instructed by the Orion manual.
Calibration solutions were prepared using Sigma ammonium chloride crystals.

Calculation definitions
Several calculations were made in order to determine efficiencies of different

components of the system. A list of definitions and explanations follow.
[WWi]

Concentration of ammonia in initial wastewater reservoir

[WWf]

Concentration of ammonia in final wastewater reservoir

[Ai}

Concentration of ammonia in initial acid reservoir

[Af]

Concentration of ammonia in final acid reservoir

% stripped

Efficiency of ammonia stripping, %

% recovery

Efficiency of ammonia recovery, %

Table 1. Definitions of terms used in mathematical equations.

The amount of ammonia removed in the stripping tower was defined and calculated as

the concentration of ammonia in the initial wastewater reservoir minus the

concentration of ammonia in the final wastewater. The amount of ammonia removed
divided by the concentration of ammonia in the initial wastewater and multiplied by
100, was the percent of ammonia stripped out of the initial wastewater (Equation 1).
This was equal to the efficiency of the stripping tower. Therefore, 100% removal
efficiency occurs when all of the ammonia in the initial wastewater is removed.

(WWi-WWf)IWWi * 100 = % stripped

(1)
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The amount of ammonia absorbed (% recovery) in the absorption tower was defined
and calculated as the concentration of ammonia in the final product minus the

concentration of ammonia in the initial acid reservoir. The amount of ammonia
absorbed, divided by the amount of ammonia stripped in the stripping tower and
multiplied by 100, was the percent of ammonia absorbed from the ammonia rich gas

into the initial acid solution (Equation 2). The percent of ammonia absorbed was
equal to the efficiency of the absorption tower. In other words, percent recovery was
the amount of ammonia, transferred from the stripping tower to the absorption tower,
which was absorbed into the final acid reservoir.
Therefore, 100% absorption efficiency occurs when the amount of ammonia found in
the product is the same as the amount of ammonia stripped from first tower.
Therefore, 100% efficiency of the system would mean that all of the ammonia in the
initial wastewater is found in the fmal product (Equation 3).

((AfAi)/(WWiWWf))* 100= % recovery

(2)

Af-Ai WWi-WWf

(3)

Standard Wastewater
To provide uniformity, material preparation and sampling guidelines were developed.

In all systems constnicted and tested for this project, a standard liquid wastewater was

created. The standard wastewater was a solution of tap water and household ammonia
which had been adjusted for pH to at least 10.8 with hydrated lime (Ca(OH)2). The
initial concentration of ammonia was between 700 and 1000 mg/L, unless noted. The
standard solution was used in all experiments.
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Cross contamination prevention
To prevent cross contamination, a series of sampling guidelines were followed. The
standard wastewater solution was well mixed with a large stirring rod. All sampling
glassware were rinsed with the wastewater before each run. Then, a 100 mL glass
pipette was filled with reservoir liquid from varying depths. The pipette was drained
into a 200 mL Erlenmeyer flask, and the sample was immediately carried to the lab for

analysis. Approximately 20 mL of wastewater was used to rinse a plastic 100 fi oz

beaker and the probes. The remaining liquid was used for analysis. The pH of the
sample was measured first, and the concentration of anmionia measured second. No
adjustment to the pH was made before reading the concentration of ammonia, in order

to get an accurate reading of the concentration of available ammonia. Between each
sample, the probes were rinsed with distilled water, dried, and soaked in respective

storage solutions. The glassware was rinsed with tap water and air dried.

When building the aerator, a sampling portal was installed onto the tank at a height of
2 feet, and liquid samples were taken periodically and analyzed to determine the pH

and ammonia concentration of the wastewater (Figure 3). Between runs, the
wastewater was poured out of the aerator and the walls of the tank were rinsed twice

with tap water. The air diffusers were soaked and rinsed with tap water, to avoid
contamination of the next run.

Distribution systems
Three different devices were tested in the stripping towers: a splash plate, a garden

hose nozzle and an irrigation nozzle. A distribution system is used above the packed
media in the tower, in order to load the media more uniformly. A distribution system
may also be efficient enough to replace the use of media. In these experiments, the
splash plate was a suspended plastic colander-turned upside down. Wastewater could

splash off the plate or drip through the array of holes. There were two types of
nozzles used in the stripping tower experiments, a garden hose nozzle and an
agricultural irrigation spray nozzle. Nozzles spray fine droplets, which have high
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surface area-to-volume ratios. The irrigation spray nozzle used in both stripping
towers was a Spraying Systems Co's UniJet Disc and Core type. The orifice disc
number was D6 and the core number was 35. This nozzle produced a fine mist at high
water pressure. The pressure was measured to be between 25-50 psi for all
experiments. Both nozzles were adjusted to give a maximum spray area without
spraying the inner wall surfaces and causing liquid to run down the walls. Manual
adjustments to the flow rates and orifice sizes produced small droplets, but avoided
stream formation.

Design Experiments
Air flow
Several runs were performed on various apparatuses to determine the more efficient

method of stripping ammonia from wastewater. Calculations were made to determine
the efficiency of each apparatus, and efficiencies were then compared. To determine
the importance of air flow on stripping efficiency, various fans provided different

volumetric air flow rates. Three air flow sources were tested: a window fan box, an
air compressor, and a custom built box fan. Air was driven into the air entry pipe of

the ammonia stripping tower. The window fan air flow rate was about 8 cfm. The
custom built box fan had an air flow rate of about 24 cfiii. The air compressor flow
rate was above 110 cliii when it was primed above 80 psi, but the air flow rate

dropped to 28 cfm after 20 minutes when the tank pressure dropped to 40 psi. The
average air flow rate from the air compressor was 69 cfm.

Flux

To determine the rate of ammonia volatilization from an undisturbed wastewater
surface, a 2 L sample of the standard ammonia solution was prepared with an initial
ammonia concentration of 927.8 mgIL at pH 11.72. The wastewater was allowed to
sit in a 5 gallon bucket with a radius of 5.5 inches. The bucket was placed in a
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laboratory hood with the vent fan on, to prevent the stagnation of ammonia-laden air

in the hood. The amount of ammonia lost from the wastewater was assumed to be
equal to the amount of ammonia added to the air. The rate of ammonia loss per hour
(mg'LIh) was then calculated. Using the surface area and volume of wastewater in the
bucket, the flux of ammonia across the surface (mg/cm2/h) was calculated.

Agitation
To determine the rate of ammonia volatilization from a moving wastewater surface, a

5-gallon bucket was filled with the standard wastewater, and a stir bar in the bottom of
the bucket on a medium setting created some turbulence. The bucket was in the
laboratory hood with the exhaust fan pulling air out of the enclosure. The
concentration of ammonia and pH of the wastewater was sampled periodically over
30-60 minutes.

Black tower
The stripping tower was designed to be efficient in ammonia removal, but also to be

practical and economical for an end user. The first stripping tower was designed and
built as a 12 foot tall and 12 inch inner diameter (id)tower made of black ABS plastic

and named the "Black Tower" (Figure 2). The inner wall was smooth, while the outer
wall was corrugated for stability and strength. From a 13-gallon reservoir, the
standard liquid wastewater was pumped to the top of the tower at various volumetric

flow rates. To measure this rate, as soon as the water reached the bottom of the tower,
the volumetric flow rate of liquid falling through the drain was measured in seconds,

by recording the length of time it took to fill a 1 liter container. The wastewater flow
was adjusted to the desired rate by valves between the pump and the tower. The
(2X
wastewater was dispersed through the air by a splash plate (1st series) or a nozzle

series). There were two types of nozzles used in the stripping tower experiments, a

garden hose nozzle and an agricultural irrigation spray nozzle. The wastewater then
fell onto varying depths of plastic aquarium filtering media. These media were 1-inch
diameter spheres made of a series of parallel rods connected with a center plane,
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marketed as bioballs. The media were supported by a false bottom. During these
experiments, plastic media were added incrementally to the black stripping tower.
The depth of bioballs was increased by one foot (a volume of O.785 ft3) at each

increment for five increments. The depth of plastic media was incrementally
increased to test the rate of ammonia removal efficiency of the bioballs. At each new
depth, both the splash plate and garden nozzle were used as dispersal mechanisms.
After the tower was filled to a depth of 5 ft of plastic media, wastewater flow rates

were varied. Then, the irrigation nozzle was connected to the tower and stripping
rates were measured. Countercurrent to the liquid flow path, the air flow was
established with the fan or compressed air. The air was distributed below the media
through a horizontal pipe that had a large slit facing downward. While flowing
through the media, the air stripped ammonia from the liquid at various efficiencies.

Air at the top of the column was collected and routed into the recovery tower. At the
bottom of the stripping tower, the liquid was drained and pumped through a series of
reservoir buckets and into a final reservoir. A sample from the final reservoir was
taken and pH and ammonia concentration were measured. Then, the liquid was
pumped back into the starting reservoir for use as a source of tap water and ammonia,

and then reused in creating the standard wastewater solution for the next run. After an
experimental run, the final reservoir was rinsed once with tap water.

Green tower

A second tower was made specifically to retest the irrigation nozzle. Two runs were
conducted. This tower was 5 feet tall and 15 inch id, made of green PVC plastic and

called the "Green Tower". The inner wall was smooth, and this tower was never filled
with plastic media. The highest flow rate was 0.5 gpm, and the fan box was used for
these runs.

Recovery/Absorption tower
To recover the ammonia from the stripping towers, a recovery tower was built from a

modified five gallon bucket. After ammonia was stripped from the Black Tower, the

30

ammonia rich air was input through a 4 inch id flexible tube connected into the bottom

of the bucket (Figure 3). A sample of the acid solution was brought to at least pH 10.0
to determine the initial concentration of ammonia. A pH 3.0 or less hydrochloric acid
solution was input through a 1 gpm spray nozzle. When using the stripping towers,
the recovery tower was run in batch trials. The ammonia laden air and acid solution
mixed once in the recovery tower, and the product, a solution of ammonium chloride,

was captured in a reservoir bucket. A sample of the product was also brought to at
least pH 10.8 to test the ammonia content. The results were compared to calculate the
percent increase of ammonia in the acid solution. After the stripping tower had been
optimized, the recovery tower was connected. Two runs were conducted in
conjunction with the Black Tower This. absorption tower was later used in one
aerator run.

Aerator
After a review of stripping tower results (see Results) it was decided that the stripping

tower was not sufficiently efficient, so the entire stripping tower was replaced with an
aerator, a different mass transfer technology. Air was bubbled up from the bottom of a
container of liquid. A taller container had a greater depth of liquid, so the contact time
of the air-liquid interfaces was longer. In a series of experiments air flow, initial
ammonia concentration, and time were varied to determine the most efficient method

to strip ammonia from the aerator. This measured the ammonia stripping efficiency.
These experiments were conducted before the absorption tower was connected. In one
long-term run, the aerator and absorption tower were connected. The aerator was left
running for 4 hours, and the acid in the absorption tower was recirculated for 4 hours.

The aerator was a 5 ft tall, 4 inch id ABS plastic pipe was capped and sealed at one

end to create a long, narrow container (Figure 4). Two and a half to three gallons of
standard liquid wastewater were pumped into the tube and left standing. Air was
compressed and flowed through ¼ inch id flexible plastic tubing. The tubing was
bifurcated and air diffusers were added at the air outlets, to create small bubbles. The
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air diffusers were weighted to ensure that they remained at the bottom of the water

colunm. Compressed air flowed through the aerator for 30 - 60 minutes at a rate of 3.0

cfm, at 25 psi through the tubing and the diffusion stones. The diffusers consisted of
laboratory grade #4 air stones (approximately 2 cm by 1 cm), and additional air bars.
The air bars were made of sand grains compressed into a trapezoidal shape 2 cm tall

and were of two different lengths. 12 cm and 24 cm. Diffusion of air flow was
controlled according to the number of diffusers attached. In all batch runs without the
recovery tower, air flow diffused through three #4 air stones and one 12 cm long air

bar. The air diffused through the stones at the bottom of the tube and traveled up
through the water column, creating a lot of turbulence and foaming. Some liquid was

lost as the air lifted the solution, increasing the volume to the top of the tube. Foam
formed intermittently on the surface. The foam dispersed easily, and some liquid
wastewater was lost as it sprayed out of the container.

As the air traveled through the wastewater in the aerator, ammonia diffused into the air

bubbles and was carried up to the surface. The bubbles releasedthe ammonia into the
surrounding atmosphere. If the aerator was not connected to the ammonia recovery
tower, a fan blew over the surface of the tube to allow mixing and dilution of the
ammonia into the air outside of the tube (Figure 4).

Aerator absorption

The one long-term run of the aerator started with wastewater at an initial concentration

of 927.8 mg/L and pH of 11.72 (Run 39a). Air flow was diffused through three 12 cm
and one 24 cm air bar. The top of the aerator was capped and directed ammonia laden
air into the recovery tower. Air flowed into the bottom of the recovery tower and
mixed with the acid solution, which was initially at pH 1.9 and had an initial ammonia

concentration of essentially zero. The acid was continuously recirculated through the
recovery tower back into the acid reservoir, allowing the acid to gain ammonia
throughout the experiment.
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Figure 4. Example aerator.

Results and Analysis
The following table is a summary of the trials reported in this paper. The "Run #"
identifies a trial and is consistent in all the subsequent tables. Individual trials will be
referred to by this number (example, Run 1).

Run

I
2
3
4
5
6
7
8
9

initial ammonia final pH of final ammonia
concentration wastewater concentration
(mgIL)
wastewater
(mgIL)
initial pH

Description
Flux
Agitation
Agitation
BlackTower
BlackTower
Black Tower
BlackTower
Black Tower
Black Tower

of

11.72
11.67
11.50
11.08
11.54
11.03
11.43
11.42
11.15

927.8
868.5
903.5
993.7
1045.0
1130.3
1014.0
975.2
756.8

11.68
12.10
11.91

10.76
11.47
10.85
10.98
11.35
11.04

593.2
789.8
846.6
973.1
969.0
1055.9
990.7
922.6
713.4

ammonia
loss (%)
36.1

6.9
6.3
2.1

7.3

6.6
2.3
5.4
5.7
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10
12
13

14
15
16
17
18
19
20
21

22
23
24
25
26

BlackTower
Black Tower
BlackTower
Black Tower
BlackTower
BlackTower
BlackTower
BlackTower
Black Tower
BlackTower
B'ack Tower
Black Tower
BlackTower
BlackTower
BlackTower
BlackTower

27a BlackTower
27b

Absorption

28a Black Tower
28b

Absorption

29 Green Tower
30 Green Tower
32
33
34
35
36
37
38

39a
39b

Aerator
Aerator
Aerator
Aerator
Aerator
Aerator
Aerator
Aerator
Absorption

11.07

1085
11.57

1091
11.41
11.31
11.21
11.01

11.19
11.40
11.40
10.97
11.00
11.21

11.45
11.60
11.42
2.92
11.40
2.99
11.15
11.54
11.63
11.50
12.10
11.89
11.49
10.77
11.18
11.72
1.94

749.7
801.6
1032.3
924.6
989.3
1023.5
976.5
934.3
944.4
1015.4

10.91

892.1

11.11

921.5
520.8
483.2
589.7
984.7
509.8
360.1
448.2
-67.1
397.3
896.6
968.2
731.9
796.8

10.47
11.24
10.57
11.10
11.51
11.13
3.60
11.17
3.05
10.77
11.35
11.75
10.79
11.95
11.67
11.23
10.70
10.77

7067.1
6783.1
1266.1
1288.7

927.8
-806.3

10.77
11.33
10.64
11.26
11.19
11.00
10.81

10.94
11.34

9.71

2.07

705.5
769.2
980.0
881.6
949.3
981.2
924.9
871.6
905.8
952.3
846.9
599.5
362.1

389.4
507.1
894.4
350.6
431.0
347.2
8.3
309.9
807.6
953.9
708.0
794.0
7085.3
6689.2.
1264.5
1266.1

623.0
-452.9

5.9
4.0
5.1

4.7
4.0
4.1
5.3

6.7
4.1

6.2
5.1

34.9
26.6
19.4
14.0
9.2
31.2

44.6*
22.5
74.6*
22.0
9.9
1.1

3.3
0.6
0.3
1.4
1.1

1.8
32.9
43.8*

Table 2. Table of runs reported in this paper. Percent of ammonia loss is positive as defined by
calculation definitions in Materials and Methods. * Percent ammonia gained after ammonia recoveiy
tower as defined by calculation definitions in Materials and Method..

Flux

A preliminary test was conducted to deteiiiiine the amount of ammonia stripped when

there was no disturbance to interfacial area in a 5 gallon bucket (Run 1). The
wastewater in the bucket lost ammonia at a rate of 45.4 mg/LIh (R2

1.0) with a total

percent ammonia lost of 36.1% (Figure 5). The flux was calculated to be 0.4
mg/cm2/h. This flux of ammonia across the surface is much greater than the flux
results from Aneja's (2001) outdoor lagoons, perhaps due to the air movement caused
by the laboratory hood.
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Run # Description ammonia

RA2

loss (%)

Rate of pH
change (pH
units/h)

value
for pH

Rate of ammonia RA2 value for
removal (mglUh) concentration

I

Flux

36.1

0.0

0.0

-45.4

1.0

2

Agitation
Agitation

6.9
6.3

0.42
0.45

0.8
0.7

-70.7
-75.0

0.9

3

0.9

Table 3. Flux and agitation run data

In North Carolina lagoons, the flux values were between 0.0002 and 0.0007 mg/cm2/h

(Aneja et al. 2001). The lagoons were not treated to increase their ability to volatilize
ammonia. The range of pH values was 6.8 to 8.1, while in the laboratory the initial pH
was 11.72. This helps to explain why the laboratory flux was 1000 times greater than
in natural conditions.
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Figure 5. Ammonia concentration over time and linear trendline from a standing 5 gallon bucker
during Run 1.

The pH decreased from the initial to fmal time during the flux run (Figure 6).

However, in Figure 6, until minute 270, the trend is clearly an increase in pH. The
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sharp decrease in pH between minutes 270 and 444 causes the appearance of very

little change in pH overall. The increase and then decrease in pH may have been due
to the small volume (12 L) of wastewater in the 5-gallon bucket. Also, an excess of
hydrated lime was applied at the beginning of the run, and it may have taken time for

the lime to settle. Once the lime settled, it no longer released an excess of hydroxyl
ions.
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0

x0.

L-4Runl
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11.68
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0
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500

time (mm)

Figure 6. pH over time from standing 5 gallon bucket during Run 1.

Agitation

In the laboratory, a stir bar was added to the 5-gallon bucket to increase the movement
of the wastewater. When turbulence was created on the liquid surface, the average

rate of ammonia removal was 72.9 mg/L/h for two runs (Run 2, 3). When the initial
ammonia concentration increased from 868.5 to 903.5 mg/L, the rate of removal
increased from 70.7 mg/L/h (R2 = 0.9) to 75.0 mg/L/h (R2 = 0.9), during Runs 2 and 3,
respectively (Figure 7).

The pH also changed over time at the rates of 0.42 pH units/h (R2 = 0.8) and 0.45 pH

units/h (R2 = 0.7) during Runs 2 and 3, respectively (Figure 8). These rates of
increase are in direct conflict with what would be expected from the equilibrium
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reaction as ammoniurn ions are converted to ammonia gas. The pH should neutralize
as ammonium is deprotonated and ammonia gas is lost. In all other runs besides the
flux run (Run 1), the pH does decrease steadily, but during these two agitation runs,

the pH increased. During Run 3,the initial pH value was 11.50, and the pH increased
erratically to the final pH value of 11.91. During Run 2, the pH increased steadily for
the first 15 minutes from 11.67 to 11.93. After minute 15, the pH of the wastewater
changed very little until the final pH value of 12.10. As in the flux experiment, an
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Figure 7. Ammonia concentration over time and linear trendlines from agitated 5 gallon bucket during
Runs 2 and 3.

excess of hydrated lime was applied in the agitation experiments. However, in the
agitation experiments, the stir bar at the bottom of the bucket constantly circulated the

lime powder throughout the runs. The constant release of hydroxyl ions may have
overwhelmed the ammonium ions to the point of constantly raising the pH. Instead of
the lime settling out of solution, as was seen in the flux experiment, the lime would
have been stirred back into solution and effected the reaction. This method benefits
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the rate of ammonia removal as the pH always increased. These rates of ammonia
removal were some of the highest reported in this paper.
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Figure 8. pH over time and linear trendlines from agitated 5 gallon bucket during Runs 2 and 3.

Black Tower

Two ammonia stripping towers were created in the laboratory. The first was the Black
Tower. In the experiments with the Black Tower, several components were varied,
such as air flow, depth of media, wastewater flow rate, and method of distribution. A
comparison of results follows.

Run #

Description

4
19

Black Tower
Black Tower

depth of distribution
media (ft)
method

fan type

wastewater flow ammonia
loss (%)
rate (gpm)

airflow

increases in media

0
5

splash plate
splash plate

compressor
compressor

1.0
1.0

2.1
4.1

38
5
6
7

8
9
10
12
13
14
15
16
17
18

Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower
Black Tower

box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan
box fan

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

7.3
6.6
2.3
5.4
5.7
5.9
4.0

4
5
5

garden nozzle
splash plate
splash plate
garden nozzle
splash plate
garden nozzle
splash plate
garden nozzle
splash plate
garden nozzle
splash plate
garden nozzle
splash plate

5
5

splash plate
splash plate

box fan
box fan

2.0
2.5

6.2

irrigation
nozzle
irrigation
nozzle
irrigation
nozzle
irrigation
nozzle
irrigation
nozzle
irrigation
nozzle
absorption
irrigation
nozzle
absorption

box fan

0.12

34.9

box fan

0.25

26.6

box fan

0.5

19.4

box fan

0.5

14.0

box fan

0.5

9.2

box fan

0.25

31.2

box fan
box fan

1.0
0.5

44.6
22.5

box fan

1.0

74.6

0
0

0
1
1

2
2
3

3

4

5.1

4.7
4.0
4.1

5.3
6.7

changes in qpm
20
21

Black Tower
Black Tower

5.1

irrigation nozzle
22

Black Tower

5

23

Black Tower

5

24

Black Tower

5

25

Black Tower

5

26

Black Tower

5

27a

Black Tower

5

27b
28a

Absorption
Black Tower

5

28b

Absorption

5

5

Table 4. Data from Black Tower runs.

Airflow
The least complex experiments performed on the Black Tower were done before the
plastic media were added. First, the volumetric air flow rates were varied to test the

change in ammonia stripping efficiency. The performances of the fan box versus the
air compressor on the stripping tower were compared. Increasing air flow from 24
cfiii to 110 cfm by using the fan box and air compressor, respectively, did not increase

the ammonia loss (Run 4, 6). The stripping efficiency does not appear limited by an
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air flow rate of 24 cfm. In fact, when the air compressor was used, percent of
ammonia removed was less (compressor: 2.1%, fan box: 6.6%). The air compressor
may have provided a higher, but inconsistent rate of air flow, causing less percent of

ammonia loss as air flow slowed for short periods of time. The air compressor had a
higher initial volumetric air flow, but the flow tapered off periodically as the

compressor tank gained enough air to provide the high output volume of air. After 5 ft
of media were added, the two air flow devices were compared again (Run 18, 19).

Black Tower air flow trials: ammonia loss vs depth of media

7
6

coniressor

0

Fan Box

0

E3
E
(5

2
1

0

1

2

3

4

5

6

depth of media (ft)

Figure 9. Percent ammonia removal before and after media were added using different airflow rates.
A splash plate in the Black Tower provided the distribution of wastewater during these Runs (4, 6, 18
and 19).

There was little change in ammonia stripping between Runs 4 and 6 and Runs 18 and
19 when the air drivers were changed (compressor: 4.1%, fan box: 6.7%), and percent

ammonia removed was slightly less when the air compressor was used. When
comparing the air compressor runs before and after plastic media were added (Run 4,
19), there is very little change in percent ammonia stripped, and the change is

probably due to the presence of media (before media: 2.1%, after media: 4.1%). The
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range of percent of ammonia loss was narrow, and the air flow rates in this volumetric
range do not appear to limit the reaction (Figure 9).

Media increments

Plastic media were added to the Black Tower to a total depth of 5 ft. The media were
added in one foot deep increments to the Black Tower. At each one foot depth of
media, two dispersal mechanisms were tested (Run 5 - 18). When comparing the
performances of dispersal mechanisms in the stripping tower, there was a negligible

difference in percent of ammonia removed (Figure 10). The splash plate and garden

8-

-7

.

4

nozzle
plate

1

0
0

1

2

3

4

5

6

depth of media (ft)
Figure 10. Percent am,nonia removal at various depths (,fi) ofpacking media using two d?ffrrent
distribution systems (splash plate and garden hose nozzle) in the Black Tower during Runs 5-18.

nozzle removed similar percentages of ammonia. Combining both splash plate and
garden nozzle results, the ammonia loss in percent ranges from 2.3% to 7.3% for all

incremental volumes of plastic media. Wastewater requires liberal contact with air in
order for ammonia to transfer from liquid to the gaseous phase. Increasing the depth
and volume of packing material increased the path length of the liquid and gas through

the tower, increasing the contact time. However, each 1 ft increase in bioball depth
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did not produce a consistent increase in ammonia loss, suggesting that the packed
media in this range of volumes was not a strong factor for ammonia removal (Figure
10).

Splash plate and various flow rates
After all the plastic media were added, experiments were continued in the 5 ft of air

space left to test the dispersal mechanism. First, the splash plate was used to distribute
wastewater over 5 ft of media, and the wastewater volumetric flow rate was varied.
Using this configuration, there was no trend noticed between ammonia removal

efficiency and wastewater volumetric flow rate. Ammonia loss was 6.7% when the
wastewater volumetric flow rate was I gpm (Run 18). In Run 19, the compressor
provided air, and the percent of ammonia released was similar (4.1%) as discussed

previously. Ammonia loss was 6.2% and 5.1% with wastewater flow rates increased
to 2 gpm and 2.5 gpm, respectively (Run 20, 21) (Figure 11).

U,

0
0

E3

E

I
0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

wastewater volumetric flow rate (gpm)
Figure 11. Percent of ammonia removal vs. volumetric flow rate in the Black Tower using the splash
plate during Runs 18-2 1. *During Run 19, the Black Tower was connected to the air compressor,
instead of the fan box.
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Irrigation nozzle and various flow rates
The irrigation nozzle was substituted for the splash plate, and the wastewater

volumetric flow rate was varied again after the 5 ft of plastic media were added. Due
to pressure caused by the small orifice and exerted on the pumps, the highest flow that

could be attained was 0.5 gpm, which was half of the previous flow. At an initial
concentration of 984.7 mg/L and 0.5 gpm of flow, the tower was able to strip out 9.2%

of the ammonia (Run 26). Further decreasing the wastewater flow rate to 0.12 gpm, at
an initial concentration of 921.5 mg/L, 34.9% of the ammonia was lost (Run 22).
Using the irrigation nozzle, slower wastewater flow rates appeared to effect ammonia

loss. For every 0.1 gpm decrease in volumetric flow rate, there was a 5.0% increase in
ammonia removal (R2 = 0.8) (Figure 12). Lower wastewater flow appears to be
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Linear (Run 22-26, 27a,
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Figure 12. Percent of ammonia removal vs. volumetric flow rate in the Black Tower using the irrigation
nozzle during Runs 22-26, 27a. 28a.

advantageous to ammonia stripping. The increase in efficiency is probably due to the
increased contact time through the same cross-sectional area. Low flow may have
allowed wastewater to trickle more slowly through the bioballs, increasing the airliquid contact time.
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Irrigation nozzle, various flow rates and low initial concentrations
Experiments were continued with the irrigation nozzle, over 5 ft of plastic media,

varying the wastewater flow rates. Also, varying the initial concentration of ammonia

in the wastewater complicated this series of experiments. Initial concentrations of
ammonia less than 600 mgIL were considered "low." At low initial concentrations of
ammonia, with a wastewater flow rate of 0.5 gpm, the average loss of ammonia was

18.7% (Run 24-26, 28a). When wastewater flow rate decreased by half to 0.25 gpm,
2 6.6% and 31.2% of ammonia were stripped out of wastewater at initial

concentrations of ammonia 520.8 mgIL (Run 23) and 509.8 mg/L (Run 27a),

respectively. The efficiency of ammonia stripping from wastewaters with low initial
ammonia concentration increased from an average of 18.7% (Run 24-26, 28a) to an
average of 28.9% (Run 23,27a), when the wastewater flow rate decreased by 50%
(Figure 13).

Irri' ation nozzle and hih initial concentrations
Initial concentrations of ammonia were considered "high" if they were over 900 mgIL.
At a high initial concentration, 984.7 mgIL, with a wastewater flow rate of 0.5 gpm,

the efficiency of ammonia removal was 9.2% (Run 26). Keeping the volumetric flow
rate at 0.5 gpm, but increasing the initial concentration by 40%, the efficiency of
ammonia removal was doubled to an average of 18.7% (Run 24-26, 28a) from 9.2%
(Run 26) (Figure 13). The decreasing percentage of ammonia loss was contrary to

expectations, maybe due to uncontrolled variables. Unfortunately, rate of ammonia
removal data were not available for confirmation for the Black Tower runs. Rate
removal data were available for the aerator runs and are discussed later.
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Figure 13. Percent of ammonia removal vs. initial concentration at varying wastewater volumetric flow
rates in the Black Tower using the irrigation nozzle during Runs 23-26, 27a, 28a.

Green Tower
The Green Tower was constructed to test the efficiency of the irrigation nozzle. Two
ammonia stripping runs were run in the green tower (Run 29, 30). Both runs used the
irrigation nozzle and no media. The wastewater flow rate was 0.5 gpm and the air

Run #

Description depth of
media (ft)

29
30

Green Tower
Green Tower

0
0

fan type wastewater flow ammonia
loss (%)
rate (gpm)
method
22.0
0.5
irrigation nozzle box fan
0.5
9.9
irrigation nozzle box fan

distribution

Table 5. Green Tower Run data.

flow rate was 24 cfm using the fan box for both runs. Green Tower results were
compared to the Black Tower results. Run 30 had an initial concentration of 896.6
mg!L and the loss of ammonia at 9.9%, was similar to the loss of ammonia in the
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Black Tower (9.2%, Run 26). In the Green Tower, the initial ammonia concentration
was halved to 397.4 mg/L, and the loss of animonia more than doubled to 22.0% (Run
29).
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Figure 14. Percent of ammonia removal vs. initial ammonia concentration in the Green Tower during
Runs 29 and 30.

As with the splash plate, the irrigation nozzle showed a decrease in ammonia removal

efficiency when the initial ammonia concentration increased. As with the Black
Tower, rates of ammonia removal data were not available for Green Tower runs.

Rates of ammonia removal may have increased with increased ammonia
concentration, while percent ammonia loss showed the opposite trend (Figure 14).
Absorption

After ammonia was separated from the wastewater in the Black Tower, the ammonia

laden air was drawn into the absorption tower. Two batch absorption results were
recorded (Run 27b, 28b). The recovery efficiency of ammonia into the acid solution
was 44.6% and 74.6%, during the two runs (Run 27b, 28b). The amount of ammonia
in the acid solution was difficult to measure, because the ammonia probe was
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calibrated for solutions with high ammonia concentrations. The rudimentary acid
absorption system was able to recover close to half the ammonia from the stripping
tower the first time the two towers were connected and close to

of the ammonia the

second time. The two samples did not produce consistent results, as one result was

double the other. During the ammonia removal portion of Run 27, the wastewater
flow rate was half of the flow rate during run Run 28. Probabl.y because of the
difference in wastewater flow rates, there were different amounts of ammonia stripped

during the runs. The percentage of ammonia that was recovered may reflect the
difference in the total amount of ammonia available to be absorbed into the acid,

rather than the rate that ammonia was absorbed. Unfortunately, rate information was
not available for the Black Tower runs. Also, if the absorption nozzle had clogged due
to acid corrosion, the absorption efficiency would have decreased. The nozzle was
periodically cleaned, although no major corrosion was noticed. Neither absorption run
reached the desired 80% recovery. Additional adjustments, such as more effective
seals and more efficient mass transfer techniques, are suggested for future work. The
literature reviewed earlier in this paper support the notion that acid absorption is
feasible.

Aerator
The aerator was substituted for the stripping towers to increase the efficiency of

ammonia stripping. The aerator was tested during several runs varying components
such as the number and size of airstones and the initial ammonia concentration (Run
32-39).

Run # Description ammonia
loss (%)
32
33
34
36

3.
38

Aerator
Aerator
Aerator
Aerator
Aerator
Aerator

1.1

3.3
0.6
1.4
1.1

1.8

RA2 value trendline equation R2 value for
trendline
for concentration concentration
equation for pH for pH
(mglLIh)
(pH units/h)
0.14
-0.70
-0.30
-0.26
0.02
-0.42

0.7
1.0
1.0

0.4
0.1

0.9

-12.9
-23.3
-9.5
-129.3
-52.5
-21.2

0.8
1.0
1.0
0.9
0.9
0.9
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39a

39b

Aerator
Absorption

32.9
43.8

-0.57

1.0

-70.1

0.9

-0.02

0.1

91.8

1.0

Table 6. Aerator Run data.

With 3.0 cfm of air flowing through the original airstone configuration was used (Run

32-36), the percent of ammonia removed ranged from 0.6% to 3.3%. This range is

very narrow and low. No trend emerged when percent ammonia removal was
compared to initial ammonia concentration when using the aerator (Run 32-36). At a
very high initial ammonia concentration, the percent of ammonia removed from the
aerator was similar to the percent of ammonia removed from lower concentration

wastewater (Figure 15). This was different than the trend that emerged when using the
irrigation nozzle in the Black Tower. In both cases, percent of ammonia loss did not
show the expected trends. Rate of ammonia removal to initial ammonia concentration
would have been a more valuable comparison. When the run with the very high initial
ammonia concentration (Run 36) was omitted from the graph, there is no correlation
between percent ammonia removal and initial concentration (Figure 16).

Instead of using percent ammonia loss, the rate of ammonia removal over time was

calculated for aerator runs. The following is a comparison of the rates. With the
original aerator diffusion stone combination (three #4 airstones and one long air bar
attached to the air compressor), the average rate of ammonia removal was 15.2

mg/L/h, when the initial ammonia concentration was between 731.9 and 968.2 mg/L

(Run 32-34). At the very high initial concentration of 6783.1 mg/L (Run 36), the rate
of ammonia removal increased to 129.3 mgJL/h (R2 = 0.9). This rate of ammonia

removal was the highest at the highest initial ammonia concentration. In these runs,
the rate of ammonia removal increased by 1.9 mg/LIh with every 100 mg/L increase in
initial ammonia concentration (R2

1.0) (Figure 17).
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Figure 15. Percent of ammonia removal vs. initial ammonia concentration in the aerator during
Runs 32-36.
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Figure 16. Percent of ammonia removal vs. initial ammonia concentration in the aerator during Runs
32-34, with the outlier omitted.
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In later experiments, three large air stones were added to the existing array of air

diffusers, and the air was pumped by the same compressor through a larger area of
diffusers. During the first run (Run 37) with the larger air stones, some stones
accidentally fell off, allowing air to escape through open tubes, creating streams of
large bubbles with less bubbles in each stream. There were fewer but larger bubbles,
and therefore there was less interfacial surface area. However, there was much more
turbulence within the aerator. The rate of ammonia removal was 52.5 mg/L/h (R2 =
0.9). The extra air stones were reattached during Run 38, and the rate of ammonia

removal decreased to 21.2 mgIL/h (R2 = 0.9). This rate of removal is greater than the
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Figure 17. Rate of ammonia removal vs. initial ammonia concentration in the aerator during Runs 3236.

average rate of removal for the original airstone combination (Figure 18). The size of
bubbles and diffusion capability of the air stones does have an effect on the rate of
ammonia removal, but bubble size is very difficult to compare, because it is not
commonly measured or described. Similarly, some other studies did not quantify
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characteristics such as air flow, and the impact of these unmeasured or unreported
characteristics may be the basis of conflicting results.
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Figure 18. Ammonia concentration over time in the aerator during Runs 37 and 38.

Aerator pH trends
The pH of the wastewater was expected to decrease during aerator runs (Run 32-39).

Trends in pH during aerator runs were variable, although most showed a decrease in

pH over the time of the run (Figure 19). The agitation caused by the bubbles may
have created the unpredictable release and settling of hydrated lime in the wastewater,
as was seen in the preliminary runs conducted in a 5 gallon bucket (Runs 1-3).
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Figure 19. pH over time and trendlines in the aerator during Runs 32-39a.

Aerator long term

The recovery tower was connected to the aerator in order to test the absorption

efficiency during Run 39. The aerator and absorption systems were combined in one
run and allowed to proceed for four hours (Run 39). During this run, the aerator lost
ammonia at a rate of 70.1 mgIL/h (R2 = 0.9), and 32.9% of the ammonia in the

wastewater was stripped. This was a very high rate of ammonia removal for the
aerator, compared to previous runs with wastewater of similar initial concentration.

The only difference in ammonia stripping dynamics was that the top of the aerator
tube was closed, except for a tube allowing air to flow to the acid recovery tower.
Covering the aerator may have caused more turbulence in the system, since liquid

could not spray into the room. A foam formed at the liquid surface, suggesting high
exchange of liquid gas contact at the surface.

While the aerator stripped ammonia out of wastewater, the ammonia was routed into

the absorption tower. The acid in the absorption tower was recirculated continuously
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throughout the experiment. The absorption system gained ammonia (91.8 mg/L/h, R2
= 1.0) at approximately the same rate that the ammonia was stripped. The amount of
ammonia in the acid solution was difficult to measure, because the ammonia probe
was calibrated for solutions with high ammonia concentrations. The acid recovery

tower pumps were not self-priming, which occasionally caused a back up of acid in

the tower. This caused air to back up into the inlet tube (see a in Figure 20), and air

a) Air and aisiriccila
fmm dripping tower

b) Acid frcm
initial reservoir

cAir flow o

Acid

e) Acid wath back up

dl Final solution to1
reservoir

Figure 20. Airflow d?ffused through the absorption liquid when the acid wash backed up into the
absorption tower.

had to bubble through or diffuse through the acid to get out of the absorption tower

(see e in Figure 20). This slowing of air flow may have allowed an increased amount
of ammonia to absorb into the acid in the recovery tower as well as increased the rate
of ammonia stripping due to increased circulation of the gas in the aerator. All of the
ammonia stripped from the aerator was eventually recovered in the absorption tower,
during this long-term experiment.
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Aerator vs. flux
The rate of ammonia stripping in the aerator was compared with the flux of ammonia
from the simplest flux experiment. The rate of ammonia removal from wastewater
standing in the 5 gallon bucket (45.4 mg!L/h, R2

1.0, Run 1) was higher than the

average rate of removal from wastewater when the aerator was not connected to the

absorption tower (15.2 mg/L/h, Run 32-34) with similar initial concentrations of

ammonia. The aerator had more interfacial area of bubbles with 3.0 cliii of air flowing
through it, while the 5 gallon bucket was stagnant. However, the surface area of the

bucket is 1.9 times greater than the surface area of the aerator. This suggests that in
some situations the surface area at the top of the system, which is exposed to air, is
more important to ammonia loss than the interfacial area created by bubbles in the

liquid. The study by Cheung et al. (1997) indicates that most of the ammonia loss in
their system was due to unaided ammonia volatilization, and when the largest volume
of air (5 L/min) was bubbled through the wastewater, there was only a 20% increase in
ammonia stripping.

Conclusions
The black tower irrigation nozzle runs (Run 22-28) produced the highest

percentages of ammonia removal (9.2 - 34.9%). The Black Tower advantages
include effective dispersal droplets with high surface area to volume ratios and
slower volumetric flow rates.

The agitation runs (Run 2-3) produced high rates of ammonia removal (70.7

and 75.0 mg/L/h). The stir bar in these runs created a constant increase in pH
over time. All trials conducted in the 5 gallon bucket (Runs 1-3) were
performed with a comparatively large surface area.
The aerator runs (Run 32-3 9) produced variable rates of ammonia removal

(12.9-129.3 mg/L/h), depending on initial ammonia concentration and

absorption tower configuration. The rate of ammonia removal also changed
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when the air diffusers accidentally fell off, creating a stream of larger bubbles
(Run 37).

Absorption is effective (44.6 and 74.6% recovery) in a small mass transfer
tower (Run 27b, 28b), and further improvements to the recovery tower such as
increasing tower height, intentionally causing an acid backup or improving
acid recirculation will probably increase the efficiency.

Future work
The livestock in the US are consolidated into tighter spaces as the density of animals

increases. As a consequence Of CAFO increasing in prevelance, large amounts of
waste products are a huge disposal problem. Animal wastes are applied directly to
plant crops with reducing frequency, creating a waste storage or disposal problem.
The solid and liquid wastes can threaten surface and groundwater sources,

compromising environmental and public health. The gaseous waste products further
pollute farms and neighboring areas by steadily releasing chemicals to the atmosphere.
Of the volatilizing gases, ammonia is consistantly present in the animal waste

degredation process, and it is relatively easy to detect. Ammonia is also present in
gases that cause odor complaints. These properties make ammona an ideal indicator
of air pollution from animal waste storage facilities. Litigation has already brought
attention to the ammonia emissions from CAFO. As legislation progresses, ammonia
emissions will be regulated. This paper suggests a strategum for reducing the amount
of ammonia volatilized from animal waste storage facilities.
The mass transfer technology discussed in this paper is a potential tool to control

ammonia emissions. This technology converts animal wastewater into two usable
products (water and fertilizer) by extracting the ammonia from the water and

modifying that ammonia into an ammonium crystal. In the assortment of technologies
available for wastewater management, the two tower system is a chemical wastewater

treatment system. Generally, biological processes are more efficient, as they can
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degrade a wider variety of pollutants, sometimes at a faster rate. As discussed, this,
chemical treatment can be combined with a biological process to increase the

effectiveness of one or both.
The benefit of using the described technology is the targeted removal of ammonia

from wastewater. This decreases the nitrogen load in the wastewater, while
concentrating the nutrient into a manageable form. The process also raises the pH of
wastewater beyond the tolerance of most microbes, decreasing their presence and

growth. The water should be neutralized before it is released. Then, the water should
carry less bacteria than would be present in untreated wastewater.
The results from the series of experiments examined in this paper advance a range of
conditions in which the two tower system is most effective. This paper explored the

efficiency of volatilizing ammonia from wastewater. The greatest rates of removal
occurred during the aerator and agitation runs. Increasing the pH, initial ammonia
concentration, and surface area increased the rate of ammonia removal. Certain
trends, if continued, may further increase ammonia removal efficiency. For instance,
increasing the tower height increases the amount of time the liquid was in contact with
air. These conditions can be modified to optimize the rate of ammonia volatilization.
However, each input of energy to the system increases the cost in terms of time and

money. These increases must be balanced by the benefit of ammonia removal.
The cost of the two tower system was always intended to be counterbalanced by the

production of an economically viable fertilizer. The absorption of ammonia into an
acid was demonstrated to be an effective process. Further absorption could increase
the concentration of nitrogen in the fertilizer. Further refining of the product (such as
dehydration) could increase mobility and marketability. The cost of implementing this
system could also be shared by a cooperation of animal operations. One idea to help

with the ease in sharing is to make the machine mobile. If each component of the
machine is small and light, the machine could be transported by common vehicles
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(Miner pers. comm , 2003). Mobility would need to be amajor design consideration.
Sharing of one machine by many operations may be accomplished by determining an
annual schedule. For example, most CAFO wastewater lagoons have storage capacity
of six months to a year. One machine could be rotated between a small group of

farms. A large amount of ammonia could be removed once a year. New ammonia
will be added in wastewatér daily, but it will be diluted by the larger volume of treated

water in the lagoon. The lowered concentration of ammonia will slow the
volatilization from the surface, until the next treatment.

As the problem of gaseous emissions from livestock operations increases, new

technologies will need to be implemented to control ammonia and other gases. While
chemical treatments are not widely used to control gaseous waste emissions, this
technology has a promising future.

Scenarios
For the purposes of future upscaling, a hypothetical agricultural wastewater situation

is constructed and examined in the following paragraphs. Typical agricultural
wastewater has an initial ammoniurn concentration of 700 mg!L. The average

concentration of ammonia from a local dairy was 676 mg/L (Hoilman 2003). If an
80% reduction in ammonium were desired, the final aminonium concentration of the

wastewater would be 140 mgIL. If a more modest goal of 50% reduction in
ammonium were desired, the final ammonium concentration of the wastewater would

be 350 mgIL. As the concentration of ammonia in the wastewater decreases, the rate
of ammonia removal also decreases. As the rate of removal slows, it will become
more difficult and costly to remove the remaining ammonia. Each method of

ammonia removal described in this paper could be replicated on a larger scale.
Structures and containers will be larger to accommodate a large volume of wastewater.

Construction is possible using local and common materials. Increasing the pH of the
wastewater is very important for increasing the rate of ammonia removal. To increase
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the pH, hydrated lime is a readily available source. The current retail price is about
$0.12 per pound. As a very rough estimate, about 5-10 pounds of hydrated lime
would be needed to adjust the pH of about 1000 gallons of WW. An initial application
of excess hydrated lime is recommended, as the pH of the wastewater will decrease

over time. The initial pH should be adjusted to at least 10.8 and can be measured with
a simple litmus test. An artificial source of airflow, such as a fan or air compressor, is
also recommended to circulate the ammonia away from the wastewater. A technical
advisor is recommended for the initial construction of an ammonia removal system. A
short onsite training or instruction manual is then recommended for individual
operation and maintenance.

If a flux situation were desired, the wastewater would be placed in containers with
large surface areas. At the rate of 45 .4 mg!L/h, it would take 12.3 hours to reduce the

ammonia in the wastewater 80%. If a more modest goal of 50% ammonia reduction
were desired, it would take 7.7 hours of sitting in large containers. It would be

advantageous to add a stirring mechanism that would continuously circulate the

hydrated lime in the wastewater. This would increase the rate of ammonia removal to
about 72.9 mg/L/h. It would take 7.7 hours to reduce the ammonia in the wastewater
80%. Using the flux and agitation methods of ammonia removal require construction
of large containers, pH adjustment, surface airflow, and a stirring mechanism.
However, there are few moving parts, and little monitoring is required, aside from the
stirring mechanism.

Wastewater that has already been separated from solid wastes will still have some

residual solids. The average concentration of solids at a local dairy was 11,867 mg/L
(Hoilman 2003). Unfortunately, these solids can build up and clog small orifices and

slow moving parts. Reducing the need for these parts is the first step. Clogging issues
are resolved by pretreating wastewater with mechanical filters or chemical flocculants,

or by regular cleaning. Solids cause more maintenance, which add costs in terms or
time and energy for the operator. Clogging is the main difficulty with the application
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of stripping towers. The highest percentages of ammonia loss occurred during runs
with an irrigation nozzle. However, the nozzles have the smallest orifices, and the
slowest wastewater flow rates. If this challenge is overcome, the stripping tower could
be constructed on a large scale.

Stripping towers are necessarily tall to provide a long contact time between air and

wastewater droplets. A stripping tower must be constructed in conjunction with initial
and final reservoirs. The initial reservoir will need a stirring mechanism for pH

adjustment. Adding plastic media, such as bioballs, which are used in aquarium
filters, would enhance the stripping tower's ability to remove ammonia. During
experimental runs, wastewater flow was reduced to 0.5 gpm when using the irrigation

nozzle. During one run, the stripping tower would remove 18.7% of the ammonia in
the wastewater. The wastewater would have to be recirculated 3 times to reduce the
anunonia concentration by about 50%. Each run would take 3.3 hours for 100 gallons
of wastewater to flow through the tower. If the wastewater flow is further reduced to
0.25 gpm, each run time doubles to 6.6 hours. However, each run would remove
28.9% of the ammonia, and 2 runs would be required to reduce the ammonia
concentration by 50%.

To use an aerator, a large aerator must be constructed along with an initial and final

reservoir. The initial reservoir will need a stirring mechanism for pH adjustment. An
air compressor is recommended as the airflow source. Air diffusers, which are used in
pet aquariums, should be added to increase the number of bubbles. The airflow also
serves to increase agitation in the aerator and continuously mix the hydrated lime. At

an average ammonia removal rate of 15.2 mg/LIh, it would take 36.8 hours to reduce

the ammonia concentration in the wastewater by 80%. However, if the aerator was
covered and the surface not exposed to the air, the rate of ammonia removal would

increase to 70.1 mg!L/h. It would take 8.0 hours to reduce the concentration of
ammonia in the wastewater by 80%. The aerator has more components than the flux
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or agitation containers, and requires a continuous air supply, to consider during

construction.

The absorption of ammonia into an acid was only tested in this paper as a scrubbing

tower. The construction of a large full size tower needs to consider using corrosion
resistant materials. If the acid does corrode tower parts, those parts will have to be
periodically inspected and replaced. Any acid can be used, and an initial pH is
recommended at less than 3, as the p11 will increase over time. The acid can be

recirculated through the tower, if it is periodically refreshed. As demonstrated in the
aerator run, hydrochloric acid can absorb gaseous ammonia at a rate of 91.8 mgILIh.
This creates 0.26 lbs of ammonium chloride (NH4C1) in 100 gallons of solution per

hour. The solution could be dehydrated to increase the marketability of the fertilizer.
Using sulfuric acid would create ammonium sulfate, a common fertilizer with a retail
price of $0.18 per pound.

During experimental runs, the ammonia stripping process was the most limiting. The
amount of ammonia available for absorption was directly constrained by the amount
of ammonia stripped. The rate of ammonia recovery would potentially increase if the
accompanying rate of ammonia removal were increased. A future upscaled project

should consider all of these scenarios. Careful planningand design and specific site
management will determine the success of the project.

As ammonia emissions from livestock operations move to the forefront of regulatory

discussions, this technology will become more important. Ammonia emissions impair
the local atmosphere and degrade water quality. As these emissions are regulated or
fined, new tools will be developed to control gaseous emissions. This mass transfer
technology will aid the design and construction of new projects.
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