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En4ionmental and regulatory concerns are causing confined animal feeding

operations (CAFO's) to account for phosphorous content when applying wastewater to

agricultural fields for disposal. In most cases this requires more land to spread the

waste onto so that the phosphorous needs of the crop are not exceeded. A mobile

process of removing phosphorous from these wastewaters could serve as a service to

these operations. Phosphorous may be removed by precipitating struvite

(MgNH4PO4.6H2O) or hydroxylapatite (Ca5(PO4)3OH) from the wastewater. Both

compounds have the potential to be marketed as fertilizer products, which could make

a mobile nutrient removal service economically viable. Several designs of on-site

phosphorus removal reactors were investigated for adaptation to a mobile process. A

"spontaneous nucleation reactor" design was chosen, using magnesium chloride and

sodium hydroxide to separately control magnesium ion concentration and pH in the

reactor. After a process of identifying reliable analytical methods, jar tests suggested

that high removal of soluble orthophosphate (0-P 04) could be achieved with a reactor

pH of 8.5 and no magnesium dosing. Jar tests also suggested that reaction times

greater than 30 minutes were not necessary for maximum O-PO4 removal. Pilot plant

tests at the Rickreall Dairy achieved up to 74% O-PO4 removal. Hydroxylapatite was

observed to form without supplemental magnesium, while struvite formed with

supplemental magnesium. The bulk precipitate harvested from the pilot plant was

found to be only 0.7% total phosphorus by weight. X-ray diffraction analysis showed

that calcium carbonate was co-precipitating in much larger amounts than

hydroxylapatite or struvite, reducing the marketability of the product as a fertilizer.
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Development of a Mobile Process to Extract Phosphorus from Livestock
Wastes as a Valuable Fertilizer

Introduction

Reasons to consider phosphorous removal from livestock wastewater originate

from environmental and regulatory concerns. The traditional method of livestock

wastewater disposal has been field application as a nutrient source for crops. This

is typically done with regard for the nitrogen needs of the crop, usually causing

phosphorus to be applied in excess (Miner et al., 2000). This excess phosphorus is

able to enter water bodies via runoff. Increasing phosphorous concentrations in

water bodies has been known to increase algal biomass in streams. These

increased algal populations can cause various detriments to the system, ranging

from loss of aesthetic value when the algae are thriving to an increased dissolved

oxygen demand on the aquatic system when the algae senesce (Welch et al., 1989).

Currently, regulations controlling the waste handling activities of confined animal

feeding operation (CAFO's) are moving toward comprehensive nutrient

management planning. This will require these operations to account for

phosphorous use by crops receiving their wastewater (Miner, 2003). With

phosphorus currently being applied in excess of agronomic rates, CAFO's will

need more land available for waste application. Alternatively, a process which

removes phosphorous directly from the waste stream of these operations could

allow the farms to function under the current land available for waste spreading.

A mobile process of phosphorus removal from animal wastes could serve as a

service to those farms needing to reduce phosphorus concentrations in their

wastes. This would be particularly useful to farms without additional land

available for wastewater application. Also, many smaller CAFO's may lack the

capital resources or space necessary to install a full-scale phosphorous removal

plant within their currently existing system. A process of phosphorus removal that

formed a marketable fertilizer as a phosphorus-removing precipitate would mean a



double-income for the entrepreneur who ran the nutrient removal service: income

from the service of harvesting the phosphorus and income from selling the

resulting phosphorous fertilizer.



Literature Review

Non-Recovery Phosphorus Removal Methods

Traditionally, phosphorus removal has been achieved through methods that, while

effective, produce products with their own disposal problems. For instance, the

method of biological phosphorus removal (BPR) effectively removes phosphorus

to low levels, but a phosphorus-containing sludge of low value is produced. Care

must be taken in handling this sludge so that phosphorus taken up by the

microorganisms is not released back into the wastewater before the sludge is

removed (Sedlack, 1991). This release of nutrients back into the wastewater can

be avoided through addition of chemicals to precipitate the nutrients into a low-

solubility form, which has typically been settled with the rest of the sludge and

disposed of as a waste product (Sedlack, 1991).

A recent development in phosphorus removal involves a filter containing

substances which react with phosphorus to remove it from the waste stream (Baker

et al., 1998). However, these "permeable reactive mixtures" provide no means of

re-use of the adsorbed phosphorus, and the filter becomes another waste product.

Struvite Precipitation as a Method of Phosphorus Recovery

Struvite (magnesium ammonium phosphate hexahydrate, MgNH4PO4.6H20) is a

substance that has been known to readily form on wastewater treatment plant

equipment. This can cause serious problems for plant operation. Mohajit (1989)

describes how struvite precipitation caused problems in operations at the Ponggol

Pigwaste Plant in Singapore only three months after beginning full operation. The

Slough Wastewater Treatment Plant in the United Kingdom experienced blockage

of pipes eight months after adding a biological nutrient removal process to their

works (Williams, 1999). In municipal wastewater treatment plants in the United
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States, annual costs of removing struvite from process equipment can range

between $2000 and $10000 per mgd of secondary dry weather capacity (Benisch

et al., 2002).

The fact that struvite has been shown to be an effective slow-release fertilizer

(Bridger et al., 1962) has sparked interest in intentional precipitation of struvite.

For municipal wastewater treatment plants, it offers the prospect of eliminating a

costly problem while creating a marketable product. Livestock industries have

experimented with the process as a method of nutrient removal that produces not

waste products, but a marketable commodity (Schuiling and Andrade, 1999;

Wrigley et al., 1992). With a marketable product, an environmentally and

ecologically sustainable method of waste handling may be attained.

Struvite Precipitation Chemistry

A general reaction for the formation of struvite is:

Mg2 + NH + PO + 6H20 -* MgNH4PO4 6(H20)

The actual reaction is far more complex, and the above equation is a simplification

of the struvite formation process. Pure struvite forms as a white crystal having an

orthorhombic structure (Doyle et al., 2002).

Struvite forms when its constituent ions are supersaturated with respect to

conditions in the given solution. At this point struvite is insoluble and it

precipitates out of solution. The conditions of the solution affecting struvite

solubility include: degree of supersaturation of constituent ions, temperature, and

presence of interfering ions that may form compounds other than struvite with the

magnesium, ammonium, or phosphate ions. The pH of the solution is known to be

a major factor, with solubility generally being inversely related to pH. Several pH

values for minimum solubility of struvite have been reported, ranging from 8.0 to

10.7 (Buchanan et al., 1994). Struvite solubility increases with temperature, but
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there is a significant decline in solubility over the range of 10-65°C (Doyle et al.,

2002). The complex speciation of the magnesium, ammonium, and phosphate ions

control the amounts of these ions available for struvite formation in solution, and

complex models have considered these different ion species to predict struvite

precipitation (Buchanan et al., 1994, Wentzel et al., 2001). The calcium (Ca2) ion

may interfere with struvite formation by forming calcium phosphates, removing

phosphorus from the solution, and thus inhibiting the reaction with magnesium

ions to form struvite. It has been reported that the Mg2:Ca2 ratio should be at

least 0.6 for effective struvite formation (Jaffer et al., 2002). Calcium phosphates,

however, have been investigated as intentional end-products for phosphorus

removal (Joko, 1985; Angel, 1999).

Struvite crystallization begins with nucleation, i.e., the reaction of the constituent

ions of struvite form an embryonic crystal. After nucleation, struvite forms on

these embryonic crystals and the struvite crystals grow (Doyle et al., 2002). This

may be considered "spontaneous crystallization". Nucleation may not be

necessary when there are substrates in or around the solution to act as nucleation

sites for struvite formation. These may be suspended solid particles, pipe walls, or

intentionally introduced "seed" material. Presence of nucleation sites tends to aid

struvite formation (Doyle et al., 2002).

Hydroxylapatite Precipitation as a Method of Phosphorus Recovery

Intentional precipitation of calcium phosphates has also been employed as a

strategy of phosphorous removal from wastewaters (Joko, 1985; Van Dijk and

Braakensiek, 1985). Processes utilizing this technique are described in the

subsequent "Phosphorous Recovery Processes" section. In particular,

hydroxylapatite (Ca5(PO4)30H, or HAP) has been identified as having potential re-

usability as a fertilizer (Momberg and Oellermann, 1992). Dissolved lead

immobilization in soils and groundwater could be another suitable use for a



hydroxylapatite product originating from wastewater. Lead immobilization occurs

by hydroxylapatite dissolving in the moist soil and re-precipitating as various

forms of pyromorphite, such as chloropyromorphite (Pb5(PO4)3C1) and

hydroxylpyromorphyte (Pbs(PO4)30H) (Ryan et al., 2001; Ma, 1996).

Hydroxylapatite Precipitation Chemistry

Precipitation of hydroxylapatite occurs in a manner similar to that of struvite

(Kaneko and Nakajima, 1988). The chemical equation describing the formation of

hydroxylapatite is:

3PO +5Ca2 +0H Ca5(PO4)30H

As with struvite, precipitation occurs when the constituent ions reach saturation

(are insoluble) with respect to conditions in the given solution. The factors

influencing hydroxylapatite formation are the concentration of constituent ions in

solution, PH, and (when seeding the reaction) nature of seed material. Kaneko and

Nakajima (1988) reported that the minimum solubility of hydroxylapatite occurs

within the pH range of 7 to 12, depending on concentration of phosphate ions.

They also surveyed several substrates for their potential as seed material for

hydroxylapatite formation.

Phosphorous Recovery Processes

Several different processes currently exist to remove phosphorus from waste

streams by creating harvestable phosphorous-containing precipitates as an end

product. The technologies may be separated into categories of fluidized bed

reactors (FBR's) and spontaneous nucleation reactors. All the processes

investigated were designed for permanent on site installations.
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Fluidized bed reactors create the conditions necessary for crystallization while

passing the liquid through a column of seed material. This maximizes nucleation

sites for the crystals, aiding crystal growth. The seed material in the bed grows in

size as crystals accumulate on seed surfaces. When the seeds have grown large

enough they are harvested, covered by the phosphorous-containing precipitate.

Many of these fluidized bed reactors have been used to form calcium phosphates.

Van Dijk and Braakensiek (1985) noted that either broken up calcium phosphate

product or silica sand may be used as seed material. They used sodium hydroxide

to increase the pH of the solution. This brings the solution into supersaturation

with respect to several forms of calcium phosphate. If additional calcium ions

were needed lime (Ca(OH)2) was added, which also helped to increase pH. Joko

(1985) used phosphate rock as a seed material and was more focused on forming

hydroxylapatite as an end-product. Here, calcium chloride (CaC12) was used to

add necessary calcium ions and sodium hydroxide was used to increase pH to the

proper supersaturation condition. Kaneko and Nakajima (1988) also used calcium

chloride and sodium hydroxide as chemical dosing agents. A "magnesia clinker",

activated by washing in calcium chloride solution, was used as a seed crystal in

this FBR.

Full scale FBR's forming struvite are currently in operation. The Crystalactor®

(Giesen, 1999) is made by DHV Water BV (The Netherlands) and removes a

variety of compounds from wastewater, including phosphorus. Phosphorus

removal is achieved by forming any one of a number of compounds, including

struvite, based on what chemicals are used to dose the reactor. The FBR's of

Unitika Ltd. (Ueno and Fujii, 2001) in Japan use magnesium hydroxide and

supplemental sodium hydroxide to control magnesium and pH conditions. The

struvite product produced from these plants has been sold to fertilizer companies

as a fertilizer amendment.

Also notable is the pilot scale FBR at the municipal wastewater treatment plant in

Ancona, Italy. It achieves the pH conditions for struvite formation without the



addition of chemicals. The waste is aerated to strip carbon dioxide from the waste

stream, increasing the pH of the liquid, and sand is used as the seed material. No

additional ion is introduced to control the dominant precipitate formed on the sand,

so a mixture of HAP and struvite typically forms. This process is hampered by the

relatively long time (approximately one hour) necessary to achieve operating pH

conditions (Battistoni et al., 2002.).

Spontaneous nucleation reactors are those which are not packed with seed

material. These reactors either rely on spontaneous nucleation of struvite or

supply a relatively small amount of seed material to the reactor. These reactors

offer a more simplistic design than fluidized bed reactors. The reactors are usually

air-agitated, and chemicals are typically added to adjust pH and molar amounts of

the constituent ions of struvite. Struvite crystals grow in suspension then are

settled to the bottom of the reactor where they are removed. The Phosnix process

is a full-scale spontaneous nucleation reactor that creates a harvestable struvite

product (Katsuura, 1998). The process of Munch and Barr (2000) is based on the

Phosnix process. Magnesium hydroxide (Mg(OH)2) is supplied to the reactor

providing extra magnesium ions and increasing pH with a single dosing chemical.

The struvite product created is a powdery substance, with median crystal size of

110 tm. Magnesium ions are dosed independently of pH adjustment in the

Phosnix process. Abe (1995) reported creating struvite crystals of average size of

around 2.0 mm. This reactor controlled magnesium ion concentration and pH

separately by addition of magnesium chloride and sodium hydroxide. Abe noted

that for influent phosphate concentrations greater than 90 mg/L, struvite crystals

formed instantaneously at the influent port and did not grow larger. The mobile

process that is developed in this report does not attempt to achieve a specific

particle size, but crystals that do form must be large enough to separate from waste

solids, so particle size is a parameter of importance.

Suzuki et al. (2002) used a spontaneous nucleation reactor to form struvite in

piggery waste through aeration alone. No chemicals were dosed to control



constituent ion concentrations of any possible precipitate, so it is possible that

struvite as well as various forms of calcium phosphate developed in this process.

In this case the precipitate was not harvested as a product itself, but was allowed to

remain in the sludge of the wastewater. This was intended to increase the value of

the sludge as a compost additive. The process was operated at a hydraulic

retention time (HRT) of around four hours. A harvestable struvite product has

been produced with calf manure and chemical addition in a continuously stirred

tank reactor (CSTR), which is a type of spontaneous nucleation reactor (Schuling

and Andrade, 1999). Magnesium oxide (MgO) was added to increase magnesium

ion levels and pH simultaneously. However, The process required the permanent

installation of three CSTR's in series as well as a clarifier and struvite buffer tank.

This process would not scale down well to a portable unit.

There are several other processes currently in use for the removal of phosphorus

via struvite formation. The Water Research Council porous pot reactor employed

by Jaffer et al. (2002) brings the liquid waste to struvite forming conditions within

a reactor, the resulting solution flowing through a porous pot. Struvite crystals

collect and grow on the pot, and are harvested from the surface of the pot. The

REM NUT process (Liberti et al., 2001) removes phosphate ions in dilute waste

streams through ion exchange in a zeolite bed. The zeolites are then regenerated

with sodium chloride brine. The phosphate-containing regeneration eluate is sent

to a reactor, which precipitates struvite from this solution, producing a high purity

struvite product in a two-stage process. Burns et al. (2001) added magnesium

chloride and sodium hydroxide directly to a liquid waste lagoon immediately

before land application of the waste. This "in-situ" process precipitated struvite in

the waste lagoon, reducing levels of soluble phosphorus in the land-applied

manure.
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Selection of Struvite Formation Process

Process Formulation

A process that was simple in design, involved portable processing equipment, and

had the potential to form an easily harvestable struvite product was desired.

Spontaneous nucleation reactors fit these requirements. The spontaneous

nucleation process directly forms struvite without the use of a high density of extra

"seed" material. The resulting product may easily be harvested by settling. This

minimizes necessary materials while maximizing ease of harvest of the struvite

product. It was also felt that some of the full scale spontaneous nucleation reactors

seen in the literature could be adapted to a portable design.

Other processes investigated fell short of our requirements. The in-situ process,

which doesn't require a separate struvite formation reactor, is the simplest process

of those investigated. However, Burns et al. (2001) allowed struvite formed in the

process to be sprayed out into the fields and did not harvest the struvite that was

formed. The struvite in the field would dissolve slowly, releasing their

phosphorous as they dissolve. This method of handling would only delay high

phosphorous conditions occurring in runoff from these fields. No advantageous

ways of separating struvite from the waste stream of an in-situ process could be

envisioned, so reactor-based designs were considered. FBR designs and the two-

stage ion absorption process were felt to add undesirable levels of complexity to

the process. The porous pot method requires a relatively large degree of physical

labor to scrape the produced struvite from the porous pot.

The spontaneous nucleation reactors investigated use a variety of chemicals to

control molar amounts of constituent struvite ions, and pH can be controlled

through both chemical and non-chemical means. For most animal wastes, molar

concentrations of ammonium exceed those of phosphate. Magnesium, the third

constituent ion of struvite, is usually present in lower molar concentrations than
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phosphate, and needs to be supplemented for optimal phosphate removal. This

may not be necessary in areas with hard water supplies. Magnesium ions may be

supplemented through the use of chemicals such as magnesium oxide (MgO) or

magnesium hydroxide Mg(OH)2. These chemicals simultaneously provide for

alkaline adjustment of pH and Mg2. Unfortunately, these substances also have a

fairly low solubility, requiring longer hydraulic retention times (HRT's) to allow

Mg2 and pH adjustments.

Adjustment of pH may be achieved by non-chemical means through aeration of

the liquid. Aeration drives out carbon dioxide gas from solution and raises the pH

(Suzuki, 2002; Battistoni, 2002). This pH adjustment is not an instantaneous

process, and HRT's of 4 hours have been necessary to operate spontaneous

crystallization reactors in this manner (Suzuki, 2002). This long HRT poses

problems for conversion of this type of process to a portable unit. The longer the

HRT of the reactor, the longer the removal plant will need to be at an individual

site. Longer time spent at an individual site will increase operating costs per site

visit and might make the operation economically non-viable.

To cut down on hydraulic retention times, and thus create a more feasible portable

process, we focused on a chemical dosing regime that minimized hydraulic

retention times. Magnesium chloride (MgCl2) and sodium hydroxide (NaOH) are

two readily soluble compounds that may provide for Mg2 and pH adjustment.

Since these compounds are readily soluble, no extra time is needed to allow for the

dissolution of the solid fractions of the chemicals. The effects of these materials

are seen immediately upon introduction to the waste stream, leaving the time of

formation of the precipitate as the only limiting factor. Using these chemicals
2+should reduce necessary HRT's as well as providing the benefit of separate Mg

and pH dosing, allowing full control of process optimization.
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Materials and Methods

A Learning Process

A major reason for embarking on master's-level research is to learn and apply the

rigorous method of scientific inquiry. This scientific journey can be fraught with

mistakes that may be time consuming, but are ultimately instructive. Without

detailing the data or analysis that went into these "side-roads" in the path of

progress, I will explain a little about them and how they shaped my methods of

inquiry. As scientists, we must be willing to talk about our mistakes as well as our

successes. If we only talk of our successes, the community only learns half of

what could be learned from our endeavors.

Interference of Suspended Solids in Wastewater

Laboratory work for the project began after a review of the literature, which took

place from October through December of 2001. Lab space and equipment were

secured and prepared during the early months of 2002. On 2/25/03

experimentation began using wastewater from the Oregon State University Dairy

Center. While this wastewater was used for investigation of the nutrient removal

process, several realizations about the methods of orthophosphate analysis

occurred. As a result of using inferior orthophosphate testing methods, verifiable

data for jar tests done with the Dairy Center's wastewater were not obtained. The

process of determining orthophosphate analytical methods is detailed in a

subsequent section of this report.

Jar tests were done with wastewater from the Dairy Center from February, 2002

through January, 2003. In all tests, no visible, harvestable precipitate was

observed in settled solids from the waste. The total solids in the Dairy Center

wastewater were determined by evaporating the water off of a known volume of
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wastewater in an oven at 105°C and weighing the resulting dry matter. The

average total solids content of the Dairy Center wastewater was determined to be

11867 mg/L ± 1228 mgIL (95% confidence interval). This measurement was

based on 5 replicate samples with a standard deviation of 442 mg/L. The

wastewater contained large amounts of settleable solids and visible solids that

would not settle after 24 hours of setting. This determination of total solids, then,

is believed to be primarily a measure of suspended solids, with dissolved solids

making up a small fraction of the measurement. Schuiling and Andrade (1999)

reported that suspended solids in wastewater from a calf rearing operation interfere

with the struvite harvesting process at levels above 1000 mgIL. It is likely that this

was occurring with the OSU Dairy Center wastewater.

In February of 2003, wastewater from the Rickreall Dairy was identified as a

suitable wastewater for the phosphate removal process with regards to suspended

solids. Visually, far less settleable and non-settleable solids could be seen in the

waste. The total solids content, as determined by the previously explained method,

was 6667 mg/L ± 3286 mgIL. The 95% confidence interval is wide here because

the estimate is based on only three replicate samples with a standard deviation of

764 mg/L. A visible product was seen to precipitate from the wastewater when the

pH was increased. Therefore, even though the suspended solids in the wastewater

were likely above 1000 mg/L, Rickereall Dairy wastewater was used in successful

laboratory and pilot scale tests. This switch in wastewater used in this project also

coincided with the finalization of correct analytical methods for orthophosphate

determination.

Determining Analytical Methods for Orthophosphate (O-PO4)

During the period from February, 2002 to January, 2003, several methods of

determining phosphate levels in wastewater were evaluated. Each method brought
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its own problems and lessons to learn until a suitable method for O-PO4

determination was verified.

TRP vs. SRP

When jar tests were initially being conducted, a Hach DR/2 000 direct-digital

readout spectrophotometer was initially used. The wastewater was very hard to

filter through the available Gelman 0.45 membrane filters. It was thought that

total reactive phosphorous testing might provide a method of tracking pre and post

phosphate levels that would be less labor intensive.

"Reactive phosphorous" is another term for orthophosphate. Specifically it is the

forms of phosphorus that will respond to colorimetric tests without chemical

preparation methods, such as hydrolysis or digestion (APHA, 1998).

Orthophosphate can be a large number of phosphorous compounds, but it is

primarily the phosphate ion, P043. Soluble reactive phosphorus (SRP) is the

measure of orthophosphate in a sample after it has been passed through a filter.

The size filter that separates particulate from dissolved matter is defined by the

researcher, but is typically agreed to be 0.45gm (APHA, 1998). Total reactive

phosphorous (TRP) is the measure of phosphorous in solution before it is passed

through a filter.

When jar tests were done with TRP as an indicator of phosphate levels, results

were erratic and it appeared that control groups saw the highest levels of

phosphorous removals. Two factors contributed to the erratic results. First,

unfiltered samples contain suspended solids. These suspended solids are

especially problematic in fresh dairy wastewater, even after significant dilution.

The solids interfere with light passing through the sample and alter the

transmittance of light through the sample. Second, phosphates are constantly

adsorbing to and being released from particles in suspension (APHA, 1998). The

level of orthophosphate detected in the TRP analysis, then, depends on the O-PO4
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not adsorbed (and available for reaction) at the time of analysis. These two factors

can cause high variability in the estimation of TRP from any single treatment jar.

It is likely that the variability was so high in each individual measurement that

differences between jars could not accurately be discerned. In light of this high

variability, SRP analytical methods were employed.

Spectrophotometer malfunction

On 8/31/02 testing began with SRP analytical methods, and more consistent results

were obtained. Jar tests were run again, but high within-treatment-group

variability prompted a closer look at the proper function of the spectrophotometer.

After conducting standard addition tests and wavelength checks outlined in the

user manual, it was found that the spectrophotometer readout was not displaying

the proper wavelength. It was also discovered that tests done previously to

initially verify the function of the spectrophotometer had calculation errors, which

falsely represented the reliability of the spectrophotometer. In October, 2002

another analytical method, liquid ion chromatography, presented itself as an option

for phosphate analysis.

Liquid Ion Chromatography and Method of Filtration

Liquid ion chromatography (IC) is a highly accurate, automated way to determine

concentrations of several ions in a liquid solution. An injection of 0.5mL of

solution is passed through an analytical column. The analytical column separates

ions in the solution flow, so that different species of ions pass through the column

at different times. By measuring the conductivity of the solution through time,

individual peaks in conductivity are observed. Each peak is associated with the

concentration of a specific ion in solution. The area under each of these peaks is

determined, and is related to the concentration of each ion in solution after a
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calibration of the instrument is done with standard solutions. Organic carbon in

samples can foul the analytical column of the machine and cause peaks of ion

concentration to lie on top of one another, obscuring results. Dairy wastewater

samples, even when filtered and diluted, possess high concentrations of dissolved

organic carbon (DOC). "On Guard" RP filters from the Dionex corporation were

acquired to remove DOC from the samples to protect the chromatograph's

analytical column.

The first run of jar test samples on 10/26/02 gave good results, as evidenced by the

IC's accurate determination of phosphate in standard solutions. The treatment

group jars showed, however, no difference in phosphate concentrations from their

initial levels. No reason for this result could initially be determined. Upon

scrutinizing the method of filtration the problem was discovered. All samples for

IC analysis were diluted by a factor of 50 before filtration to allow for easier

filtration of the wastewater sample. In samples of waste that received treatment,

this dilution dropped the pH of the waste, allowing any phosphate-removing

precipitates that did form to dissolve back into solution. Samples in the previous

jar tests using SRP spectrophotometric methods also utilized this dilute-then-filter

method. The dilution method was likely an additional source of variability in the

results of those experiments.

Unfortunately, additional tests using a filter-before-dilution sample preparation

method could not be run on the IC. The analytical column showed signs of

fouling, and wastewater samples could no longer be run on the machine.

The Bausch & Lomb Spectronic 20

With other options exhausted, an older-model spectrophotometer was employed

for phosphorous determinations. The Bausch &Lomb Spectronic 20 had

previously been disregarded as an antiquated piece of equipment. Standard

addition tests on 2/5/03 with Rickreall Dairy wastewater showed that the
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instrument provided reliable results. 0-PU4 determinations after increasing

phosphate concentrations by a known amount returned values within 5 percent of

the correct values ofO-PO4 in the waste samples. Precision was also verified by

taking five independent samples of the same, well-stirred portion of wastewater.

O-PO4 determinations of these diluted samples showed a standard deviation of

0.189 mg!L. The Spectronic 20, along with the preparation method of filtration

before dilution, proved to provide the most consistent results for this project.

Chosen Methods of Determination of Chemical Species

Soluble orthophosphate (O-PO4), magnesium, calcium and ammonium were

determined by first passing samples through a 0.2 tm Whatman GD/X syringe

filter. 0-PU4 Samples were then diluted and analyzed with a Bausch & Lomb

Spectronic 20 spectrophotometer using molybdovanadate reagent from the Hach

Chemical Company at a wavelength of 430nm. Some soluble orthophosphate

determinations were also done by flow injection analysis (FIA) at the Central

Analytical Laboratory at Oregon State University. These samples were prepared

in the same manner as samples analyzed via the spectrophotometer. FIA provides

a very precise determination of 0-P04 in solution, but it was cost prohibitive to

use FIA for all 0-PU4 samples. Thus, spectrophotometric methods were used for

determinations of 0-PU4 for jar tests and most pilot plant tests. FIA was used for

O-PO4 determinations when the spectrophotometer bulb burned out. Dissolved

magnesium and calcium ion concentrations were determined by passing the diluted

filtrate through an inductively coupled plasma (ICP) analyzer. Ammonium and

total phosphorus determinations were done by the Central Analytical Laboratory.

Wastewater pH was determined with an Orion model 91-06 pH electrode and

automatic temperature compensation probe with a Corning model 255 ion

analyzer. X-ray diffraction analysis was conducted by the Willamette Geological

Service (Philomath, Oregon) on dried samples of the product from pilot tests.
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Jar Tests

Two classes of jar tests were conducted. One was aimed at determining the

minimum reaction time needed to provide maximum reduction of orthophosphate

in the liquid waste, and the other was conducted to determine optimum chemical

dosages for the phosphate removal process. Both tests shared a basic set up. A

picture of ajar test in progress is shown in Figure 1.

Figure 1. Jar Tests in Progress, Displaying Setup of Experiment

The jar tests were conducted in 1 L Imhoff cones, each aerated by an aquarium

pump to provide mixing of the wastewater. In treatment groups, sodium

hydroxide was added to bring the waste to a pH within the range of minimum

struvite solubility (between 8 and 10). Magnesium chloride hexahydrate

(MgC12.6H2O) was added to bring molar ratios of Mg2:O-PO4 to the desired level

and each jar was seeded with struvite crystals. Control groups received no

chemicals or seed crystals, but were aerated for the same amount of time as their
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corresponding treatment groups. Various levels of treatment were assigned to jars

randomly by thoroughly shuffling cards with numbers corresponding to those on

jars. This jar test design was used in all jar tests, including the previously

mentioned tests that used flawed analytical methods.

Determining Minimum Reaction Time

Various process times were investigated to gain an estimate of proper pilot plant
2+HRT. All treatment cones received an MgC12*6H20 dose to bnng the Mg :0-

PO4 ratio to 1.5:1 (without accounting for any possible Mg2 already in the waste).

The pH was then raised to 8.5. Treatment and control groups were divided into

groups with mixing times of 5 mm, 30 mm, and 60 mm. Soluble O-PO4

concentrations were measured before and after aeration of the cones and percent

removals were calculated. Since it is well known that aeration of a wastewater

alone may increase its pH (Battistoni et a!, 2002, Suzuki et al, 2002), the pH of jars

in the control group was carefully monitored.

Determining Optimum Chemical Dosing Conditions

Tests to determine dosing requirements were of a factorial design. Every

combination of four levels ofMg2:O-PO4 ratio dosing regimes and four levels of

pH adjustment were tested. Mg2:O-PO4 ratios tested were 0, 0.6, 1.5, and 1.8.

Levels of pH adjustment tested were no adjustment, 8.5, 9.0, and 9.5. It was

planned that results from these experiments would be used to fit a model of

phosphate removal on magnesium dose and pH. Optimum dosing conditions for

magnesium and pH could then be determined from this model. The focus of these

tests was to build a regression model of0-PO4 removal on pH adjustment and

magnesium dose. Therefore, of ions constituting struvite that may have been
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formed in these tests, orthophosphate was the only dissolved constituent tested in

these experiments.

Pilot Plant

Through the months of July and August, 2002, a 350 L pilot plan was constructed

according to the schematic in Figure 2. The two major pieces comprising the

reactor were a 246 L polyethylene cone bottom tank and a 0.91 m section of 0.381

m (i.d.) PVC sewer pipe. A separate 0.30 m section of the PVC sewer pipe

divided the upper tank into mixing and settling zones. The lower end of the cone-

bottomed tank was cut to provide a sloped bottom for the bottom end of the PVC

pipe. Custom-made neoprene gaskets and all-purpose sealant prevented leaks at

the PVC-polyethylene interfaces. Influent piping within the reactor was rigid PVC

pipe and effluent piping was flexible PVC tubing. The "all-plastic" construction

reduced construction costs over metal designs while also reducing the potential of

corrosion of pilot plant components.

A Zoeller model M53-D submersible effluent pump or a Tee! model 1P83 1

centrifugal pump was used to bring lagoon wastewater into the reactor.

Cole/Parmer peristaltic pumps were used to separately dose a 5 M solution of

sodium hydroxide and an 11% (by mass) solution of magnesium chloride

hexahydrate. Aeration was provided by a Gelman "Little Giant" model 13154

pressure/vacuum air pump.

During operation, liquid waste was pumped from one side of a waste lagoon and

fed into the reactor at a constant flow rate, which was measured by timing the

filling of a graduated bucket from the effluent flow. This flow measurement

method eliminated the need for costly wastewater flow meters. It also provided

absolute accuracy of flow rates because the volume per unit time is measured

directly by timing the filling of the graduated bucket. Magnesium chloride (if

needed) and sodium hydroxide were added simultaneously at rates dependent on



21

the influent flow to maintain the proper Mg2:O-PO4 ratio and pH of the liquid

manure, thus creating conditions favorable for the formation of struvite. The

reactor was agitated by bubbling air through the reactor column, keeping

concentrations of ions and pH as homogeneous as possible through the reaction

zone of the reactor. The settling zone in the upper portion of the reactor allowed

struvite crystals to settle and separate from the effluent, which exited the reactor

from two ports at the top of the reactor. The effluent, now lower in phosphorus,

was returned to the far side of the waste lagoon. Periodically, the reactor could be

stopped and the crystals allowed to settle out and be harvested. To treat an entire

lagoon, this process would be continued until a volume of liquid equal to that of

the volume in the lagoon had passed through the reactor. During pilot tests, the

reactor was run continuously throughout the test, and the product was collected

after allowing a settling period following shutting down the reactor.

Chemical
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Figure 2. Design Schematic of the Phosphorus Removal Pilot Plant
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An on-site titration of the lagoon wastewater showed that addition of 2.2 mL of

5M NaOH solution would bring a liter of wastewater to a pH of 8.5. This

relationship was used in all tests to calculate the initial NaOH flow rate set-point.

In all tests, the influent flow rate was set at a level to achieve the desired hydraulic

retention time. The empty reactor was then filled with waste while simultaneously

dosing with the necessary chemical(s), thus immediately initiating the conditions

for formation of phosphate removing precipitates. To allow all influent and

effluent samples to be taken in the same manner, the first samples were taken after

one 1-IRT had passed. This was necessary because effluent sampling occurred

along the effluent-return line. Measurements of pH during production were taken

at the top of the pilot plant.

All pilot plant tests were conducted at the Rickreall Dairy in Rickreall, Oregon,

just west of Salem. The dairy supports 3000 cows, 1700 of which are adults.

Waste is handled with a lane flushing system using recycled wastewater. Fresh

water is used during summer months for lane flushing. Lanes are flushed three

times per day. After exiting the lanes, the wastewater enters a holding pit where it

is pumped up to a solid-liquid separator, which has a screen size of 0.5mm. The

liquid portion of the waste is then conveyed to a preliminary two-stage settling

pond and then finally to the waste lagoon. The waste lagoon has a capacity of

approximately 136,000 m3 (4.8 million ft3). Water from the waste lagoon is

pumped to a gravity-tank for re-use in lane flushing. Periodically, lagoon water is

disposed of by irrigating nearby agricultural fields.

Total Phosphate in the Pilot Plant Product

A rudimentary acid-digestion method was used to estimate the total phosphorus

content of the precipitate formed by the pilot plant. 0.63 g of dried (in ambient

laboratory conditions) precipitate was added to approximately 50 mL of I M

hydrochloric acid. The combination was then mixed well and allowed to sit for 75
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minutes before being diluted to a final volume of one liter with distilled water.

The mixture was then filtered through a 0.45 tL filter to take out solids not

dissolved by the acid treatment. The filtrate was then tested with the

spectrophotometric method previously described for orthophosphate. Percent total

phosphorus by weight was then calculated by the equation:

30.97g/molP
94.97g/molPO4)

= % Total P of product
mg

630 product
L

It is understood that this method of acid digestion is not as thorough as those

described in the APHA (1998) standard methods for total phosphorous

determinations. Results of these tests were viewed as a lower estimate of total

phosphorus, since the less rigorous digestion would not have dissolved the more

complex phosphate containing molecules. However, struvite and hydroxylapatite

are both quite soluble in acidic solutions (Mohajit et al., 1989; Narasaraju and

Phebe, 1996). This method would be enough to digest the types of phosphorus-

containing compounds that would have been intentionally formed by in the pilot

plant. These forms of phosphorus are the ones intentionally formed to be sources

of phosphorus for plant fertilization. Therefore, this rudimentary total phosphorus

determination provided a way to estimate the fertilizer value of the precipitate with

respect to phosphorus.
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Results

Determining Minimum Reaction Time

An experiment to determine the minimum necessary reaction time was conducted

on February 6th, 2003. The results of this experiment are shown in Tables 1, 2 and

3.

Table 1. Treatment Group Percent Removals for the Minimum Reaction
Time Experiment

Before 5mm 30mm 60mm
[OPO4]*
(mgIL) 3.7 2.7 <1.0 <1.0
%

Removal n/a 28.3% >73.3% >73.3%

* Concentrations in 1:15 diluted samples

Table 2. pH Monitoring During Minimum Reaction Time Experiment

Control Group pH Measurements
pH per cone in each time

category
Time (mm) 5mm 30mm 60mm

0 7.88 7.87 7.85

2 7.93 7.93 7.93

30 n/a 8.34 8.34

60 n/a n/a 8.50

Treatment Group pH Measurements
Initial pH of all cones: 7.68

All cones dosed to pH of 8.50
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Table 3. Control Group Percent Removals for the Minimum Reaction Time
Experiment

Before 5mm 30 mm 60 mm
[OPO4]*
(mg/L) 3.0 2.7 2.0 1.3
%

Removal n/a 11.5% 34.1% 56.2%
* Concentrations in 1:15 diluted samples

Table 1 shows that the chemical treatment brought soluble orthophosphate levels

in 1:15 diluted samples to below 1 mg!L within 30 minutes. The associated

undiluted O-PO4 concentration would, then, be less than 15 mg/L. No confidence

could be given to the potential of the actual concentration being lower than this

because 1 mg/L was the lower limit of the spectrophotometer calibration. Table 3

shows steady increases in orthophosphate removals in the control group with time.

The pH data in Table 2 help to describe this phenomenon, as explained in the

"Discussion" chapter.

Determining Optimum Chemical Dosing Conditions

The factorial design of these tests required a total of 16 jars. Only having 10 jars

on hand, it was decided to do the tests in segments. The groups with no chemical

pH adjustment and chemical pH adjustment to 8.5 were done on 2/25/03, with the

tests of groups with pH adjustments of 9.0 and 9.5 being done a week later. In all

cases, samples were diluted 1:15 and percent 0-P04 removals were based on

spectrophotometric readings of these diluted samples. The results of these tests are

shown in Table 4



Table 4. Percent O-PO4 Removals in Dosing Conditions Jar Tests

Initial O-PO4 for first test segment* (mg/L) 5.2
Initial O-PO4 for second test segment* (mgIL) 3.6

PO4:Mg2+ is 1 to:
pH Adj. to 0 0.6 1.5 1.8
No Adj. 56.8% 60.4% 58.0% 76.8%

8.5 88.6% >90.4% >90.4% >90.4%
9 >85.9% >85.9% 80.6% >85.9%

9.5 >85.9% 85.9% >85.9% >85.9%
* Concentrations in 1:15 diluted samples

Notice that there are several data points showing greater than 90.4% or 85.9% 0-

PO4 removal. This is due to the fact that the percent transmittance for these post-

treatment samples showed orthophosphate concentrations below the range of

calibration of the spectrophotometer. The presence of these "greater than" data

points prohibits the building of a regression model for these data, as explained in

the "Discussion" chapter.

Pilot Tests

The pilot plant previously described was set up at the Rickreall Dairy in Rickreall,

Oregon (Figure 3), and tests began on April 11th, 2003. Dissolved O-PO4 and NH4

in the influent and effluent were tracked throughout the tests. Samples for

dissolved magnesium and calcium were also taken, but not all Mg2/Ca2 samples

were analyzed, as will be explained later in this report. The time at which a

sample or measurement was taken during a test is represented by the number of

hydraulic retention times that had passed during the test at the time that sample or

measurement was collected. This provides a basis for comparing data of tests with

different HRT' s. In all but the first pilot test, influent and effluent samples were

taken at each sampling time, and are treated as pairs. In this way percent removals

of nutrients are calculated at each sampling tune based on the influent minus
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effluent levels at that sampling time. Initial characterization of the waste showed

that Mg2:Ca2 ratios were above 0.6, so pilot tests began without magnesium

addition.

Figure 3. Pilot Plant During Production at the Rickreall Dairy

4/11/03 Test 20mm HRT

The initial pump set up used the centrifugal pump and standard garden hoses to

convey influent waste to the reactor. This worked well for larger HRT's tested.

The first test was done at a 20 minute HRT (the largest flow rate produced by the

centrifugal pump). All samples for dissolved species were diluted by a factor of

1:10.

Operating conditions and test results from this experiment are shown in Table 6

and Figure 4. The airflow used for agitation in the reactor was about 0.2 LIs

throughout the experiment. This was enough to cause a moderate amount of foam



at the top of the reactor. The surface of the liquid at the top of the reactor was very

distorted due to the bubbling action of the air, indicating that vigorous mixing was

occumng.

Due to a lack of filters for sampling, only two influent samples were taken (3

influent samples were taken for Total P). Influent levels of the nutrients were

averaged, and effluent levels at each sampling time were compared to this average

influent value to determine percent removal of each nutrient. The average influent

flows of these nutrients are shown in Table 5. Notice that the average total

phosphorous measurement is lower than the average dissolved O-PO4

measurement. A combination of factors contributed to this observation. The total

P measurements were determined through exacting methods of the Central

Analytical Laboratory, so accuracy of these measurements were high. The

spectrophotometric method used for the dissolved O-PO4 measurements did not

have such high accuracy. Averaging the values only increases the discrepancy

between the methods' accuracy. Therefore, comparing total P and dissolved 0-

PO4 measurements made with these different methods leads to inaccurate

observations.

Table 5. Average Influent O-PO4, total P and NH4 to the Pilot Plant, 4/11/03
Pilot Test

O-PO4 (mg/L) Total P (mg/L) NH4 (mg/L)

76.2 60.4 676
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Figure 4. Major Parameters in the Pilot Plant 4/11/03 Test

Table 6. Total P, NH4, and Soluble O-PO4 Percent Removals During the
4/11/03 Pilot Test

# of O-PO4 NH4 Total P
HRT's %Removal %Removal %Removal
1.44 73.4% -3.7% 3.6%
5.38 73.4% -0.4% 0.4%
9.44 58.4% -3.8% 4.6%

14.21 68.4% -3.1% 1.1%

Notice that a drop in pH was observed in the reactor at around 9 HRT's. The pH

dropped because of a decrease in the NaOH dosing rate. The NaOH dosing rate

was decreased because the waste flow measurement at around 6.5 HRT's showed a

need for this decrease to maintain steady conditions in the reactor. The waste flow

measurement was probably an underestimate, as evidenced by the decrease in
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reactor pH. Waste flow did decrease from the initial flow at the beginning of the

experiment, and the garden hose leading from the lagoon to the pump appeared to

be "sucked in". The pump may have been struggling to pull the waste up the

(approximately) 4 vertical feet from the lagoon surface to the reactor.

The percent NH4 removals were barely negative, showing that effluent samples

showed slightly more ammonium than the average influent sample. X-ray

diffraction of the resulting product from this test showed that no struvite was

formed, but hydroxylapatite was formed. Therefore, no ammonium was being

taken from the waste stream. Noting that these slightly negative removals are the

result of comparing the effluent levels at each sampling time with the average

influent, one may safely conclude that there was no change in NH4 in the waste

stream going through the pilot plant. Further implications of the X-ray diffraction

analysis will be discussed later.

Positive percent removals were seen in total phosphorus in the pilot plant, but

these removals were very small. The fact that we are comparing effluent levels at

individual sampling times to an overall average influent level again leads to the

conclusion that no difference in total P was occurring in the waste stream. A

buildup of precipitate in the pipe conveying effluent waste back to the lagoon was

noticed. This buildup, combined with the lack of total P removal, shows that the

precipitate being formed was exiting the plant through the effluent ports and was

not settling out in the settling zones. The next pilot plant test, at a 50 mm HRT,

attempted to circumvent this problem by considerably lowering the waste flow

rate.

4/24-25/03 Test 50 mm HRT

Effluent samples in the previous test were close to the lower end of the

spectrophotometer calibration for O-PO4 determination. Therefore, analytical

methods were changed slightly in order to get a more accurate determination of
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nutrient concentrations in the effluent. Effluent samples were diluted by a factor

of 1:5. Influent samples were kept at a dilution factor of 1:10. Nutrient

concentrations could then be compared after accounting for their respective

dilutions. Samples for the other dissolved species were treated in the same manner

as the 0-P04 samples. In this test, as well as the rest of the pilot tests, influent and

effluent samples were each taken during every sampling time, and were compared

as described in the first paragraph of the "Pilot Plant Results" section of this

report.

The centrifugal pump and standard garden hoses were again used to convey

influent waste to the reactor. This presented no problems with the low flow rate.

The test was conducted overnight to investigate the consistency of the process and

to allow more than 12 HRT's to be tested. Also, to attempt lessening the potential

export of precipitate from the reactor, the airflow rate was set initially at 0.09 LIs.

The airflow was further decreased to 0.07 L/s at 3 HRT's when foam was still

being produced from the bubbling action. Operating conditions and test results

from this experiment are shown in Table 7 and Figure 5.

Table 7. Total P, NH4, and Soluble O-PO4 Percent Removals During the 4/24-
25/03 Pilot Test

#of HRTs
Total P

%Removal
NH4

%Removal
O-PO4

%Removal

0.3 n/a n/a 52.8%

2.2 32.9% 7.2% 60.1%

4.7 -0.3% 0.7% 59.7%

25.4 1.0% 2.4% 64.0%

29.6 4.3% 2.7% 64.3%

During this test, an "effluent" sample was taken before one HRT had passed by

dipping a bottle into the reactor and retrieving a sample of the fluid in the reactor.

One can see from Figure 5 that effluent levels were stable even after running

unattended overnight. Table 6 shows that soluble O-PO4 levels remained fairly

stable throughout the test as well. Air flow had decreased overnight to 0.06 L/s
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(read at 25 HRT's) due to precipitate crystallizing in the diffuser holes, causing

clogging. This does not appear to have affected soluble O-PO4 removal.

The dissolved ammonium data shows a situation similar to the previous test.

Small to negligible removals are expected again because magnesium was not

dosed, and struvite was not likely produced, as was the case in the 4/11/03 pilot

test. Small removals of NH4 may be expected in this process without struvite

formation, however. At the elevated pH, some of the NH4 will be stripped of a

hydrogen ion, forming ammonia (NH3) gas, which will volatilize and exit the

system.

Total P showed an initial removal and then no removal. It is likely that at two

HRT's, the pilot plant was not saturated with precipitate, and the low flow rate was

ample to keep some of the precipitate from exiting the reactor. The precipitate did

not appear to coalesce into larger particles, because after 4.7 HRT's the data for

total P removal was similar to the previous test indicating export of essentially

all the precipitate, even with this low flow rate.
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Figure 5. Major Parameters of the Pilot Plant - 4/24-25/03 Test

In comparing the percent removals of soluble O-PO4 in the previous test with those

seen in this test (at steady state), lower O-PO4 removals appeared to be seen in the

50 mm HRT test. No reason related to operation of the reactor could be seen to

cause this. The reason is believed to be that the accuracy of the effluent O-PO4

determinations was not as good at the high relative percent transmittances (95%)

of the lower end of the spectrophotometer calibration used for the 4/11/03 test.

Diluting effluent samples by five times instead of 10 gave lower percent

transmittances and more accurate results. Based on this comparison of data, the 20

mm HRT test was done again on 5/7/03 to utilize the improved analytical methods.
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5/2/03 Test 5mm HRT

The higher capacity submersible effluent pump was used for this test. The effluent

pump used a 1¼ inch flexible PVC hose to convey influent waste to the reactor.

The more rigid hose and additional pump power caused waste flow through the

pilot plant to be very steady. Air flow was steady as well, and these flow rates are

shown in Table 8.

Table 8. Steady Flow Rates in the Pilot Plant During the 5/2/03 Test

Air (Lis) Waste (L/min)
Flow Rate 0.09 71.0

As shown in Figure 6, most parameters were also very consistent until the end of

the test. Some time between 24 and 34 HRT's the pH of the influent waste

dropped, and at 30.6 HRT's the reactor pH was found to be 8.32. This caused less

phosphorus to be removed, thus causing effluent O-PO4 levels to rise. The pH of

the reactor was increased rapidly to 8.59 at 31 HRT's but higher levels of O-PO4

remained in the effluent by the last sampling time at 36 HRT's. For unknown

reasons, the influent O-PO4 experienced a decrease at this time, and the

combination of these factors caused the low percent 0-P04 removal seen at 36

HRT's in Table 9.

Table 9. Total P, NH4, and Soluble O-PO4 Percent Removals During the
5/2/03 Pilot Test

Total P NH4 0-PO4
#of HRTs %Removal %Removal %Removal

3.0 -12.7% 1.1% 56.3%
12.0 -0.6% 4.8% 63.3%
24.0 0.3% 5.5% 61.8%
36.0 5.2% 6.5% 35.6%



35

10.00

E
21 8.00

x x x x
a

a
S

6.00

4.00
A

0
A

2. A £
0

2.00

I
0.

0.00

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00

Number of HRT's passed

Reactor pH

X Influent pH

a Influent [O-PO4]

*--NaOHQ

A Effluent [O-P041

Figure 6. pH, O-PO4, and NaOH Flow in the Pilot Plant - 5/2/03 Test

Table 9 also shows a similar pattern in the NH4 and total P data seen in prior tests.

Without magnesium dosing, hydroxylapatite was formed, not removing

ammonium. The high waste flow rates caused precipitate to be exported, showing

an apparent lack of total P removal. This was expected, since flow rates for the

5mm HRT were much higher than those of the previous experiments where the

same phenomenon was observed.

Percent removal of O-PO4 was similar to that seen in previous experiments,

suggesting that the reactions removing phosphate occur quickly. Therefore, this

very short HRT maybe successful in removing a high amount ofdissolved

phosphorus from the waste. However, the precipitate had poor settling qualities.

When settling effluent in Imhoff cones, the waste appeared as a fine floc and not a
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consolidated substance. The implications of these observations are further

explored in the "Discussion" chapter.

At this time, X-ray diffraction results had been obtained showing that

hydroxylapatite was being formed as a phosphate-removing precipitate. To form

struvite, it was apparent that magnesium addition would be needed in the process.

Moreover, the analysis had shown that the bulk precipitate was predominantly two

forms of calcium carbonate (calcite and vaterite), and hydroxylapatite was a very

small part of the bulk sample.

A determination of total phosphate in the precipitate showed the precipitate to be

only 0.7% total phosphorus (or 2.2% PO4) by weight. The pilot plant seemed to be

forming enough hydroxylapatite to achieve modest O-PO4 removals, but co-

precipitation of calcium phosphate was lowering the fertilizer value of the total

product.

Another test was conducted on 5/8/03 to achieve the goal of forming struvite as a

product in the pilot plant. With the strong co-precipitation of calcium carbonate, a

worthwhile phosphorus fertilizer was not anticipated as a product. Over half of the

phosphorus available was already successfully removed as hydroxylapatite in the

previous tests. Even a very high removal of orthophosphate would not be able to

make up the difference with such a high percentage of the precipitate being

calcium carbonate. Meanwhile, the repeat experiment of the 20 mm HRT

experiment was conducted with the improved O-PO4 determination method.

5/7/03 Test 20 mm HRT with improved Analytical Methods

As seen in Figure 7, influent and effluent pH remained nearly constant during the

5/7/03 test. As a result, effluent O-PO4 levels were consistent and low compared

to influent levels. The submerged effluent pump provided a steady waste flow and

the airflow remained constant, as shown in Table 10.



Table 10. Steady Flow Rates in the Pilot Plant During the 5/7/03 Test

Air (L/s) Waste (L/min)
Flow Rate 0.10 17.7
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Figure 7. pH, O-PO4, and NaOH Flow in the Pilot Plant - 5/7/03 Pilot Test

Table 11. NH4 and Soluble O-PO4 Percent Removals During the 5/7/03 Pilot
Test

#of HRTs NH4 %Removal
0-PD4

%Removal
1.1 -6.3% 62.9%
3.8 5.7% 62.0%
6.8 4.4% 68.5%
9.9 3.0% 64.0%
12.3 2.9% 59.1%



Table 11 shows that percent removals for ammonium displayed the same lack of

removal that had been evident in previous tests. O-PO4 removals here are similar

to those found in the 50 mm HRT test. It is felt that the results of this 20 mm HRT

test (with the improved analytical method for O-PO4 determination) more

accurately reflect the true soluble phosphate removal efficiency of the pilot plant.

Total phosphorus data was not taken during this test, acknowledging the fact that

the precipitate would be exported from the plant, as seen in the first 20 mm HRT

run.

As previously stated, it was desired to determine a low HRT that formed a

harvestable product containing struvite. Recent research (as yet unpublished) at

the University of Tennessee suggested that a 10 mm HRT is adequate for forming

a harvestable struvite product (SCOPE, 2003). These results were similar to our

experience forming hydroxylapatite: observing O-PO4 removal but poor

precipitate quality at a 5 mm HRT. Magnesium dosing at a 10 mm HRT was

attempted in order to form a struvite-containing precipitate.

5/8/03 Test 10 mm HRT with Magnesium Dosing

During this test, an 11% (by weight) solution of magnesium chloride hexahydrate

was added to the pilot plant to ensure an O-PO4:Mg ratio of at least 1:1.5. An 0-

PO4 concentration of 70 mgIL was assumed in the calculation of the MgC12

solution flow rate. An MgC12 solution flow rate of 63 ml/min was chosen based

on these calculations. Because it was discovered that hydroxylapatite had been

forming in experiments that did not supply additional magnesium to the reactor,
2+ 2+ .Mg and Ca ICP samples for those tests were not analyzed. Since struvite was

expected to form when magnesium ions were supplemented, Mg2 and Ca2 ICP

samples from this test were analyzed.



Throughout the entire test, it was not necessary to adjust air, waste, or sodium

hydroxide flows from the values shown in Table 12 to achieve steady mixing and

pH conditions within the reactor.

Table 12. Steady Flow Rates in the Pilot Plant During the 5/8/03 Test

Air (L/s) Waste (L/min)
NaOH

(mL/min)
Flow Rate 0.10 32.0 78.0

At the 9th HRT it was noticed that the MgCl2 hose was not conveying any solution.

The influent end of the tubing had floated to the top of the solution. This problem

was immediately remedied, although it is not known how long the pilot plant had

been without magnesium chloride. X-ray diffraction analysis of precipitate

gathered from the effluent one HRT after the magnesium dosing problem was

fixed revealed that the precipitate contained struvite. Again, however, the bulk

sample was largely calcium carbonate this time almost completely in the calcite

form.

The period of loss of magnesium dosing was not apparent in the effluent O-PO4

concentrations, as seen in Figure 8. It is likely that, upon loss of magnesium ions,

hydroxylapatite was formed as a phosphorus-removing precipitate. The

unresponsiveness of orthophosphate removal to the loss of magnesium dosing is

also reflected in the percent removal data seen in the data shown in Table 13.

NH4 removal (Table 13) showed similar results to tests that did not dose with

magnesium chloride, even though it is known that struvite was being formed in the

pilot plant at least after 10 hydraulic retention times. This peculiarity is explained

in the "Discussion" chapter. The percent removal of dissolved calcium is quite

high (Table 13), which is explained by the large amount of calcium carbonate

produced by the pilot plant.
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Table 13. NH4 and Soluble O-PO4 Percent Removals During the 5/8/03 Pilot
Test

NH4 O-.PO4 Ca2
#of HRTs %Removal %Removal %Removal

1.1 0.0% 72.2% 36.0%
5.6 0.8% 74.6% 39.0%

11.0 3.4% 72.6% 43.1%
16.5 2.5% 73.2% 44.8%

When working up the O-PO4 samples with the spectrophotometer, the bulb burned

out. It was necessary to send the samples to the Central Analytical Laboratory for

O-PO4 analysis. It may appear from Table 12 that the O-PO4 removals in this pilot

test were higher than those tests that did not use magnesium dosing. It is

dangerous and erroneous to make this comparison, however. O-PO4
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determinations in this pilot test were done by the highly accurate flow injection

analysis method, whereas all other O-PO4 determinations were done by the less

accurate spectrophotometric analysis. Comparing results from these different

analytical methods may reveal differences that might not be realistic. Dissolved

Magnesium in the pilot plant during the test is shown in Table 14.

Table 14. Mg2 Concentrations and Removals in the Pilot Plant and
Comparison to Removed O-PO4 5/8/03 Test

Influent

After Mg2
Sample #of [Mg2J Dosing

# HRT's (mg/L) (mg/L) Comments
1 0.9 189 218 Normal operation
3 5.6 186 215 Mg Hose discovered dry at 9 HRT's

Mg hose fixed 2HRT's before this
5 11.0 193 222 measurement
7 16.5 188 217 Return to normal operation

Duff, from
Difference Mg2 Removed

from Dosed mMol mMol Mg2:PO4
Sample #of [Mg2] lnfluent Influent Mg2 PO4 Molar

# HRT's jmg/L) (mgIL) (mg/L) Removed Removed Ratio
2 1.1 199.5 10.5 -18.5 0.76 0.40 1.91
4 5.6 187 1.0 -28.0 1.2 0.42 2.76
6 11.0 194.5 1.5 -27.5 1.1 0.41 2.79
8 16.5 196 8.0 -21.0 0.86 0.39 2.23

A 63 mL/min flow rate of 11% (by weight) magnesium chloride hexahydrate

solution resulted in increasing the dissolved Mg2 concentration in the waste by a

calculated 29 mg/L. The resulting magnesium ion concentration in the waste due

to this addition of magnesium is shown in the "After Mg2 Dosing" column.

These figures assume that the magnesium chloride was dosed at a constant rate

throughout the test. The removals of magnesium depicted in the "Diff. from Mg24

Dosed Influent" column also make this assumption of steady magnesium dosing.
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As explained earlier, however, the tube conveying the magnesium chloride

solution was observed to be dry at 9 HRT's. This caused over-estimation of Mg2

removal and the molar ratio of removed Mg2 to O-PO4 during times when the

reactor was not at steady state with respect to magnesium ion concentration. The

analysis (see "Discussion" chapter) focuses primarily on the first and last sampling

times. It is felt that, at these times, the reactor was at steady state with respect to

magnesium ion concentration.

Table 15 shows a comparison of Mg2 and Ca2 influent concentrations. Molar

ratios of these ions show that the Mg2:Ca2 ratio is consistently above 0.6 without

addition of magnesium ions. Under uninterrupted magnesium dosing conditions

the Mg2:Ca2 ratio would have been consistently above 1.0. This was probably

the case for the first and last sampling time; when relatively steady state conditions

were present with respect to magnesium ion concentrations in the reactor.

Table 15. Influent Mg and Ca concentrations and Mg2:Ca21 molar ratios

Dosed
Pre-dosed (uninterrupted Dosed

Mg2 Mg2 Ca2 Pre-dosed (uninterrupted
Sample # # of HRTs (mMol) (mMol) (mMol) Mg2:Ca2 Mg2:Ca2

1 0.9 7.78 8.97 8.56 0.91 1.05
3 5.6 7.65 8.85 8.38 0.91 1.06
5 11.0 7.94 9.13 8.68 0.91 1.05
7 16.5 7.74 8.93 8.41 0.92 1.06
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Discussion

Jar Test Results

The steady increases in orthophosphate removals in the control group with time

(Table 3) are explained by the steady increase of pH in the control group jars

(Table 2). This rise in pH is due to the effect of aeration, as previously described

in the "Literature Review" chapter. By the time 60 minutes had gone by, the 60

mm control cone had reached the pH of the jars in the treatment group, but had not

been at that level for the entire time. The fact that treatment jars also had more

available Mg2 ions may also contribute to control-treatment differences in O-PO4

removal. In all, an increase of about 20% in soluble orthophosphate removal was

observed in at least half the time with the level of treatment used over aeration of

the waste alone.

The presence of non-finite data prevented building the planned regression model

for the "dosing conditions" jar test. It can be seen in Table 4, however, that the

lower limit of O-PO4 detection is reached without magnesium addition for most

groups receiving pH adjustment. Also, all pH-adjusted groups experienced high

levels ofO-PO4 removal apparently larger than groups that were only agitated by

air. Important to note is the fact that the "no pH adjustment" group was air-

agitated and pH levels did rise to 8.14 in jars of this group. This information

prompted pilot plant experiments to begin under conditions of pH dosing to 8.5

and no magnesium dosing.

Jar Test vs. Pilot Plant Results

Orthophosphate removal was estimated to reach as high as 90.4% during jar tests

(See Table 4). In contrast, orthophosphate removals reached approximately 74.6%

during pilot tests. This difference in O-PO4 removal is believed to be due to



differences in analytical methods used to determine O-PO4 concentrations. When

the jar tests were conducted, samples were diluted by 15 times before measuring

O-PO4 with the spectrophotometer. Diluting effluent samples by 10 times was

found to obscure percent O-PO4 removals in the 4/11/03 pilot test because of

inaccuracies in measurement near the high end of the percent transmittance of the

spectrophotometer (around 95% transmittance). These inaccuracies were most

likely present in samples from treatment diluted by 15 times in the jar tests. It is

still believed, however, that the jar tests succeeded in suggesting the minimum pH

for pilot plant operation to be 8.5.

A 5 mm HRT was adequate to reach the maximum levels of orthophosphate

removal in pilot tests. (A statistical analysis supporting this statement is presented

in the "Pilot Plant Operation" section below). This is a lower HRT than that

suggested by the results ofjar tests determining the minimum reaction time (Table

1), which was determined to be greater than five minutes. This shortening of

reaction times from laboratory to pilot scale tests was observed in work done by

Schuiling and Andrade (1999). In their work "complete dephosphatiziation" was

achieved in two to three hours at the laboratory scale and 30 minutes at the pilot

plant scale. No explanation was given for this phenomenon. In the present study,

the short HRT sufficient for maximum O-PO4 removal is likely due to the fact that

the pilot plant is a continuous process. The 5 mm hydraulic retention time is not

necessarily the residence time of the average individual phosphate molecule,

which could be longer, given the compartmentalization of the reactor into mixing

and settling zones. This could give an adequate amount of time for phosphate to

precipitate out of solution, but not form a harvestable product.

Pilot Plant Operation

As seen in the Figures 4 through 8, the minimum levels of soluble O-PO4 in the

effluent were achieved within one HRT. Also, when the pH of the reactor



decreased and then increased again (Figure 4) the effluent 0-PO4 level responded

with a respective rise and then fall (also seen in the percent removal of 0-PO4).

This supports the results of the chemical dosage jar tests, which found much

higher 0-PO4 removals in groups with a pH of 8.5 or greater than those reaching a

pH of only 8.1

A one-way analysis of variance (ANOVA) F-test comparing percent NH4 and 0-

PO4 removals (in tests using the same analytical methods while excluding

magnesium dosing) provided convincing evidence supporting the observation that

there is essentially no difference in average removal of these nutrients when

running the plant at a 5, 20, or 60 mm HRT during steady state conditions. The p-

value when comparing the NH4 removals was 0.77. The p-value when comparing

the O-PO4 removals was 0.45.

This analysis suggests that a 5 mm HRT is adequate to achieve high dissolved

orthophosphorus removal. However, observations of the product resulting from

the s mm HRT test shows that more time is needed for the precipitate to coalesce

into a more consolidated, harvestable product. By pooling the O-PO4 percent

removals from the pilot test sharing the same analytical methods, the average

percent 0-PO4 steady-state removal during the 5, 20, and 60 mm HRT tests was

61.4% ± 2.4% (95% confidence interval). The ANOVA analysis also supports the

assertion that little to no NH4 was removed during tests that formed

hydroxylapatite, since all percent removals were very low and are statistically

identical.

A one-way ANOVA F-test compared steady state NH4 percent removal in all pilot

tests. This gave convincing evidence that there was no difference in NH4 removal

between all the tests, even when considering the test that formed struvite in the

analysis (p-value = 0.79 in an F-test comparing means of all tests during steady

state conditions). (The 4/11/03 test was excluded from this analysis because it did

not have a long period of relatively steady state pH conditions.) It is likely that

the removal of ammonium associated with the formation of struvite was small in



comparison with removal of ammonium associated with elevated pH and

subsequent stripping of ammonia. This would explain why no difference in NH4

removals between tests would be seen even after adding the magnesium-dosing

test results into the ANOVA analysis. The overwhelming driver of NH4 loss

conversion to NH3 and volatilization would not change between the tests,

because pH levels were quite comparable throughout the tests.

A simple calculation supports this explanation. Suppose that all O-PO4 removed

after 10 HRT's was removed as struvite. During this time there was a difference

of around 3 7mgIL 0-P 04 between influent and effluent samples. The amount of

NH4 removal associated with this removal of 0-PO4 (presumably as struvite)

would be:

(37mgPO4 ('_linolPO imoiStruvite"y' lmolNH4 l8032mgNH4 ') 7mgNH

Lwaste )9497omgPo4 )1 lrnolPO4 )jmo1struvite)l lmolNH4 ) Lwaste

Also during this time the influent concentration of ammoniurn was around

760mg!L. The percent removal of NH4 from the waste stream as struvite would

be:

7
L = 0.0092, or 0.92%

760-
L

Therefore, just under one percent of the NH4 could have been removed as struvite.

This figure can be viewed as a generous upper estimate of NH4 removed as

struvite. In natural systems, phosphate is known to co-precipitate into the crystal

structure of calcite and adsorb onto the surface of calcite crystals (Otsuki and

Wetzel, 1972). Large amounts of calcite were precipitated in the pilot plant and

likely accounted for some of the phosphate removal. Considering that the data

showed NH4 "removals" of up to 3% during this period in the experiment, it is
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conceivable that NH4 loss due to NH3 volatilization is far greater than losses due to

struvite formation.

The steady-state reduction of soluble O-PO4 achieved by the pilot plant was

compared to the other designs investigated. Processes treating municipal

wastewater typically achieve O-PO4 removals of around 90% (Ueno and Fujii,

2001; Munch and Ban, 2001; Jaffer et al., 2002). The interference of suspended

solids at concentrations greater than 1000 mgIL to the struvite formation process

(Schuiling and Andrade, 1999) may keep the pilot plant from achieving these

higher levels of O-PO4 removal. The process employed by Suzuki et al. (2002)

achieved 65% phosphate removal with swine wastewater. This was done solely

through aeration of the waste, requiring long retention times (around 4 hours) as

described before. A comparable removal has been achieved with this process with

a 10 minute HRT while forming a harvestable precipitate. This supported the

feasibility of a mobile full-scale process that could remove a modest amount of

phosphorous from a wastewater.

The magnesium data shown in Table 14 presented some information about the

dynamics of magnesium use by chemical processes within the reactor. At 1.1

HRT there is high confidence that the reactor was being dosed with magnesium

according to calculated dosing rates. The difference of 10.5 mg/L between

influent and effluent Mg2 concentrations at 1.1 HRT's is higher than the

difference seen at 16.5 HRT's (8.0 mgIL). These differences are comparable when

contrasted to the differences between influent and effluent Mg2 concentrations at

5.6 and 11.0 HRT's (around 1 mgIL). It appears from the final sampling time that

the reactor was just getting back to normal operating conditions after 7.5 HRT's of

restored magnesium dosing conditions. Therefore, the first and last sampling

times represent the best data available of normal operating conditions with respect

to magnesium concentration in the pilot plant.

It is known from X-ray diffraction analysis that the pilot plant formed struvite

during these tests. The molar ratio of magnesium to phosphate in struvite is 1:1.



If struvite was the only precipitate which removed magnesium or phosphate ions

from solution, the molar ratio of removed Mg2 to O-PO4 should also be 1:1.

However, Table 14 shows the molar ratio of these ions to be around 2:1 during

"normal" operating conditions. This indicates that other magnesium-containing

precipitates were forming in the reactor in addition to struvite. Two possible

precipitates are magnesium carbonate (or magnesite, MgCO3) and bobierrite

(Mg3(PO4)2'8H20). Magnesium carbonate has been observed to precipitate from

solutions in which pH was increased above 8.5 (Wentzel et al., 2001). Bobierrite

is known to have a stable solid phase at a pH greater than 8.1 (Dempsey, 1997).

Neither of these precipitates was picked up by X-ray diffraction analysis.

However, the struvite itself constituted only a small portion (estimated to be less

than 15%) of the bulk precipitate. Bobierrite, magnesium carbonate, or other

magnesium-containing precipitates could form in quantities large enough to

increase ratios of removed Mg2:PO4 while remaining part of the background

signal in the X-ray diffraction pattern.

As previously stated, Jaffer et al. (2002) reported that the Mg2:Ca2 ratio needs to

be above 0.6 for effective struvite formation. Results of these pilot tests conflict

with this reported value. The Mg2:Ca2 ratio is shown for the influent wastewater

before addition of magnesium in Table 15 to be around 0.9. Assuming the

composition of lagoon wastewater did not vary much between tests, this represents

the Mg2:Ca2 ratio present in the waste during tests that did not supplement

magnesium. Struvite was not detected in the product of these tests, even with a
2+ 2+Mg :Ca ratio above 0.6.

Re-designing the portable process

Since the precipitate could not be held within the plant with the low flow rate of a

50 mm HRT, the system of a full-scale portable plant was re-envisioned. A large

rapid-mix tank without a settling zone, operating at a low HRT, could provide



conditions for precipitate formation. The effluent from this tank could be taken to

a separate, long, wide settling basin with very low velocities, allowing the

precipitate the necessary time to settle before the effluent is returned to the waste

lagoon. We did not have the time to build such a settling basin for our pilot plant,

so tests after the 50mm HRT test were viewed as testing the rapid mix portion of

this process. These tests focused on minimizing the HRT necessary to form a

harvestable precipitate that would settle in a long, wide basin.

Rudimentary estimates of the total phosphorus content of the precipitate resulting

from tests forming hydroxylapatite as a phosphate-removing precipitate gave a

value of about 0.7% total phosphorus by weight. It is expected that the precipitate

formed in the pilot test with magnesium dosing (forming struvite) is also low in

total phosphorus by weight. Notice, however, that the precipitate contains a higher

concentration of phosphorus by weight than the original waste stream. A lower

estimate of the liquid waste's content of total phosphorus by weight makes this

fact clear. The average influent concentration of total phosphorus was 61.7 mgIL

during the pilot plant tests. A liter of pure water weighs approximately one

kilogram. (Water with dissolved and suspended matter is even more dense.) This

means that the waste is approximately 0.0000617% phosphorus by weight. The

precipitate is about 10,000 times more concentrated than the original influent

according to the rudimentary estimation of total phosphorus content.

The mobile process in its current design may be successful in wastewaters at other

confined animal feeding operations. The diet of the cows at the Rickreall Dairy is

heavily supplemented with calcium carbonate to buffer against stomach acidity.

This added calcium carbonate is present in the wastewater, as evidenced by an

influent dissolved calcium concentration well above 320 mgIL (8 mMol/L

Table 15). This supplemental calcium carbonate precipitated out of solution due to

conditions in the pilot plant, lowering the fertilizer value of the bulk product. A

harvestable product could potentially be achieved in those wastewaters not

receiving supplemental calcium carbonate.
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Design Overhaul: In-Line Process

Given the results of these tests at this site, it may be possible to modify the way the

process is used to achieve phosphorous removal in the waste streams

supplemented with calcium carbonate. Instead of removing a precipitate from the

waste stream in relatively pure form, the precipitate might be formed on suspended

solids in the waste stream. This could be done with an in-line dosing of sodium

hydroxide before the waste went to the solid separators. If the precipitate formed

on the surfaces of solids that were then separated from the waste, a significant

removal of phosphorous may be achieved. Solids coated in the precipitate would

have a higher nutrient value when used for compost. One must be sure that the

precipitate would not accumulate on process equipment and pipes enough to

disturb waste handling operations. This would not have the benefit of creating a

viable business separate from the livestock operation. On the other hand, it could

provide a simple, low cost way for livestock operations to handle their own

phosphorus problems without creating additional waste products.

Implementation of the process described above would require some preliminary

investigation. The phosphorus removal process described in this report removes

dissolved phosphate ions from solution. Dissolved O-PO4would need to be

monitored through the waste handling system to determine if the majority of 0-

PO4 that could be released into the dissolved phase is present in that phase before

the waste is sent through the solid/liquid separator. It may be that orthophosphates

are not released into the dissolved phase until after a period of time where

chemical de-sorption and microbial processes could free phosphate ions into

solution. If this were the case, implementing the process just described would do

little to remove phosphorus from the waste stream.
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Conclusion

This project was successful in achieving high levels of soluble phosphorus

removal from the waste stream of a dairy operation. Additionally, a product was

formed that has overwhelmingly higher concentrations of phosphorus than the

original waste product. Unfortunately, the product produced at this site is not one

of particular value as a fertilizer, owing to its overwhelming content of calcium

carbonate. The fact that the diets of the animals are heavily supplemented with

calcium carbonate, however, suggests that the process could work in wastewaters

not receiving this supplemental calcium carbonate.
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Appendix A. Flocculent Tests

As mentioned in the "Materials and Methods" chapter, total solids was a problem

for forming a harvestable product in jar tests with wastewater from the OSU Dairy

Center. Experiments were conducted with a flocculent to determine if these solids

could be effectively settled out of suspension before entering a nutrient removal

process. Tests compared total solids measurements between jars receiving a dose

of flocculent and a control group ofjars not receiving flocculent. All jars were

agitated by stirring and then allowed to settle before samples were taken for total

solids analysis. Several tests were conducted to investigate the effectiveness of

this flocculent in removing solids from the liquid waste. The flocculent used was

UCARFLOC POLYMER 309, a polyethylene oxide polymer, manufactured by the

Union Carbide Corporation (subsidiary of the Dow Chemical Company).

Test of 8/15/02

For the flocculent treatment in this test, polymer was dosed so that the final

concentration of polymer in 500mL of waste was approximately loppm. For the

non-flocculent treatment, 500mL of liquid waste from the same batch was stirred

and allowed to sit for the same time as the flocculent treatment. After mixing both

jars and allowing them to settle for one hour, both of the volumes of liquid waste

were poured through a fine metal screen. In this step, both treatments had standing

liquid on top of the screen at the end of the filtration, and in both cases this portion

of sample was discarded. This step was included to make the experiments similar

to those done by the nitrogen removal team. Five samples from each of the

filtrates were analyzed for total solids using the method described in the "Materials

and Methods" chapter. The results are shown in Table 1.
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Table 1. 8/15/02 Flocculent Test Data and Results

Each Sample had volume of 75 ml (approximately)

Non-flocculent Group - All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mgIL)
5890 141.80 82.90 59.83 0.93 81.97 12400.00
69.58 151.63 82.05 70.50 0.92 81.13 12266.67
102.88 181.26 78.38 103.74 0.86 77.52 11466.67
86.85 165.84 78.99 87.73 0.88 78.11 11733.33
163.44 240.18 76.74 164.30 0.86 75.88 11466.67

Average measure of solids 11866.67

Flocculent Group All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mg/L)
72.37 150.75 78.38 73.20 0.83 77.55 11066.67
64.50 146.87 82.37 65.37 0.87 81.50 11600.00
110.46 191.55 81.09 111.32 0.86 80.23 11466.67
87.82 166.06 78.24 88.66 0.84 77.40 11200.00
62.05 139.02 76.97 62.88 0.83 76.14 11066.67

Average measure of solids 11280.00

Difference in average total solids between groups 586.67 mg/L
% Difference in average total solids between groups 4.9%

The difference in average total solids between treatment and control groups was

barely statistically significant (two-sided p-value = 0.0315) from a two sample t-

test), but this small difference from settling alone was not enough to warrant using

the flocculent at this dose.



Test of8/16/02

In an attempt to have samples that were more reflective of the product one would

get from using the flocculent in the field, and to test a higher polymer dose,

another flocculent jar test was conducted on 8/16/02 with a different sampling

method. Both treated and non-treated jars had a volume of 500mL. This time the

flocculent treatment received a final polymer concentration of approximately

56ppm. Both jars were allowed to settle for 2 hours after being mixed. Samples

were poured directly off the top of each jar in this test. Total solids analysis was

done for four samples from each jar, as in the previous test. The results of the

experiment are shown in Table 2.

Table 2. 8/16/02 Flocculent Test Data and Results

Each Sample had volume of 25 ml (approximately)

Non-Flocculent Group All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mg/L)
62.05 88.00 25.95 62.29 0.24 25.71 9600.00
86.84 114.29 27.45 87.11 0.27 27.18 10800.00
110.45 142.76 32.31 110.76 0.31 32.00 12400.00
58.90 88.19 29.29 59.18 0.28 29.01 11200.00

Average measure of solids 11000.00

Floccutent Group All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mgIL)
69.57 99.99 30.42 69.83 0.26 30.16 10400.00
102.88 135.05 32.17 103.15 0.27 31.90 10800.00
72.37 106.55 34.18 72.66 0.29 33.89 11600.00
64.49 94.11 29.62 64.76 0.27 29.35 10800.00

Average measure of solids 10900.00

Difference in average total solids between groups 100.00 mg/L
% Difference in average total solids between groups 0.9%
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The difference in total solids between groups was not statistically significant (two-

sided p-value = 0.8791 from a two sample t-test), suggesting that this level of

flocculent dose was also inadequate to consider using for our purposes.

Test of 8/22/02

Another flocculent test was conducted to access an even higher polymer dose.

This time the flocculent was dosed to a final concentration of approximately

9oppm. To further simulate conditions of use in the field, both jars were allowed

to settle only 1 5mm after agitation. Additionally, samples were pulled via pipette

at a level of approximately 3cm above visibly settled solids. Total solids analysis

was done for four samples from each jar, as in the previous tests. The results of

this test are shown in Table 5.

While the difference in total solids between groups was a bit larger than the last

two trials and statistically significant (two-sided p-value = 0.001 from a two

sample t-test), the solids removal provided by the flocculent over settling alone is

still not enough to be useful for our purposes.



Table 3. 8/22/02 Flocculent Test Data and Results

Each Sample had volume of 20 ml (approximately)

Non-Flocculent Group All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mg/L)
86.85 106.21 19.36 87.09 0.24 19.12 12000.00
87.80 107.18 19.38 88.06 0.26 19.12 13000.00
69.58 88.97 19.39 69.84 0.26 19.13 13000.00
72.35 91.78 19.43 72.62 0.27 19.16 13500.00

Average measure of solids 12875.00

Flocculent Group All Weights in Grams

Solids
Container Container Beaker Concentration

Empty +Solution Solution +Dry Dry Wet (mg/L)
58.90 78.25 19.35 59.12 0.22 19.13 11000.00

102.87 122.00 19.13 103.09 0.22 18.91 11000.00
64.48 83.73 19.25 64.70 0.22 19.03 11000.00
110.45 130.00 19.55 110.67 0.22 19.33 11000.00

Average measure of solids 11000.00

Difference in average total solids between groups 1875.00 mg/L
% Difference in average total solids between groups 14.6%

Conclusions of Flocculation Tests

The series of flocculation tests showed that polyethylene oxide did provide some

decrease in solids over settling alone, but this increased removal over settling

alone was too small to warrant use of the product in this project. The tests did

show that settling alone can remove solids from the liquid waste. It appeared that

at about 60 minutes of settling time, the amount of solids removed was similar to

flocculation treatment. This much extra time added to a mobile process would

render the process inefficient. These tests added further suggestion that another

wastewater should be used for testing the phosphorous removal process.
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Appendix B. Total Solids of Rickreall Dairy Wastewater

As mentioned in the "Materials and Methods" chapter, the Rickreall Dairy

wastewater produced a visible precipitate when treated. The reduced solids

content of this wastewater compared to that of the OSU Dairy was believed to be a

primary cause of this success. Table 4 shows the raw total solids data obtained

from the Rickreall Dairy wastewater. In the thesis, these data were compared to

total solids data of the control group in the 8/15/03 flocculent tests shown in table

1.

Table 4. Total Solids Data from Rickreall Dairy Wastewater: 2/11/03

Each Sample had volume of 20 ml (approximately)

Solids
Sample Container Container Beaker Concentration

# Empty +Solution Solution +Dry Dry Wet (mg/L)
1 110.40 129.83 19.43 110.55 0.15 19.28 7500.00
2 87.80 106.70 18.90 87.93 0.13 18.77 6500.00
3 58.90 77.80 18.90 59.02 0.12 18.78 6000.00

AveraQjpeasure of solids 6666.67

These data show that the Rickreall Dairy wastewater had a lower solids content

than the OSU Dairy Center Wastewater, even after the OSU Dairy Center

wastewater was settled for one hour and filtered through a screen. The Rickreall

Dairy wastewater received no such treatment.
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Appendix C. TRP Phosphate Testing Method Data

As mentioned in the "Materials and Methods" chapter, Total Reactive

Phosphorous (TRP) testing methods were initially used in jar tests. Chemicals to

use for the mobile process to adjust Mg2 and pH had also not been decided at this

time. The initial jar tests compared percent removals from treatments of different

chemicals and included a control group as well. Chemical treatments tested were

Magnesium Oxide (MgO), magnesium hydroxide (Mg(OH)2), Magnesium

Chloride with sodium hydroxide addition (MgC12 + NaOH) and MgC12 alone.

MgO and Mg(OH)2 provided pH adjustment and Mg2 addition in one chemical.

These chemicals were dosed to achieve TRP:Mg2 ratios of 1:1.2 in treatment jars

regardless of the pH adjustment they provided. This was also the TRP :Mg2 ratio

achieved in both groups treated with MgCl2. After treatment and agitation, the

solids in the jars were allowed to settle. Samples were pipetted from the top ofjars

at certain times after agitation was stopped. It was expected that, as precipitate

settled out of suspension, TRP would decrease. It was hoped that precipitate

would settle quickly, and TRP readings would stabilize within 1 to 2 hours. The

data in tables 5 and 6 show the data obtained from these tests. As previously

mentioned, the erratic results prompted a re-evaluation of phosphorous testing

methods.
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Table 5. Results of TRP Testing 4/25/02 Jar Test

%
A [TRP] % A [TRP] Removal
atO.5 Removal at 18.0 at 18.0

Treatment Jar # hrs. at 0.5 hrs. hrs. hrs.

Mg(OH)2 1 70 13.2% 130 24.5%

2 140 23.7% 130 22.0%
MgO 1 90 16.4% 200 36.4%

2 130 22.4% 110 19.0%

MgCl2+NaOH 1 0 0.0% 130 23.6%

2 160 28.6% 180 32.1%

MgCl2 1 260 40.6% 210 32.8%

2 80 14.5% 140 25.5%
Control 1 180 27.7% 260 40.0%

2 80 16.3% 90 18.4%

Table 6. Results of TRP Testing 5/7/02 Jar Test

A

A RRP] % [rRP] % TRP
at 0 % A [TRP} at Removal at 21 .5 removal
hrs. Removal 2.Ohrs. at 2.0 hrs. at 21.5

Treatment Jar # (mg/L) at 0.0 hrs. (mgIL) hrs (mgIL) hrs.

Mg(OH)2 1 17.5 18.4% 15 15.8% 31 32.6%

2 15 16.7% 5 5.6% 31 34.4%
MgO 1 22.5 26.5% 22.5 26.5% 28 32.9%

2 7.5 9.1% 17.5 21.2% 23.5 28.5%

MgCl2+NaOH 1 15 16.7% 12.5 13.9% 21 23.3%

2 0 0.0% 2.5 2.9% 14 16.5%

MgCl2 1 2.5 2.7% 0 0.0% 23.5 25.4%

2 7.5 8.3% 2.5 2.8% 20 22.2%
Control 1 27.5 31.4% 0 0.0% 16.5 18.9%

2 0 0.0% -7.5 -9.7% 2.5 3.2%



Appendix D. Malfunctioning Spectrophotometer Data

When malfunction of the Hach DIR 2000 spectrophotometer was discovered, jar

tests were being done using SRP phosphorous testing methods. The experiment

design being used for the tests was the same as the one described in the "Jar Tests"

section of the "Materials and Methods" chapter. The data obtained during these

tests is shown numerically in Table 7 and graphically in Figure 1.

Table 7. Percent Phosphate Removals - 8/31/02 Jar Test

Initial PO4 concentration for all jars: 1096 mg/L

PO4:Mg Ratio
pH

treatment
group 1:1.25 1:1.5 1:2.5 1:0

No Adj.* 67.88% 52.55% 43.80% 31.39%
8.5 52.55% 52.55% 57.66% 40.15%
9.0 42.34% 74.45% 55.47% 28.47%
9.5 42.34%65.69% 76.64% 40.15%
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Figure 1. Matrix Plot of Percent Phosphate Removal - 8/31/02 Test

The large variability within groups made these data highly suspicious. As

mentioned in the thesis, standard addition tests revealed a malfunction with the

spectrophotometer, and another analytical method was employed.
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Appendix E. Ion Chromatography Data

Two sets of experiments were conducted using ion chromatography methods to

determine dissolved PO4 in the jar test samples. The test set up was also the same

as described in the "Jar Test" section of the "Materials and Methods" chapter. As

described in the thesis, the samples in the first test were diluted and then filtered.

This caused some precipitate that had been formed in the tests to dissolve back

into solution, yielding erratic the results shown in Table 8.

Table 8. Percent Phosphate Removals 10/28/02 Jar Test

Initial PO4 Concentration for all Jars: 295.6 mg/L

PO4:Mg2 is 1 to:
pH Adj. to 0 0.5 1.25 2.5
NoAdj. 59.1% 20.8% 19.6% -12.0%

8.5 30.1% 27.1% 30.1% 25.7%
9.0 -0.5% 0.6% 28.2% 15.2%
9.5 22.4% -0 3% 26.6% 21.8%

Another jar test was run on 12/3/02, filtering samples before diluting them for

analysis. Unfortunately, the analytical column of the chromatograph was fouled,

and peaks from phosphate ion concentration in the samples could not be accurately

discerned. Therefore, there is no data for this test. As described in the thesis, the

Bausch and Lomb Spectronic 20 spectrophotometer proved to be a reliable method

of phosphate determination in the wastewater samples.




