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ABSTRACT

Ethylenediaminetetraacetic acid (EDTA) is a welblim chelating agent, and has
numerous applications in industries, for examplddiry industry to improve the cleaning
efficiency of plant and equipment.

As EDTA is water-soluble and not volatile, it iseedually released into the environment
with wastewater effluent. In general, EDTA has w& toxic impact for both humans and
natural environments. There are some concerns, \reswabout its poor biodegradation
in conventional wastewater treatment plants andrabenvironments, and its effect in
mobilizing heavy metals from solid phases to podskato groundwater.

In the late 1980’s the environmental impact of EDWVAS scrutinized in Europe. Since
then, treatment and discharge of wastewater contpEEDTA is increasingly required as
environmental regulations become more stringenis Ehthe first investigation into the
effects of EDTA in New Zealand.

In the New Zealand dairy industry, EDTA has beeeduss an additive alongside caustic
agents to improve cleaning efficiency within dapgocessing plants and to minimize
dairy wastewater discharge into the environmengr@lare two main disposal methods of
dairy wastes; direct discharge into the local siredter treatment, and spray irrigation
onto pasture land. The primary aim of this reseascho identify whether EDTA is
detectable in the environment after the releastaol wastes containing EDTA into that
environment.

For the first time in New Zealand, an analyticalthogel using reversed—phase ion-pair
liquid chromatography, was established to deterrBD&A present in dairy wastewater,

and then applied to surface water, soils and greatet with appropriate modifications.

Method detection limits were 5 pg/L for dairy waséder, 1 pg/L for surface water, 0.15
mg/kg (dry weight) for soils, and 2 pg/L for grouvater.

Significant concentrations of EDTA, as high as 8§/lm were observed in wastewater
from dairy processing plants, when EDTA had beeeduslongside alkaline cleaning
agents. The analyses have shown that approximat% 88 EDTA was removed in the

existing biological treatment process, which is exttended aeration activated sludge
process, operated under alkaline pH 8.0-8.2 wilweeek sludge retention time.

For surface water receiving the dairy effluent, 2.7 pug/L of EDTA were found, and no
particular concerns were suggested about the assddieavy metals.

A quasi one-dimension vertical mixing model andwa-tlimension (depth-averaged)
3DD hydrodynamic model were applied to simulate BDdispersion in the river. The

modelling results for ‘a worst case scenario’ @thEDTA release combined with a low
river flow, suggest that the dairy effluent disgeat the Fonterra Waitoa dairy site will
not lead to a significant effect on the Waitoa Riveterms of EDTA concentration.

Investigation of EDTA and heavy metal concentraioim pastoral topsoil and
groundwater following the land application of dabipmass concludes that there are no
specific concerns. In contrast, the analyses sugigaisheavy metals may be built up over
long periods of irrigation with dairy effluent inoiéss, and then transported to the
groundwater in the presence of EDTA. However, mmasearch would be required to
clarify this matter.
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1.0 CHAPTER ONE: THE VALUE AND
| SSUES OFEDTA IN THE DAIRY
| NDUSTRY

Ethylenediaminetetraacetatic acid (EDTA) is a po&n environmental

contaminant for New Zealand. EDTA was recently reggmb at higher

concentrations in surface waters than any othettiitkxd anthropogenic organic
compounds in several European countries (Nowack “adBriesen, 2005;

Reemtsma et al., 2006). Indeed, EDTA has been agveestricted in some
countries (The Australian Environmental Labellings@ciation Inc., 2004), or is
carefully controlled in many other countries. Famample, a target value of 10
pg/L EDTA was proposed for surface waters in Aast{Conrad, 2000;

Fuerhacker et al., 2003). The international workigngup of water companies in
the Rhine catchment area (IAWR) set out IAWR qual@quirements as 5 pg/L
concentration for well-degradable complexing agesusl 1 pg/L for poorly

degradable compounds. To date, EDTA is the onlyating agent identified as a
problem by the International Commission for thet®cton of the Rhine (IKSR)

(Knepper, 2003).

EDTA, a powerful and cheap hexadentate chelatirentags widely used as a
sequestering agent to bind and mask undesirablal ogts in many industrial
applications, such as in the cleaning process Her dairy industry (Knepper,
2003). As EDTA is highly water soluble, nearly all these applications will
eventually result in the release of EDTA into thguatic environment via
wastewater (Wolf and Gillbert, 1992; Conrad, 2000).

In general, EDTA has a low toxic impact for bothntans and natural
environments. However, there are several concesasceated with the use and
application of EDTA. The main concern is that EDTApoorly biodegradable
and rather persistent in the environment (Buchets@tiel and Egli, 2001;
Oviedo and Rodiguez, 2003; Sillanpaa, 2005). Thesgirce of EDTA at high
concentrations in wastewater and surface waterghegpotential to perturb the

natural speciation of metals to cause harm to tharesms in the waterways (Xue
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CHAPTER ONE THE VALUE AND ISSUES IN THE DAIRY INDUSTRY

et al., 1995; Nowack, 2002; European Chemicals &ur@004; Schmidt et al.,
2004). Thus, EDTA has been included in the grougeobgnised polar, persistent

pollutants.

It was recommended by Knepper (2003) that all itrials processes and
productions related to poorly degradable chelagiggnts and compounds, such as
EDTA, should be used as little as possible, andeiméssion into the aquatic
environment should be as low as possible. As altreffuthese concerns,
considerable effort had been made to reduce ottisutbsthe production and use
of EDTA between 1985 and 1999. In Europe, a volyntdeclaration and
subsequent voluntary agreements were achievedgtufisantly reduce EDTA

release into the environment (Conrad, 2000).

Fonterra is a major multi-national dairy compangkseg a “clean and green”
image. Some 95% of its dairy products are expaibet40 countries around the

world. The intent of its environmental group poliwgs stated as:

“Fonterra shall demonstrate a global commitment pieotecting the
environment.  Sustainability, good environmental ctie and
environmental improvement are cornerstones of FHoate

environment” (Fonterra Environmental Group Poli&Q06).

On a global basis, the mounting environmental pressassociated with the
application of EDTA is likely to continue until th@otential environmental effects
of the production system are identified and addmes#\ccordingly, Fonterra
decided to investigate whether EDTA could be idettiin natural environments
following its use in dairy manufacturing plants.igis the essential focus of this

thesis.

1.1 CLEANING PROCEDURES IN THE DAIRY INDUSTRY

Cleaning operations in food industries are essembiaensure the quality of
products. This is referred to as a clean-in-pl&I@) system in the dairy industry

2



CHAPTER ONE THE VALUE AND ISSUES IN THE DAIRY INDUSTRY

(Eide et al., 2003). The standard CIP cycle indaey industry is comprised of

the following steps (Bylund, 1995):

(i) recovery of product residues by scraping, drairegkeexpulsion with water
or compressed air;

(i)  pre-rinsing with water to remove loose dirt;

(i) cleaning with alkaline detergents, usually NaOHclean off the protein
and fat;

(iv) rinsing with clean water;

(v) disinfection by heating or with acid agents (H)@ remove mineral; and

(vi) rinsing with clean water.

The prime objective of an efficient cleaning pracés the dairy industry is to
reduce the amount of cleaning chemicals and toeasdy degradable chemicals
during conventional wastewater treatment processésas been demonstrated by
Bylund (1995) that using multi-chemicals is morkely to attain an effective
cleaning result with lower chemical concentratidghan merely containing the
basic component of sodium hydroxide. This is agtlie in particular for an

effective complexing agent included in alkalineedgénts.

Complexing agents are substances that can bind astk metal ions to form
highly stable and soluble compounds, and then Ib&é original chemical
characteristics. For instance, in dairy industribgy are used for complexing
highly insoluble C&, Mg?* ions or other minerals to facilitate the elimioatiand
prevention of the formation of milk-stone lining&/¢If and Gillbert, 1992). Ring
complexes formed by the reaction of a multiple-gedrmetal ion and an organic
complexing agent are called chelates. The compeagents capable of forming
such rings are called chelating agents or “cheldteék = Claw of Crab)
(Knepper, 2003). At present, EDTA is still the masimmon and suitable
complexing compound for many technical purposeslarge quantities are used
in a broad range of industrial applications, aslvesl in consumer products
(Nortemann, 1999; Reemtsma et al., 2006).

In the New Zealand dairy industry, EDTA has beesduas an additive alongside

caustic agents to improve cleaning efficiency watthie dairy processing plants.
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CHAPTER ONE THE VALUE AND ISSUES IN THE DAIRY INDUSTRY

The role of a chelating agent (‘claw of crab’) dteated in Figure 1.1 is to
complex with metal ions and form metal-chelates. iRstance, EDTA is used to
facilitate the elimination of milk-stone linings eluo the precipitation of calcium
and magnesium on the surface of machinery withénnflanufacturing processes.
A comparison of a standard with two-stages andattenative using EDTA as a
one-stage CIP procedure is shown in Figure 1.2ait be seen that the main
advantage of using EDTA is in reducing the timeursef for the CIP process,
which leads to an increase of production and réoiidh other relevant costs,

such as wastewater treatment.

chelating agent+ metalion — > metal-chelate

“chele” Greclkfor
“claw of crab™

.

CaEDTA,

MgEDTA etc.
°e

Insoluble

Figure 1.1 Chelating agents are used for a wide variety dtigtrial applications
to bind undesirable metal ions. For example EDTASed in the removal of
precipitated calcium (Ca) and magnesium (Mg) ondindace of machinery

in the cleaning process of dairy manufacturing {gan
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Double stages Single stage
(standard CTP) (alternative CIFP)

rinse
. 4

BT N caustic + cleaning

caustic cleaning C

~

acidic cleaning

Y

Figure 1.2 A comparison of a standard two-stage, and therrative using
EDTA as a one-stage cleaning procedure of the GHem applied in

manufacturing plants in the New Zealand dairy indus

1.2 CURRENT METHODS OF DAIRY EFFLUENT
DISPOSAL

Waste waters from dairy processing plants contaitk and milk product
residues, as well as some additives from the dpeddiiry products and cleaning
agents. They generally comprise high concentratifregganic materials such as
proteins, carbohydrates and lipids, high concentatof suspended solids, high
biological oxygen demand (BOD) and chemical oxygemand (COD), high
nitrogen concentrations, high suspended oil andfease contents, and large

variations in pH (Britz et al., 2004).

There are two commonly used methods for the didpafsdairy wastes in New
Zealand. One method is to directly discharge wastewinto local waterways.

This requires consents from the environmental miagaguthorities, the Regional
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Councils in New Zealand. This is the method usedheyFonterra Waitoa dairy

site. An alternative disposal method is to apply dairy effluent to pasture land
via spray irrigation (Figure 1.3), as is used & Honterra Kauri dairy site in

Northland. This process is referred to as a laadtinent system (Degens et al.,
2000; Sparling et al., 2001).

Figure 1.3 Dairy effluent applied onto pastureland via sprajgation nearby the
Fonterra Kauri dairy site in Northland, New Zealand

At the Fonterra Waitoa dairy site, wastewater frih@ manufacturing factory is
pumped to a nearby wastewater treatment plant (WW@P treatment, after
which it is discharged into the adjacent local watgy (the Waitoa River), within
environmental stipulations of the regional counail,this case - Environment
Waikato (Figure 1.4).
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Waitoa River

Fonterra

Waitoa

Figure 1.4 Dairy effluent discharges into the adjacent wateywef the Waitoa
River after treatment at the Fonterra Waitoa dasiie, New Zealand. WWTP is
the wastewater treatment plant.

(Source: Google Earth)

A study of the land treatment system for dairyweffit disposal indicated that a
major disadvantage is the potential accumulationnmohobile heavy metals in
soils (Angin et al. 2005). Long term irrigation caduce changes in the quality of
soil, and trace metal inputs sustained over longog@e could pose a risk to
groundwater (Haruvy et al., 1999; Friedal et aDQ@ Friedly et al., 2002).
Nonetheless, the land treatment system for daftyesft presents as an important

and common option in New Zealand (Degens et aDp28parling et al., 2001),
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where effluent from the dairy industry is reguladgplied to nearby pastureland

via spray irrigation such as of the Fonterra Kalairy site (Figure 1.3).

1.3 RESEARCH AIM

The primary aim of this research is to ascertaietwr EDTA can be identified

at NZ dairy plants subsequent to its use in thearstey process of dairy

manufacturers, and to ascertain its concentratinge in the natural environment.

The research approach is illustrated in Figure 1.5.

The major objectives of the research are to:

1)

2)

3)

4)

5)

6)

7)

8)

review the nature, use and concerns of EDTA eslheaia it relates to the
dairy industry;

develop an analytical method with appropriate destsi to detect and
quantify EDTA levels in different matrices of ermrmental samples;
quantify concentrations of EDTA in dairy wastewatdrom processing
plants, and discharged as effluent to the envirenime

reveal EDTA removal efficiency by the existing wesater treatment plants
under normal operations;

investigate the presence of EDTA and any associatedy metals in the
local adjacent waterway, in this case — the WdRner;

conduct a dispersal simulation of EDTA in the losaiface water by the 3D
numerical model, and determine the dispersal patias concentrations of
EDTA in the river; and

determine EDTA in soils and ground waters followiitg) application of
dairy waste via a land treatment system onto paséund; analyse levels of
heavy metals in the associated soils and grounérsjabind assess any
significant transportation of heavy metals by EDTA;

interpret results to provide recommendations foasoees to mitigate any

potential effects of EDTA on the natural environrnen
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Stepl:To identify

EDTA occurrences in Dairy processing
dairy wastewater plants

Waitoa dairy sit Kauri dairy site

Step2:To reveal ‘ . : :

EDTA removal from

treatment plants

Site pump station
WWTPs (WWTPs)

| H |

Effluent discharge Dairy sludge

Step3:To Ij H

-

Effluent irrigation

Soils and

_ _ Soils and
investigateEDTA Local

ground ground

in the environment| [akkatlcM

waters

e .6 oo .6
3D numerical modellin Further research require

Step4:To simulate H I I'

. . EDTA :
EDTA dispersal in degradation leaching to
i il ground
the waterway In so

waters

Research
requiredin
the fulure

Figure 1.5The researclapproach includes four major steps to (i) idenEYTA
occurrences in drainage of dairy processing plafitsascertain EDTA removal
efficiency from wastewater treatment plants, {fiyestigate EDTA presence in
the natural environment, and (iv) forecast EDTAgmbial environmental effects
on waterways subsequent to the dairy wastewatehdrge.

This study primarily relates to the Waitoa and Kalairy sites of Fonterra Co-
operative Group Limited in the North Island of Nefealand. Locations are
shown in Figure 1.6. One of the worst case scemasiavhen large volumes of

wastewater containing high EDTA concentrationsdiseharged into a relatively
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CHAPTER ONE THE VALUE AND ISSUES IN THE DAIRY INDUSTRY

small waterway, and where EDTA is not effectiveynoved in the wastewater
treatment plant (European Chemicals Bureau, 200dm&it et al. 2004; Grundler
et al. 2005). The Fonterra Waitoa dairy site iglijkto be one of these cases, in
which significant amounts of EDTA have been usedhm cleaning process of
manufacturing plants, EDTA removal efficiency bye tmexisting wastewater
treatment plants is unknown, and large volumesamfydeffluent are discharged
into the relatively small Waitoa River. The FonéeKauri dairy site is chosen as a
case study of a land treatment system for dairfjuexft containing EDTA, to
investigate the potential risk to ground waters niiee dairy effluent disposal has

been applied for a period of time.

Kauri dairy,
Fonterra

NORTH ISLAND -~

Figure 1.6Location of the Fonterra Waitoa and Kauri dairyes, North Island,
New Zealand.
(Source: Map Toaster Topo/NZ)

1.4 LAYOUT OF THESIS

In order to address and achieve the objectivesdliabove, the thesis is structured

as follows:
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CHAPTER ONE THE VALUE AND ISSUES IN THE DAIRY INDUSTRY

Chapter 2 — The Nature, Use and Concerns of EDTAThis chaptereviews the
available literature pertinent to this study inmer of EDTA characteristics,
application, behaviour, occurrences and risk in @ébe-environment. It outlines
the research questions associated with the cyprantice. A peer-reviewed paper
entitled “EDTA in the environment: with special eeénce to the dairy industry”
was published in thelnternational Journal of Environment and Waste
Managementpp.351-36, Vol. 1, No 4, 2007.

Chapter 3 — Methodology for Measuring EDTA. This chapter reviews the
determination of EDTA with different matrices ofnggles, and presents a study
of the development and validation of the methodiédermine EDTA in dairy
wastewater using HPLC — UV. A peer-reviewed papeitied “Determination of
EDTA in dairy wastewater and the adjacent surfacgew was published in
Proceedings of World Academy of Science, Engineemngl Technology
(WASET)pp. 50-54, Vol. 34, Oct. 2008.

Chapter 4 — EDTA in Dairy Wastewater and Removal Efficiency. This
chapter describes a case study of EDTA in the dadustry, including
application in the dairy cleaning process, conediutn range occurring in the
wastewater discharged from dairy manufacturing tslarEDTA removal
efficiency by the existing site wastewater treattngaants under normal
operations, and concentrations of EDTA in dairylugfit discharged into an
adjacent waterway. A paper entitled “EDTA remowvaini the dairy wastewater
treatment plant — a case study” has been subntdtdteInternational Journal of

Environment and Sustainable Development

Chapter 5 - EDTA and Associated Heavy Metals in théVaitoa River. This

chapter establishes a profile of EDTA and heavyaisein the local adjacent
waterway of the Waitoa River. It explains the biadability of heavy metals, and
demonstrates the possibility of influencing theunalt speciation of metals due to

the occurrence of EDTA in the Waitoa River.
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Chapter 6 — Simulation of EDTA Dispersal within the Waitoa River. Two

approaches namely (i) approximate calculations gusjuasi one-dimension
vertical mixing model; and (ii) a numerical simutat of the hydrodynamic
processes and effluent mixing in two-dimensions p{d@veraged) were
undertaken to enhance the understanding of theafoedtal aspects of the

transport of EDTA within the Waitoa River.

Chapter 7 — Investigation of EDTA and Heavy Metalsin Soils and

Groundwater. This chapter investigates the presence of EDTAlaaly metals
in soils and ground waters where a long-term laedtient system of dairy
effluent or waste sludge has been applied. Thenpateisk to ground waters with

current practices of dairy effluent is evaluatedtfe Kauri dairy site.

Chapter 8 — Conclusions and Discussiohis chapter presents to interpret the
major findings on environmental concerns of daiffluent containing EDTA
studied in this research, and provides suggestmmsiture research. A paper has
been drafted and submitted to theernational Journal of Environment and

Waste Management.
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2.0 CHAPTER TwoO: THE NATURE, USE
AND CONCERNS OFEDTA

2.1 INTRODUCTION

The available literature pertinent to the study EIDTA characteristics, use,
occurrence, behaviour, fate and risk in the envitent are reviewed in this
chapter.

* Section 2.2 describes the EDTA characteristics, lieggon and
environmental occurrence;

* Section 2.3 reviews the elimination and degradattbrEDTA in the
natural environment;

» Section 2.4 presents available knowledge on thér@mwmental fate and
risk of EDTA, including concern about the potentiamobilization of
heavy metals;

e Section 2.5 outlines known impacts in the naturavilenment,
ecosystems, and for human health (toxicity);

» Section 2.6 discusses both natural and anthropogignderived metals in
soils, effects of EDTA, and soil remediation; and

» Section 2.7 discusses implication of EDTA in theydandustry

2.2 EDTA AND ITS OCCURRENCE IN THE ENVIRONMENT

2.2.1 EDTA and APCAs

EDTA is the abbreviation foEthylenedDiamineT etraacetaticAcid, which was
patented in Germany in 1935 by F. Munz (Oviedo Ruwdiriguez, 2003), and
industrially manufactured in 1939 (Knepper, 2008). molecular weight is 292
and empirical formula is gH1gN2Og. The molecule is a substituted diamine

(Figure 2.1), usually marketed as sodium salts. EDElongs to the group of
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aminopolycarboxylic acids (APCAs) (Nowack and VaneBen 2005), which
have the ability to form stable, water-soluble éoiplexes with di- and trivalent
metal ions. The other important representativeABCAs are nitrilotriacetate
(NTA), diethylenetriaminepentaacetic acid (DTPA).€Figure 2.2).

HOOC-CH2 CH2-COOH

™ N-CHp-CH2-N ~
e N

HOOC-CH2 CH2-COOH
Figure 2.1 Molecular structure of EDTA.
(Source: Oviedo and Rodriguez 2003)

EDTA NTA
~00CHC | + »CH2COOH ~OOCH,C._; _-CH;COOH
NH=—CH,;~— CH;~NH NH
HOOCH,C CH,C00~ |
CH,COOH
1,3-PDTA B-ADA
O0CHLC ., 4 CHzCO0H T O00CH;C-_+ _~ CHyCH,CO0H
NH— CH,CH;CH;~NH NH
HOOCH,C CH,C00™ |
CH,COOH
DTPA MGDA
I
~00CHLH 4 4 /CHaCO0H HOOCHC~ 4 CH._
/NH—CH:CH;— — CH,CH;—NH NH co0~
HOOCH,C CH,C00™
CH.CO0~ CH,COO0H

Figure 2.2 Structural formulae of important aminopolycarbags EDTA =
EthyleneDiamineTetraacetic Acid, NTA = NitriloTretatic Acid, 1,3 — PDTA =
1,3 — PropyleneDiamineTetraacetic Acitd- ADA =4 — AlanineDiaacetic Acid,

MGDA = MethyGlycineDiacetic Acid DTPA = Diethylem&minePentaacetic
Acid
(Source: Schmidt et al. 2004)

Worldwide, EDTA is the most powerful and common lakiag (complexing or

sequestering) agent used to bind and mask metsilti@t could otherwise cause
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undesired reactions since 1939 (Conrad, 2000; Kere[@003). EDTA has many
favourable properties when used in chemical enginggrocesses. For example,
formation of high stability metal-EDTA complexess&s the original chemical
characteristics of the metal ions, and they becsahgble in water and insoluble
in organic solvents. Therefore, EDTA is widely uded solubilisation and/or
transport of metal cations in the following apptioas:

() water treatment for scale and corrosion contrdaldiber and cooling waters;

(i)  foods to prevent degradation of flavour, colouxtuee and appearance;

(i) household, industrial and institutional cleanerkétp to dissolve soap scum
and hard water scale, such as in the dairy indutdryfacilitate the
elimination of milk-stone linings;

(iv) agricultural application to improve plant uptakenaitronutrients needed to
correct trace metal deficiencies ; and

(v) a variety of other uses such as for paper-makingtalkworking,

pharmaceutical and cosmetics and environmentahafeapplications.

2.2.2 Production and Consumption of EDTA

EDTA is mainly produced and used as an acigE(PTA) or a salt (NgEDTA).
Only small amounts of other salts or metal compdexiee produced and used. All
production and use volumes are given here g&DHIA equivalents for an
environmental risk assessment. jEMBTA is wusually synthesised by
cyanomethylation of ethylene diamine with sodiunarmige and formaldehyde,
and HEDTA is produced by acidification with sulphuricid@nd precipitation
from aqueous solution from its salt (European Cloafsi Bureau, 2004). There
are only a few companies in the world which mantufeccomplexing agents. For
instance, in 1999 about 90% of all aminopolycartioxsgcids were produced by
only four companies (Akzo Nobel, BASF, Dow and $aluin the US and
Europe (Knepper, 2003).

The European Union Risk Assessment Report (20@4¢ared that 53,900 tonnes
per annum (calculated as;EEDTA) were produced in 1999 in Europe, of which
34,546 tonnes were consumed by European Union iesiaind the rest exported.

The breakdown of usage in different applicationgiven in Table 2.1. The global
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consumption of EDTA was estimated roughly as 100,@fhs/annum in 2001
(Schmidt et al., 2004).

Table 2.1 Use of EDTA in Europe for the year 1999.

Marketed amount Percentage
Use (t/a) (%)
Household detergents 2619 7.6
Industrial and institutional detergents 10,685 31
Photochemicals 4,191 12
Textiles 639 1.8
Pulp and paper 4,002 12
Metal plating 470 1.4
Agriculture 5,821 17
Cosmetic 756 2.2
Fuel gas cleaning 595 1.7
Polymer and rubber processing 469 14
Exports 1143 3.3
Others 2971 8.6
Total 34546 100

(Source: European Chemicals Bureau, 2004)

Table 2.1 shows that the total consumption of itthisand institutional
detergents in Europe was 10685 tons/year in 198© which the dairy and
beverage industries were reported as major consuagaounting for about 50%
of the total (European Chemicals Bureau, 2004). tMafs those industries
consumed less than one ton per year, and les$%asf them used more than 10
tons/year, of which over 50% had their own wastewattatment plant (WWTP).
However, about 800 customers throughout Europe meltee above industries. It
has been recorded that 180 kg/day of EDTA was cuoeduat a dairy site

producing whey proteins in Germany (European ChalniBureau, 2004).

EDTA consumption has been steadily increased duhiedast decade in Western
Europe (Schmidt et al., 2004). However, the trenBDTA sales in Germany has
been generally declining, even though a slighteéase can be observed again
from 1998 onwards (Figure 2.3a & b). In 1991, trexi@®an authorities established
a voluntary agreement with the German chemicalstrgitfor a 50% reduction in
EDTA in German surface waters, due to the percepid EDTA as an

environmentally hazardous substance (Conrad, 2000).
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Figure 2.3 Trend of sales for the aminopolycarboxylates insWm Europe (a)
and Germany (b) from 1990-2001. EDTA = EthyleneDisteTraacetic
Acid, NTA = NitriloTriAcetate, DTPA = DiethyleneTaminePentaacetic
Acid from Schmidt et al. 2004

2.2.3 Occurrences of EDTA in the Environment

In almost all applications of EDTA conducted in aqus medium, EDTA is

subsequently released into the environment througstewater. As an example,
the sale of EDTA was reported as 3894 tons in 1899ermany, and the amount
of EDTA being introduced into the aquatic enviromtevia wastewater, was
calculated to be about 860 tons (Knepper, 20038. dilesence of EDTA in soils
may be due to agrichemical application, or to tispakal of wastes containing
EDTA. EDTA is highly unlikely to be detected in tlag because of its very low

vapour pressure.
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1. Surface waters

Both widespread use of EDTA in industrial and dotmeespplications and its slow
removal under many environmental conditions haw tte recognition that it
likely comprised the highest concentration of ampfmgenic compounds in many
surface waters in Europe, and possibly the woritla(®aa, 1997). Table 2.2
shows some of the concentration ranges of EDTA domnnatural waters. The
highest value of 246Qg/L was found in lakes in Spain, and the secontidsy
value of 112Qug/L was in English rivers.

The International Association of Waterworks in tR#ine catchments area
(IAWR) set out quality requirements for well-degadte complexing agents of 5
ug/L, and for poorly degradable compounds asugL. The International
Commission for the Protection of the Rhine (IKSR} lelassified only EDTA as a
relevant chelating agent in the Rhine catchmenefifer, 2003).

Table 2.2 Occurrence of EDTA in surface waters.

Range of Concentration | Type of fresh water Location
(ng/L)
10 ~ 184 River Australia
14 ~ 1120 River England
158 River France
2.0~104 River Germany
6 ~ 60 River Great Britain
900 River Jordan
5~30 River Mississippi (USA)
24~13 River Santa Ana (USA)
2.0~ 45 River Switzerland
1.7~44.0 Lake Finland
29 Lake Germany
0.52 Lake Greece
599 ~ 2460 Lake Spain
1~735 Lake Swedish
1.2~4.0 Lake Theif3 (Romania)
2.6~29.2 Surface Netherlands

(Data extracted from Bucheli-Witschel and Egli, 20Buerhacker et al., 2003; Oviedo
and Rodriguez, 2003; Schemidt et al., 2004; Noveack VanBriesen, 2005)
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2. Drinking water and groundwater

EDTA has also been reported in drinking water amougdwater as EDTA
behaves as a persistent substance, evidently defieen EDTA-contaminated
surface waters (Nowack et al. 1997). EDTA concéiatna in U.S. groundwater
receiving wastewater effluent recharge were repodae1-72ug/L, and EDTA
was found to be a conservative tracer, with higbencentrations of EDTA
corresponding to a greater percentage of reclaimeater in drinking water
production wells (Nowack and VanBriesen, 2005). daesh by Schmidt et al.
(2004) demonstrated that raw waters were polluieBEDTA at concentrations of
between 1.1-11ug/L, and the investigated drinking waters were I&dy
polluted with EDTA at concentrations of up tou@/L. In Germany EDTA in
groundwater samples recorded between 158D (Fuerhacker et al., 2003). In
Swiss groundwater, EDTA concentrations of 0.1 tqud& were found (Bucheli-
Witschel and Egli, 2001).

3. Domestic and industrial wastewaters

The concentration of EDTA in all municipal wastearatreatment plant (WWTP)
effluent and industrial WWTPs has been found ty weidely depending upon the
type of industry, the amount applied, and any djeevastewater treatment
procedure (Knepper, 2003). Some typical EDTA cotregions of effluents from
industrial WWTPs were reported at between 100-ZD@§L in Germany, the
highest concentration reaching 400,Q@0L (Schmidt et al., 2004). According to
an evaluation by the Europe Union (2004), local BDdoncentration in the
receiving water in the immediate vicinity of indiat wastewater discharge

points were predicted in a worst-case scenari@tasbhigh as 12 mg/L.

For the dairy and beverage industry, the reseaycdchmidt et al. (2004) showed
that:
» the possible EDTA concentrations in effluent wereasured between
2500 — 25,00@g/L; and
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* Jlocal EDTA concentrations in the receiving water time immediate
vicinity of effluent discharge points were estinthte be in the range of

350 — 260Qug/L as the worst-case scenario.

2.3 DEGRADABILITY AND ELIMINATION OF EDTA

In recent years, the degradability of EDTA has beeneasingly scrutinized and
investigated from different points of view (NOrtenma 1999). Apparently, EDTA
is not toxic to mammals at the occurred level im dlgjuatic environment, but there
has been some concern about its potential to rdiz®ltieavy metals out of river
sediments and sewage sludge, which would lead $silple contamination of
surface and groundwater (Alder et al., 1990; Xualet1995; Kari and Giger,
1996; Nowack et al., 1997). Another reason to itigate EDTA degradability is
the fact that it can be used for the remediatiositas contaminated with heavy

metals or radionuclides (Nortemann, 1999).

EDTA occurs in natural waters predominantly in tinen of metal complexes due
to its strong complexing characteristics and higtiity. Basically, there are two
different ways, including biological and non-biolcgl pathways, to eliminate and

degrade EDTA from the environment.

2.3.1 Biodegradation of EDTA

EDTA has been widely reported to either resist degtion or undergo slow
biodegradation based upon the EDTA concentrationectied from the
corresponding influent and effluent (Alder et d990; Allard, 1996; Kari &
Giger, 1996; Hinck et al., 1997; Sillanpaa, 199Klugd, 2002; Fuerhacker et al.,
2003). Influent is generally referred to as unedavastewater before it flows into
a treatment plant, and effluent is treated wastew&b be discharged into
environments. For instance, an Organization for nBoadc Co-operation and
Development (OECD) screening test indicated 10%rattgion of municipal
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wastewater after 19 days when EDTA concentratios between 7 and 50 mg/I|

(European Chemicals Bureau, 2004).

In biodegradation tests, Eklund et al. (2002) destrated that EDTA was slowly
biodegradable under aerobic conditions. The ratéioflegradation may vary
strongly with the bacterial population presentha particular ecosystem. EDTA,
especially in the form of the EDTA-iron-chelate, risadily decomposed on
exposure to sunlight and yields biodegradable pmtsduNevertheless, the
information collected to date strongly suggestst theady and ultimate
biodegradability is essential for a reliable andckjelimination of the EDTA in
the environment. The degradation mechanism andreliron of EDTA from the
environment is discussed below.

1. Effects of bacteria and chemical speciation

Microbial degradation of aminopolycarboxylic acidsicluding EDTA, was
reviewed by Bucheli-Witschel and Egli (2001). Asesult of 40 years of study,
three pure cultures of EDTA-degrading bacteria hiaeen isolated, namely the
genusAgrobacteriumwhich is able to degrade the Fe(lll)-EDTA complée
strainBNC1- a gram-negative bacterium that is able to degidd-EDTA, Ca-
EDTA, Mn-EDTA, and Zn-EDTA andDSM 9103 - also a gram-negative
bacterium which was assigned Rroteobacteria(Satroutdinov et al., 2003;
Nortemann, 2005; Satroutdinov et al., 2005).

The first report of biodegradation (Belly et al975) demonstrated decomposition
of EDTA by microbial populations from an aerategdan receiving industrial
effluents containing EDTA (Bucheli Witschel and Egk001). The authors
followed [**C] CQ, formation from an Fe(lll) complex of radioactivelgbelled
EDTA, which was incubated in the dark to prevenotpdegradation. After an
incubation period of 5 days, about 9086 the initially present EDTA had
disappeared. 27% of the initial radioactivity o thcetate-labelled and 31% of the
ethylene-labelled EDTA was recovered 430, indicating that both the ethylene
backbone and the acetyl groups were attacked. @ptirmonditions were at pH

between 7 and 8 (Sillanp&éa and Pirkanniemi, 2001).
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Biodegradation of EDTA by a mixed bacterial culiut@ken from sewage, was
studied by Nortemann (1992) and Henneken et a@519he mixed culture used
EDTA as the source of carbon and nitrogen. The at@nspeciation was
observed to have no influence (Nortemann, 1992yvéder, it was later reported
that uncomplexed EDTA interacted negatively with tell walls of the bacteria
and completely inhibited the bacterial growth, vdar Mg-EDTA and Ca-EDTA
supported, and Fe-EDTA remained inert (Hennekeal.et1995). It has been
suggested that the thermodynamic and biologicabilgta of metal-EDTA
complexes correlate (Henneken et al., 1998; EQD12. The slow biodegradation
of uncomplexed EDTA was suggested to be due talie&ation of essential trace
metals from the medium (Thomas et al., 1998).

Several laboratory-scale EDTA degradation experimdrave been published
either (i) as closed bottle or batch culture expernits (Henneken et al., 1995; van
Ginkel et al., 1997; van Ginkel et al., 1999; Satdinov et al., 2000), (ii) as
Semicontinuous Activated Sludge (SCAS), (iii)) asn@@muous Activated Sludge
(CAS) experiments (van Ginkel et al., 1997; Henme&eal., 1998; Kaluza et al.,
1998), or (iv) as gas-lift bioreactor experimemigiineken et al., 1998; Thomas et
al., 1998). Pure cultures were used in some ofsthdies, whereas some used

mixed cultures.

A pure culture ofdgrobacterium sp. mineralised Fe(lll)-EDTA, which was the sole
carbon source for the isolate. At a substrate aunagon of approximately 10
g/L, 90 % of Fe(ll)-EDTA was degraded in three slaglthough photogradation
could have played some role. Contrary to this, umgexed EDTA, Ni-EDTA
and Cu-EDTA did not support bacterial growth (Sipaa and Pirkanniemi,
2001). In contrast to other studies discussed batogetail, the degradation rate
was found to be higher at low pH values (initial 612 and 7.4) and the pH had to

be maintained below 8 for degradation of Fe(lll)"EDto occur.

Work by Kliner et al. (1998), Nortemann (1999), anllelett and Rittmann
(2003) demonstrated that a gram-negative, rod-shdyaeterium strain BNC1
(DSM 6780) was found to degrade EDTA and somesafnigtal complexes. When
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strain BNC1 was used, the degradability of metalFEDcomplexes depended
strictly on their thermodynamic stability. Metal mplexes with a stability
constant over 18, such as Fe(lll)-, Co-, Cd-, Pb-, Ni-, and Cu-EQWwere not

metabolized. Ba-, Mg-, Mn-, Ca-, and Zn-EDTA, whicave a stability constant

below 13 were degraded.

The gram-negative bacteria strain DSM9103 is ablgrow with EDTA as the
sole source of carbon, nitrogen and energy (Witsehal., 1997; Bohuslavek et
al., 2001). Satroutdinov et al. (2003) used cedipsmsion of the bacterial strain
DSM 9103 in the degradation experiments of EDTA.tHeir study, the metal
speciation proved an important factor. The metaFEOMe-EDTA) complexes
studied could be divided into three groups accagrdintheir degradability. EDTA
complexes with stability constant K below'i@log K<16), such as Mg-EDTA,
Ca-EDTA, and Mn-EDTA, as well as uncomplexed EDT&re degraded by the
cell suspension at a constant rate to completidhinvb-10 h of incubation. Me-
EDTA complexes with log K above 16 (Zn-EDTA, Co-EBTPb-EDTA, and
Cu-EDTA) were not completely degraded during a 2d#dubation, which was
possibly due to the toxic effect of the metal ioaleased. No degradation of Cd-
EDTA or Fe(lll)-EDTA by cell suspensions of strddSM 9103 was observed
under the conditions studied.

Additionally, Pitter and Sykora (2001) also obselrtieat biological degradability
of ethylenediamine derivatives depended on the tgpé the number of the
substituents (mono-, di-, tri- and tetrasubstitudedvatives). They found that the
biodegradability of ethylenediamine derivatives eleged on the type and number
of substituents. The susceptibility to biodegramfatiecreased in the sequence of
substituents -COCHl -CHg, -C;Hs, -CH,CH,COOH and with polysubstitution.
The biodegradability depended also on the kind mumhber of nitrogen atoms
(Pitter and Sykora, 2001; Sykora et al., 2001).

In summary, the biodegradability of EDTA in the gomment strongly depends

upon the bacteria, EDTA species, and natural enmental factors, such as pH.
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2. Effect of pH and sludge retention time (SRT)

Several studies have been conducted to investitjeteeffect of pH on the
degradation of EDTA (van Ginkel et al., 1997 an®@%,9Ek et al., 1999). The
optimal pH for the degradation of EDTA by a mixedcrabial population was
found to be between 9 and 9.5. Complete breakddwheotarget molecule was
obtained at a hydraulic retention time (HRT) of h.5EDTA was mineralised as

the only carbon source (Sillanpaéa and Pirkanni@g01).

Biodegradation of EDTA was found to be strongly pldpendent in a semi
continuous activated-sludge facility (van Ginkebét 1997; European Chemicals
Bureau, 2004; van Ginkel and Geerts, 2005). EDTA wefiectively removed at

pH 8.5, in contrast to pH 6.5, suggesting that ouoganisms use EDTA as a
carbon and energy source only under alkaline camdit(van Ginkel et al., 1997,
Sillanp&a and Pirkanniemi, 2001). One of the irigasibns into the removal of

EDTA was conducted in a full-scale activated sluqgant operated at pH

between 7.5 and 8.5, and 20 days of sludge retetitite with dairy wastewater
containing ~30 mg/l EDTA. Approximately 90% remo@dlEDTA was observed

from the analysis of influent, effluent and sludgencentrations of EDTA.

However, no biodegradation took place at pH of @an Ginkel et al., 1997).

Table 2.3 demonstrates the removal of EDTA at fativated sludge plants
treating only or predominantly wastewater from tlaéry and beer industries (van
Ginkel and Geerts, 2005).

Table 2.3 EDTA removal from 5 full-scale activated sludgeamtk treating

wastewater from the dairy and beer industry.

Plant Wastewater pH SRT*(days) Removal(%)
| Dairy 7.5-8.1 ~2C ~9C
I Beel 7.3-7.7 ~23 ~5C
1 Dairy 7.6-8.4 ~Q ~3C
IV (5°C) dairy and domestic ~ 7.5-7.8 ~40 ~35
IV (20°C)  dairy and domestic 7.8-8.0 ~40 ~95
V dairy and domestic 6.9-7.1 ~20 0
\ Dairy 8.7-8.¢ 20 95t

@ measured in a laboratory-scale activated sludge uni
*SRT — sludge retention time
(Source: van Ginkel and Geerts, 2005)
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In addition to pH (Figure 2.4), sludge retentiomei seems to have a significant
impact on EDTA degradation (Figure 2.5). It hasrbeeggested that several
organic compounds, such as EDTA, being consideeedlcitrant to microbial
attack, can be degraded at certain sludge retentia in laboratory mixed
culture systems (Kaluza et al., 1998; Sillanpaa Bidlanniemi, 2001). In the
dairy wastewater containing EDTA, sludge retentione above 20 days was
found to be necessary (van Ginkel and Geerts, 2@0%®ther report revealed that
pH had little impact on the removal rate of EDTA](@ and 8.5), but the sludge

retention time was far more significant (Sillangéé Pirkanniemi, 2001).
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Figure 2.4EDTA Removal efficiency of dairy wastewater at fi3= and 8.5.
(Source van Ginkel et al., 1997)
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Figure 2.5 EDTA removal efficiency of dairy wastewater assted with the

sludge retention time at pH value of 8.7 - 8.9
(Source van Ginkel and Geerts, 2005)
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Accelerating EDTA degradation is likely through theechanism of biological
oxidation. The other reasonable explanation for phenomena could be the
transition of EDTA-metal complexes as the alkajinitcreases, especially for the
more stable Fe(lll)-EDTA and alkaline earth metamplexes. Alkaline earth
metals can therefore compete successfully withetraetals to form EDTA
complexes that are more biodegradable (van Ginkal.£1997). The relatively
high sludge retention time required for the degtiadaof EDTA could be due to

the slow kinetics of these reactions (Sillanpaa Rinkkinniemi, 2001).

3. Pathway of EDTA degradation

It has been demonstrated that EDTA is able to bddgraded in the presence of
suitable microbial populations (Henneken et al98&No6rtemann, 1999; Bucheli-
Witschel and Egli, 2001; Egli, 2001 Sillanpaa andkd&hniemi, 2001; Willelett
and Rittmann, 2003). The catabolism of EDTA by mibers involves:

i. Bacteria take up EDTA as a source of carbon andgen via an energy-
dependent carrier (Kher et al., 1998);

ii. The EDTA, present as metal-EDTA complexes or fr&TkK, is then
oxidized under aerobic conditions. The intermedigieoducts of
oxidization are mainly ethylenediaminetriacetate DEB) and
iminodiacetate (IDA) (Kiiner et al., 1998);

iii.  The final biodegradation products of EDTA are £@nd inorganic

nitrates and ammonia (Kaluza et al., 1998; Van €liek al. 1999).

2.3.2 Photodegradation of EDTA

In the absence of evidence for the rapid biodegi@maaof EDTA, other

mechanisms for its breakdown in the environmentehbeen sought. One is
photodegradation, i.e. degradation resulting frbm @bsorption of sunlight. The
susceptibility of a species to photodegradationeddp upon its absorption

spectrum; and the quantum efficiency of the phatadbal reaction. The
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absorption spectra of metal chelates reflect tiypes of electronic transitions
(Wolf and Gilbert, 1992):
(1) transitions typical of the central metal ion, maetif by the ligand
field of the chelating molecule;
(i) charge transfer transitions between metal ion myahtls; and

(i) transitions typical of the ligand.

Of these, the charge transfer transitions are tiladt to induce photochemical
reactions, and typically involve absorption of eddtin in the UV-visible
wavelength range. Therefore, those species thabiextrong absorbance bands
in the region of the solar spectrum (wavelengtlesigr than 295 nm) are likely to
be more susceptible to photodegradation. The psocessidered to be the most
important for the elimination of EDTA from surfaeeaters is direct photolysis,
which results from the fraction of sunlight belo@®nm (Bucheli-Witschel and
Egli, 2001). The study of Kari et al. (1995) foetBwiss River Glatt found that
the reaction quantum vyield of Fe(lll)-EDTA was afied by the irradiation
wavelength. With increase of wavelength, the quanyield strongly decreased.
If the solar irradiation was completely availalilee half-life would range from 20
to 100 minutes (summer to winter), correspondindldes distances of 0.6 to 3
km, respectively. The rapid photodegradation ofIBEDTA results in a mean
half-life of EDTA in river water of a few hours dog summer and several days
in winter. Degradation was slower in winter becaw$ethe bank vegetation

shading the water while cloudiness also reducedehetion rate.

Other environmentally relevant EDTA species (cometewith Md*, C&*, Ni*,
CW', zr?*, Cf* and HG") will not photolyse (Kari et al., 1995; Kari andg@r,
1995 and 1996; Nowack and Baumann, 1998; Bohuslewak, 2001; Metsarinne
et al., 2004). Complexes of EDTA with Co (Ill) aMh (lll) in aqueous solution
were also found similarly unstable against phoislyshiowever, with lower
reaction constants. The relative reaction rateBeoflll), Co (lll), and Mn (llI)
complex are in the ratio 1, 0.01 and 0.05. Thenmeoisignificant contribution to
the degradation of EDTA in the hydrosphere for tlegy low environmental
concentrations of Co (Ill) and Mn (lll) complexesdatheir relative low reaction

constants (European Chemicals Bureau, 2004).
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Photodegradation of Fe(lll)EDTA is considered to lige main degradation of
EDTA in the aqueous medium whereas microbial pseeseem to be of little
importance (Wolf and Gilbert, 1992; Kari et al.,959 Kari and Giger, 1995;
Kliner et al., 1998). Major photodegradation produatse identified as carbon
dioxide, formaldehyde and ED3A by Lockhart Jr. &iakeley (1975). However,
there seems to be very little information availadtb®ut any further degradation of

ED3A in the aqueous environment.

2.3.3 Physicochemical and Other Degradation of EDTA

Apart from the biodegradation and photodegradatibEDTA, physicochemical

degradation may also play an important role inglr@ination of EDTA.

The UV/H,0O, process which is based on the photolysis of@4 (Madden et al.,
1997; Davis and Green, 1999; Sillanp&& and Pirleann2001; Rhoads and Davis

2004, Jiraroj et al. 2006), and the UMO, processin which an electron vacancy

is produced withinriO, when exposed to UV light (Ku et al., 1998; Kragfaner
and Getoff, 1999; Ramo and Sillanpaa, 2001; Pirleaaninet al., 2003), have been
used successfully to degrade EDTA in aqueous soluffhe applicability of

ozonationand_an oxygen activation scheihitra et al., 2004; Lee et al., 2004;

Noradoun and Cheng, 2005) to remove EDTA havelsen studied extensively.

EDTA is not expected to be significantly adsorbetbasolid matter as EDTA is a
hydrophilic compound. On the other hand, it hasnbgeoposed that the
elimination of EDTA from the water column by settiof EDTA-loaded particles
might be a relevant process in the elimination DITE in lakes (Nowack et al.,
1996a). This is supported by the occurrence of EDT ke sediments (Nowack
et al., 1996b). Therefore EDTA adsorption onto seglits might be an important
pathway for its elimination (Sillanp&a et al., 199he adsorption of EDTA and
its metal complexes, Cu, Fe(lll), Hg, Mn and Ni @ftke sediment was studied
by Sillanpaa and Ramo (2001). The results revei@dEDTA and metal-EDTA

complexes, even through being hydrophilic compoundsre indeed adsorbed
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within one month of contact time (6.3-24.8%). Theidy shows that the
adsorption of Fe(lll)-EDTA complexes onto positiveharged compounds, e.g.,

metal hydroxides, in solid matter might be anotieégvant process in some cases.

2.3.4 Degradation of EDTA in Soils and Sediments

A study of the biodegradability of EDTA in aquasediments and agricultural
soils demonstrated slow but steady mineralizatibnalb the EDTA carbon,
suggesting that the degradation was accelerateshibgobial action (Wolf and
Gilbert, 1992). The biodegradation rates of freelBand its complex of Cu, Cd,
Zn, Mg, Ca and Fe were comparable, while the NIED$BRowed lower
biodegradability. No significant biodegradation walsserved under anaerobic
conditions (Bucheli-Witschel and Egli, 2001).

2.3.5 Summary

Complexing agents, such as EDTA, were once cormidas stable and
almost non-degradable compounds. In the lighttef landings, it is evident
that these substances often can be removed by riheu treatment
processes.

According to several studies referred to aboveddujpadation of EDTA is
possible if the reaction conditions are favourakled if EDTA degrading
bacteria species is present. However, long sludgention time and
elevated pH may limit the use of this method far temoval of EDTA in
certain industrial situations.

Photodegradation of Fe(lll) complexes of EDTA hagib suggested to be
the major pathway for the removal of EDTA from thatural aquatic
environment. Also, the adsorption of Fe(lll)-EDTAoroplexes onto
positively charged compounds in solid matter migkt another relevant
process in some cases.

Advanced oxidation treatment processes discussedediave been shown

to be promising tools for the degradation of reitaaot organic pollutants.
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These processes apply a combination of radiationgdaats (ozone,
hydrogen peroxide) and catalysts for degradingdhget compounds.
Chemical species play a key role in the behaviduwhelating agents and
influences their fate in the environment. It hagrbshown that adsorption
as well as photochemical and biological degradatgirongly depends upon
the metal complexed by EDTA. Moreover, taking iatwount the excess of
alkaline earth and transition metals, it is expgdteat no chelate is present
in uncomplexed form in wastewaters.

Contradictory results have been published concgrBIDTA degradation in
soil and sediments. Some groups found no biologaTA breakdown,
whereas others observed a slow microbial EDTA deuomition under
aerobic conditions. No EDTA mineralization was fduander anaerobic

conditions.

2.4 ENVIRONMENTAL FATE AND RISK

EDTA has been used as an indicator of metal tgxiaita Toxicity Identification
Evaluation Method by the U.S. Environmental PratectAgency (Hockett and
Mount, 1996). Hence, the environmental fate of @ating agent, such as EDTA,
needs to be addressed with the presence of meidlbaw they interact with the
chelates (Nowack, 2002). The environmental riskess®ent is also related to the
speciation under environmental conditions (WilliarB805; Popov and Wanner,
2005).

2.4.1 EDTA metal complexes in the environment

1. Stability of EDTA complexes

The most important property of EDTA is to form cdeyes (usually 1:1-
complexes) with multivalent metal ions. The metal is centred in the complexes
to form a ring with a multi-charged metal ion andTA while being coordinately

bound to nitrogen and oxygen atoms. Five or sig-nambers formed of EDTA
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leads to extremely stable complexes. The stahbilitthose complexes, strongly

depending upon the pH value, is usually descrilyetthé® mass action law as:

Kuez= [MeZ™™ ]/ [Me™ 2 ™]
Where  Kjez is the stability constant of the metal complex;
[MeZ™™1] is the concentration of the metal complex;
[M& s the concentration of the metal ion; and
2] is the concentration of the EDT/Anion

EDTA is a strong complexing agent with a relativelgak affinity for Ca and Mg
ions, but a high affinity for Fe, Mn, Cu, Cd, and ibns (Knepper, 2003). The
stability constants for the most important metailsiand other APC complexing

agents are given in Table 2.4.

Table 2.4 Stability constants of 1:1 complexes of NTA, EDBAd [s,s]-EDDS
with di- and trivalent metal ions determined forianic strength of 0.1M at a

temperature of 25°C, or where indicated (+); at20°

Metal Log K Log Me Log K

ion Me NTA EDTA Me EDDS
Mg** 5.47 8.83 5.82
ca’ 6.39 10.61 4.23
Mn? 7.46 13.81 8.95 (+)
zZn** 10.66 16.44 13.49(+)
co** 10.38 16.26 14.06
cu* 12.94 18.7 18.36
P 11.34 17.88 12.7 (+)
cd* 9.78 16.36 10.8 (+)
A% 11.4 16.5
Fet 8.33(+) 14.27
Fe' 15.9 25 22.0(+)
Ni%* 11.5 18.52 16.79

(Source: Bucheli-Witschel and Egli, 2001)

2. Speciation of EDTA metal complexes

Generally, the speciation of EDTA in ecosystemgriedicted by equilibrium
calculations based on the stability constants. Tagjor difficulties, however,
affect the prediction of EDTA speciation under @ammental conditions. One is

that other natural ligands, including organic andrganic compounds, compete
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with EDTA for the metals, and the other difficulig that the speciation
calculation assumes that chemical equilibrium ha&gnbreached (Bucheli-
Witschel and Egli, 2001). In the case of EDTA, ts@eciation in the natural
environment may differ considerably from the cadtetl equilibrium due to the

slow kinetics of some metal exchange reactionsaf§ifa et al., 2001).

In natural waters where a large excess of'Gamd Md" exists, exchanging
reactions of EDTA complexes with metals have bdwws to occur at slow rates
with a time range from hours to days. Especiall{iIFEDTA was observed to
exchange rather slowly with other metals in rivettev (Xue et al., 1995; Nowack
and Sigg, 1996). Besides, the species of EDTA cermpl river water depends
not only on the dissolved concentrations of thaouer cations and other ligands
which determine the equilibrium speciation, bubai® the initial specification of
EDTA released from the wastewater (Sillanpaa efaD1).

The speciation pattern of EDTA in a river systerm d@ determined from a
combination of measurements and equilibrium catmra (Nowack et al., 1997;
Bucheli-Witschel and Egli, 2001; Stefano et al.020 The following distribution
was predicted by Nowack et al. (1997): 31% Fe(DJA, 30% ZnEDTA, 15%
MnEDTA, 12% CaEDTA, 10%NIEDTA, 2% PbEDTA and 0.5%EDTA. More
recently, investigations, based on a combinatiome&surement and equilibrium
calculations, concluded that ZnEDTA (51%), Fe(ID)EA (32%), CaEDTA
(7%), MNEDTA (5%), MgEDTA (2%), PbEDTA (2%), CUEDTA0.8%), and
NIEDTA (<0.01%) in the natural water (Nowack, 200&¢hmidt and Brauch,
2004).

Sillanpaa et al. (2001) modelled and simulatedspiexiation of EDTA and DTPA
for the pulp and paper mill effluent, and subsedyein receiving waters. The
results revealed that the main species were MnGadomplexes of EDTA and
DTPA in pulp mill processing water; Fe(lll) and Mwmplexes of EDTA and
DTPA in the wastewater; and Fe(lll) and Zn compteré EDTA and DTPA in

the receiving water.
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2.4.2 Exchange Reactions of Metal Complexes and Metal Rexhilization

The effect of EDTA on metal mobility depends uptwe speciation of EDTA
complexes under the conditions of natural waterschvpredict the metal ions are
likely to be transported together with EDTA undavieonmental conditions (Xue
et al.,, 1995). Metal ion exchange reactions ocourvier waters as the released
EDTA complexes are usually different from thoseineated at thermodynamic
equilibrium. Remobilization of metals from sedimebly EDTA would depend on
the competition between EDTA in solution and bimdiof metals to particular
materials. The following discussion outlines thetaheexchange, adsorption,

dissolution, and remobilization processes.

1. Metal exchange

The equilibrium speciation of a metal complex systis established under the
concentrations of all metals and ligands, and ttebilgy constants of all
complexes. A new equilibrium will be reached, ifottrer metal-ligand complex
or metal ion is added to the solution, when theeknof the reaction is not
considered. Also, the re-equilibration of a naturaystem undergoing
perturbations of metals or ligands cannot be exgetd be rapid without the
detailed kinetics knowledge (Sillanpaa et al., 200@wack, 2002). For instance,
the exchange reactions of Fe(ll)EDTA are notalibyvsin the natural water even
if it is the most important released EDTA specig8 £ 90%) with a very high
stability constant (LogK of 25) (Kari et al., 1996pwack et al., 1996a; Nowack
et al.,, 1997). Nonetheless, the study proved tkahange reactions did happen
under natural aquatic conditions with an exces€afrather than trace metals
(Sillanpaa, 2005).

Additionally, the same mechanism of metal exchamagbeen applied to remove
other heavy metal complexes with EDTA from soilg(é’b, Cu, Zn etc.) (Kim

and Ong, 1999; Ridge and Sedlak, 2004).

2. Adsorption and dissolution
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EDTA has been developed to solubilize metals arep kbem in the solution for
many applications. It is most likely that EDTA deases heavy metal adsorption
by forming dissolved complexes, even if this onlgppens with very high
concentration of EDTA (Stumm, 1995). Conversely, TRDcould significantly
increase metal adsorption onto mineral surfacdsvatconcentration as EDTA
complexes themselves are adsorbed onto the surideeh is similar to a ligand-

exchange reaction to form complexes in the soluidmwack, 2002).

The speciation of EDTA significantly affects thesadotion of EDTA complexes,
as do the structure of EDTA complexes and the enwiiental conditions.
Adsorption of metal-EDTA complexes to iron and aininm oxides has been
studied by several authors (Xue et al., 1995; Néwetcal., 1996; Nowack and
Sigg, 1996; Nowack, 2002). The EDTA chelates ofatiimt metals Ca, Zn, Ni,
Cu, Co(ll) and Pb all showed the same ligand-li@scaption behaviour. Pb (II)-
EDTA was adsorbed even more strongly. For trivateetals, the EDTA chelates
of LaEDTA and BIEDTA were adsorbed very stronglyeothe entire pH range,
while Co (lII)-EDTA was weakly adsorbed at low pHRe (llI)-EDTA was also
weakly adsorbed over the whole pH range (Nowack &igdj, 1996). A much
stronger adsorption of Co (II)-EDTA ont®Al,O; occurred than for Co (ll)-
EDTA, which was attributed to the differences ie thtereochemistry of these
chelates (Nowack, 2002).

The dissolution of mineral phases by EDTA could dtributed to ligand
exchange reactions (Stumm, 1997). The metal-oxygems on the surface are
weakened upon adsorption of the ligand, and theasel of metal species from the
surface into the adjacent solution is enhanced. adawand Sigg (1997)
investigated systematically the influence of corrplg on the dissolution of iron
oxides by EDTA chelates. Conversely, the dissoiutiof iron oxides by
uncomplexed EDTA was studied extensively by Nowg®02), who found the
rate of the ligand-promoted dissolution was reldtethe concentration of surface
bound ligands. He noted particularly that, a chaingthe oxidation state of the
coordinated metal ions could completely changebgleaviour of the metal and
the chelates (Nowack, 2002; Fisher et al., 200d)).example, the oxidation of Co
(I EDTA to Co (lll) EDTA, the stability constaraf Co (lll) EDTA (LogK =
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39.8) increases by a factor of ?4Gelative to Co (Il) EDTA (LogK = 16.3).
Therefore, Co (lll) EDTA is extremely stable andhex mobile in aquatic

systems because of its exhibiting only very weadraction with surfaces.

3. Metal remobilization

Metals adsorbed onto a solid can be remobilizedEBYA chelates (Nowack et
al., 1996a; Sillanpaa et al., 1997, Sillanpdd ancth® 2001; Ceremigna et al.,
2005). Consequently, EDTA has been used for maaysya&s an extractant for the
metals from soils and sediments to characterizgldngt available fraction. EDTA
chelates have also been proposed as enhancerefphytoremediation of heavy
metals by plants and soil washing (Hong and Jiadg5; Juang and Wang, 2000;
Manouchehri and Bermond, 2006; Manouchehri e2aDg).

Remobilization of metals from sediments by EDTA elegs upon the competition
between EDTA in solution and binding of metals &otigular matters, mostly by
complexing with surface ligands (Knepper, 2003;Haima and Mecozzi, 2007).
For example, Eklund et al. (2002) added EDTA toppuiill effluent in the

laboratory and compared it to wastewater withouTEDThe results showed that
EDTA markedly increased the solubility of Zn, Cdy, FFe, Ni and Cu, whereas
the solubility of V, Mo, Tl, As, and Cr was not cfged by the presence of EDTA.

High concentration of EDTA has the potential tongfigantly remobilize heavy

metals from river sediments. Interestingly, thehhapncentration of EDTA does
not automatically coincide with a high remobilizati of heavy metals as the
initial released speciation of EDTA is likely to h@aying a key role that

influences its potential to remobilize heavy metdari and Giger, 1996). The
importance of speciation of EDTA for the evaluatioihremobilization process
was also demonstrated by Nowack et al. (2001), wmeestigated the

remobilization of metals from the surface of symith&@on oxides and from river

sediment by different EDTA chelates. They obsertleat (i) the order of the

remobilization rate of Zri from goethite was CaEDTA > Fe(lI)EDTA, reflecting
the slow exchange reaction of Fe(lll)EDTA, (ii) teder of the remobilization

rate of PB" from goethite was found as Fe(lll)EDTA > CaEDTAZREDTA,
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Fe(lll) EDTA surprisingly illustrating the fastestxchange rate; and (iii) the
remobilization rate of ZH# from a natural river sediment was CaEDTA >
CUuEDTA > Fe(ll)EDTA.

In summary, the concentration of EDTA in solutiondathe initial released
speciation of EDTA chelates are the key factorsvi@uate the effect of EDTA on
the remobilization of heavy metals from river seelints and treated sludge. Metal
concentration, pH, nature of the sediment, anditkeractions between EDTA
chelates and metals also affect the remobilizgifoeess. It can be concluded that
significant remobilisation processes are only likiel occur in extreme cases. For
instance, high amount of EDTA release leads tonarease of metals with the
high conditional complex-forming constants. Theseno general rule to apply to
all surface waters for the effect of EDTA on theale metal remobilization

process.

2.4.3 Minimisation of EDTA Use and Substitutes

On a global scale EDTA is the most frequently usemplexing agent in a variety
of industrial applications, largely because it e tcheapest and most suitable
complexing compound for many technical purposesydik et al., 1997; Friedly
et al., 2002). On the other hand, EDTA can be ohetuin the group of polar
persistent pollutants as it is not, or only slowlgdegradable. Consequently, the
use of EDTA and its risk need to be minimised whengossible (Sillanpaa,
1997; Oviedo and Rodriguez, 2003; Fuerhacker et2803; Knepper, 2003;
Grundler et al.,, 2005). In order to limit the EDTisk, efforts have been
undertaken to reduce EDTA emission by substitufod changes in technical

processes since the late 1980s (Conrad 2000).

Apart from EDTA, the most wuseful chelating agentsre a the
aminopolycarboxycarboxylate group (Nowack and Vae&n, 2005) including
nitrilotriacetic acid (NTA), ethylene diamine disicate (EDDS) and diethylene
triamine pentaacetic acid (DTPA) (Sillanpaéa, 19Buerhacker, 2003; Cokesa Et
al., 2004; Schmidt et al., 2004).
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1. NTA

NTA contains four donor atoms and is a so-calleddgulentate chelating ligand
(Fig. 2.2). It forms 1:1 complexes with metal ioasid the stability of the NTA
complex is several orders of magnitude lower theat of its EDTA complex, as

can be expected from the lower chelating capadityTA (Table 2.4).

NTA is mainly eliminated in biological steps suck axidation ponds and
lagoons, activated sludge systems, or tricklingifd (Alder et al., 1990; Kari and
Giger, 1996; Egli, 2001; Nortemann, 2005). For elmtion efficiencies for NTA
of different wastewater treatment plants was suggesover 90% and
recommended that EDTA should be substituted by Ni&rever possible (Kari
and Giger 1996; Madsen et al.; 2001). Accordingumerous laboratory studies,
NTA is biologically degraded in fresh water (E@D01). However, contradictory
results have been reported on its degradation innmeand estuarine water

samples (Hunter et al. 1986).

NTA is recommended as a substitute of EDTA witheéasonable limits by the
UBA (Umweltbundesamt, i.e. the German Federal Emwmirental Agency),
whereas NTA use is not recommended or even resdrict special application in
some other countries because of the assumed bufinadly proven potential
carcinogenicity (Conrad, 2000; Knepper, 2003 ). NifAikely to have negative
effects on heavy metal removal during wastewateattnent and on the
mobilisation of metals from sediments in receivingters (Perry et al., 1984;
Madsen et al.; 2001).

2. EDDS

EDDS (Ethylene Diamine Di-succinic Acid) is a stiwral isomer of EDTA and a
well biodegradable complexing agent with low toticiThe field of possible
application is therefore restricted due to thetietdy low stability of their metal

complexes (Table 2.4) (Nértemann, 2005).
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In 1999, Jaworska et al. completed an environmarghklassessment of [S, S]-
EDDS (thereafter as EDDS) for a new, biodegradafleyng transition metal
chelator. They concluded that completed biodegranaif EDDS was observed
in all environmental matrices; and the predictediremmental concentration was
around 1g/L, which was well below the concentrations cagsaaverse effects
towards the ecosystem. EDDS was evidently safecaainticipated usage volumes.
In some applications EDDS was suggested to replacenore poorly degradable
EDTA (Schowanek et al., 1997; Bucheli-Witschel &ugli, 2001; Vandevivere et
al., 2001; Tandy et al., 2006a). Furthermore, EN@S suggested as a promising
approach to reduce heavy metal contents in sodady et al., 2004; Hauser et al.,
2005; Luo et al., 2005; Meers et al., 2005a; Taathal., 2006b & c). Hence,
EDDS seems to be an appropriate substitute for EVith many areas of

application, except it is much more expensive (@dn2000).

3. DTPA

The biodegradation of DTPA has been shown to notmar only at extremely
slow rates (Means et al., 1980; Hink et al., 199@rco6n et al., 2005) similar to
EDTA. Regarding the application of DTPA, Conrad QP stated that the
environmental problems of EDTA had not really besetved, but only shifted to

another complexing agent.

4. Other APCs Chelating Agents

Apart from the above compounds, a few other chejatagents of amino
polycarboxylates (APCs) could also be used as atisute for EDTA. For
instance, 1, 3-propylene diamine penta-acetic @iTA) andp-alanine diacetic
acid B-ADA) are being used as oxidizing agents and astsutes for EDTA, and
methyl glycine diacetic acid (MGDA) (as well as NyAre suggested as a
replacement for the predominantly used EDTA in dagry industry (Knepper,
2003).
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2.5 ENVIRONMENTAL IMPACT OF EDTA

EDTA has been selected by the European Union ati#®as one of the priority

substances for extensive evaluation due to envieotah concerns (European
Commission, 2003). The extensive Technical Guiddbaeument (TGD) of the

European Union was followed by the European riskessment process. A
comprehensive risk assessment of EDTA, which iredud critical review and

discussion of about 250 validated references, waspteted in 2004 (European
Chemicals Bureau, 2004).

2.5.1 Risk of EDTA in the Natural Environment

1. Atmosphere

There is no concern about possible EDTA emissitm tine atmosphere because
of its relatively low toxicity and physical propes. Likewise a risk to terrestrial
organisms is not expected (European Chemicals Bu2@04; Grundler et al.,
2005).

2. Agueous environment

In the aqueous environment, the risk of EDTA degeungdon the speciation of
EDTA complexes occurring. The potential risk of EDTio the aqueous

environment is generally assessed by comparing phedicted no-effect

concentration (PNEC) with the predicted environrakobncentration (PEC) for

the discharge from identified sources. A poteniisi is indicated to the aqueous
environment when the ratio of PEC/PNEC is >1 foreamssion site (European
Chemicals Bureau, 2004).

Toxicity
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In the Risk Assessment Report of EDTA, relevantristesm and long-term
ecotoxicity tests were evaluated (European ChemiBaleau, 2004). Valid long-
term tests are available on three different spediesh, Daphnia and Algae
(Sorvari and Sillanpaa, 1996; Sillanpaéa and Oike#96). Daphnia appeared to be
the most sensitive species with 21-day NOEC (largitno effect concentration)
of 25 mg/L of NaH,-EDTA which is comparable to 22 mg/L of 4#£DTA
(European Chemicals Bureau, 2004). The PNEC ofmi&yd. for EDTA in the
aqueous environment was then determined as an sasmas factor of 10
(Grundler et al., 2005).

In terms of the potential risk of EDTA, an extrermase is likely to occur in
relatively small surface waterways experiencingdaamounts of EDTA release.
Thus, EDTA may pose a risk to the local aqueousrenment in a situation
where EDTA is used as an industrial cleaning agergrevent precipitation of
calcium, magnesium and heavy metals at large daig beverage plants.
Grundler et al. (2005) reported that a high EDTAstanption of 10 tonnes per
annum with no effective EDTA removal in the wast&vatreatment plants
(WWTPSs) led to a PEC of 2.6 mg/L in the receivingface water. Consequently,
an appropriate risk reduction measure should besidered to prevent any
potential risk (PEC >2.2 mg/L) for the local aquscenvironment (European
Chemicals Bureau, 2004).

Bioaccumulation

A highly polar, water soluble compounds such as Ebuld not be expected to
bioaccumulate by partitioning into the lipid compon of aquatic organisms
(Madsen et al., 2001; Knepper, 2003). EDTA and rotimainopolycarboxylates
(APCs) will not, therefore, bioaccumulate in theuatic food chain, which is
supported by the fact that the concentration of BD fish is no higher than in
the surrounding water (Wolf and Gilbert, 1992; Epean Chemicals Bureau,
2004; Schmidt and Brauch, 2004).

Stimulation of Algal Growth
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The stimulating effects of EDTA on the growth ofya and other organisms
under laboratory conditions are well documented [{\&iod Gilbert, 1992; Eklund
et al., 2002; Oviedo and Rodriguez, 2003). Thisnphegenon could be relevant,
since the EDTA molecule contains approximately 10oftitrogen that could
eventually be available to the aquatic microbidTA could also have an
indirect effect when the exchange reactions of heimplexes occur in surface
waters (Wolf and Gilbert, 1992; Sillanpaa, 1997telNet al., 1998). For instance,
EDTA redissolves the calcic and ferric phosphatelsasing phosphorous orfe

to stimulate the algal growth.

Based on the above discussion, EDTA may theorstieadtract trace levels of

essential metals from sludge and humic acids toembkm more available for

algae and other plants. However, the stimulatidacefof EDTA appears to be

negligible as the levels of EDTA and metals in aoef waters are too low to make
the nutrients available for the algal growth.

Heavy metal mobilisation

EDTA is able to mobilise heavy metals in the enwinent that is influenced by a
series of factors. However, it appears that no losne experimental evidence of
heavy metal mobilisation potential of EDTA at ewwvimentally realistic
concentrations is available (Knepper, 2003). Thisnqomenon can only occur in
extreme cases of the high local concentration off E¥European Chemicals
Bureau, 2004).

In summary, there appears to be little risk toahjgeous environment due to the

influence of EDTA on the mobility of heavy metaéyjtrophication and nutrient

deficiency.

2.5.2 Mammalian Toxicology and Human Health of EDTA

In the aquatic environment, a large stoichiometxcess of calcium ions is likely

to exist. The complex of CaEDTA should therefore used for the safety
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assessment. The occurrence of EDTA in drinking wetemainly via the oral

route, though washing will also involve some dermgiosure.

1. Acute and long term toxicity

The published data indicate that conversion from thtrasodium salt to the
calcium disodium salt greatly reduces toxicity.different studies after oral and
dermal application, EDTA was evaluated to be noceom (Wolf and Gilbert,
1992; Grundler et al., 2005).

2. Teratology

Where studies involving EDTA have caused congemibeiormalities, there is a
hypothesis that it is caused by the EDTA-induceakt zileficiency (Wolf and
Gilbert, 1992). From a study on subcutaneous adtnation of CaEDTA,
ZnEDTA and a mixture of the two to rats, it was cloded that CaEDTA is
teratogenic in rats, and protection is affordedihgorporation of zinc in the

chelate (European Chemicals Bureau, 2004).

3. Carcinogenicity

Based on the bioassay of @ TA for possible carcinogenicity on rats and mice,
there was no specific data on kidney toxicity, ama tumours related to the
treatment in either species. Thus, there is no ewn terms of carcinogenic
potential of EDTA (European Chemicals Bureau, 2@¢dyndler et al., 2005).

4. Acceptable daily intake for humans

Reflecting EDTA’s low toxicity to humans, EDTA i€pnitted as an additive to a
range of foodstuffs in the United States (U.S. Coideederal Regulations, 2006),
the Netherlands, the United Kingdom and Denmark I{Velad Gilbert, 1992;
Yuan and Van-Briesen, 1997).
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The level causing no toxicological effect in ratasssuggested as 5000 ppm in the
diet, equivalent to 250 mg/kg. Based on this, thdQ@\evel of acceptable daily
intake for human is 0 to 2.5 mg/kg calculated aKl&BDTA (1/100 of no-effect)
(Wolf and Gilbert, 1992). The levels of EDTA in eins used for the preparation of
drinking water are generally below 2§/L, and therefore pose no risk to human

health. (European Chemicals Bureau, 2004)

Heimbach et al. (2000) reported a safety assessofierin EDTA (sodium iron
(11N ethylenediaminetetraacetic acid), includingxitcological, fortification and
exposure data. The data over the past 20 to 3G yem demonstrated that iron
EDTA was safe and effective for iron fortificatiar food products and met the

standards of “reasonable certainty of no harm”.

2.6 METALS AND EDTA IN SOILS

2.6.1 Mineral and Trace Element of Milk and Dairy Products

The effluent from the dairy industry originatesrfrdghe manufacturing process,
utilities and services. The various sources geadritom a dairy processing are
spilled milk, spoiled milk, skimmed milk, whey, andash water from milk
equipment and floor washing (Bylund, 1995; Rajegihwtal., 2000; Britz et al.,
2004).

The minor and trace element contents in milk andygaoducts have been well
documented (Coni et al., 1994, 1995 and 1996; LarttAMansson et al., 2003;
Garcia et al., 2006). The levels of trace elememés correlated with animal
feeding, year period of sample collection, enviremtal conditions and

manufacturing processes (Coni et al. 1995; Gartial.e2006). Selected trace
elements were analyzed by Coni et al. (1996) ireglend goats milk as well as
for typical cheese. Also, concentration of majoa,(®1g, P, K, Na and S) and
trace (Fe, Mn, Cu, Zn and Al) in commercial goatidl milk, evaporated,

powdered, yogurt, and cheese products manufactutbe US were evaluated for
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compositional differences by Park (2000). Lindm&té&nsson et al. (2003) chose
Na, K, Cl, Ca, Mg, P, Fe, Cu, Zn, Mn, Cr and | las ininerals and trace elements
to investigate the composition of Swedish dairyknaiffected by geographic and
seasonal changes. Lante et al. (2006) also cotedbto the study of the
characterisation of the mineral profile of dairyogucts (Crescenza and
Sequacquerone cheeses), together with the cormrdisgomilk. Macroelements
(Ca, P, Na, Mg, K and S) and microelements (Al,&e, Zn, Pb, Se and Cd) were
analysed by inductively coupled plasma optical emis spectrometer (ICP-
OES).

In summary, the minerals and trace metals of dauitik could differ due to the
diet, seasonal and geographic changes, and ggnereyl are Ca, Mg, K, Na, Fe,
Zn, Al, Cu, Mn, Cd and Se.

2.6.2 Metals in Soil

The use of wastewater for irrigation of agricultuemnd is a world-wide practice,

which offers an economic alternative to disposab isurface waters and it
contributes to nutrient cycling (Haruvy et al., 99%riedel et al., 2000; Angin et
al., 2005). Furthermore, long term irrigation caduce changes in the quality of
soil, especially as trace element inputs are sustiabver long periods and may
lead to the risk of groundwater contamination (8taad Milne, 2001; Silveira et

al., 2003; Sinha et al., 2006).

Where wastewater is being used for the irrigatibeye are various reports that
describe the resulting effects on the physical @mehmical properties of the soils
(Shahalam et al., 1998; Friedel et al., 2000; Z&abal., 2003; Angin et al., 2005;
Dawes and Goonetilleke, 2006), plant or crop gronBhahalam et al., 1998;
Angin et al., 2005; Sinha et al., 2006), environm@hahalam et al., 1998) and
even birds (Laposata and Dunson, 2000). The stddangin et al. (2005)

suggested that the major disadvantage of the wastewrrigation was the

accumulation of immobile heavy metals in soils.
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Effluent from milk processing to dairy products giry factories is commonly
irrigated onto land in New Zealand (Degens et2000; Sparling et al., 2001).
There are not many studies about heavy metals iinrslevant to the dairy

effluent. However, the suitability of dairy plantudge for fertilisation of

Cambisolic soil (soils that are either young orpeleding on the climate,
processes of soil formation occur slowly.) was stigated in northwest Spain by
Lépez-Mosquera et al. (2000). Soil properties (pldctrical conductivity, organic
matter content, N P, Ca, Mg, Na, K and Al) and soifl plant tissue heavy metal
contents (Hg, Pb, Cd, Cu, Zn, Ni, and Cr) were mheiteed in 12 grassland plots
fertilised over a 1-4 year period with dairy sludged conventional fertiliser
(cattle slurry and mineral fertilisers), and in smeadows fertilised with

conventional fertilisers only. Heavy metal contemwtxe also determined in plant
tissues from different plots. This study suggested (i) application of dairy-plant
sludge to grassland on a Cambisolic soil did nat [eo harmful accumulation of
heavy metals in the short- or medium-term (4 yegkdwever, the dairy sludge
was a source of heavy metals for the soil); andding-term sludge application

would eventually lead to a build-up of heavy metalsoils and plants.

2.6.3 EDTA and Soil Remediation

Metal contamination of soils by natural processelsumman activities is one of the
most serious ecotoxicological problems across thbey Heavy metals may be
adsorbed via specific or non-specific adsorpticectiens in soils (Sauvé et al.,
2000; Mulligan et al., 2001; Luo et al., 2003; 8iha et al.; 2003; Tandy et al.
2004). lon oxides and organic matter are the mmgiortant soil constituents
retaining heavy metal (Li and Shuman, 1996; Muliga al., 2001; Gyliené et al.,
2004; Lim et al., 2005).

EDTA extraction

Heavy metals including lead, chromium, arsenic,czicadmium, copper and
mercury can cause significant damage to the enviesrt and human health. The
cleanup of the soils contaminated with the heavtalaéas been one of the most
difficult tasks for environmental engineering (Setral. 2001). Manouchehri et al.
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(2006) studied the thermodynamic equilibrium (in I2urs) and kinetics about
major and trace metal extraction from soil by EDTFie study of Hong and

Jiang (2005) highlighted several factors relevanselecting suitable chelating
agents, including the chelating agent strength satelctiveness toward the target

metal as well as its viability of recovery and reus

Various in-situ and ex-situ remediation techniqueave been employed
(Manouchehri and Bermond, 2006). A particularlyrmpiging technique is ex-situ
soil washing with chelating agents (Peters, 1908ng et al., 2000; Gyliené et al.,
2004; Lim et al., 2005). The advantage of the metie the high potential

extraction efficiency and the specificity for heawmgtals with low cost.
Due to the similarities between soil and sedimemtenalogy, it can be applied
with minor modification to contaminated sedimennegliation (Ceremigna et al.

2005; Di Palma and Mecozzi, 2007).

EDTA for Phytoextraction

Besides the extraction of chelating agents, phytaetion has been used as an
alternative remediation technology for soils contated with heavy metals.
Natural phytoextraction is generally conceivedasglow working. Subsequently,
chemically enhanced phytoextraction has been dpedioto accelerate this
processing (Afyuni and Rezaeinejad, 2006; Lombalet2001; Madyiwa et al.,
2003; do Nascimento et al., 2006). Several chejaents, such as EDTA, have
been studied for their ability to mobilize metals soils and increase metal
accumulation in plants (Wong et al., 2004; Meeralgt2005a and 2005b; Ruley
et al. 2006). This approach makes use of high-bésntaops that are induced to
take up large amounts of metals when their mobilitysoil is enhanced by

chemical treatments, like EDTA.

Despite the success of this remediation technolsgyme concerns have been
shown about the enhanced mobility of metals in aod their potential risk of
leaching to ground water (Cooper et al.,, 1999; Vaet al., 2006a). Also a

strategy for managing leaching losses needs tmbsidered as a part of EDTA-
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enhanced phytoremediation plan (Thayalakumaran.e2@03). Uncustomized
additions of chelates may result in unsuccessfuytqggemediation, and

subsequently cause negative effects on the ecoemmvent (Song et al., 2005).
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2.7 IMPLICATION OF EDTA IN THE DAIRY INDUSTRY

EDTA has been used as an additive to caustic (yssadium hydroxide)
cleaning solutions to facilitate removal of Ca, M@d minerals during the
cleaning of dairy industry processing plants (Wanifd Gilbert, 1992; European
Chemicals Bureau, 2004; Schmidt et al., 2004). i8t@mt amounts of EDTA
have been applied in the dairy industry, in paléicuduring the high milk
production season, and due to the frequent spatidit change of milk products.
The literature indicates that significant use of TRDleads to high EDTA
concentrations in the plant wastewater (Kari andyeGi 1996; European
Chemicals Bureau, 2004). Subsequent dischargdweddffluent is likely to cause
a high local concentration of EDTA in receiving e, and causes further
environmental issues relating to heavy metals (@viand Rodriguez, 2003;
Nowack and Van Briesen, 2005). In particular, tfffuents from a large dairy
factory (Figure 2.6)ischarged to a relatively small stream have therni@l to

pose a risk to aquatic environments.

Figure 2.6 A large-scale dairy factory of New Zealand in eafisetting.

The minerals and trace metals in milk and dairydpots have been well
documented as Ca, Mg, K, Na, Fe, Zn, Al, Cu, Mn @ddLindmark-Mansson et
al., 2003; Garcia, 2006). EDTA complexes not onithwCa and Mg, but also
with trace metals of milk and added minerals inda&y industry.
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For dairy factories with their own wastewater treant plants, EDTA can be
significantly removed under favourable conditioffhis process is evidently
dependant on the speciation of EDTA and wastewatatment procedure
(Bucheli-Witschel and Egli, 2001; Sillanpaa andkBimiemi, 2001; Van Ginkel

and Geerts, 2005). The study of Van Ginkel and 5€@005) for dairy effluents
revealed that the elevated pH value evidently acatdd the degradation of
EDTA during the wastewater treatment processingetms of the elevated pH
accelerating EDTA degradation, it could possiblytheugh the mechanism of
biological oxidation. The other reasonable explamator the phenomena could
be the transition of EDTA-metal complexes as thkalality increases, in

particular for the most stable Fe(lll)-EDTA and alke earth metal complexes.
Alkaline earth metals can therefore compete subdésswvith trace metals to

form EDTA complexes that are more biodegradable @ankel et al., 1997). In

addition to pH, sludge retention time seemed toehavsignificant impact on
EDTA chelate removal from dairy effluents (Silladpéand Pirkanniemi, 2001;
Van Ginkel and Geerts, 2005). The relatively higidge retention time required
for the degradation of EDTA could be due to thevsieaction rate.

Study of land treatment systems for dairy efflueimdicates that the major
disadvantage of the wastewater irrigation is theuawlation of metals,
particularly sodium, in soils. Long term irrigatiazan induce changes in the
guality of soil. Complexation and mobilization akdlent metals such as Ca and
Mg by EDTA may further degrade soil structure. Simd inputs of trace
elements may induce a risk to ground water dueli®@Achelates (Haruvy et al.,
1999; Friedel et al., 2000). There are not manglistuabout heavy metals in soil
in relation to the dairy effluents. However, thedst of Lépez-Mosquera et al.

(2000) suggested the dairy sludge was a sourceadyhmetals for the soils.

2.8 CONCLUSIONS

() EDTA is the most powerful and widely used chelataggent to complex

undesirable cations in many industrial areas. Almals applications of
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EDTA are conducted in aqueous media and it is guesdly released into
the environment through wastewater. Hence EDTAkedy to be present in
the highest concentration of all anthropogenic coamgls in many surface
waters, and also has been detected in drinkingraate groundwater.

(i) EDTA generally has a low toxic impact for both hureaand natural
environments. However, there are some concerns talitsu poor
biodegradation in conventional wastewater treatnm@ants and natural
environments, and its remobilisation of heavy nsetAls a chelating agent
EDTA was once considered as a stable and almostdegradable
compound. In the light of later findings, it is dent that EDTA can be
removed by favourable treatment processes, inadudiiodegradation,
photodegradation of Fe(ll)EDTA and advanced oxatat treatment
processes. Contradictory results have been publisiomcerning EDTA
degradation in soil and sediments.

(i) Chemical species plays a key role in the behawd®DTA and influences
its fate in the environment. One of the main conseabout using EDTA is
the significant remobilisation of heavy metals. Hmer, this is only likely
to occur in rare cases where high concentrationSEFA, heavy metals,
and unfavourable environmental conditions are pitese

(iv) Inthe New Zealand dairy industry, EDTA has beeeduss an additive into
caustic cleaning solutions to facilitate the remafaCa, Mg and minerals
during the cleaning process. Significant use of BEDWay lead to high
concentrations in wastewater from processing plansibsequent
discharges of effluent is likely to cause a higmaantration of EDTA in
local receiving water, and to create further envwinental issues relating to
heavy metals. This is the first investigation itite effects of EDTA in New

Zealand.
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3.0 CHAPTER THREE: METHODOLOGY
FOR MEASURING EDTA

Measuring EDTA is a critical component of this @®#. To date there is no
international standard method available. In thisaptér, relevant analytical
techniques to quantify EDTA in multi-media samplae reviewed, and an
HPLC-UV analytical method developed that is basedtlee nature of dairy
wastewater and potential interference. A paperditDetermination of EDTA in

dairy wastewater and adjacent surface waters’ ley ®i Z.; Healy, T.; Robinson,
P.; Stewart, K. has been peer-reviewed and puldisheé?roceedings of World

Academy of Science, Engineering and Technology BVA%I. 34, pp. 50-54,

Oct. 2008.

3.1 OVERVIEW OF PRESENT ANALYTICAL TECHNIQUES
FOR EDTA

A number of techniques exist for the analyticalkedetnation of EDTA. Relevant
assays include gas and liquid chromatography, leapielectrophoresis, and the
recently developed method of ion chromatographye Tethod to be selected

depends upon the individual problem.

Most of the methods currently employed for the gsial of mixtures containing
EDTA are based on gas chromatography (GC) or higlfopmance liquid
chromatography (HPLC).

3.1.1 Gas Chromatography

The high sensitivity of GC enables low level detievations of EDTA to be
detected. The EDTA must firstly be isolated from d@gueous matrix in a pre-

concentration step. This is generally by ion exgeansolid phase extraction.
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After elutriation, the EDTA is derivatised to pradua volatile species for GC
determination.

The sample preparation of EDTA involves their casian to readily volatile
alkyl ester derivatives, like methyl, ethyl or lepyl (Lee et al., 1996; Sillanpaa et
al., 1998). Detailed studies have demonstratedati@n the derivation to propyl
or butyl esters yields better results than derreditdn to methyl esters (Wolf and
Gilbert, 1992; Lee et al., 1996; Schmidt and Brau®d05). The derivatization
step makes sample preparation tedious and timasoung. Particularly, when
EDTA exists as metal complexes, their derivatizaii® more difficult as metal
complexes must be decomposed prior to derivatiazdtjodecreasing the pH value
and causing a conversion of EDTA complexes intartiree acid forms. GC
methods are therefore not suitable for the detatiin of individual EDTA-

metal species and determine only the integral cori&llanpaa, 1996).

In most cases, derivatization is preceded by aamnation step to increase the
sensitivity of the overall process. In principotapproaches exist:

(). concentration of EDTA as anion on an aniontexwer (e. g. SAX) at pH 2-3,
elution with formic acid and evaporation of the telat 100-11%C to dryness
(Sillanpaa et al., 1996; Lee et al., 1996; Schmitt Brauch, 2005); and

(ii). simple evaporation of the acidified aqueoasgle to dryness at 100-L(5
(Nishikawa and Okumuta, 1995; Fuerhacker et aD320

More detailed studies have demonstrated that sirep#poration yields better
results than the first approach. Both approachegsime the complete removal of
water traces for the following esterification. Afteerivatization followed by

water addition, the resulting EDTA acid alkyl est@an be extracted from the
aqueous phase and purified by liquid-liquid exi@actwith an organic solvent
such as hexane (Fuerhacker et al., 2003), toluSillanpaa et al., 1998) or
methylene chloride (Schmidt and Brauch, 2005).

While detection in earlier studies often involvduke tuse of flame ionization
detectors (FID) (Wolf and Gilbert, 1992; Fuerhackeal., 2003), they have been
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almost completely replaced in current studies bgsyselective (MSD) (Lee et al.,
1996) or nitrogen-sensitive (NPD) detectors (Leelet 1996; Sillanpaa et al.,
1996 and 1998; Fuerhacker et al., 2003) that haeerhe state-of-the-art due to
their increased sensitivity. In the case of GC-M&DGC-NPD detection, the
detection limits are usually in the lomwg/L range. Most published applications
involved the analysis of all types of aqueous sohg (drinking water, surface
water, ground water and wastewater), but also ofdfosediments and fish
(Schmidt and Brauch, 2005). In 1995, Nishikawa #&iumura treated their

samples with a boron trifluoride-methanol mixtuadter evaporation to dryness.
The resulting methyl ester derivatives were deteeaii by capillary GC-MS

(Mass Spectrometry) with selective-ion monitorifdTA could be determined

in the ranges 3.9-11.8 ng/ml in water.

The advantage of the GC method is high sensitwitich enables the detection of
low concentrations of EDTA. The disadvantage istiime-consuming and labour
intensive sample preparation. Consequently, theidighromatography method

was developed to resolve this.

3.1.2 High Performance Liquid Chromatography (HPLC)

EDTA has been determined in wide variety of samplatrices by liquid

chromatography (LC). This includes drinking wateurface water (Bedsworth
and Sedlak, 1999 and 2001; Loyaux-Lawniczak et H)99), ground water
(Ammann, 2002), wastewater (Sillanp&a et al., 1Slanpaa, 1996; Nirel et al.,
1998; Dodi and Monnier, 2004), medical product:(ket al., 2003), sediments
and soils (Nowack et al., 1996), fertilizers andcmonutrients (Hernandez-
Apaolaza, 1997) and others (Cagnasso et al, 20@7)ecent years, high
performanceliquid chromatography (HPLC) has represented thastnsommon

approach for the determination of EDTA complex drate metal separations.
Compared to GC, it offers the major benefits thatextraction of the aqueous

samples is required, and that no derivatizationtref analytes for increase

62



CHAPTER THREE METHODOLOGY FORMEASURINGEDTA

volatility is necessary. Basically, the sample dam directly applied to the

separating column.

The LC separation of EDTA is performed either oversed-phased (RP) columns
(Sillanpaa et al., 1995; Nowack et al., 1996; Yaad VanBriesen, 1997; Lin et
al.,, 2003; Dodi and Monnier, 2004; Schmidt and BRu2005) or by ion

chromatography (IC) on an anion exchange columre(éi al., 1998; Bedsworth
and Sedlak, 1999). The reversed-phase techniquesuslly based on ion-pair
chromatography (IPC) that ion-pair reagent is adtedhe mobile phase to

convert the target compounds into neutral companent

Detection is normally performed with a UV detecteor this purpose, by addition
of excess of metal ions prior to, during, or aftexr chromatographic run (Schmidt
and Brauch, 2005), the EDTA to be analysed is cdedeinto a highly stable
defined metal complex with favourable UV absorptioharacteristics. Most
frequently Fe(lll) (Nowack et al., 1996; Nirel dt,a998; Bedsworth and Sedlak,
1999) and Cu(ll) (Yuan and VanBriesen, 1997; Limlet2003; Metsarinne et al.,
2005) are used. It is also claimed that the methaglag the Cu(ll) EDTA
complex are superior because the Fe(lll) EDTA caxpk photochemically
unstable (Wolf and Gilbert, 1992). In addition t® detection, some studies were
performed using mass-spectrometric detection (Dadd Monnier, 2004),
fluorescence (Yuan and VanBriesen, 1997), elecaoutal and also ICP-MS
coupling (Ammann, 2002; Schmidt and Brauch, 2005).

The typical detection limits of LC are in the lowgfa range (Wolf and Gilbert,
1992; Schmidt and Brauch, 2005). Without the emmieht step, it is unlikely that
LC is suitable for natural waters in which the cemitations are expected to be
below detection limits. Examples of typical chroogams of both GC and
HPLC analysis are presented in Figure 3.1. LC ntkethas been used as a
standard method for determination of nitrilotriaget acid (NTA),
ethylenedinitrilotetraacetic acid (EDTA) and didtmnetrinitrilopentaacetic acid
(DTPA) in water, wastewater and sludge in GermddiN(38413-8, 2000), in
which clearly demonstrated that the major problesfated to the liquid-
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chromatographic determination of aminopolycarbaxgcid was poor sensitivity

with working range of 0.1-20 mg/L.

Standard approaches to increase sensitivity inchaheple pre-concentration by
evaporation, large injection volumes and the usesasfsitive detectors. Some
methods taking these aspects into account are nmgndg achieve lower
detection limits down to Lg/L (Sillanpdaa and Sihvonen, 1997; Ammann, 2002;
Dodi and Monnier, 2004; Quintana and Reemtsma, 2007

Interestingly, the speciation study of metal compte has received attention,
which is of importance for estimating their envinoental fate and
ecotoxicological effects (Sillanp&aéa, 1997). The K@Pmethod was described by
Bedsworth and Sedlak (2001) for determination a @d(ll), Co(ll), Cu(ll),
Pb(ll), and Zn(ll) complexes of EDTA in municipalastewaters and surface
waters. The method involved separation by ion-emgbhachromatography on a
reversed-phase;g&column coated with ion-pair reagent, followed mspcolumn
conversion to FeEDTAand subsequent detection by UV absorbance. Thieothet
detection limit was 6-8xI®M (5-7ng) EDTA. Currently, a promising method for
the determination of EDTA speciation at trace lekiek been published. It is
based on the coupling of ion chromatography witP-IgS involving on-line
sample enrichment via column switching. This methtidws the determination
of nM levels of EDTA metal complexes in surface @vat (Ammann, 2005).
However, some relatively simple means are availdbtethe determination of
Ni(ll)-EDTA " and Fe(lll)EDTA species in water samples. The IFeglortion of
the total EDTA speciation can be determined bymilation of the water sample,
resulting in the complete photochemical decompasitf Fe(lIl)EDTA (Nowack
et al., 1996).
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Figure 3.1 Typical chromatograms of both Gas Chromatogra@®)(and High Performance Liquid Chromatography (BPanalysis
(Source: Sillanpaa, 1996)
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3.1.3 Capillary Electrophoresis

In recent years, capillary electrophoresis (CE) kaslved to an alternative
separation technique besides HPLC allowing therohét@ation of the speciation
of complexing agents (Pozdniakova et al. 1999; Gwetral., 2000; Schmidt and
Brauch, 2005). CE is a highly efficient separatechnique that has been used for
the analysis of inorganic and organic ions (Sogd Bmnaizumi, 2001; Brooks
2005). The principle of CE is based on the difféeremgration speeds of
electrically charged patrticles in an electric fifllang and Li, 1995; Timerbaev
et al., 2002); its particular benefit is its higiparation efficiency at short analysis
times (Baraj et al, 1995; Blatny et al, 1997; Padakas and Schwedt, 1997).
Complexing agents are traditionally used in palicas an electrolyte additive
for the modification of the ion mobility of the naétcations (Haumann and
Bachmann, 1995; Conradi et al, 1996; Blrgisser$totie, 1997; Fukushi et al.,
1997). The first direct assay has been publishe@®kgefe et al. in 1995. This
method has proved useful for the direct determomatf organic chelates and
their metal complexes (Brooks, 2005). So far, thalysis of free EDTA and their
metal complexes has been predominantly performed chpillary zone
electrophoresis (CZE) techniques (Padarauskas ahaetlt, 1997), but also the
application of micellar electrokinetic capillaryradmatography (MEKC) has been
described (Harvey, 1996).

Electrophoretic assays for EDTA include all possiériations like the free acids
(Zzhang et al, 2005), the determination followingneersion of all existing
complex species into a single defined metal compled also the differentiated
determination of individual metal complex speci€sriradi et al., 1996; Fukushi
et al.,, 1997). Published application ranges inclutlegs (Palmaesdottir and
Edholm, 1995), wastewater (Baraj et al., 1995)timda baths solutions and
cosmetic products (Padarauskas and Sahwedt, 138d@teKet al., 2006), surface
water (Blatny et al., 1997), radioactive waste 8ofu (Blurgisser and Stone,
1997), human plasma and urine (Sheppard and Heh&8¥), mayonnaise, and
Vegetables (Fukushi et al., 1997), and drinkingewéZhang et al., 2005).
Compared with GC, LC, CE has the advantages ofehnigffficiency, simpler

chemistry, faster separation time, ease of autemasimaller sample and reagent
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requirements, but with poor detection limits. Theop concentration limit of
detection is primarily caused by a consequencéait ®ptical path length within
the detection cell and the extremely small samplenie that can be introduced
into the CE capillary. In 1999, He and Lee useddarolume sample stacking in
acidic buffer to analyse small organic and inorgaamions by CE. Recently, a
novel sample injection technique-large volume dtagkusing the EOF
(electroosmotic flow) pump (LVSEP)-has been devetband applied for the first
time in detection of EDTA in drinking water by cHaiy electrophoresis(Zhu et
al., 2002; Zhang et al., 2005). The detection liofithe method was as low as 0.2
ug/L or 2.0 pg/L, with or without 10-fold pre-concentration pemture,

respectively.

3.1.4 lon Chromatography

lon-Chromatography was introduced by Lucy and Y89B) as a new reagent
system for determination of hexadentate aminopobaeylic acids. This system
is based on the fluorescent ternary complex forbedeen lutetium, hexadentate
aminopolycarboxylic acids, and 8-hydroxyquinolinedfonic acid (HQS) (Lucy
and Ye, 1995). The formation of the lutetium, trdn-diaminocyclohexane-N,
N, N’, N’-tetraacetic acid, and 8-hydroxyquinoligesulfonic acid (Lu-CDTA-
HQS) fluorescent ternary complex was also usedeterthine chelating ligands
(Ye and Lucy, 1996). The detection limit obtainealsv2.5x1¢ M (ca. 0.5 ng) for
EDTA. Additionally, the existence of ten-fold exsealkaline earth metal and the
transition metal ions did not interfere with thetetenination of these chelating

ligands with a metal-exchange sample pre-treatsterpt

The coupling of ion chromatography with electrogpraass spectrometry (IC-
MS) is a simple, sensitive and quick method fordegermination of polar organic
traces in water samples (Charies and Pépin, 1988eBet al., 1999). Analysis of
EDTA in aqueous samples, including wastewater, eeaspleted by IC-MS on an
anion exchange column after simple sample preperateps. The detection limit

was down to a concentration level ofid/L (Knepper et al., 2005).
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3.1.5 Other Methods

Except for the analytical methods discussed abibvge are a few other methods
which have been applied to analyse EDTA and meialA complexes, for
example, electrochemical methods (Sillanpda and voBdn, 1997),
spectrophotometry, atomic absorption spectromed®S) (Guclu et al., 2000;
Baytak and Turker, 2006) and titration method. Sclhirand Brauch (2005) have

published an excellent review article on this nratte

3.1.6 Summary

EDTA can be determined in different samples by GG, IC, CE and
electrochemical techniques etc. GC (GC-MS and GON&llows the sensitive
and reliable identification of the complexing agenHowever, it involves
cumbersome sample preparation and does not allevdeétermination of EDTA
speciation in the sample. GC can be applied tkainwaters, surface waters and
wastewaters. Alternatively, the determination iasth matrices can be performed
by liquid chromatography (LC). LC techniques aldmva the separation and
guantification of individual EDTA-metal species. Mever, the detection limit is
too high for surface water analysis (i.e. lQwy/L-range). Nevertheless, the
coupling of ion chromatography with electrosprayssapectrometry (IC-MS)
can resolve this matter. A number of EDTA —metakcips can also be
differentiated by capillary electrophoresis (CEhe tsensitivity required for
drinking water is achieved by LVSEP. The other mdd) e.g.
spectrophotometry, AAS etc. are prone to interfeesnin particular in the case of
complex matrices. As these techniques demonstedégively poor selectivity,
they are usually only suitable for the determinatad the general complexing

capacity of samples.
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3.2 METHOD DEVELOPMENT FOR ANALYSIS OF EDTA
USING HPLC - UV

Taking into account the equipment availability andning cost, HPLC-UV
seemed to be the most appropriate analytical tgakenfor this project. The
primary prime objective of the method developmeaswo establish a robust and
sensitive analytical technique with minimum integigce to apply to multi-media
samples, such as dairy wastewater. In view of ilgaly diversity of the dairy
industry relating to their products and processhis method development is
based upon the dairy wastewater from Fonterra Guatipe Group Limited,

Waitoa.

3.2.1 Initial Experiment Design

Before commencing the method development, it wasessary to review the

nature of samples and the goal of HPLC separations.

1. Analysis of sample features

In general, wastewater from dairy processing plaotgains high concentrations
of organic material such as proteins, carbohydraeklipids, high concentrations
of inorganic compounds such as N@nd large variations in pH (Britz et al.,
2004).

Wastewater from the Fonterra Waitoa dairy factergamposed of three parts:
» Processing water, which includes cooling water hedting processes
with free pollutants, is discharged into the Waitiwar with storm water;
* Cleaning wastewater originates from the cleaningthef equipment,
which has been in contact with milk or milk prodsjcand chemicals
applied to the Clean — In — Place (CIP) system,catiected in a sump
and subsequently pumped to the treatment ponduitiner treatment to

certain standards, and then discharged to the Waiter; and
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» Sanitary wastewater is piped into a separate teyatrpond, and then
discharged to the Waitoa River.

The method development of HPLC-UV was focused enctbaning wastewater,

in which chemicals containing EDTA were appliedidgrthe cleaning process.

2. Separation goals

The analyte of interest - EDTA, which has a molacweight less than 2000
g/mol, exists in an ionic pattern as 1:1 aqueousoldble metal complexes.
Obijectives of the experimental design were sebbswWing:

 The analyte of interest — EDTA being separated fitben myriad of
individual compounds in samples;

» Sharp, symmetrical chromatographic peaks;

» Separation time less than 10 minutes for practiced considerations;

» Capacity/retention factor 2 < k' < 10 and maximuofuenn plate number
for a quality chromatogram. The retention factartfe analyte of EDTA
is defined as k' =g —tw/ ty, where k is the time between sample
injection and an analyte peak reaching a detettitveaend of the column
tv is thetime taken for the mobile phase to pass througltdhemn ; and

* Minimum use and ease of disposal chemicals.

The aim of HPLC separations in this case was tarrenshat the analytical
component of [Fe(lll)EDTA]was completely separated from other compounds in
dairy wastewater samples, with a practical separadime of less than 10 minutes,
and to ensure that other metal — EDTA complexeswetally converted into
[Fe(EDTA]  before analyses. The method was thus optimizedafatairy
wastewater matrix, including checking potentiaknférences at levels found in

dairy wastewater.

3. Apparatus

The HPLC system consisted of a Shimadzu LC-10 AT YRuid
Chromatography (USA) with a 50 pl sample loop, arfdllzu SPD-10A VP UV-
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Vis detector set at 265 nm, a Hypersis &P column (Phenomenex) of length
200 mm, diameter 4.6 mm and particle size 5um, arRhenomenex security
guard column. The HPLC recording and integratiofivere was PowerChrom
(eDAQ Pty Ltd, Australia) attached to a Powerlap/8slata recorder

(ADInstrument). All water was obtained from an ELGAAT ® UHQII system

and filtered through 0.45um Nylon filters (Phenomwen Degassing of the mobile
phase was achieved by helium sparging. HPLC systamponents are shown in

a flow chart as below (Figure 3.2).

Mobile
Phas

Waste

! 1

Pump — Injector —» Column —» Detector

Software
Recorde

Figure 3.2 HPLC System Components for the determination of E@pplied in

this research.

4. Reagents, chemicals and solutions

Reagents were all chromatographic analysis gradeawent grade used without
further purification. A sodium formate / formic dcbuffer solution (pH 3.3) was
prepared by dissolving 0.17g sodium formate (BDRfJ .33 ml (Ajax Finchem)
90% formic acid in 1 L of water. An ion-pair reageolution (15 mM TBABI)
was prepared by dissolving 4.836g of tetra-n-butyleoniumbromide
(C16H36NBr, 322.38 g/mol) (Merck) in 1L of pH = 3.3 buffeplution. A stock
EDTA standard solution (0.1 g/L EDTA) was prepai®ddissolving 0.1462 g
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ethylenediaminetetraacetic acid iron sodium sadM 421.10 g/mol) (Merck) in
1L of water, and stored in the refrigerator wrappetin foil. Standard solutions,
ranging from 0—750 pg/L EDTA for calibration, wepeepared daily from the
stock solution. A F& solution (0.1941g/L or 3.47 mM) was prepared by
dissolving 2.4203 g Feg€bH,O (Merck) and 0.144ml HCI (37% Merck) in 500
ml water. A nitrate solution (1 g/L) was prepargddissolving 0.4077 g of KNO3
(Seelze—Hannover) in 250 ml water as a stock swiufor further dilution.
Calcium (0.1 g/L) and magnesium (0.1 g/L) ion solas were prepared by
dissolving 0.2732g of CaCkeH,O (BDH) and 0.1046 g of MggbH,O (BDH)

in 500 ml water respectively for further dilution.

3.2.2 Optimizing Chromatographic Separations

A number of HPLC methods have been published tcerdene EDTA
concentration in multi-media samples. A reviewld titerature indicated that the
method of Loyaux-Lawniczak et al. (1999) was appedp as a starting point as it

was reported to be suitable for measuring EDTAatural waters.

1. Buffer solution

In selecting a particular buffer, the buffer capaeind its UV absorbance should
be taken into account. Buffer capacity is determibg pH, buffer pKa and buffer
concentration. Generally, the effective pH connarige is given by pKa + 1.5.
The pKa of formic acid/K-formate is 3.8, buffer ggnis 2.8 — 4.8 and the UV
cutoff is 210 nm (10mM) (absorbance < 0.5) (Snyatal., 1997).

The analyte of interest — EDTA complexed as [FHMTA] is a basic

compound and its retention in the RP column istedldo the pH value of the
mobile phase. The pH value of 3.3 was chosen teepteprecipitation of iron as
99.2% of [Fe(II)EDTA] exists in its deprotonated form when pH value .3 3
(Loyaux-Lawniczak et al., 1999). Furthermore, thigffer solution was chosen
due to there being no absorbance at the wavelesfg65 nm (Snyder et al.,
1997).
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2. Solvent of the mobile phase

In reversed phase (RP) separations, the sampleticetecan be controlled by
varying the solvent strength of the mobile phad@s Tan be achieved either by
using different solvents or varying the percentanig (% B) composition with the
same solvent in the mobile phase. Both solventscefonitrile (ACN) (Nowack,
et al., 1996; Cagnasso et al., 2007) and methaeDH) (Loyaux-Lawniczak et
al., 1999; Laine and Matilinen, 2005; Katata, et 2006) were investigated. A
similar retention time was achieved using a lowercpntage of ACN (1%) than
MeOH (5%) if other parameters remained the samgu(Ei 3.3). The study of
different % B compositions of MeOH showed that @asing % MeOH shortened
the retention time (Figure 3.4). Buffer solutiontlwk% MeOH was selected for

giving a practical retention time and a good sepang2< k'<10).

3. lon—pairing reagent

An addition of the ion—pair reagent to the mobilege can often improve peak
shapes and large changes in separation seledtvitgnic samples (Snyder et al.,
1997). The ion—pair reagent, tetrabutylammonium AYBoromide (TBABI)
(Nowack et al., 1996; Loyaux-Lawniczak et al., 198 et al., 2003; Laine &
Matilainen, 2005) / TBA hydroxide (Nirel et al., 98 DIN 38413-8, 2000;
Cagnasso, et al., 2007) and TBA hydrogen sulphéd¢éata et a., 2006), is often
used as TBAis positively charged on its nitrogen and competis anions, for
instance, [Fe(II)EDTA] NGs, CI to form an ion-pair. The varied concentrations
of TBABr in the mobile phase were studied, and tbsults observed that the
retention of [Fe(ll)EDTA] compound decreased when the concentration of
TBABr was increased and other parameters remaimedame, with a 100 pg/L
EDTA standard solution (Figure 3.5 and Figure 3T6)e concentration of 15mM
TBABr was selected for the determination of EDTAdmiry wastewater.
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Figure 3.3 A similar [Fe(lIl)EDTA]
percentage of ACN (1%) tha

retention time obtained using a lower
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Figure 3.4 High composition of solvents shortened the [FEEDYA] retention

time during chromatographic separation when otleameters remain the

same.
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Figure 3.5 Retention time of [Fe(lll)EDTA]decreases with increasing the
concentration of tetrabutylammonium brom{d@@&ABr) in the mobile phase

during chromatographic separation when other paenmieemain the same.

[a—

(=T O N R = = =

0 10 20 30 40

Retention titme (min)

Concentration of TEABr (nM)

Figure 3.6 Effects of concentrations of tetrabutylammoniumnbiae (TBABT) in
the mobile phase on the retention of [Fe(II)EDTAliring chromatographic

separation when other parameters remain the same.

76



CHAPTERTHREE METHODOLOGY FORMEASURINGEDTA

4. Flow rate of mobile phase

In general, retention time increases with a lol@w frate, but the separation often
improves (Figure 3.7). The flow rate was set atrl@nin for a better separation

with a practical analysis time.

0.8 ml/imin
N 0.9ml/min [ \
1.0 ml/min I

" f‘ i
SNERERENEENEINAVAN
Jm———?\v?gijr wrj,. K; -

Retention time {Min.}
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Figure 3.7[Fe(lll)EDTA]- is retained longer with a lower florate of the mobile
phase during chromatographic separation when gaesmeters remain the

same.

5. Resolution of HPLC separation

The HPLC separation for [Fe(ll)EDTA]of interest in the dairy wastewater
sample is shown in Figure 3.8 by varying solvergrgiths and ion-pair reagent
TBABr concentrations with the optimized flow rate.4 ml/min). The optimal
solvent strength and concentration of TBABr for lpe&solution were 2%
methanol and 15mM TBABt.
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Figure 3.8 Overlay of chromatograms during chromatographipasations by
varying composition of mobile phases to ensure {fe(III)EDTA]-
completely separated from other compounds for da&rgtewater samples

6. Wavelength of UV detector

The choice of wavelength of UV detector dependsnupe analyte absorbance of
interest, sample interference and the mobile phhserbance. The detector signal
(A) is proportional to the molar absorptivity) (of the compound of interest. In
fact, the [Fe(llNEDTA] has a large value af and can be detected at a higher
wavelength (>210 nm) (Snyder et al., 1997). A wiglege of wavelength between
240nm and 330 nm has been used for the UV detefitmyaux-Lawniczal et al.,
1999; DIN 38413-8, 2000; Laine and Matilainen, 20@&n Ginkel and Greerts,
2005; Katata et al., 2006). A wavelength of 265 mwas determined by
wavelength scan using UV-Visible Recording Spedtodpmeter UV-240
(Shimadzu) and Graphic Printer PR — 1. The scanoaased out with different
concentrations of EDTA using the mobile phase adereace. The

spectrophotogram is shown in Figure 3.9.
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Figure 3.9Wavelength scan spectrophotograms of [Fe(lll)EDTwth different
concentrations of EDTA standard solution

3.2.3 Compounds that potentially complicate analysis

Some inorganic compounds can complicate the detation of EDTA.

1. Nitrates

Some authors (Nowack et al., 1996; Loyaux-Lawniezia&l. 1999; DIN 38413 —
8, 2000) reported that the determination of EDTAIldde under-estimated in the
presence of high concentration of N@ue to cross-sensitivities. Also, nitrate
(NOs3) shows a minor absorption at the wavelength of 266 (the wavelength
used to detect EDTA), which can cause over-estomaif EDTA (Snyder et al.,
1997).

The concentration of nitrate in dairy wastewatengies varies depending upon
manufacturing processes. Levels of nitrate foundaimy wastewater in this case
were generally below 100 mg/L. An experiment waslartaken by adding

different concentrations of NaN@10, 50 and 100 mg/L) to a 100 pg/L EDTA
standard solution (Figure 3.10). This indicatedt thiaere is no apparent
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interference to the [Fe(lll) EDTA]peaks at nitrate concentrations likely to be

found in dairy wastewater.

12
. 100 pg/L EDTA Std. + 100 mg/L NO3
. 100 ug/L EDTA std.+ 10 mg/L NO3-
100 pg/L EDTA std; onl

oo

EDTA peak
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Figure 3.10The effect of addition of nitrate on HPLC analysi€EDTA.

2. Metals

Nowack et al. (1996) stated that waters with higlciom and magnesium ions
may influence the determination of EDTA due to a@rnmeaeffect. The content of
calcium in the Waitoa dairy effluent was statedbt 8-10 times higher than
would be expected in local clean water (Waitoa yddactory fact sheet). To
investigate possible interference, an experimens waried out by spiking a
100ug/L EDTA standard solution with different contations (10, 25, 50 and
100 mg/L) of C&" and Md" (Figure 3.11 and Figure 3.12). The effect of a
mixture of C&"and Md" at the approximate ratio of €aand Md" in the dairy
wastewater (4:1), was also studied (Figure 3.18g ®verall results showed no
apparent interference of these metals on the detation of EDTA by HPLC-

UV at concentrations likely to be found in dairystewwater.
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Figure 3.12The effect of addition of magnesium on HPLC anialg$ EDTA.
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Figure 3.13The effect of addition of a mixture of calcium amégnesium (ratio
4:1) on HPLC analysis of EDTA.

3. Addition of excess ferric ions

In dairy wastewater from processing plants, EDTAstsxmainly in the form of
Ca-EDTA and Mg-EDTA. These species have low pKaesland slow exchange
kinetics (Nowack et al. 1996). Pre-treatment isstmeeded to convert these
species to Fe(ll)EDTA for the analysis of total E®in a sample. A series of
experiments were carried out which involved theitiatd of different molar ratios
of Fe"" (1xFe*, 1.5xFé&", 2xFe*, 5xFe*, 10xFé" and 20xF&) to a 100 pg/L
EDTA standard solution under different pre-treattrmonditions. The procedures
involved:
» Heating in 96C water bath for over 3 h (Nowack et al., 1996; Woy
Lawniczak et al., 1999);
* Placing in a dark place over-night (van Ginkel et1®99; Katata et al.
2006); and
e Boiling for 1.5 h.

The experimental results revealed that (i) the tamdiof excess Fé altered the

baseline and shifted the peak retention time of ¢heomatogram at higher
concentration of iron (Figure 3.14), but appearetito affect the peak area and
hence the determination of EDTA; and (ii) similasults were obtained with
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different pre-treatment conditions. Consequentlys & was the most
experimentally convenient, the overnight pre-treaitn was applied for

subsequent experiments.

a. 100 pg/L EDTA std. + 1 x Fe3+

b. 100 pg/L EDTA std. only

c. 100 pg/L EDTA Std. + 2 x Fe3+ EDTA peak
d. 100 pg/L EDTA std. + 20 x Fe3+ a

(Aw) ybray >ead

15.8 [ 6.4 6.8 72 76 g

Retention time (Min.)

Figure 3.140verlayof EDTA chromatograms to determine the effect afitoin
of Fe€"* on HPLC analysis.

4. Exchange of metal complexes

The determination of EDTA may be under-estimatedame EDTA exists as
other metal complexes, most likely to be’Cim waters. The molar extinction
coefficient of [Ca(I)EDTAF is much less than that of the [Fe(lI)EDTAko0
smaller absorbance peaks would be expected toswr@u (Loyux-Lawniczak et
al.,, 1999). This was confirmed using 100 pg/L dohg of CaEDTA and
FeEDTA (Figure 3.15). Hence, it is vital to ensthrat all metal complexes, most
likely [Ca(I)EDTA]? in both dairy wastewater and natural waters, cante

[Fe(IIEDTA]" with the appropriate pre-treatment.

The experiment was established according to théodedf Loyux-Lawniczak et
al. (1999), and accomplished by adding 10 timesve¢gnt ferric ion to a 100
pg/L EDTA standard solution as [Fe(I)EDTAAnd a 100 pg/L EDTA as
[Ca(I)EDTA]? to verify any losses of EDTA compared with 100 [u§DTA

standard solution only with the pre-treatment. Thet results (Figure 3.16)
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showed that the same peak areas were observed wiiithi three independent
solutions and indicated the completed conversion [G&a(I)EDTA]* to
[Fe(lINEDTA]", and no losses of EDTA from the pre-treatment.

{awu) wyfnar) yesd

0.24

e 72 @& 8 a4

Figure 3.15 Absorbance comparison of 1Q@/L EDTA as [Fe(ll)EDTA] and
[Ca(I)EDTA]?.

100 pg/L EDTA (CaEDTA) + 10 Fe3+

100 ugf/t! ENTA (FaFENDTAY atd

100 pg/l EDTA (FeEDTA) Std + 10 Fe3+

owo

EDTA peak

(Aw) yBray yead

68 ) 7.2 ) 7.6 ) 8 ) a4
Retention time (Min.)

Figure 3.16 Overlay of chromatograms of 1Q@/L EDTA from independent
solutions of standard EDTA as [Fe(lll)EDTAJconverted [Ca(l)EDTA]
and pre-treated standard as [Fe(lll)EDTA]
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3.2.4 Method Accuracy, Precision and Detection Limit

There is no Certificated Reference Material (CRMikble for EDTA in waters.
The method accuracy was checked using the anglike secovery, in which 100
pg/L EDTA of standard was added to dairy wastewasenples (Figure 3.17).
The spike recovery was between 98 % and 102 % @).=Additionally, the

method accuracy was demonstrated by comparing seals of 1 mg/L of EDTA
standard as NaFe(lll)EDTA manufactured different companies. Theame peak

areas were observed from the independent soluiibrstrated in Figure 3.18.

e
n

(Aua) wylsieny Hea

i

I

A

(%]
0

Retention time {Min.)

Figure 3.17 Overlay of chromatograms of a dairy wastewatergaronly, 100
pg/L EDTA standard solution and dairy wastewatengga spiked by 100
pHo/L EDTA with 101 % EDTA recovery achieved.
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--NaFeEDTA (BOH iaboratory reagent)
-- NaFsEDTA- 2 H20 (Merck)

3 EDTA peak

[awi) wbiay yead
—
o

4.2 ' 44 ' 46 48 5 ' 52 ' 5.4

i
]

Figure 3.180verlay of chromatograms at the concentration ofglL EDTA as

NaFeEDTA manufactured by different companies.

A daily calibration curve of concentration versusak area was obtained with
EDTA concentrations ranging from 0 to 1000 pg/L 10, 50, 100, 200, 500 and
1000). Good linearity (0.99-0.999) was observedrduthe experiment.

Precision of the method was determined by analyzidiyidual sample 12 times.
The repeatability, given as the relative standadiation (RSD), was less than
1.5 %. The method detection limit (MDL) was caldath as three times the
standard deviation of sample 1 (3x1.43 pg/L), gvinpg/L EDTA.

This developed method was applied to the deterimoimatf EDTA in multi-media
environmental samples in the research that detal® described in following
chapters (Xie et al., 2008).
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Table 3.1 Method repeatability test results from replicatarydavastewater

analyses.
Sample 1 Sample 2
Tests  (ugL™) (ugL™)
1 107.2 1792.4
2 107.9 1759.3
3 107.1 1758.9
4 107.7 1780.3
5 107.5 1756.3
6 106.9 1737.5
7 106.2 1801.1
8 106.9 1751.0
9 107.7 1753.6
10 104.7 1765.7
11 107.0 1766.8
12 103.0 1759.3
Average 106.7 1765.2
STDEV 1.43 17.97
% RSD 1.34 1.01

3.3 CONCLUSIONS

Having reviewed available analytical methods fa tletermination of EDTA, an
appropriate HPLC-UV method has been establishethfsrresearch. The method
accuracy was checked using the analyte spike reg@gethere is no Certificated
Reference Material (CRM) available for EDTA in watePrecision of the method
was determined by analyzing samples in replicate. method detection limit was
calculated as 5 pg/L of EDTA.

The next task is to apply the developed methodterain whether EDTA can be

detected in dairy waste waters as well as in enaients.
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4.0 CHAPTER FOUR: EDTA IN DAIRY
WASTEWATER AND REMOVAL
EFFICIENCY

EDTA is believed normally to be of low risk to humhealth and environments.
But an impact from EDTA may be evident in some sa#esites where there is an
output source (European Chemicals Bureau, 2004ndku et al., 2005). The
research undertaken in this chapter aims to asceftéwvels of EDTA in
wastewater from dairy processing plants, EDTA reahcefficiency from the
existing wastewater treatment plants under norrperating conditions at a case
study of the Waitoa dairy site, Fonterra Co-opeeaizroup Limited (Fonterra
Waitoa dairy site). The specific objective is t@we$ain whether EDTA can be

identified in the dairy waste waters.

Based on this chapter, a paper entitled ‘EDTA irydevastewater and removal
efficiency- a case study’ by Xie, C. Z.; Healy, Robinson, P.; Stewart, K. has
been submitted to thénternational Journal of Environment and Sustairebl

Development

4.1 APPLICATION OF EDTA IN DAIRY PROCESSING
PLANTS AT THE FONTERRA WAITOA DAIRY SITE

The Waitoa dairy site, Fonterra Co-operative Grdaimpited (Figure 4.1) was
established in 1902. There are approximately 5@@f §trocessing up to 5.0
million litres of milk a day, and it is primarily autritional powder site. A
cleaning compound containing EDTA, namely Elimimado Eliminator LF, has
been used as an additive to caustic cleaning adenitsy the CIP (clean-in-place)
process in manufacturing plants. The primary difioe dairy industries using
EDTA (also known as a single-stage cleaning) isetbuce CIP time and increase
available production time. This is achieved by agdEDTA to the caustic step of

CIP and dropping the use of the acid step (see t€hap. Single-stage cleaning
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also reduces water consumption and hence wastewgeseration and
nitrate/phosphate emission to wastewater througkerouse of nitric acid and

phosphoric acid containing blends (Orica Chemr@d42.

Figure 4.1 Waitoa dairy site, Fonterra Co-opera@veup Limited
(Photo provided by the Waitoa dairy factory)

At the time of this study, there were two proceggitants manufacturing cheese
and milk powder using Eliminator/ Eliminator LF algside the caustic cleaning
agents at the Waitoa dairy site. Eliminator isrargj liquid solution of organic
acid salts and surfactants, which contains EDTAQ34é 36.0 %) with a pH
around 14. The consumption of Eliminator associatéti the CIP could vary
depending on milk volumes and market demands f#@rsgrecific dairy products.
The ratio of EDTA in the caustic tank was generalytrolled at 0.1 - 0.3% and
the ratio of EDTA residue in discharge was conglat less than 0.1%. The
historical usage of EDTA at the site is tabulatedTable 4.1. The usage of
Eliminator containing EDTA is, suggested by thetdag, likely to be increased
depending upon the market demand for dairy prodadtse future.
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Table 4.1 Historical Usage of EDTA at the Waitoa dairy sitegnterra Co-
operative Group Limited, New Zealand.

Usage of Eliminator/ Specific
Seasons Eliminator LF Gravity Na,EDTA 35% EDTA
(Litres) (kg/L) (kg) (kg)

2003-2004 1.3 9990* 2650
2004-2005 1.3 24787* 6575
2005-2006 63190 1.3 82147 21791
2006-2007 46940 1.3 61022 16187
2007-2008 23610 1.3 30693 8142

(Source: Waitoa dairy factory and Orica Chemnet*)

4.2 DETERMINATION OF EDTA IN DAIRY WASTEWATER
USING HPLC-UV

4.2.1 Cleaning Wastewater Discharge System at the Waitdaairy Site

The cleaning wastewater of 12-14 streams from raitgssing plants, which has
been in contact with milk or milk products, and wheals applied during the
clean-in-pace (CIP) process, is collected in a swnpsite and subsequently
pumped to the wastewater treatment plants (WWTRugh a 1 km long

pipeline going across the company farm (Figure.4.2)

4.2.2 Wastewater Treatment Plants (WWTPs) at the Waitoa Riry Site

Wastewater is generally referred to as “influer’iteenters WWTPs. The WWTP
at the Waitoa dairy site includes two major pondth\a capacity of 46,000 tn
operated in series and two clarifiers (settlingkroperated in parallel (Figure
4.2 and Figure 4.3).
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W Water evaporation (700 m?/day)
et
Chesse Others
process
) i b ! Local
stream
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Pond 1 Pond 2 Clarifier 1 .
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Figure 4.2 Schematicwastewater biological treatment flow diagram in an

extended aeration sludge system at the Waitoa diéry

Figure 4.3A layout of the wastewater treatment plant at thet@da dairy site.

(Source: Waitoa dairy factory)

Once at the ponds, the wastewater is mixed witlvated sludge contained in the
ponds. Activated sludge is a liquid mass contairiiog, made up of bacteria and
other micro-organisms. The activated sludge usesvistewater as a food source,
consuming oxygen in the process. Oxygen is addatimemusly to the system by
the aerators to satisfy the micro-organisms. Tkellef oxygen in the ponds is

measured continuously by a computer turning thataes on or off to maintain
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the oxygen concentration. This wastewater treatrpemtessing is named as “an

extended aeration sludge treatment” (see Figuie 4.4

Figure 4.4 An extended aeration sludge wastewater treatrpentl, where the
activated sludge uses dairy wastewater as a fasdes@nd consumes oxygen

to satisfy the micro-organisms.

From the ponds the activated sludge mass flows eiiteer of two clarifiers, in
which the floc is separated from the water (Figdt8). Water, about 7000°mper
day on average, is clean enough to be dischargedha Waitoa River on a daily
basis. Some of the water is directed through a ddied to give additional
cleaning when the turbidity exceeds 99 NTU (Nepmaric turbidity units). In
this case the discharge is automatically stopped, @ alarm set off. The
suspended solid matter is therefore the major raong parameter for the

effluent.

The floc that settles to the bottom of the clarffi€the sludge) (Figure 4.6) is
returned to the ponds, which is generally pond dwever, a certain amount of
sludge needs to be disposed off daily to keep ylstes stable as the micro-

organisms grow continuously.
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Figure 4.5 Clarifiers where the floc is separated from theewdty gravity at the

Waitoa dairy wastewater treatment plant.

Figure 4.6 Some of the sludge from the bottom of clarifierpusnped back to the
treatment ponds or disposed off to retain the reganisms for the

processing at the Waitoa wastewater treatment.plant

The disposed sludge (0.5% solid average) needse tthiokened (2.5% solid
average) before being trucked away for a landnreat. The sludge thickening is
achieved on gravity belts where polymer is dosed he sludge to create larger

flocs, excess water is drained off and pumped batke ponds (Figure 4.7). The
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thickened sludge is trucked away and spread onsobgepasture land (see

Chapter 7).The amount of disposed sludge is abl@n® per day on average.

The WWTP at the Waitoa dairy site is operated urakobic conditions and
remains highly efficient with COD removal of 99%UlR, 1997). The operating
pH value of the ponds is controlled at pH = 8.0.2, &nd the sludge age is 3
weeks average.

Figure 4.7 Gravity belts operate to thicken the sludge befmimg trucked away
and spread onto nearby pasture land at the Wadtiop Wastewater treatment
plant.

4.2.3 Wastewater Sample Collection

Wastewater samples were collected at the follovgitgs within the operating
factory in order to determine firstly whether thBEA can be detected within the
system and if so, at what levels of EDTA at the ¥&idairy site, Fonterra Co-
operative Group Limited.

1. Sampling sites

Samples were collected at the sites illustratdeigare 4.8 as the following:
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a. Cheese drain, wet process flume from the procegdargs at the Waitoa
dairy site;

b. Influent into the wastewater treatment plant (WWTP)

c. pond 1 and pond 2 at the WWTP; and

d. Effluent discharged into the adjacent stream —tlaétds River.

Influent sample h Pond 1 sample

Chieese drain sample
Effluent sample

=9 -r"—__w

T

(38| Other plﬂ nts

1 Wetprocess

Sump ::) .

:>
W
WIWTP

Fuactory
Pond 2 sample
Wet process sample

Figure 4.8 Flow diagram of wastewater and sample collectites st the Waitoa

Waitoa River

dairy site, Fonterra Co-operative Group Limited

2. Seasonal conditions

The operation of dairy industries is generally tedlato the milk production.
Figure 4.9 demonstrates the operation status oy aaanufacturing plants. The
seasonal effects of milk production and factory rapen were therefore
considered as below while collecting the wastewatenples at the Fonterra
Waitoa dairy site.
a. Low factory operatiordue to the machinery down time for maintenances
at low milk production: 28, 29 and 30 August 20ard
b. Full factory operation at high milk production: 224 October 2007 (14
-16 November for cheese drain only) and 9 — 16 Dbes 2007.
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m KG MS
—~
—~

Figure 4.9Indicative operation status of manufacturing plahteng a year at the
Waitoa dairy site, Fonterra Co-operative Group @i
(m KG MS — million kilograms of milk solid)

3. Frequency

Samples were collected as:
a. a 24-hour composite flow-proportional sample atdheese drain, wet
process plant, influent, and effluent sites (Figlw0); and
b. for the oxidation pondl and 2 of the WWTP, eachparfrom morning
and afternoon were combined into a composite safopkhe day.
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Figure 4.10 A 24—hour composite flow-proportional sample odiiilen setting of
wastewater from the cheese drain, wet process, ptdhtent, and effluent at
the Waitoa dairy site, Fonterra Co-operative Grbumited.

4. Sample storage

Samples were collected in opaque PE bottles to daymiotolysis of the
Fe(IINEDTA and frozen (-1%C) until analysis.

4.2.4 Determination of EDTA in Dairy W astewater

1. Analytical apparatus and reagents

Analytical apparatus and reagents involved welestes] in Chapter 3.
2. Sample pre-treatment

The wastewater sample pre-treatment involved foligveteps:
a. Taking 1 — 5 mL aliquots depending upon the exgectsacentration;
b. Adding appropriate (5 — 9 mL) Fesolution at the concentration of 1.94
mg/L to the test tube;
c. Leaving overnight in the dark to allow complexirfgr@(lI)EDTA;
d. Filtered through 0.45 um cellulose nitrate filtéPhenomenex) using a
syringe unit; and

e. Injecting 50 pL of sample into the HPLC systemrabgnt temperature.
3. Quality control

A calibration curve during the determination of ETvas carried out daily,
ranging from O — 1000 pg/L of EDTA. The linearity the daily calibration
defined as a correlation coefficienf)(varied between 0.9988 and 0.999 (Figure
4.11).0ne blank, duplicate every i@ample and EDTA standard spike recovery
every 20" sample were analyzed for each run. Samples with tdncentration of

EDTA were diluted to the calibration range. Thearhatogram of a typical dairy
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wastewater sample is shown in Figure 4.12. A daityk file is attached as

Appendix 1.
Calibration curve (19 Dec 07)
100
90 - y=0.0924x + 0.0932

Rz=0.9997

Peak area (mv-s)
(9]
o

0 200 400 600 800 1000 1200
Concentration of EDTA (ug/L)

Figure 4.11 A daily EDTA calibration curve ranging from 0 - Q@ pg/L by
HPLC-UV with freshly prepared EDTA solutions.

[Fe(IEDTA] peak

Peak height (mv)

Retentiontime (min)
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Figure 4.12 A chromatogram of a typical dairy wastewater sangilenfluent

from the Waitoa dairy site, Fonterra Co-operativeup Limited.
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4.3 ANALYTICAL RESULTS

EDTA is identified by the retention time (minuteahd the concentration of
EDTA is quantified by the peak area (isivof [Fe(II)EDTA].

4.3.1 EDTA Occurrence in Dairy Processing Wastewater

EDTA concentration in wastewater samples of the pvetess flume and cheese

plant drain from the Waitoa dairy site are shownTable 4.2. Figure 4.13 and

Figure 4.14 indicate the number of data pointsaahegroup of samples.

Table 4.2 EDTA concentrations detected in dairy wastewatet(process and

cheese drain) from processing plants at the Waltoey site, Fonterra Co-

operative Group Limited, based on 13 24-hour cont@aamples in August,
October (November) and December, 2007.

Milk S'e.ason Sampling Date Wet Process Cheese Drain

Conditions (nao/L) (ng/L)
Low 27 - 28 Aug. 2007 <5 NO*
Low 28 - 29 Aug. 2007 <5 NO
Low 29- 30 Aug. 200 <5 NO
High 21 - 22 Oct. 2007 36430 -x*
High 22 - 23 Oct. 2007 82743 -
High 23- 24 Oct. 200 2594+ -
High 13 - 14 Nov. 2007 - 59619
High 14- 15 Nov. 200 - 7665¢
High 15 - 16 Nov. 2007 - 17183
High 9 - 10 Dec. 2007 14850 195
High 10- 11 Dec. 200 1355¢ 1960:
High 11 - 12 Dec. 2007 23756 33874
High 12 - 13 Dec. 2007 9903 1223
High 13- 14 Dec. 200 1387¢ 29€
High 14 - 15 Dec. 2007 6489 711
High 15- 16 Dec. 200 1472( 10701

* NO — not operating
** . no samples collected
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Figure 4.13 indicates the variation of EDTA concativbn in the wet process
flume at the Waitoa dairy site, Fonterra Co-opeeatGroup Limited. For samples
of 27-30 August 2007, EDTA was not detected (< B umdicating no EDTA
was being applied. However, during the samplingogeof 21-24 October and 9-
16 December 2007, EDTA was detected with conceatsitas high as 82700
Hg/L. The averaged concentration of EDTA detectedhfcontinuous sampling
during the week of 9-16 Dec. 2007 was 13900 ug/L.

;i 90000

&l

\E 80000 ° i

£ 70000 high

T 60000 Olow
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Figure 4.13Variation of EDTA concentrations detected in thastewater of the
wet process flume at the Waitoa dairy site, based ® 24-hour composite

samples in August, November and December, 2007.
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Figure 4.14Variation of EDTA concentrations observed in wastter of cheese
drain at the Waitoa dairy site, based on 13 24-lmmmposite samples in
August, October and December, 2007.

Figure 4.14 presents the observed EDTA concentr&iio the cheese drain at the
Waitoa dairy site. There were no wastewater sanfpbes 27-30 August 2007 as
the cheese plant was not operated due to machimaiptenance. For the
sampling period of 13-16 November (samples weresedisn October) and 9-16
December 2007, while the plant was routinely opegatthe concentrations of
EDTA detected were between 195 upg/L and 76700 ut/lis evident that
concentrations of EDTA in the processing wastewater closely related to the
daily manufacturing schedule. The level of EDTAte processing wastewater is

normally controlled below 0.1 % by the manufactgrpiants.

4.3.2 EDTA Reduction during the Waitoa Wastewater Treatmeat Process

Analytical results of EDTA concentrations from theluent to the effluent are

tabulated inError! Reference source not found.and illustrated in Figure 4.15,

when the wastewater was treated by an extendetiaaebiological system at the

Waitoa dairy site.

Table 4.3 Tested results of EDTA concentrations in the iafit) treatment ponds
and the effluent in an extended aeration systerthatWaitoa wastewater
treatment plant, Fonterra Co-operative Group Litjiteased on based on 13
samples collected in August, October and Decen2®€7.

S'\ggzon Sampling Date Influent Pond 1 Pond 2 Effluent
Conditions (ng/L) (ng/L) (ng/L) (mg/L)
Low 27 - 28 Aug. 2007 301 428 299 152
Low 28- 29 Aug. 200 93 447 23¢ 93
Low 29 - 30 Aug. 2007 226 293 179 161
High 21-22 Oct. 200 142( 47¢E 23¢€ 227
High 22-23 Oct. 200 317( 40¢% 25k 261
High 23 - 24 Oct. 2007 1374 249 256 147
High 0¢-10 Dec. 200 1997 122 64 98
High 10 - 11 Dec. 2007 1211 106 50 72
High 11 - 12 Dec. 2007 5194 295 263 78
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High 12- 13 Dec. 200 1747 14¢ 12F 18t
High 13- 14 Dec. 200 162t 10t 16€ 147
High 14 - 15 Dec. 2007 1738 119 73 115
High 15- 16 Dec. 200 350¢ 304 16€ 13C
Average 1813 269 182 144
STDEV 1434 139 84 56

4500 -
4000
3500
3000
2500
2000
1500
1000

500

mAug

Averagel EDTA concentration
{ug'L)

Influent Pond 1 Pond 2 E ffluent
Samples

Figure 4.15 Detected EDTA concentrations with a standard d®wiain the
influent, treatment ponds and the effluent at theitdé dairy wastewater
treatment plant based on 13 samples collected igusts October and
December, 2007.

Table 4.3 shows changes of the EDTA concentrationsastewater samples of
the influent, treatment ponds — pond 1 and pondn2, the effluent during the
sampling period of August, October and December7200 which time the

Waitoa dairy WWTP was under usual operating coodgi

1. Influent (wastewater to the treatment ponds)

It is evident firstly that EDTA was present in timfluent when the cheese plant
was not operating and EDTA was not detected inmbeprocess flume on 27-30
August 2007. This can be caused either by thegh&tP water recycling or by a
residue of EDTA in the site sump. It is also polsiihat EDTA was applied in

other production processes (Udabage et al. 20@@pr&lly, the concentration of
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EDTA in the influent to the WWTPs varied betweer0Q4ug/L and 5200 pg/L
from the whole dairy factory in October and Decemd@07.In a continuously
sampled week of December 2007, the averaged caatientof EDTA in influent

from the factory was 2400 pg/L.

2. EDTA in treatment ponds

The Waitoa dairy wastewater treatment plants (g2 and Figure 4.3) were
operated under aerobic conditions and remainedyhigfficient with COD
removal of 99%. The operating pH of the ponds wagrolled at 8.0-8.2, and the
sludge retention time was 3 weeks on average. @irat®ns of EDTA with one
standard deviation in pondl and pond 2 are algetitited in Figure 4.15. It can
be seen that concentrations of EDTA in treatmemidponere relatively high in
August and even in October 2007, ranging from 249-4g/L in pond 1 and 179-
299 pg/L in pond 2. For pond 1, the averaged EDBAue was 388 pg/L in
August and 376 pg/L in October. For pond 2, theayed EDTA value was 238
pg/L in August and 250 pg/L in October. In partazufor October 2007, one of
aerators malfunctioned in pond 2 during when thetewater sample collection.
This indicates that the biodegradability of EDTAponds is strongly dependent
upon the operation of the WWTPs, and it may nofudly operated due to the

machinery down time for maintenance during the toik production season.

3.  Effluent (wastewater discharged into the environmntgn

The detected EDTA concentrations in the effluerdckarged into the local
waterway of the Waitoa River varied between 72 a6d pg/L. The averaged
EDTA concentration of the effluent was 135, 212 &8 pg/L in August,
October and December 2007, separately. These valees well below the
Predicted No Effect Concentration (PNEC) for aquativironments of 2.2 mg/L
EDTA suggested by the European Union (European @adsrBureau, 2004).
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4.3.3 EDTA Removal Efficiency by an Extended Aeration Acivated Sludge

at the Fonterra Waitoa Dairy Site

Figure 4.16 shows the overall averaged EDTA coma&noh with a standard
deviation for wastewater samples from the influématment ponds, and effluent
at the Waitoa dairy WWTPs during sampling periose mass balance of EDTA
during the treatment process is explained in Tdbfe when the dairy WWTPs

were under normal operation.

3500
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2500 - STDEV

3 2000 -

, 1500 A
1000 -

500 -
0 |_L|I_'_I|—'—|

Influent Pond 1 pond 2 Effluent

Averaged EDTA concenfration
(ng/L)

Samples

Figure 4.16 Overall calculated EDTA changes during an extendedation
activated sludge treatment process at the Waitog destewater treatment

plant, based on 13 samples collected in Augusiplégctand December, 2007.

Table 4.4Mass balance of EDTA at the Waitoa dairy wastemagatment plant,
based on 13 days of August, October and DecemBe@r.,. 2

Sample Influent Effluent
Date Volugne EDTA Con. EDTA Volugne EDTA Con. EDTA ‘
(Mm% (nolL) amount (g)  (m%) (ug/l)  amount (g;
27-28 Aug. 2007 o 0 301 2835 6533 152 993
28-29 Aug. 2007 9963 93 927 7374 93 686
29-30 Aug. 2007 o 226 1595 8343 161 1343
21-22 0ct. 2007 4 ooy 1420 14731 7863 227 1785
22-23 Oct. 2007 ;1o 3170 34949 8598 261 2244
23-24 Oct. 2007 449 1374 15868 7945 147 1168
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09-10 Dec. 2007

10-11 Dec. 2007

11-12 Dec. 2007

12-13 Dec. 2007

13-14 Dec. 2007

14-15 Dec. 2007

15-16 Dec. 2007

Average

5293 1997 10570 5954 98 583

4208 1211 5096 2986 72 215

5145 5194 26723 3234 78 252

6394 1714 10959 5098 185 943
5242 1625 8518 6942 147 1020
8468 1738 14717 6664 115 766
9620 3505 33718 7235 130 940
7981 1813 13939 6521 144 995

It can be seen from Table 4.4 that

(i)

(ii)

there may have a significant difference betweemmals of the influent
and the effluent. On any one day, water level efgbnds can be allowed
to rise or fall to keep the flow to the river caanst So one day the
effluent discharge can be higher than the infl@erd the next it mighte
the opposite;

Evaporation of wastewater during the treatmentbEquite high as there
is over 3000 rhof surface area of the ponds. The actual arearitact
with air is much larger due to the aeration. Evapion of wastewater on
average, as advised by the factory, is evidently4dl6f the wastewater
volume of influent. In this case, there was no iigant difference
(4.5%) between the influent (7982and effluent (6521 +798 + 300 =
7619 nf).

The reduction of EDTA from the dairy WWTPs is defihas the mass difference
of EDTA between the influent and the waste discaésrgvhich include the sludge

and effluent. The influent from the factory siteokoabout 6-7 days to be

discharged into environments due to large capatfitthe ponds and clarifiers.
Thus the reduction of EDTA from the dairy WWTPs manbe assessed on a

daily basis.

The removal of EDTA from the wastewater treatmenicpssing was calculated

as 93% based upon a mass difference between thallomeeraged EDTA

amounts of the influent and waste discharges (thotithe effluent and sludge)
during the sampling period of August, October aret@&nber 2007 (Table 4.5).
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Approximately 93 % of EDTA removal was thereforéhiaved by an extended
aeration activated sludge treatment, operatecht @alue of 8.0 — 8.2 and sludge

age of three weeks at the Waitoa dairy WWTPs.
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Table 4.5 EDTA removal efficiency by an extended aeratiotivated sludge
system operating under pH 8.0-8.2 and 3-week sladgeat the Waitoa dairy
site, Fonterra Co-operative Group Limited, based ®sampled collected in
August, October and December, 2007.

EDTA mass Percentage

ltems (g/day) (%)
Influent 13939 100
Effluent 99t 7.1
Sludge 43 0.3
Breakdown 12901 92.6

4.4 DISCUSSION

4.4.1 Variation of EDTA Concentrations in the Industrial Wastewater

As EDTA is water-soluble and not volatile, it is eenually released into
wastewater. The investigation of Schmidt et al.0@0reported that variation of
EDTA concentrations was detected between 100 ar@@Qg/L in the industrial

wastewater in Germany. Concentrations of EDTA irsteaater of the dairy and

beverage industry were observed from 2,500 to ZRQIL in Germany.

Varied concentrations, as high as 82,1@fL of EDTA, were detected in the
dairy wastewater from processing plants at the ¥dagtairy site. During the high
milk production season of October and December(@72 in which time the
factory was operating to capacity, concentratioh€£DTA in the influent into
watstewater treatment plants from the Waitoa déagtory were tested ranging
from 1,200 to 5,20@ug/L. Concentrations of EDT in the effluent dischedgnto
the local waterway from the Waitoa wastewater tneait plant was 72- 260y/L
of EDTA.
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4.4.2 EDTA Removal Efficiency by an Activated Sludge Biadgical

Treatment

EDTA is generally believed to either resist degteaa or undergo slow
biodegradation (Kari and Giger, 1995; European Gbal®m Bureau, 2004).
However, it can be degraded under favorable caditi which depend on the
speciation of EDTA, the bacterial population anémping conditions during the

biological treatment processing (Egli, 2001; vankel and Geerts, 2005).

1. Speciation of EDTA in the wastewater treatment pend

The primary objective for the use of EDTA in theirgandustry is to prevent
precipitation of calcium, magnesium or other miterdable 4.6 shows total
metal monitoring results (sodium and potassium inctuded) in wastewater

treatment ponds at the Waitoa wastewater treatpiant.

Table 4.6 Total metal monitoring results from 2004 and 2065wastewater

treatment ponds at the Waitoa dairy site.

Pond 1 Pond 2
Tests T*Ca TMg TFe TAI TCa TMg TFe TAI
(mg/l) (mg/ll) (mg/l) (mg/L)| (mg/l) (mg/ll) (mg/l) rhg/L)
1 90.5 22.8 10.1 35.8 83.4 215 8.8 325
2 80.7 22.7 11.1
3 95 23 8
4 99.9 22.8 7.3 15.2 92.6 20.6 5.9 13.3
5 95.2 215 4.9
6 95.3 22.4 5.3 92.6 21.6 5.3
7 102 24.4 6.5 11.1 94.7 22.4 5.6 9.57
8 86.1 18.2 6.3
9 93.1 22 10
10 80.7 24.8 8.1 81.5 25.2 8.3
Mean 93.7 23.4 7.5 20.7 89.5 21.9 7.4 18.5
T* - total

(Source: Waitoa dairy factory)

Based upon calculations of metal-EDTA stability stamts as demonstrated in
Table 4.7, the majority of the EDTA is likely to e the form of an iron(lll)
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complex in the aerobic treatment ponds as thgdss*[Fe] is so much higher

than other metals.

Table 4.7 Calculation of EDTA speciation in the treatmenn@s based on the

EDTA complexing constant at the Waitoa dairy wastwtreatment plants.

Treatment
ponds Metals Me. Con. M/W Me. Con. LogKa Ka*[Me]
(mg/L) (g/molar) (mM)
Pond 1 TMg 23.44 24.3 0.96 8.83 7.0E+08
TCa 93.68 40.1 2.34 10.61 9.0E+10
TAI 20.7 26.98 0.77 16.5 3.0E+16
TFe 7.46 55.8 0.13 25 1.0E+24
Pond 2 TMg 21.87 24.3 0.9 8.83 6.0E+08
TCa 89.49 40.1 2.23 10.61 9.0E+10
TAI 18.46 26.98 0.68 16.5 2.0E+16
TFe 7.42 55.8 0.13 25 1.0E+24

However, the total iron concentration in the poefliects F& (iron exists as =
due to the aerobic condition) in solution plus’Fassociated with particulate
matter, such as dirt, protein, and fats which mayehnegative charges to which
Fe** will be attracted. F& will be precipitated under alkaline conditions whgH
is controlled at ~8.0 in treatment ponds via tHeWing reaction:

Fe*(aq) + 30Haq) — — Fe(OHX(s)

The concentration of Beprecipitated with OHwill be %4x10°M assuming pH is
8.0 in the treatment ponds. Meanwhile®Feomplexes with the strong chelating
agent EDTA to form a 1:1 complex via the followireaction:

Fe*'(aq) + EDTA (aq)— — [Fe(Il)EDTA]

The complexing stability constant is Ka = [Fe(IIDEA] /[ Fe*'*[EDTA *] (Ka =
107° at 25C).

In treatment pond 1 the concentration of ‘Fequired for complete complexing
with EDTA, is 0.4-1.7uM which is the same as the EDTA concentratiérrdr!
Reference source not found. The actual total Fe concentration in pond 1 was
0.13 mM, which is three orders of magnitude highean the EDTA concentration.
This suggests that the majority, if not all, of @BBTA will be in the form of an
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Fe(lll) complex in the aerobic treatment ponds. dreécally, the EDTA
concentration could be as high as 37,440 pg/L iflllfewas completely

complexed in treatment ponds.

2. Biodegradablity of EDTA in the activated sludge &tent process

The principle of a biological wastewater treatmehtaerobic process, such as
activated sludge system, is to use naturally coathimicro-organisms in the
sludge converting undesirable material into envimentally benign substances.
EDTA has been reported to have no notable degmadatiith conventional
wastewater treatment plants. Nonetheless, it has peoved that EDTA can be
removed by activated sludge systems operated ualétaline conditions (van
Ginkel et al.,, 1997; van Ginkel and Boelema, 199¢moval of EDTA in
activated sludge systems depends upon (i) sludgstien time, (ii) alkaline
medium, and (iii) activated sludge with a wide rangf micro-organisms (van
Ginkel and Boelema, 1999).

van Gingle and Boelema (1999) demonstrated thatntierobial population
contained in dairy activated sludge is able to bgrdde EDTA during the
wastewater treatment process. To achieve an efée@DTA removal by the
microbiological degradation, it has been suggedtet the pH of reaction
mixtures should preferably remain at 7-9 with adgki retention time of at least
one week (van Ginkel et al., 1997; van Ginkel anoklBma, 1999). Other
contaminants in the wastewater containing EDTA loareffectively purified at a
pH of about 8-9 by using microorganisms in flocghaut employing a special
material to carry the microorganisms (van Ginketl éoelema, 1999). The
relatively high sludge retention time required floe degradation of EDTA could
be due to the slow kinetics of the reactions (8pE& and Pirkanniemi, 2001).
EDTA nitrogen has been converted into either rétrat ammonia to evaporate
during the process of EDTA biodegradation at thevated sludge wastewater

treatment plant (van Ginkel and Boelema, 1999).

At the Waitoa wastewater treatment plant, wastewiaoen the dairy processing

plants was treated by an extended aeration sludgénent system operating at
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pH of 8.0-8.2 and three-week sludge retention tiriee EDTA removal

efficiency compared with the international reseasctiemonstrated in Table 4.8.

Table 4.8 EDTA removal efficiency at the Waitoa dairy wastésvatreatment
plant compared with the international researchlteswnder various pH and
sludge retention time (SRT)

Wastewater  Sludge pH SRT EDTA Sources
type type (day) Removal (%)
Dairy dairy 8.0-8.2 ~20 ~93 this study
van Ginkl and Geert:
Dairy dairy 75-81 ~20 ~90 2005
van Ginkl and Geerts,
Beer beer 7.3-7.7 ~23 ~50 2005
van Ginkl and Geert:
Dairy dairy 7.8-8.4 ~9 ~30 2005
van Ginkl and Geerts,
Dairy+domestic municipal 6.9-7.1 ~20 0 2005
van Ginkl and Geert:
Dairy+domestic municipal 8.7-8.9 20 95 2005
van Ginkl and Boelema,
Municipal municipal  8.0-9.0 >28 100 1999
van Ginkl and Boelem
Municipal municipal  8.0-9.0 >29 >89 1999
van Ginkl and Boelema,
Municipal industrial  8.6-8.8 >49 100 1999
van Ginkl and Boelem
Municipal industrial  8.7-8.9 >49 72-100 1999
paper van Ginkl and Boelema,
Municipal mill 8.5-9.0 10 ~ 80 1999

4.5 CONCLUSIONS

i. An HPLC-UV method was used to investigate occuresnaf EDTA in
dairy processing wastewater and EDTA removal efficy through an
activated sludge biological treatment process. Thethod has
demonstrated a good linearity’ (0.9988-0.9998), duplicate limits (less
than 6.3%, n=5) and EDTA standard spike recove®®{102%, n=6). The
method detection limit (MDL) was |5g/L of EDTA.

ii.  Significant concentration of EDTA was observed iastewater samples
of the manufacturing plants, where the Eliminatar Eliminator |l
containing 34 — 36 % of EDTA was applied in the Glifstem of the

cleaning process. The highest concentrations of AD®m the cheese
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drain and the wet process were approximately 770§Q and 83000
ng/L, respectively. However, those levels of EDTAravéelow the value
of EDTA (0.1%) controlled by the process plantled Waitoa dairy site,
Fonterra Co-operative Group Limited.

iii.  During the lower milk production season, EDTA waetted in influent
when no Eliminator or Eliminator LF had been apgplie either the cheese
or wet process plants. This indicates that therg lm@ve some other
EDTA sources, which may either involve the produciprocess to change
the product features or originate from the CIP eaysbf other plants due
to the recycling of cleaning water. Concentratioh&DTA in the influent
into the wastewater treatment plant varied fromp@fL to 5200 pg/L
were detected. The EDTA concentration of the inftualso reflects the
level of manufacturing activities.

iv.  The analyses showed an effective reduction of 9% A was achieved
by the extended aeration activated sludge process fthe dairy
wastewater treatment plants, operated under atkabmditions of pH 8.0—
8.2 with 3-week sludge retention time.

v. The concentration of EDTA detected in the Waitoarydeeffluent
discharged into the Waitoa River was 72-260 ug/tinduthe sampling
period of August, October and December in 2007 ctvis well below the
threshold value of 2.2 mg/L of predicted effect camtration for the

aquatic environment, advised by the European Union

4.6 REFERENCES

Bucheli-Witschel, M. & Egli, T. 2001. Environmentahte and Microbial Degradation of
Aminopolycarboxlic AcidsFEM Microbiology Review25, 69-106.

Egli, T. 2001. Biodegradation of Metal-Complexingnkopolycarboxylia AcidJournal
of Bioscience and Bioengineerir@p(2), 89-97.

European Chemicals Bureau, 2004. European Uniok R&sessment Report, Edetic
Acid (EDTA), Institute for Health and Consumer Raiton, 141p.

Grundler, O.J., van der Steen, A.T.M. & Wilmot2005. Overview of the Euporean Risk
Assessment on EDTA. In: Nowack, B., VanBriesen,.JBls.),Biogeochemistry
of Chelating AgentsACS Symposium Series. American Chemistry Society.
Washington, DC, pp. 336-347.

Kari, F.G. & Giger, W. 1995 Modeling the Photochemical Degradation of
Ethylenediaminetetraacetate in the River Gl&ttviron. Sci. Technql29, 2814-
2827.

117



CHAPTERFOUR EDTA IN DAIRY WASTEWATER AND REMOVAL EFFICIENCY

Kari, F.G.; Hilger, S. & Canonica, S. 1995. Detaration of the Reaction Quantum
Yeild for the Photochemical Degradation of Fe(HPTA: Implications for the
Environmental Fate of EDTA in Surface Watdesviron. Sci. Technol29, 1008-
1017.

Nowack, B. 2002. Environmental Chemistry of Amintygarboxylate Chelating Agents.
Environ. Sci. Technol36(19), 4009-4016.

Noértemann, B. 2005. Biodegradation of Chelating 8geEDTA, DTPA, PTDA, NTA
and EDDS. In: Nowack, B., VanBriesen, J.M. (Ed€Biogeochemistry of
Chelating Agents.ACS Symposium Series. American Chemistry Society.
Washington, DC, pp. 150-170.

Orica Chemnet, 2004. AMF Single Stage Cleaning | Ttigarch - November 2004,
Unpublished report, 8p.

Rule, G.J. 1997. Modeling and Microbiology of a NEealand Dairy Industry Activated
Sludge Treatment Plant. A thesis for the degreeMabter of Environmental
Engineering, Massey University, 103 p.

Satroutdinov, A.D.; Christyakova, T.l.; Dedyukhing,G. & Minkevich, 1.G. 2005.
Mocrobial Degradation of EDTA: New EDTA Degradinga@erial Strains. In:
Nowack, B., VanBriesen, J.M. (EdsBiogeochemistry of Chelating AgentsCS
Symposium Series. American Chemistry Society. Wagbin, DC, pp. 171-182.

Schmidt, C.K., Fleig, M., Sacher, F. & Brauch, H.-2004. Occurrence of
Aminopolycarboxylates in the Aquatic Environment @érmany.Environmental
Pollution, 131, 104-124.

Sillanpaa, M. & Pirkanniemi, K. 2001. Recent Deyelent in Chelate Degradation.
Environmental Technology2, 791-801.

Udabage, P., Mckinnon, I.R. & Augustin, M. 2000.ndial and Casein Equilibria in
Milk: Effects of Added Salts and Calcium-chelatidgient. Journal of Dairy
Research67, 361-370.

van Ginkel, C.G. & Boelema, E. 1999. Microbial Dagamtion of Alkylene Amine
Acetates. US patent 5,965,024.

van Ginkel, C.G. & Geerts, R. 2005. Full-scale Bgtal Treatment of Industrial
Effluents Containing EDTA. In: Nowack, B., VanBrags J.M. (Eds.),
Biogeochemistry of Chelating Agent®ACS Symposium Series. American
Chemistry Society. Washington, DC, pp. 195-203.

van Ginkel, C.G., Vandenbroucker, K. L. & StrooAC1997. Biological Removal of
EDTA in Conventional Activated-sludge Plants Opedatunder Alkaline
Conditions Bioresource Technolog$9, 151-155.

118



5.0CHAPTER FIVE: EDTA AND
ASSOCIATED HEAVY METALS IN THE
WAITOA RIVER

The widespread occurrence of EDTA and its poor dgpadability under many
environmental conditions led to recognition that T2Dlikely comprised the
highest concentration of anthropogenic compoundsnamy surface waters in
Europe, and perhaps even in the world (Chaptert.International Commission
for the Protection of the Rhine identified EDTA thee only relevant chelating
agent in the Rhine catchments (Knepper, 2003). Iimteznational Association of
Waterworks in the Rhine catchment area recommenadefDTA target value of

5 ug/L for surface waters at 90-percentile of one &ahmidt et al. 2004).

High concentration of EDTA in surface waters is gibke to disturb the natural
speciation of metals, to affect metal bioavailépiliand consequently to affect
organisms in the aquifer, or pose a risk to growatdw and drinking waters
(Nowack, 2002). Presently, there is no regulatiorEDTA concentration for

surface waters in New Zealand, except that a maxinacceptable value of
EDTA for drinking waters is set as 0.7 mdhr health purposes (Ministry of
Health, 2005).

The specific objective of this chapter is to invgeste occurrences of EDTA and
associated heavy metals in the Waitoa River, intuclv large volumes of
wastewater containing EDTA are discharged fromRbeterra Waitoa dairy site.
Purposes of this investigation are to identify ED&@éncentrations in the Waitoa
River subjected to the dairy effluent dischargerfrine Fonterra Waitoa site, and
ascertain the potential of heavy metals remobilizeth rive sediments due to the

EDTA chelates in the receiving water of the Waiiaer.
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5.1 OCCURRENCES OF EDTA IN THE WAITOA RIVER

5.1.1 Sample Collection

Surface water samples were collected at 2500 re (itand 10 m (site 2)
upstream, 10 m (site 3) and 60 m (site 4) downstré@am the Waitoa dairy
effluent discharge point in the Waitoa River on 3B-August, 22-24 October,
2007, shown in Figure 5.1- Figure 5.5. Surface watemples included one
morning and one afternoon sample which were concbimi¢h two morning and
two afternoon sub-samples, respectively. All sasplere collected in opaque PE
bottles to avoid photolysis of the [Fe(ll)EDTAaNd refrigerated at’@ until

analysis. At time of sample collection the riversnegproximately 6-8 m wide and
1-2 m deep.

&
xu)>

"

Dairy effluent
discharge point

Figure 5.1 Locality sketch for surface water sampling sitasluding 2 upstream
and 2 downstream from the dairy effluent discharg@t in the Waitoa River
where large volumes of dairy effluents dischargeainf the Waitoa dairy

wastewater treatment plants.
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Figure 5.2 Surface water sampling site 1 at 2,500 m upstrg|am the Waitoa
dairy effluent discharge point (SH 26 Bridge) ie Waitoa River

effluent discharge point in the Waitoa River.
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Figure 5.4 Surface water sampling site 3 at 10 m downstream the Waitoa

dairy effluent discharge point in the Waitoa River.

Figure 5.5 Surface water sampling site 4 at 60 m downstream fthe Waitoa

dairy effluent discharge point in the Waitoa River.

5.1.2 Determination of EDTA for Surface Water Samples

The established HPLC-UV analytical method in Chafteeeds to be modified
for measuring EDTA in surface water samples du¢h&r low concentrations.

This is generally achieved by pre-concentratindasr water samples (Loyaux-
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Lawniczak et al. 1999). However, the high calciuGa) and magnesium (Mg)
with the pre-concentration process may affect tremsarement (Nowack et al.
1996). It is necessary to obtain an appropriatecpreentration factor for the
determination of EDTA in surface waters, and touesghe pre-concentrated Ca

and Mg do not affect the determination of EDTA.

1. Sample pre-treatment

Several experiments were designed not only witliediht pre-concentration
factors to achieve the optimal pre-concentratiandia(10, 5x, 2x and ¥) (Figure
5.6), but also with a carboxylic acid (CBA) solithgse extraction (SPE) C18
clean cartridges (Phenomenex) to remove the imterées of C4 and Md¢*
(Figure 5.7 and Figure 5.8). Pre-concentration igé ftimes without a SPE
cleaning cartridge was determined to detect the@uatnation of EDTA in surface

waters.

SWwith 10 x precon
SV wiihh Z x precon
SWwith 5 x precon
S0ug/L EDTA Std.
SwW

Y

2

L

Peak height (mv)

0.0

48 5.2 56 6 6.4 68 1.2

Retention time (min)

Figure 5.6 Overlay of chromatograms of surface water (SW)@asmwithx1, x2,
x5 and x10 pre-concentration compared with a 50 pg/L EDTandard

solution.
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=
‘ a. Surface water x5 precon.
- :‘ i b. SW with CBA cation exchange cartridge x5 Precon.
8 IL ¢ 50 ug/L EDTA $td.
a3 |
e 4
78 [ 14
- [ A h.
g A
%‘3_ T2 Fe(III)EDTA peak
: RN /
~ i1 a
;‘ \: /\ks‘_/\‘w
/ A
] W‘M%___,A/\_T_“_W_,M’“w
1 3 . Shtnn
T N i .
1 o (] 1
k : Retention time(mi?l) ° !

Figure 5.7 Overlay of chromatograms of the surface water samypth and
without a CBA SPE clean cartridges, compared witlbOapug/L EDTA
standard solution.

a. SW recovery with
; . ;’:)-fv i’%ﬁiﬁi""&’i’f\' Witii UbAa
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Figure 5.8 Overlay of chromatograms of the surface waterexpiky a 50 pg/L
EDTA standard with and without a CBA clean cartadgompared with a 50
png/L EDTA standard solution.

Sample pre-treatment involved the following steps:

» taking a 10 mL surface water sample into a 20 nmdl @nd heated to

dryness in the € drying oven;
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« adding 1.5 mL mobile phase and 0.5 mL 1.94 mg/E* Belution to the
vial, leaving overnight in the dark to allow comxiteg of Fe(lll)EDTA,
» filtering the sample through 0.45 pm celluloseatérfilters (Phenomenex)
to a test tube; and
* injecting a 50 uL sample into the HPLC system abiamt temperature.
This process gave a five-fold pre-concentration determination of EDTA in
surface waters. The detection limit was actuallg/L of EDTA calculated by the

method detection limit of ig/L EDTA for HPLV-UV.

2. EDTA Concentrations in the Waitoa River

Forty eight surface water samples were analyzetthéyHPLC-UV method with a

pre-concentrated factor of 5. A calibration curvaswestablished daily at the
concentration of O - 150 pg/L (0, 10, 20, 50, 800 &nd 150 pg/L). A blank, a
duplicate every 10 sample and a spike recovery of 50 pg/L EDTA stedsla
every 20" sample were undertaken per run for a quality nffhe averaged

duplicate variability was within 8.1 % (n=5) andethpiked recovery varied from
97 — 107% (n=3). A typical chromatogram of the acef water sample is shown

in Figure 5.9. A daily work is attached as Appenglix

d o v

2 ) "\‘ Fe(ll)EDTA

Lg% na \""w-x_ \‘A )Lf\ \ Kv
3 — N
=

0.0

P 2 4 -3 g 10 12
Retention time (min.)

Figure 5.9 Chromatogram of a typical surface water samplenfitbe Waitoa

River.
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Table 5.1 gives analytical results of EDTA upstreand downstream from the
Waitoa dairy effluent discharge point in the Wait®&er during sample periods
of August and October, 2007. Figure 5.10 illussatmedian and highest
concentrations of EDTA at the sampling sites in tdaitoa River. Figure 5.11
presents the overall averaged pH value, temperatueEDTA concentration at

sampling sites during sampling periods,

It can be seen from Table 5.1 that both medianthadcighest concentrations of
EDTA were slightly, but not significantly increasé@ m downstream of the dairy
effluent discharge point. The highest concentratérEDTA detected at 60 m
downstream was 2.7 pg/L during the sampling periddsgs finding is also

confirmed by the effects of pH and temperaturesttan Waitoa River (Figure

5.11).

5.1.3 Analysis of Associate Metals in the Waitoa River

Associated metals were also analyzed for collestethce water samples by ICP-
MS method. This was conducted by Hill Laboratorieamilton. The details were
attached in Appendix 3.

5.1.4 Other EDTA Sources to the Waitoa River

Apart from the Fonterra Waitoa dairy effluent conitag EDTA discharged into
the Waitoa River, there is another source of EDTamely the Wallace
Corporation Limited (Wallace). Wastewater, genetal®m a meat rendering
plant, an abattoir, and a tannery, is treated gitea collective pond system and
then discharged into the Waitoa River. The Wallsclcated 3 km upstream of
the Fonterra Waitoa dairy site (Figure 5.12). It leen suggested by Mr. S.
Carter (personal communication), who is the envirtental manager of the
Wallace Corporation Limited, that small amountsE®TA are applied in the
tannery. In order to clarify this potential disaparof EDTA, samples were
randomly collected on 30 May 2008 from the pond reheastewater was ready
to be discharged, upstream and downstream of thgaoy boundaries in the
Waitoa River. Analytical results of EDTA are shown Table 5.2. EDTA is
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clearly present in the wastewater of the Wallaceorddver, the EDTA
contribution of the Wallace is also demonstratedthy difference in EDTA
concentrations upstream and downstream of the coynp@undaries in the

Waitoa River.
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Table 5.1 Tested concentrations of EDTA in the Waitoa Rivargust and October, 2007.

River River EDTA concentration Temperature
Date  Sample Flow Height (ng/L) pH (’C)
us* us us
2500 US10 DS10 Ds* 2500 US10 D110 DS60 2500 US10 DS10 Dseo0
(m%s) (m) m m m 60 m m m m m m m m m
28 Aug. am 2.28 13.85 1.3 2+ 1.0 <1 8.8 9.4 9.3 9.2 13.1 13.2 13.2 13.3
2007 pm 19 <1 1.1 2.7 9.2 9. 9.2 9.2 134 13.4 1.2 13.7
29 Aug. am 2.8 13.95 8.0+ 1.0 1.0 2.5 8.3 8.2 8.2 8.6 13.2 13.2 13.1 14.4
2007 pm <1 <1 <1 1.5 8.4 8.5 8.2 8.6 15.6 14.414.1 14.4
30 Aug. ar 280 1395 1.1 2.5 1.1 1.C 8.€ 8.7 8.7 8.6 13.c 14.¢ 12.¢ 12.€
2007 pm 1.4 1.0 2.4 15 8.9 8.6 8.6 8.8 13 14.913.3 15.7
22. Oct. am 6.76 13.9¢ 1.2 <1 <1 <1 6.7 7 7.1 6.S 13.€ 13.€ 13.¢ 13.€
2007 pm <1 <1 <1 1.8 6.S 7.1 7 6.9 15.1 14.€ 14.: 14.4
23. Oct. am 3.78 13.82 <1 <1 <1 1.2 6.9 6.9 6.8 9 6. 153 15.1 15.2 15
2007 pm <1 <1 <1 1.C 6.8 6.€ 7 6.8 18.E 16.5 16.2 16.5
24. Oct. am 3.19 13.78 2.2 2.0 1.7 1.8 6.9 6.8 6.8 6.9 16 16 16.2 16.1
2007 pm <1 1.8 <1 1.1 6.9 6.8 6.9 6.9 18 17.9 17.9 18
Mean 3.60 13.89 1.3 1.3 1.2 1.5 7.8 7.9 7.8 7.9 14.8 14.8 14.5 14.8

*1 US — upstream, DS — downstream
*2 EDTA concentration below the method detectiontlimi
*3 not included for the mean value calculation
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Figure 5.10 Median and highest EDTA concentrations of 12 sefavater

samples

collected upstream (US) and downstream (@®) the Waitoa

dairy effluent discharge point in the Waitoa RiverAugust and October,

2007.

(Source: Xie et al. 2008)
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Figure 5.11 Averaged pH, temperature and EDTA concentration¥2oturface

water samples collected upstream (US) and dowmstrédS) from the

Waitoa dairy effluent discharge point in the WaitBaver in August and

October,

2007.

129



CHAPTERFIVE EDTA AND ASSOCIATED HEAVY METALS IN THE WAITOA RIVER
7 Gl I T T 7
.\ 5 7~ —
/1.7 B N b m
R i =5 ,'.:“ . LT \ -\.N_‘”' J'H» ) # e
Waitoa  [<dks AT P e b *
A shoe AN U ¥ o
5 3 r ":J N /h*'_
X . e > o R 3 ~
S = S
" 5 =
Ras T | £ NG,
: — 4ab == :
fe.c __‘ % n: e t = .: < -’A_ ar
-, \
b | £ l ,
G e NN Y
A s 95 2
g E % Xl ;-_\
P o LI ] = T -
G e e P . 5
0 .-. - . .
% __l_ ’ L‘” G <9’- = ;“f?bo /
= - : N Efl e
imlﬂﬂ = = / 55
| @\ olace O / A N i
I | ! | - 7 ! e
A VOSSO
ll 1 == y --D__):. . , . P’ %
= A N \
- | . A
h 2\ s P o o ; ~
I W . P & 1
: ] OV RNy~ 5 N7 ' )
LAY A5\ . ; »
~ | : LgiS- 1km ¢
St N s Nl A
Yo -{ ‘/|' < [ Y = - = -

Figure 5.12Effluent containing EDTAdischarged into the Waitoa River from the

Wallace Corporation Limited, located 3 km upstreafnthe Fonterra Waitoa

dairy site.
(Source: Map Toaster Topo/NZ)

Table 5.2 EDTA analytical results relating to wastewaterctarge into the

Waitoa River from the Wallace Corporation Limiteshmpled on 30 May

2008.

EDTA concentration
Surface water samples (ng/L)
Upstream Wallace boundary 1.0
Wallace wastewater pond 282.4
Downstream Wallace boundary 3.6
State Highway 26 Bridge 31
3.1

Upstream Waitoa (10m)
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Waitoa effluent discharge 102.7

Downstream Waitoa (60 m) 3.1

5.2 ASSOCIATED METALS IN THE WAITOA RIVER

5.2.1 Metals in the Dairy Wastewater

The minor and trace element contents in milk anidydaoducts have been well
documented and could differ from the diet, seas@ma geographic changes
(Coni et al., 1994, 1995 and 1996; Lindmark-Manssbal., 2003; Garcia et al.,
2006). Table 5.3 demonstrates metal differenceNafK, Ca and Mg between
dairy effluents from the Fonterra Waitoa dairy sied local (Morrisville) raw
waters. It can be seen that concentrations of N&d&and Mg in dairy effluents
have been increased significantly compared witHdbal raw water. The increase
may originate from milk itself or chemicals usedtle dairy processing, such as
the addition of nutrient ingredients of calcium JCa

Table 5.3 Comparison of metal contents between dairy eftlieinom the

Fonterra Waitoa dairy site and local raw watersriduille).

Dairy  Effluent Clean Water
Total Total Total Total Total Total Total Total
Date Ca Mg Na K Ca Mg Na K

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Nov.06 36.7 4 68¢€ 167 - -
Oct. 06 41.5 35 728 141 3.37 2.4 14.7 2.53
Oct.06 - - - - 3.87* 2.72* 16.3* 2.55*
Sep.06 37.€ 5.3z 67¢ 152 3.27 2.3¢ 14.7 2.5¢
Aug.06 40.1 4.06 6.5 125 4.54 2.95 19.2 3.44
Aug. 06 34.2 4.8¢€ 802 88.€ 5.84 1.23* 5.89* 1.64*
July 06 24.7 6.84 477 37.1 - -
June 06 25.3 8.31 541 58.6 3.17 1.79 11.2 1.96

* dissolved value

(Source: Fonterra Co-operative Group Limited, \&ito

5.2.2 Heavy Metals in the Waitoa River
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One of the environmental concerns regarding EDTi#has high concentrations of
EDTA may remobilize heavy metals from sediments] &ansferred them into
the aquatic phase where they could harm organisnthe aquatic system, or
consequently pose a risk to groundwater and drinkiraters (Sillanpaa et al.,
2001; Nowack and VanBriesen, 2005). Thus, it isangmt to identify heavy
metals present in the Waitoa River. Tested metallided Na, K, Ca, Mg, Zn,
Fe, Cd, Pb, Ni and Cr. A special heavy metal — @s welected as wastewater
from a tannery factory, namely the Wallace CorgoratLimited, is discharged
upstream into the Waitoa River. All metals in thaitha River were analysed as
dissolved metals by ICP-MS in R. J. Hill Laborag¢sriof Hamilton (see appendix
3). The test results are shown and illustratedgure 5.13 - Figure 5.20.
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Table 5.4Analytical results for metal concentrations infaoe water of the Waitoa River, August and Oct@#)7.

Date 28 Aug. 2007 29 Aug. 2007 30Aug. 2007 220Oct. 2007 23Oct. 200240ct. 2007 Mean STDEV
River flow (m%/s) 2.61 2.21 1.80 6.76 3.78 3.19 3.393 1794
River height (m) 13.94 13.83 13.72 14.32 13.82 13.70 13.89 0
Samples am pm am pm am pm am pm am pm am pm - -
Us2500m 17 17 16 15 18 16 12 12 15 12 16 12 15 2
Sodium  US10m 18 17 16 15 19 19 12 11 15 13 18 13 16 3
mgLY Ds1iom 19 19 16 18 23 20 14 13 18 14 18 14 17 3
DS 60 m 27 20 21 20 28 26 16 18 21 17 21 15 21 4
UsS2500m 5.7 5.7 6.4 6.1 6.6 5.8 6.7 7.8 6.3 6.0 6.1 51 62 1
Potassium US 10 m 5.8 5.9 6.5 6.2 6.7 6.7 6.9 6.7 6.9 6.4 7.9 60 6.6 1
mgLY Ds1o0m 6.0 6.0 6.0 6.2 6.9 6.2 6.7 6.2 7.0 5.7 6.3 53 62 0
DS 60 m 7.2 5.8 6.4 6.6 7.8 7.1 6.4 7.0 7.4 6.1 6.5 66 6.7 1
UsS2500m 9.6 9.6 8.7 8.3 9.1 8.7 8.0 8.1 8.2 8.1 8.8 79 86 1
Calcium US10m 9.6 9.7 9.0 8.5 9.2 9.6 8.5 8.3 8.5 8.0 9.0 81 88 1
mgLY Dsiom 9.6 9.5 8.8 8.7 9.7 9.7 8.6 8.6 8.5 8.1 9.0 84 89 1
DS 60 m 11.0  10.0 10.0 9.9 11.0 11.0 9.6 9.6 9.7 9.6 10.0 5.01 10.5 2
UsS2500m 4.2 4.3 39 3.7 3.9 3.9 35 3.6 3.7 3.6 3.9 36 380
Magnesium US 10 m 4.3 4.4 4 3.8 4 4.3 3.7 3.6 3.8 3.7 4.2 39 40 0
mgL") Ds10m 4.6 4.5 3.8 4.1 4.5 4.3 3.8 3.8 4.1 3.9 4.1 39 41 0
DS 60 m 5 4.6 45 4.4 5 5 4.2 43 45 4.4 45 4 45 0
UsS2500m 1.1 1.4 1.9 1.9 2.3 1.3 21 9.5 7.7 4.7 11 26 55 6
zinc US10m 2.8 <1.0 2 1.5 1.8 1.6 8.1 6.2 9.1 4.4 12 11 55 4
(x10°mg/L) DS 10 m <1.0 2.1 1.7 1.5 1.4 1.3 7 75 5.8 6.3 6.6 34 41 3
DS 60 m 1.7 <1.0 1.6 1.4 2.9 1.1 5.6 6.9 6.2 5.2 4.5 58 9 3. 2
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Cont.
US 2500 m 55 51 69 43 55 59 230 190 240 180 240 310 144 0
Iron US10m 58 58 55 59 66 68 270 250 230 280 160 300 155 104
(x10°mg/L) DS 10 m 57 61 68 48 59 80 280 260 240 290 180 290 159 106
DS 60 m 82 60 53 57 79 55 260 210 220 280 230 240 152 94

Us2500m <050 <050 <050 <050 <0.50 <0.50 <0.50 <0.50 5&0. <0.50 <0.50 <0.50 - -
Nickel US10m <050 <050 <050 <050 <0.50 <0.50 <050 <0.50 5&0. <0.50 <0.50 <0.50 - -
(x103 mg/L) DS 10m <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 580. <0.50 <0.50 <0.50 - -
DS 60 m 0.63 <0.50 <0.50 0.55 0.72 0.63 0.56 0.51 <0.50 5&0. <0.50 <0.50 0.6 0
US 2500 m 0.58 0.71 0.94 0.88 0.83 0.77 0.98 0.93 0.73 0.71 .720 0.73 0.8 0
Copper US10m 0.66 0.55 0.77 0.77 0.77 0.74 0.99 0.83 0.67 0.7 660. 0.7 0.7 0
(x10°mg/L) DS 10 m 0.62 0.61 0.75 0.71 0.73 0.73 0.92 0.88 0.65 0.66 570 0.59 0.7 0
DS 60 m 0.58 0.59 0.63 0.69 0.57 0.57 0.76 0.76 0.54 0.63 510 0.68 0.6 0
US 2500 m <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 580. <0.50 0.57 <0.50 0.6 -
Chromium US10m <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 580. <0.50 0.77 <0.50 0.8 -
(x103 mg/L) DS 10m <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 580. <0.50 0.61 <0.50 0.6 -
DS 60 m <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 5&0. <0.50 0.52 <0.50 0.5 -
Us2500m <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 0.12 5.0 <0.050 <0.050 <0.050 <0.050 - -
Cadmium US10m <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050.05® <0.050 <0.050 <0.050 <0.050 - -
(x103 mg/L) DS 10m <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050.05@® <0.050 <0.050 <0.050 <0.050 - -
DS 60 m <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 <0.050.05® <0.050 <0.050 <0.050 <0.050 - -
US 2500 m <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 180. <0.10 <0.10 <0.10 - -
Lead US10m <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 180. <0.10 <0.10 <0.10 - -
(x103 mg/L) DS 10m <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 1€&0. <0.10 <0.10 <0.10 - -
DS 60 m <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 180. <0.10 <0.10 <0.10 - -
Notes: (i) US (upstream) or DS (downstream) ofWedtoa dairy effluent discharge point
(ii) Analyses carried out by RJ Hill ldatories of Hamilton using ICP-MS
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Figure 5.13Test results of sodium (Na) concentrations for 4&&gles collected
upstream (US) and downstream (DS) from the Waitadrydeffluent
discharge point in the Waitoa River in August arddber, 2007.
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Figure 5.14Test results of potassium (K) concentrations fbsamples collected
upstream (US) and downstream (DS) of the Waitoay dffluent discharge
point in the Waitoa River in August and OctoberQ20
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Figure 5.15Test results of calcium (Ca) concentrations forséthples collected
upstream (US) and downstream (DS) of the Waitoaydeffluent discharge
point in the Waitoa River in August and OctoberQ20

mUS2500m
BUS10m
mD510m
EDS60m

(' 1/3Ul) SUODZIAUIN0DY WIISIUSEA]

1 2 3 4 5 € 7 & 9 10 11 12

Samples

Figure 5.16 Test results of magnesium (Mg) concentrations far shmples
collected upstream (US) and downstream (DS) ofWagtoa dairy effluent
discharge point in the Waitoa River in August arddber, 2007.

136



CHAPTERFIVE EDTA AND ASSOCIATED HEAVY METALS IN THE WAITOA RIVER

BUS 2500 m
BETUS10m
- ODS10m
25
E BDSA0m
()
E 20
=]
Q
E 15
[2°]
=
=
g 10
g:
S 5 DS60m
= DS 10m
E; 0 US10m
E US 2500m

Ca

Mg

=

Metals

Figure 5.17 Mean concentrations of Na, K, Ca and Mg for 12 gasicollected
upstream (US) and downstream (DS) of the Waitoaydeffluent discharge
point in the Waitoa River in August and OctoberQ20
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Figure 5.18 Test results of iron (Fe) concentrations for 1ingies collected
upstream (US) and downstream (DS) of the Waitoay dffluent discharge
point in the Waitoa River in August and OctoberQ20
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Figure 5.19 Test results of zinc (Zn) concentrations for 12ngkes collected
upstream (US) and downstream (DS) of the Waitoay d&ffluent discharge
point in the Waitoa River in August and OctoberQ20

(New Zealand trigger value for toxicants of Zn shdvy the red line)
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Figure 5.20 Test results of copper (Cu) concentrations forsa&ples collected
upstream (US) and downstream (DS) of the Waitoay deffluent discharge
point in the Waitoa River in August and OctoberQ20

(New Zealand trigger value for toxicants of Cu shdw the red line)

The following findings may be drawn from Figure 3-Figure 5.20:
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Concentrations of Na, Ca and Mg at 60 m downstrefthe dairy effluent
diffuser were constantly higher than other sampkitgs except K, which
demonstrates the contribution of dairy effluentshi® Waitoa River (Figure
5.13 - Figure 5.16). Mean concentrations of Na,dq, and Mg are also
illustrated in Figure 5.17, showing increases of KaCa, and Mg 60 m
downstream due to the Waitoa dairy effluent disgbar

Significant differences of Fe and Zn concentrationsurred in the Waitoa
River between the sampling period of August ando®et 2007 (Figure
5.18 and Figure 5.19). During the sampling perib@224, October 2007,
the river flow was relatively high at 6.8, 3.8 a®i@ ni/s, separately. The Fe
and Zn may come from runoff of pasture land becdlieebest time to put
fertilizers on pasture land is spring or autumiNew Zealand. In this case,
the level of zinc was over the zinc trigger valdeal pg/L for freshwater
(Australian and New Zealand Environment and Corsern Council,
2000).

In terms of Cu, it was detected both upstream amdndtream. It can be
seen from Figure 5.20 that concentrations of Curdbieam were lower
than those at upstream sites due to the dilutiodaidy effluent flux. The
value of copper in the Waitoa River is however tetbe trigger value for
toxicants of fresh water (Australian and New Zedldmvironment and
Conservation Council, 2000).

Regarding Cr in the Waitoa River, it was only dé&bte on one day, and
that might relate to the wastewater discharge ftbeiwallace Corporation
Limited - upstream of the dairy effluent discharge.

Concentrations of Pb, Cd, and Ni in the Waitoa Rivere lower than their

detection limits for most of samples.

5.3 DISCUSSION

5.3.1 Water Quality of the Waitoa River
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To effectively manage water quality, the Waitoa éRivs one of the routinely
monitored (monthly) rivers in the regional wateratity monitoring programme
(Beard, 2008). The quality of the Waitoa River ferology at Mellon Road
(approximate 7 km downstream of the Waitoa daitg)sind the comparison with
other regional water quality monitored site areisitated in Figure 5.21 and

Figure 5.22, respectively.
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Figure 5.21 Water quality, as determined by the percentagsaoniples rated as
excellent, satisfactory, or unsatisfactory agaatsepted ecological standards,
of routinely monitored factors in the Waitoa RiwgrMellon Road..

(Source: Beard, 2008)
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Figure 5.22 Averaged water quality score of the Waitoa RiveMallon Road
compared with other sites in this region for ecglog
(Source: Beard, 2008)
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It can be seen from Figure 5.21 that 100% of tatabgen samples from the
Waitoa River exceeded their ecological standardsthe general water quality
was rated the worst of all of the sites. Howevke tesults of this experiment
indicate that, although EDTA is comprised of ~10%sogen, very little of the
river nitrogen is from EDTA. This is because theTEDconcentration in the river
is very low (1-2.7upg/L) compared to the total nitrogen concentrati@ea(d,
2009.

5.3.2 Analysis of EDTA Speciation in the Waitoa River

EDTA concentrations of 1 ~ 24/g/L were found 60 m downstream of the dairy
effluent discharge. The species of EDTA complesxthi@ Waitoa River depends
not only on the dissolved concentrations of theo@ssed cations and other
natural ligands which determine the equilibrium csagon, but also on the
released EDTA species from the dairy wastewatee @uthe low concentration
of EDTA and dissolved metals detected in the WaRbdaer, EDTA speciation
was predicted only by its complex stability conssarfComparison of the EDTA
concentration with concentrations of associategali®d metals is shown in
Table 5.5 for the site 60 meters downstream ofddiey discharge point in the

Waitoa River.

Theoretically, EDTA is completely complexed with(Fg at a concentration of
0.01 uM Fe(IINEDTA in the Waitoa River. Nonethedegurther measurement is

needed to verify its certainty.

Table 5.5Comparison of concentrations of EDTA and dissolvettals with their

complex stability constants 60 m downstream ofdéiey outfall.

Items Molarity LogKa Ka*[M]( uM)
EDTA  0.01uM - -

Ca 0.26 mM 10.61 1.0E+13
Mg 0.19 mM 8.83 1.3E+11
Zn 0.06 uM 16.44 1.7E+15
Fe 2.72 uyM 25 2.7E+25
Ni 0.01 pM 18.52 3.3E+16
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Cu 0.01 pM 18.7 5.0E+16
Cd ND* 16.36 -
Cr ND - -

*-the concentration was below the method detedtrit
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5.4 CONCLUSIONS

i.  Surface water samples were collected 2,500 m and @fistream, and 10
m and 60 m downstream of the effluent diffuserha Waitoa River to
investigate concentrations of EDTA in the aquatizi@nment receiving
large volume of dairy wastewater from the Font&vaitoa dairy site.

ii. A necessary pre-concentration step was needechéodeétermination of
EDTA in the surface waters as the level of EDTA was low. This was
achieved by heating the surface water sample (1ptmtryness in 9C
dry oven and adding 1.5 mL mobile and 0.5 mE*R#.94 mg/L) solution
for a 5-fold pre-concentration.

iii.  The HPLC-UV method was applied to analyze EDTA @mtiations in
surface water samples. A daily calibration curves veatablished at the
concentration range of 0 — 15%@/L EDTA. A blank, a duplicate every
10" sample and a spike recovery of B§/L EDTA standard every 30
sample were undertaken per run for quality contibhe averaged
duplicate variability was 8.1 % (n=5) and the spikeovery varied from
97 — 107 % (n=3).

iv.  Analytical results show a slight increase of theTBDconcentration 60 m
downstream from the dairy effluent discharge poirtie highest EDTA
concentration of 2.7ug/L was observed 60 m downstream during the
sampling period of August and October, 2007. Thisi& is well under the
Predicted Effect Concentration (PEC) of 2.2 mg/Lr faquatic
environments advised by the European Union, alinaitof EDTA target
value of 5 pg/L for surface waters in the Rhine catchment area,
recommended by the International Association of ahebrks, and also
well below the New Zealand Drinking Water Standaafs0.7 mg/L
EDTA for health purposes. These data thereforeesigat the discharge
of dairy effluent at the Fonterra Waitoa site appeaot leading to a
significant effect for the adjacent natural rivéow. However, further
study on dispersion of dairy wastewater in the B&amRiver is going to be

undertaken in Chapter 6 for this potential effect.
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v. Analytical results for associated heavy metalshien Waitoa River reveal
(a) concentrations of Na, K, Ca and Mg were inaedasownstream of the
dairy effluent diffuser in the Waitoa River, whictlemonstrates the
contribution of effluents at the Fonterra Waitoairglasite; (b)
concentrations of Fe and Zn showed significantedifiices between the
sampling periods of August and October, with theelef Zn collected in
October obviously exceeded the trigger value of @g/L for natural
waters; (c) copper was detectable both upstreandawdstream, but their
concentrations were below the trigger value (1.0Lndpr toxicants in
fresh water; (d) Cr was only detectable on onealayof 6 days during the
sampling periods that may relate to the tanneryofsceffluent discharge
(wallace) and (e) Pb, Cd and Ni seemed to be aleudetection limits,
and pose no particular concern.

vi. In addition to the wastewater discharge containElDTA from the
Fonterra Waitoa dairy site into the Waitoa Rivempther EDTA source
originated from the Wallace Corporation Limited milawhere EDTA is
applied in the tannery. The analytical resultsasfdom samples collected
show not only the presence of EDTA in the wastewg@iend at the
Wallace plant, but also the contribution of EDTAstarface water samples
from comparison of EDTA concentrations between nmgash and

downstream of the company boundaries along thed&/&iver.
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6.0 CHAPTER SIX: SIMULATION OF EDTA
DISPERSION WITHIN THE WAITOA RIVER

6.1 INTRODUCTION

EDTA was detected from the limited surface watenga collection (see Chapter
5). Generally, EDTA is not included in routine mimming parameters for the

surface water quality so that there is insufficidata to reveal whether the dairy
effluent discharge from the Fonterra Waitoa daagtéry has a significant effect
on the EDTA concentration in the Waitoa River. Hge® numerical techniques
with advanced computer performance such as modéditve been widely used to
fill in this knowledge gap and provide an effectte®l for simulating transport of

dissolved pollutants in freshwater systems (Co®320

When EDTA contained in dairy effluent enters the itd& River, two things
happen to its transport. Firstly, EDTA is carriedbg by the water flow, a process
which is termed advection; and secondly, it spreadsdue to the concentration
gradient, a process which is termed dispersion iffusibn (Ruthford, 1981;
Furukawa et al. 2007). Accordingly, in this chaptevo approaches namely (i)
approximate calculations using quasi one-dimensenical mixing model; and
(i) a numerical simulation of the hydrodynamic pesses and effluent mixing in
two-dimensions (depth-averaged) were undertakeent@mnce the understanding
of the fundamental aspects of the transport of Evithin the Waitoa River. For
a worst case scenario of high volumes of dairyuefit discharge into the Waitoa
River at a low river flow, both dispersal path acmhcentration of EDTA are

determined through model output analysis.
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6.2 DISCHARGE AND MOVEMENT OF DAIRY EFFLUENT
INTO THE WAITOA RIVER

6.2.1 Wastewater Outfall Diffuser

Wastewater from the Fonterra Waitoa dairy procgstants, treated by an
extended aeration sludge biological treatmenteatithstewater treatment plant, is
discharged into the Waitoa River via a sub-fluygde routed through an adjacent
wetland. The discharge pipe consists of a 44 creideitdiameter steel pipe with
an approximate wall thickness of 10-12 mm (Figurg).6The diffuser extends
into the river 6.6 meters from the “0” point, whishsubmerged on the base of the
river with multiple discharging points (Figure 6.2)he dairy effluent containing
EDTA discharge into the Waitoa River occurs cordihuyear round. On a daily
basis, the discharge is relatively constant, algd®0 ni/day on average. The
permit of the effluent discharge is up to 10,00®@icumeters per day, and the
discharge rate should not exceed 175 litres peprseqWaikato Regional
Council, 1993).

Figure 6.1 End view of wastewater discharge pipe from thet&wa Waitoa dairy
site into the Waitoa River.

(Source: Fonterra Waitoa dairy factpry
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Figure 6.2 Wastewater diffuser pipe from the Fonterra Wadaeay site into the
Waitoa River.

(Source: Fonterra Waitoa dairy factory)

6.2.2 Waitoa River Flow

Flow rates of the Waitoa River vary during the yeldowever, between late
October to mid-June, flow rates are generally s 2000 litres (2 f) per
second (Coffey, 2003). The Waikato Regional Couhas authorised Fonterra’s
Waitoa dairy factory to utilise separate dischaagels when the river flow rates
are <600 L/s, 600-1400 L/s, 1400-1700 L/s, 1700e2a0d >2000 L/s (Waikato
Regional Council, 1993).

6.2.3 Movement of Dairy Effluent in the Waitoa River

In general, advection and dispersion occur in eaththe three coordinate
directions, and the governing equations will be paratively complex, such as
for the Eulerian advection/diffusion equation (Black, 2002). Undenditions of
non-steady flow, the flux of a tracer can be ta&erma sum of the advective motion
of the fluid, driving by gravity and turbulent di§ion. The concentration (C) will

be governed by the advection/diffusion equation 7.1
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(Equation 7.1)
wheret is time; X, y, zare orthogonal spatial coordinatds, E, and E, are
coefficients of eddy diffusivityws is the still water fall velocity under gravity of
the tracer (position upwardd), V, W are horizontal and vertical components of
the fluid velocity;k is the decay coefficient for a non-conservatiaeér; and Sis

the tracer/effluent source term.

The input parameters vary for each model ranginghfone-dimensional models
to the more complicated two- and three-dimensiomaidels. However, the
dispersion coefficient is more difficult to estirmagind varies in space, time, and
for the model type. The dependence of the dispersaefficient on the model
complexity is illustrated in Figure 6.3. Apparentlyhe model coefficient

decreases with model complexity.
F
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Figure 6.3 Model dispersion coefficient vs. model complexiffhe model
coefficient decreases with model complexity.
Model type: 1D = one-dimensional, 1D DZ = one-disienal with dead zones,

2D V = two-dimensional vertically integrated, 30hree-dimensional
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(Source: Hellweger, 2005)

6.3 QUASI ONE DIMENSIONAL PRESENTATION OF EDTA
DISPERSION

In many practical problems, the analysis can bepl#ilmd by neglecting terms
which are small (Rutherford, 1981). For instancethe case of Waitoa dairy
effluent discharges with a steady uniform transweline-source (Figure 6.4);
transverse concentration gradients are negligibke td the uniform line-source.
Longitudinal gradients are also negligible becahsesource is steady. Thus, the
dispersion of EDTA can be simplified to become quaae-dimensional, which is

only vertical mixing by neglecting the horizontaldatransversal dispersion.

k]

Figure 6.4 Diagram of quasi one-dimensional vertical mixingEidTA from a
steady uniform transverse line source, as for elampm the Fonterra
Waitoa dairy wastewater into the Waitoa River.

(Source: Rutherford, 1981)

6.3.1 Mixing Mechanism and Approximate Calculations
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In channels with no secondary circulation, the @ple mechanism causing
vertical mixing is turbulence generated by velocithe dispersion coefficient
indicated by Elde(Rutherford, 1981depends upon both depth and shear velocity
as per the following equation

Dy(y) = y/d (1-y/d) Kd u*

(Equation 7.2)
whereDy is vertical dispersion coefficiend;is depth of flow;K is von Karman's
constant (= 0.4); and* is shear velocity (;fﬁ, where s is channel slope). For
many practical problems the depth average is used

Dy =0.067d u* (Rutherford, 1981)
(Equation 7.3)

For a natural channel, vertical secondary circoitegtican be expected to increase
the rate of vertical mixing. It appears that
0.067 <Dy/d u* < 0.33(Rutherford, 1981)
(Equation 7.4)

Figure 6.4, Figure 6.5 and Figure 6.6 shows vdrticaxing with equal
concentration located downstream from a steadytmitransverse line-source of
the Fonterra Waitoa dairy effluent at three diffgrdepths. It also indicates the
length and width of the EDTA plume where the conicdions exceed a specified
level. Variables are expressed in non-dimensiooahfso that many parameter
combinations may appear on the same g(Rpkherford, 1981).
C* =Clc = CUbd/q
(Equation 7.5)
y* =yl
(Equation 7.6)
x* = x Dy/Ud?

(Equation 7.7)
where C*, y* and x* are non-dimensional concentration, vertical disphaent,
and downstream displacement respectiv€lyis concentrationg is fully mixed

concentration;U is mean velocity;D, is depth averaged vertical dispersion

151



CHAPTER SIX SMULATION OF EDTA DISPERSION WITHIN THE WAITOA RIVER

coefficient;d is river depthp is river width; and is tracer of EDTA mass inflow

rate.

The vertical mixing is symmetrical in the directignas the flow velocity is
assumed to be uniform with the bed and water seffazated ay* = 0 andy* = 1,
Clearly 0 < y* <1 and C* = 1 appear at a long distance downstream from the
outfall. The regions to the left of the C* = 0.0€dntour do not contain any tracer
of EDTA, while in the region to the right of the G*1.01 and 0.99 contours, the
EDTA is fully mixed.

However, Figure 6.5 may overestimate the rate gfpetision downstream from an
outfall on the bed of a rough natural channel dug¢he low velocity and low
dispersion coefficient close to the boundary, aneularities in the bed or dead
zones causing locally high concentrations in thesas(Rutherford, 1981)The
complete mixing can be attained within a distafftigure 6.4)
Xm=0.4Ud’/Dy
(Equation 7.8)
downstream from an outfall on the bed or at théaser Rutherford, 1981)It can
be seenfrom Figure 6.6 that complete mixing appears toab@ined with a
distance
Xm=0.1Ud%/Dy
(Equation 7.9)

downstream from an outfall located at mid-deRhtkerford, 1981).
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Figure 6.5 Concentration contours downstream from a steadyswerse line

source, applicable to the Waitoa dairy wastewaisch@rge, located on the
channel bed of the Waitoa River.
(Source: Rutherford, 1981)
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Figure 6.6 Concentration contours downstream from a steadyswerse line
source, applicable to the Waitoa dairy wastewatarhdirge, located at three-
guarters depth of the river channel of the WaitoaeR

(Source: Rutherford, 1981)
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Figure 6.7 Concentration contours downstream from a steadyswerse line
source, applicable to the Waitoa dairy wastewaiteechéirge, located at mid-
depth of the river channel of the Waitoa River. Tagions to the left of the
C* = 0.001 contour do not contain any EDTA, whitethe region to the right
of the C* = 1.01 and 0.99 contours, the EDTA igyfmhixed.

(Source: Rutherford, 1981)

6.3.2 Application of Quasi One-dimensional Mixing Mechansm

The above quasi one-dimensional mixing mechanism agplied for a specific

monitored case of the Waitoa dairy wastewater diggdh into the Waitoa River.
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Field measurements such as water depth, curremisE®TA concentration in
dairy wastewater discharge were collected on 30,N808. Mass flow of the
EDTA was calculated based upon the effluent disghaolume (4,712,000 litres)
for that particular day and measured EDTA conceioing107ug/L) for the 24-hr

composite dairy effluent sample.

An impact from EDTA may be evident in some casesites where there is an
output source (European Chemicals Bureau, 2004ndku et al., 2005). The
worst scenario for the Waitoa case is if significaolumes of dairy effluent are
discharged into the Waitoa River to result in hgBTA concentrations in the
waterway. Hence, the worst case is assumed as dkiemmm usage of EDTA in
the processing plant combined with low river floster (<600 L/s) of the Waitoa
River. In accordance with usage of Eliminator/Ehiatior LF (34-35% EDTA
contents) at the Fonterra Waitoa dairy factory tfer year 2008, the maximum
used amount was 4180 litres in total for Janua®®82 The consumed EDTA on a
daily basis was 4180 litres x 1.3 kg/L (density35& (EDTA contents)/31days =
61.4 kg/day. The daily EDTA mass flow rate into téaitoa River with an
approximate 90% EDTA removal (see Chapter 4) by bhetreatment is
calculated as 61.4 x (1-0.9) x 1000/ (24 x 60 x$60.071 g/s.

When dairy effluent containing EDTA from the FomgeWaitoa dairy site is
discharged into the Waitoa River with a steady amif transverse line source
(Figure 6.4), the EDTA fully mixed concentratiomdathe distance downstream
from the outfall at the surface and the mid-depthbfoth monitored case and the
worst case are listed in Table 6.1. The resultsvghat the distance of completely
mixed conditions for both cases is 6 meters dowastrfrom the outfall, and the
complete mixed concentrations of EDTA are 3.8 for the monitored case and
40.3 ug/L for the worst case of the year 2008, eetyely.
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Table 6.1EDTA dispersion results downstream from the daifuent outfall in
the Waitoa River with a steady uniform transveise-source, when quasi

one-dimensional vertical mixing mechanism (Ruthetfd981) is applied.

Items Monitored case(30 May 08)Worst case* Comments
Water depth: d =1.0m 1.0m
Width: b=8m 8m

(source: Rutherford,
Waitoa River Slope: S = 2x10 10* 1981)
Velocity: U =0.22 m/s 0.20 m/s
Shear velocity:

u* = 0.0443 m/s 0.0443 m/s u*= (gd8)
Vertical dispersion assuming as a natural
cal dispers Dy = 0.33du* = 146 cfils 146 criis and irregular river
coefficient (Dy)
channel
Complete mixing
distance atthe ~ 6m 6m Xm = 0.4 UtdDy
surface
Complete mixing
distance at the mid- 1.5 m 1.5m Xm = 0.1 UdDy
depth
EDTA mass flow  0.0056 g/s 0.071 g/s Field measurements
Fully mixed 5 1 g1 40.3ug/L -
concentration HEHg °Hg C=g/Udb

*Worst case - the maximum EDTA discharged into tredt®é at a low river flow in the year 2008

6.4 3DD HYDRODYNAMIC MODEL SIMULATING EDTA
DISPERSION IN THE WAITOA RIVER

6.4.1 Introduction

The 3-dimensional hydrodynamic model 3DD was dgwedbby Professor Kerry
Black and has been used successfully in numerowkestaround the world and
New Zealand for over 25 years (Black, 2002). Thed®o3DD is based upon
highly accurate mixed Eulerian/Lagrangian mathecahtechniques and provides
state-of-art —hydrodynamic and dispersal simulatioRather than using an

Eulerian finite difference scheme to solve equatibf, the dispersal model
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POL3DD (POLlution dispersal coupled to 3DD) tradkissolved materials as
suspended “particles” to simulate water-borne disgde and determines
concentrations of pollutants from multiple sourge8 dimensions (Black, 2002).
In the shallow water environment, e.g. the WaitaaeR river currents only
generated in @-dimensional (depth-averaged) using the 3DD hydrodynamic
model, and the dispersal paths and concentratiboriSD@A are then read by
POL3DD to define the velocity fields. Thereforegtimodel will be described

accordingly.

6.4.2 3DD Hydrodynamic Model Inputs and Outputs

The model 3DD requires an operation file (.DAT i), a bathymetry file (.MD)
and a boundary file (.BND). The operation file colg the input data and output
file names, which contain the main characteristicthe site, including number of

grid cells and sizes, friction coefficient, and érstep.

A precise bathymetry is essential for the accunasolution of numerical

modeling outputs (Black, 2002). The collection oéthymetric data was
undertaken on 15 October, 2008 by two methods élandard GPS (TRIMBLE
RTK GPS) station was set beside the wastewatetntezs pond for a known

point (Figure 6.8); and (ii) water depths were numeed by an echosounder
(KNUDSEN MP 329 Dual Frequency Echosounder) onraesuvessel (3.2 meter
ZODIAC RIB) (Figure 6.9).
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Figure 6.8 Setting up a standard GPS station for a known pbefore the

collection of bathymetric data for the Waitoa River

Figure 6.9 Collecting bathymetric data using an echosoundea gurvey vessel

for the purpose of hydrodynamic modelling withie #aitoa River.

A one meter by one meter bathymetric grid was ectat ARC GIS and exported
as a XYZ ASCII file. This file was then gridded mgi the software package
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SURFER32 (Version 6.04, software by Golden Softwéme, 1997). The
SURFER ASCII file was converted in-line with a 3B#andard format (I, J) as
.md file (Figure 6.10). The cell (1, 1) is locatatithe bottom left corner of the
grid and the maximum coordinate (Imax, Jmax) ar¢éhattop right corner. For
simulation of EDTA in the Waitoa River, a grid sipé 172 x 531(l, J) was
created. The U velocity of x-direction is posititeethe east, corresponding with
an increasing | value, while the V velocity is pivg north and corresponds with
an increasing J. Each cell is referenced by itd)(toordinate as well as U and V
velocities corresponding to that point. The Krigimgthod of interpolation was
chosen with a search radius of 6 m to grid the ywaé#try (Figure 6.11). A slight
(1 cell radius) smoothing was performed for thehpatetry, shown in Figure
6.12.

ug1) | dY
V(I J-1)
é —t

Figure 6.10 Structure of each model ‘cell’, where dX and dY gra size (m),
the x-direction (U velocity) is positive to the easid with corresponding an
increasing |, and V velocity is positive to the thoand corresponds with an
increasing J. Each cell is referenced by its (kabrdinate and the U and V

velocities in the triangle corresponding to thainpo
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Figure 6.11 Coverage of KNUDSEN MP 329 Dual Frequency Echaseun in
the Waitoa River. Survey was undertaken on 15 @rtob008, river flow
and height were 3460 L/s and 13.6 m (sea levedpeaetively.

(River data: Fonterra Co-operative Group Limitedqitda dairy site)
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Figure 6.12 A comparison of the created bathymetry for the 3Bdrodynamic
model with the aerial photo of the investigatedioagn the Waitoa River
from the Google Earth.

(Source: Google Earth)

The boundary file contains boundary informatioa, input data for the model at

the boundaries such as the start and end |, J.value

The hydrodynamic model 3DD binary output file (.O£bntains depth-averaged
velocity data for each grid cell during the lengththe time series. 3DD output
files were examined and results presented in th& MMB R2007a (Vision7.4.0)

graphics using the ‘plot3dd’ command.
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6.4.3 Hydrodynamic 3DD Model Processes and Calibration

1. Hydrodynamic processes

Model 3DD solves the momentum and continuity edqunetifor the circulation
explicitly on an Eulerian grid. In this case, otihe two-dimensional capabilities
of the 3DD model were applied to simulate the ayedadepth flow in the Waitoa
River as a means of understanding how EDTA is dsgzk in the receiving
region. The model accounts for various parametemugh bed roughness length
and horizontal eddy viscosity. Within a shallow ra¢nvironment of the Waitoa
River, the dominant dispersion of EDTA is transeevgth the main river flow,
but not horizontal dispersal. Thus, the main efiecparameter for the spatial

variation is the bed roughness length.

2. Model calibration

Models can only produce meaningful results aft@ppr calibration based upon
comparisons of field measured data against modelutsl The model calibration
was undertaken at a low river flow (425 L/s) by ustiing the roughness bed
length in the model equation until the model-sinediariver averaged velocities
matched with the velocity measurements at the Bpecioss sections of the
Waitoa River. A time series of the average velotliisough the section over the
full model simulation was extracted from the Mo@lpport Manager of 3DD
Suite (Figure 6.13). The actual field measuremeas warried out using Pigmy

current meter (P039) on 30 May 2008 assuming trex fiow was consistent.

After calibrating the model parameters (shown in
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Table 6.2), another 48 hours simulation was undertaken. Nepth-averaged
velocities were then extracted to confirm that tm®del was performing
consistently. For a comparison of depth-averagddcitees to the actual field

measurements, the initial and calibrated 3DD modgbut is listed in Table 6.3.

These data reveal that
() the calibrated velocities confirmed that the 3DDdiogynamic model
was performing consistently by the same velocitest
(i) differences between the modelled and measureditiewere less than
4 %, and the averaged difference was -2.3%. Thigests that the river

velocity was reflected well by the model.

3DD
EXTRACTION

From the 300 Suite
The Computational Marine and Freshwater Labaratary

Operational file name -

Browse D efault ‘

Type of extraction

Time series Grids Cross sections Profiles
i Cells i Marables " Momentum terms i Cells

" Regionz

(™ Sealevel, velocity

Information Window

s Atime series of the average velocity and flux through the section over the
full model simulation.

Return to Support Apply

Figure 6.13The 3DD model depth-averaged velocity data extractiomdow of

cross sections from the 3DD Suite.
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Table 6.2 Numerical parameters for the two-dimensional curfgmrodynamic
model of the Waitoa River receiving the Fonterraitdéa dairy effluent
containing EDTA.

Parameters Value
Time step 0.06 seconc
Model Duration 24 hours
Roughness leng 0.01n
Resistance length (uniform and constant) 0.01m
Horizontal eddy viscosity (uniform and

constant) 0.1 Afs
Grid resolutions Imx1lm
Grid size 172 x 531
Rotation of relative to true north 0
Effective depth 0.3m
Drying height 0.05m
Boundaries North and south boundary created

Table 6.3Comparison of depth-averaged velocities from fialeasurements, the
initial 3DD model outputs and the calibrated 3DD daboutputs at a low
river flow (425 L/s) for the Waitoa River.

Depth- Depth- Calibrated
Cross Depth  averaged averaged depth- Differences*
sections (cm) velocity velocity (3DD averaged (%)
(field) (m/s)  output) (m/S)  velocity (m/s)

1 88 0.208 0.202 0.202 -2.9

2 150 0.228 0.220 0.220 -3.6

3 90 0.270 0.269 0.269 -0.4
Mean -2.3

* Differences (%) = (modeled velocity - measuretbeiy)/averaged velocity * 100

6.4.4 Simulation of River Flow by 3DD Model

The river flow patterns, velocity, and velocity & from the 3DD model output
for the Waitoa River are shown in Figure 6.14 fdow river flow (425 L/s) and
Figure 6.15 for a high river flow (>2000 L/s). Deadnes, caused by an eddy
close to the river boundary and shown by the reshea circle, occur during
hydrodynamic current simulation at both low (0.2s)rénd high (1.0 m/s) river

currents. The velocity of dead zone (red dashedegiis likely to be much lower
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than the domain flows of the river. The peak velesifor both river flows can be

seen to reach 0.3 m/s and 2.1 m/s in the WaitoarRiv
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Figure 6.14The simulated river flow, velocity vector patteand velocity by the 3DD hydrodynamic model at a lover velocity of
0.2 m/s (river flow of 425 L/s) in the Waitoa Riv@ihe peak velocity can be seen to reach 0.31 mttsel modelled region, and
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the velocity of the dead zone caused by an eddsedio the boundary (red dash-circle) can be sebe touch smaller than the
domain river velocities.
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Figure 6.15The simulated river flow, velocity vector pattemnd velocity using the 3DD hydrodynamic model htgh river velocity
of 1.0 m/s for the Waitoa River. The peak veloaan be seen to reach 2.1 m/s in the modelled regiwhthe velocity of the
dead zone caused by an eddy close to the boundatydésh-circle) can be seen to be much smaller titte domain river

velocities.
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6.4.5 Simulation of EDTA Dispersion in the Waitoa River Wsing POL3DD
Model

POL3DD is a Lagrangian 3-dimensional numerical elispl model for
application to the transport of dissolved pollua(EDTA in this case), and is
linked to the 3DD hydrodynamic model (3DD) detaildow patterns (Black,
2002). The model solves the dispersion equatiomgyusvel Lagrangian particle
tracking techniques for the shallow water, whichthe Waitoa River in the
present study. The output from this model showsBB&A dispersal paths and
concentrations in the simulated region. The prdmaraof input files and
extraction of results from the model output filee a&ll supported by the 3DD
Suite. The graphics programme, PLOT3DD - a MATLABpgort tool, plots

model outputs.

In essence, the POL3DD model works in four staBésck, 2002) as follows:

(i) Boundary condition: EDTA particles are released heditne step in
accordance with a boundary condition, which, irs ttese, is volume input
and EDTA concentration of dairy effluents;

(i) Advection/Diffusion: EDTA is firstly advected by gents derived from a
hydrodynamic model. Next, diffusion is modelledaasandom walk, with
position increments proportional to horizontal aedtical eddy diffusivity;

(iif) Accumulation: The EDTA concentration is determinedeach model cell
by accumulating the masses and volumes carriechbyEDTA resident
within the cells; and

(iv) Decay: EDTA is generally considered not to be bgvdded in the natural
environment. Hence, EDTA is treated as conservapiagicles and no

decay was applied.

1. POL3DD model parameters

The POL3DD model was undertaken to simulate the A@iBpersal within the
Waitoa River for the monitored case of 30 May 208&] the worst case scenario
for the year 2008. The chosen vertical velocityfifgs around the averaged-depth
current for the river flow pattern were generatey & two-dimensional
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hydrodynamic model using the 3DD model describeavabThe parameters for
POL3DD model are tabulated in Table 6.4.

Table 6.4 Numerical parameters for POL3DD to simulate thepeisal of EDTA
within the Waitoa River receiving dairy effluenoin the Fonterra Waitoa
dairy site.

Parameters Value

Center of release region (I, J) (162, 27)
Constant release 0

Upper and lower Z from surface down 0,1
Timing of release 0,0
Uniform roughness length 0.01m

Release EDTA concentration

Monitored case 0.107 gfm
Worst case 0.88 gfin
Release volume
Monitored case 0.055%s
Worst case 0.0811s
Horizontal diffusion option 1 (constant)
Vertical diffusion options 1 (constant)
Model time step 1 second
Model duration 72 hours

2. Modelling results

POL3DD of two-dimensional numerical dispersal moees applied to the

transport of EDTA using novel Lagrangian partickcking techniques within the

Waitoa River subsequent to the Fonterra Waitoaydaifluent discharge. The

particle tracking results and distribution of EDTéoncentrations within the

Waitoa River for both monitored case (30 May 20@8)l the worst case scenario
for the year 2008 are shown in Figure 6.16 andreigul7. EDTA concentrations
are also plotted as 3-dimensional presence fowmthiest case scenario of dairy
effluent discharge, shown in Figure 6.18.
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Figure 6.16 Particle tracking result (a) and simulated EDTAeentrations (g/fh e.g. 16 pg/L) (b) by the POL3DD model within

the Waitoa River for the monitored case, as ddityent discharge volume of 0.055%s at the low river velocity of 0.2 m/s (or

173



CHAPTER SIX SIMULATION OF EDTA DISPERSION WITHIN THE WAITOA RIVER

river flow of 425 L/s). It can be seen that the maxm particle number and EDTA concentration ocatirire the immediate
vicinity of the dairy effluent outfall.
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Figure 6.17 Particle tracking result (a) and simulated EDTA a@antrations (g/ff) e.g. 16 pg/L) (b) by the POL3DD model within
the Waitoa River for the worst case, as dairy efiludischarge volume of 0.082mat the low river velocity of 0.2 m/s (or river
flow of 425 L/s). It can be seen that the maximuartiple number and EDTA concentration occurrechmitnmediate vicinity of

the dairy effluent outfall.
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Figure 6.18 The simulated EDTA concentrations by the POL3DD deio
illustrated in three dimensions within the WaitoadRr for the worst scenario
of high volume discharge (0.082%s) and low river flow (425 L/s). It can be
seen that the instantaneous EDTA concentrationhezh®.25 g/m at the
immediate vicinity of the dairy effluent outfall.

It is evident that
() the maximum EDTA concentrations occurred at the édiate vicinity
of dairy effluent outfalls for both cases; and
(i) EDTA dispersal paths and concentrations were détedrby the particle
tracking results.

To explain how EDTA is dispersed within the Waitiaer due to the river water
flux and dispersion, a series of EDTA averaged eatrations for each central
cell of various transects were extracted, using3bB® suite support manager,
downstream from the dairy effluent outfall. Changé&£DTA concentrations for

both cases within the Waitoa River are illustrabedTable 6.5 after the dairy
effluent enter the stream. As expected, the commgonn of EDTA had a

significant decrease due to the dilution of watex bf the Waitoa River, but the
important finding is that there was no obvious @nation change of EDTA

beyond 50 meters downstream from the outfall.
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Table 6.5 EDTA concentration extracted results of the céntedl from each
transect of varied distances downstream from they édfluent outfall for

both monitored case and the worst case in the3@a8.

Approx. EDTA
distance concentration
Monitored Worst
No. Cell from outfalls case case
(1,J) (m) (ng/L)
1 162, 27 0 1.80 16.81
2 164, 29 2 2.03 21.06
3 163, 35 10 1.23 15.63
4 166, 40 15 0.84 9.71
5 164, 45 20 0.80 9.78
6 165, 50 25 0.64 6.91
7 167, 66 40 0.28 3.58
8 168, 78 50 0.22 1.25
9 62, 175 200 0.14 1.66
10 22,424 500 0.16 1.40

For the monitored case of 30 May 2008, the maxinsimulated concentration
(2.03 ug/L) of EDTA occurred around 2 m downstream frora thairy effluent
discharge point, and then EDTA concentration wasdgally reduced to 0.22
pug/L and 0.14pg/L 50 m and 200 m downstream, respectively (Td&bte and
Figure 6.19). The analytical results of EDTA cortcations in surface water,
collected on 30 May 2008, show that there were maeosable changes of EDTA
concentrations upstream (10 m) and downstream (6@ram the dairy effluent

diffuser point (see Table 5.2 in Chapter 5).

For the worst Waitoa case, the maximum concentratfd&DTA in the vicinity of
the Fonterra Waitoa dairy effluent outfall was +&IL (Table 6.5). However, the
instantaneous concentration of EDTA was likely@aah 0.25 g/fh(0.25 mg/L)
in the vicinity of the outfall (Figure 6.18). Thercentration of EDTA was then to
be reduced to ~1.pg/L 50 m downstream of the dairy effluent outfdfigure
6.20). These, therefore, suggest that the dischafrd@rge volumes of effluents
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from the Fonterra Waitoa dairy site appears torestilt in a significant increase

of EDTA concentrations in the Waitoa River.
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Figure 6.19 The trend of EDTA concentrations in the Waitoa Riwehere the
Waitoa dairy effluent discharged for the monitocade of 30 May 2008.
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Figure 6.20 The trend of EDTA concentrations in the Waitoa éRjwhere the
Waitoa dairy effluent discharged for theworst cakthe year of 2008.

6.5 DISCUSSION AND CONCLUSIONS
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A large number of one- to three-dimensional modate used for
describing water quality and simulating the tramspof dissolved
pollutants in freshwater systems or coastal seagafRnd Cetina, 1997;
Periafiez, 2004; Rajar etal., 2004; Li et al., 2008pdels are usually
based upon the environment, model purpose, the euofddimensions’
considered etc. (Cox, 2003). However, three-dinwerai(3D) models are
highly sophisticated and usually reserved for laegtuaries where the
mixing patterns are complex (Rajar and Cetina, 1%jar etal., 2004),
but for water-quality in freshwater systems, suaimplex 3D solutions are
not usually necessary. In this study, the enviramms a mixing zone
downstream of the dairy effluent input to the mamter body of the
Waitoa River, and the model purpose is to increhseunderstanding of
the effects of dairy effluent discharge containiB@TA on the input
stream. Both quasi one-dimensional empirical caloohs (Rutherford,
1981) and the two-dimensional hydrodynamic (3DD eipdnd transport
model (POL3DD) were undertaken to make a prelinyinastimate of
EDTA dispersal processes within the receiving streaf the Waitoa
River.

The one-dimensional model (Cox, 2003) generallg@nés the water flow
and the advection and dispersion of solutes sucB¥EA, in just one
direction downstream in a river, where the river assumed to be
completely mixed across its width and depth. Bas@dn this, the
National Institute of Water & Atmospheric Resea(BhWA) (Hamilton)
developed a dissolved oxygen (DO) model of STUD8Be&dy Uniform
Flow Dissolved Oxygen) to investigate the transakedownstream of DO
and to determine the effect of photosynthetic oxygeput from the
Waitao dairy factory to the Waitoa River system di@an, 1996).
However, when the Fonterra Waitoa dairy effluerdcbarges into the
Waitoa River with a steady uniform transverse koexce, transverse
concentration gradients are negligible due to th&oum line-source.
Longitudinal gradients are also negligible becathse source is steady.
Thus, the dispersion of EDTA in the Waitoa Rivangiifies to become
quasi one-dimensional of vertical mixing only (Retford, 1981).

Rutherford (1981) used some empirical formula tiowdate the vertically
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complete mixing distance and concentration of EDTo&curring
downstream of the outfalls in the Waitoa River, wtike horizontal and
transversal dispersion of EDTA are neglected.

Based upon the quasi one-dimensional line sourcthefWaitoa dairy
effluent discharge, the dispersion of EDTA in theaitta River was
illustrated by vertical mixing dispersal contoursray the river bed, at
one-quarter depth and the mid-depth. It is evidleat the vertical mixing
is symmetrical at the mid-depth. However, it mayolerestimated for the
rate of EDTA dispersion downstream from the outtall the bed of the
rough natural channel of the Waitoa River due t® g¢mall velocity and
dispersal coefficient close to the boundary. Estgmaresults of the
empirical formula showed that the EDTA dischargmfrthe Waitoa dairy
effluent was completely mixed only 6 m downstreassuming the river
depth of 1 m, width of 8 m, slope of 2 x4Gand mean velocity of 0.22
m/s. Fully mixed concentrations of EDTA were 3.18/L for the
monitored case (30 May 2008), and 40.3 pg/L forwmest case of the
maximum EDTA used in the processing plant combiwét a low river
flow (425 L/s).

A two-dimensional model either simulates dispersagnoss the width or
depth of the stream (Cox, 2003). The Waitoa Riweshallow, so that
stratification is limited, but dispersion acrose thidth of the river is slow.
A two-dimensional, depth-averaged hydrodynamic rhedss, therefore,
used to simulate EDTA dispersion in the Waitoa Ri¥esimilar principle
of two-dimensional, vertically integrated hydrodymia model is also
employed in a multidam river system by Li et aD@3).

The 3DD hydrodynamic model uses an explicit, firdiference scheme
to solve momentum and continuity equation, and the ideal modelling
tool for management, science and applied rese&ietk, 2002). Given a
1x1 m grid resolution with a precise bathymetryateel by a single beam
eco-sounder, a two-dimensional, depth-averaged odydamic model
(3DD) was set up for a low river velocity of 0.2anOutputs of the 3DD
model concur well with the field measurements byaaeraged difference
of 2.3%. The 3DD hydrodynamic model was performaugsistently by

giving the exactly same velocities with differeimh¢ series. A high river
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velocity of 1.0 m/s was also simulated by the 3DfIrbdynamic model.
Dead zones caused by an eddy close to the boumgaey observed for
both low and high river currents of 0.2 and 1.0,mvkere vectors of the
river velocity were much small corresponding to tbemain river

velocities.

vi. EDTA dispersion of the monitored case of 30 May &0&nd the worst
case of high EDTA discharge combined with a loweriflow were
simulated in the Waitoa River. From the modelling;an be seen that the
maximum EDTA concentrations were present in the iatedvicinity of
the dairy effluent outfall in the Waitoa River footh monitored and worst
cases. The important finding was there was no fs@mt increase of
EDTA concentrations beyond 50 m downstream from dbtalls. The
highest concentrations of EDTA seemed to be ara2ndy/L for the
monitored case and 3ig/L for the worst case. These values are nearly
half of the quasi one-dimensional calculations. ldeer, the quasi one-
dimensional, vertical mixing of EDTA is only driveby turbulence
generated by velocity, and the transversal mixiriged by the velocity of
domain river flow was neglected. The estimatedltesue only indicative,
less accurate for the EDTA dispersal in the rividre two-dimensional,
depth-averaged 3DD hydrodynamic model consider&EMD€A dispersal
in both transversal and horizontal directions, \whi believed to provide
more practical simulation of EDTA dispersal in iMaitoa River.

vii.  Another key point that should be noted is thatdbecentration of EDTA
in the immediate vicinity of the receiving streamasaas high as 21g/L
(or 40.3ug/L from approximate calculation) for the worstsago of high
volume dairy effluent discharged into the low floate of the Waitoa
River, and then it was gradually diluted to ~LdIL due to the river flux
and dispersion. These suggest that (i) the maxiBDMA concentration
occurring in the immediate vicinity of the dairyttall is well below the
Predicted Effect Concentration (PEC) of 2.2 mg/Lr faquatic
environments advised by the European Union advig§Edropean
Chemicals Bureau, 2004); (i) this value is alsollwender the New
Zealand Drinking Water Standards of 0.7 mg/L ED DA liealth purposes
(Ministry of Health, 2005), and (iii) large volumesf dairy effluent
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discharge seem to not result in a significant EDdaxtribution to the

Waitoa River.

In conclusion, the dairy effluent discharge frone tkonterra Waitoa dairy
processing plants will not to lead to a significantrease of the EDTA
concentration in the Waitoa River, based upon #tenated calculation and the
simulation of EDTA dispersion within the Waitoa Riv by the 3DD

hydrodynamic model.
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(.0 CHAPTER SEVEN: INVESTIGATION OF
EDTA AND HEAVY METALS IN SOILS
AND GROUNDWATER

The use of wastewater for irrigation on agricultuaad is a world-wide practice,
which offers an economic alternative to disposdb isurface waters and it
supplies nutrients to soils (Haruvy et al., 1998edral et al., 2000, Angin et al.,
2005). In New Zealand, dairy wastes are commonpfieg to land as a means of
fertilising or boosting the productivity of soilDégens et al., 2000, Sparling et al.,
2001). This is referred to as land application, amdudes irrigation of dairy
wastewater treatment sludge (also known as bionoasbkiosolid) and dairy
effluent onto pasture land (Figure 7.1 and Figu&).1.ong term land application
can induce changes in the quality of soil, esplcid trace element inputs are
sustained over long periods and it may lead to mptaater contamination (Stuart
and Milne, 2001, Silveira et al., 2003, Sinha et 2006, Xie et al., 2007). This
chapter, therefore, investigates EDTA and heavyalmepresent in soils and
groundwater in a pastoral area subjected to lapticapion of wastes from dairy

factories.

Figure 7.1 Dairy wastewater treatment sludge being spread argarby
pastureland as an alternative disposal of dairytegas the New Zealand
dairy industry.

(Photo provided by Fonterra Co-operative Group teuot)
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Figure 7.2 Land spray irrigation system of dairy effluenttime New Zealand
dairy industry.
(Photo provided by Fonterra Co-operative Group teaf)

7.1 LAND APPLICATION OF DAIRY WASTES IN NEW
ZEALAND

Land application of wastes from dairy factoriestiis study includes dairy

wastewater treatment sludge being spread onto rneétd and land spray

irrigation of dairy wastewater. The Fonterra Waittsry site was selected as a
case study of biomass application onto pasture(&igiire 7.1), and the Fonterra
Kauri dairy site as a case study of land spraygation of dairy wastewater

(Figure 7.2).

7.1.1 Dairy Wastewater Treatment Sludge Disposal

At the Fonterra Waitoa dairy site, wastewater frdairy processing plants is
treated by an extended aeration sludge biologiestrnent.About 300 ni of
sludge from the wastewater treatment plants (WWTW#) 2.5 - 3 % solid
(biomass) is trucked away on a daily basis andasbomto nearby pasture (Figure
7.1).
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7.1.2 Land Spray Irrigation of Dairy Wastewater

1. Wastewater system at the Fonterra Kauri dairy site

Wastewater from dairy processing plants at the éromtauri site is collected in
a sump (Figure 7.3) and treated by the ‘dissolviedlatation’ (DAF) process
(Figure 7.4). The treated wastewater is then pumntpeaugh pipelines to the

irrigation station and spray irrigated onto pastare, as illustrated in Figure 7.1.

Figure 7.3 A site wastewater sump at the Fonterra Kauri di@icyory, Northland

in New Zealand.
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Figure 7.4Wastewater pre-treatment by the dissolved aiafioh (DAF) process
prior to the land spray irrigation at the Fontdfeauri dairy site.

2. Pasture areas irrigated by wastewater from the Femt Kauri dairy site

Farms irrigated by dairy wastewater from the Faatdfauri site include the
Jordan Valley, Hikurangi and Kauri farms. The Jordand Hikurangi farms

possess clay soils, and Kauri farm has volcanis ¢bigure 7.5).

Figure 7.5 Layout of pasture areas irrigated by dairy wastewancluding the
Jordan Valley, Hikurangi and Kauri farms, nearbg #onterra Kauri dairy
site.

(Map source: Map Toaster Topo/NZ)
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7.2 METHODS

7.2.1 Dairy Wastewater Treatment Sludge

1. Dairy sludge sample collection
Dairy sludge samples were collected from the gyabi¢lts when sludge was

being pre-concentrated before trucking away (Figuég

Figure 7.6 Dairy sludge samples were collected from sludge-gancentrated
gravity belts at the Waitoa wastewater treatmeanisl (\WWTPS).

f““ il

2. Sludge sample pre—treatment

Pre-treatment of the sludge samples for analysved:
a. Spinned the sludge samples in a centrifuge and drgng at 98C;
b. Weighed a 0.5 g dried sludge sample in a 20 mL vial
c. Extracted EDTA with 15 mL of 0.002 M NaRO, desorption solution in
an ultrasonic bath (Bransonic 220) for 15 minutdswack et al., 1996);
d. Took 5 mL supernatant and adding 0.1 mL 0.194 gf";F
e. Allowed the complexing of Fe(ll)EDTA overnight the dark; and
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f. Filtered the solution through a 0.45 pm cellulosérate filter
(Phenomenex) using a syringe unit prior to HPLC-&halysis.

7.2.2 Analyses of Soil Samples

1. Sample collection

Composite soil samples were taken from 0-75 mmiwithe pastoral topsoil,
onto which dairy biomass or wastewater had beenlieghp by taking
approximately 10 cores (1.5 meters between comxsapn of a ‘z’ pattern across
to give a total of 30 cores (Figure 7.7). A 75 meep auger was used and
samples were pooled for one composite sample (Eigw8). Soil sampling sites
of pastureland near the Fonterra Waitoa dairyasgepresented in Figure 7.9, and
two of each irrigated and un-irrigated paddocksenselected for the Hikurangi
and Kauri farms, which possess clay and volcaniits sorigated by dairy
wastewater from the Fonterra Kauri dairy site. S@mples from un-irrigated

areas were collected for a comparison.
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Figure 7.7 A pattern of approximately 10 cores (1.5 m betweach core) apart
per arm of a 0-75 mm deep ‘z’ shape of acrossue gitotal of 30 cores were

taken and pooled to produce one composite pastpsbil sample.
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Figure 7.8 Sample was collected with a 75 mm deep auger aate@ into a

plastic bag for a composite pastoral topsoil sample

Image © 2008 'DigitalG!

Figure 7.9 Layout of paddocks for soil sample collection amdundwater wells
near the Fonterra Waitoa dairy site, where paddoulas a reference site as
no dairy biomass had been applied, and paddock 5the heaviest dairy

biomass spread paddock.

(i? - groundwater bores 2 - soil sampling sites)
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(Map Source: Google Earth)
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2. Soil sample pre-treatment

Soil samples were dried in a forced air convectider at 35-48C and crushed to
pass through a 2 mm sieve. This was conducted byl Blboratories Limited,
Hamilton. A 0.5 gram soil sample was weighed inGandL vial. EDTA was
extracted by the method of Nowack et al. (1996)hwi5 mL of 0.002 M
NaH,PO, desorption solution in an ultrasonic bath for 15 atés. The extracted
solution was kept in the dark and allowed complgxaf Fe(lINEDTA overnight,
and then filtered through a 0.4 cellulose nitrate filter (Phenomenex) prior to
HPLC-UV analysis.

3. HPLC separation

Modification of the HPLC method was required thevere many peaks from
other compounds that eluted in the region of th@lIFEDTA peak. For example,
Figure 7.10 illustrates the separation of analg@IFEDTA using a mobile phase
containing 2 % MeOH and 15 mM TBABr within a pH 3@mic acid/formate

buffer solution, at a flow rate of 0.9 mL/min.

{(aw) Jysrey yeag

Fe(III)EDTA peak

Retention time {min.)

Figure 7.10 Overlay of chromatograms of a 50 pg/L EDTA stadd@ed line)
and a pastoral topsoil sample (black line) from khlkeurangi irrigated farm

with dairy wastewater from the Fonterra Kauri site.
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(HPLC separation conditions: mobile phase of 2 %Meand 15 mM TBABr in
pH 3.3 buffer solution at a flow rate of 0.9 mL/n)in

Based on experimental trials, final separation @mrts were mobile phase with

1% MeOH and 10 mM TBABr in a pH 3.3 formic acidtimaite buffer solution, at

a flow rate of 1.0 mL/min. The chromatogram with appropriately separated

peak of Fe(ll)EDTA for the determination of EDTA the same soil sample is

illustrated in Figure 7.11.

(aun) yyday yquag

4 "

Retention time (min.)

Figure 7.11Overlay of chromatograms of an 80 pug/L EDTA staddaed line)
and a pastoral topsoil sample (black line) from kikurangi irrigated farm
with dairy wastewater from the Fonterra Kauri site.

(HPLC separation conditions: mobile phase of 1 %OMeand 10 mM TBABr in
pH 3.3 buffer solution at a flow rate of 1.0 mL/rnin

4.  Quality control and detection limit

The method was verified using a spiked recoveB0%, n=4) with a standard
EDTA solution as there is no certified materialereihce available (Figure 7.12).
Quality control of analyses was undertaken by mgr blank, a duplicate sample
every 10" sample and a spiked recovery every' Zample. Duplicated results

were within 8.7% (n=4) and spiked recoveries wdre-98% (n=2).

The method detection limit of 0.15 mg/kg (dry weigfor soils was calculated
based on the HPLC-UV method of:i§/L of EDTA.
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% Fe( III)EDTA peak
':Ei 5 \f‘.z
: A Ll i\ | . A
3 N M ot AN

Retention time (min.)

Figure 7.12 Overlay of HPLC-UV chromatograms of a 100 pg/L ED3piked
soil sample (red line) and a pastoral topsoil senaplly (black line) from the

Hikurangi irrigated farm with dairy wastewater frahre Fonterra Kauri site.

5. Other analyses for soil samples

Metals and other measurement for soils were andlyze Hill Laboratories

Limited, Hamilton. Method and details are showi\ppendix 4.

7.2.3 Analyses of Groundwater

1. Sample collection

Groundwater samples were collected in opaque Pt#ebdb avoid photolysis of

the Fe(llI)EDTA and stored at 4°C until analysian®le collection sites for the
Fonterra Waitoa dairy site are shown in Figure Wiere groundwater bores are
located. Groundwater samples were collected on veiMber, 2007, 8 February

and 15 July, 2008.

For the Fonterra Kauri dairy site, groundwater sasiwere obtained by digging
a hole to reach the groundwater and pumping ituiinoa plastic tube to a
container (as illustrated in Figure 7.13) at bdtk Hikirangi and Kauri farms.

Groundwater samples were collected on the samaslaypils.
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Figure 7.13Groundwater sample was collected at both the Hikgirand Kauri

farms near the Fonterra Kauri dairy site by diggedgole to reach the

groundwater and drawing it through a plastic tuba tontainer.
2.  EDTA Analysis for groundwater using HPLC-UV

A pre-concentration step was needed for the detevton of EDTA in
groundwater samples because of their low conceémtisat Groundwater samples
(10 mL) were heated to dryness at®@reconstituted into a mobile phase,
followed by complexing of Fe(lIlEDTA and analysading HPLC-UV. The pre-
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concentrated factor of 2.5 was appropriate to rat&iclear EDTA peak as

illustrated in Figure 7.14 and Figure 7.15.

a. 80ug/L EDTA Std. Fe(INEDTA peak
b. GW 5xpre-con.

c. GW 10xprecon
/‘\ C

Retention tine (min.)
Figure 7.140verlay of HPLC-UV chromatograms of an 80 pg/L ED3tandard

(black line) and a groundwater sample with a pneceatrated factor of 5 and

{(Aw) Iy 3

10 (red lines of b and c respectively).

Fe(II)EDTA peak

()} uSren yiza g

Retention time (min.) |
Figure 7.150verlay of HPL-UV chromatograms of a 25 ug/L of Ebstandard

(black line) and a groundwater sample with a preceatrated factor of 2.5

(red line).
3. Quality of control and detection limit

Quality control of the analysis was the same apfevious sector. The duplicate
limit and EDTA standard spiking recovery of 80 ugilas within 7% (n=8) and
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91-107% (n=5), respectively. The detection limitswapg/L of EDTA due to the
pre-concentrated factor.

4.  Other analyses of groundwater

Associated heavy metals and other parameters ohdweater were obtained by

Hill Laboratories Limited, Hamilton. Method and d#$ are shown in Appendix

7.3 RESULTS

7.3.1 Presence of EDTA in dairy sludge

Chromatograms of dairy sludge samples were coniplicdue to a wide range of
chemical and biological constitutions in the sludg®TA is generally identified
by the retention time (minutes), and thus EDTA Wiksly to occur in sludge
samples by comparing overlay of chromatogramssibadard EDTA and sludge
sample (Figure 7.16). No further study was underadn its analytical conditions

for this particular case.

M1
T
I
T

3 EDTA standard pés

Iy

{aw) 1ySiay qeay

EDTA peak in sample

RYRELWIZ
N

Figure 7.16 Overlay of chromatograms of a 100 ug/L EDTA staddswlution

2 4 6 ] 10 12 14 16

Retention time (min.)

(red line) and a dairy sludge sample (black linenf the Waitoa dairy

wastewater treatment plant.
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7.3.2 EDTA Occurrence in Pastoral Topsoil and Groundwater Following

Land Application of Dairy Sludge

Analytical results of EDTA in pastoral topsoil agdoundwater are tabulated in
Table 7.1 and Table 7.2, where the dairy sludge filee Waitoa dairy wastewater

treatment plant was spread onto pasture.

Table 7.1EDTA analytical results for pastoral topsoil saegpfrom the Fonterra
Waitoa dairy site using HPLC-UV, where paddock 4wareference site as

no sludge had been applied, and paddock 5 wasdhedist sludge pread

paddock.
Sampling Sampling EDTA concentration Detection Hnit
date site (mg/kg) (mg/kg)
14-Feb-08 Paddock 1 0.41 0.15*
Paddock 2 <0.15 0.15
Paddock 3 <0.15 0.15
Paddock 4 <0.15 0.15
Paddock 5 <0.15 0.15
Paddock 6 <0.15 0.15
15-Jul-08 Paddock 1 <0.15 0.15
Paddock 2 <0.15 0.15
Paddock 3 <0.15 0.15
Paddock 4 <0.15 0.15
Paddock 5 <0.15 0.15
Paddock 6 <0.15 0.15

*0.15 mg/kg (dry weight) was calculated based ombthod detection limit of 5pg/L
EDTA for HPLC-UV

EDTA was only detected at paddock for both sampmlkecting dates at the
Fonterra Waitoa dairy site. Otherwise EDTA appedcete below the detection
limit, even for the paddock 5 in which the heavibgimass had been applied.
There was no dairy biomass (sludge) actually habiegn spread on paddock 1
except a dairy shed from which some washing det¢sgesed may contain EDTA
for cleaning purposes. This suggests that the &pplication of dairy biomass

seems not to significantly increase EDTA levelpastoral top soils.

198



CHAPTER SEVEN INVESTIGATION OFEDTA AND HEAVY METALS IN SOILS AND GROUNDWATER

Table 7.2EDTA analytical results in groundwater near theteaa Waitoa dairy
site, where bore 4 was a reference site and thasenw bore on the heaviest

sludge spread paddock (paddock 5).

Sampling Groundwater Pre-concentrated EDTA
date Sample depth factor concentration
(m) (Hg/L)
4-Nov-07 Bore 1 24 2.5 26.4
Bore 2 1.2 25 <2*
Bore : 4.1 2.5 <2
8-Fel-08 Bore 1 31 2t 20.1
Bore 2 1.9 2.5 <2
Bore ¢ 2.€ 2.t <2
Bore 4 3.3 2.5 ND**
15-Jul-08 Bore 1 2.8 25 14.5
Bore Z 1.0 2.t <2
Bore 3 2.1 2.5 <2
Bore ¢ 2.8 25 ND**

* - less than detection limit
** - No EDTA peak observed

It can be concluded from Table 7.2 that
I EDTA was only detected in bore 1, which also haeé thighest
concentration in soil;
il. the concentration of EDTA in the groundwater cdkelcin July 2008
was less than that in November 2007 and Februa§;2id
iii. the depth of groundwater was shallower in July thmiNovember and
February, except for bore 1.

7.3.3 EDTA Presence in Pastoral Topsoil Subjected to Landrrigation of
Dairy Effluent

1. EDTA concentration of wastewater from the Fontertéauri dairy site

Monthly treated composite wastewater samples fretrdary to April 2008 were

collected at the Fonterra Kauri dairy site. Thesxewno wastewater samples from
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May to August 2008 as dairy processing plants werger maintenance during
low milk production season. Some water samples feodrainage ditch (testing
for runoff) along the Hikurangi farm (Figure 7.1&pre also collected in April
and July 2008. Analytical results for both samples presented in Table 7.3.

[ 3 i T e R
. Rl O

Figure 7.17 The drainage ditch where samples were collected$sessment of
EDTA runoff at the Hikurangi farm irrigated by daiwastewater from the

Fonterra Kauri dairy factory.

Table 7.3EDTA concentrations in dairy wastewater and wasn@es from the

drainage ditch along the Hikurangi farm near thetewoa Kauri dairy site.

EDTA concentration

Sampling date Sample (ngl/L)
Fel-08 Kauri monthly ww 197.1
Mar-08 Kauri monthly ww 11.4
Apr-08 Kauri monthly ww 172.6

11-April-08 Hika farm ditch#1 58.4
Hika farm ditch #2 59.8
Hika farm ditch #3 69.0
Hika farm ditch#4 71.€

17-July-08 Hika farm ditch #1 99.7
Hika farmditch #2 79.7
Hika farmditch #3 81.€
Hika farm ditch #4 101.8

200



CHAPTER SEVEN INVESTIGATION OFEDTA AND HEAVY METALS IN SOILS AND GROUNDWATER

Test results of EDTA show clearly that EDTA was ei¢¢d in both dairy
wastewater from the Fonterra Kauri dairy site amdase water samples (runoff)

of the drainage ditch at concentrations of 11 —29Q..

2. Analytical results of pastoral topsoil samples

Analytical results of pastoral topsoil for both Hrangi farm (clay soil) and Kauri
farm (volcanic soil) are presented in Table 7.4.

Table 7.4 EDTA analytical results for pastoral topsoil saegplfrom the
Hikurangi and Kauri farms irrigated (I) and ungated (U) with wastewater

from the Fonterra Kauri dairy site using HPLC-UV.

EDTA
Sampling date Soil type Site Sample concentration Detection limit
(mg/kg) (mg/kg)
11-April-08 Clay Hika farm <0.15 0.15*
Clay U (B) <0.15 0.15
Clay I (A) 0.93 0.15
Clay I (B) 0.75 0.15
Volcanic Kaurifarm U (A) <0.15 0.15
Volcanic U (B) <0.15 0.15
Volcanic I (A) <0.15 0.15
Volcanic I (B) 0.17 0.15
17-July-08 Clay Hika farm U (A) <0.15 0.15
Clay U (B) <0.15 0.15
Clay I (A) <0.15 0.15
Clay I (B) <0.15 0.15
Volcanic Kaurifarm U (A) <0.15 0.15
Volcanic U (B) <0.15 0.15
Volcanic I (A) <0.15 0.15
Volcanic I (B) <0.15 0.15

*HPLC-UV detection limit for soil (dry weight)

For land application of dairy wastewater from thenterra Kauri dairy site,
EDTA was detectable for pastoral top soils at datims irrigated with clay and
volcanic soils for the relatively dry season (11riRp2008). EDTA was not
detected at both farms for the wet season (15 20§8), possibly because there
was enough moisture within the soils and less daiagtewater irrigation was

required.
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3. EDTA in groundwater

EDTA behaves as a persistent substance in its gasamough groundwater
(Nowack and Sigg, 1997). Various literature repatisw that EDTA is widely

observed in groundwater with a low concentratiof.df- 721g/L range (Bucheli-

Witschel and Egli, 2001, Schmidt et al., 2004, Nokvand VanBriesen, 2005).

In the present study, EDTA concentrations in grouetér were investigated in
association with land application of dairy effluentboth the Fonterra Kauri sites.

Analytical results of EDTA concentrations are shawifable 7.5.

Table 7.5 EDTA analytical results in groundwater at both tHi&urangi and
Kauri farms irrigated and un-irrigated with dairyastewater from the

Fonterra Kauri dairy site.

Groundwater  Pre-concentrated EDTA
Sample Sample depth factor concentration
Date (m) (ngl/L)
11-Apr-08 Hika un-irrigatec farm 3.5 2.t 4.1
Hika irrigated farm A 2.0 1 3314
Hika irrigated farm B 2.0 1 457.3
Kauri ur-irrigatec farm A 1.2 1.25 6.4
Kauri un-irrigated farm B 0.5 1.25 38.0
Kauri irrigated farm A 1.0 1.25 10.1
Kauri irrigated farm | 0.8 1.25 143.1
17-Jul-08 Hika un-irrigated farm 2.4 25 ND*
Hika irrigated farm A 1.6 1 51.1
Hika irrigated farm B 1.6 1 74.7
Kauri un-irrigated farm A 0.4 25 <2**
Kauri ur-irrigatec farm B 0.8 2.5 <2
Kauri irrigated farm A 0.8 1 626.8
Kauri irrigated farm B 0.4 1 110.3

* - no EDTA peak observed
** _ EDTA peak observed but less than the detecliioit of 2 pug/L

In Table 7.5, it is demonstrated that:
() EDTA was detectable for all groundwater sampletectdd on 11 April,
2008 and even quite high for groundwater of thgated areas; and
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(i) concentrations of EDTA are lower than the maximwueptable value
of 700ug/L EDTA for New Zealand drinking water (2005).

203



CHAPTER SEVEN INVESTIGATION OFEDTA AND HEAVY METALS IN SOILS AND GROUNDWATER

7.3.4 Soil Characteristics Subsequent to Land Applicatiorof Dairy Effluent

At the present study, physical and chemical progerof clay soils at the
Hikurangi farm irrigated with dairy wastewater frahe Fonterra Kauri site were
investigated and compared with the un-irrigatedssby the dairy wastewater.
Samples were collected on 11 April 2008 for twoeafch irrigated and un-
irrigated paddocks with dairy wastewater (Tablg).7Sbil samples were air-dried
at 35-46C overnight (residual moisture typically 4%) ancusired to pass
through a 2 mm screen. Analyses for soils, inclgdiasic soil test data, Mehlich
3 test data and associated heavy metals, wereneltddy Hill Laboratories
Limited, Hamilton. The original test results argaahed in Appendix 4, and

analytical results are summarised in Table 7.6.

Table 7.6 Analytical results of clay soil properties, colied on 11 April 2008, at

the Hikurangi farm irrigated (I) and un-irrigated)(with dairy wastewater.

Mean Mean
ltems UM U®B) (U 1A 1B M ul
pH 6.1 5.9 6.0 6.3 6.2 6.3 <1
EDTA concentration (mg/kg dry v 0 0 0.00 0.9 0.7 0.8 <1

Total Recoverable Cd (mg/kg dry wt) 0.63  0.61 062 036 037 037 >1
Total Recoverable Fe(mg/kg dry: 33000 19000 26000 19000 180( 18500 >1
Total Recoverable Hg (mg/kg dry wt) 0.098 0.1 0.1 014 o018 0.16 <1

Olsen P (mg/L) 26 42 34 121 128 123 <1
K (me/100g) 063 049 056 084 14 116 <1
Ca (me/100g) 19.2 214 203 245 22. 234 <1
Mg (me/100g) 120 140 130 146 16 153 <1
Na (me/100g) 017 032 025 272 2z 248 <1
CEC (me/100g) 26 29 275 34 32 33 <1
Base Saturation (%6) 81 81 81 87 8 86 <1
Volume Weight (g/mL) 079 070 075 078 07 075 1
Total Nitrogen (%) 060 067 064 087 06 075 <1
Phosphorus (Mehlich 3) (mg/L) 31 52 42 197 1= 177 <1
Iron (Mehlich 3) (mg/L) 193 384 289 409 39¢ 404 <1
Manganese (Mehlich 3) (mg/L) 61.2 11.0 36.1 86 21: 109 >1
Zinc (Mehlich 3) (mg/L) 204 190 197 246 31 281 <1
Copper (Mehlich 3) (mg/L) 1.9 1.5 1.7 1.0 1.: 1.2 >1
No No
Boron (Mehlich 3) (mg/L) <0.5 <0.5 data 0.6 <05 data <1
No
Cobalt (Mehlich 3) (mg/L) 0.3 <0.1 data <0.1 <0.1 Nodata >1
Aluminium (Mehlich 3) (mg/L) 532 481 507 546 41 478 >1
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(Source: Hill Laboratories limited — appendix 4)
Comparing basic soil test data of irrigated andirtigated soil samples
(Appendix 4), it can be concluded that:
¢ nutrient levels of phosphorus (P), potassium (KaJciom (Ca),
magnesium (Mg) and sodium (Na) were boosted igated soils,
¢ cation exchange capacity (CEC) (me/100) and batgas@an (%)
were increased slightly for irrigated soils, and
¢ volume weight (g/mL) stayed similar in both irrigdtand un-irrigated

soils.

For Mehlich 3 soil test, concentration of P wasdewitly boosted. Concentrations
of heavy metals - Fe, Mn and Zn seemed to be eeldaas well with the dairy
wastewater irrigation areas. Lower concentrationCof in irrigated soils was
found in contrast to the un-irrigated soils, andsgnce of Al was variable for

both pastoral top soils.

7.3.5 Heavy Metals in Groundwater

To investigate the potential transportation of hlyeavetals by EDTA, further

analysis was carried out for groundwater samplesrigated areas with dairy

wastewater, and the groundwater of non-irrigatedaawas sampled for a
comparison. Tests were undertaken by Hill Laborasorat Hamilton, New

Zealand. Original data is shown in Appendix 5 andlygical results are presented
in Table 7.7.

Based on Table 7.7 it can be concluded that:

i.  high concentrations of EDTA (highest ever reportedgre detected in the
groundwater, where dairy effluent containing EDTifedtly irrigated onto
pasture; and

ii. there is an indication that trace elements of Cd, Be and Zn were
transported to the groundwater, identified by theslof metals in soils and
the gain of metals in groundwater. However, furtystematic research is

needed to confirm this.
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Table 7.7 Analytical results for groundwater collected onAgdril 2008 from the
irrigated (1) and un-irrigated (l) areas with daeyfluent at the Hikurangi

farm.
Mean

Items U (A) | (A) | (B) (1) ull
Groundwater depth (m) 3.5 2.0 2.0 z>1
EDTA concentration (ng/L) 4.1 331.4 447 38¢ <1
pH 6.34 5.28 6.42 5.¢>1
EC (mS/m) 17.6 62.5 93.1 77. <1
Dissolved Cd (g/ﬁ) <0.000050 0.00028 0.00013 0.000 <1
Dissolved Ca (g/r) 25 2.5 5.4 4C <1
Dissolved Cu (g/rf) 0.0028 0.0063 0.013 0.00¢ <1
Dissolved Fe (g/f) <0.020 0.11 0.14 0.1 <1
Dissolved Mg (g/M) 3.9 1.1 35 2.3 >1
Dissolved Hg (g/) <0.000080 0.00008 <0.000080 Nod: -
Dissolved K (g/rf) 2.2 1.1 4.8 3.C <1
Dissolved Na (g/rf) 24 110 210 160.C <1
Dissolved Zn (g/M) 0.0041 0.072 0.024 0.04 <1
Dissolved Reactive Phosphorus (g/m3) 0.14 0.0054 004& 0.005 >1
Total Phosphorus (g/m3) 1.9 0.12 0.89 (>1
Nitrate-N+ nitrite-N (g/m) 0.055 2 0.36 1.2 <1
Total Kjeldahl Nitrogen (TKN) (g/ff) 0.44 0.71 6.9 3.6 <1

(Source: Hill Laboratories limited — appendix 5)

7.4 DISCUSSION

Land application of dairy wastes, including daiigrbass and wastewater, is an
economic and practical option due to their feeilidbenefits (Longhurst et al.,
2000, MfE and NZWWA, 2003, Russell, 2007). Howeveng term or overdose
of land application has been reported to inducengés in the characteristics of
soils, such as trace element inputs, when sustaimedlong periods (Degens, et
al. 2000, Longhurst et al. 2000, Sparling et al01)0 Lopez-Mosquera et al.
(2000) suggested that the dairy sludge was a saidilceavy metals for soils, but
that even the short- or medium-term (4 y) did eeid to harmful accumulation of
heavy metals in soils. They however indicated tbag-term sludge application
would eventually lead to a build-up of heavy metaissoils. The survey of

Fonterra dairy wastewater and biomass by Russeli7Rfrom Fonterra Research
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Center Limited also recommended that total heavyamanalyses should be
determined on irrigation farms at 10-yearly intésv@ ensure heavy metals levels

are stable.

Furthermore, heavy metals may leach to groundwatet lead to a risk of
groundwater contamination, in particular with EDTohelates (Cooper et al.,
1999, Tandy et al., 2006). Contaminants can be \medoin many different
reactions and processes in soils, but their ulénfate can be summarized as

shown in Figure 7.18.

Plant intake of contaminant Volatilisation of contaminant

Contaminant: Contaminants

in soil solution retained by the

solid phase of soll

Leaching of contaminants tp

grourdwate

Figure 7.18 Simplified depiction of the fate of taminants in soils.
(Source: MfE and NZWWA, 2003)

EDTA has the potential to remobilize metals adsdneto a solid (Nowack et al.,
1996, Sillanpaa et al., 1997, Sillanpaa and Rorf6,12Ceremigna et al., 2005),
which suggests that metal ions are likely to begparted together with EDTA
under environmental conditions (Xue et al., 199%) process depends upon the
competition between EDTA in solution and binding mwietals to particular
compounds, mostly by complexing with surface ligan&nepper, 2003, Di
Palma and Mecozzi, 2007).
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7.4.1 Effects of Soil Properties and Management of Land pplication of

Dairy Wastewater

There are various reports describing effects on phgsical and chemical

properties of soils irrigated with dairy wastewaf®hahalam et al., 1998, Friedal
et al., 2000, Zhou et al., 2003, Angin et al., 20D&wes and Goonetilleke, 2006).
The current study has also shown the changes lopsmperties, such as P, CEC,
and minerals, induced by the irrigation of dairysteavater. The most important
point from this study is that heavy metals may détained in soils because of the
dairy wastewater irrigation. This disadvantage hed tvastewater irrigation was

also suggested by Angin et al. (2005).

In Table 7.6, if the value of U/l is greater thaifas for Fe, Cu, Co, Mn, Al and
Cd), metals may either have been taken up intotpléstimulated growth by
irrigation) by enhancing plant availability of EDTAr lost to groundwater by
leaching of the complexion with EDTA or free ion#)the value of U/l is less
than 1 (as for P, N, K, Na, Ca and Mg), it canriferred that the compounds have
been retained in soils after irrigation due to rhetechanging, especially via
inorganic soil colloidsNIfE and NZWWA, 2003)

In terms of the EDTA concentration, it was unde¥ thethod detection limit for
pastoral topsoil where the dairy sludge was appligds suggests that the land
application of dairy biomass seems not to signififaincrease EDTA levels in
the pastoral topsoil. However, EDTA was detectahldoth randomly picked
paddocks irrigated by the Kauri dairy wastewates, BDTA complexes
themselves may be adsorbed onto the surface ofsmivack, 2002). Conversely,

EDTA was not detectable in both un-irrigated paddoc

Concentrations of nitrogen (N) of Nitrate-N (A@) + Nitrite-N (NO,-N) and
total Kjeidahl nitrogen (TKN) was higher in theigated groundwater than in the
un-irrigated groundwater, which is possibly caussdnitrogen leaching from
soils to groundwater due to nutrients in dairy westter (Longhurst et al. 2000,
MfE and NZWWA, 2003)Moreover, the irrigated groundwater A seemed toehav
higher content of N@N + NO,-N than the irrigated groundwater B. On the
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contrary, the irrigated groundwater A appearedawehower content of TKN than
the irrigated groundwater B, presenting nitrogearasnonia (NH-N) or bound in

organic compounds.

Nitrogen is also an essential nutrient elementp@asture growing. However, it
may pose a risk to the ground water if the managemkland application loses
its control. The existing study has demonstrateat ttigher levels of nitrogen
were observed in the groundwater of irrigated akesasus the un-irrigated area,
which were even far below the drinking water limit11.3 mg/L nitrate-N that is
equal to a concentration of 50 mg/L (maximum acaiglet value) nitrate ion
(Ministry of Health, 2005). Nonetheless, this agreath Longhurst et al. (2000)

that the application of nitrogen from dairy wastésva should be limited.

7.4.2 EDTA in Groundwater

It has been recorded in the literature that EDTA wglely observed in
groundwater at a lowg/L concentration (0.1 — 72g/L) (Bucheli-Witschel and
Egli, 2001, Schmidt et al., 2004, Nowack and VaeBen, 2005). The present
research has indicated that EDTA is likely to benid at a low concentration from
the groundwater collected. Nonetheless, high canagons of EDTA (highest
ever reported) were also observed in the groundviiaten the irrigated areas with
dairy wastewater containing EDTA. On the other hahi is also confirmed by
the higher concentrations of total Kjeldahl nitrnog€TKN) in the irrigated

groundwater as EDTA contains about 10% nitrogen.

7.4.3 Mobilisation of Heavy Metals from Soil to Groundwater

Heavy metals, such as cadmium, zinc, copper andungrcan cause significant
damage to the environment and human health dueetonbbility and solubility.
Some concern has been raised about the enhancatitynabheavy metals in
soils and their potential risk for leaching to gndwater with chelates (Cooper et
al., 1999, Tandy et al., 2006).
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There seems no conclusive evidence of heavy metaisobilization potential by
EDTA at environmentally realistic concentrations@fper, 2003). Some reports
suggest that remobilization of metals from sedirmelny EDTA, is likely to
happen under environmental conditions (Nowack aigd,S.997, Stumm, 1995,
Sillanpaa and Romo, 2001, Ceremigna et al., 2006hsequently, EDTA has
been used for many years as an extractant for snigtah soils and sediments to
characterize the plant-available fraction. EDTAlabes have also been proposed
as enhancers for the phytoremediation of heavylmbtaplants and soil washing
(Hong and Jiang, 2005, Juang and Wang, 2000). éwnibre, some authors
(Cooper et al., 1999, Tandy et al., 2006) have meetl that heavy metals may
leach to groundwater and lead to a risk of grourtdemeontamination, particularly

with chelates.

The study undertaken for the Fonterra Kauri daigy isdicates that concentration
changes of heavy metals were observed. For inst&®cand Zn of Mehlich 3,

and total recoverable Hg were consistently increéaserrigated soils versus un-
irrigated soils with dairy wastewater from the Feoma Kauri site. Conversely,
total recoverable Cd and Fe were decreased iraig@ysoils against un-irrigated
soils. Table 7.8 and Figure 7.19 present the coisgraof the metal mobility with

its EDTA complex constant in the soil-groundwatgstem from changes of metal

concentrations in the unirrigated and irrigated @aod groundwater.

Table 7.8 Comparison of the metal mobility with its EDTA cphax constant in
the soil-groundwater system from changes of theahwtncentration in the

unirrigated and irrigated soil and groundwater.

Heavy Complex constant  Unirrigated Irrigated  Ratios(U/l)
metals log Kueepta soil/water  soil/water soil/water
Mg 8.8 0.3 0.7 0.5
Ca 10.6 8.1 5.9 1.4
Cd 16.4 12400 1780 7.1
Zn 16.4 480 58 7.8
Cu 18.7 607 119 5.1
Fe 25.0 1300000 148000 8.8
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Figure 7.19 Comparison of the metal mobility with its EDTA cphax constant
in the soil-groundwater system from ratios of thetah concentration in the

unirrigated (U) and irrigated (I) soil and groundera

To compare heavy metal contents in soils and gnatet with EDTA

complexing constants (Table 7.8 and Figure 7.19ret is some correlation
between the mobility of metals and the stabilitye®TA complexes, indicating
that the transportation of metals influenced by BDWas increased with the
increase of EDTA complex constants. Further re$emtiowever recommended

to determine this with certainty.

7.4.4 Analysis of Metal-EDTA Present in Groundwater

To compare dissolved metals and EDTA in the growatdw (Table 7.9), the
majority of the EDTA will be in the form of an irocomplex in the groundwater
as the Keeptat[Fe] is so much higher than other metals. The aged EDTA
concentration was observed at 38@2 (1.35E-3 mM), which indicates that
EDTA could all be complexed with Fe and form a BEDTA (1:1) complex.
Furthermore, the EDTA concentration is supposdaket67hg/L if Fe(lll) is fully
complexed and formed as the form of Fe(ll)EDTA, ieth means that the

speciation of EDTA theoretically present in thewgrdwater was most likely to be
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only Fe(llI)EDTA for this case. Nonetheless, trypeaation of metal-EDTA may
differ from the theoretical calculations due to tbemplicated environmental
conditions, such as organic matters from the daffjuent. Further research is
thus needed to confirm this.

Table 7.9 Analysis of metals theoretically present as mER@FA in the
groundwater where the dairy effluent containing BDWas spray-irrigated
based upon EDTA-complex stability.

Metals  Concentration M. Weight Concentration Complexconstant  Kyeepta*[M]

mg/L g/molar (mM) log Kyeepta
Mg 2.3 24.3 9.47E-2 8.8 5.97E+07
Ca 54 40.1 1.35E-1 10.6 5.36E+09
Cd 2.1E-4 1124 1.87E-06 16.4 4.69E+10
Zn 4.8E-2 65.4 7.34E-4 16.4 1.84E+13
Cu 9.7E-3 63.6 1.53E-4 18.7 7.64E+14
Fe 1.3E-1 55.9 2.33E-3 25.0 2.33E+22

7.5 CONCLUSIONS

Application of dairy wastes onto pastureland is ownly undertaken in the New
Zealand dairy industry. This approach offers theaathge of utilizing nutrients

contained in dairy wastes for soils and plants, bas the disadvantage of
retaining heavy metals in soils long term and {ikebsing a risk to groundwater.
This chapter investigated the presence of EDTArafated heavy metals in soils
and groundwater in association with land applicatbdairy wastes. The purpose

was to identify the potential risk to groundwatéeE®TA chelates.

The HPLC-UV analytical method was applied for idigcation of EDTA in both
soils and groundwater. EDTA in soils was releasgd0002 M NaHPO,
desorption solution in an ultrasonic bath, and EDA groundwater were
appropriately pre-concentrated due to its low catregion. Quality control of the
analysis was undertaken by a daily calibration eusith freshly made standard
EDTA solutions, running a blank, a duplicate evéfy' sample and a standard

spiked recovery every $0sample. Ranges of duplicated limits and recoveries
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were within 8.7% (n=4) and 95-98% (n=2) for sodlad 7% (n=8) and 91-107%

(n=5) for groundwater, respectively.

EDTA is likely to be under the method detectionitiof 0.15 mg/kg (dry weight)

in soils where dairy waste treatment sludge, alsonn as biomass or bio-solid
from the Fonterra Waitoa dairy site, had been appbnto pastures. Analytical
results of EDTA for pastoral top soils indicatecathEDTA was, however,
detected in relatively dry conditions for clay aracanic soils from the irrigated
areas with dairy wastewater containing EDTA frone tRhonterra Kauri site.
EDTA, otherwise, was under the method detectiontliofi 0.15 mg/kg (dry

weight) for pastoral top soils in wet conditions.

Concentrations of EDTA appeared to be under thectiet limit of 2ug/L in
groundwater in which dairy biomass had been spwradhe pastures near the
Fonterra Waitoa dairy site. In contrast, EDTA wastedtable in groundwater
whether the paddocks were irrigated or un-irrigatgtth dairy wastewater from
the Fonterra Kauri dairy site under relatively degnditions (April 2008).
Furthermore, EDTA was detected, even likely to baigher concentrations for
irrigated areas under wet conditions (July 2008)levEDTA was below the
detection limit for groundwater from the un-irrigdt areas. Nonetheless, the
detected concentrations of EDTA for the groundwatare all below the
maximum acceptable value of 7Q@/L of EDTA for the New Zealand drinking
water (2005).

It has showed that soil characteristics, for instarthe nutrient levels of N, P and
K, was changed by comparing the basic soil test datrrigated and un-irrigated

pastoral top soils with the dairy wastewater frowve Fonterra Kauri site.

Analytical results for soils and groundwater ndse Fonterra Kauri dairy site,
even with this limited data, appear to suggest liegtvy metals may be built up
over long periods of irrigation with dairy wasteentand they are likely to be
transported to the groundwater with the existenteEDTA. This finding is

significant enough to suggest more research isnedyin the future.
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8.0 CHAPTER EIGHT : SUMMARY AND
CONCLUSIONS

8.1 INTRODUCTION

EthyleneDiamineT etraacetaticAcid (EDTA) is a well-known chelating agent,
used to control the effect of metals in many indakprocesses for more than 50
years, such as in the dairy industry to removeiwalcand magnesium in the

cleaning process.

As EDTA is water-soluble and not volatile, it is img released with wastewater
effluent. It is generally believed to be of lowkiso human health and the
environment. However, it came under scrutiny indper in the late of 1980’'s
because of its widespread presence in the aquenirerement and its sequester
ability to heavy metals.

This research was sponsored by Fonterra Co-oper@ioup Limited (Fonterra)
and obtained support also from the Technology Nealahd. The rationale for
this project arose from the use of EDTA as an addiin caustic agents to
improve cleaning efficiency, and minimise dairy veagater in the clean-in-place

(CIP) system within the processing plants of thevNealand dairy industry.

There are two major disposal methods for dairyuefit in New Zealand. They are:
() discharge into local waterways after treated byeatended aeration
system (biological treatment) such as the Font®vi@toa dairy site
(Waitoa), and
(i) spray irrigation onto pasture land (land treatmewpstem), like the

Fonterra Kauri dairy site (Kauri).

A particular case of the Fonterra Waitoa dairy siu@s intensively studied as
significant amounts of EDTA had been used in the €fstem, the reduction of

EDTA from the existing wastewater treatment plawes unknown, and large
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volumes of dairy effluent were discharged into katreely small stream of the
Waitoa River.

EDTA and associated heavy metals present in battora top soils subjected to
long term application of dairy effluent (Kauri) arthiry biomass (Waitoa)

containing EDTAand groundwater were investigated,

This project was undertaken with the following itfed aims:

() Establish an HPLC-UV analytical method (not pregiguestablished in
New Zealand) for determination of the presence d)TE in
environments;

(i) Investigate concentrations of EDTA in dairy wast@awa

(i) reveal EDTA removal efficiency by the existing wesater treatment
plants;

(iv) examine EDTA and associated heavy metals preseheilocal adjacent
waterway, in this case the Waitoa River;

(v) conduct a dispersal simulation of EDTA in the WaitRiver using
applicable models; and

(vi) undertake the investigation of EDTA in soils andowgrd waters
following the application of dairy wastes (dairpbiiass and effluent) via

a land treatment system onto pasture land.

8.2 SUMMARY OF RESEARCH FINDINGS

8.2.1 Method Development for Analyzing EDTA Using HPLC-UV

A standard method for analysing EDTA has not bemvipusly established in
New Zealand (e.g. a leading analytical laboraté&ty) Hill laboratories, has no
such method). A method for measuring EDTA in dawpastewater using
reversed—phase ion-pair liquid chromatography vimesefore established. This
was achieved by optimizing the chromatographic sjma including organic

compositions and concentrations of the ion-paigea&ain mobile phase, studying
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the effects of interfering compounds such as mitra€4* and Mgf+, and

converting losses of EDTA between metal compleXésidation procedures
showed good linearity {10.9988 - 0.9998) and spiking recoveries (98 - 10@%

certificated reference material available). The hudt standard deviation and
detection limit (3*RSD) were 1.5% and 5 pg' LEDTA, respectively. This
method was applied to the later research with presentration steps for surface
and ground waters, and an EDTA extraction step amtlified separation

conditions for soils.

8.2.2 EDTA Occurrences in Dairy Processing Vdstewater

Thirteen 24—hour composite flow-proportional wastear samples (August,
October/November and December, 2007) were colletted drainage systems
from cheese and wet process plants. These strelawestewater were suggested
as containing potentially high concentrations of TRDat the Fonterra Waitoa

dairy site.

Significant concentration of EDTA was observed iastewater samples of the
processing plants, where the commercial produdliofinator, or Eliminator I,
containing 34 — 36 % of EDTA was applied in theadlen-place system. The
highest concentration of EDTA detected for the skegrain was approximately
77000 pg/L (77 mg/L) and for the wet process, was 83Q@fiL (83 mg/L).
Nevertheless, those levels of EDTA were below tbetrolled value of EDTA
(0.1%) by the process plants. Furthermore, analysiEDTA concentrations in
the processing wastewater showed marked variationgaily and seasonal

composition.

8.2.3 EDTA Removal Efficiency by the Existing WastewaterTreatment

Plants

The wastewater from 12 — 14 streams, generated fnmoessing plants at the

Fonterra Waitoa site, is collected in a sump oe aitd subsequently pumped to
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the wastewater treatment plant (WWTP) for a treatm&he Waitoa WWTP,

utilizing an extended aeration activated sludgatinent, includes two major
ponds operated in series and two clarifiers (setttanks) operated in parallel.
The treatment mechanism is that:

() bacteria and other micro-organisms contained in abivated sludge
mass use the dairy wastewater as a food sourcesucnng oxygen
added continuously through aerators in the propessds, and

(i) the activated sludge mass flows from the ponds w&ither of two
clarifiers, in which the floc is separated from thater. Oxygen is added
to satisfy the micro-organisms.

It takes 6-7 days for the influent to go througé treatment process, operated at a

pH value of 8.0 — 8.2 with a 3-week sludge retentime.

Reduction of EDTA during the treatment processemotbe assessed on a daily
basis due to large capacity of the ponds and d@esif Thus, EDTA removal
efficiency was calculated as 93 %, based upon & rdéference of the overall
averaged EDTA amounts between the influents andesalscharged (including
effluent and sludge) during the sampling periodogust, October and December
2007.

The concentration of EDTA in dairy effluent disched into the adjacent Waitoa
River was found to be in the range of 72 — AL based upon analytical results

of 13 effluent samples collected in August, Octadoed December 2007.

8.2.4 Presence of EDTA and Related Heavy Metals in the WWaa River

Surface water samples were collected 2,500 m and Lfstream, and 10 m and
60 m downstream of the dairy effluent outfall ire ttWaitoa River in August and
October 2007, for the purpose of investigating emi@ations of EDTA and

associated heavy metals in the aquatic environmengiving dairy wastewater

from the Fonterra Waitoa site.
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As the level of EDTA was too low, a 5-fold pre-centration step was needed
and achieved by heating the sample to dryness eodnstituting before the
analysis of EDTA. A daily calibration curve wasasished at the concentration
range of 0 — 15Qug/L EDTA. A blank, a duplicate every $0sample and a
spiking recovery of an EDTA standard every'2@mple were undertaken per run
for quality control. The averaged duplicate vaiigibiwas 8.1 % (n=5) and the
spiking recovery varied from 97 — 107 % (n=3).

Analytical results showed a slight increase of EIR@TA concentration 60 m
downstream from the dairy effluent outfall based amalyses of 12 samples
collected. The highest EDTA concentration was 2gfL.. This value is almost
half of the EDTA target value of jmg/L for surface waters in the Rhine catchment
area, recommended by the International AssociatioWaterworks; is two orders
of magnitude below the New Zealand Drinking Watéan8ards of 0.7 mg/L
EDTA for health purposes.

In addition to the wastewater discharge from that&wa Waitoa dairy site into
the Waitoa River, another EDTA source was iderdifizom the Wallace
Corporation Limited (Wallace) plant, where EDTA wagplied in the tannery
plant. Analytical results for the randomly colletteamples on 30 May 2008,
showed EDTA not only present in the wastewater painthe Wallace site , but
also in the Waitoa River based upon surface watenpges upstream and
downstream adjacent to the Wallace site, whichbisua 3km upstream of the

Fonterra Waitoa discharge point.

Analytical results for associated heavy metalhiaWaitoa River revealed that:

(i) concentrations of Na, K, Ca and Mg were increasedndtream of the
dairy effluent diffuser in the Waitoa River, whiatemonstrates the
contribution of dairy effluent from the Fonterra Wéa site;

(i) concentrations of Fe and Zn showed significantedgices between the
sampling periods of August and October, 2007. Tdrecentration of Zn
for samples collected in October obviously exceetiedrigger value of
2.4 mg/L for New Zealand natural waters, which nrajate to the

fertilizers on the pasture;
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(i) copper (Cu)was detectable both upstream and dosemsir but their
concentrations were below the trigger value (1.0Lngpr toxicants in
fresh water (New Zealand water quality);

(iv) chromium (Cr) was only detectable on one day out6adiuring the
sampling periods that may relate to the tannerofgeffluent discharge
(Wallace); and

(v) Lead (Pb), cadmium (Cd) and nickel (Ni) were aldlendetection limits,

and pose no particular concerns.

8.2.5 Simulation of EDTA Dispersion in the Waitoa River

Two approaches were undertaken to help the unadelist of the fundamental
aspects of the transport of EDTA in the Waitoa RivEhese are approximate
calculations using quasi one-dimension verticalingxmodel; and a numerical
simulation of the hydrodynamic processes (3DD mpoaeld effluent mixing

(POL3DD) in two-dimensions (depth-averaged). Batlcific monitored case (30
May 2008) and a worst case scenario of high EDT#cliarge (the maximum
EDTA usage at the Waitoa site for year 2008) comdbiwith a low river flow (<

600 L/s) were simulated for the dispersal path #raconcentration of EDTA

through model output analyses.

The quasi one-dimension vertical mixing model (Rufibrd model) is based upon
the assumption that both transverse and longitldioacentration gradients are
negligible due to the uniform line-source, as foe example of the Waitoa dairy
effluent released into the Waitoa River. Thus,dlepersion of EDTA in the river
channel simplifies to become quasi one-dimensidmah vertical mixing only.
Estimated results showed the EDTA discharged froemWaitoa dairy effluent
was only completely mixed 6 m downstream, assuntiegriver depth of 1 m,
width of 8 m, slope of 2 x It) and mean velocity of 0.22 m/s. Fully mixed
concentrations of EDTA were 3.18/L for the monitored case (30 May 2008),
and 40.3 ug/L for the worst case.
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The Model 3DD is based upon highly accurate mixadefan/Lagrangian
mathematical techniques, and the dispersal modeBPO (POLlution dispersal
coupled to 3DD) tracks dissolved materials as sudpe “particles” to simulate
water-borne dispersal and determines concentrabbm®llutants from multiple
sources in 3 dimensions. In the Waitoa case ofshadater, river currents were
only generated in 2-dimensions (depth-averaged)guie 3DD hydrodynamic
model, and the dispersal paths and concentratib®i&>dA were then read by
POL3D.

Given a 1x1 m grid resolution with a precise batbym created by single beam
echo-sounder, a two-dimensional, depth-averagedodydamic model (3DD)
was set up for a low river velocity of 0.2 m/s. puis of the 3DD model concur

well with the field measurements by an averagei@dihce of 2.3%.

EDTA dispersion of the monitored case and the woase were simulated in the
Waitoa River. The modelling results suggest thaé tmaximum EDTA
concentrations were present in the mediate viciiitthe dairy effluent outfall in
the Waitoa River for both cases. The instantaneousentration of EDTA was
likely to reach 0.25 g/fh(mg/L) for the worst case. But the important fingliwas
there was no significant increase of EDTA conceéimns beyond 50 m
downstream from the outfalls. The highest concéintta of EDTA were around 2
pg/L for the monitored case and 28/L for the worst case based on the data
extraction of the central cell of transects. Thesleies are nearly half of the quasi
one-dimensional calculations. The estimated re$udta the quasi one-dimension
vertical mixing are only indicative due to its asgtion and limitation. The two-
dimensional 3DD hydrodynamic model considers theTEDldispersal in both
transversal and horizontal directions, and is kelieto provide a more practical

and realistic simulation of EDTA dispersal in theida River.

From the quasi one-dimensional or the 2-dimensisimalulation results for the
worst case scenario, a key point is that the cdraon of EDTA in the
immediate vicinity of the receiving stream was aghhas 21ug/L for an average

(40.3 pg/L from the approximate calculation) or 0.25 mddc an instantaneous
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concentration, and then gradually reduced to pt)/6 beyond 50 m downstream
due to the river flux and dispersion. This suggédss.

i. the EDTA concentration occurring in the immediaignity of the dairy
outfall is well below the Predicted Effect Concetion (PEC) of 2.2
mg/L for aquatic environments advised by the EuaopeUnion
(European Chemicals Bureau, 2004);

il. this value is also well under the New Zealand DrigkiVater Standards
of 0.7 mg/L EDTA for health purposes (Ministry oéalth, 2005); and

iii. large volumes of dairy effluent discharge at tliis appears not to result

in a significant EDTA contribution to the Waitoaver.

In summary, the dairy effluent discharge from tlomt€rra Waitoa dairy site will
not to lead to a significant effect on the Waito&veR in terms of EDTA

concentration, based upon the estimated resultshefquasi one-dimension
vertical mixing and the simulation of EDTA dispensiwithin the Waitoa River

by the 3DD hydrodynamic model.

8.2.6 Investigation of EDTA and Related Heavy Metals in 8ils and
Groundwater Subjected to Land Treatment System of Biry

Wastes

In the New Zealand dairy industry, land treatmerdn alternative for disposal of
dairy wastes, including irrigation of dairy wastéematreatment sludge (also
known as biomass or biosolid) and dairy wastewatéo pasture land. Long term
land application could potentially induce changeshie quality of soil, especially
as trace element inputs are sustained over longpdserand it may lead to
groundwater contamination with the presence of EDFér this reason, EDTA
and related heavy metals present in soils and greater were investigated for

pastoral areas subjected to land application of deastes.

The modified HPLC-UV analytical method was applitat identification of
EDTA in both soils and groundwater. EDTA in soiler& released by 0.002 M

NaH,PO, desorption solution in an ultrasonic bath, and agpropriate pre-
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concentration was needed for measuring EDTA in mpiewater due to its low

concentration. The same quality control was unéerigor the analysis. Ranges
of duplicated limits and recoveries were within%.{h=4) and 95-98% (n=2) for
soils, and 7% (n=8) and 91-107% (n=5) for grounéwatespectively. The

detection limits for EDTA were 0.15 mg/kg (dry whkty in soils and 2ug/L inr

groundwater.

EDTA was under the method detection limit of 0.18/kg in soils where dairy
waste treatment sludge had been applied onto gasatrthe Fonterra Waitoa
dairy site. Analytical results of EDTA in pastotalp soils indicate that EDTA
was, however, detectable for relatively dry comdtisi in both clay and volcanic
soils, where dairy wastewater containing EDTA wspegay-irrigated onto the
pasture for a period of time at the Fonterra Kaité. EDTA, otherwise, was

under the method detection limit for wet conditions

Concentrations of EDTA were under the detectiontloh?2 pg/L in groundwater
in which dairy biomass had been spread on the peshear the Fonterra Waitoa
dairy site. In contrast, EDTA was detectable inugidwater whether the paddocks
were irrigated or un-irrigated with dairy wastewatender relatively dry
conditions (April 2008) at the Fonterra Kauri siteurthermore, EDTA was
detectable, even likely to be at higher concemtratifor irrigated areas under wet
conditions (July 2008) while EDTA was below the atgton limit in the un-
irrigated areas. Nonetheless, the detected comtiems of EDTA in the
groundwater were all below the maximum acceptalaleies of 0.7 mg/L (700
ug/L) of EDTA for New Zealand drinking water (2005).

It was shown that soil characteristics, for insgrtbe nutrient levels of N, P and
K, were changed by comparing the basic soil te& datween the irrigated and
un-irrigated pastoral top soils with the dairy veagater from the Fonterra Kauri
site. Analytical results for soils and groundwatear the Fonterra Kauri dairy site
appeared to suggest that heavy metals may be tguilbver long periods of
irrigation with dairy wastewater, and they wereelik to be transported to the

groundwater with the existence of EDTA.
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8.3 IMPLICATIONS OF THIS RESEARCH

This research has validated the current disposahade of dairy effluent
containing EDTA used by the New Zealand dairy itdusn protecting the
environment. Findings of the study imply that:

. The current environmental practices of dischargeydsfluent (treated)
into the local stream do not appear to threataheovater quality of the
local aquatic environment. Nevertheless, the voluofe effluent
discharge and EDTA usage in the processing pldrasid be monitored,
particularly when river flows are low (<600 L/s);

. Based upon analyses in this study, the presentiggaaf dairy biomass
spread onto pasture land does not appear to legubtential EDTA
contamination in the environment; however

. The general practice of dairy effluent spray-irtiga onto pasture land
may retain and build up heavy metals, and then rhasported to
groundwater due to EDTA chelates. This may result further

groundwater contamination.

8.4 RECOMMENDATIONS FOR FUTURE RESEARCH

Accordingly, there are some concerns about that:
() long-term land application of dairy wastes woulcemually lead to a
build-up of heavy metals in soils; and
(i) the enhanced mobility of heavy metals in soils pasgotential risk for

leaching to groundwater with chelates.
Based on findings of this research, the same coneas also proposed for spray
land irrigation of dairy effluent. This suggests mmoesearch is required in future

for the New Zealand dairy industry.

The following lines of future research are recomdesh
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¢

Collect database of EDTA in soils relating to lamgblication of dairy
effluent;

Metal spices in soils;

Speciate metal-EDTA complexes in water and soils;

Investigate the transportation of heavy metals By & chelates in soils,
e.g. by using column leaching studies; and

Determine the potential risk to groundwater wite #xistence of EDTA
chelates.
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A.1 EDTA occurrences in dairy wastewater of the Fontera Waitoa

site, analysed on 9 November 2007

Sample table on 9 November 2007.

M Sample Table for 9.Nov.07.pfwdat
Sample loop: 50 uL
Mohile phaze: 2% MeOH, 15 mi TBABr in pH value of 3.3 zadium farmate/farmic acid butfer zalution
Colurmn; Hopersil C18 RP, 5 um, 200 % 4.6 mm
Temperature: Ambient Tem.
Sarnple Cantral
Runz Sample Mame Wial [Wolumne Caomment
1 Mobile phaze only 50.0
2 mohile phaze 50.0
3 10 ug/LEDTA Std. 50.0/Cal curve - point 1
4 |10ug/LEDTA Std, 50.0
5 |10ug/LEDTA Sid, 50.0
6 |10ug/LEDTA St 50.0
7 |50ug/LEDTA Std, 50.0| point 2
8 |50ug/LEDTA Std, 50.0
9 |50ug/LEDTA Sid, 50.0
10 |100 ug/L EDTA Std, 50.0| paint 3
11 100 ug/L EDTA Std, 50.0
12 100 ug/L EDTA Std, 50.0
13 | 200 ug/L EDTA Std, 50.0| point 4
14 | 200 ug/L EDTA Std. 50.0
15 | 200 ug/L EDTA Std, 50.0
16 |500 ug/L EDTA Std, 50.0| point 5
17 |500 ug/L EDTA Std, 50.0
18 |500 ug/L EOTA Std, 50.0
19 |750 ug/L EDTA Std, 50.0| point B
BE 50 oL EDTA S 50.0
21 1780 ug/L EDTA Std, 50.0
1 &2 10ug/LEDTA Std. 50.0|Repeat
23 |10ug/L EDTA Std. 50.0
24 |Int. 28/8/07 1| 50.0|diuted factor, 2 - 5 ml zample + 5 ml Fe3+(1.94 ma/L] in the mobile phaze
25 |Int. 28/8/07 dup 2| B0.0|diuted factor, 2 - 5 ml zample + 5 ml Fe3+[1.94 ma/L] in the mobile phaze
26 |Eff. 28/8/07 3| B0.0/diluted factor: 2 - 5 ml zample + 5 ml Fe3+[1.94 mg/L] in the mobile phaze
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Sample Control
Runs Sample Mame Yial [Wolume] Comment
27 |'wet pro. 28/8/07 4 B0.0/ Dilution factor; 2
28  |Pond1[1]28/8/07 A BO.0| Dilution factor: 2
29  |Pond1 (2] 28/8/07 B 50.0 Dilution factar: 2: adding 0.1 ml MeOH to the zample. any difference? yes - no shoulder
30 |Pond1 (1] 28/8/07 8 BO0.0|Dilution Factar: 2; adding 0.7 ml Me0H ta the sample, any difference? yes
k1l Pond 2 [1] 28/8/07 ¥ 800 Dilution factor: 2; adding 0.1 ml MeOH to the sample, any difference? yes
32 Pond 2 [2] 28/8/07 8 50.0/Dilution factor: 2; adding 0.1 ml Me0H to the sample, any difference? yes
33 |Inf 29/8/07 + EDTA 100 50.0|Dilution factor: 2; Recovery test for the run.
M |Inf 29/8.07 9 50.0|Dilution factar: 2
35 |EF. 2948707 11]  50.0|Dilution Factar: 2
36 |Wet Pro. 29/08/07 12| 50.0|Dilution factor: 2
37 |Pond1 (1] 2840807 13 500 Dilution Factor: 2
38 |Pond1 (2] 2840307 14) 500 Dilution Factar 2
3 |Pond 2 (1] 29/08/07 15 50.0|Dilution Factar: 2
40 |Pond 2 (2] 29403407 16| 50.0|Dilution Factar: 2
4 200 ug/L EDTA Std. B0.0| Dilution factor: 2
42 |Inf. 30/08.07 17 500 Dilution Factar 2
43 |EF. 30408507 19 50.0|Dilution Factar 2
44 |'wet pro. 300807 21| B0.0[Dilution factor: 2
45 |Pond 1 (1] 30/08/07 22 B0.0|Dilution Factor: 2
46 |Pond 1(2) 30/08/07 23 50.0|Dilution Factor: 2
47 |Pond 2 (1] 30403407 24| 500 Dilution factar: 2
48 |Pond 2 (2] 30403407 28 B0.0|Dilution Factar: 2
49 |Pond 1 (2] 29/03/07 14/ BO0ORpt
50 |Pond 1 [1]220/07 50,0 Dilution factor: 2
51 Pand 1 [2] 22/10/07 50,0 Dilution factor: 2
52 |Pond 2 (1] 2210/07 50,0 Dilution factor: 2
53 Pond 2 [2] 221007 50.0| Dilution factor: 2
R4 |Pond 1 [1] 2410/07 B0.0| Dilution factor: 2
55 |Pond 1 (2] 2410/07 50,0 Dilution factor: 2
56 |Pond 2 (1] 42110/07 50,0 Dilution factor: 2
a7 Pond 2 [2] 24/10/07 50.0| Dilution factor: 2
A8 |200ug/L EDTA Std. A0.0
59 |Pond 1 [2] 29/08/07 Rpt. 50.0 Dilution factor: 2 » 4 [2.5 miLdiluted to 10 mL]
B0 |Pond1 (2] 22/10/07 Rpt. 50,0 Dilution factor: 2 % 2 [Tml diluted to 2 mL]
ST T
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Daily calibration curve of EDTA ranging from 0 — @ug/L on 9 November 2007.
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Analytical results of EDTA in dairy wastewater frorthe Fonterra Waitoa dairy site,

sample collected in August and October 2007and gsall on 9 November 2007.

Cal. EDTA Sample EDTA
Sample Sample Peak area con. Diluted con.
date name (mv.s) (ug/L) factor (ug/L)

28  Aug.

07 Influent 12.15 149.01 2 298
Influent (dup) 12.34 151.47 2 303
Effluent 6.5 75.82 2 152
Wet pro. 0.71 0.82 2 2
Pond 1 (1) 22.11 278.02 2 556
Pond 1 (2) 12.2 149.65 2 299
Pond 2 (1) 10.06 121.93 2 244
Pond 2 (2) 8.57 102.63 2 205

29  Aug.

07 Influent 4.22 46.29 2 93
Influent
recovery 20.92 | Recovery: 99.6%
Effluent 5.42 61.83 2 124
Wet pro. 1.05 5.22 2 10
Pond 1 (1) 17.38 216.75 2 434
Pond 1 (2) 19.63 245.90 8 1967
Pond 2 (1) 11.75 143.83 2 288
Pond 2 (2) 7.65 90.72 2 181

30 Aug.

07 Influent 9.36 112.87 2 226
Effluent 6.86 80.48 2 161
Wet pro. ND
Pond 1 (1) 10.97 133.72 2 267
Pond 1 (2) 12.93 159.11 2 318
Pond 2 (1) 8.25 98.49 2 197
Pond 2 (2) 6.84 80.22 2 160

22 Oct. 07 | Pond 1 (1) 16.31 202.89 2 406
Pond 1 (2) 11.12 135.66 4 543
Pond 2 (1) 24.92 314.42 2 629
Pond 2 (2) 14.79 183.20 2 366

24. Oct.

07 Pond 1 (1) 11.25 137.35 2 275
Pond 1 (2) 9.24 111.31 2 223
Pond 2 (1) 11.21 136.83 2 274
Pond 2 (2) 9.79 118.44 2 237
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A.2 EDTA analyses in surface water of the Waitoa Riversample
collected in August 2007 and analysed on 13 Marcl9@8

Sample table on 13 March 08.

y. 3 Sample Table for 13 Mar 08.pfwdat

tdobile phaze: 2°/oh-1&DH 15 mbd TBABr with pH 3.3 formic acid/sodium farmate butfer salution
Column: HyperClore ODS C18 5 um 200=4.6 rim

Flow rate: 0.9 mL/min

Sample loop: 50Ul

Sample Control

Fiunz Sample Mame Wial | Fpts Comment
1 10ug/L EDTA Std. Daily Cal. Curve, point 1
2 10 ug/L EDTA Std.

3 20ug/L EDTA Std. paint 2
4 20ug/L EDTA Std.
5 A0 ug/L EDTA Std, paint 3
E A0 ug/L EDTA Std,
7 80 ug/L EDTA Std, paint 4
g 80 ug/L EDTA Std.
g 100 ug/L EDTA Std pairt 5
10 100 ug/L EDTA Std
11 150 ug/L EDTA Std paint B

12 190 ug/L EDTA Std

13 |mobile phaze only

1
1
1
1
1
1
1
1
1
1
1
1
1
14 |SH 261 28.02.07 1 1110 ml zample to divness, reconstitubed with 1.5 mbL mp + 0.5 mL Fe3+ [1.94 mg/L)
15 |SH 262 2 1
16 JUS 20m1 3 1
17 JUS 20m 2 4 1
18 |05 20m1 ] 1
19 |DS 20m 2 g 1
20 |05 100m 1 7 1
21 05 100m 2 a 1
22 |5H 261 29.08.07 ] 1
23 |SHZ2E2 10 1
24 |5H 261 28.08.07 9 1|Rpt. to confirm
28 |5H 262 Dup 11 1
26 U5 20m1 12 1
27 U5 20m 2 13 1
23 |DS5 20m1 14 1
23 |DS5 20m 2 15 1
30 |05 100m 1 16 1
Kl 0S5 100m 2 17 1
32 |SH 261 30.08.07 13 1
33 |5H262 19 1
34 U5 20m1 20 1
35 U5 20m 2 21 1
36 US 20m 2 up 22 1| Duplicate
37 U5 20m 2 recovery 23 1
33 |50ug/ EDTA Std. 1
39 |05 20m1 25 1
40 D5 20m 2 26 1
41 05 100m 1 27 1
42 |D5 100m 2 23 1
43 |05 100m 2 Dup 29 1
44 Recoven 30 1
45 |50 ug/ EDTA Sid. 1
46 |Recowven 30 1| Rpt.
47 JUS 20m1 28.8.07 3 1|/Rpt.
48 |5H 261 28.08.07 ] 1/Rpt.

|
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Daily calibration curve of EDTA ranging from 0 — 1®ug/L on 13 March 2008.

Peak area {mv.s)

16
14
12
10

o N & O

Daily calibration curve
{13 March 08)

Y= 0.0963x+0.1909

R?=0.9992

40 60 80 100 120

EDTA concentration {ug/L)

140

160
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Analytical results of EDTA in surface water of th&/aitoa River , sample collected in
August 2007 and analysed on 13 March 2008.

Peak EDTA
area concentration Precon EDTA conin
Sample (mv-s) (ng/L) factor sample (ug/L)

SH 26 1 28.8.07 0.8 6.33 5 1.27
SH 262 1.08 9.23 5 1.85
UusiOm1 0.62 4.46 5 0.89
Uus10m?2 0.54 3.63 5 0.73
DS10m1 0.69 5.18 5 1.04
DS10m2 0.72 5.49 5 1.1
DS60m 1 0.61 4.35 5 0.87
DS60 m 2 1.47 13.28 5 2.66
SH26129.8.07 | 4.02 39.76 5 7.95
SH 26 2 0.56 3.83 5 0.77
Dup 0.61 4.35 5 0.87
usiom1l 0.69 5.18 5 1.04
Us10m?2 0.5 3.21 5 0.64
DS10m1 0.66 4.87 5 0.97
DS10m2 0.55 3.73 5 0.75
DSe0m1 1.41 12.66 5 2.53
DS60m?2 0.9 7.36 5 1.47
SH26130.8.07| 0.73 5.6 5 1.12
SH 262 0.87 7.05 5 1.41
US10m1 1.41 12.66 5 2.53
Us10m?2 0.65 4.77 5 0.95
Dup 0.66 4.87 5 0.97
Recovery 5.55 5
50 ug/L EDTA 4.92 97%
DS10m1 0.74 5.7 5 1.14
DS10m2 1.33 11.83 5 2.37
DS60m1 0.67 498 5 1
DS10m2 0.9 7.36 5 1.47
DS 10 m 2 Dup 0.96 7.99 5 1.6
50ug/ EDTA
Std. 4.92
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A.3 Analytical results of dissolved metals in the Waita River by ICP-
MS
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N\
A

Hill Laboratories

BEETTER TESTING BETTER RESULTS

1 Clyde Stpest

ANALYSIS REPORT

Page 1of 4

Private Bag 3205
Hamilton 3240, Mew Zzalamd | Web  wwawhilldabs.conz

R Hil Leboratones Limitsd | Tel

+54 7 B33 2000

Fax +54 7 853 2001
Email maili@hil-labs conz

Internationally recognissd.
The lesls repored ferzin have been performed In accordanca with the terms of accraditation, wilh the exception of kests marked *, which
are not accredited.

Client: | University of Waikato Lab No: G37TE4 SPv2
Contact: | Healy, Temy (D) Date Registered: | 09-Apr-2008
Dept Earth & Ocean Sciences Date Reported: 10-Oct-2008
Ruakura Satellite Campus Guote No: 32628
Hamilton Order No: 165158
Client Reference: | Zoe Xie - Surface waters
Submitted By: Healy, Temy (Dr)
Sample Mame: | SHIE Bridgs SH28 Sie 1 SH26 Bridge SH2E Bridge SHZ26 Bridge
28/08/07 Bridge ZE/0&MDT | 1st-2nd 29/08/07 | 2rd-4th 20/08/07 | 1st-2nd 30/08/07
28-Aug-2007 23-Aug-2007 28-Aug-2007 28-Aug-2007 20-Aug-2007
Lab Mumber: 637754.1 637754.2 B37754.2 37754 .4 B37754.5
Elecirical Conductivity (EC) mSim 20 21 20 18 22
Dissofwed Cadmium gim? = 0.000050 < 0.000050 < 0.000050 = 0000050 = 0.00D050
Dissohed Calcium gim? 28 98 aT B3 B
Dissohwed Chromium gim3 < 0.00D50 = 0.00050 < 0.0005D < 0.00050 < 0.00050
Dissohved Copper gim3 0.00D58 0.DDD7T1 0.00024 D.00033 0.00033
Dissoheed fron gim3 0.055 0,051 0.Da 0.043 0.055
Dissohved Lead gim3 < 0.00010 = 0.00010 =< 0.00040 < 0.00010 < 0.00010
Disscheed Magnesum gima 42 43 g 3T 38
Dissoheed Nickel gim3 < 0.00D50 = 0.00050 < 0.00050 < 0.00030 < 0.00050
Disscheed Potassium gima a7 a7 3.4 6.1 6.8
Dissched Sodium gima 17 17 1a 158 18
Dissohved Zinc gim3 0.0011 0.0014 0.0019 o.ooe 00023
Sample Name: | SH2E Bridgs SH26 Bridge SH26 Bridge SH28 Mo SH28 No2
3rd-tth INOEMADT | Mod 22110007 MoZ 22110007 231007 231107
30-Aug-2007 22-Ohet-2007 22-Ohet-2007 23-Oct-2007 22-Oct-2007
Lab Mumber: 637754.6 G63TTE4.T G37754.8 6377540 G37754.10
Elecirical Conductivty (EC) mSim 21 17 17 18 17
Dissofved Cadmium gima < 0.000050 0.0DD12 < 0.000050 < 0000050 = 0.000D05SD
Dissohwed Caloium gima a7 an a.1 B2 B
Dissofved Chrommium gima < 0.00050 = 0.00D050 = 000050 = 0.00050 = 0.00050
Dissofved Copper gim3 0.00077 0.0D02E 0.00023 0.00073 0.00071
Dissofwed fron gim? 0.058 0.23 018 0.24 o1&
Dissofved Lead gima = 0.00010 = 0.00010 = 0.00040 = 0.00010 = 0.00010
Disscheed Magnesium gim3a e 35 38 37 38
Dissohwed Nickel gim3 < 0.00050 < 0.00050 < 0.00050 < 0.00050 < 0.00050
Disscheed Potassium gim3a L2} a7 7a 6.3 6.0
Disscheed Sodium gim3a 16 12 12 149 12
Dissohved Zinc gim3 0.0013 o.om21 0.0095 00077 00047
Sample Name; SH26 Mo SH2E6 MNo.2 Upstream 10m Upstream 10m Upstream 10m
24/10/07 2410007 12:00 23/08/07 | 02-00 28/08/D7 | 1st-2nd 28/D8/07
24-Oct-2007 24-Oet-2007 23-Aug-2007 28-Aug-2007 28-Aug-2007
Lab Mumber: G3TT54.11 G37754.12 637754.13 G27754.14 62775415
Elecirical Conductivty (EC) mSim 18 18 | ey | 20
Dissofved Cadmum gim3 < 0.000050 < 0.000050 < 0.000050 < 0000050 = 0.00DDSD
Disscheed Calzsium gima 8B Te 98 By B0
Dissofwed Chromium gim? 0.00057 = 0.00050 < 0.00050 < 0.00030 < 0.00050
Dissofwed Copper gim? 0.00072 0.0D073 0.00086 0.00055 0.00077
Dissofwed fron gim3 024 0.3 0058 0.05a 0.055
Dissofved Lead gima = 0.00010 = 0.00010 = 0.00040 = 0.00010 = 0.00010

This Laboratery Is accredied by Intemational Accrediation Mew Zealand [IWNZ). which represents Mew Zealand In the Intermational
Laboratory Accredialion Cooperation (ILAC)

Through the ILAC Mulual Recognition Amangement [ILAC-MRA) this acereditation Is
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Sample Type: Clean waters

Sample Name: | SH2E Mo 5H2ZE MNo2 Upsiream 10m | Upstream 10m | Upstream 10m
24/10/07 24010007 12:00 23/08/7 | 02:00 28/D8/07  1st-2nd 28/D8/07
24-Oct-2007 24-0et-2007 28-Aug-2007 28-Aug-2007 28-Aug-2007
Lab Number: G3TTE4.11 63775412 G37754.13 G37754.14 GaTTE415
Dissohved Magnesum gim?2 g kX 23 4.4 4.0
Dissohved Mickel gim? < 0.00050 < 0.00250 < 0.00050 < [.00050 < 0.00050
Dissolved Potassium gim2 8.1 51 58 58 B.5
Dissoheed Sodum gim2 16 12 13 17 18
Dissohved Zinc gim4 .01 0.0028 0.0028 < 0.0010 0.0020
Sample Name: | Upstream 10m Upsiream 10m Upstream 10m Upstream 10m Upstream 10m
Ird-dth 220807 1st-2mnd 300807 | 3rd-4th 30/08/07 | Mo 22110007 | No2 22710007
208-Aug-2007 30-Aug-2007 30-Aug-2007 22-0et-2007 22-0ct-2007
Lab Mumber: GITTE4.18 3775417 G37754.18 G37754.1% G37754.20
Electrical Conductivity (EC) mSfm 1| 22 22 17 17
Dissohved Cadmum gim4 <0.000050 < 0.000050 < 0.000050 < 0.0DDDSD < 0000050
Dissohved Calcium gim?2 25 a2 a8 B.5 B3
Dissohved Chromium gima < 0.00050 < 0.00050 < 0.00050 < 000050 = 0.00050
Dissolved Copper gima 0.00077 000077 0.00074 0.00099 0.00033
Dissohed ron gim3 0.058 1lLii] 0088 027 025
Dissohved Lead gim? < 0.00010 < 0.00010 < 0.00010 < 0.00010 = 0.00010
Dissoheed Magnesum gim3 k] 20 23 aT 38
Dissohved Mickel gima < 0.00050 < 0.00050 < 0.00050 < 000050 = 0.00050
Dissoheed Potassium gim3 82 6.7 a7 6.4 6.7
Dissoheed Sodum gim3 18 12 18 12 11
Dissohved Zine gim4 0.0015 0.0018 0.0016 0.0081 0.00&2
Sample Mame: | Upstream 10m Upsiream 10m Upstream 10m Upstream 10m  Downstream 10m
Mol 23110007 | MNo2 231007 | Mot 24110007 MNo.2 24110007 10am-12pm
23-Oct-2007 23-0ct-2007 24-0ct-2007 24-0ct-2007 23/0807
28-Aug-2007
Lab Number: B37754.21 B37754.22 637754.23 G37754.24 G37754.25
Electrical Conductivity (EC) mSim 1|8 17 20 17 22
Dissohved Cadmum gim? <0.000050 < 0.000050 < 0.000050 < 0.0D0DSD < 0000050
Dissohved Calcium gim4 25 80 80 B pa
Dissohved Chromium gim4 < 0.00050 < 0.00250 0.00077 < [.00050 = 0.00050
Dissohved Copper gim4 0.00067 000070 D.00086 0.00070 D.000a82
Dissohed ron gim? 0.23 0.28 016 0.30 0.057
Dissohved Lead gim* < 0.00010 < 0.00010 < 0.00010 < 0.00010 < 0.00010
Dissohved Magnesum gim? k] aT 432 38 4.8
Dissohved Mickel gim? < 0.00050 < 0.00250 < 0.00050 < [.00050 < 0.00050
Dissolved Potassium gim? 2 a4 TE 6.0 6.0
Dissohved Sodum gim?2 15 13 13 13 18
Dissohved Zinc gim4 0.0091 0.0044 ooz 0on < 0.0010
Sample Name: |Cownstream 10m  Downstream 10m  Downstream 10m Downstream 10m Downstream 10m
2pm-4pm 15t-2nd 23/08/07  3rd-$th 28/08/07 1st-2nd 30/08/07 | 3rd-$th 30008/07
28/08/07 28-Aug-2007 20-Aug-2007 A0-Aug-2007 A0-Aug-2007
28-Aug-2007
Lab Number: B37TE4.28 B37TTE4.27 637754.28 63775429 G37754.30
Electrical Conductivity (EC) mSm 21 12 19 23 22
Dissohved Cadmum gim4 <0.000050 < 0000050 < 0.000050 < 0.0DDDDSD < 0000050
Dissoheed Calcium gim2 2.5 as ar By B7
Dissohved Chromium gim4 < 0.00050 < 0.00050 < 0.00050 < [.00050 = 0.00050
Dissohved Copper gim4 0.00061 000075 0.00071 0.00073 0.00073
Dissohved fron gim4 0.081 0,048 0048 0059 0.0a0
Dissohved Lead gim? < 0.00010 < 0.00010 < 0.00010 < 0.00010 = 0.00010
Dissohved Magnesium gim4 45 38 41 45 43
Dissoheed Mickel gim? < 0.00050 < 0.00250 < 0.00050 < [.00050 = 0.00050
Dissolved Potassium gim? a0 8.0 a2 6.2 62
Dissoheed Sodum gim? 1|8 16 13 23 20
Dissohved Zine gim4 0.0021 0.0017 0.0M5 0.o014 00013
Lab Ho: 637734 v 2 Hill Laboratories Page 2 of 4
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Sample Type: Clean waters

Sample Name: |Downstream 10m Downstream 10m  Downstream 10m |Downstream 10m  Downstream 10m
No.1 22110007 No.2 22/10007 No.1 23710007 No.2 231007 No.1 241007
22-Oct-2007 22-0ct-2007 23-0ct-2007 22-Oct-2007 24-0ct-2007
Lab Mumber: G37754.31 G37754.32 BaTT54.33 G37754.34 G3TT54.35
Electrical Conductivity (EC) mSm 17 18 19 17 20
Dissolved Cadmium gim? < 0.0000350 < (0.000050 < (0.000050 < (.0D0D50 < 0.0DDDS0
Dissohved Calcium g'm34 86 a8 a5 EA Bo
Dissohed Chromium gima < 0.00050 = 0.00050 = 0.00050 = 0.00050 0.00081
Dissolved Copper gim3 0.00D82 0.0DDEE 0.00085 0.00088 0.00057
Dissolved fron g'm3 0.23 0.26 0.24 o.2e 018
Dissclved Lead gim? < (.00010 < 0.00010 < 0.00010 < 0.00010 = 0.00010
Dissohved Magnesum g'm34 kY] 38 41 38 4.1
Dissohved Mickel gim? < 0.00050 < 0.00050 < 0.00050 < [0.00050 < 0.00050
Dissohved Potassium gim* ar [+ 04 T 87 6.3
Dissolved Sodum g'm* 14 12 18 14 18
Dissclved Zinc gim3 D.007D 0.0075 0.0058 0.00&3 0.0DEE
Sample Mame; |Downstream 10m Downstream G0m  Downstream G0m | Downstream 60m  Downstream S0m
No.2 24/10007 Zpm 28/08/07 Jpm 23/08/07 | 1st-2nd 20002/07 | 2rd-4th 20/DB/OT
24-Oct-2007 28-Aug-2007 28-Aug-2007 20-Aug-2007 20-Aug-2007
Lab Number: B37754.30 B837754.37 G37754.38 G27754 32 G37754.40
Elecirical Conductivity (EC) mSim 17 28 el o o
Dissohled Cadmum gim3 < 0.000050 < 0.000050 < 0.000050 < 0000050 < 0.DD0DS0
Dissohved Calcium g'm4 24 11 10 10 Ba
Dissolved Chromium gim3 < (.00050 < [.0D050 < 0.0D050 < 0.00050 < 0.00050
Dissolved Copper gim3 0.00058 000058 0.00058 0.00083 0.00088
Dissohved ron gima 0.24 0.082 D.080 0.053 0.057
Dissohed Lead gim? < 0.00010 < 0.00010 < 0.00010 < 0.00010 < 0.00010
Dissolved Magnesum gim* g 50 28 4.5 4.4
Dissolved Mickel gima < (1.00050 000083 < [.00050 < 0.00050 0.00055
Dissohved Potassium gima 23 72 58 6.4 6.8
Dissohved Sodum gima 14 a7 20 o i
Dissohed Zinc gim3 0.0034 0.007 < 0.0010 00018 0.0014
Sample Mame: |Downstream 80m Downstream G0m Downstream G0m |Downstream G0m  Downstream §0m
1st-2nd 30/0B/07 | 3rd-4th 30/08/07 | Moot 22710007 No2 2201007 No.1 2310007
30-Aug-2007 30-Aug-2007 22-0ct-2007 22-0ct-2007 23-0ct-2007
Lab Mumber: BATT54.41 BITT54.42 BITT54.43 G27754 44 GI7754 45
Electrical Conductivity (EC) mSim 7 25 20 M 22
Dissolved Cadmium gim3 < 0.000050 < (0.000050 < (0.000050 < 0.0D0D50 < 0.0DDDS0
Dissolved Calcium g'm3 11 11 a8 Ba By
Dissolved Chromium gim3 < (1.00050 < [.0D050 < [.0D050 < 0.00050 = 0.00050
Dissclved Copper gim3 0.00057 0.0DDET 0.00076 0.00078 0.00054
Dissohved fron gim* 0.ovg 0,055 0.26 0.21 0.2z
Dissclved Lead gima < 0.00010 = 0.00010 < 0.00010 < 0.00010 < 0.00010
Dissolved Magnesum g'm3 50 50 42 4.3 4.5
Dissolved Mickel gim3 0.00072 0000832 0.00056 0.00081 = 0.00050
Dissolved Potassium g'm34 TE 71 04 7.0 T4
Dissolved Sodum g'm3 2B 26 18 18 M
Dissolved Zinc gim? D.0022 0.0011 0.0056 0.0D&e 0.0D&2
Sample Name: |Downstream 80m |Downstream 60m Downstream G0m
No.2 23110007 No.1 24/10007 No.2 24/10007
23-Oct-2007 24-0ct-2007 24-0ct-2007
Lab Mumber: GITTEH4 48 G37T54.47 B3TTE4.48
Electrical Conductivwty (EC) mSim 20 22 20 - -
Dissolved Cadmium gim3 < 0.0000350 < (0.000050 < (0.000050 - -
Dissohved Calcium gima 26 10 a1 - -
Dissohed Chromium gim3 < 0.00050 000052 < 0.00050 - -
Dissolved Copper g'm4 0.00063 0.00051 0.000GE - -
Dissolved fron g'm# 0.23 0.23 0.24 - -
Dissclved Lead gim3 < 0.00010 = 0.00010 < 0.0D010 - -
Dissohved Magnesium gima 44 45 40 - -
Lab Mo: G37754 w2 Hill Laboratoriss Pages 3 of 4
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Sample Type: Clean waters

Sample Name: [Cownstream 0m  Downstream 60m |Downstream G60m
Mo.2 2310007 | Mol 24010007 | Mo.2 2400007
23-Oet-2007 24-0ct-2007 24-0ct-2007
Laky Number: GITTE4 48 G3TTE4.47 G3T754.48
Dissohed Nickel gima < 0.00050 = 0.00050 = 0.0005D - -
Dissohed Potassium gimd a1 a5 a8 - -
Dissohed Sodum gima 17 21 15 - -
Dissohed Zinc gim4 D.0052 0.0045 0.0058 - -

SUMMARY OF METHODS

The following table(s) ghe=s a brisf description of the meshods used fo conduct the analyzes for this job. The defection Imits glven below are those afainable in a relaSvely dean mairte
Delzciion Imils may be higher for Individual samples skould irsufficlent sample be asalable, or [F the mairdx requires: that diufions be perfiommed curing analysis.

Sample Type: Clean waters

Test Method Description Default Detection Limit | Samples

Elecirical Conductivity (EC) Conductivity meter, 25°C. APHA 2510 B 212 ed. 2005. 0.1 mSm 1-48

Fitration for disscived metals analysis | Sample fitraticn through 0.45um membrane filter and - 1-48
preservation with nitrc acid. APHA 3030 B 21« ed. 2005,

Dissclved Cadmium Filtgred sampls, ICP-MS, trace level. APHA 21258 219 =d. 0.000050 gim? 1-48
2005.

Dissclved Calcium Filtered samp's, ICP-M3, trace level. APHA 21258 21st ed. 0.050 g/m® 1-48
2005.

Dissohved Shromium Filtered sample, ICP-M3, frace leve!. APHA 31258 21% =d. 0.00050 gfm® 1-48
2005.

Dissolved Copper Filtered samp's, ICP-M3, trace level. APHA 31258 219 ad. 0.00050 gim* 1-48
2005.

Dissohved Iron Filtered sample, ICP-MS, trace level. APHA 21258 218 ed. 0.020 gim* 1-48
2005.

Dissolved Lead Filtered sample, ICP-M3, frace leve!. APHA 31258 21% =d. 0.00010 g'm# 1-48
2005.

Dissolved Magnesum Filter=d sampls, ICP-M3, frace leve!. APHA 21258 219 =d. 0.020 g/m® 1-48
2005.

Dissolved Micksl Filterzd sample, |CP-M3, trace level. APHA 21258 21 =d. 0.00050 gim® 1-48
20D5.

Dissolved Potassum Filterzd sample, |CP-M3, trace level. APHA 21258 21 =d. 0.050 g/m® 1-48
20D5.

Dissohed Sodum Filterzd sample, |CP-M3, trace level. APHA 21258 21 =d. 0.020 g/m?* 1-48
2DD5.

Dissched Zine Filtered sample, |CP-M3, trace level. APHA 21258 219 =d. 0.2010 g'm? 1-48
2DD5.

These samples were collected by yourselves {or your agent) and analysed as received at the laboratory.

Samples are held at the laboratory after reporting for a length of time depending on the preservation used and the stability of
the analytes being tested.  Once the storage period is completed the samples ars discarded unless othervise advised by the
client.

This report must not be reproduced, except in full, without the written consent of the signatory.

Y/ -

Peter Robinson MSc (Hons), PhD, FNZIC
Client Services Manager - Environmental Division

Lab Mo: B37754w 2 Hill Laboratories Pags 4 of 4
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A.4 Analytical results of soils subjected to land apptation of dairy

effluent from the Fonterra Kauri site
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Hill Laboratories

R | Hill Laboratomkes Limited
Address: Telephone: Emiail:
1 Chyde Street +64 (7 8- 2000 mail@hill-labs.co.ne
Private Bag 3203, Facsin Internet:
] Hamiltan, MNew Zealancd O +64 (7} 8582001 S wwwe hill-labs.co.nz
ANALYSIS RESULTS Laboratories
Client: University of Waikato Laboratory No.: 5730681 Page 1 of &
Address: Private Bag 3105 Registered: 17-5ep-2008
HAMILTON Reported: 25-Sep-2003
Mew Zealand Order No.: 174495
Submitted By:  DOr T Healy
Client Phone: 8536 2888 Client Ref:
Sample Name:  Kauri Hika Irrigated A
Sample Type: S0IL Mixed Pasture (51)
Analysis Level Found Medium Range Low Medium High
pH 6.3 58-63 : 5 !
] | 1
1 I 1
Olsen P {mgifL} 121 20-30 ! : .
1 | 1
1 | 1
Potassium (me/100g) 0.84 : : ] !
Calcium (me/100g) 24.5 , I:
Magnesium {me/100g) 1.46 : ! !
Sodium (mel100g) 2732 : : : >
1 ] 1
CEC (me100g) 34 12-25 : g— |
Base Saturation (%) 7 g0 -85 ! | :
volume Weight {g/mL) 0.78 0.60-1.00 : 1 | g
1 | 1
1 I 1
Total Nitrogen (%) 0.87 0.30 - 0.60 ! _— !
1 I 1
1 | 1
Phosphorus (Mehlich 3)  {mgiL) 197 40-70 ' : j
] | 1
1 | 1
Iren {Mehlich 3) imgiL) 409 i i i
Manganese (Mehlich 3)  {mgiL) 8.6 8.0-65.0 :'. | |
Zine (Mehlich 3) imgiL) 245 0.80 - 4.00 : | | |
Copper (Mehlich 3) imgiL) 1.0 0.4-20 | | |
Boron (Mehlich 3) imgfL) 0.6 06-17 [T | |
Cobalt (Mehlich 3) imgiL) <0.1 02-05 | | |
Aluminium (Mehlich 3)  (magiL) 546 800-1300 = ' I '
Base Saturation K25 CaT72 Mgd43 HMNagl
MAF Units K13 Ca24  Mg28  MNagTl

Tne above nuiriznt graph compares he levels found with refsrence Inderpretation levels. NOTE: It ks Impartant that the comect sample ype be assigned, and that the
recommended samping procedure Nas been followed. R J HI Laboratories Limit=g does not accept any respensibllity for the resuliing use of this Information.

Laboratory Comments

Analysis Comments
Results for the Mehlich 3 =oil test are shown above. Details of this test are available from our website and in a Technical
Mote, available on reguest.

The Mehlich 2 B test is congidered to be a reliable measure for soils with moderate or high B status. For soils with low B

levels (=1.5 mgiL), the test is much less rediable, and must be interpreted with approgriate caution. Plant herbags (leaf) B
levels should ke congiderad before recommending boron agplication.

End of Laboratory Comments

Submitter: Or T Healy, University of Wakato, Dept Earth & Ccean Sciences. Ruakura Satellite Campus. Hamiton, New Zealand (Ph: 07 852 5200,
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Hill Laboratories

R ) Hill Laboratones Limited

Address: Telephomne: Email:
1 Clyde Street + 64 (7} 858-2000 mail@hill-labs.co. e

Private Bag 32035, Facsim Internel:
[] Hamilton, New Zealand I + 64 (71 858-2001 & www.hill-labs.co.ne
ANALYSIS RESULTS Laboratories
Client: University of Waikato Laboratory No.: 57309638/2 Page 2 of 5
Address: Frivate Bag 3105 Registered: 17-Sep-2002
HAMILTOM Reported: 25-Sep-2003
Mew Zealand Order No.: 174495
Submitted By:  Dr T Healy
Client Phone: 556 2889 Client Ref:
Sample Name:  Kauri Hika Irigated B
Sample Type: SOIL Mixed Pasture (S1)
Analysis Level Found Medium Range Low Medium High
pH 6.2 53-63 : | !
1 1 1
1 1 1
Olsen P {mgiL) 125 20 - 30 . . . =
1 1 1
Potassium (mef100g) : : -
Calcium (me100g) . 1
Magnesium (mef100g) ; ] ! !
Sodium (me/100g) : : : :)
1 1 1
CEC {mef100g) 32 1225 : — i
Base Saturation (%) a5 50 -85 : i :
Wolume Weight {gfmL} 0.71 060-100 [0 ' '
1 1 1
1 1 1
Total Mitrogen (%) 0.62 0.30- 0,60 . :| E
1 1 1
Phosphorus (Mehlich 3)  (magiL) 156 40-70 ' : ]
] ] 1
1 1 1
Iren {Mehlich 3) imgiL) 389 | | |
Manganese (Mehlich 3)  (mgiL) 13.2 8.0 - 5.0 :'. | |
Zinc (Mehlich 3) imgiL) 315 0.80 - 4.00 : 1 i
Copper (Mehlich 3) imgiL) 13 04-20 | | |
Boron (Mehlich 3) imgiL) =05 06-12 | | |
Cibalt (Mehlich 3} imgiL) <01 02-05 | | |
Aluminium (Mehlich 3} (mgiL) 410 500-1300 |/ : : :
Base Saturation K486 Cagg Mgd49 HMaghs
MAF Units K22 Ca2l Mg26 MNa74

The above nuirient graph compares the levels Tound with refzrence Interpretation levels. NOTE: Itls Imparant that the comect sample Sype be assigned, and that the
recommendzad sampilng dure Nas been sollowed. R .J HIl Laboratorizs Limitad doss not accept any responsIbillty for the rasulting use of this Information.

Laboratory Comments

Analysis Comments
Results for the Mehlich 3 soil test are shown above. Detalls of this test are available from our website and in a Technical
Mote, available on request.

The Mehlich 2 B test is congidered to be a reliable measure for soils with moderate or high B status. For soile with low B
levels (=1.5 mg/L), the test iz much less rediable, and must be interpreted with approgriate caution. Plant herbags (leaf) B
levels should be considered before recommending boron application.

End of Laboratory Comments

Submitier: Dr T Healy, University of W akato, Dept Earth & Ocean Sciences, Ruakura Satellite Campus. Hamiton, New Zealand (Ph: 07 853 5200,

241



APPENDICES

Hill Laboratories

R | Hill Laboratones Limited

Address: Telephone: Email:
1 Chyde Street +64 (7} B55- 2000 mail@hill-labs.co.ne

Frivate Bag 3205, Facsimi Intarnet:
[5] Hamiltom, New Zealand oE 64 (7} 858-2000 = wanw hill-labs.co.nz
ANALYSIS RESULTS Laboratories
Client: University of Waikato Laboratory No.: 573068/3 Page 3 of 5
Address: Private Bag 3105 Reqgistered: 17-Sep-2008
HAMILTON Reported: 25-5ep-2008
Mew Zealand Order No.: 174495
Submitted By:  Dr T Healy
Client Phone: 5556 2889 Client Ref:
Sample Name:  Kauri Hika Unirrigated A
Sample Type: SOIL Mixed Pasture (51)
Analysis Level Found Medium Range Low Medium High
pH 6.1 58-63 : o |
] 1 1
1 1 1
Olsen P imgiL) 2% 20- 30 : 1 |
1 1 1
1 1 1
Potassium {mel100g) 063 0.50-0.80 | i |
Calcium (me/100g) 19.2 6.0-12.0 |
IMagnesium {mef100g) 1.20 100-300 | | |
Sodium {mef100g) 017 020-050 | E E E
1 1 1
CEC ime/100g) 26 12-25 : q |
Base Saturation (%) &1 0 -85 1 :
Volume Weight {g'mL) 0.79 0.60-1.00 ' ] ' '
1 1 1
1 1 1
Total Mitrogen (%) 0.60 0.30 - 060 ! | !
] ] 1
1 1 1
Phosphorus (Mehlich 33 {mg/L) 3| 40-70 [T | | |
1 1 1
1 1 1
Iren {Mehlich 3) {mgiL) 193 i i i
Manganese (Mehlich 3)  {mg/L) 61.2 B.0-65.0 : ] ! !
Zinc (Mehlich 3) {mg/L) 2 0.80 - 4.00 : ] 1 1
Copper (Mehlich 3) {maiL) 14 0.4-2.0 1) |
Boron (Mehlich 3) {maiL) =05 06-132 | | |
Cobalt (Mehlich 3) {maiL) 03 02-05 | | |
Aluminiurn (Mehlich 3)  {mg/L) 532 500 - 1300 [ i i i
Baze Saturation K24 CaT3 Mog46 HMalsg
MAF Units K 10 Ca1d  Mg21  Nas

The abave nuiriznt graph compares the lavels fTound with ressrence Interpretation levels. NOTE ILis Impartant that the comect samplz 4pe De assignad, and that tha
recommended sampling procedure has been followed. R J Hill Laboratories Limlted dogs not accept amy respons|bility for the rasuliing use of this Information.

Laboratory Comments

Analysis Comments
Results fior the Mehlich 3 soil test are shown above. Details of this test are available from our website and in a Technical
Mote, available on reguest.

The Mehlich 3 B test is conzidered to be a reliable measure for scils with moderate or high B status. For soilz with low B

lewels (=1.5 mg/L), the teat is much less reliable, and must be interpreted with appropriate caution. Plant herbage {leaf) B
levelz should be congidered before recommending boron application.

End of Laboratory Comments

Subritter: Or T Healy, University of W akato, Dept Earth & Ocean Sciences, Ruakura Satellite Campus, Ham™on, Mew Zealsnd (Ph- 07 858 5200,
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Hill Laboratories

R | Hill Laboratones Limited
Address: Telephone: Email:
1 Chede Strept +64 (7} B5H-2000 maaikEhill-labs.co.ne
Private Bag 32035, Facsimi Internel:
\. Hamilton, Mew fealand E + 64 (7} 858-2001 S woanwhill-labs.co.ne
ANALYSIS RESULTS Laboratories
Client: University of Waikato Laboratory No.: 573988/4 Page 4 of 5
Address: Private Bag 3105 Registered: 17-Sep-2008
HAMILTOM Reported: 25-Sep-2008
Mew Zealand Order No.: 174495
Submitted By:  Dr T Healy
Client Phone: 856 2339 Client Ref:
Sample Name: Kauri Hika Unirmigated B
Sample Type: S0IL Mixed Pasture (31)
Analysis Level Found Medium Range Low Mexdium High
pH 5.9 ! !
| 1
I 1
Qlzen P {mgiL) 42 ] i
| 1
| 1
Potassium (mel100g) 049 ! |
Calgium {mel100g) 214 .
Magnesium (mel100g) 140 : | |
Sodium {me/100g) 0.32 : | i i
1 ] 1
CEC {me/100g) 29 12.25 : | |
Base Saturation (%) a1 -85 ! 11 :
Yolume Weight {g/mL) 0.70 050-100 |0 I '
1 I 1
1 I 1
Total Mitrogen (%) 0.67 0.30 - 0.60 ! 8| !
1 I 1
1 | 1
Phosphorus (Mehlich 3 {mgiL) a2 40-70 : ] | |
1 I 1
1 | 1
Iren {Mehiich 2) {mgiL) 384 | | |
Manganese (Mehlich 3)  {mgiL) 11.0 8.0-65.0 :ﬁ | |
Zinc (Mshlich 3) {mgiL) 1.80 0.80 - 4.00 S— | |
Copper {Mehlich 3) imgiL) 15 04-20 1 |
Boran (Mehlich 2) {maiL) =05 06-12 | | |
Cobalt (Mehlich 3) {mgiL) < 0.1 02-05 | | |
Alurninium (Mehlich 3)  {mgiL) 481 900- 1300 |1 : i :
Basze Saturation K 1.7 Cavi Mo 4.5 Naili
MAF Units K7 Ca1d  Mg22  Maili

Tne above nutrient graph compares the lzvels found with reference Inserpretation levels. NOTE: It 15 Important that the comect sampie ype be assignad, and that the
recommended sampling procadure Nas been followed. R J HIll Labaratories Limiteg doss not accept any responsibility for the resulting use of this Informatien.

Laboratory Comments

Analysis Comments
Results for the Mehlich 3 soil test ars shown above. Detalls of this test are available from our website and in a Technical
Mate, available on reguest.

The Mehlich 3 B test is considered to be a reliable measure for soils with moderate or high B status. For soils with low B
lewels (=1.5 mgl/L), the test is much less reliable, and must be interpreted with appropriate caution. Plant herbage (leaf) B
levels should be considered before recommending boron application.

End of Laboratory Comments

Subrnitter: Dr T Healy, University of Wakato, Dept Earth & Ocean Sciences, Ruakura Satellite Campus, Hamfon, Mew Zea'snd (Ph: 07 853 5200,
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Hill Laboratories

B | HIll Eabsosatonies Linstod

Address: Tedephiong: Email:
1 Chyle Strest (4 (71 B5H-2000) mail@hill-labs.co.ne
Privaite Bag 1203, Facsimil Internel:
[5] Hamiltom, New Zezland e e 2 & www hill-labis oo ne
Laboratories
Client: University of Waikato Laboratory No.: 573963 Page hof 5
Address: Private Bag 3105 Reqgisterad: 17-Sep-2008
HAMILTOMN Reported: 25-Sep-2008
Mew Zealand Order No.: 174495
Submitted By: DOr T Healy
Client Phone: 856 2389 Client Ref:

The following table gives a brief description of the anafysis methods for this job. The COV (coeffient of variation) gives a measure of
precision and is sometimes referred to a5 the Re'ative Standard Deviation. ie the standard deviaton expressed as a percentage of the
absoiuie valus

For further details sana explanations, please contact the laboratory.
These samples were coffected by yourselves (or your agent) and analysed as received &t this laboratony.

Analyte Method COV([%R)
Soil

Vomme Weight The weightiwolume rafio of dried, ground =o 2
Base Saturation Calculated from Extractable Cations and Caton Exchange Capacity. 4
WM3-Phosphorus®, M3-Iren’, M3- Mehlich 2 Exraction followed by ICP-OES. -

Manganese", M3-Znc®, M3-Coppsr',
W3-Boron”, M3-Cobalt”, M3-Aluminium®

Tota! Mitrogen® Determined by NIR, calibratcn based on Totzl W by Cumas combustion. -
Tota Mitragen Dumas cembustion. =
CEC Summiation of extractab'e cations (K. Ca, Mg, Ma) and extraztable acidity. 4
Sample Registration” Samples were co'scted by yourselves and analysed as received m the laboratory. -
Sof Preparaticn {Dry and Grind |* Air drizd at 38 - 40°C ovemight (residual moisture typizally 4%:) and crushed to pass -
through & 2 mm screen.

pH 1:2 (ulv) soilwater sturry followed by potenticmetns ostermination of pH 1
Potasswm, Caloum, Magnesium, M Meutral ammanium acetate extraction folowed by ICP-0ES
SodEm
Phosphorus Dleen exfraction followed by Molybdenum Elue colorimstry. ]
" Indizates a non-acoredided test
e Thls laboraiory I accrediten Dy Inwzrmatioral Accredilation New Zealand. The teets reported Signatory: X

A herein have been parformes In accordance with Its berms of accreditation, with e exception of

ta6ts Indicated above. Accreditalion alsc dose not apply 1o comments and Interprataticns, Le i |

o @ e Narmal Range’ levels and e subsequent bar graph. This repoet may not be reproducen, | Ny {

{,... exzept In full, wiiout e wristen congent of the signatory.
Isharneory Figna Calvert

Chent Senvices Manager

Submitter: Or T Healy, University of W akato, Diept Earth & Ccean Sciences. Ruakura Satellite Campus, Hamiton, New Zea'and (Ph: 07 858 5200,
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g(}] Hill Laboratories Tpes"™ & Srem

EETTER TESTING BETTER RESULTS  Hamiton 3240, New Zealand | Web  wwawhilldabs.conz

ANALYSIS REPORT Page 1 of 1

Client: | University of Waikato Lab No: 646320 Pyl
Contact: | Healy, Termy (Dr) Date Registered: | 20-Jun-2008
Dept Earth & Ocean Sciences Date Reported: 19-Sep-2008
Ruakura Satellite Campus Quote No: 32104
Hamilton Order No: 1744495
Client Reference:
Submitted By: Xie, Zoe

Sample Type: Soil

Sample Name: Hauri. Hika Fauri. Hika Fauri. Hika Kauri. Hika
mgated A Irrigated B Unirrigated & Unirrigated B
Lab Number: 54088208 G408820.8 84682010 G48820.11
Toital Recoverable Cadmium rglkg dry wt 0.24 037 0.83 0.81 -
Total Recoverable iron rglkg dry wt 18000 16000 33000 12000 -
Total Recoverasble Mercury mig'kg dry wt 0.14 018 0.0 010 -

SUMMARY OF METHODS

The folloming tabie(s) ghsez a brdef descripion of the methods used o concuct the analyzes for thiz job. The defeciion Imits glven below ane those aRainable In a relafively dean mairbe.
Dietecfion Imilz may be higher for Individual samples should irsufficient sample be aealable, or If the maire requires that diufons: be performed during analysis.

Sample Type: Soil

Test Methed Description Default Detection Limit | Samples
Erviranmental Sohds Sample Preparation” | Air dried at 35°C and sieved, <2mim fraction. - 2-11
Total Recovershle digestion Mitric: | hydrochionic acid digestion. US EPA 200.2. - 211
Total Recoversble Cadmium Dried sample, sieved as specified (f reguired). 0.010 mgkg dry wi 211
Mitric/Hydrochloric acid digestion, 1CP-MS, trace level US
EPA 200.2.
Total Recoverabie Iren Dried sample, siewed as specified (f required). 40 mgikg dry wi 21
Mitric/Hydrochloric acid digestion, 1CP-MS, screen level US
EPA 200.2.
Total Recovershle Mercury Dred sample, sieved as specified | required). 0.010 mpkg dry wt 21
Mitric/Hydrechloric azid digestion, [CP-MS, trace level. US
EPA 200.2.

These samples were collected by yourselves (or your agent) and analysed as recesved at the laboratory.

Samples are held at the laboratory after reporting for a length of time depending on the preservation used and the stability of

the analytes being tested.  Once the storage period is completed the samples are discarded unless otherwise advized by the
client.

This report must not be reproduced, except in full, without the written consent of the signatory.

fos Al

Peter Robinson MSc (Hons), PhD, FMZIC
Client Services Manager - Environmental Division

P Laboratory Accrediation Cooperatlon (ILAC). Through the ILAC KMulual Recognition Arrangsment [ILAC-MRA) this accrediiation ks

e

H Intermatianally recognised.
=

‘{"-;?\:\\p,;’ { =R The lesls reporied Nerzin have been performed In accordancs wiin e ferms of accradiation, wilh the excaplion of tests marked *, which
el laBerEETY are not accredlied.

‘:,r'-;_':_,::r-., :g ' This Laboratory Is accredited by Intermational Accrediation New Zealand (IAKZ), which represents Mew Zealand In the Intermational
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A.5 Analytical results of ground water subjected to lanl

application of dairy effluent from the Fonterra Kauri site

246



APPENDICES

Hill Laboratories

R J Hil Lakoraiores Limited | Tel

1 Clyde Strest
Private Bag 3205

+84 T 853 2000
Fax +54 7 853 2001
Emial mail@hill-labs conz

"

BEETTER TESTING BETTER RESULTS

Hamilion 3240, Mew Zzaland | Web  wwwhilldabs.conz

ANALYSIS REPORT Page 1 of 1
Client: | University of Waikato Lab MNo: 546320 i
Contact: | Healy, Temy (Dr) Date Registered: | 20-Jun-2008
Dept Earth & Ocean Sciences Date Reported: 19-5ep-2008
Ruakura Satellite Campus Quote No: 32104
Hamilton Order No: 174495
Client Reference:
Submitted By: Xie, Zoe
Sample Type: Soil
Sample Name: Haur. Hika Kauri. Hika Kauri. Hika Kauri. Hika
mgatsd & Irrigated B Unirigated A Unirrigated B
Lab Humber: 5408820.8 5408820.0 646320.10 64882011
Total Recoverable Cadmum mig kg dry wt 0.2 0.37 0.83 0.61 -
Total Recowerable Iron migikg dry wit 19000 16000 33000 18000 -
Total Recoverable Mercury mg'kg dry wt 0.14 0.18 0.0es 010 -

SUMMARY OF METHODS

The folloming tabie(s) ghes a brisf description of the meshods used bo concuct e analyses for this job. The deteclion Imiks glven beiow ane inose aainablz In a relasvely Cean matr.

Detection Imils may be higher for Individwal samipies should insufficlent sample be salablz, or if the maiierequires that diviions be peromeesd during analysis.

Sample Type: Soil
Test Method Description Default Detection Limit | Samples
Emvirenmental Sofds Sample Preparation” | Air dried at 35°C and sieved, <2mm fraction. - 211
Total Recoverable digestion Nitric | hydrochionic acid digestion. US EPA 200.2. - =1
Total Recoverable Cadmium Dried sample, sieved as specified (if required). 0.010 mpfkg dry wt N
Nitric/=ydrochloric acid digestion. 1CP-MS, trace level. U3
EPA 2002
Total Recoversble Iron Oried sample, sieved as specified (f required). 40 mg'kg dry vt 21
Nitric/Hydrochloric acid digestion. 1CP-MS, screen level. US
EP&4 2002
Total Recoverable Mercury Dried sample, sieved as specified {F required). 0.010 mg'kg dry wt BN
Nitric/Hydrochloric acid digestion. 1CP-MS, trace level. US
EPA 200.2.

These samples were collected by yourselves {or your agent) and analysed as received at the laboratory.

Samples are held at the laborstory after reporting for a length of time depending on the preservation used and the stability of
the analytes being tested. Once the storage period is completed the samples are discarded unless otherwise advised by the

client.

This report must not be reproduced, except in full, without the written consent of the signatory.

Jobs Al

Peter Robinson M3c (Hens), PhD, FNZIC

Client Services Manager - Envirenmental Division

2l I8
e 2
= AT

are nod accredited.

Laboratory Accraditation Cooperation (ILAC)
Intermationally recognised.

== The tests reporied herzin nave been performead In accordanc: with e terme of accredtation, with the exceplion of teets marked ™, which

Thiz Labaratory |5 acoredited by Internalional Accreditation New Zzaland [IANZ). which represents Maw Zealand In the Intzrmational
Througn the ILAC Mulual Recogninon Arangement (ILAC-MRA) this accreditation 15
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g(lﬁ Hill Laboratories

BEETTER TESTING BETTER RESULTS

ANALYSIS REPORT

R.J Hil Laboraton
1 Clyde Streat
Private Bag 3205

es Limited | Tel  +84 7 838 2000
Fax +84 7833 2001
Email maili@hil-lsbs conz

Hamilton 3240, New Zealand | Web  wwawhilldzbs.conz

Client: | University of Waikato
Contact: | Healy, Temy (Dr)

Harnilton

Dept Earth & Ocean Sciences
Ruakura Satellite Campus

Lab No:

Date Registered:
Date Reported:
Quote No:

Order No:

Client Reference:
Submitted By:

658285
17-Sep-2008
16-0ct-2008
33871
174495

Xie, Zoe

Zoe Xje - Groundwaters

Amended Repor

This report replaces an earlier report issued on the 30 Sep 2008 at 3224 pm
Fhosphorus tests hawe been added after discussion with the client.

Sample Type: Clean waters

Sample Name: Kauri Hika Kauri Hka Fauri Hka
Irrigated 1 pH Irrigated 2 pH | Un-irrigated pH
5,22 11-Apr-2008 | 8.42 11-Apr-2002 | 8.24 11-Apr-20028
Lab Number: 658285.1 6382852 £508235.2
Electrical Conductivity (EC) mSim G2.5 B3 17.6 - -
Dissolved Cadmum gim2 0.0o028 0.00012 « 0000030 - -
Dissohed Calcium gim? 25 54 25 - -
Dissolved Copper gim? 0.0083 0013 0.0028 - -
Dissolved fron gim? 0.1 0.14 = 0020 - -
Dissolved Magnesium gima 1.1 35 38 - -
Dissohed Mercury gim3 < 0.000080 < 0.000080 < 0.000080 - -
Dissohed Potassium gim3 11 48 22 - -
Dissohed Sodum gima 110 210 24 - -
Dissohed Zing gim? o.or2 0024 0.0041 - -
Mitrate-M + Mitrite-M gim? 20 0.36 0.055 - -
Teotal Kieldahl Nitrogen (TEN) gim2 07 ag D44 - -
Dissolved Reactive Phosphorus gima 0.0054 0.0048 0.014 - -
Total Phosphorus gim3 0.12 D.38 18 - -

SUMMARY OF METHODS

The tollowing fabie(s) ghes a brief description of the mefrods used o concuct the anaiyses for this job. The ceteciion Imils glven below ane fhose afiainable in a reladvely dean mait.

Detecticn Imits may ke higher for Indhicual samoies should insufMzient sample be swalable, of If the maldsrequiess that diusons be pEromSd curng snalysis.

Sample Type: Clean waters

EETY are not accredited.

2005.

Test Method Description Default Detection Limit | Samples
Fitration. Unpreserved Sample feration through 0.45um membrane filker. 1-3
Total Kjeldahl Digeston Sulphuric acid digestion with copper suiphate catalyst. 1-3
Total Phospherus Digestion Acid persulphate digestion. 1-3
Elecirical Conductivity (EC) Conductivity meter, 25°C. APHA 2510 B 21 ed. 2005, 0.1 mSim 1-3
Fitraticn for dissolved metals analysis | Sample fitration through 0.45um membrane filter and 1-3
pressndation with nitric acid. APHA 3030 B 21= ed. 2005,
Dissclved Cadmium Filiered sample, ICF-M3, frace level. AFHA 3125 B 218 ed. D.0D0DSD gim? 1-3
2008.
Disschved Calcium Filiered sample, ICF-M3, frace level. AFHA 3125 B 218 ed. 0.050 gim* 1-3

This Laboratory s accradied by Intemalional Accreditation New Zealand [IANZ). which represents Mew Zealand In the Inizmational
Laboratory Accreditafion Cooperatlen (ILAC) Through the ILAC Mubual Recognition Amangement (ILAC-MRA) this accreditation is
IntEmatianally recognised.
The tests reporizd Nenein N@ve Deen perfonmed in accordancs Wit e &mE of accremiation, with the exception of t2Ets marked *, which
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Sample Type: Clean waters

Test Method Description Default Detection Limit | Samples

Dissclved Copper Filtered sample, ICP-M5, trace fevel APHA 31258 s ad. 000050 gim? 1-3
2005.

Dissohved Iron Filtered sampie, ICF-MS, trace level. APHA 31258 21% ed. 0.020 gim® 13
2005.

Dissolved Magnesaum Filtered samp'e, ICF-M3, trace level. APHA 21256 21% 2d. 0020 gim® 13
2005,

Dissolved Mercury Filter=d sample. Permanganats | Persuphate digeston. 0.0030D80 gim? 13
Analysis by FIMS.

Dzsolved Potassium Filtered sample, ICP-M3, trace level APHA 21268 21 ed. 0.050 gim? 13
2005,

Dissolved Sodium Filterzd sample, ICP-M3S. frace level. APHA 31258 2% ad. 0020 gim® 1-3
2005,

Dissolved Zinc Filiered sampie, ICP-MS, trace level, APHA 31258 21w ed. 0.0010 gima 13
2008,

Mirate-N + Mitrit=-M Total eddised nitrogen. Automated cadmium reduction, fiow 0.0020 gima 1-3
injection analyser. APHA 4500-NOy | (Proposed) 219 ed. 2005

Total Kjeldahl Mitrogen (TEMN) Tetal kjeldahl digestion, phenothypochlonte colorimetry. 0.10 g'm? 1-3
Discrate Analyser, APHA 4500-N.y C. (madfiad) 4500 NHs F
{modified) 21% ed. 2005.

Dissolved Reactive Prospherus Filtered sampie. Molybdenum blie colorimetry. Descrate 0.0040 gimd 13
Analyser. APHA 4500-P E {modified from manual analysis) 219
ed. 2005,

Total Phospharus Total phosphorus digestion, ascorbic acid coorimetry. Discrete 00040 gim? 1-3
Analyser. APHA 4500-P E (medified from manual analysis) 219
ed: 2005,

These samples wers collected by yourselves {or your agent) and analyeed a5 received at the laboratory.

Samples are held at the laboratory after reporting for a length of time depending on the preservation used and the stability of
the analytes being tested.  Once the storage period is completed the samples are discarded uniess otherwise advized by the

client.

This regort must not be reproduced, except in full, without the written consent of the signatory.

o el

Peter Robénson MSc {(Hons), PhiD, FNZIC
Client Services Manaper - Environmental Division

Lab Mo: 658285v2

Hill Laboratonies

Page2of 2
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