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Abstract

Phosphorus (P) is erucial element in the aquatic ecosystem for all living$ie removal of
phosphorus from wastewater is primarily to reduce the potential for eutrophication in receiving
waters. However, most Removal technologies do not represent an economically viable route
and have been developed for use at larger wastewater treatment plants that have rigorous
monitoring andin-house operating expertise. Smaller treatment plants often do not have these
facilities, which is problematic because there is concern that P releasesdmall treatment
systems may havemore significanenvironmental impact than previously believé8iunce et al.
2018) This research islaboratory andfield project invohing the investigationof a carbonation
processusing limestone to remove P from wastewater and include an investigatioimeo
effectiveness ofwo industrialapatite media. Phosphorus removalsinga carbonation process
and limestone media to provide calcium ions apdecipitation processexperimentedunder
various operation conditions of reaction time, carbon dioxide flow rateration flow rate,
solution compositionand initial P concentratioduring laboratory experimentatiarApplication

of this process asdesigied, constructed and commissiongtWest Bonvilston treatment wosk

a5 ANJ / WelshNWatersite. The laboratory system of the proposed process showed effective
P removalvith a range ofiifferent P solution compositisand a range of initial P conceations

The bwest P concentration left in solution was 0.6 mg/hich is lower than the Urban
WastewaterTreatment Directive lower control limit of 1 mg/l

Further study on the precipitate collected from the laboratory system with XRD andctotaon
analysis indicatd that the form of the precipitatedependson initial P concentratiot Y R A (1 Q &
mix between calcium carbonate and calcium phosphate at high initial P concentrakiemesults

of the laboratory study alsshowed that precipitationis the dominant removal mechanism
Carbonation stage has been identified as the limiting factor within the field trial. Ca concentration
recordedin the field trial was lower tharin the laboratory system. pH recorded during aeration
stage within the fiad systemwasalso not high enough to encourage precipitate to occur.
Phosphorus removddy the two apatite media(pellets)in field trial was determined. Overall, the
results have shown that both pelletse effective in removing almost 100% phosphateder a
relatively low P loading ratéMechanism of P removal by these pellets is likely to be precipitation

as both media releaseigh Caconcentrationat high pH.
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Chapter 1: Introduction

1.1 Motivation

phosphorussa material of great importancier many applications in different fields. About 90%

of phosphateis usedto producefertilizersand detergentsand the resis usedin other specific
applications such as animal feed, water treatment, food and beverages, denkaigs of
toothpaste fire extinguisher and othedifferent uses(Hanna et al. 2008Most of the used
phosphatesfrom the agricultural ad detergenftfields, finallyend inthe water environment Such

a situation results inpollution of the water environment which leads to more stringent
environmental regulations in different countries to reduce phosphate concentrabnsphorus

has beeridentified as a growth limiting nutrient for algae in aquatic systems. Issues associated
with eutrophication include an extraordinary growth of algae and aquatic plants, decreased water
transparency,impoverishment ofdissolved oxygen levels, increasedfimortality, and more
frequent incidence of toxic phytoplanktomhese factors not only complicate the use of the water

in the water supply of residential areas and enterprises but also affect natural processes taking
place in reservoirs(Sabliy et al. 2019) Therefore, eutrophication related water quality
deterioration codd have very substantiahegative economic effects, for example, higher
treatment costs and health hazards due to algal toxins for drinking wattshwenyo 2014;
Huang et al. 2017Theaim behind phosphoruseemoval from domestic wastewater is primarily

to reduce the potential for eutrophication in receiving watassaglobal environmental concern,
especiallywith waters worldwide experiencingignificantincreases in P concentratiomsd is
mandated andwidespreadin many countriegLurling and Oosterhout 201¥u and Paul Chen
2015) The US Environmental Protection Agemrtgssifiedeutrophicationasthe most significah
2OSNI ff &2dz2NOS 2F AYLIANXYSyYyG 2F GKS ylraAz2yQa
estuaries; while in the Eldpproximately 50% of all lakes have total P (TP) at levels Wdritha

risk of eutrophicationMayer et al. 2013)In the UK, the Technical Advisory Group has advised
GKFG cpr 2F 9y3flFyRQa NAGSNAB FlLAf OdzNNByd t A
(Wood et al. 2007)Conventional technologies widely usémt P removal from wastewater like
chemical precipitation and enhanced biological phosphorus remaith chemical precipitation
being most common through dosing of iron and / or aluminium s&he base ofttesetreatment
approachess to convert thestate of phosphorusfrom solubleformsin wastewater streams to
insoluble forms, either bysing metabased coagulants to precipitate it or mcorporating it into
biological biomass. Further, whilst it is possible to increase chemical dosing to attai® low

concentration, the additional cosind the risk of overdose of Fe / Al by site operators, high metal



concentration and low pH leading to environmental harm and risks of large fines plus the health
and safety risk associated with handling aqueous aocidalkaline chemicals alongside witte

g GSN) AYyRdZAGNER QA RNA GBS (261 NRa OKSYAOFf TFNBS
al. 2007) Both thesemethods can require operator input which is particularlyfawourableat
smaller WWTWs that onlyesve small populations. These smaller plants have a much higher cost
per kilogram of phosphorus removelgor example, the average cost of chemical dosing per Kg of
P to a target concentration of less than 1 mg/l is £146 for very small plant with populatisn

than 2000, whereas the average cost to the same target concentration is £6 at large works of
population more than 8000Q0fwat 205). Moreover, these technologies are either generate
secondary sludge which needs to be disposed of, or they cannot be relied upon in certain cases.
Such cases can include when aiming for low P concentrationahdifiuents, or when dealing

with wastewater with highly variable characteristiSignificant progress has been made in
developing some technologies for smstlale application. However, theressll a shortage of
treatment technologies foP-removal at smaller scales, particularly sustainable and reliable
options that demand minimal operating and maintenance expertise. In view of emerging
regulatory pressure, investment should be made in developing new or adapting existing P
removal technolgies, specifically for implementation at smsadlale treatment works.An
investigation into new techniques is therefore required, to enable the water industry to comply
with the tighter consent limits and so protect the ecology of surface wdusce et al. 2018)

This thesis presents worthat investigates the potentiabf two different ways to remove
phosphorus from wastewater. The firsttise application ofprecipitation theoryfor the removal

of phosphorudrom wastewater viaa carbonation process using limestariéhe second way is by
using twotypes of apatite medidpellets) Laboratory and field experiments were conducted to

investigate the above

1.2 Aimof Thesis

Thecombinedaim of this studywasto assess the performance afcarbonation precipitation
processand the effectiveness of apatite mediaéliminating phosphorus from wastewater. The
method and the mediashould be suitable to be used in rural treatment works and such should
have low energy and maintenance requirements. Furthermahey should be able tobe
retrofitted to existing sewage treatment workslus the possibility ofimplementing such a
processmedia at a smallscale treatment worksThe following objectives were developed to
meetthisaim:

1 Todetermine the effect of C&flow rate and duration on calcium carbonate dissolution

in the presencand absenceof phosphate ions.



1 To determine the effect of subsequent aeration flow rate and duration on the pH and
precipitation of calcium carbonate/calcium phosphate.

1 To determine the effect of different lengths of qeiment conditions on any precipitate
formed.

1 Todetermine the effectof the presence of foreign ions on precipitate formation through
the assessment of tap and real wastewater.

1 To determine the minerology and bulk chemistry of precipitate formed by the process

1 To determine the effect of foiign ions on bulk chemistry of the precipitate formed.

1 Todetermine the mechanism through which phosphate is removed in the aeration and
settling stages of the procedhrough the determination ofadsorption capacity, zeta
potential, ESEM and XPS of the heviormed precipitateand undertake detailed
physicochemical characterisation of any precipitates formed.

1 To identify the key factors for removimqposphorus from wastewater usirtge process
at full operational scale

9 To characterise the forms of P in real wastewater at the West Bonvilston site.

1 To determine thaminerology and bulk chemistigf an industrial media (apatitegliets)
and theadsorption behaviour ahese pellets.

1 Todeterminethe effectivenes®f the two-industrialmedia (apatite pllets)in application

for phosphorus removal from wastewater.

1.3 Organisatiorof Thesis

The thesis is presented as a collection of discrete chapters, all contributing to the research
objectivesin sectionl.2.

Chapter 2givesan extensive literature review that includes three main parts. The fiest
describes the background to the problems addressed by this thesis i.e. the driving forces of this
study. The problems witiphosphorus sourceare discussed as are the increasing strains on
current phosphorus removal technology at WWTVWke second partliscusses the theoretical
background to the processes touched on in this thélig third partreviews work that has been
carried out by othersn related fields to this study. The phosphorus removal performances of
other natural materials are discussed as well with other studies that have directly looked at the
use of limestone to remove phosphorus are then evaluated.

Chapter3 this chapter diviled into two parts. The firghart describes the material tested in this
study and presents the experimental methods usedarry out the laboratory experiment3he
second part describeféeld trials experimentation including the experimental setup amsign

details of Cardiff University field triaind ARM Limited (a privately owned company based in



Rugeley, Staffordshire. Established in 1947 as agricultural engineers, since 1980, the company
specialised in the development and application of naturalteraater treatment systems using
constructed wetlands technology) trial asing 2 types of apatite medta remove phosphorus

from wastewater.

Chapter 4presents the results and the discussimithe laboratory experiments according to an
experiment plarshown in this chapterThe results and discussion of other economical ways to
reduce the cost of the processeincluded in this chapter

Chapter5 presents the results and the discussiohprecipitate full characterisation and the
investigation @ the daminant removal mechanismhis chapter also include the results and
discussion of the laboratory work carried out on the apatite mexipplied by ARM Ltd

Chapter6 presentsthe results and the discussion of Cardiff university and ARM Ltdfialsl
Chapter7 an overall discussion of the findings presented in the previous chapters, surmises the

key conclusions and recommendations for future work that this thesis has resulted in.



Chapter 2LiteratureReview

2.1 Introduction

Phosphorusan be considered ame of themostcritical nutrients for all living andit is making

a major contribution to the development of agriculture and industry. On the other hahds#n
essentialrole in biochemical functional groups for the growth of cells in plants including algae
(Zhou et al.2005). In many water environments, i® the limiting nutrientin inhibiting the
excessive growth of algae. Consequently, disposal of phosphorus rich effluents into surface water
such as lakes, rivers, reservoirs and estuapesnotes eutrophication (Hussain et al2011;
Letshwenycet al. 2014). Eutrophication results in oxygelepletionin surface waters leading
detrimental effectson aquaticlife and water quality (Kang et al. 2018nderlow phosphorus
concentrationsalgaedo not poseany problemsfor water treatment; however, blooms resulting

from phosphorus enrichment can affect water treatmefiiuang et al. 2017)Acordingly,
stringent laws have been developed by bodies such as the European Union to control the level of
P concentrations into receiving environments. The EU directive 91/271/EEC sets limits of total
phosphorus in effluent wastewater of 1 or 2 mfj & an annual average basis in sensitive areas
depending on the equivalent population of the discharge akéainly, there are two techniques
currently employed by the UK water industry to remove phosphorus from wastewater: chemical
and biological. Thehemical removal method works by dosing iron or alum salts, which cause
phosphorus to precipitate out of solution, settle, and be removed as sludge. Biological removal
uses bacteria to incorporate phosphorus from solution into biomass, which is alsodsattte
removed as sludgeBoth techniques are successful aliminaing sufficient concentrations of
phosphorusHowever,enhanced techniqueare requiredto be employed by the water industry

to enable the necessary improvements in phosphorus removal tgbowith the new legislation
(Tahmaazi et al. 2017)

This chapter reviews previously undertomsearch to verify the background issues for the work
presented in this thesis. These issues derive from the pressure faced by the water industry in
terms of P removalThe specific objectives of this chapter are: To explore and discualepth,

state ofthe art for P removal, To review the theoretical background of the removing process
adopted in this study, To identify the gap in knowledge regarding P removal technithies.

chapter is split into the following sections:

Section 2.2: Backgrounglpresenting the role of phosphorus in nature and how anthropogenic

sources can affect the aquatic environment. The problem of increasing pressure on current



phosphorus removal techniques at Wastewater Treatment Work8V{W{s). The control of

phosphorus, both indrms of legislation and treatment methods at WWTWSs.

Section 2.3: Theory presenting the theoretical background to concepts used in this thesis.

Section 2.4: Related workreviewing some of the alternative methods of phosphorus removal

and draws out pas relevant to the current study.

Section 2.5: Chapter summary and conclusions.



2.2 Background
2.2.1 Phosphorus

Phosphorus iga highly reactiveelement especially under oxidizing conditions, and never found
in its free form in nature but almost always in its fully oxidized state as phosphat& PO
(Corbridge 2016)Atpresent this phosphate is derived from ngenewable natural resources of
rock. Whik it is acknowledged that energy and water issues must be addressed for mésting
future nutritional demands of a growing population, the need for securing phosphorus supply for
fertiliser production has not been widely recognisgciodell et al. 2009) Based on the most
extreme predictions, phosphate rock reserves could be exhausted in the nexi®D years
(STEEN 199&1artin 2010. The need for sustainable e1®f this valuable and finite resource is

evidently becoming increasingly important.

2.2.2 Phosphorus in natural systems

Many researcherstudied the chemistry of phosphorus compounds in agueous solutions. Most
worksg & R2yS Ay (KS eoretRa suppgrRfor therfiéal pledpitation af K
phosphorus compounds. In natural water systemsccurs in thredifferent forms of soluble
reactive phosphorus (SRP), soluble unreactive phosphorus (SUP) and particulate phosphorus (PP)
(Sharpley and Haygarth 19%hang et al. 20Q4-aul et al. 2005Paytan and McLaughlin 2007)
Thesum of SRP and SUP is calleddte soluble phosphorus (TSP), and the sum of all P fractions
is called the total phosphorus (TP). The distinction between the soluble andatti fractions

is usually separation on 0.48n filter with the soluble fraction passing through the fili@gaytan

and McLaughlin 2007Yhe dissolved P species (i.eP&" and HPG) are the dominant species

in the aquatic envonment (Paytan and McLaughlin 200¥oshimura et al. 2007However, the
abundance of this P form is generally dependent on the water quality parameters stich pH
valugBenitezNelson, 2000) The dissolved inorganic phosphorus (DIP), is a very important
fraction as it is the most readily available P fraction to aquatic plants and often coeditle

most critical fraction contributing to accelerated eutrophication of surface waters. The dissolved
inorganic phosphorus (DIP)densideredasa small proportion of TP transported with values of
0.01 to 0.025 md/(Meybeck 1993)However, being th most reactive fraction of TEroelich
1988) this fraction reacts with acid solutions containing molybdate ions to form a
phosphomolybdate complex, which can developaoured molybdenum blue complex when
redudngwith ascorbic acid (Murphy and Riley 196R)is DIP includes orthophosphatbe most

significant form of inorganic phosphorusorganic condensed phosphates (polyphosphates) such



as pyrophosphates, tripolyywsphates and trimetaphosphatésaher ad Woo 1998)Common

classes of phosphorus containing compounds in aquatic systems are shown in Table 2.1.

Table 21: Classes of phosphorus containing compounds of importance in aquatic systems (from Snoeyink and
Jenkins 1980)

. Acid lonization Constants
Group Species of Importance

(25°C)

HsPQ, HPQ, pKa=2.1

Orthophosphate HPQZ, PQ?, PKaz= 7.2
HPQ?%* complexes pKas=12.3
HsP.O7, HP07, pKai=1.52

Polyphosphates HP.O7, pKa2= 2.4

Pyrophosphate HRO*, RO/, pKas= 6.6
HR.O* complexes pKaa= 9.3
HsPsOue*, pKas= 2.3

Tripolyphosphate HPOw, PKas= 6.5
HROw*, ROwe”, pKis=9.2
HRO10* complexes

Metaphosphates HROw?, ROy* PKaz= 2.1
Very many types, includin

Organic phosphates Phospholipids, >u9a
phosphates, nucleotides

phosphoamides, etc.

2.2.3 Phosphorus sources in wastewater

Despite books and papers focused on ghloorus as a chemical compoued; (Corbridge 1966,

and 1995)variousstudiesfocused on the fate of these compounds with a special emphasis on
water and wastewater treatmenbased on the fact that phosphorus has a significant impact if it
discharged to the water bodies in high concentratio@®sigiral works were done bytumm
(1962; Stumm and Morgan (1970). These works were followed Inyany other papers e.g
(Jenkins et al. 197Goldsmithand Rubin 1980Fytianos et al. 1998)he sources of phosphorus

in wastewater vary from fertilizers (orthopsphates) to cleaning products (condensed
phosphate) and from the breakdown of organic material such as bacterial cells (organic
phosphorusjDeBashan and Bashan 2004Ylost authors agree that orthophosphates are

dominating over other phosphorus compounds in wastewater. Particulate phosphorus can be the



product of weathered material, incorporated into plant, animal or bactematerial or direct
precipitation of inorganic phosphorus. Insoluble phosphorus is found adsorbed to particles or
incorporated into amorphous and crystalline material. Additionally, soils and sediments contain
P bound to iron or aluminiuniMaher and Woo 1998Maryutina 1999) Struvite (MgNEPQ

6H0) and Vivianite (F£€PQ), 8H.O) are two examples of specific minerals containing
phosphorus. Polyphosphate accumulating organisms (PAOs) are used in wastewater treatment to
hydrolyze and store pol? and orthophosphate under anaerobic and aerobic condition
respectively(Mino et al. 1998)the chemical species of orthophosphateR, H.PQ", HPQ'®

and PQ@ b vary with the pH of solution phase and with the nature of adsorption sites in the solid
phase. The common forms of phosphorus in wastewater are orthqutets (PGQ*),
polyphosphates (polymers of phosphoric acid) and organically bound phosphates. The latter two
forms gradually hydrolyse in water to the soluble ortho form and, therefore, it could be said that
orthophosphate presents the principal form of géphorus in wastewatefOoi et al. 2017)Due

to the reactivity of phosphate it bonds with many cations such as iron gkehinum (Al), and
calcium (Ca) which form relatively insoluble compounds. The most common P compounds are
oxyphosphorus compounds all of which contain phosphorusoxygen connections.
Oxyphosphorus compounds include orthophosphates, condensed phospletes,organic

phosphate esters (phosphorusxygen- carbon bondq)Corbridge 2016)

2.2.4 Industrial uses of phosphorus

The modern world hagenerated an increasindgemand for phosphoryswhich has led to its
increased extraction from minerals and consequently its increased discharge into the
environment. The industry with the most considerabteed for phosphorus is agriculture
consuming 8@85% of total demand, the majority of this goes to the production of inorganic
fertilizers with the remainder going into areas such as animal feed produdtlartin 2010Q Littler

2012. The second largest need for phosphorus comes from the detergent industry where
phosphorus is used ashaiilder which assists in softening the water and establishing optimum
cleaning conditions. Other industries that require phosphorus include metal surface treatment,
flame retardation, fruit and vegetable processing and paper produdlidtier 2012 Bowes et al.
2016)

2.2.5Role of phosphorus in the eutrophication
The European legislation(Commission of the European Communities 199%fined

eutrophication aghe enrichment of water by nutrients (mainly nitrog€N) andphosphorus)),



resulting in an excessive growth of algae or floating plant mats and higher forms of plant life,
thereby generating an undesirable disturbance to the balance of organisms present in the water
and the quality of the water concerde

During the algal bloom, floating thick mat of algae prevents light from reaching plants under the
surface. When algal organisms die, they settle to the bottom, where badiesialive in the
sediments digest them. This mechanism leads to bacteria doontonjunction with an algal
bloom, and thus oxygen consumption is increased leading to anoxia in poorly mixed bottom
water. Over time, sediments release P that reinforces the eutrophicdi@yalou et al. 2008
Tahmazi et al. 2037

Anthropogenic sources of phosphorous can be splitinto two categories, point and diffuse sources.
Point sources are those that enter watercourses at a single péidisoharge, these soces are
typically wastewater treatment works, but will also includdeases fromthe industry. Diffuse
sources generally result from agricultural raff where phosphorus from fertilizers and animal
wastes can be washed into watercourses. The relativéritation from agriculture and domestic
sewage to phosphorus in rivers iegdepending on how urban or rural the catchment ared is

Minstone and Parr 20Q2.ittler 2012.

2.2.6 Phosphorus legislation

Phosphorus has been controlled under Edislation since 1975 when standards for drinking

water abstraction were drawn up. The 1991 Urban Wastewater Treatment Directive also
contained controls for phosphorus as did the Directive for Integrated Pollution and Prevention
Control (IPPC) (1996Jhe WFD(A European directive which introduces a planning process to
manage, protect and improve the water environment. It applies to all rivers including drains,
ditches, lakes, estuaries, coastal water and groundwatdrpduced in 2000 ensures the full

integration of the economic and ecological perspectives in water quality and quantity
management. Its key objective is to achieve, by 2015, good status for the over 111 000 surface
waters (e.g. rivers, lakes, coastal waters) and the over 13000 groundwatEks territory. The

WFD however allows for extensions to the 2015 deadline, provided they are limited to at most 2

further cycles (i.e. the present 2015, 2021 period, and the next 202F one), unless natural

conditions prevent reaching the WFD objecive 6 A G KAY (GKS GAYS fAYA(aA
adl ddza¢e YSlIya aSOdaNAy3I 3IF22R SO02f 23A0! f IyR O
guantitative and chemical status for groundwaters, main sources of abstraction of drinking water.
Underthe WFD allwaterdaNBE S& ¢gAf t KI @S G2 | OKAS@S da3I22Ré A

a natural condition as possible, i.e., minimal anthropogenic influence. Rivers will be assessed
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under both ecological and chemical categories, phosphorus, as a critical nutridye walhtrolled

under the WFD (2000/60/EC).

Legislatios on the effluent from WWTPs ka been created toreduce P discharges into the
surrounding environmentThe UK Environment Agency regulates wastewater treatment works
by assessing the quality of the wawater they discharge against set compliance limits. The
regulation regarding total P discharge updated on 17 January 2019 states that the maximum
allowable phosphorus release of 2mg/l from treatments sites with population equivalent of
between 10 00@; 100 000 and a discharge of no more than 1 mg/l from plants with population
equivalent of more than 100 000 as an annual mean and reduction of 80% of the TP influent is

required.

2.2.7 Management of P within WWTPs

P occuss in a variety of forms within wasivater, and these vary throughout the wastewater
treatment works (WWTWSs) proce@Ratrick et al. 2017). Phosphoriagparticulate formgsmore

easily andalmostcompletely removed through clarificatiotegies(Duefias et al. 2003)Whereas
dissolved P speciethe organic and inorganiforms, needmore targeted chemical or biological
processes for their removal. Preliminary screening is firstly applied in WWTPs to remove larger
particles followed by a primartreatment step. This involves the settlement and removal of
suspended solids and organic fractions, which can be achieved by chemical addition or filtration
(Tu and You 2014Kim and Chund2014) report that 17 ¢ 26% of an inorganic total P,
predominantly in particulate forms, can be transferred to primary sluddeérnnitial settlement

at aWWTP. Secondary treatment, especially in larger WWTPs and those discharging to sensitive
environments, is then applied. This can involve the addition of chemicals to promote the
coagulation and flocculation of solids. Other than particulate P removedugiirasecondary
clarification, specific P removal techniques such as chemical precipitation or enhanced biological
phosphorus removal (EBPR) can be integrated into the treatment process to target dissolved
forms of P. Tertiary and advanced treatments arelagapfor the further removal or degradation

of dissolved contaminants, especially when the treated water will be reused. Standard primary
and secondary treatments often do not remove sufficient P to meet the required discharge
concentration. Under the noral secondary treatment (the activated sludge process) around 31

¢ 48% of influent P can be transferred into slud@esmidt et al. 2015)With the P removed
through primary settlement, this can leave approximately 50% of the total influent P load to be

removed by enhanced P removal technique before disgimg into a receiving water body.
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2.2.8 Phosphorus removal techniques

Development of technologies to remove phosphorus started in response to the issue of
eutrophication and the needo eliminate the excess phosphorus content from wastewater
dischargedo receiving waters and then to utilize this excluded phosphorus load in the way which
is the most proper for the natural phosphorus cycle in nature. This policy should prevent surface
waters against eutrophicatierelated problems. Phosphorus removalMaiVTPs startsfirst with
physical separation as some of the phosphorus will be bound up in the solid frab&soluble
phosphorudgsthenremoved by incorporation into the solid fraction using chemical precipitation,
biological removal, or aombination of the twdLittler 2012) The technology involved with these
processes is trusted ammtimarily understood.

Conventional technologies widely used for P removal from waatemare chemical precipitation

and enhanced biological phosphorus remoyilorse et al. 1998) Phosphorus removal by
chemical precipitation is converting the dissolved P species into particulate form can be achieved
by the addtion of multivalent metal salts that form precipitates of sparingly soluble phosphates.
The most common metals ions used are calcium Ca, aluminium Al (1l1), and iron Fe (ll) and Fe (111)
(Karunanithi et al. 2015 Calcium is generally used in the form of lime Caf@HEmove P from

the wastewater. Lime reacts in the water column with natural bicarboaéitalinity to precipitate
CaC@ The quantity of lime required for P removal depends on the alkalinity and the amount of
P present in the wastewater to precipitate hydroxyapatite:oF0)s(OH)} (Clark et al. 1997)ron

salts (F& and Fé") and aluminium salts are commonly used to precipitate P from wastewater,
and approximately one mole of aluminium or iron will precipitate one mole of P. The$abiat

affect the choice of chemical treatment for P removal include the P concentration level,
suspended solids in wastewater, alkalinity, chemical cost, sludge treatment facilities, disposal
methods and compatibility with other treatment procesq€dark et al. 1997 Chemical dosing is
quite a flexible technology and can be implemented throughout the WWSVTt can be used to
remove phosphorus withhie primary sedimentation sludge, it can be used within the activated
sludge process where it carries the phosphorus out with the secondary sludge (co precipitation)
and it can also be used as a tertiary treatment i.e. as a polisher which has the drawback o
producing a chemically rich tertiary sludg®lorse et al. 1998)The majority of wastewater
treatment plants in the UK used iron salts for chemical P removal. Iron salts are dosed in one or a
combination of wastewater treatnmt stages to remove P and suspended sdi@rlielMarquet

et al. 2010)

Chemical P removal has many advantages over biological P removal: it is less sensitive to variation

in influent characterist, loading rate, and temperature changes. The sludge has a high P content

12



which can be used as a fertiliser. In addition, less time is required to achieve the chemical
treatment, unlike the biological P removal in which the performance slowly improvesimiéh

as the microbial community matures. On the other hand, there are issues relating to dosing of
ferric (Fe lll) salts. If phosphorus discharge limits are below 2mg/l, then accurate and variable
dosing is required. If the influent quality varies furttigrerator input is required and the chance

of overdosing increases which if happens can result in the ferric salts being discharged into the
environment. Ferric chloride which is commonly used is corrosive and burns skin on contact and
so there are many rath and safety issues related to the use and storage of this chemical. The
shortage of ferric salts has caused their price to rise and as the WFD is likely to put higher demands
on this technology and so it will also put further strain on the alreadytduinsupply. The use of

salts requires chemical storage and sludge treatment leading to increased costs which are
strongly linked to the supply price of the different chemicals available.

Phosphorus removal by biological treatment which is performed inviags (i) reedbds which

work with bacterial decomposition of organic substances to nutrient uptake from the effluent
flows, and this process requires a large land area and (ii) by using higher bacterial to P uptake.
This process is used in large sewagatment and depends on the ability to take up excessive P

by polyphosphateaccumulating microorganisms (PAOs), via the process called enhanced
biological phosphorus removal (EBPR). The stored P in the cells is removed from the liquid by
sludgeseparating The microorganisms are exposed to anaerobic and aerobic conditions in the
mainstream(Clark et al. 1997)

Biological treatments also have issues tetato their operation; they often require a steady
supply of carbon. It can be hard to consistently remove phosphorus to a low effluent
concentration and therefore biological treatment is often run with chemical dosing as a backup,
thus retaining the prolems associated with this. Biological treatment can be temperamental and
so it is hard to achieve consistently low effluent levels. Both these favoured methods can require
operator input which is particularly undesirable at smaller WA/That only serve sall
populations. These smaller plants have a much higher cost per kilogram of phosphorus removed
(Ofwat 2017) The novel technique in development within this study seeks to affew energy,
apassive treatrant system that utilises relatively inexpensive materials (limestone) and involves
no additional pre or post treatment. Furthermore, the treatment system will be able to be retro

fitted to existing WWTPs.
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2.2.9 P removal through reeellisand reactive medi

Constructed wetlands represent passive technology for enhanced solid removal and some
associated biological degradatiofLetshwenyo 2014)The technology is most commonly
configured as a horizontdllow gravel bedThis involves the movement of inorganic P from the
wastewater tothe media, biofilm and plants although removal is known to be limited and
insufficient to meet a 0.1 mg/lI Btandard(Brix et al. 2001)Enhancement of the technology has
been proposed through the use of reactive medikich ae in contrast to traditional filtration
systems, reactive media filters rely orsBrption properties of certain materials to remove P in a
targeted manner from wastewater, rather than using filter media solely for attachment of
biomasg(Bunce et al. 2018)n other meaningit provides additional uptake through adsorption

or precipitation due to the fact that P sorption capacity o fliiter media which islependent on

the mineral content of the medids a crucial parameter for the p removdpecifically, the
presence of metals such as aluminium, calcium and iron has been used as a selecti@mizmol (

et al. 2002 Arias et al. 2003Nei et al. 2008Cucarella et al. 20Q8Calcium is considered a more
critical component than iron or aluminium as under the pH conditiarssally encountered
adsorption/precipitation is thought to be limited such that precipion of calcium phosphates

is considered the main removal pathwé@hazarenc et al. 2007Jhe elemental composition,
mineralogy and media size have been also identified as key parameters thanodlneedia
capacity(Drizo et al. 1999)

In recent years, many researchers have devoted their contribution to the development of
effective media for phosphorus removal from wastewater (8gzo et al. 2006Shilton et &

2006 Kaiv et al. 2010Herrmann et al2014). These materials can be grouped into three main
categories according to their origin: natural materials, industriapfmducts, and mamade
products(Johansson Westholm 2006)

Natural adsorbents material includes minerals and rocks (dolomite, bauxite, zeolite, opoka,
limestone), soils and sediments like shell sand. Most of these maitdrave a high affinity for P
binding because they are rich in aluminium, iron or calc{dahansson Westholm 2006able

2.2 shows the application of natural materials for P adsorption from synthetic or real wastewater
using batch and column experiments.

Natural materials are seen as readily available, cheap and safe for final disposaiakies using
them as a reactive medium for P removal attractive. Despite the fact that many studies have
investigated these materials in short and letegm experiments for P retention, it is difficult to
compare their efficiency because of the differeacm their inherent chemical and physical

properties, particle size, solid to liquid ratio, agitation speed and time, temperature, pH, retention
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time, hydraulic conductivity, initial P concentration, and P loading(Baémazi et al. 2017Most

of thesematerials retain P via precipitation as calcium phosphate precipitates which depends on
the Ca concentration availability, initial P concentration, solution pH, and contact time. It can be
noted from Table 2.1 that the P adsorption capacities vary betw@é&mimg/g (Opoka) and 9.6
mg/g (shell sand). These values of P removal are affected by the chemical composition of the
natural materials. It is reported that the chemical composition can inhibit the adsorption capacity
(Drizo et al. 1999Johansson Westholm 20P6The large particle sizes of these nrétks might
restrict the required interaction between the phosphate ions and their chemical compaosition.
Constituents of industrial bproducts which gives them high adsorption capacities are metal
oxides of aluminium, iron and calcium. This makes thegestnial byproducts attractive to use

as alternative adsorbents in wastewater processes. In addition, reushpgaolycts is also an
important element of green engineering and sustainable design. When thedducts used as
adsorbents are relatively inpensive compared to commercial adsorbents. Table 2.3 lists the
industrial byproducts that have been examined for their ability for P adsorption using either
batch or column experiments.

Using industrial byproducts is attractive due to their high capadity P retention. Their physical
properties of small particle sizes and/or high porosity helps phosphate ions to fully contact with
reactive surfaces of metals oxid€Bahmazi et al. 2017)Adsorption capacities vary between
0.469 mg/g for cement kildust material and 113.9 mg/g for red mud. This variation in P removal
is mostly due to the variation in the experimental conditions, and the physical and chemical
characteristics of the media.

Different ManMade Products have been studied regarding their P adsorption capacity. These
adsorbent materials include lightweight expanded aggregate, obtained by heating to a
temperature up to 1000C e.g. Filtralite, LECA, Polonite and ion exchangesfiheh as hybrid
anion exchange (HAERhosXnp, granular ferric hydroxide (GFH), and hydrated ferric oxide-(HFO)
coated sand. Most of the manufactured adsorbents contain a high content of Ca, Mg and metal
hydroxide (Johansson Westholm 2006; Adam et al720Det al. 2009; Mayer et al. 2013). Table
2.4 shows some of these synthetic materials applied for P removal and recovery in different
experiments conditions.

Anion exchangers are manufactured by the synthesis ofglghene matrices with amino groups

to produce polymers with hydrophilic characteristics. They have a strong affinity for P binding in
the presence of competing ions such as bicarbonate, chloride and nitrate (Blaney et al. 2007;
Awual et al. 2011). These polymeric anion exchangers usuallpicerwith the monovalent
(HPQ") and divalent (HP£) phosphate forms (Kadlec and Wallace 2009).
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There is an environmentally sound argument against usingmaae products as the production

of the substrates requires a large amount of energy (Johanssestim 2006). Other
disadvantages of using these products are expense and commercial availability. However, the lack
of P adsorption and selectivity, weak adsorption mechanisms, unable to regenerate the
exhausted adsorbent or low regeneration performanpepr P recovery efficiency, and high
operation cost have been the predominant reasons for continuing using the synthetic materials

instead the other adsorbents typéfahmazi et al. 2017)
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Material

Dolomite
(Ca and Mg)

Bauxite
(Al, Fe oxides)

17

Table 22: Naturalmaterials used for phosphorus removal

Sucyppe SOl Mass  Eermenal ooy
(mglfl)
Batch <0.425 and 0.2 -100 ml of Psolution 10 ¢ 100
>0.180 - 20, 40, and 60 °C ¢ increased by 10
pH 7
-10, 15, 30, and 6(
min
contact time
90 to 150 rpm
stirring speed
Batch Mostly 20 -60 rpm shakinc 2.540
between speed for 24 h at 21°

-pH 5.9

Main findings / removal
mechanisms

- Temperature affected negatively o (Karaca et

P removal.

-Slight increase in P removal wi
increase in pH.

-15 to 30 min contacttime was
enough to reach adsorptiol
equilibrium at high and low initial |
concentration respectively.

- Removal mechanism was physit
interaction.

- Structure and pore size distributio
change with increasing temperaturt
leading to decrease its ability t
retain P.

- Adsorption capacity was 0.61 mg/
-The physical and chemic

properties examined (pH, CE

Reference

2006)

(Drizo
1999)

et

al

al.



Material

Zeolite
(hydrated
aluminium

silicate)

Apatite

18

Study type

Column

Batch

Batch

Particle
size (mm)

6.8 and
12.6

Ranging
from 3-12

2.510

Mass

(9)

10

35

Initial
concentration
(mg/l)

Experimental
conditions

5,35 and 40
-12 h retention time
-25 g P/ni/d at first
40d -100 g P/n¥d
used for an operatior

period

- 1000 ml solution 5
with Initial P
concentration of 5
mg/l

-Shaking for 24 h a

21°C

- 700 of P solution o -

Main findings / removal
mechanisms

hydraulic  conductivity, porosity
surface area) were not strongl
linked with the observed |
adsorption capacity

-Maximum uptake was 0.335 mg/g

-Removal efficiency of phosphal
was slowly increased from pH 3 to
- Effect of ceexisting ions indicatec
that phosphate removal wa
decreased remarkably by €O

- Maximum adsorption capacity we

9.1 mg/g

ranged - Maximum adsorption capacity we (Bellier

8.0 pH and 100( between 5 to 0.3 mg p/g apatite.

ps/cm conductivity 150

Reference

(He et al. 2016)



Material

Wollastonite

19

Initial
concentration
(mg/l)

Particle
size (mm)

Mass Experimental

Study type ©) conditions

- 160 rpm stirring

speed at 22 °C for 4
Column h 30

-7.5 pH of P solution

-0.7 I/d flow rate

with up flow system

-1.5 day retention

time

Batch -------- 2 - 40 ml of P stock 5and 10
solution

Column

Main findings / removal

. Reference
mechanisms

- hydroxyapatite is the P removi

form.

-Complete P removal during first 1

days (mixture of apatite ah
limestone 1:1).

-The removal declined to 65R un
end of 39 days.

-Removal mechanism is v
crystallisation

- 50% retention by lab column, fiel

columns reduced P from10 to2 mg/

- 90 % removal was obtained the (Brooks et al.
first 21h 2000)



Initial

Material Study type I_:’article Mass Experi_n_1enta| concentration Main findings_/ removal Reference
size (mm)  (Q) conditions (mg/l) mechanisms
-Hydraulic retention -> 80 % removal, rising to 96 % wi
time from 15 to 180 longer contact (> 40 hours)
hours
-Secondary
wastewater, average
3.4 mg/l phosphorus
Shell sand Batch 37 3 -90 ml of P solution 0-480 - Maximum P removal was 9.6 mg. (Adam et al.
24 h shaking time atinitial P concentration of 480 mg/ 2007)
Opoka (mainly Batch 0-2 1 -50 ml of P solutior 5,10,15,20 anc -Removal efficiencyinhibited by (Johansson ant
contain CaCe) with pH 7 25 CaCeo. Gustafsson
-70  rpm  shaking -Maximum P uptake was 0.0 mg/g. 2000)
speed for 20 h a -The dominant mechanism was tt
room temperature formation of Hydroxyapatite.

The presence of the less reacti
CaC®@in Opoka inhibits phosphoru
removal when compared to minera

containing CaO
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Material

Limestone

Calcite

21

Initial

Particle  Mass Experimental .
Study type . " concentration
size (mm)  (Q) conditions
(mg/l)
Lab batch,
column
and field
trials
Batch 0.075 > I-hour contact time Artificial
phosphate
solutions.

Main findings / removal

. Reference
mechanisms

- Lab columns removed 64%of Shilton et al.

During field trials performance 2006
decreased t018% removal.

- Removal mechanism is v
precipitation.

-70- 80 % removal at pH 7658 (Karageorgiou e
-Complete removal possible (wit al. 2007)

high initial concentration and pH).

-Not likely to remove the level

needed without adjusting pH. Nee

to trial with real wastewater



Table 2 3: Application of industrial bproducts for phosphorus removal

. Study PaT“C'e Mass : " Initial concentration P
Material type (;lfne) @ Experimental conditions (mg/l) Main findings Reference
Steel slag Batch <2 2 50 ml of P stock solution an 5, 10, 30, 50, 75, 10(C -5.3 mg P/g slag of maximui (Xiong et al.
(mainly initial pH 5.2. 125, 150, and 200 t¢ adsorption capacity. 2008)
contains Ca) - 200 rpm stirring speed for : study adsorption - P removal increased witl
h. isotherm increasing temperature  ant
-pH is ranging from 3.5 tt - 22.79 to stuly pH adsorbent dose; and decrease
11.5 to study its effect. and adsorbent dose with  increasing initial F
- to study the effect of effect concentration.
adsorbent dose, 2, 4, 8, 1 1-3.4 - P adsorption data fitted with
20, 40, 60, 80, and 100 g Langmuir ad Freundlich models
were used - P retention depends on C
Column <2 6029 -Secondary effluent from dissolution; making lonterm
WWTP with TP (2.4) mg/l. experiments are necessitated t
- 8.37 ml/min flow rate evaluate the material for future
applications.
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Particle
Material Study size

Blast furnace Batch 0.02

slag (mainly 0.03
contain Ca

and Si)

Red mud Batch  <0.149
Fly ash Column 0.125

0.063

23

Mass

(@)

0.07

0.1

0.2

Initial concentration

Experimental conditions (mg/l)

-50 ml of P stock solution. 180
-different temperatures anc

pHs

20 ml of P stock solution an 0.31, 3.1, 15.5, 15t
pH range of 1 to 11. 775, 1550, an®100

- 180 rpm shaking speed fc
4 h.

-50 ml of stock solution. 20,50 and 100
-4, 10, 20 g/l of adsorben

with initial P concentration of

Main findings

TP removal rate was 62 79 %
while dissolved P removal was °
¢82%

-the dominant removal
mechanism was chemici
precipitation.

-99% removal was achieved.

-P removal influenced by pt

temperature andagitation rate.

-99% maximum remove
efficiency.
-113.9 mg/g maximurn

adsorption capacity.
Langmuir fitted better than othel

models.

Reference

(Oguz 2004)

(i et
2006)

al.

->99% P removal was achieved (Ugurlu and

40°C and PH 4, and

Salman

1998)



Material

Ochre

Material

Filtralite

24

Study
type

Batch

Study
type

Batch

Particle
size
(mm)

0.6-2

Particle
size (mm)

0.54
Effective

porosity

40%

Mass Experimental conditions Initial concentration Main findings Reference
) (mgl/l)
20 mg/l - contact times were concentration at equilibrium wa:
5, 10, 15, 20, 25, and 30 mir 0.02 mgl/l.
-48 hours 1500 - 3000 mg/l -Final effluent levels < 1 mg (Heal et al.
-pH 7.2 phosphorus phosphorus 2005)
Table 24: The applied mammade adsorbents for P removal.
Mass Initial
Experimental conditions concentration Main findings Reference
@)
(mgll)
3 - A 90 ml of P solutior - A range of @ At initial P concentration of 10 mg/l, P retentic (Adam et

shook for 24h. 480 capacity was about 1.3 mg/g. al. 2007)
-The adsorption behaviour became worse when 1

initial P concentrationmncreased.

- CaCOg3, GR, MgP precipitates were visible an

identified on the media.



Material Study I_Dartlcle
type size (mm)
Polonite Column 2-5.6
Portland Batch - diameter
Cement of 20.8
microns.

25

Mass

(9)

Experimental conditions

-A 10 cm diameter columi
filled with 50cm.

- Loading rate of 53(
L/m2.d,
conductivity 226m/d, RT

hydraulic

from4to 5 h.

-200ml batch tests with
solids concentration of
109/l

Initial
concentration
(mg/l)

Synthetic
solution
containing 10

mg/l.

initial
phosphorus
concentrations
of 20-80mg/l.

Main findings Reference

- phosphate removal rate of 91% when usi (Renman
polonite to treat municipal wastewater over 1 yei and

with a Rsorption capacity of 120 g/kg. Renman
-After the media saturated with P, it B@®Xto 2010)
replace with another fresh one, meaning that it

unable for regenerating.

(Agyei et
al. 2003)

- removing up to 27mg/g total phosphorus.



2.210Calcite
Calcite is a carbonate mineral and the most stable polymorph of calcium carbfheste et al.
2003) Calcite, like most carbonates, will dissolve with most forms of acid. Calcite can be either
dissolved or precipitated by groundwater, depending on several factors including the water
temperature, pH, and dissolved ion concentrations. Althougbiteahas low solubility in cold
water, acidity can cause dissolution of calcite and release of carbon dioxide gas. When conditions
are right for precipitation, calcite forms mineral coatings that cement the existing rock grains
together or it can fill fratures. When conditions are right for dissolution, the removal of calcite
can dramatically increase the porosity and permeability of the rock, and if it continues for a
extendedperiod of time may result in the formation of caves.
Generally, CaG@xists n a variety of polymorphic forms, of which there are three anhydrous
crystalline polymorphs, calcite, aragonite and vaterite, and two well defined hydrated crystalline
polymorphs, calcium carbonate hexahydrate (Ca@O) and calcium carbonate monohydrate
(CaC@H:0). An amorphous form of calcium carbonate also exists. When calcite precipitates,
amorphous calcium carbonate forms first, then organises and dehydrates to form crystals
(Meldrum 2003)
The CaC&Oform that precipitates from aqueous solutions of €aand C@ ions depends on
factors such as temperaturéhe concentration of reactants, duration of precipitation, the mixing
rate, humidity and the trapped surface impurities. Studies have been made on the influence of
water composition, temperature and water pH on tealcacarbonic system (CaGOQ-H.0)
that leads towards CaGQ@recipitation @mor et al. 2004Gal et al. 2002)For crystallisation to
occur the solutiormust be supersaturated with respect to €aons; however, supersaturation
by itselfis not sufficient to induce crystallisation. Crystallisation requires nucleation sites in the
form of seedsor foreign matter in the solution. Usually nucleation is the controlling step, once
the critical nuclei are formed, the crystallisation preds(Chong and Sheikholeslami 200Ihe
chemical reaction of CaG@recipitation is shown in equation 2.1 below.

C&"+ HC@ +OH= CaC@g+ HO (2.1
The ®lubility of calcium carbonate depeadn the CQ@content Chong and Sheikholeslami (2001)
provided the data on the distribution of G&lated ions and CQyas in solution as a function of
pH. Determining the correlation betweerd&and Ca'concentration $ therefore one of the most
direct ways of understanding the control factors in the calcium carbonate precipitation reaction.
Hollett (2000Yeported that according to calculated solubility products, calcite is theoretically the

only stable phase at atospheric pressure within -90°C temperature range. Calcite may
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precipitate directly and under ambient temperature and pressure, aragonite and vaterite will

transform to calcite if giveenoughtime.

2.3 Theory

When limestone is dissolved in water in thegence of CQthis causes Gaand CG ions to be
released into solution. When the volume of £i@ solution is reduced, the calcium ions are
reprecipitated out of solution. However, instead of reforming with carbonate ions to form calcium
carbonate, some or all of the Gions are replaced by RDions, which were also present in
water, to form @lcium phosphatéKitano 1978Ishikawa and Ichikuni 1981this reaction can be
seen in equation (2.2).

3G (aq) + 2PQ (aq)= 3Ca(PQ)2 (5) 2.2
The basic mechanism of chemical phosphorus removal is precipitation followed by solids
separation step such asettlement and/or filtration. Phosphorus precipitation is the
transformation of the soluble phosphorus present in the wastewater as orthophosphate anion
(PQ?) to an insoluble chemical compound (salt) and the removal of these insoluble precipitates.
Sucha transformation occurs when a chemical agent bearing a proper catiofi) {Ctoe current
study is added to the wastewater and reacts with the soluble phosphorus to form an insoluble
orthophosphate salt. In practice more complex reactions are takirmgepl which involve
coprecipitation and surface adsorption. The proposed chemical process indpirbe above
facts is presented in Figure 2.1. In this instance, limestone chips provided the calcium source. This
section presents the theoretical backgroumd the concepts used in this thesis. Firstly, the
theories relating to the material studied in this thesise presented, this includes calcite
dissolution and precipitation theories, the carbonate chemistry and phosphorus precipitation
with calcite theotes. Finally, theories relating to the removal mechanisms are then discussed with

some of medias used for phosphorus removal are listed.

n N n
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2.3.1 Carbonate chemistry

Thecarbonic species in water are;E3, HC@ and CG?. Carbon dioxide enters the water partly
direct from the atmosphere, and partly with precipitation and other inputs, but largely due to
infiltration through the soil as well as by the metabolic actiwtythe organisms in the water
(Langmuir 1997;Panthi 2003) The carbon dioxide dissolved into water exist not only dissolved
CQ but also as carboniacad, BRCQ, which is then dissociated to'ldnd HC@(Panthi 2003)The
following equilibrium has therefore to be considered:

The gas dissolution and carbonic acid formateme pesented in equation (2.3) and (2.4)

respectively.
CQ(g)z CQ(aq) (2.3
CQ+ HOz H.LCQ (2.4)
Dissolved C£n the form of HCQ may lose up to two protons through the acid equilibria
HCQz HCQ +H (2.5
HCQz CQ*+H (2.6)

With ionisation constant,

op ——— (2.7)

{AyOS I avlft ¥FNI Oilnigsylving iftowateps:hydro®ysed teEShati 2 G+ £/
fraction which is virtually unaffected by temperature and fBlurau and Zasoski 200ZJhe
concentration of carbonic acid 8Q*], which is the sum of the concentration oL,EQ and

dissolved Cg@is given byequation (2.8)
[HCQ*] = [HCQ] + [CQ] (2.9

In a simiar way the ionisation constant for He@nd CG*.

The ionisation of water is conventionally written as:
H.O = H+ CH (2.10

and the ionisation constant for this reaction is given by:

0o — (2.1)
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From experimental work is found to be an extremely small quantity, 1.8%inolesl/liters at
25°C. As Kis small, the fraction of #D that ionises is negligible compared with the unionised

fraction. Theunionised mass of ¥ can be taken as equal to the total water mass,

00 .12

=1000/18

= 55.5 moles per litre

[HY] . [OH] = K x [HO] = 1.8 x 1% 555

=1.0x106*

[H] [OH] = K, = 10*at 25°C

Kw is a function of temperature and ionic strength.

In pure water [F] = [OH] = 10’ moles per litre at 25°C
i.e  pH =logwo (H") = 7 for pure water

Carbon dioxide exchange between water atthosphere takes place until the partial pressure

in the two phases is equal. During this process the pH in the water changes and there is a
redistribution of dissolved carbonic concentrations. For equilibrium between dissolved and
atmospheric COsdefitS R 6 & | SyilNguation (2.13p | &

[CQB  Icoz. Pk (2.13

YA a | SYyNEQa O2yaidl yl KA OEKyisipartiaiip@asudSdEG dzNS
the atmosphere.

Since the ratio [FCQ*]/ [CO;] is constant and temperature ighendent in temperature range

0°C to 50°@Burau and Zasoski 2002)

[H200:*] = Keoa. Peoz (2.19
The constant Ko.is temperature dependent and given by two linear functigBarau and Zasoski
2002)

pKcoz= 1.12 + 0.0138*t  for the range 0°C to 35°C (2.19
pKcoz2= 1.36 + 0.0069*t  for the range 35°C to 80°C (2.16

As mentioned earlier in this section, the&rbon dioxide enters the water through equilibrium
with the atmosphereaand during the equilibrium process between the atmospheric and dissolved
CQ a change in pH would occur and that will result in redistributid carbonic concentration

(Panthi 2003)
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2.3.2 Calcite dissolution and precipitation theory

There have been many different theories in the past trying to explain the theorintdehe
dissolution of calcite. Ithe first theory of Weyl (1958approached by assuming that solution is

in equilibrium with the calcite solids at the boundary layer and the dissolution process at the
calcite surface is too fast, and the dissolution reé® be determined by mass transport from the
boundary layer into the solution. Further progress was achieveGuny et al. (1968 \who took

into account the fact that conversion of physically digedl CQinto H,CQ is a slow process.
These theories, however, all failed to take into account the mechanisms at the surface of the
CaC®@rock. No significant progress was therefore achieved up to 1978 Vifthemmer et al.
(1978) published a comprehensive investigation of dissolution rates of gaC@king into
consideration the ratio of the volume of the solution to the surface of the dissolving crystals so
large that the conversion of G@ H,CQ was not rate limiting. Thus, the theory Bflummer et

al. (1978)gives exact information on the chemical kinetics of suremetrolled dissolutn of
CaC®by considering the dissolution rate as a function of the activities of the speci&si€a

HCQ@ and BCQ at the CaCexsurface.

Calcite dissolution is mainly controlled by the reactions occurring within the water, carbon dioxide
andcalcite system. The dissolution rate of calcite covered by a water film open tp@Q&ining
atmosphere is controlled by the chemical composition of the Ga€O-CQ solution at the
water mineral interface. This composition can be determined by thé&" €ancentration,
conversion of COinto H and HC® in the solution, and by diffusional mass transport of the
dissolved species like €HCQ, CQ and HCQ from and towards the phase boundaries. The
[Ca? in solution(Dreybrodt, W. 1981Zuddas and Mucci 1994LQ loss(Zhang and Grattoni
1998) and pH(Inskeep and Bloom 198%e considered to be the three dominant factors
influencing calcium carbonate precipitatiofikaufmann and Dreybrodt 20Q7Yhe chemical
reactions and mcesses responsible for the dissolution of calcite with respect tp @re:

(Langmuir 1997)

CaCo+ H1 C&'+HCO (2.17)
CaC@+ HCQ7 C&'+ 2HC® (2.18)
CaC@+ HO1 C&'+HC@+ OH (2.29)

These reactions are termed attack by acid, &l water, respectivelfPlummer and Busenberg
1982) Under certain conditions of pH and £g@essure, one or another of these mechanisms
may be dominant. The total dissolution rate is the sum of these three mechanisms. The rate in
equation 2.D is not dfected by C@while the rate of C@®attack, as seen in equation 18,

increases with C{pressure, and exezsthe water rate at a pressure of about 0.1 atm. The acid
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attack rate, equation 47, is also affected by G@ddition, because Gs a weak acidhrough a

shift of the pH to lower levels as €@essure increases.

The saturation state of water with respect to calcite is largely controlled by the flux 0§&30

into or out of that solution. Out gassing, which can take place whenever cartdbnater with
elevated Rozcontacts a lower Ey.atmosphere increases the degree of saturation with respect

to calcite (llandet al. 1964{angmuir 1971\Vigley and Plummer 1978n flowing systems, the
Pco20f the water decreases in a downstream direction, and the degree of saturation with respect
to calcite subsequently increasgShuster and White 19§1Seeral field studies have shown that
CQ can escape from the water and calcite will precipitate from the saturated solution
(Dandurand et al. 198 erman and Lorah 198Hoffer-french etal. 1989 Dreybrodt et al. 1992)

A certain critical degree of saturation must be achieved to passetiergy barrier to the
formation of stable nucle{Reddy et al. 19811.Lorah 1988}nd laboratory studies of calcite
crystallization kinetics have shown that the necessary ion activity product can be as much as ten
times the equilibrium calcite solubility valy®gino et al. 1987Boudreau and Canfield 1993)
Many laboratory expements have been conducted to investigate the reaction kinetics of calcite
in HO-CQ systems, for exampléUsdowski 1979Reddy et al. 1981\Walter and Morse 1985
Inskeep and Bloom 1985%everal different rate equations have been produced by these
laboratory researchers to describe calcite dissolution and precipitationise (1984¢oncluded

that the hydration reactions of G@nay influence the precipitation rate and exchange with the
atmosphere. The two hydration reactions are:

CQ+HOz HCQ (2.20

CQ+ OHz HCQ (2.21
These reactions cannot be considered instantaneous. For calcite precipitaiimrbfcarbonate
solutions, the rate of formation of G&rough the reaction:

C&"+ 2HC@z CaCQsiig+ CQ+ HO (2.22

but the Plummer (1978model is the only rate law which attempts to describe both calcite
dissolution and precipitatiorat all solution pH and d3.values. The equation relates the net
dissolution rate (R, in units of mass araane’) of calcite to the activities (a,) of HC&*, HCQ@ ,

H,O, and HCQ*

R = kap+ + karacos+ k320G kdacaz+aHcos (2.23
where HCQ*is(CQ(ag) +HCQ®)ay R G KS 1 Q& IINB NIXaGS O2yaidlydao
The extent of separation of Ca by precipitation depends to a large extent on the solubility of its

precipitate, which is in this study a carbonate salt. At the saturation or equilibrium concentration
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of this salt an equilibrium exists between the solutesaand the solid phase as shown in the
equation below:
CaCQ@yz C&'+ C& (2.249

For which the equilibrium expression is:

o — (2.25
The activity of the solid phase is constant and hence the denominator in equaéican be
combined with K

[C&[CQ*] = Kp (2.26)

where Kpis called the solubility product.

2.3.3 Phosphorus precipitation with calcite

In lakes the coprepitation of phosphorus is an important selfeaning mechanism and can result

in the removal of as much as 97% of the phosphorus from the epilin{rlonse 1990)Kleiner
(1988)estimated that about 35% of the total phosphorus removal from the epilimnion of Lake
Constance could be coprecipitated with calcite. The loss off@@@ a hardwater by either
transfer to the atmosphere or the metabolic activity of algae, phytoplankitomacrophytes may
lead to the precipitation of calcium carbonate as calcite and the coprecipitation of solutes such
as inorganic phosphoru@House 1990)Many reports have documented the precipitation of
calcite in a range of different lakes at various trophic levels §rgng and Eadie 197Blurphy
1983and Stabel 1986)In streams and rivershe precipitation of calcite usually occurs when a
hardwater, which is supersaturated initiallywith CQ loses C®to the atmosphere during its
passage downstream and eventually precipitates caldenfurand et al. 1982nd M.Lorah
1988).

The coprecipitation reaction is occurring naturally by the interaction between inorganic
phosphorus and the calcite sudaduring crystal growth, followed by the incorporation of some
of the surface phosphorus into the bulk structure as growth oc@idmise et al. 198@arapinar

et al. 2006) Inorganic phosphorus also inhibits the crystal growth of calcite and, depending on
the supersaturation in the dution, may stop growth completelyHouse 1987) A similar
observation was made bMontesHernandez et al. (2009nd the result ofAlkattan et al.
(2002¥ktudy illustrated that aqueous phosphate, which is also known to be a strong calcite
dissolution inlibitor at neutral to basic pH, was found to also strongly inhibit calcite dissolution
at acidic conditions and the degree of inhibition on calcite dissolution due to the presence of
aqueous phosphate is likely not sufficient affect most natural procegs significantly This

means that as eutrophication of a lake increases and the soluble reactive phosphate
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concentration increases, the salfeaning mechanism is expected to be less effective as the
precipitation reaction is progressively inhibited.

It has been generally observed that the concentration of dissolved reactive phosphate is
significantly lower in sediments containing high weight percentages of calcium carbonate than in

those containing small weight percentages of calcium carbo(@&ruya 1971de Kanel and

Morse 1978) The explanation usually given for this observation is that the surface of the calcium
carbonate acts as aespecially favourable site for the nucleation of a calcium phosphate of

complex composition, but generally related to apatite. This explanation has been given support

by the observation of carbonatieydroxyapatite overgrowths on calcite in lake sediments a

laboratory experiments in which apatite was precipitated on calcitenjd and leckie1970). In

their experimental work, it was found that the kinetics of phosphate (orthophosphate) uptake on

calcite indicated that chemisorption was the initial reactidnwas hypothesized that this was

followed by a slow transformation of amorphous calcium phosphate to crystalline apatite and
subsequent growth of the crystalline apatite. The rate of apatite crystal growth depended strongly

on the phosphate to carbonaten ratio. It was suggested that this was due to their competition

for growth sites.

The formation of calcium phosphate salts in aqueous solutions takes place following the
development of supersaturatio(Song et al. 2002)There are a lot of factors which may control

2N AybdzSyO0S GKS RS@St2LIVSyld 2F adzLISNEI GdzNI (A 2
calcium phosphates from solution, such as the concentratiof phosphate and calcium, the pH

@ tdzS RdzS (G2 Ada AybdzSyOS 2y ol asS dzJitr 1S 27F
phosphate and calcium iorf¥’erbeeck and Devenyns 1998)e ionicstrength, the impurities of
solution(Feenstra and De Byn 1981;Melikhov et al. 1989 opezValero et al. 1992Plant and

House 2002) Moreover, temperature increase contributes to theldion supersaturation
development because the sparingly soluble calcium phosphate salts have reverse solubility
(Koutsoukos 1995Song et al. 2002 L G A& adAatt y20 OSNEB Of SI NJ |
LINSOALIAGEGAZ2Y 2F Ol f OAdzy LK2aLKFIGSa |yR GKS ¢
conditions of phosphate recovery from wastewater. Following thetablishment of
supersaturation nucleation takes place. Once the nuclei exceed a critical size, they grow further

in the crystal growth proves which takes place on the active growth sites of the crystallites. Under

proper physical and chemical environmemd depending on the solution supersaturation, four

well defined regions may be distinguished for the calcium phosphate system such as,sCaHPO

2H,0 (dicalcium phosphate dihydrate, DCPD)HRQ)s .2.5H0 (octacalcium phosphate, OCP),

Ca(PQ): (tricaldum phosphate, TCP) and s(F0Q):0OH (hydroxyapatite, HAP) may precipitate
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from saturated solutions, among which HAP is thermodynamically the most stab(&aneollas

and Koutsoukos 198&emenade and Bruyn 198&hd most common form of GR precipitate

and forms at high pH, typically greater than (Rittmann et al. 2011)In slightly acidic calcium
phosphate solutions, the monoclinic DCPD forms are domji@@#e is formed by the hydrolysis

of DCPD in solutions of pH-6 and expected to be the more stable phases. However, these
precipitated phases are thought to transform into more thermodynamically stable
hydroxyapatite over tim¢Desmidt et al. 2015When HAP precipitated in the presence of foreign
ionssubstitutions calcium, phosphate and / or hydroxyls by some of these ions take place. When
calcium phosphate is precipitated from highly supersaturated solutions an unstable precursor
phase has been reported to form. This phase is known as the amorphtmigntghosphate
(ACP). The composition of ACP appears to depend upon the precipitation conditions and is usually

formed in supersaturated solutions at pH>7Tbhese regions are shown Figurg.2.
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Figure 22: Solubility isothems of calcium phosphates. Calculated at 28R@utsoukos 1995)

As may be seen the driving force is the solution supersaturations, S, defined as:

Y — (2.26)
where IAP ishe ion activity product of the salt considered angtke respective thermodynamic
solubility product as explained in section 2.3.2.

In the case of hydroxides, solubilities can be calculated directly from the appropsjatalte if

the pH is known. Fgphosphates, the calculation of solubility is complicated by its reaction in
solution:

PQ*+HO 4 HPQ*+ OH 2.27)

For which the equilibrium expression is usually written in the form:

o — (2.28

34



Solubilty product values for a number of slightly soluble salts relevant to the present discussion

are provided in Table 2.5.

Table 25: Representative heterogeneous and complexation equilibria of phosphates with calcium (adapted from
Snoeyink and Jenkins 1980)

Heterogeneous Equilibria PKsp
Calcite CaC@)y +8.34
Calcium hydrogen phosphate CaHPQ(s)z C&'+ HPG* +6.66
Calcium dihydrogen phosphal Ca(HPQ). (s)z C&'+ 2HPQr +1.14
Hydroxyapatite Ca(PQ);OH(s)g 5C&*+3PQ*+0OH + 55.9
i -Tricalcium phosphate i -Ca(PQ):(s)z 3C&"+ 2P@* +24.0
Complexation Equilibria pK
With orthophosphate CaHP@z C&'+ HPG" +2.2
CaHPQ'z C&'HPQ* + H £5.6
With pyrophosphate CaRO#z C& + RO* +5.6
CaHRO; z C&'+ HRO® +2.0
With tripolyphosphate CaRO > z C&'+ ROwo™ +1.8

At very high supersaturations calcium phosphate precipitates spontaneously, before reaching this
region, it is possible to prepare solutions supersaturated with respect to calcium phosphate, but
the precipitation takes place past the lapse of measurabldudtion times, following the
establishment of the solution supersaturations. Moreover, it is possible to prepare calcium
phosphate supersaturated solutions, which are stable. In these solutions, precipitation does not
take place, unless they are seedether with calcium phosphate seed crystals or with substrates
which may function as templates for the selective overgrowth of calcium phosphates. The lower
limit of this supersaturation range is the solubility of the calcium phosphate considered (S=1).
Below this limit, dissolution takes place. It is thus reported that for pH 7.40 and a molar ratio of
total calcium /total phosphate concentration equal to 1.66, at calcium concentrations of 10 mM
spontaneous precipitation takes place and between @ 25.5 mdl the precipitation takes place

past the lapse of induction times. Below 0.35 mg/l the supersaturated solutions are stable for
long periods of time. A considerable amount of the work done for the identification of calcium
phosphate minerals which precipies spontaneously has been based on the stoichiometric
molar ratio of calcium to phosphate calculated from the respective changes in the solutions. This

ratio has been found in several cases to be 1.45 £ 0.05 which is considerably lower than the value
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of 1.67 corresponding to HAP which is generally implied as the precipitating mineral. A number
of different precursor phases have been postulated to form including TCPa@IFCPD.

P content in recovered GR precipitates can vary from 12 to 20% and caas®imed to have a
higher solubility than that of well crystallised G (Cabeza et al. 2011From a commercial
viewpoint, however, the recovery of P in the form of-E& beneficial since it has more diverse
applications inthe industry than struvite(Okano et al. 2013)Calcium phosphate mainly as
hydroxyapatite, (G#PQ)sOH) reflects the composition of rock phosphate and should easily
adopted as a secondary P source in existing industry iafichstructure (Song et al.,
2006Tervahauta et al. 2014)The speciation of the phosphate species is described by the

following reactiongLiu et al. 2012)

PO*+HO 1 HPQ*+OH pK=1.68 (2.29
HPQ? + HOT HPQ +OH pK=6.79 (2.30
H.PQ + HO1 HPQ+OH pK=11.67 (2.31)
H.O1 H'+ OH pK = 14 (2.32

The predominance of these species depends on theagitkes of the aqueous medium as well as
the concentration of the phosphate materials. According to the hydrolysis of the phospitates
may expected to found #2Q" and HP@ in the acidic or slightly base medium and,P€pecies
becomes significant anekceedsthat of HPG? in the basic medium and acts as a source of anions.
The effect of pH on phosphate removal can be attributed to changes in the surface sites or
speciation of phosphorus in solution as well as the dissolution of calcite and the defyree
supersaturation and the type of precipitates formédgure 23 shows the phosphate distribution

curves as a function of pH.
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Figure 23: Phosphate species distribution in water of varying pH

Phosphorusprecipitation as calcium phosphate is achieved by adding lime (Ca)(©@H)e

wastewater, raising the pH to about 10.5. The lime dose required to elevate the pH to this level
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is a function of the wastewater alkalinity and may be approximated as 1.5 timeskalinity as
CaCOa3. Thus, the calcium dose is not stoichiometrically related to the phosphorus concentration.
While lime is a relatively lowost chemical, the disadvantages of the lime process are that it
produces a large amount of sludge residue areates a too high pH for environmental discharge
and low phosphate concentration could be achieved at a pH value in the ran@53 this has

not been found to be feasible under typical wastewater process operating conditions. In this study
phosphorusprecipitation as calcium phosphate is achieved by using limestone (Cace®low

cost available source of calcium. While it would appear from the equilibrium solubility
characteristics of calcium phosphates that a high phosphate concentration coulchieved at

a pH value less than 9.

2.3.4 Effect of Carbon dioxide on calcite dissolution

An increase in carbon dioxide pressure in water has a significant effect on the solubility of
limestone as it is a carbate mineral. Lovell, (1973) found that at (& the alkalinity of water at
atmospheric C@pressure levels, which are around 387ppm is 50mg/l. this will increase to
approximately 600mg/I, 790mg/1,880mg/l,1020mg/l and 1070mg/I fop @@ssure of 20%, 40%,
60%, 80% and 100% of total atmospheric pressespectively. From this informatioit was
calculated that the equilibrium alkalinity of Caglficreases as the cubed root of an increase in
CQ levels in solution (Stumm & Morgan 1996). The reaction that is occurring whedigs@lves
limestone in wéer is shown in Equation below.

CaC@+ HO + C@=C&"'+ 2 HC® (2.33
Limestone solubility also occurs naturally in natural water as shown in Equation [Silwel] et

al. (2007jound that the point at which the rate of Cag®blubility due to increasing partial
pressure of C@will exceed this naturally occurring limestone dissolution is at about 0.1 atm. This
is over 300 times the atmospheric pressure 0b.CO

CaC@+ HO = HC®+OH + C&" (2.349

2.3.6 Phosphorus removal mechanisms

Phosphate removal by calcite often entails two processes: adsorption and precipitation.
Separating these two processes is of great importancéh®assessment of PO stability after

removal (Li et al. 2017)The kinetic data d¥lillero et al.(2001)showed that the phosphate uptake

on carbonate minerals appears t&b I YdzZ GAa0SL) LINPOSaad ! Raz2NLIA
stage (less than 30 min) followed by a much slower process (lasting more than 1 Week).

dominant removal mechanism has been indicated to be influenced by initidl ®@centration,
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reaction time and pH(Zhang et al. 20Q1Xu et al. 2014) Particularly, when initial P®
concentration is lower than the required concentration for the precipitation ofFCaolid
compoundsit is theoretically impossible for precipitation to take place. A general consensus has
affirmed that phosphate can be either adsorbed by calcite at low concentration or precipitated
at high concentratio(Liu et al. 2012Perassi and Borgnino 2014)por instance, GB precipitation

was reported to be efficient when the P concentration exceeded 0.5 mg/l, below which
adsorption became the key removahthway(Kdiv et al. 2010b)Jsually, adsorption is known to
occur earlier than precipitation, though they may coexist in later reastidvhile precipitation

may happen after several hours or days. This can be attributed to the liattthe initial
phosphate uptake onto calcite occurs via chemisorption, which is then followed by a slow
transformation of amorphous calcium phosphate to crystalline apatite and can take place on
limited number of sites when phosphate concentration is [8&umm and Leckie 194® Kanel

and Morse 1978)Karageorgiou et al. 2007At high concentratios) the process starts with small
amounts of phosphate adsorption followed by the precipitation calcium phosphate congs

such us hydroxyapatite, octacalcium phosphate, etc. The rate of apatite crystal growth depends
strongly on the phosphate to carbonate ratio due to the competition for growth si¥sgi and
Fukushi 2012)Besidesanother important indicator in calcite surface reaction study is pH and its
effect on the net charge of calcite surface, calcite sibiyband solution ion concentration such

us C&'", OH, HC@ and C@*(Suzuki et al. 198&u et al. 204). The results dPerassi and Borgnino
(2014) showed that phosphorus adsorption is dependent on pH; adsorption increases as pH
decreases. However, there aseveralcomplex pghways due to competition and transformation

of the precipitate from amorphous calcium phosphate to hydroxyapatite leading to conflicting
reports and indications of the key requirements. Different P removal mechanisms have been

reported for the same medias illustrated in Table 2.6.
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Study Type

Batch

Batch

Batch

Batch

Batch

39

Initial
PQ* Con.
(mg/l)

*.2
X7.5
XKL0
XKL0
%3
10
20

1.55

10

Table 2 6: Results from previous studies under different conditions showing removal mechanisms

pH

7.7
8.3
9.1
10.1
7.7
8.3
7-12

6-12

45, 7 and
9

Time (hr)

15 min

2-3

18

Amount of Calcite (g)

P Removal
Mechanism

Adsorption
Adsorption
Adsorption
Adsorption
Precipitation

Precipitation

Reference

(Li etal. 2017)

Adsorption (Karageorgiou e
al. 2007)
Adsorption (So et al. 2011)
Adsorption (Xu et al. 2014)
Adsorption for low P (Perassi anc

concentrations and Borgnino 2014)

precipitation for high

P concentration



Study Type

Batch

40

Initial
PQ* Con.
(mg/l)
5-25 mg/l

pH

24

Time (hr)

Amount of Calcite (g)

1

P Removal
Mechanism

P-sorption  ranged
from0.3¢20mg/ kg

Adsorption for low P
concentrations anc
precipitation for high

P concentration

Reference

(Johansson
Westholm 2006)



2.4 Related work

Phosphorus removal from wastewater has become an important issue to control eutrophication
and to solve the problem of phosphate shortage in natural resou€esdell et al. 2011)There

has been a considerable amount of research carried out into alternativkods of phosphorus
removal. This section reviews some of this work. Firstly, papers that investigate calcite as a source
of calcium used for phosphorus removal addressed These papers proved useful in planning

the experiments carried out in support dfis thesis, the optimum conditions and determining

the dominant mechanism of phosphorus removal. Thespers that have looked at the
application of the carbonation process in removing contaminants from water are reviewed.
Finally, other novel techniqudhat have been used at Wastewater Treatment Works (WWTWS)

to remove phosphorus are discussed.

2.4.1 Removal of phosphorus from wastewater by calcite

Plant and Housg2002) studied the precipitation of calcite in the presence of inorganic
phosphate. The results indicated that at dissolved plhasps concentrations less than 4.46 mg/l,
calcite precipitationcan occur as long as the initial supersaturation with respect to calcite is
adzZFUOASY Ul G2 LINRPY2GS INRPSOIKD

Hanna et al(2008)studied the feasibility of calcite as a material rich with calcium, as adsorbent
for phosphate removal from wastewater. Also, the optimum conditions and the removal
mechanism were investigated. The calcite used containg8&&ium. The initiesolutions were
adjusted to pH values equal to 7.5, 9, 10, 11, and 12. The results indicated that the efficiency of
calcite to remove phosphates increases with pH values and reaches to their maximum value at
pH 12. It is observed that for all phosphatencentrations, the efficiency of the calcite increases
rapidly till 15 min and becomes slightly and nearly steady state after 20 min, so that the most
suitable time of contact is equal to 15 min and independent on the concentration of the
phosphate speciedt is also observed that the adsorption capacity of calcite increased with

increasing the initial phosphate concentrations.

2.4.2 Application of the carbonate coprecipitation process in removing other
contaminants from water

The carbonate coprecipitatioprocess occu naturally in water bodies, acting a seleaning
mechanisnfHouse 1990)Much work has been undertaken to explore the reason behind calcite
precipitation in water bodies (Murphy et al 1983; Hartley et al 1997) and research indicates that

it is stimulated by dissolved carbon dioxide levels or pH. Howether application of
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coprecipitation processes fahe treatment of contaminated waters has not been as extensively
investigated. Aziz and Smith investigated the use of a limestone rock filter for megrow
concentrations of Mn from drinking watgkziz and Smith, 19963ibrell et al. (20079onducted

a laborabry testing program to find the optimum conditions for the removal of Zinc and
Manganese through carbonate coprecipitation (CCP) process using the pulsed limestone bed
6t[.0 LINRPOSaa RSOSt2LISR o0& NBaSI NOKSNanterr & GKS
(LSC) in Kearneysville, West Virginia, for treatment of acidic mine drainage. In the PLB process,
limestone (calcium carbonate) is dissolved under pressure of carbon dioxide, and this gives the
water an excess of bicarbonate alkalinity. Then calcite be precipitated by air stripping the
water to remove the carbon dioxide. The relevant key findings were that a higher flow rate of
carbon dioxide during carbonation reduce the time required for calcium dissolving and
precipitating. However, flow rateid not influence the equilibrium concentration of calcium,

which at 22°C, was suggested to be 400 mg/I.

2.4.3 Other novel phosphorus removal techniques

The mostadvaned techrology that can be applied to remove/recover phosphate from
wastewater is precipation as a calcium salt. The removal product is often calcium phosphate in
different phasegMekmene et al. 2009)n this sectionother phosphorus removal methods that
have the potential to replace current methods at WWTWs are listed.

Korchef et al. (2011)sedthe CQ degasification technigut recover phosphorus in the form of
struvite from wastewater byprecipitation ofstruvite (MgNHPQ-6H0). C@removal from the
agueous solutions results to the increase of pH. Since the solution supersaturation with respect
to struvite increases drastically upon increasing the solution pH, struvite precipitation and
phosphate co precipitation ar@a¥oured.

Stumpf et al. (2008poked at recovering essential phosphorus from digested sludge of a WWTP
using a reactor which is performed as an airlift reactor for an impraewedgng and stripping the

dissolved Cgand separating the removed phosphate as a MAtals.

2.4.4 Phosphorus removal in the form of Struvite

Early investigations on struvite known as (ammonium magnesium phosphate) crystallisation
found that it will formnaturally in wastewater when ammonium magnesium and phosphate occur
in equal molar ratios of 1:1:1 under certain pH conditigDsyle and Parsons 2002e Corre et

al., 2009) The investigations also revealed that struvite is found to be very soluble in acidic
conditions but only slightly soluble inkaline conditions. For this reason, a pH of at least 8.5 is

usually used in struvite crystallisation proces@@sintana et al. 2008)affer et al. (2002pund
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that 97% phosphorus removal as struvite can be achieWsahg et al. (2005)ound that the
removal of phosphorus from wastewaters in form of struvite can produce overall sludge volumes
of up to 49% less than whememical phosphorus removal techniques are usgdidou et al.
(2009) studied the struvite precipitation by the dissolved Qf@gasification techigque where
precipitation occurred following the degassing of the,®§ atmospheric air. The study found
that for initial solution pH less than 6.5, no precipitation was observed. For initial solution pH
greater than 6.5, the phosphorus removal throughusite precipitation could be improved by
increasing the airflow rate up to 25 L min/l, or by increasing the initial pH for higher airflow rates.
The study concluded that compared to traditional techniques of struvite precipitation such as
stirring and aer#on, the dissolved CQlegasification technique is promising since a high amount
of phosphorus around (78%) could be removed at relatively short experiment kiorehef et

al., (2011)studied the precipitation of struvite (MgNHQ:-6H0) using the CQdegasification
technique is investigated. The precipitation tfusite was done from supersaturated solutions

in which precipitation was induced by the increase of the solution supersaturation concomitant
with the removal of dissolved carbon dioxide. The study found that at a fixed phosphate
concentration, the increasof magnesium concentration in solution to 510.4mg/l, decreased the

precipitation pH and improved significantly the phosphate removal efficiency.

2.5 Chapter Summary

This chapter divided into 3 parts, the first part identified and explored the probtbatsare the
driving forces behind the work presented in this thesis. ®seies associated with excessive
release of phosphorus to the environment were stated. The limitations of current phosphorus
removal technologies were shown along withliscussion bthe WFD and the extra strain that
this may place omxistingtechniques. The second part has described the theories behind the
concepts used in support of this thesikis included theories relating to calcite dissolution and
precipitation as well as # phosphorus coprecipitation with calcit@he removal mechanism
theories were explained with a review of some papers who found adsorption as a dominating
phosphorus removal mechanism, others found calcium phosphate dominant, many stating HAP
as a likely rd product. In general, low pHs were found to favour adsorption and high pHs and
large amounts of soluble calcium to favour precipitation. The correlation of phosphorus removal
with pH and soluble calcium levels, as described by many of the papers reyigiéelp identify

the dominant phosphorus removal mechanisirhe third part of this chapter has discussed
papers in the field of phosphorus removal and picked out points that are particularly relevant to

this study.
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At the end of this chapteit is worth mentioning that there was ongoing work on the proposed
G§SOKYAIljdzS o6& /FTNRAFT ! yYAGSNARAGE Ay | €F02NF (21
Welsh Water (DCWW). The results from continuousit&testing showed that P can be removed

successflly from Nash WWTP of Welsh Water fror®.b mg/l to 24 mg/l with prolonged

residence times.
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Chapter 3Materials and Methods

3.1Introduction

This chaptefocuses on the methodology of the laboratory experimerdsried outin this study,
describes the material and the equipment usegithin the lab systemlays out the experimental
procedures and the analysis techniquikaterials and methods of the field sgms (carbonation

and apatite system) of this study aatsoincluded inthis chapter The laboratory investigations

were carried out in the CLEER facility at Cardiff University. The batch experiments consisted of
several scenarios, which were also catrigit to give an indication of the behaviour of P removal
before the experiments were carried out in the large field trigkld trials were carried ouh

West Bonvilston treatment works, A NJ / WefsNXMater siteThe chapter is split into the

following sections:

Section 3.2: Laboratory systeqrdescribes the material used and the procedure implemented in

the operation of the laboratory system.

Section 3.3: Laboratory methodsdescribes the method of samples collection, storage prior to

analysis ad sample analysis.

Section 3.4Geochemicatharacterisatiorg describes the methods used for the identification of
mineral phases and the geochemical characterisation of the precipitate. This inclddag X
Diffraction (XRD), total carbon (TC), Environtak Scanning Electron Microscopy ESEM, Field
Emission Gun Scanning Electron Microscopy-&H®), Xay photoelectron spectroscopy (XPS),
sequential extractions and zeta potential measurements (ZPC). A detailed descriptioen of

removalmechanismexperinent is also included in this section.

Section 3.5: Field trial systems describes the design, material used, and the procedure

implemented in the operation of Cardiff university and ARM Ltd systems.

Section X: Field methodg; describes the measurememethods and analytical determination

of the field samples.

Section 37: Chapter summary



3.2 Laboratory System

This part gives details of the laborat®ystem experimentincluding materials, equipment, and
procedure. The underlying chemical process utilised for phosphate removal within this study may
be summarised in three steps:
9 Carbonation: The wastewateinfluent passes through a limestone column ihet
presence of carbon dioxide this stimulathg dissolution ofimestone
1 Aeration: air is passed through the wastewater solutiordegascarbon dioxideout of
solution, this stimulates the formation of calcium precipitates.

1 Settlement: calcium preciftes settle to form a sludge.

3.2.1 Materials and equipment used in the experiments

Limestone is the principal material used during the lab experimentation@endliff university
field trial of this study. The limestone chips were purchased fibemmacLTD by the concrete
laboratory of Cardiff University School of Engineering. Tests have been perfornfetizbgt al.
(2001)involving the use of limestone chips bed for the removal of heavy metals from wastewater,
these experiments unanimously concluded that themoval percentageof these metals
increased marginally with decreasing particle size and this is due to the gseaface area per
volume of smaller diameter limestone chips available to come into contact with the effluent
solution. However, agsing limestone chips of small particle sii@meters resulted in increasing
restriction in the movement of gases in the awin, the use of a limestone particle size between

2-5mm was selected for this experimeas shown in Figure 3.1

Figure 31: Limestone rocks used in the experiments

The proposed laboratory system thfe carbonation processishown in Figure 3.2. The system
consisted of the following parts as shown in Figui@t8.apply the key stages of the process

(carbonation, aeration and settlement aentified in section 3.2).
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9 Limestone reactor: this consisted of a plastic columm [ithestone chips were elevated

by 50mm by a plastic tray with 2mm apertures to allow &§&ction through an air stone

attached to the outlet of the C{pipe. The air stone was used to generate a mass of finer

bubbles that are dispersed more evenly betiethe limestone column. A hole in the side

of the column allowed for the insertion of €O

1 CQ Cylinder: a Cfcylinder used to provide carbon dioxide in the first stage of the

process.

I Aeration beaker: this consisted of a 1L beaker and an air tubecendth air stone to

diffuse air inside the beaker.

1 Settlementbeaker a 1L beaker used for precipitate to settle.

9cm

R
Air stone and air pipe
Water level - connected to compressed
™~ . < 10cm > air source q%
A
7em __— Waterlevel ——
Limestone of 2-5
mm particle size
plastic tray with 1mm ¥ | 13cm 15em 15cm
apertures Precipitate
Air stone and gas pipe s
connected to COz ga\ I
Strbar e o L AP I— ‘s
et _-Magnetic Stirrer
Magnetic Stirrer > . . A«
Carbonation Stage — Aeration Stage — Settlement Stage

Figure 32: Laboratory system of the carbonation process showing the three stages (carborgiatipn and

settlement

Figure 33:Images ofhe lab system parts. (a) Limestone reactor (b} €dinder (c) Aeration beaker with

compressed air and (d) Settlement beaker
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3.22 Lab work procedures
This part of the study gives details of the lab samples that were prepared, run and analysed where
parameters controlling P removal process were invegtidaThis can be divided into three parts.
The first part is the procedure performed prior experimentation. the second part is procedure
performed during experimentation and the third part is experimentation performed after
experimentation.
3.22.1 Procedte performed prior to experimentation

1 Synthetic wastewater Preparation:
The stock solution used in these tests was prepared by dissolving 4.3871g potassium dihydrogen
phosphate (KEPQ) in 1litre of deionised water to create a stock solution of 1g/l asako
phosphorus. This solution was then stirred vigorously with a stir bar for 15 minutes on a magnetic
stirrer plate to ensure that complete dissolution of the R crystals in the deionised water had
occurred. This stock solution meant that relativelyiak samples of the phosphorous solution
could be made for each run during the experimentation. This was so that the stock could be
diluted down to the desired concentration. Table 3.1 indicates the relative masses of the elements
contained within KEPQ; from these, the corresponding percentages of the elements within the
soluble salt have been calculatefihe percentage of phosphorous, in terms of mass, within
KHPQ is23%. Therefore, in order to produce a solution that contains 1000mghosphorous,

a solution of 4348ng/l of the salt was required.

Table 3 1: Rercentage distribution and relative masses of elements isPKH

Element Relative mass Percent in KbPQ %
Potassium (K) 39 29
Hydrogen (H) 1 1

Phosphorus (P) 31 23
Oxygen (O) 16 a7

i Limestone preparation
As mentioned earlier in this chapter that the limestone chips used in this study were purchased

from TarmacLTDby the concrete laboratory of Cardiff University School of Engineering. These



chips were initially 20mm in diameter and then they were reduced in size using a mechanical
crusher then sieved to the required size 65 2nm. 1 Kg of these chipsaawashedbeforeits use

to remove any limestone dust from the surface to avoid any inacclyditigh concentration of
phosphate removal being obtained. A small amount of limestone chips was further crushed to a
fine powder usinga Labtech Essa air compressed grinder from which the chemical composition
of the limestone chips was determined usingDXRnalysis (see section 3.4.1), the elements
content using ICP (see section 3.3.5) and carbon content usoogalsedetailed in (see section
3.4.2).

3.22.2 Procedures performed during system stages

1 The first stage of the process which is ttegbonation stage requires that the limestone
come into contact with an elevated level of carbon dioxide in order to increase the
solubility of the CaC{2hips in the wastewater. This resulted in the limestone chips being
completely immersed in solution dimg the carbonation stage. Figur&23hows the C®
injected into the bottom of the carbonation column below a bed of limestone chips.
These chips are supported on top of a plastic mesh withroitémetre apertures. The
carbonation column is placed onnaagnetic stirrer with a stir bar placed in the column
beneath the limestone bed. The solution wagtated continuouslyn order to make sure
that uniform mixing of dissolved limestone in solution occurs. Thewz® pumped into
the column from a pressusésl cylinder while the rate at which the €@ passed through
the pipe and into the column is controlled by asC@ameter. A sample was taken before
and after the carbonation stage to measure pH. A 20 ml sample was filtereddig
pm membrane filterand analysed for Ca and P concentratiBnrange of carbonation
time and flow ratswere applied(see tables 4.3, 4.4, 4.5 and 4.6 Chapter 4)

1 Following the C@®addition process, the solution was immediately removed from the
carbonation column and placed in the aeration beaker. The solution was then injected
with air controlled by an air rotameter as shown in Figui2 3he aeration beaker was
also placed on a agnetic stirrer. A sample was taken at the end of aeration stage to
measure pH. A 20 ml sample was filtered using AmBnembrane filter and analysed for
Ca and P concentratioA range of aeration time and flow rate were appligsgetables
4.3, 4.4, 4.%nd 4.6Chapter 3.

9 Once the air stripping of the batch of solution was compl#éte solution was left to start
the settlement stage, the suspended partictesildsettle to the bottom of the beaker as

shown in Figure 2. A sample was taken at the enfl gettlement stage to measure pH.
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A 20 ml sample was filtered using O filter and analysed for Ca and P concentration.

A range of settlement time asapplied(see tables 4.3, 4.4, 4.5 and 4.6 Chapter 4).

3.22.3 Procedures performed following expagntation

T pH
Values of pH were recorded for each of the samples extracted during the carbonation, aeration
and settlement stages. This was carried out immediately after their removal from the batch test
and another two pH readings after 24 and 48 houfsettlement. This was performed with a
Severn multi Mettler Toledo with an expert pro pH probe, this was capable of a precision of three
decimal places as shown in Figuré. 3rior to taking these readings, the pH meter was calibrated

using pHouffer solutions of 4 and 7.

Figure 34: pH meter

1 Sample preservation
Once pH was recorded, one drop of 20% nitric acid was added to each sample. The
presence of nitric acid in these samples prevented any subsequent reactbaurring in
them prior to ICP elemental analysis being performed. This was important to ensure that
the concentrations of P and Ca ions dissolved in the sample at the time of its extraction
from the batch solution.

1 Filtration of samples
After the settlanent stage is finished, vacuum filtration was carried out on the
precipitated solution to collect the precipitates. This is done usifigd5micron filter

paper and a Buchner Funnel apparatus as shown in Figbire 3.
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Figure 35: sample filtration

3.3LaboratoryMethods

This section gives details of sample storage and the laboratory analysis carried out on samples

collected from laboratory and field experimentation.

3.3.1 Laboratory pH

For bench scale experiments, pH was measured usiiggwern multi Mettler ToledoThis
instrument was calibrated using twmoint calibration (ph 4, 7) pH buffers were purchased from
the manufacturer Hanna in compliance with operating instructions for Haponzbination meters
HI9828 and the laboratory instruments. Fresh buffers solutions were used each time instruments
were calibrated.The emaining solutions were stored in the cool and dark. Only solutions that

were within the expiry date were used.

3.3.2Sample acidification

To make up 206 (v/v) HN®acid for acidifying samples, 20 ml of concentrated nitric acid was
added to 80 ml of deionised water in volumetric measuring cylinder, the cylinder was inverted
ten times to ensure sufficient mixing and &led as a stock solution @)% (v/v) HN@ This was

used for acidifying lab and field samples for the-(@ES analysis.

3.3.3Graded glassware, chemicals and Deionised Water

When accurate volumes were essential, i.e. in preparation of chemicals gemes grade A

glassware was used exclusively. All chemicals used within this study were laboratory grade and
obtained from either Fisher Scientific or Sigma Aldrich. All chemicals were used and stored in
accordance with the material safety data sheets@® RS R® | A 3K LJzNAR &3 a i SNJ

water was used within all laboratory experiments and analysis.
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3.3.4 laboratory glassware and equipment decontamination

Glassware and reusable laboratory equipment such as pipette tips, watch glasses ani@<srucib
used in all laboratory experiments were washed with laboratory grade detergent prior to soaking
in an acid bath of 10 % (v/v) Hi&lution for 24 hr. After this treatment, they were rinsed three
times with tap water and subsequently three times usd&onised water and left to air dry on

clean paper towels before use.

3.3.5 Inductively Coupled Plasnptical Emission Spectroscopy {ICES)

The analysis of the samples to determine total P and Ca concentrations were conducted in the
CLEER facility €ardiff School of Engineering using inductively coupled plagptigal emission
spectroscopy (IGROES). The instrument used was Perkin Elmer Optima 2100 DV with an AS90
plus auto sampler and a PC running Winlab 32 software. For the analysis of Gblidsample

was gradually reacted with 3 ml of 10 %lld@d 3 ml ofLl0 %HNQ in a 1:1 ratio. The solution

was placed in a microwave to digest (multi wave 308@on Paar) and after cooling, the solution

was diluted to 50 ml with deionised water beforeihg filtered.

3.3.60rthophosphate analysis

Spectrophotometer used to determine the concentration of orthophosplR@-P)in this study
Fectrophotometry is an analytic method that measures the intensiftigbt of a specific
wavelength passing through the sample. A colour complex is used and pttdons of light
encounter the analyte molecules, they are absorbed, thus reducing the intensity of the beam
through the sampm. To prepare the stock P solution, 219.55 mf anhydrous potassium
dihydrogen phosphate (KkHQ) was dissolved in 1000 ml distilled water. The working P standard
solutions of 0.2,0.5, 1, 5 and 10 mg/l were prepared from the stock solution by diluting it to the
desired concentration using deionisedter.

In order to prepare the reagent required for this method, 70 ml of 2.5.8Hwas added slowly

to a 400 ml volumetric flask of distilled water and then diluted to a volume of 500 ml. Twenty
grams of ammonium molybdate solution (Né10-0,.4H0 were dissolved in 500 ml of distilled
water. 1.76 g of 0.1 M ascorbic acid was dissolved in 100 ml of distilled water and 1.3715 g of
K(SbO)&:0s 1/2H,0 in 500 ml. To make 100 ml of combined reagent, all reagents above were
mixed in the following order:

50 ml of sulphuric acid, 15 ml of ammonium molybdate, 30 ml of ascorbic acid and 5 ml of the

potassium antimonyl tartrate solution. This combined reagent remains stable for approximately



8 hours. The combined reagent was prepared so that the P concentratgwidtion could then

be analysed using the spectrophotometer at wavelengths of 880 to 882 nm. In order to obtain
accurate P measurements, a preliminary test was conducted to calibrate the spectrophotometer
(U- 1900 HITACHI), by measuring prepared standahdgtions with known P concentrations. This
calibration was carried out before the analysis of samples. The calibration curve used in

measuring PGP is shown in Figures3.
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Figure 36: Calibration curve for PP concentration

3.4 Geochemical characterisation

3.4.1 XRay Diffraction analysiXRD

Analyses of the limestonehipsbeing used during experimentation and the precipitated solids
settled at the bottom of the settlement beaker was carried out using XRD analysis using a Philips
PW 3830 Xray instrument for analysis and determination of the main crystalline minerals presen

in the precipitate sampled.imestone chips were crushed a fine powderusing a mechanical
crusher prior to this testThe sample of 0.1 mm thick was placed on the sample holder in-the X
ray sample chamber and the scan run. After completing the sbangata were exported to the
software (X pert high score) for analysis. The mineral composition of the sample could then be

identified by searching and matching the sample peaks with the known mineral peaks.

3.4.2Total Carbowg TC
In order to measurette TC in the precipitate, a LECO-{8€DR) analyser, were used in the CLEER
facility of Cardiff School of Engineering. The total carbon (TC) was determined by placing 0.35 g



of samples in a ceramic boat with alumim foil insert. The boat was then puttmthe furnace
which was preheated at 1000 C°. The carbon infrared detection cell measured thga€O
concentration, following thermal composition/ decomposition allowing the percentage value of
TC to be determined by LECO analy8malysis using this strument is accurate to within £ 10

%.

3.4.3 Environmental Scanning Electron Microscopy (ESEM) Analysis

ESEM analysis was used in this research to examine the mineralogical structure of the
precipitates. Samples were analysed at Cardiff University Sch&alrth and Ocean Science. The
instrument used was FEI XL 30 FG with a Peltier cooled specimen stage using Oxford Instruments
INCA ENERGY¥ay analyser. The sample was coated with a layer of gold/palladium alloy in order

to make the sample electrically eductive which prevents them from becoming charged during

the scanning process. ESEM analysis was then performed. Backscatter images produced by ESEM
help to distinguish between different minerals by producing different brightness levels for
particles of arying density. Energy dispersiveay spectroscopyHDX was also carried out using

SEM machinery to give the elemental composition of the substances being scanned.

3.4.4 Field Emission Gun Scanning Electron MicroscoggEMG

FEGSEM analysis was carried out at the Cardiff University School of Chemistry to produce colour
maps of elemental distribution. The FB&EM facility is an ultrhigh resolution Schottky field
emission scanning electron microscope amddeal for studyingnaterials on the nanometre
scale. Microscopy was performed on a Tescan Maia3 field emission gun scanning electron
microscope (FEGEM) fitted with an Oxford Instruments XMASD energy dispersive-bay
detector EDX. Images were acquired using the sedary electron andackscattered electron
detectors. Samples were dispersed as a powder onto adhesive discs mounted onto aluminium
stubs.The FE&GEM can provide a highsolution secondary electron (SE) and back scattered

electron (BSE) imaging, instrumeasolutionof 3.5nm at 500V, 2.5nm at 1kV and 1.5nm at 10kV.

3.4.5 Xray photoelectron spectroscopy XPS

XPS analysis was carried out at the Cardiff University School of Chemistiy.akiR8tra high
Vacuum (UHV) technique and is suitable for the quatitie determination of elemental
composition (atomic %) of elements in the surface region of solid sample. XPS involves irradiating
the surface of interest with-Xays and analysinipe energy of the emitted photoelectronsSince

these electrons have emgies which are typically less than 1500 eV they interact strongly with

the material under analysis and can therefore only escape from the top few atomic |lajees.



binding energy of the core levels from which the photoelectrons are emitted are sertsitiie
number of electrons in the valence band, and so the technique enables chemical state
information to be obtained from the top few atomic layers of a surface. Analyaede applied

to all vacuum compatible solid materials whether they are condggctisemiconductors or
insulators. Layered samples may also be depth profiled in order to investigate the layer
distribution. XPS is sensitive to all elements apart from hydrogen and helium and is highly surface
sensitive with information typically arisirigom the topca 1-5 nm. Through measurement of the

element peak areas and correction with the appropriate sensitivity factors.

3.4.6Removamechanisms

To thoroughly understand the removal mechanism, batch tests were conducted using 1g of calcite
precigtate obtained from running the system using limestone chips and DI water only with no
added R shaken for 120 hrOrthophosphate solutions were used throughout the adsorption
tests. Initially, a stock solution of 1@@m of orthophosphates was prepared lissolving a
certain amount of chemically purePQin deionized water. An aliquot of the stock solution was
mixed with a certain volume of water so that a phosphate solution was prepared at the desired
experimental concentration of 2 and 10 mgidH values were adjusted using HCIl and NaOH to 7,
8 and 9 due to their closeness to that of natural calcareous environment (Marschen et gl. 1995
Chaturvedi and Sahu 20l After the set time had elapsed, 0.45 um filters were used to filter the
suspension and the supernatants were analysed for Ca amtiePbatch equilibrium adsorption
tests for calcite precipitate were carried as diééd below:

1. 1g of calcite precipitate was weighed out on a balance capable of a precision up to 0.0001g.
2. Each 19 of calcite precipitate were placed in a 100ml polypropylene sample pot.

3. 100 ml of synthetic wastewater solutions were poured into faenple pots. Two initial P
concentration of 2 and 10 mg/l were examined at three different initial pH values of 7, 8 and 9.
4. The sample pots were then fixed horizontally on the shaker table. The shaker table was set at
180rpm to ensure good mixing arsfarted.

5. At a certain time interval the samples were removed from the shaker table and vacuum filtered
using 0.45um cellulose nitrate membrane filters.

6. Samples were filtered in the order of lowest concentration to highest concentregianoid
contamination.

7. The pH of the filtered samples was carried out using a Severn multi mettler Toledo meter with
an expert calibrated pro pH probe which is capable of a precision of three decimal places.

8. The samples were stored in the fridge until analysih®yCPOES for phosphorus and calcium.



3.4.7 Sequential extraction

A sequential extraction procedure adapted frétattenberg (1992)lesigned for phosphorus rich
sediments, was performed on the samples. A summary of this procedure is presented in Table
3.2. The extraction by MgGhas used in this experiment to remove the P attached or loosely
sorbed on the sediment surface. This methwas been widely used by a number of researchers
(Sundareshwar et al. 199%Coelho et al. 2004Smith et al. 2006 Before experiments
commenced, the wet precipitate samples were centrifuged at 2,500 rpm for 15 minutes to
remove the pore water. The first stage was to extract éxehangeable or loodg sorbed P.
Samples of wet precipitate weighing 0.5 g were placed into 50 ml centrifuge tubes and 10 ml of
the 1M Mgd solution was added. The tubes were shaken for 2 hours and centrifuged at 2500
rpm for 15 minutes. The supernatant was then filteredoilngh a 0.4% filter membrane and the
solution kept for analysis. Another 10 ml of Mg®hs added to the residue precipitate in the
centrifuge tubes and the same process was repeated. The residue precipitate was washed with
deionised water twice for 2 hat 25°C then shaken and centrifuged as described above. The
second stage was to extract the Authigenic Apatite plus @a@@d P plus Biogenic Apatite. 10

ml of acetate buffer was added to the residue precipitate. The tubes were shaken for 6 hours and
centrifuged at 2500 rpm for 15 minutes. The supernatant was then filtered. 10 ml of:MgG&I
added to the residue precipitate in the centrifuge tubes and the same process was repeated for
2 hours each time. The residue precipitate was washed with deionisder twice for 2 hr at

25°C then shaken and centrifuged as described above. The third stage of extraction was to extract
Detrital Apatite plus another inorganic P. 10 ml of 1M HCI was added to the residue precipitate.
The tubes were shaken for 16 hoursdacentrifuged at 2500 rpm for 15 minutes. The supernatant

was then filtered as described above.

Table 32: Summary of sequential extraction phases. Adapted from Ruttenberg (1992) and Smith et al. (2006)

Target Phase ExtractantUsed Extra_c_tlon
conditions
Exchangeable or loosely 1. MgCh(pH 8) 1. 2h,25C
sorbed P 2. H.O 2. 2h,25°C
Authigenic Apatite plus CaC( 1. Acetate buffer (pH 4) 1. 6h,25°C
3- bound P plus Biogenic 2. MgC}t (pH 8) 2. 2h,25°C
Apatite 3. HO 3. 2h,25°C
Detrital Apatite plusanother 1M HCL 16h,25°C

inorganic P
































































































































































































































































































































































































































































































