
Phosphorus in Environmental

Technology

Principles and Applications

Edited by

Eugenia Valsami-Jones



Published by IWA Publishing, Alliance House, 12 Caxton Street, London SW1H 0QS, UK

Telephone: �44 (0) 20 7654 5500; Fax: �44 (0) 20 7654 5555; Email: publications@iwap.co.uk

Web: www.iwapublishing.com

First published 2004

© 2004 IWA Publishing

Printed by TJ International (Ltd), Padstow, Cornwall, UK

Typeset by Gray Publishing, Tunbridge Wells, UK

Apart from any fair dealing for the purposes of research or private study, or criticism or review, 

as permitted under the UK Copyright, Designs and Patents Act (1998), no part of this publication

may be reproduced, stored or transmitted in any form or by any means, without the prior permission

in writing of the publisher, or, in the case of photographic reproduction, in accordance with the 

terms of licences issued by the Copyright Licensing Agency in the UK, or in accordance with 

the terms of licenses issued by the appropriate reproduction rights organization outside 

the UK. Enquiries concerning reproduction outside the terms stated here should be sent to 

IWA Publishing at the address printed above.

The publisher makes no representation, express or implied, with regard to the accuracy of the infor-

mation contained in this book and cannot accept any legal responsibility or liability for errors or

omissions that may be made.

Disclaimer
The information provided and the opinions given in this publication are not necessarily those of IWA

or of the editors, and should not be acted upon without independent consideration and professional

advice. IWA and the editors will not accept responsibility for any loss or damage suffered by any

person acting or refraining from acting upon any material contained in this publication.

British Library Cataloguing in Publication Data
A CIP catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

ISBN: 1 84339 001 9



v

Contents

Contributors xiii

Preface xviii

Part One Principles of phosphorus distribution: chemistry,
geochemistry, mineralogy, biology 1

1. The chemistry of phosphorus 3

D. Bryant
1.1 Introduction 3

1.2 Atomic properties 4

1.3 Electronic structure and bonding 4

1.4 Phosphorus Compounds 5

References 17

2. The geochemistry and mineralogy of phosphorus 20

E. Valsami-Jones
2.1 Introduction 20

2.2 Geochemical abundance and distribution of phosphorus 22

2.3 Phosphate minerals 32

References 44

3. The biology of phosphorus 51

C. Dobrota
3.1 Introduction  51

3.2 Phosphate acquisition 51

3.3 Transport and translocation 52

3.4 Phosphate assimilation 62

References 74



Part Two Phosphorus in the environment 77

4. Background and elevated phosphorus release from 

terrestrial environments 79

P.M. Haygarth & L.M. Condron
4.1 Introduction 79

4.2 Background release 80

4.3 Elevated release 81

4.4 Conclusion 87

References 87

5. Phosphorus and crop nutrition: principles and practice 93

T.D. Evans & A.E. Johnston
5.1 Introduction 93

5.2 Phosphorus resources 95

5.3 Phosphorus fertilisers 96

5.4 Phosphorus in soils 98

5.5 Phosphorus nutrition of plants 103

5.6 Fertilisation practices 110

5.7 Phosphorus fertilisation and environmental issues 113

5.8 Concluding remarks 115

References 116

6. Transfer of phosphorus to surface waters; eutrophication 120

S. Burke, L. Heathwaite and N. Preedy
6.1 Introduction 120

6.2 Evidence of sources and pathways of P delivery to water 122

6.3 Transfer mechanisms and control 131

6.4 Management minimisation 138

References 140

7. Environmental chemistry of phosphonic acids 147

B. Nowack
7.1 Introduction 147

7.2 Analysis of phosphonates 150

7.3 Exchange reactions 151

7.4 Degradation 157

7.5 Speciation 161

7.6 Environmental behavior 163

7.7 Conclusions 165

Acknowledgements 165

References 166

8. Phosphate pollution: a global overview of the problem 174

A.M. Farmer
8.1 Introduction 174

8.2 The European Union 176

vi Contents



8.3 The river Rhine: case study 181

8.4 United States 183

8.5 Australia 185

8.6 Japan 186

8.7 South and East Asia 188

8.8 Africa 189

8.9 The Antarctic 190

8.10 Conclusions 190

References 190

Part Three Phosphorus removal from water and waste water:
principles and technologies 193

9. Principles of phosphate dissolution and precipitation 195

P.G. Koutsoukos & E. Valsami-Jones
9.1 Introduction 195

9.2 Equilibrium and kinetics: theory, mechanisms and equations 196

9.3 Applications relevant to the precipitation of calcium phosphates 208

9.4 Applications relevant to the dissolution of calcium phosphates 234

9.5 Metal phosphates, dissolution and precipitation applications 238

9.6 Concluding remarks 239

References 241

10. Waste water treatment principles 249

S.A. Parsons & T. Stephenson
10.1 Introduction 249

10.2 Waste water treatment processes 250

10.3 Sludge treatment and disposal 257

References 259

11. Chemical phosphorus removal 260

S.A. Parsons & T-A. Berry
11.1 Introduction 260

11.2 Phosphorus removal with metal salts 261

11.3 Concluding remarks 269

References 270

12. Biological phosphorus removal 272

J.W. McGrath & J.P. Quinn
12.1 Introduction 272

12.2 Process design of biological phosphorus removal plants 274

12.3 Polyphosphate 276

12.4 Isolation and identification of polyphosphate-accumulating 

microorganisms from the EBPR process 282

12.5 New approaches to biological phosphate removal 283

Acknowledgements 286

References 286

Contents vii



13. A review of solid phase adsorbents for the removal of phosphorus 

from natural and waste waters 291

G.B. Douglas, M.S. Robb, D.N. Coad & P.W. Ford
13.1 Introduction 291

13.2 Adsorbent materials 293

13.3 Selection of an appropriate phosphorus adsorbent 307

13.4 Concluding remarks 311

References 311

14. Removing phosphorus from sewage effluent and agricultural 

runoff using recovered ochre 321

K.V. Heal, K.A. Smith, P.L.Younger, H. McHaffie & L.C. Batty
14.1 Introduction 321

14.2 Formation and properties of ochre 322

14.3 Capacity of ochre for phosphorus removal 325

14.4 Future developments 330

14.5 Conclusions 333

Acknowledgements 334

References 334

Part Four Phosphorus recovery for reuse: principles,
technologies, feasibility 337

15. Phosphorus recovery in the context of industrial use 339

I. Steén
15.1 Introduction 339

15.2 Why recovery? 341

15.3 Possible technical-industrial pathways 344

15.4 Recycling by the phosphate industry 348

15.5 Future prospects 353

References 354

16. Fluid dynamic concepts for a phosphate precipitation reactor design 358

D. Mangin & J.P. Klein
16.1 Introduction 358

16.2 Fluid dynamics and mixing 359

16.3 Interaction between mixing and primary nucleation 366

16.4 Interaction between mixing and other 

precipitation mechanisms 373

16.5 Stirred vessels 379

16.6 Fluidised bed reactors 388

16.7 Air mixing 392

16.8 Modelling of precipitation reactors 394

16.9 Conclusion and perspectives 397

16.10 Notation 398

References 400

viii Contents



17. Phosphorus recovery via struvite production at Slough 

sewage treatment works, UK – a case study 402

Y. Jaffer & P. Pearce
17.1 Introduction 402

17.2 Site description 403

17.3 Phosphorus forms through the sewage treatment process 405

17.4 Phosphorus mass balance 407

17.5 Bench-scale work 411

17.6 The reactor 415

17.7 Preliminary results 419

17.8 Quality of struvite 419

17.9 Further work 424

17.10 Proposed use of product 425

References 426

Appendix 427

18. Phosphorus recovery trials in Treviso, Italy – theory, modelling 

and application 428

P. Battistoni
18.1 Introduction 428

18.2 Italian sewer waste water and WWTPs 429

18.3 Improvement of BNR technologies and performance 437

18.4 Phosphorus recovery test 439

18.5 FBR and air stripping 443

18.6 Case study: Treviso city waste water treatment plant 455

18.7 Long term performance of the reactor in Treviso 463

18.8 Perspective and conclusions 465

Acknowledgements 467

References 467

19. The case study of a phosphorus recovery sewage treatment plant 

at Geestmerambacht, Holland – design and operation 470

P.G. Piekema
19.1 Introduction 470

19.2 Overview of the plant before upgrading 471

19.3 Key features of the plant after upgrading 472

19.4 Design philosophy of the P-recovery process 475

19.5 Design of the biological part of the side-stream 478

19.6 Design of Crystalactor® in the side-stream 484

19.7 Control of sludge settling 490

19.8 Control of nitrogen removal 491

19.9 Full scale results 493

19.10 Cost 494

19.11 New developments 495

References 495

Contents ix



20. Full scale struvite recovery in Japan 496

Y. Ueno
20.1 Introduction 496

20.2 Full scale struvite recovery in Japan 497

20.3 Summary 506

References 506

21. Phosphorus recovery from unprocessed manure 507

P. Hobbs
21.1 Introduction 507

21.2 Profile of phosphorus species in different livestock manure 508

21.3 Extraction of phosphorus from wastes and manure 511

21.4 Concluding remarks 518

References 519

22. Scenarios of phosphorus recovery from sewage 

for industrial recycling 521

A. Klapwijk & H. Temmink
22.1 Introduction 521

22.2 Wastewater and sludge treatment 522

22.3 P-recovery from the end product of sludge treatment 524

22.4 P-extraction before sludge treatment 525

22.5 Discussion 527

22.6 Conclusions 527

References 528

23. Phosphate recycling: regulation and economic analysis 529

J. Köhler
23.1 Introduction 529

23.2 Why recycle phosphates? 530

23.3 Regulation and economics of WwTPs and phosphates 532

23.4 A system approach 540

23.5 Conclusions: economics and policies 543

References 543

Part Five Novel biotechnologies 547

24. Bacterial precipitation of metal phosphates 549

L.E. Macaskie, P. Yong & M. Paterson-Beedle
24.1 Introduction 549

24.2 Heavy metal bioremediation: why select a phosphate-based 

precipitation process? 551

24.3 Case history: metal phosphate biomineralization by Serratia sp. 553

24.4 A conceptual model for phosphate biomineralization 557

24.5 A quantitative model for metal phosphate biomineralization 560

24.6 Phosphate biomineralization for the removal of transuranic 

elements: the need for nucleation processes 561

x Contents



24.7 Co-precipitative metal removal 562

24.8 Use of metal phosphate as an ion exchanger 564

24.9 Use of alternative phosphate donors 566

24.10 Use of inorganic phosphate as the phosphate donor 569

24.11 Conclusions 573

References 575

25. Developments in the use of calcium phosphates as biomaterials 582

R.L. Sammons, P.M. Marquis, L.E. Macaskie, P. Yong & C. Basner
25.1 Introduction 582

25.2 The demand for bone substitute materials 582

25.3 The ideal bone-substitute: what it has to do? 583

25.4 Successful applications of calcium phosphates in 

biomaterials 586

25.5 Chemistry and manufacture of biomedical calcium 

phosphates 590

25.6 Reactions of biomedical phosphates in the body 597

25.7 Future developments 601

25.8 Concluding remarks 603

References 604

26. Agronomic-based technologies towards more ecological use of 

phosphorus in agriculture 610

W.J. Horst & M. Kamh
26.1 Introduction 610

26.2 Defining optimum soil-P levels 611

26.3 Phosphorus dynamics in soils 611

26.4 Phosphorus utilisation efficiency of plants 612

26.5 Agronomic practices 614

26.6 Conclusion 622

References 622

27. Biodegradation of organophosphate nerve agents 629

M. Shimazu, W. Chen & A. Mulchandani
27.1 Introduction 629

27.2 Microbial degradation 631

27.3 Enzymatic detoxification of OP neurotoxins 632

27.4 Whole cell detoxification of OP neurotoxins 634

27.5 Modifications of specificity and activity 636

27.6 Organophosphorus acid anhydrolase 638

27.7 Conclusion 639

Acknowledgements 639

References 639

Index 643

Contents xi



Phosphorus is both hero and villain in the history of Earth. It receives good publi-

city for being the backbone of the molecule of life, DNA, and bad for being a per-

sistent pollutant that costs UK industry, for example, more than £150 million per

year due to freshwater eutrophicationa. In addition, phosphorus is at the centre of

the structure of the basic energy-providing biological entity, ATP, and is a key

component of the scaffold of all vertebrates, bone. But it also forms some of the

most toxic chemicals known, organophosphates, which have been used in

applications as diverse as pesticides and nerve agents, and which have left a

legacy of severe contamination. In between these extremes lie a whole host of

other applications of phosphorus, from fertilisers and foodstuffs to detergents,

catalysts, biomaterials, medicines, fire retardants, stabilisers, radioactive element

hosts and more. Knowledge of the chemistry of phosphorus witnessed a vast

expansion in the 20th century, rivalled only by carbon, with known phosphorus

compounds now exceeding 100,000b.

In this context, planning a book entitled “Phosphorus in Environmental

Technology” means that the choices of topics to cover are endless. To give the

book a focus, three main ideas were set at the core of planning. Firstly, that the

book should be self-contained and therefore include aspects of the fundamental

science of phosphorus. Secondly, that it would aim to describe technological

applications with global industrial or economic implications, presented in

dedicated chapters. Thirdly, that the book would emphasise and prioritise novel

and topical technological themes. From the latter, two sections stand out: one ded-

icated to phosphorus recovery for reuse, a topical theme for many different indus-
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aPretty et al., 2003. Env. Sci. & Technology, vol. 37, pp. 201–208.
bCorbridge, D.E.C., Phosphorus 2000, Chemistry, Biochemistry and Technology. Elsevier.



trial technologies that is especially relevant to phosphorus, and a second dedi-

cated to novel biotechnologies, an area of active and diverse expansion. 

The book is divided into five parts. Part I is concerned with the chemistry,

geochemistry, mineralogy and biology of phosphorus. The diverse roles of phos-

phorus in nature mean that this range of fundamental sciences underpin knowl-

edge of its use in environmental technologies, and will serve to support later

chapters.

Part II looks into the distribution of phosphorus in the environment. Beginning

with a review of the mechanisms of phosphorus release, this part goes on to con-

sider the role of phosphorus in agriculture and its transfer to sensitive waters, and

to investigate the environmental fate of a special group of organophosphorus

compounds, the phosphonates, commonly used in industrial applications. This

part of the book ends with a global review of phosphorus pollution.

Part III focuses on phosphorus removal technologies and starts with the funda-

mental principles of phosphate dissolution-precipitation, which control phospho-

rus removal in industrial applications. That chapter is succeeded by a chapter

dedicated to waste water treatment principles, followed by others on chemical and

biological phosphorus removal. Solid phase adsorbents of phosphorus are then

discussed and a case study on phosphorus removal by recovered ochre presented.

Part IV addresses a theme which has only emerged in the past few years: phos-

phorus recovery. The development of recovery technologies makes sense not only

in terms of good environmental practice, but also because global phosphorus

reserves are finite. Given the importance of phosphorus to life on Earth, its con-

servation may ultimately be of great significance. Phosphorus recovery is first

examined through the eyes of the industry in a dedicated chapter. If recovery is to

be implemented, appropriate recovery reactor technologies need to be in place,

and the fluid dynamic principles of such constructions need to be considered; one

chapter reviews the fundamentals of such technology. This is then followed by

case study chapters, after which this part closes by considering the regulation and

economics of recovery. The message from this last chapter is that, at present, there

is no financial incentive for phosphorus recycling. Such incentives may take long

to materialise and environmental criteria should perhaps be the driver to encour-

age recycling technologies.  

The final part of the book sees the presentation of four novel phosphorus

biotechnologies; the first involves the use of bacteria to precipitate metal phos-

phates as a mechanism of immobilising/neutralising toxic/radioactive metals. The

second covers biomaterial technologies for bone substitution, and the third is

about technologically-based rationalisation of phosphorus use in agriculture. The

fourth covers novel methods for biodegradation of organophosphate nerve agents. 
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