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ABSTRACT

Phosphorus is removed from wastewater streams to prevent the ecologically harmful
effects of eutrophication in receiving natural systems. Current chemical and biological
techniques for removing phosphorus from wastewater are not able to practicably
achieve the new discharge limit expected under the Water Framework Directive of 0.1
mg phosphorus L. In addition, they do not represent an economically viable route for

the recovery and reuse of the phosphorus they remove.

The use of a hybrid ferric nanoparticle adsorbent / ion exchange media is reported in
this thesis that utilises the ligand strength of phosphorus to selectively remove it from
wastewater, resulting in an effluent stream of less than 0.1 mg phosphorus L™, with a
saturation capacity of 6.27 mg phosphorus gmesa . The removal behaviour fits
adsorption models such as Langmuir, Freundlich, and Temkin. The limiting mechanism
on phosphorus uptake is a mix of film and intraparticle diffusion, with a Biot number of
175, implying that intraparticle diffusion plays a more significant role. 90 % of the
media’s capacity for phosphate resides on the ferric nanoparticles, and competing ions
such as sulphate only impact the remaining 10 % represented by the ion exchange
component. The process can represent the sole removal technique at a treatment works,

or be placed downstream of chemical or biological processes as a polishing step.

The media can be regenerated and reused for many fixed bed cycles, and a concentrated
stream of 1000 mg phosphorus L" can be produced from the regeneration process using
a single bed volume of 1 M sodium hydroxide, which recovers 80 % of the total
phosphorus adsorbed onto the media from a service run. This partial regeneration
scheme has no significant disadvantage in subsequent service runs, and maximises the

concentration of the recovered phosphorus whilst minimising chemical use.

The ferric nanoparticle adsorbent addresses the twin aims of removal and recovery of
phosphorus from wastewater via selective adsorption and desorption. It will allow the
water industry to comply with new legislation, and help to ensure the sustainable use of

phosphorus - a valuable and finite resource.






ACKNOWLEDGEMENTS

First and foremost, I'd like to thank my primary supervisor Bruce Jefferson for all the
expertise he directed towards the project, and especially for the time he dedicated to
proof reading, editing, and suggesting improvements in the final stages of writing the
work. I am very grateful for his unfailing support and encouragement. I would also like

to thank Simon Parsons for his support throughout the duration of the project.

The work would not have been possible without the financial and technical support of
the UK Water Industry Research Organisation and the industrial sponsors: Anglian
Water (Mark Berry, Jo Callan, Steve Kaye), Northern Ireland Water (Sam Irwin),
Northumbrian Water (Bernie Glanville), Severn Trent Water (Peter Vale), Wessex

Water (Ruth Barden), and Yorkshire Water (Elizabeth Wood). Thank you all.

The ferric nanoparticle media itself came to the project courtesy of Dr Paul Sylvester, of
SolmeteX Co., and I'd like to thank him for that and his support and advice during the

experiments with it.

Some of the experimental work was made much richer by the contributions of Maxime
Gallot and Valentina Laragione, visiting students, and Lueta De Kock, visiting
academic - thank you for your dedication and hard work. Thanks also to Ewan
McAdam, who supervised Maxime, remained interested in the project and offered

valuable advice and assistance.

Thanks also to the technicians: Nigel Janes for practical assistance above and beyond
the call of duty, Jane Hubble, Paul Barton, Andrew Dyer, Matthew Kershaw and
Christine Kimpton for instrumental expertise, Rukhsana Ormesher for help throughout

the project, and the laboratory manager Keith Richards for analysis and support.

And thanks to everyone else in the Centre for Water Science, for making my time here

such a great experience.

iii






TABLE OF CONTENTS

ABSTRACT ..uuioiiiiisniisnnneissecssissssssessssssssssesssssssssssssssssssssssssessssssssssssssssssssssssasssassassssssss i
ACKNOWLEDGEMENTS ....uuiiiiniininnnssnnssesssissnsssecssnssssssecsssssasssesssssssssssssssssssssassae iii
1. INErOAUCEION cccceeeeeeesnessseessancsaeesnessanessassssesssnssssnsssassssasssssssassssassssassssssssasssassssasssnee 1
1.1 Background tO the PrOJECt........cceeeriiiiiiiieeiiieeieeeite et eeee e e are e s 1
1.2 Project deVeIOPMENL .......covuiiiiiiiiiiiiiiieeetee ettt 2
1.3 HYPOURESIS .eevieeniiieeiieecie ettt ettt e e e eaae e e e e 5
1.4 AImS and ODJECHIVES ..cevuuiiiriiiiiiiie ittt ettt ettt ettt et e e e s e e 5
1.5 TRESIS SLIUCLUTIE ...c..eeeiiiiiiieiie ettt ettt et e e 6
L6 REIEIENCES. .. .eiiiiiiiiiieiiie et ettt e e e s 8

2. Towards a final effluent phosphorus concentration of 0.1 mg L™ in municipal

wastewater: a review of the available techniquUEeS........ccccoverevcunicssnnicssanicssnnccssanessnanes 11
2.1 INETOUCHION . ...cutiiiiiiiieit ettt sttt et enee s ees 11
2.1.1  Phosphorus as a pollutant ............cccccueeerveeeiieeenieeeiee e 11
2.1.2  PhOSPhOIUS aS @ TESOUICE .......eeeiiieaiiieeiiieeiieeeitee et et e et e e 13
2.2 Biological phosphorus removal ...........ccccecvieriiiieniiieeniieeiee e 14
2.2.1  Understanding how to optimise enhanced biological phosphorus removal .
.................................................................................................................. 18

2.2.2  The role of MAZNESIUM .....cccutiiiiiiiiiieiiiee ettt 18
2.2.3  OVEI-€TALION .....eeuiieiiiiiieeite ettt ettt sttt e e s e 18
2.2.4  Anaerobic contact and solids retention time ...........ccceevueeerruieeniieeerneeennne 20
2.2.5 Influent substrate composition - external carbon ............ccocceeeviieinniennnne 20
2.2.6  Phosphorus recovery from the EBPR process.........cccceccveeveieencieenneeennne. 22
2.3 Chemical phosphorus removal............ccceviiiiriiiiniieenieeeieeeeeeeee e 23
2.4 Adsorbents and 10n €XChaNZETS ........ccccuveeiiiiriiiieiiie ettt 27
2.4.1  Natural materials and constructed wetlands .............ccoeeeeeriiiiniieinieennne. 27
2.4.2  Activated natural materialS...........coooeeriiiiiiiniiniii e 30
2.4.3  Industrial By-products...........ccceeueeiriieiiiieiiieeeieeeeeee e 30
2.4.4  Synthetic adsorbent / ion exchange materials............cceecveevrieenceeercrneennne. 33
2.5 CONCIUSIONS....ccutiiiiiiiieiieeteete ettt ettt ettt ettt e st e neesaneeas 38
2.6 REIEIEICES .....eiiuiiiiiiiiiei ettt et 39

3. Molecular weight distribution of phosphorus across sewage treatment works..

................................................................................................................................ 53
O N 015 4o 76 13 (o1 5 (o) o WUURUUUN RO 53
3.2  Materials and MethOdS .........cc.vvvviiiiiiiiiiiiieee e 54
32,1 Site deSCIIPHIONS. . eeeiuriieeiieeeiieeeiteerieeeteeerreeeireeeareeeaaeesareesnneeesnseeennnes 54
3.2.2 RESIHEINCE CUIVES ...ccooiiiiiiieiee ettt eeeeecreee e e e e e eearree e e e e e e eeetaraeees 58
3.2.3  Fractionation PrOCESS ........ceeueeervreerreeerreeessreeesireeessseesssseessssesssseesssseeennnes 58
3.2.4  Analytical teChNIqQUEe........ccovviiiiiiiiiiiieceee e 59
I T 1Y 11 L E R RRORRPR 60
3.3.1  General resilience of the flowSheetS..........ccocevvvieeieiieiiiiiiiiieeeee e, 60
3.3.2  Influent phoSphorus CharacteriStiCs ..........eevvveeerreeerreeeiieeeiieesireeereeenenes 62



3.3.3  Effluent phosphorus characteriStiCs.......ceeervieerieeerieeeiieeeiieesieeeevee e 65

3.4 DISCUSSION c..tiiniiiiiiiie ettt ettt ettt et e st e e st e et e e st e e sbteesabeeesabeeenns 67

3.4.1 Implications for future phosphorus removal regimes.............c.ccceeevreennee. 67
3.5 CONCIUSIONS...couitiiiiiiiiiiie ettt ettt e ettt e st ee st e e sbeeesabeeens 69
3.6 ACKNOWIEAZEMENLS. ....couiiiiiiiiiiiieieeeee ettt 69
3.7 REIEIEICES....eiiiiiiiiiieiiee ettt ettt e s 70

4. Removal and recovery of phosphate from municipal wastewaters using a

polymeric anion exchanger bound with hydrated ferric oxide nanoparticles........ 73
4.1 INrOAUCTION .. ..eiiiiiiieiieeeiie ettt ettt ettt e 73
411 TON @XCRANZE ...eeeivieeiiieeiiie et ettt etee et e e aeeetaeeeabeeeaeeesnnaeenenes 74
4.1.2  Effect of hydrated ferric oxide nanoparticles ...........cccceervueeveencienneennens 75
4.2 MEENOAS ..ottt ettt ettt 77
4.3 Results and diSCUSSION ......cevueeruieeiieriiiieenie ettt ettt 77
4.3.1  Characterisation of the wastewaters used in the study ..........ccccceeveurennne. 77
4.3.2  Comparison with Amberlite IRA-410.......cccceeriiiiiiiiiiieeeee 78
4.3.3  HAIX performance with real effluents.............cccceveniiiniiiniininncne, 79
4.3.4  Regeneration and phoSphOrus r€COVETY......ccuvrriiiiniieriiieniieenieeeeieeeee 81
4.3.5  ECONOMIC @SSESSMENL ...cuueeruiiiiieriieeiieniteeiee st et e site et e ste et e sieeeeeesaneens 83
4.3.6  Limiting factors and other considerations ............cccccceevveeriieeniieeenineeenne 84
A4 CONCIUSIONS ....ceiuiieiieeitteeite ettt ettt sttt et st e it e e s e e eaeees 86
4.5  AcCKNOWIEdZEMENLS.....cccuveiiiiiiiiiieiiie e 86
4.0 RELETENCES ...ttt ettt 86
S. Phosphorus removal with an iron based nanoparticle adsorbent.................... 89
ST INETOUCHION . ...cuiiiiiiiiieiteete ettt ettt e s sane e 89
5.2 Materials and MethOds ..........ccueiiiiiiiiiiiiii e 91
5.2.1  Ferric nanoparticle adSorbent ............cocceerieeniiiieiiiiniieeeeee 91
5.2.2  Characterisation of media ProPerties........ccoveerruveersireeriireeriieenieeenieeenanes 92
5.2.3  Equilibrium studies and isotherm modelling...........cccccceveerieinieniiennennne. 92
524 ColUumD trIALS .eoueeeiieiieeieeeeeeet et 94
5.2.5 REZENETAON ..ccuuiiiuiiiiiiiieiiteeieete ettt ettt et s e e 94
5.3 Results and diSCUSSION .....cccueevuiiriiiiriiiniieiieeteee ettt 95
5.3.1  Media PrOPEITIES .....eeuveiriieeiieeiieeite ettt ettt ettt 95
5.3.2  Equilibrium iSOtherms ...........ccooiiiiiiiiiiiieiiiieeieeeeeeeeee e 96
5.3.3  AdSOrption KINEICS.....ceiueiruieriieiieiieeite ettt 98
5.3.4  Column EXPeriMENTS. ...c.ueeeruiieiriiieeiiieeiieeeiteeeireeeiteeeiteesieeesabeeesbeeeas 101
5.3.5 REZENEIALION ....ccuiiiiiiieciieeeiieeeiee et e et eeesreeeereeeareeeateesseeesnbeeessseeenes 104
54 CONCIUSIONS....couuiiiiiiiiieieetee ettt ettt ettt e eneenae 105
5.5  ACKNOWIEAZEMENLS....c..viiiieiieiiiieeiiee ettt et e e e e e e eaaeeenaee s 106
5.6 REIEIENCES..c..eiiiiiiiiiiiiieeeee et 106

6. The impact of competing ions and metals on the removal and recovery of

phosphate from municipal wastewater by hybrid ion exchange/adsorbent.......... 111
6.1  INTOAUCTION. ...coiiiiiiiiiiiiieeecee ettt et 111
6.2  Materials and MEthOdS ..........cocueiiiiiiiiiiiiiiee e 113

6.2.1  Hybrid ion exchanger/adsorbent..............ccoocveerviiiiiieeniieeniieenieereeee 113

Vi



6.2.2  Kinetic and equilibrium trials for competing ions and limiting mechanism

................................................................................................................ 114

6.2.3  Treatment works Sampled..........ccceevvieeriiieiiieeiiiecieeeeeeee e 114
6.2.4  Isotherm mOdelling..........ccovuiiiiiiiiiiiiiiieeie e 115
6.2.5 Small scale fixed bed column runNS .........coccuerrienieeiiinieiienieeeeeeeen 115
6.2.6  Analytical teChnIQUES ........ccceeiiiiiiiiiiiiiiieeeee e 116
0.3 RESUILS...uiiiiiieceee e e es 116
6.3.1  Competition from sulphate and bicarbonate - equilibrium..................... 116
6.3.2  Competition from sulphate and bicarbonate - kinetics.............cccccecueeenn. 118
6.3.3  Competition from sulphate - column studies.............ccecceeeriieiniieeninenne 119
6.3.4  Isotherm modelling with real WasteWaters ..........cceccveeerveerrieeniieenineeenns 121
6.3.5 Removal of Metals.......ccccueriiiiiiiiiiiiiiice e 123
6.3.6  Competing ions in the regenerant CyCle ........ccocvveevveeeiieeriieeniieeeieeenns 125
6.4 CONCIUSION ....eeiiiiiiiiiiceteeeeee ettt e 127
6.5  ACKNOWIEAZEMENLS....cuuiiiiiieeiiieeiee e e e e e eaaeeenaee s 128
6.6 REIEIEINCES.....eiiiiiiiiiiiieieeee e 129

7. The impact of contactor scale on a ferric nanoparticle adsorbent process for

the removal and recovery of phosphorus from municipal wastewater ...........c..... 133
7.1 INrOAUCTION ....ciiiiiiiiiiieeite ettt st 133
7.2 Materials and Methods..........cooiiiiiiiiiiiiiiciee e 136

7.2.1  The ferric nanoparticle Media...........cccevvuiieriiiiiniiieiniieeieeeieeeeee e 136
7.2.2  Impact of Reynolds NUMDET ..........ccccueeriiiiiiiiieniieccieeeieeeeeeee e 136
7.2.3  Impact Of CONACIOT SIZE....ccccuveiriureeriiieiiieeniee ettt 137
724 REZENETAION ...ccciuiiieieiieeiiieeiieeeitteeeieeesieeesteeeseteeenebeeesaseeesreeesneessneenns 138
7.2.5  Analytical teChNIQUES .......cooiuiiiiiiiiiiiiiiiceceeeeee e 138
T3 RESULIES ..ttt 138
7.3.1  Validating the model feed SOIUtiON...........cccvveeriieeriieeriieeiee e 138
7.3.2  SAtUratION CUIVES .....eevuiiriiieiieeieeniteete et et et st et e sene e esaneeneesaneenees 140
7.3.3  The effect of scale on removal capacity ........ccceevveerevreerieeerieeeiieeeieeenns 143
7.3.4  Impact of Reynolds nUmMDbETr ..........cccceeiviiiiniiiiiiiiiiiiecicccceeeeeeee 144
7.3.5  REEZENETAION ...ccciuiiiiieiieeiiieeiiee et et eite et e et eesteeesabeeeereeeaneesnsneenns 145
7.3.6  Implications for implementing the ferric nanoparticle adsorbent ......... 147
T4 CONCIUSIONS ...ttt ettt ettt e b e 150
7.5  AcCKNOWIEAdZEMENLS.....ccueiiiiiiiiiiieiieeite e 150
7.0 RELETENCES...c..iiiiiiiiieiieie et 151

8. Overall implications for phosphorus removal - economics and implementation

SEEALEEIES couvvereeerssnreccsssrnreessssnssesssssnseesssssssasssssssessssssssesssssssessssssssssssssassssssssassssssssnsasssse 155
8.1  Support of the original hypothesis ..........cccuveeriiiiriieeiiieeieecieeee e 155
8.2  Key findings of the WOTK ........c.cooiiiiiiiiiiiiiiiieeeeeeeeee e 155
8.3 Operational CONFIGUIATION .....cc.veeeriiieeiiieeiieeiee et et e e ereeereeeereeeeereees 156
8.4  Economic analysis of removal and reéCOVerY ..........ccoccueeriieiniiieeniieenieeenneen. 157
T B NS (<) (11 611 USSR 164

9. Conclusions and recommendations for future work.........ccceceeeecuececrurcccsarecnns 167
.1 CONCIUSIONS ....eiiuiiiieiiie ettt ettt e st e s e st e s e e 167
9.2 FULUIE WOTK ...oiiiiiiiieiiiiiee ettt ettt e e s e e s es 168

vii



LIST OF FIGURES

Figure 1.1: Price trend for the common fertiliser product diammonium phosphate

(source: United States Department of Agriculture Economic Research Centre). ............ 3
Figure 1.2: Mechanistic schematic of ion exchange (A), and ferric nanoparticle
AdSOTPLION (B) c.vvieiiiiieeiie ettt ettt e e st e e et e e e sabaeesaeeesaeeensneesnneeessneenns 4
Figure 1.3: Thesis PIan. ..ccooviiiiiiiiiieeeee et 6
Figure 2.1: The Activated Sludge process, with anaerobic zone...........cccceeeveuveerneennne. 15
Figure 2.2: The Activated Sludge process, with anaerobic and anoxic zones to facilitate
PhOSPROTUS TEMOVAL ......iiiiiiiiieiiii ettt e 16
Figure 2.3: Maximum removal capacity and operating pH of a range of phosphorus
AASOTDETS ...ttt ettt st ettt ettt e b e eanees 37

Figure 3.1: Solid, colloidal and dissolved classifications in relation to the Dalton scale

and the method of removal reqUITed...........coooiiiiiiiiiiiieceeceee e 54
Figure 3.2: Process flow diagram for site 1 - small trickling filter works...................... 55
Figure 3.3: Process flow diagram for site 2 - large trickling filter works.. .................... 55
Figure 3.4: Process flow diagram for site 3 - small activated sludge plant.................... 56
Figure 3.5: Process flow diagram for site 4 - large activated sludge plant..................... 57
Figure 3.6: Process flow diagram for site 5 - enhanced biological phosphorus removal

01 13| SO SURPP 57
Figure 3.7: Resilience curves for biochemical oxygen demand (A), suspended solids
(B), ammonia (C) and phosphorus (D) for the sites under investigation. ...................... 61

Figure 3.8: Total phosphorus by molecular weight in the influent of the sampled sites.62
Figure 3.9: Phosphorus as phosphate by molecular weight in the influent of the sampled
STEES. 1ottt ettt ettt ettt ettt ettt et s a e e b et et h e bt et a e b e eanesbe e b sanens 63
Figure 3.10: Change in total phosphorus in the dissolved (1 kDa) fraction before/after
primary sedimentation in €ach Plant.............ccccveeeiiiieniiieeriiieeiee e 64
Figure 3.11: Change in total phosphorus in the dissolved (1 kDa) fraction before/after
the biological process in each plant...........ccceeeeiieriiieniieerieceeee e 64
Figure 3.12: Total phosphorus by molecular weight in the final effluent of the sampled
STEES. ettt eutte ettt et ettt et h et h ettt et eeh e bt e e h bt e bt e eh bt e bt e eht e e bt e eh bt et e e shteebeeehteebeenabeens 65
Figure 3.13: Phosphorus as phosphate by molecular weight in the final effluent of the

1 1010 (51 I3 1 (<1 USSP 66
Figure 3.14: Phosphorus as phosphate by molecular weight in the final effluent of the
sites With diSCharge CONSENLS. .......uuiiiiieeeiieeciieeiee ettt e e e aee e e tee e s e e eabee s 66
Figure 3.15: Removal of low molecular weight phosphorus using a novel adsorbent... 68

Figure 4.1: SEM image of the surface of an unused HAIX bead. .........cccccocveiennnnnnen. 75
Figure 4.2: SEM image of the surface of an unused Amberlite IRA-410 bead. ............ 76
Figure 4.3: Performance comparison of Amberlite IRA-410 and HAIX. ...................... 78
Figure 4.4: Media performance when contacted with low and medium strength

PhoSphate EffTUENLS. ...cc..eiiiiiiiiiee e 80
Figure 4.5: Phosphorus elution profile. .........cccceeeiiieriieeniiiieiie e 81
Figure 4.6: HAIX performance after multiple partial regenerations. ..........cc.ccceevuveennee. 82

Figure 4.7: X-Ray spectroscopy of new, used and regenerated HAIX media beads. .... 84

viii



Figure 4.8: SEM images of new, used, and regenerated HAIX beads. ........c.cccceeuveenn.ee. 85

Figure 5.1: Distribution of iron through the depth of a bead............ccocceeviiiiinninncnnn. 95
Figure 5.2: Three commonly used adsorption isotherm models fitted to equilibrium data
from trials of the ferric nanoparticle adsorbent in wastewaters containing ~ 5 mg

phosphorus L™ (A) and ~ 0.5 mg phosphorus | D03 RS 97
Figure 5.3: Kinetic curve (A) and change in phosphorus coverage within a bead as a

function of contact timMe (B).........ooooiiiiiiiiiiiiieecceee e 99
Figure 5.4: The relationship between concentration and the diffusion rate of phosphorus
within the bead SIIUCTULE. ........cocueiiiiiiiiiiceee e e 101
Figure 5.5: Saturation curves for varying empty bed contact times. ...........c.cccveeeuvennne 102

Figure 5.6: Comparison of breakthrough performance with varying contact times..... 103
Figure 5.7: P desorption profiles when regenerating the media with different solutions.

...................................................................................................................................... 104
Figure 6.1: Competition effects on phosphorus uptake by the hybrid media in
EQUIIIDITUM STUAIES. .ooeviieiiiieiiie ettt et e et e e eab e e eeaeesnsneeenseeeennes 117
Figure 6.2: Competition effects on phosphorus uptake by the hybrid media in kinetic

] 100§ TSR 118
Figure 6.3: Phosphate (A) and sulphate (B) breakthrough curves at varying
COMNCEIETALIONS. . ..veeeteeuttertteeatee ettt et e ettt ebeesute e bt e ebeeeabeesabeeabeesabeeabeesabeeabeeesaeenbeesabeeaneenaee 120
Figure 6.4: Adsorption isotherms for the removal of phosphate from final effluents
using the ferric nanoparticle Media. ..........cceeriiieiriiieriie e 122
Figure 6.5: Removal of metals from wastewater using the hybrid media..................... 124
Figure 6.6: Competing ions in regenerant streams using 5 % NaCl (A), and 2 % NaOH
(B ettt ettt ettt st sb e et she e 126
Figure 7.1: No significant difference in media performance between real wastewater and
groundwater dosed with phosphorus over a loading cycle...........cccooveiiiiieniieinieennnne. 139
Figure 7.2: Breakthrough curves for different diameter columns ..........c.ccceeeevveernnnnne 140
Figure 7.3: Phosphorus leakage at the start of the loading cycle. .........ccccceeviiennnnenn. 142

Figure 7.4: Bed life for various phosphorus breakthrough concentrations vs scale..... 142
Figure 7.5: The relationship between scale and capacity at a breakthrough of 0.1 mg P

L'l, ANA A SATUTATION «..eeeeeeeeeeeee e e e ettt e e e e e e et e eeeeeeeetaeaaaeeeeeeesaeannnaeeseeeereennnaaaeees 143
Figure 7.6: The relationship between Reynolds number and capacity at different
breakthrough concentrations for a single 15 mm diameter column ...............ccoeeueenn. 144
Figure 7.7: Effect of sodium hydroxide strength on phosphorus desorption. .............. 145
Figure 7.8: Effect of sodium hydroxide strength on effluent pH during a regeneration
CYCLC. ettt et ettt e st e s bt e e st e e sabeeeeanee 146

Figure 7.9: Re-using the regenerant solution enables profitability after 10 cycles...... 149

Figure 8.1: Bed volumes treatable by the ferric nanoparticle adsorbent when fed with
wastewaters of differing phosphorus concentrations.............ccceeveeervveernieenieeenieeennne. 156
Figure 8.2: Operational spend over 20 year lifecycle for the ferric nanoparticle
adsorbent at a small trickling filter plant to reach 0.1 mg P L™ from a feed solution
CONtAINING 5 MG P L. oo 158

X



Figure 8.3: Operational spend over 20 year lifecycle for the ferric nanoparticle
adsorbent at a large trickling filter (with FeCl; dosing) to reach 0.1 mg P L' from a feed
solution containing 2 Mg P L. ..o 159
Figure 8.4: Operational spend over 20 year lifecycle for ferric nanoparticle adsorbent at
an FeCl; dosing large activated sludge plant to reach 0.1 mg P L™ from a feed solution
containing 1 ME P L. ..o 160
Figure 8.5: Operational spend over 20 year lifecycle for the ferric nanoparticle
adsorbent at an enhanced biological plant to reach 0.1 mg P L from a feed solution

containing 1 MG P L. ..o 161
Figure 8.6: Dosage ratios of ferric chloride required to meet discharge targets. ......... 161
LIST OF TABLES
Table 2.1: Performance of biological phosphorus removal plants. ..........ccccceeveerneennee. 17

Table 2.2: Performance of biological phosphorus removal works with varying organic
SUDSTIALES. ...eeutieiiiiieeiitee ettt ettt et e ettt e bt e ettt e ettt e s bt e e sabteesabeeesabeeesabeeesaneeenaneeas 17
Table 2.3: Bacterial species thought to be involved in enhanced biological phosphorus
removal (From de Bashan & Bashan and references therein). ..........ccccccceeeviiiiiiineeenn. 19
Table 2.4: Ratios of fatty acids utilised per mg phosphorus removed. .............ccc..ce...... 20
Table 2.5: Advantages and disadvantages of enhanced biological phosphorus removal.
........................................................................................................................................ 23
Table 2.6: Chemical : phosphorus ratios required for varying degrees of removal. ...... 24
Table 2.7: Removal performance using anionic polymer (Magnafloc 1011) with ferric
CRIOTIAR. ..ottt ettt st et eb e enees 25
Table 2.8: Advantages and disadvantages of chemical phosphorus removal................. 26
Table 2.9 Natural materials used for phosphorus removal..............ccoccveeviiiiniiinniienne 28
Table 2.10: Industrial by-products used for phosphorus removal. ...........ccccceeuveerneennnee. 31
Table 2.11: synthetic materials used for phosphorus removal. .............cceccveeriiiiniennnne. 34
Table 2.12: Key properties required for the investigated methods to reach 0.1 mg
PROSPROTUS L7 ... 39
Table 3.1: Average distribution of total phosphorus in dissolved, colloidal and
particulate fractions across all the sampled treatment WOrKS ...........ccoceevieniieenceniennnen. 69
Table 4.1: Characterisation of the final effluents tested with HAIX..............cccccooene. 78
Table 4.2: Economics of HAIX use - Chemical precipitation Works. .........ccccceeevveennee. 83
Table 4.3: Economics of HAIX use - Trickling filter Works. ........c.cccccvvevvveeriieenneeennne. 84
Table 6.1: Class of treatment works sampled...........ccocveeriieeriiieiiiiieeieeeeeeeeeieee 114
Table 6.2: Characteristics of the wastewater used in the column tests for metal

Y0 0] 301510 FA USSR 115
Table 6.3: Implementing full phosphorus load removal or as a polish impacts capacity
ANA TECOVETY. 1eeiiuiiiiieieiiiieeerittee e et eeeesittee e e bteeeesatteeeenaabeeesestteeeessseeesannssaeesasssseesannns 128



Table 7.1: Column sizes reported in literature studies of phosphorus adsorbent/ion

EXCRANGETS. ..ottt ettt et e st e st e s 135
Table 7.2: Ionic characteristics of the groundwater used for the scaling experiments
(DEfOre P dOSING). ..eeeiuiiiiiiiieiieee ettt 137
Table 7.3: Specification of experimental configuration. ...........cccccueeerveeeeieersiveercnneenns 138
Table 7.4: Simple economics of phosphorus recovery - based on single use of
TEZEINETANL. +.uuvvteeeeiiieeeeeitteeeesitteeeeestteeessutteeeeanaeeeesaassaeesanssaeeseasseeessnnssaaesssnsaeesssnnseeeenn 148
Table 8.1: Typical UK treatment works used for economic analysis..........cc.cceerunennne 157
Table 8.2: Net present value (NPV) of the ferric nanoparticle process compared to
CheMICAl AOSINE. . ..vveeeeiieeiiie ettt e e e et e et e e et e e eaaeesnsaeesnseeennnes 163
Table 8.3: Alterations to payback when operating and capital costs are changed. ...... 163

X1






1. Introduction

1.1 Background to the project

Phosphorus enters municipal wastewater treatment works from both domestic and
industrial sources, with typical concentrations between 4 and 12 mg L' (Metcalf &
Eddy, 2003). Under the Urban Wastewater Treatment Directive (EC, 1991), the levels
of phosphorus in municipal wastewater streams must be reduced before discharge to the
environment. The directive sets limits for discharge from sewage treatment works, and
is typically 2 mg phosphorus L™ for a 10,000 — 100,000 population equivalent, and 1
mg phosphorus L™ for treatment works serving populations greater than 100,000 (EC,
1991).

Carbon, nitrogen and phosphorus regulate biological activity, and when their
composition approaches a ratio of C:N:P = 106:16:1, optimum productivity occurs
(Redfield, 1958; Redfield et al.,1963). Phosphorus has no atmospheric pool, unlike
carbon and nitrogen, and this makes it the limiting nutrient for terrestrial and freshwater
environments (Valsami-Jones, 2004). Phosphorus is therefore the key element that can
lead to eutrophication (the excessive nutrient enrichment of waters), which can cause
algal blooms that lead to a decrease in the quality of waters and a number of associated
problems. During an algal bloom, microbial biomass also increases, taking up available
oxygen in the water, decreasing the amount other organisms are able to use. This
impacts on the biodiversity of the water system as fish and macrophyte ecologies are
compromised. Specific blue-green algae species represent an additional impact due to
their toxicity, which in bloom conditions can have serious consequences for wildlife and

livestock (Herath, 1997).

In response to this continuing environmental challenge, the Urban Wastewater
Treatment Directive is due to be updated with The Water Framework Directive (EC,
2000), which seeks to further improve surface waters to “good” ecological quality.
Phosphorus is of particular concern in this context because of its potential for ecological

damage. Although there is no widely accepted standard for the background



concentration of phosphorus in river waters, a mean of 0.1 mg L™ has been proposed
(EA, 2000). This level refers to the concentration of soluble reactive phosphorus (the
portion that is most available to biota). In a survey of 98 UK rivers, 80 % failed this
target (Muscutt and Withers, 1996), and point (sewage effluent) rather than diffuse
(agricultural) sources of phosphorus pose the most significant risk for river
eutrophication because of the greater bioavailability of the phosphorus in sewage
effluent (Jarvie et al., 2006). The Water Framework Directive is expected to impose a
reduction in consent limits to bring the phosphorus concentration of wastewater
treatment works’ final effluent in line with the 0.1 mg phosphorus L™ found in natural

waters.
1.2 Project development

Current treatment approaches are based on converting the soluble phosphorus in
wastewater streams to insoluble forms, either by incorporating it into biological biomass
or by using metal based coagulants to precipitate it. Traditional biological phosphorus
removal is incapable of achieving an effluent stream of 0.1 mg phosphorus L' (Blaney
et al., 2007). Further, whilst it is possible to increase chemical dosing to attain this
concentration, the additional cost, sludge production, and the water industry's drive
towards chemical free treatment make it an undesirable option. 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 waters. Additionally,
estimates of phosphate resources predict that they may be exhausted in as little as
several decades (Kotabe, 1987). The dramatic rise in the price of phosphorus based
fertiliser in 2008 (Figure 1.1), which saw diammonium phosphate prices almost double
during the first quarter to nearly $1000 material ton”' (Coons, 2008), means that

sustainable use of this valuable and finite resource is becoming increasingly important.

Part of the reason for the 2008 increase was political, and has since stabilised somewhat
(United States Geological Survey, 2010), but there is still increasing concern over the
availability and quality of phosphorus rock resources. Because of this, the likelihood is

that the value of phosphorus commodities will continue to increase.
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Figure 1.1: Price trend for the common fertiliser product diammonium phosphate (source: United
States Department of Agriculture Economic Research Centre).

The most valuable phosphorus product that could be produced by the water industry is
the crystalline solid struvite (NH4)MgPO,4-6H,0), which can be used as a fertiliser. The
value of struvite is likely to be tied to the price of phosphate rock, and current fertiliser
prices. Struvite is considered to be a better fertiliser than current commercially available
products such as diammonium phosphate and monocalcium phosphate
(superphosphate), because it has a much lower level of contamination from heavy
metals, and the presence of magnesium means it is taken up more readily by plants than
the commercial competition (Ricardo et al., 2009). This means that struvite is likely to
command a higher price, estimated at somewhere between £0.13 and £1.26 per kg
(Jaffer et al., 2002). Previous illustration of this is reported by Ueno and Fujii (2001),

who sold struvite to fertiliser companies for £0.20 per kg.

Since phosphorus occurs in final effluent wastewater streams predominantly as
phosphate anions (Snoeyink & Jenkins, 1980), an ion exchange process could be used.
An initial literature review focused on the potential of adsorbent and ion exchange
materials to achieve the dual aims of removal and recovery. Of the many natural and
synthesised materials capable of removing phosphorus from wastewater, one newly

developed product held the most potential. This material, a hybrid anion exchanger



(Blaney et al., 2007), displayed a high capacity for removing phosphate. The process is
also reversible and so the phosphate can be recovered. Additionally, the material can be
used for many years without degrading. Based on work by Morel and Hering, (1993),
and Zhao and Sengupta, (1998), immobilising particles of a transition metal cation onto
a polymer base will enable it to act as an anion exchanger with a high affinity towards
anions with strong ligand characteristics such as phosphate. The hybrid anion exchanger
was made using such a process. The parent material is a standard polymeric strong base
anion exchanger, into which hydrated ferric oxide nanoparticles have been dispersed
(Figure 1.2).

A: standard ion exchange

lon exchange bead

with microporous

structure

Easily

exchangeable

Sulphate concentrations are much
larger than phosphate concentrations
in wastewater. Consequently, .
sulphate preferentially exchanges
with the chloride ions, outcompeting
phosphate in standard ion exchange.

B: ferric nanoparticle adsorption + ion exchange

lon exchange bead with microporous
structure, containing a dispersion of
ferric nanoparticles

chloride ions

Sulphate exchanges
with chloride ions

Phosphate species form inner sphere

‘ complexes with ferric nanoparticles

The ferric nanoparticles
selectively adsorb phosphate
‘ species. Sulphate only
competes with the ion
exchange sites.

Figure 1.2: Mechanistic schematic of ion exchange (A), and ferric nanoparticle adsorption (B)



At above neutral pH the phosphate in wastewater streams exists primarily as the
divalent anion HPO42' (Zhao & Sengupta, 1998), and its intermediate, the monovalent
H,PO4 (Blaney et al., 2007). HPO,” is a fairly strong bidentate ligand containing two
oxygen donor atoms. Likewise, H,PO, is a fairly strong monodentate ligand with one
oxygen donor atom. The ligand strength of both forms (i.e. their ability to form inner
sphere complexes with transition metals - for e.g. ferric iron) is much greater than the
other inorganic anions commonly present in wastewater (Zhao & Sengupta, 1998). This
enables the ferric nanoparticle adsorbent media to act as a phosphate selective ion
exchanger, and because it can be regenerated in a similar manner as a conventional

exchange resin, the phosphate can be desorbed and recovered.

1.3 Hypothesis

Based on the twin aims of enhancing removal and enabling efficient recovery of
phosphorus from wastewater, and the promise shown by previous studies using a hybrid
adsorbent, the following hypothesis was developed: if adsorption can be phosphorus
selective and reversible, then greater removal and efficient recovery will be achievable

in wastewater treatment.

1.4 Aims and objectives

The thesis aims to demonstrate the effectiveness of a ferric nanoparticle adsorbent to
selectively remove phosphorus to produce an effluent quality of < 0.1 mg L, in
addition to providing a sustainable and economically sound method of recovering
phosphorus from wastewater streams. The following objectives were developed to meet

these aims:

e To elucidate the challenges of increasing removal rates and phosphorus
recovery in terms of current practices, emerging techniques and the character of

phosphorus in wastewater streams.

e To classify adsorption or ion exchange as the optimum phosphorus removal

technique.



¢ To model the limitation mechanism of phosphorus uptake onto the adsorbent.

¢ To quantify the effect of competing ionic species on the adsorbent's phosphorus

removal capacity.

¢ To quantify the levels of phosphorus recovery and regeneration efficiency.

e To confirm

the operational

applicability and economic validity of

implementing such a process at full operational scale.

1.5 Thesis structure

The thesis is presented as a collection of discrete chapters, all contributing to the

research objectives (Figure 1.3). To clarify the challenges of meeting a final effluent

quality of 0.1 mg phosphorus L, with viable phosphorus recovery, Chapter 2 is a "state

of the art" review investigating the mechanisms underlying chemical and biological

A

1. Abstract and introduction

2. Literature review — exploring current
state of the art and emerging techniques for
enhanced phosphorus removal and
recovery

Research objectives

To frame the challenge of

A 4

4. Advantage of using the hybrid ferric
adsorbent / ion exchange in comparison to
a standard ion exchanger

6. The impact of competing ions and metals
on the removal and recovery performance
of the ferric nanoparticle adsorbent

8. Overall implications for phosphorus
removal - economics and
implementation strategies

A 4

meeting a 0.1 mg P L"! effluent, [«
with P recovery

To classify the optimum
removal mechanism —
adsorption or ion exchange

To model the limitation
mechanism — film or
intraparticle diffusion

To quantify the effect from
competing ionic species

To quantify phosphorus
recovery and regeneration of
the media for reuse

To confirm the operational
applicability and economic
validity

3. Characterising phosphorus in wastewater
to enable the specification of a removal
technique

5. Exploration of the kinetic performance
and limiters to phosphorus removal using
the ferric nanoparticle adsorbent

7. The impact of contactor scale on the
performance of the ferric nanoparticle
adsorbent

9. Conclusions and further work

Figure 1.3: Thesis plan.



phosphorus removal, with a view to enhancing them and recovering the phosphorus in a
usable form. Where this is not possible, alternative techniques using adsorption and ion
exchange materials are explored, which have superior removal capabilities and recovery
methodologies. This leads to the identification of the ferric nanoparticle adsorbent that

becomes the main focus of the thesis.

Chapter 3 investigates the character of phosphorus in wastewater streams entering and
leaving five UK treatment works in terms of speciation and molecular weight
distribution. The work identifies that the majority of the phosphorus is inorganic, and
dissolved, and that chemical and biological treatments do not adequately remove the
dissolved fractions. The challenge for future techniques is therefore to be able to target
the dissolved phosphorus, and it is shown that the ferric nanoparticle adsorbent is able

to significantly reduce this fraction.

Chapter 4 details experimental work with the ferric nanoparticle adsorbent in relation to
its performance when compared to a standard ion exchange resin, and when contacted
with differing real wastewaters and model solutions. The adsorbent outperforms the ion
exchange media, suggesting that adsorption is a more appropriate technique than ion
exchange. The work also investigates repeat performance of the media after partial
regeneration (to minimise chemical use), and finds that capacity and removal
performance are unaffected, improving the economic potential of implementing the

media at full scale.

Chapter 5 reports the findings of experimental trials with the ferric nanoparticle
adsorbent to investigate its kinetic and equilibrium performance and the limiting
mechanisms to phosphorus uptake. Additionally, the optimisation of the regeneration

and recovery operation is explored.

Chapter 6 quantifies the effect of competing ions such as sulphate on the overall
removal capacity of the ferric nanoparticle adsorbent, finding that competition only
affects the ion exchange component of the media, leaving all of the adsorbent sites

available for phosphorus.



Chapter 7 scales up the experimental work to much larger contact vessels than have
been used with the media previously, and reports favourable increases in mass transfer
and capacity with larger scales. It validates the technical feasibility of applying the
ferric nanoparticle adsorbent at full scale, and also investigates the possible economics

of the regeneration step.

Chapter 8 is an overall discussion of the findings presented in the previous Chapters,
coupled with an economic analysis projecting costs and values for recovered
phosphorus over a 20 year life cycle for placing the adsorbent at different treatment
works, in comparison with the net present value of attaining a final discharge of 0.1 mg

phosphorus L™ using chemical dosing.
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2. Towards a final effluent phosphorus concentration of 0.1 mg L™ in municipal

wastewater: a review of the available techniques

2.1 Introduction

Phosphorus is an essential nutrient for all living things. It is a component of both DNA
and RNA, is present in animal skeletons, and used in metabolism. In plants it has a role
in numerous biochemical reactions, and transports energy as the nucleotide adenosine
triphosphate. In addition to phosphorus, carbon and nitrogen comprise the main
elements that regulate biological activity. When their composition approaches a ratio of
C:N:P = 106:16:1, optimum productivity occurs (Redfield, 1958; Redfield et al., 1963).
Carbon and nitrogen are available from the atmosphere, but phosphorus is not, and this
makes it the limiting nutrient for terrestrial and freshwater environments (Valsami-

Jones, 2004).

2.1.1 Phosphorus as a pollutant

Because phosphorus is the main limiting nutrient in natural systems, it is the key to
eutrophication (the excessive nutrient enrichment of waters), which can lead to algal
and bacterial blooms that decrease the quality of freshwater systems. During a bloom,
algal biomass can form a thick, floating mat which prevents light from reaching plants
under the surface. When algal organisms die, they sink to the bottom where they are
digested by bacteria living on the sediment. It is this mechanism that causes a bacterial
bloom in conjunction with an algal bloom, and the increased bacterial activity consumes
dissolved oxygen. This has an adverse impact on the biodiversity of the water system as
both fish and macrophyte ecologies are compromised. Additionally, certain blue-green
algae species are toxic and in bloom conditions, can have serious consequences for
wildlife and livestock (Herath, 1997). Values for phosphorus concentrations that might
tip the balance towards eutrophication are not well defined, as the characteristics of each
water body will influence the response to an enrichment event. But what is known is
that phosphorus pollution significantly increases the risk of eutrophication, and that

point (sewage effluent) rather than diffuse (agricultural) sources of phosphorus pose the
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most significant risk for river eutrophication (Jarvie et al., 2006). In 1991, the Urban
Wastewater Treatment Directive (EC, 1991) sought to protect natural waters from the
harmful effects of sewage discharges. Limits were set to restrict the release of
phosphorus based on the size of the population each treatment works served. Currently,
typical limits for discharge from sewage treatment works are 2 mg phosphorus L™ for a
10,000 — 100,000 population equivalent, and 1 mg phosphorus L for treatment works
with a population equivalent larger than 100,000 (EC, 1998). Smaller works (i.e. those
serving a population less than 10,000) may still have consents in place if they discharge
to an ecologically sensitive zone, but the strictest limit remains at 1 mg L™ phosphorus

in the United Kingdom.

The Urban Wastewater Treatment Directive is being replaced by the Water Framework
Directive (EC, 2000), which seeks to improve surface waters to “good” ecological and
chemical quality. Programmes of measures to achieve these aims are due by 2012, and
the deadline for meeting the environmental objectives is 2015. In terms of the
phosphorus objective, it is expected to tighten the concentrations permitted to be
released into the environment by the water industry. This may go as far as legislating
that final effluents from treatment works have an equal phosphorus concentration to the
natural waters they are discharged to. Although there is no widely accepted standard for
the background concentration of phosphorus in river waters, a mean of 0.1 mg of
phosphorus L' has been proposed (EA, 2000). This level refers to the concentration of
soluble reactive phosphorus — the portion that is most available to biota. In a survey of
98 UK rivers, 80 % failed this target (Muscutt & Withers, 1996). More recently, the UK
Environment Agency, in their assessment of current ecological status, have found
occasions where phosphorus standards are not being met, but there is no impact on the
biological community. In other natural systems, they found pronounced detriment to
biological systems where phosphorus standards are not being met, and generally
consider the weight of evidence to indicate that phosphorus elevation has an adverse

impact (EA, 2011).

In the main, there are two techniques currently employed by the UK water industry to

remove phosphorus from wastewater: chemical and biological. The chemical removal
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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 also settled and removed
as sludge. Both of these techniques are successful at removing sufficient concentrations
of phosphorus to meet the stipulations of the Urban Wastewater Treatment Directive.
However, traditional chemical precipitation and biological nutrient removal processes
are unable to practicably reduce phosphate concentrations below 0.1 mg of phosphorus
L' (Blaney et al., 2007). Enhanced techniques will therefore need to be employed by
the water industry to enable the necessary improvements in phosphorus removal to

comply with the new legislation.

2.1.2  Phosphorus as a resource

To sustain crop yields for food production, phosphate fertiliser must be applied to
agricultural land. At the present time, this phosphate is derived from non-renewable
natural resources of rock. Whilst it is acknowledged that energy and water issues must
be addressed for meeting the future nutritional demands of a growing population, the
need for securing phosphorus supply for fertiliser production has not been widely
recognised (Cordell et al., 2009). Based on the most extreme predictions, phosphate
rock reserves could be exhausted in the next 50 - 100 years (Kotabe, 1987; Steen,
1998). Political and business interests conspire to make accurate predictions impossible.
For example, the United States Geological Survey (USGS) relies on information from
foreign governments and cannot communicate directly with the producers of phosphate
commodities. Their data is based on second and third hand information which changes
constantly (Gilbert, 2009). Whilst quantifying the amount of phosphate resources
available for the future remains uncertain, the effects of scarcity are already becoming
apparent. In 2008, fertiliser prices rose dramatically and acute shortages caused social
unrest in many developing countries. "Fertiliser riots," hoarding, black marketing, and
violence were reported in India, Pakistan, Ethiopia, The Philippines, Taiwan, Nigeria,
Vietnam, Kenya, Nepal, and Egypt (IFDC, 2008). The need for sustainable use of this

valuable and finite resource is evidently becoming increasingly important.
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The global population excretes about 3 million tonnes of phosphorus annually, and
about 20 million tonnes of phosphorus is used each year in fertiliser (Cordell et al.,
2009). The recovery of wastewater phosphorus for use as fertiliser could play a key role
in securing future supply. The water industry is now changing its perception of
phosphorus as a pollutant, to seeing it as a resource. The priority will always be the
removal of phosphorus (as oppose to the recovery of it) from wastewater plants to
prevent eutrophication, but an opportunity for sustainability exists in the removal
techniques chosen. As infrastructure and operator experience is already in place for
chemical and biological techniques, it would be economically preferable to stay as close
to these methods as possible. The aim of this review is to investigate recent studies that
have attempted to enhance phosphorus removal and recovery using modifications and
additions to biological and chemical techniques, or that have trialled alternative

solutions such as adsorbents and ion exchangers.

2.2 Biological phosphorus removal

For hundreds of years, bacteria have increased the efficiency of wastewater treatment
systems, despite the lack of a detailed understanding of their role (Weismann et al.,
2007). Only in the last century, when what became known as the activated sludge
process was studied, did a better understanding begin to develop. Arden and Lockett
(1914) optimised conditions for the degradation of organics by increasing the
concentration of aerobic bacteria using sludge sedimentation and recycling. This is
achieved by bubbling atmospheric air or pure oxygen through primary treated (screened
and settled) wastewater. Bacteria thrive in these conditions and take in nutrients, and
degrade organic material. This combination of wastewater and biomass (mixed liquor),
after sufficient contact time has passed, is transferred to a settling tank. The supernatant
is decanted off for further treatment (for e.g. settlement / filtration before discharge),

and a portion of the settled sludge is returned to the aeration tank to re-seed the process.
The problem with a conventional activated sludge plant is that the bacteria only use

enough phosphorus to satisfy their basic metabolic requirements, which only results in

removal rates between 20 and 40 % (Brett et al., 1997). Typical influent concentrations
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of total phosphorus to UK wastewater treatment works are between 5 and 10 mg L™
(see Chapter 3). An activated sludge plant would therefore be expected to result in
effluent phosphorus concentrations of 2 - 4 mg L™ if it removes 40 % of the influent
concentration. This is only just efficient enough to meet the loosest discharge consent of
2 mg L™, provided the influent concentration never exceeds 5 mg L. However, this can
be remedied relatively easily. A class of bacteria, known as polyphosphate
accumulating organisms (PAOs) can, in the right conditions, take up phosphorus in
excess of that needed for normal metabolism, a phenomenon termed luxury uptake. To

create these conditions, an anaerobic tank is placed in front of the aerobic stage (Figure

2.1).

Clarifier

Aerobic:
biomass synthesis and
decay,
polyhydroxybutyrate
utilisation, and enhanced
polyphosphate uptake

Influent

F’

Effluent
— >

4

Return Activated Sludge
Waste Sludge

Figure 2.1: The Activated Sludge process, with anaerobic zone (adapted from Metcalf & Eddy, 2003).

The return activated sludge is transferred from the clarifier and contacted with primary
treated wastewater here. When subjected to anaerobic conditions in the absence of
nitrates and oxygen, PAOs are able to take up short chain fatty acids, such as acetates,
as a feed stock. The stored polyphosphates are used as an energy source, and phosphate
is released into the reactor liquor. Acetates are stored as polyhydroxybutyrate inside the
cells until they reach the aerobic zone of the reactor, at which point it is metabolised,
providing energy within the cell for uptake of all available orthophosphate, including
that in solution (Brett et al., 1997).

A complicating factor is the nitrate found in wastewater. If present in the anaerobic

zone, it has an adverse effect on the competitive advantage PAOs have over other

bacteria. In these conditions, heterotrophic bacteria will use nitrate to consume readily
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biodegradable chemical oxygen demand (rbCOD) in the anaerobic zone, leaving less for
PAOs, resulting in an overall decrease in phosphorus removal efficiency (Metcalf &
Eddy, 2003). If the influent stream to a works has a high nitrate concentration, or if a
discharge limit has been placed on nitrate leaving the works, an anoxic zone must be
added to the plant. In an anoxic environment, biological denitrification is achieved by
both NH4-N oxidation and NO3-N and NO,-N reduction to nitrogen gas (Metcalf &
Eddy, 2003). In this configuration, the return activated sludge is passed to the anoxic
zone from the final clarifier, and the mixed liquor recycle to the anaerobic zone is drawn
following the anoxic zone (Figure 2.2) where the nitrate concentration is minimal

(Metcalf & Eddy, 2003).

Anoxic Mixed Liquor Recycle

Clarifier
Influent . Effluent
Aerobic
Return Activated Sludge l
Waste Sludge

Figure 2.2: The Activated Sludge process, with anaerobic and anoxic zones to facilitate phosphorus
removal (adapted from Metcalf & Eddy, 2003).

Many configurations are in use which follow the basic processes outlined above, and
are determined by the character of the wastewater flowing into the works, and the
discharge limits imposed. These consist of the modified activated sludge process,
discussed above and shown in Figure 2.2, and the Bardenpho, Phoredox, Rotanox,
sequencing batch reactor and A/O processes (Table 2.1). For brevity, they will not be
explored in detail here, but key general observations across all configurations are

discussed.

Biological phosphorus removal, as described above, is capable of reducing the effluent
phosphorus concentration to below 1 mg L™ (see Chapter 3). However, the performance

of a biological phosphorus removal system depends on a variety of factors. There needs
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to be a constant and readily biodegradable supply of chemical oxygen demand (COD) in

the sewage, including volatile fatty acids such as acetate.

Table 2.1: Performance of biological phosphorus removal plants.

Flow Sludge Influent Removals
Type (m3 d'l) age (days) BOD»1 P ; BOD P Efﬂuen_t1 P
(mgL")  (mgL" (%) (%) (mg L)
Mod AS 4,800 8-69 780 10.5 - >60 -
Bardenpho 23,000 22-25 225 7 98 94 0.43
Bardenpho - - 394 9.6 83 95 0.5
A/O 53,000 - 125 3.5 92 82 0.63
SBR 770 - 170 8.5 95 86 1.2
A/O 12,100 - 145 8.9 94 79 1.8
Bardenpho 5,300 - 164 8.2 98 65 2.9
Mod AS 215,000 <2 220 10.1 - 49 5.2
Bardenpho 150,000 - 570 94 90 19 7.1
Mod AS 22,400 3 177 35 87 77 8
Rotanox 35,000 12-18 150 14 95 41 8.3

Source: Bowker & Stensel (1990).

An organic substrate is vital in order to create a biological demand for phosphorus, and
many biological treatment works rely on an industrial source of carbon (Table 2.2) (also
see Chapter 3). This is perhaps the biggest problem with using biological treatment to
reach the possible new consent limit of 0.1 mg L™ phosphorus in the final effluent -
securing an economically and operationally sound source of external carbon to enhance
the process sufficiently enough. Additionally, because of the combined rainwater /
wastewater sewer system in the UK, in periods of high rainfall, microorganisms can be

starved as the nutrients they need are diluted.

Table 2.2: Performance of biological phosphorus removal works with varying organic substrates.

Phosphorus

Carbon source Reference
removal (%)
Septic sludge 97 Morling (2001)
Glucose and acetate (50/50) 90 Kargi & Uygar (2003)
Fermented swine wastes 89 Lee et al., (1997)
Acetic acid 84 Tam et al., (1992)
Fermented organic fraction of municipal solid waste 84 Pavan et al., (1998)
Methanol 80 Nyberg et al., (1996)
Ethanol 80 Nyberg et al., (1996)
Nightsoil 79 Choi et al., (1996)
Fermented food waste 73 Lim et al., (2000)
Anaerobically fermented leachate of food waste 68 Lee et al., (1997)
Glucose 40 Tam et al., (1992)
Wine distillery effluent 40 Bernet et al., (1996)
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2.2.1 Understanding how to optimise enhanced biological phosphorus removal

The history of using bacteria to treat wastewater is characterised by empirical
development alone. The engineering requirements of an enhanced biological
phosphorus removal (EBPR) process are known, but a full understanding of how the
biochemical mechanism works is not. The difficulties of isolating pure cultures that
demonstrate the complete characteristics of PAOs are well documented (Mino et al.,
1998), but some studies are beginning to identify the bacterial species responsible for
EBPR (Table 2.3). Until the functions of the microbial species present in the ecosystem
of an EBPR plant are understood, the frequent unreliability of the process cannot be
addressed (Seviour et al., 2003). There are many factors thought to be responsible for
performance deteriorations, including: ready supply of Mg?*, over-aeration, incorrect
anaerobic contact and solids retention times, and influent substrate composition, i.e.

external carbon.

2.2.2  The role of magnesium

Schonborn et al. (2001) artificially enhanced the influent magnesium concentration in a
bench scale plant from 15 to 24 mg L' and 31 mg L' This resulted in an increase of
phosphorus removal efficiency from 85 to 97 %. The EBPR operation was stable over a
long experimental period and the study was able to exclude the effect of the chemical
precipitation of magnesium ammonium phosphate. This suggests that magnesium is a
key element for EBPR efficiency. The study also investigated the possible role of
calcium but found it to be of a much lower significance than magnesium, indeed when
magnesium was dosed the ratio of Mg : Ca in the biomass was twice as high. The
authors recommend that if an EBPR process is underperforming, the Mg content of the

influent should be taken into account.

2.2.3  Over-aeration

It has been found that phosphorus uptake stops due to a gradual depletion of poly-

hydroxybutyrate in an over aerated process (from 312 mg L' to 36 mg L' in a
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Table 2.3: Bacterial species thought to be involved in enhanced biological phosphorus removal (From de Bashan & Bashan and references therein).

Genera or species

Evidence for role in EBPR

Evidence against role in EBPR Reference

Acinetobacter sp.

Cultures show prevalence in systems
exhibiting EBPR
Accumulation of polyphosphate and
polyhydroxyalkanoate under aerobic
conditions

Bias in detection method used.
Only present as 10 % of EBPR sludge
Acetate uptake mechanism that
characterises EBPR is not exhibited by
acinetobacter spp.

Mino et al., (1998),
Christensson et al., (1998),

Microlunatus phosphovorus

Accumulation of polyphosphate under
aerobic conditions, and glucose uptake
in anaerobic conditions

No acetate uptake or accumulation of

PHA under anaerobic conditions Eschenhagen et al., (2003)

Lampropedia sp.

Accumulate polyphosphate and poly
B hydroxybutyrate. Bacteria take up
acetate, store it as PHA with
polyphosphate degradation and release
of orthophosphate

Colonies have a sheet-like organisation

which is uncommon in EBPR processes Stante et al., (1997)

Rodocyclus sp.

Possess key metabolism of PAO, and
these groups make up > 81 % of the
population of bacteria present in EBPR
processes

None Lee et al., (2003)

Tetrasphaera sp.

Phosphate accumulating coci.

Similar to glycogen accumulating

bacteria from activated sludge Eschenhagen e7 al., (2003)

Paracoccus denitrificans

Polyphosphate - accumulating
bacterium

Does not need an alternating
anaerobic / aerobic cycle for
phosphate accumulation

Maszenan et al., (1999)

Burkholderia cepacia

Contains intracellular polyphosphate
granules

Agrobacterium sp., Aquaspirillum sp.,
Micrococcus sp., Staphylococcus sp.,
Acidovorax sp., Microsphaera
multipartite, Dechlorimonas sp., yeasts
and Cytophaga-Flavobacteria group

Found in large and dominant numbers
in EBPR processes

None Mullan et al., (2002)
Merzouki et al., (1999),
Ahn et al., (2002),
None

Melasniemi et al., (1998),
Van Ommen Kloeke & Geesey (1999)
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study by Brdjanovic et al., (1997)). This occurs because higher dissolved oxygen levels
increase protein production and growth, and decrease the need for microbes to produce

polyhydroxybutyrate (Chen & Page, 1997).

2.2.4 Anaerobic contact and solids retention time

An anaerobic contact time longer than three hours can cause a phosphorus release which
is not associated with acetate uptake. When this happens, it shows that the bacteria have
not accumulated polyhydroxybutyrate for subsequent oxidation in the aerobic zone
(Metcalf & Eddy, 2003), and causes a depletion in cellular energy (Wang & Park,
2001). PAOs with lower cellular energy are likely to be out competed by nonPAOs in
EBPR systems (Wang & Park, 2001).

2.2.5 Influent substrate composition - external carbon

If the carbon available in the influent to a treatment works is not enough to achieve
satisfactory nutrient removal, an additional source must be supplied (Puig et al., 2008).
The volatile fatty acid (VFA) acetate (C,H30,) has been successfully tested to improve
biological phosphorus removal performance in recent years (Isaacs & Henze, 1995).
Other VFAs, such as propionate, butyrate, valerate, isovalerate, and lactate have been
used for EBPR purposes (Oehmen et al., 2004; Pijuan et al., 2004), and ratios of the
COD these represent to phosphorus removal are variable (Table 2.4). Whilst acetic and
isovaleric acids offer the most efficient ratio of dosing to phosphorus removal, there are

also economic and broader operational considerations which will determine which VFA

to choose.
Table 2.4: Ratios of fatty acids utilised per mg phosphorus removed.
Volatile fatty acid mg COD utilised : mg P removed

Acetic acid 19

Isovaleric acid 24

Propionic acid 32

Isobutyric acid 36
Butyric acid 39
Valeric acid 94

Source: Abu-Ghararah & Randall, 1991.
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Isaacs & Henze's (1995) study investigated the effects of both acetate and hydrolysate
on the rate of denitrification in an alternating activated sludge process that included
biological phosphorus removal. Adding these carbon sources to the anoxic zone caused
an instantaneous increase in the denitrification rate. Importantly, the results were
reasonably reproducible which means these sources could be used as a control variable
to increase the performance of the process. What is slightly unclear is the direct effect of
their addition on phosphorus removal (a question still remained about anoxic phosphate
release). However, the improvement of denitrification means that the anoxic mixed

liquor recycle to the aerobic zone improves conditions for PAOs.

Acetic and propionic acids are the two most common volatile fatty acids present in
domestic wastewaters (Chen et al., 2004). Also in 2004, Oehmen et al. further
developed the idea that propionate is a better substrate than acetate. The authors used
propionate as the sole carbon source and found that in comparison to acetate, the
organisms produce less CO,, and hydrolyse less glycogen per mole of VFA uptake. As
well as PAOs, glycogen-accumulating organisms (GAOs) take up VFAs via the
hydrolysis of glycogen (Puig et al., 2008). As explored above, GAOs do not contribute
to phosphorus removal and are considered competitors of PAOs (Mino et al., 1998).
Consequently, a lower level of hydrolysed glycogen suggests that conditions were not
so favourable for GAOs, which meant less competition for PAOs, which resulted in
higher phosphorus removal efficiency. Pijuan et al.'s (2004) study also found that
propionate use is favourable to acetate, as it resulted in less anaerobic phosphorus

release.

Puig et al.'s (2008) study attempted to quantify the effects of adding alcohols (ethanol
and methanol), or short-chain volatile fatty acids (VFAs) (i.e. acetate and propionate) as
the external carbon sources for enhanced biological phosphorus removal (EBPR). The
addition of alcohol does work, but an acclimatisation period is required. VFAs result in
more dependable phosphorus removal and elicit a much faster response from the

microbial community (Puig et al., 2008).
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As a result of the high COD : P ratios required for biological systems to meet low
effluent consents, biological phosphorus removal plants are usually limited to situations
where industrial inputs provide the necessary carbon. In practice, carbon is not added to
biological processes to improve phosphorus removal. If plants are underperforming,

chemical coagulants are usually added to meet phosphorus consents (See section 2.4).

2.2.6  Phosphorus recovery from the EBPR process

Applying sludge directly to agricultural land as a fertiliser is an attractive prospect for
the water industry. Biological sludge, in addition to comparatively high levels of
phosphorus, also contains the other nutrients needed to sustain crops. However, direct
land application of sludge is not permitted because of concerns about pathogens, odour,
and contaminants such as heavy metals (DEFRA, 2009), and industrial waste products.
Sludge destined for agricultural land in the UK must undergo further treatment to satisfy
the requirements of the Safe Sludge Matrix (ADAS, 2001), which details the levels of
further treatment required and the harvest frequencies of crops that have been fertilised
with sludge. Additional treatment usually takes the form of anaerobic digestion,
chemical treatment or heat treatment. Even after additional sludge treatment, problems
remain with predicting and measuring the levels of nutrients present in each load
applied to the soil, as nutrient runoff and excessive enrichment must be avoided

(DEFRA, 2009).

Whilst some plans are in place to help with applying sludge directly to land (DEFRA,
2009), the most appealing product to the agricultural industry and food consumers alike
would be one that is removed from the biomass. In treatment works, a mineral known as
struvite (magnesium ammonium phosphate) precipitates out of solution spontaneously
and causes a troublesome build up in pipes. However, it can be used as a slow release
fertiliser, and the formation of a struvite product from mixed liquors has been detailed
in the literature (Forrest et al., 2008), and results in a pure product for which a market is
rapidly growing. A recent study of a commercial struvite manufacturing operation at a
wastewater treatment plant generated 272,200 kg of struvite, representing 34,500 kg of
phosphorus (Britton & Baur, 2010).
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There are many problems with relying on EBPR to meet the new consent limits for
phosphorus discharge (Table 2.5). Even if the process becomes better understood in the
near future to enable greater optimisation, and a single step solution for making the
sludge into a safe, marketable product is developed, the extra infrastructure would

require heavy investment.

Table 2.5: Advantages and disadvantages of enhanced biological phosphorus removal.

Advantages Disadvantages
Phosphorus removal is limited by the biochemical
Sludge volumes are similar to those produced by oxygen demand (BOD) : phosphorus ratio of the
conventional biological treatment processes. influent stream, specifically low molecular weight
substrates.
Installation at existing activated sludge plants Secondary clarifier performance must be efficient
requires relatively little new equipment, providing to achieve effluent concentrations of 1 mg
sufficient capacity already exists. phosphorus L™
Existing sludge handling methods can be used
provided the risks of phosphorus resolubilisation Cannot be used to retrofit fixed film processes.

are controlled.

Standby chemical treatment is often required in
case of low performance or failure of the biological
system (due to high rainfall, shock loads of
pollutants etc).

No chemical additive costs.

Improved process control reduces numbers of

. . Sludge can have poor settling characteristics.
filamentous organisms.

Resulting sludges are enriched in phosphorus and
are potentially more useful for agricultural
application.

Increased retention time required in activated
sludge plants.

Source: EU (2002).

2.3 Chemical phosphorus removal

Chemical removal plants are comparatively easy to incorporate into existing works, and
are not limited by the COD : P ratio. Additionally, in comparison to biological systems,
they are less susceptible to shock loads, temperature changes, and alterations in feed
concentrations. There is no lag time in bringing a chemical plant online, unlike a
biological treatment plant where performance slowly improves as the microbial
ecosystem becomes established. Consequently, the majority of UK treatment works
utilise a chemical precipitation method to both remove suspended particles and reduce
phosphorus concentrations, at a variety of treatment stages (at the influent, in the
aeration basin of an activated sludge plant, and before or after secondary settlement)
(Carliell-Marquet, 2010). Since phosphorus in wastewater occurs mainly as dissolved

phosphate species (see Chapter 3), removal by chemical dosing is through a
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precipitation reaction pathway which forms precipitates of sparingly soluble phosphorus

(Metcalf & Eddy, 2003), according to the following reaction:

Fe’* + H,PO,™" < FePO, + nH*

In spite of the simplicity of the above equation, there are many competing reactions and
the effects of alkalinity, pH, trace elements, and ligands all have a bearing on the dose
of chemical needed to remove a given concentration of phosphorus (Metcalf & Eddy,

2003).

The typical molar ratio needed to reach current consent limits is around 2.7 iron to 1

phosphorus by mass, but can vary depending on the chemical used (Table 2.6).

Table 2.6: Chemical : phosphorus ratios required for varying degrees of removal.

Iron (III) chloride Iron (IN) hydroxide 17O (11D chloride and
Phosphorus removal . . hydroxide
requirement, molar requirement, molar .
(%) ratio (Fe:P) ratio (Fe:P) requirement, molar
: : ratio (Fe:P)
50 0.57 2.85 0.83
70 1.08 3.86 1.42
80 1.48 >4.80 1.86

Source: (Thistleton et al., 2002).

In order to reach the much lower consent limits expected under the WFD, a dose of 8 Fe
to 1 phosphorus is required (see Chapter 8). This would have a severe economical
impact on the industry, as well as increasing the production of sludge and its associated
problems. The Water Framework Directive may also result in stricter limits being
placed on other chemicals, such as those that make coagulants, being released into
freshwater systems, perhaps necessitating further treatment downstream of the
coagulation stage. It would therefore be beneficial to identify any techniques that might

result in an improvement to phosphorus removal rates using chemical methods.

Chemical coagulation is often used upstream of an activated sludge process. This can
improve overall phosphorus removal by upwards of 60 % when compared to an
activated sludge process alone (Lees ef al., 2001). The amount of chemicals needed can

also be reduced to metal : phosphorus ratios as low as 0.5 : 1 (Lees et al., 2001).
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However, it is likely that for much of the time, a residual amount of coagulant is carried
over into the downstream biological treatment process. This is problematic as it can lead
to the accumulation of heavy metals in the sludge, a decrease in biological and chemical
oxygen demand, suspended solids removal efficiencies, an inhibition of nitrification, a
change in the biological ecosystem, and poor biomass flocculation (Lees et al., 2001,
and references therein). It has been shown that microbial respiration rates are reduced
when the metal based coagulants come into contact with them (Lees et al., 2001 (b);

Dorea & Clarke, 2008).

Another way to improve the efficiency of the process is with the addition of coagulant
aids. Organic polymers, such as tannic acid have been shown to increase phosphorus
removal by 1 - 5 %, (Zhou et al., 2008), and the polyelectrolyte AN913, when added to
aluminium chloride increased removal by 30 % (Ozacar, 2003). Effectiveness can also
be improved with the use of pre-polymerised inorganic coagulants. The first to be
developed were polyaluminium chloride (PAC), described by Dempsey et al., (1984),
and polyferric chloride (PFC), described by Leprince et al., (1984). Studies of the
coagulation chemistry have shown that it is a range of hydrolysed aluminium or iron
species that are responsible for the removal of suspended particles and colloidal
impurities (Jiang & Graham, 1998). As a consequence, a range of competing reactions
occur that necessitate a higher initial dose (Jiang & Graham, 1998). This means that
removal efficiencies are liable to fluctuate depending on the influent water
characteristics at any time. To overcome this problem, the water industry usually
"overdoses" coagulant to ensure compliance with their consent limits (Jiang & Graham,
1998). Pre-polymerisation offers control over the hydrolysis species that form and can
therefore improve performance, and reduce the amount of chemicals required (Table

2.7).

Table 2.7: Removal performance using anionic polymer (Magnafloc 1011) with ferric chloride.

Coagulant used Phosphorus removal efficiency (%)
Control 26
FeCl; 30 ppm 54
FeCl; 30 ppm + polymer 0.25 ppm 60
Polymer 0.5 ppm 19

Source: Poon & Chu, 1999.
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An increase in the amount of chemical sludge is inevitable if the water industry is to
comply with the much tighter consent limits outlined above. Even if pre-polymerisation
is used, or coagulant aids and filters, sludge volumes will be greater than they are
presently. Sludge from chemical treatment works shares the same problems as
biological sludge when attempting to apply it to land, with the additional complicating
factor that the majority of the phosphorus is bound in Fe(III)-hydroxy-phosphate, which
is not biologically available (Carliell-Marquet et al., 2010). There are two possible
solutions to this problem: recover the phosphorus from the sludge, or recover the
coagulant. If it is possible to recover the phosphorus, then a pure product could be
formed that would be more palatable to the agricultural industry. If the coagulant could
be recovered, then chemical costs could be reduced and so too could the amount of
sludge sent for disposal (Parsons & Daniels, 1999). Acid extraction can be applied to
remove metals from sludge, which can then be neutralised and blended with fresh
coagulants to be reused in treatment (Parsons & Daniels, 1999). The study found that
commercial coagulants performed better than those recovered from sludge, but from a
sustainability and economic perspective, this process may yet become viable.

(Coagulant costs have risen sharply over recent years.)
Overall, especially in the United Kingdom, chemical precipitation is the preferred
means by which phosphorus discharge consents are met, because of its advantages over

biological methods (Table 2.8).

Table 2.8: Advantages and disadvantages of chemical phosphorus removal.

Advantages Disadvantages
Chemical precipitation is a reliable, well Operating costs are higher than for biological
documented technique. systems.

Greater sludge volumes are produced than

The process is easy to control by simply adjusting biological systems, which have poorer dewatering

the dosing rate.

qualities.
Installation at trickling filter or activated sludge Tertiary filtration is required to remove phosphorus
plants is relatively straightforward. in effluent suspended solids.
The sludge can be processed in the same manner as Effluent may become coloured if iron salts are
in non phosphorus removal systems. used.

Potentially toxic to downstream biological

Coagulant added to the primary clarifier can reduce s .
processes if incorrect dosing is used.

organic load to the secondary unit by 25 - 35 % by

related removal of suspended solids and BOD. Metal loads in sludges are problematic for

agricultural application.

Source: EU (2002).
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However, neither chemical nor biological techniques can be upgraded to reliably result
in effluent levels of < 0.1 mg phosphorus L™ without considerable investment.
Additionally, they do not provide a cost effective route for the recovery of the

phosphorus removed from wastewater streams.

2.4 Adsorbents and ion exchangers

Phosphorus removal via adsorption is considered to be more useful and efficient than
chemical precipitation and biological methods (Ugurlu & Salman, 1998), in terms of
capacity and the reversibility of the process. Most of the phosphorus in wastewater,
especially in final effluents, occurs as phosphate species (Zeng et al., 2004). Phosphate
species have high valency and weight in comparison to the other ions present in
wastewater, which suggests that materials exhibiting ion exchange properties could be
effective at removing them. The ion exchange process can also be reversed and the

phosphate recovered.

2.4.1 Natural materials and constructed wetlands

Natural materials represent a group of contact media that are often quoted as being
desirable for use in constructed wetlands to enable phosphorus removal simultaneously
with the other functions of the process (Johansson Westholm, 2006). A wide range of
materials have been trialled, including clays, sands, and calcium rich minerals (Table
2.9), although differences in media size, the scale of the experiments, and water
characteristics being treated limit the usefulness of detailed comparison. As such,
comparisons have been limited to the material's capacity for phosphorus removal and

the design of each trial.

The use of natural materials is desirable because they are usually cheap, readily
available, easy to dispose of and environmentally sound. Some disadvantages to using
natural materials however, are that their characteristics can vary significantly, with
differing compositions leading to altered values of surface area, particle size (for
example from 3.5 nm for nanoclays to 12.6 mm for bauxite), hydraulic conductivity,

and porosity. In addition, the chemical composition of natural materials can inhibit their
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Table 2.9 Natural materials used for phosphorus removal.

Average Type of Contact Capacity/removal
Material particle Feed solution yp . pacily. Key findings Challenges Reference
diameter study time efficiency
sohll\ilig?l:l ) phosssllzoflll% g! Reduction from 1 Source was New
) - -1
Allophane 35-5nm 700 mg Batch 40 days from the mg phosphorus L Zealand, no Yuan & Wu,
nanoclay . to 0.55 mg commercial 2006
phosphorus Freundlich hosphorus L™ availabilit
L' isotherm Phosp Y
Single use only,
11;/[ ;)dgld iﬁ Hydraulic 139mgg’, <2  Removal mechanism  biofilm formation Molle et al
Apatite 0.9 mm Pt/ & Column loading rate  mg phosphorus in is via surface adversely affects s
phosphorus | L 2005
L of 1.35Ld the outlet precipitation removal
performance
24 hr batch Batch: 0.355 mg Much higher .
2.5-40 study, 1 . Single use only,
phosphorus g phosphorus bonding . . .
Bauxite 658 - 12.6 mm mg Batch and column capacity than consistency in Drizo et al.,
’ ’ phosphorus Column hydraulic . . structure and 1999
1 . Column: 0.16 mg  limestone, zeolite or
L, pHS5.9 loading rate hosphorus o' flv ash performance
of 3L d" phosp g y
Complete removal
p .OS.SIble (with hl.gh Not likely to remove
- initial concentration
Artificial 70 - 80 % removal and pH). Spent the levels needed Karageorgiou
Calcite 0.075 mm phosphate Batch > 1 hour ; PH)-5p without adjusting geors
. atpH7.5-8 adsorbent can be . et al., 2007
solutions. . . pH. Need to trial
applied directly to .
Sy with real wastewater
acid soils as a
fertilizer.
The presence of the
less reactive CaCQOs
MOdi]l’ 323 < 20 % sorption, in Opoka inhibits Long term Johansson
Opoka 0.9 mm hos Iglorus Batch 20 hours 0-0.1 mg phosphorus removal  laboratory and field (1999)
LP Ly tppH 8.3 phosphorus g when compared to tests required

minerals containing
CaO
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Average

Type of

Contact Capacity/removal

Material particle Feed solution study time efficiency Key findings Challenges Reference
diameter
Increases in
phosphorus sorption
105 m Hydraulic capacities of such
Sand Not reported hos ho(fus Columns loading rate 0.417 mg Sand is sensitive to media are not Pant et al.,
p p m_]; q! of 60-120 L phosphorus g phosphorus loading directly related to 2001
m>d’ lower effluent
phosphorus
concentrations
Used model 0.02-0.13 mg Yariation in sanq
solutions 10 12 - 14 hour phosphorus g Performance is -omp .
Batch and . . time for system to Arias et al.,
Sands 0-4 mm mg column estimated from correlated with Ca . .
column . . stabilise will 2000
phosphorus retention Langmuir content o
L “sotherm prohibit any repeat
of this study’s trial
Long contact times
required and
. Secondary . > 80 % removal, agltat}on for
Mix of pure wastewater, Hydraulic . maximum
. . rising to 96 % .
. wollastonite average 3.4 retention . performance, but No regeneration, UK Brooks et al.,
Wollastonite Columns . with longer oy
powder and mg time from 15 contact (> 40 effluent phosphorus availability 2000
tailings phosphorus to 180 hours hours) concentrations of
L' 0.14t0 0.5 mg I"" are
possible (average
0.28 mg1")
Model - 500-
. 10000 mg 2.15mg Regeneration is o . Sakadevan &
Zeolite Not reported phosphorus Batch 48 hours phosphorus ¢! possible Optimising synthesis Bavor (1998)
R
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adsorptive performance (Arias et al., 2000; Johansson Westholm, 2006). These
variables make it very difficult to design an operating process that will return consistent
levels of phosphorus removal. Many studies of natural materials are carried out in small
scale laboratory experiments where critical parameters can be micro managed, such as
temperature and hydraulic loading. They also use model water solutions with
phosphorus concentrations much higher than in real wastewater effluents (for e.g. the
allophane nanoclay, sand, and zeolite studies), and do not attempt to quantify
competition from other anions found in real wastewaters. Generally, natural materials,
whether applied alone to wastewaters or as a component of a constructed wetland, are
slow to take up phosphorus (taking anywhere between 1 hour and 40 days to reach
equilibrium in batch experiments), work best when the initial concentration of
phosphorus is very high, but cannot provide an effluent containing < 0.1 mg phosphorus
L', and cannot be regenerated to recover the adsorbed phosphorus and enable repeated

use.

2.4.2 Activated natural materials

Natural materials can be altered to enhance their adsorption capabilities. Expanded clay
aggregates (Johansson, 1997), and materials doped with rare earth elements, such as
clays (Douglas et al., 2004), carbonates (Karageorgiou et al., 2006), and SiO, materials
(Ou et al., 2007), all exhibit levels of adsorption much greater than in their unaltered
state. However, regeneration is rarely considered, or is impossible, adsorption rates are
slow, and trials have primarily been carried out in laboratories and not in operational

settings.

2.4.3  Industrial by-products

Much work has been done on creating activated carbon adsorbents from industrial by-
products (Pollard et al., 1992) to successfully treat wastewaters. Recently, by-products
from the metal refining (slags, ochre, red muds, tailings), and energy (fly ash, shale)
industries consisting of iron, aluminium, and calcium oxides have been shown to be
effective phosphorus adsorbents (Table 2.10). The use of these materials is appealing

because of their cost and ready availability. Additionally, their physical properties are
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Table 2.10: Industrial by-products used for phosphorus removal.

Average
. . . Type of . Capacity/removal .
Material particle Feed solution Contact time Key findings Challenges Reference
d study efficiency
iameter
Model Non specific
Alumized red . solution, 4 mg Maximum .phosphate b1n.d1n.g Mohanty
mud Fine powder 10 mg Batch 1 hour hosphorus o' performance at pH impacts capacity in et al.. 2004
phosphorus phosp £ 4.5 presence of ”
L' : competing species
Raw Hydraulic \Q?B;thdeég]lge Otf Wide variety of
. pacity. uen . .
Blast furnace loading rate 9.15 mg properties depending Korkusuz
<3 mm wastewater, Batch 1 1 levels of 0.26 mg e . .
slag 100 mm d phosphorus g 1 on specific industrial et al., 2007
pH 7.7 onto 8g media phosphorus L source
& achieved
Model., no . 2.2 mg Final effluent < 0.1 . .
. organics, Hydraulic 1 1 Maximum capacity .
Electric arc . phosphorus g™, mg phosphorus L . Drizo
2.5-10 mm 20 mg Column loading rate 3 ) is yet to be
furnace slag -1 nearly 100 % for first 116 pore . et al., 2006
phosphorus -4Ld " . determined
L efficient volumes
Fe oxide Model, 10 mg
tailings phosphorus 8.6 mg Final effluent < 1 mg  Capacity is halved at Zeng
(30 % iron 0.069 mm L' Batch 24 hours phosphorus g phosphorus L™ wastewater pH et al., 2004
oxide) pH3.5
Stock
solutions of 99 % removal (at  0.02 mg phosphorus Ugurlu &
Flyash 012270063 5050100 mg  Column I hour 40°C, and pH > [ equilibium P and temperature o o
mm retention time . demands
phosphorus 11) concentration 1998

L-l




Average Type of Capacity/removal
Material particle Feed solution Contact time . Key findings Challenges Reference
. study efficiency
diameter
155 mg L™ High capacity but Can it meet a .
(rlzgliilzl) <0.15 mm KH,PO,, pH Batch iolﬁzllfrslufglr 11}31;)95 -lifriss q}g final effluents were >  discharge of 0.1 mg eta lL1200 6
10.1-11.9 q Phosp & 1 mg phosphorus L' phosphorus L™'? ”
Possible market as
M(;((l%b IIiOO i 0.026 mg Final effluent levels fertiliser product Heal
Ochre 0.6 - 2 mm hos horis Batch 48 hours phosphorus g' 90 < I mg phosphorus once saturated with etal.,
PhDSP % removal L' P, but heavy metals 2003, 2005
L, pH7.2 .
may be problematic
Real
wastewater, . Optimising Frazer-
Och(rce)g;eo- 10 mm 4-7mg Column 6 hours 4.1 Flnailsiﬂllllg;léslﬁlmg regeneration and Williams,
phosphorus phosp reuse 2008
L—l
Secondary
effluent from
an urban Combines No regeneration,
Red mud <0.002-0.2 sewage Column 3 hour. 100 % removal phosphorus and disposal problematic Lopez
mm treatment retention time because of metal etal., 1997
heavy metal removal
plant 5.2 mg content after use
phosphorus
L-l
With low loading
2.4 -40 mg rates, in a Can it meet a .
Shale ~12 mm phosphorus 013)21112(;:11;1 24 hours 0h605$ -I?(;Zlfsm'gl constructed wetland,  discharge of 0.1 mg . Dlrlzl(;99
L', pHS.2 phosp £ projected lifespan is phosphorus L2 etats
20 years
Steel slag Al Real S
wastewater, . Optimising Frazer-
FeO;, 1.5 mg Final effluent 1.5 mg . s
10 mm 4-7mg Column 25 hours 1 1 regeneration and Williams,
CaFeO;, phosphorus g phosphorus L
phosphorus reuse 2008
FCCO3 L.1
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helpful for adsorption because of their small particle size or high porosity. Capacities
for phosphorus adsorption vary between 0.026 mg phosphorus gmegia for ochre, to
345.5 mg phosphorus gmedia'l for the fly ash (red mud), although the latter was observed
using model solutions in the laboratory, and was not correlated to low effluent
phosphorus concentrations. None of the studies detailed in Table 2.10 used real
wastewaters to produce an effluent containing < 0.1 mg phosphorus L™, Regeneration
and recycling are problematic, and with many by-products (for example slags, fly ash
and iron and aluminium oxides), the pH of the wastewater needs to be adjusted to
increase adsorptive efficiency. Some by-products do not work well at the temperatures
of wastewater treatment works (for example fly ash only achieves maximum removal
capacity at 40 ° C). Some pre-treatment of the by-products can also be necessary, for

example bauxite residue needs to be neutralised with seawater before being used.

2.4.4  Synthetic adsorbent / ion exchange materials

Manufactured materials such as hybrid anion/adsorbent exchangers and polymeric
ligand exchangers have the greatest potential for removing phosphorus and for
recyclability (Table 2.11). Unlike natural or industrial by-product media, the specific
properties needed to optimise removal can be adjusted and a pure product can be
synthesised with reliable and consistent adsorptive capacity. Materials can also be
designed to have the physical characteristics needed to withstand the mechanical
pressures in an operational setting, and can therefore be robust enough to last many
cycles of adsorption / regeneration. Selectivity can be a problem for anion exchangers as
competing ions in wastewater, such as sulphate, chloride, and bicarbonate, are usually
taken up in favour of phosphate because of their greater concentrations, and enhanced
electrostatic interaction (Blaney et al., 2007). Other disadvantages of choosing these
materials are the price, and the commercial availability. A large proportion of the
studied materials have been synthesised by the authors of the studies, such as the
polymeric hydrogel (Kofinas & Kioussis 2003). Although some are now being
commercially produced, for example the hybrid anion exchanger in Blaney ef al.’s 2007
study, it is still difficult to replicate the majority of the studies. Again, most of these
materials have been studied against phosphate rich model solutions which give inflated

capacity numbers in comparison to real wastewaters, either due to differences in
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Table 2.11: synthetic materials used for phosphorus removal.

Average Type of Contact Capacity/removal
Material particle Feed solution yp . pacily. Key findings Challenges Reference
. study time efficiency
diameter
Real
wastewater, . Optimising Frazer-
Filtralite Fe,O4 10 mm 4 -7 mg Column 1 hour hoslli(;lrlfs 1 Fmilozft}]lg::; ilpg regeneration and Williams,
phosphorus Phosp £ Phosp reuse 2008
L—l
Effluent of < 0.1 mg
Hybrid anion phosphorus L™ for
exchanger - 15000 bed volumes.  Optimising process
ion exchfmge Model 0.26 mg 2 minutes 23 mg Selective removal of for differing Blaney
beads with a 0.69 mm 5 Column . 1 phosphate, small wastewater streams
. . phosphorus L contact time phosphorus g ... et al., 2007
dispersion of competitive effect and regenerant
ferric oxide from sulphate. Easy regimes
nanoparticles to regenerate and
recover phosphorus
Novel
inorganic ion Model
exchangers solutions, 8.23 mg Faster kinetics at H control necessar Chubar
based on Not reported varying Batch 48 hours phosphorus g™ at higher pH, better pto optimise rocessy et al.. 2005
individual and phosphorus pH 9 for FeAl capacity at lower pH p p N
mixed hydrous concentrations
oxides
Expensive, no Kofinas &
Phosphate selective, p : Kioussis,
Aquaculture . commercial
Polymeric wastewater 153 m binds more than availability, no 2003,
y Powdered Batch 3 hours > Mg -1 98% of the oy Kioussis &
hydrogels 5.22 mg phosphorus g . details of .
1 phosphate initially . Kofinas
phosphorus L regeneration
present 2005
procedure
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Average

Type of

Contact Capacity/removal

Material Qartlcle Feed solution study time efficiency Key findings Challenges Reference
diameter
Effluent < 0.1 mg
Polymeric phosphorus L™ for Commercial
ligand Secondary first 500 bed availability,
. . L Zhao &
exchanger - wastewater, 2.2 8.8 minutes volumes. Selective optimising process
. 0.3-0.8 mm Column . 99 % removal op Sengupta,
ion exchange mg phosphorus contact time phosphate removal  for differing streams
i . 1998
beads loaded L and easy and regeneration
with copper regeneration and regimes
recovery possible
Removal very good,
Polvmeric not influenced by Only 16% of the
1i§an 4 Seawater dosed chloride and potential La(III) sites
exchanger - 0.152 - 0.297 with 0.66 minutes Effluent of < 0.1_1 sulphate, and .are.avallable for Wu
phosphorus 7.8 Column . mg phosphorus L regenerated for binding phosphate.
Lanthanum mm contact time . . . et al., 2007
mg phosphorus attained reuse by removing Regeneration results
bound to a q ¢
chelex resin L the sorbed in some loss of
phosphate by eluting La(III) over time
with 6 M HCI
Desorption by NAC Competing anions in
Synthetic Model, 200 mg 47.3 mg solution and peting & Kuzawa
. 0.5-1.7 mm 5 Batch 24 hours B . an operational
hydrotalcite phosphorus L phosphorus g regeneration by . et al., 2006
. setting. Expense?
MgCl, solution
Manufactured ZrO,
Adsorption has much higher
increased with a adsorption potential
decrease of pH — than the commercial
Ziconium Model, 30 mg 29.71 mg optimum at pH 3. product. No Liu
dioxide Powder phosphorus L™ Batch 24 hours phosphorus g phosphorus regeneration et al., 2008
adsorption is not possible, would have
completely to synthesise ZrO,,
reversible not use the

commercial product
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phosphorus concentrations in the feed solutions, or the lack of competition from other
anions. Additionally, regeneration of the media has not always been considered, a key
concept for the commercial success of such materials, and neither has the recovery of

phosphorus been fully explored in the majority of the studies.

Despite the drawbacks of some of the studies, the hybrid anion exchanger and the
lanthanum and copper polymeric ligand exchangers are the only materials presently
investigated that are able to achieve a final effluent concentration of < 0.1 mg
phosphorus L™ when contacted with real wastewaters. These media benefit from
requiring short contact times of 2 - 8 minutes in column contactors, exhibit selective

phosphorus removal, and can all be regenerated.

The capacity of an adsorbent media to remove phosphorus from wastewater determines
the quantity of water it can treat before requiring regeneration or replacement. The
capacity is not necessarily linked with final effluent concentrations of phosphorus, but
for any given media, conditions that result in greater capacities should be encouraged to

improve performance.

The pH of wastewater is typically around neutral, but this is not the optimum condition
for all of the adsorbents capable of removing phosphorus from wastewater (Figure 2.3).
Despite high capacity, some slags need a pH of around 10, and zirconium sulphate
requires acidic pHs of around 4. The ideal adsorbent material would require no pH
adjustment and return high capacities. In this respect, the polymeric hydrogels, synthetic
allophane and iron and aluminium oxides can all operate at their maximum capacities in

neutral pH.

The contact time required to reach maximum capacity and low discharge rates is also a
critical operational parameter. The range of contact times needed for the media to reach
equilibrium with the phosphorus concentration in solution varies widely from 0.66
minutes in a column configuration to 48 hours in batch mode. Shorter contact times are
operationally favourable because they reduce both the footprint of the process and the

costs for plant and media significantly (see Chapter 8).
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Figure 2.3: Maximum removal capacity and operating pH of a range of phosphorus adsorbers
(sources: Hedstrom, (2006), Fukui et al., (2007) (1), Drizo, (2006) (2), Douglas et al., (2004) (3 - 9,
12 - 14, 16, 17), Ou et al., (2007) (10), Lee et al., (2007) (11), Fortin and Karam (2001) (13),
Chubar et al., (2007) (15), Kofinas and Kioussis (2003) (18).

Regeneration of the media determines how long it can stay in service for, and therefore
has a direct economic influence. Whilst regeneration is not possible or economic with
natural or industrial by-product media, the majority of the synthetic media can be reused
for many cycles. Typical polymeric ion exchange materials have an operational life of
seven years. The regeneration of such media after saturation with phosphorus enables
recovery of the phosphorus removed from solution during a service run. Depending on
the mechanism of removal, this can be achieved via pH adjustment of the media bed to
desorb phosphorus, or by passing a strongly ionic solution through it to reverse the ion
exchange (see Chapters 4 - 7). The used regenerant solution can then be passed to a

fertiliser manufacturer to process into a marketable product.

The key property that determines the success of any of the adsorbent media is the ability
to selectively remove phosphorus from solution. In neutral pH, phosphorus exists as
either monodentate or bidentate phosphate species, which are both fairly strong ligands

(see Chapter 4). Whilst phosphate can be outcompeted by other ions in wastewater such
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as sulphate during ion exchange, phosphate is the strongest common ligand in
wastewater, and forms inner sphere complexes with transition metals such as iron in the
majority of the industrial by-products and in the hybrid anion exchanger, or with copper

and lanthanum in the polymeric ligand exchangers.

2.5 Conclusions

Whilst both chemical and biological techniques can be enhanced to improve their
phosphorus removal efficiencies, it is unlikely that they will be used in isolation when
the Water Framework Directive comes into force. EBPR requires a sustainable source
of carbon, ideally from an internal source (i.e. sludge), but this has proven difficult to
secure. Biological removal is difficult to manage in the UK under current regulations,
and will become even more challenging with tighter consent limits. Shock loads of
pollutants can have an instant and debilitating effect on biological plants, and the
subsequent time needed for the microbial communities to recover can mean that plants
fail to comply with their discharge limits for an extended period after an incident.
Chemical treatment can be simply optimised by increasing the dose, or using pre-
polymerised coagulants, but both options come at a high price. Additionally, the water
industry is working toward chemical free treatment, so increasing the usage of
coagulants is not desirable. Overall, enhancing either bacterial or chemical techniques
will result in increased sludge volumes, which would require considerable effort to

recover the phosphorus from.

New techniques that are not based on conventional means, such as adsorption, are
therefore required if the water industry is to comply with the demands of the Water
Framework Directive, the reduction of chemical use, and the sustainable use of
phosphorus resources. From the literature reviewed in the current study, the key
properties of each technique and the main challenges involved in using them to reach a
final effluent concentration of 0.1 mg phosphorus L shows that both chemical and
biological methods are prohibitive, but adsorption only requires optimisation (Table

2.12).
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Table 2.12: Key properties required for the investigated methods to reach 0.1 mg phosphorus L.

Challenge if discharge consent is lowered to

Method Key property required 0.1 mg Lt
Biological COD : P Extc'ernal carbon source required,
increased sludge volumes
Chemical Fe : P . Excessive expenditure,
increased sludge volumes
Adsorption Transition metal content Optimising service cycle efficiency

and regeneration for phosphorus recovery

The literature investigation clearly points towards adsorbent systems having the greatest
potential to meet the new demands of increased removal, and recyclability. Specific
polymeric hydrogels for the application of phosphorus removal are not commercially
available at present. In the past, the use of manufactured materials such as ion
exchangers has not been economically viable for wastewater treatment. Water
companies were able to remove phosphorus using cheaper alternatives and still meet
their consent limits. Manufactured materials and specifically, hybrid anion exchangers /
adsorbent materials appear to now be the best choice for phosphorus removal. These
materials can be re-used, and the phosphorus they remove can be recovered, which

makes them operationally and economically efficient.
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3. Molecular weight distribution of phosphorus across sewage treatment works

B.D. Martin, V. Laragione, S.A. Parsons, B. Jefferson

3.1 Introduction

The Water Framework Directive (European Union, 2008) is likely to lower consent
limits for phosphorus discharge from municipal wastewater treatment works in the near
future. It is thought that the new limits are not able to be practicably achieved using
current treatment options (Blaney et al., 2007; Martin et al., 2009), and consequently a
need to find enhanced techniques for phosphorus removal exists. New removal options
for phosphorus can only be fully exploited if the speciation and particle size distribution
of phosphorus through treatment works is understood. These parameters help to
determine how mobile the phosphorus is, and can therefore dictate the treatment
methods required (Gonzalez Medeiros et al., 2005). The present study seeks to quantify
the molecular weight distribution of phosphorus species in a selection of UK
wastewater works. For the sake of operational convenience, phosphorus is usually
defined as being dissolved if present in a < 0.45 pum filtrate (Hens & Merckx, 2002).
However, this is possibly an oversimplification, since the size range defined as colloidal
(1 - 1000 nm) straddles this distinction (Hiemenz & Rajagopalan, 1997), and the solute
size range is much smaller, at < 1 nm. The present study seeks to compartmentalise
wastewater phosphorus into more discrete and useful distinctions, by using multiple
membranes in series. These membranes have pore sizes defined by Daltons (Da), a non

SI measurement that refers to the atomic mass unit (Figure 3.1).

Solid particles are comparatively easy to remove from wastewater streams by simple
depth filtration or sedimentation. The behaviour of colloids however, is harder to
predict, and differences in diffusion and agglomeration rates means that they can
migrate over long distances, be adsorbed onto solid phases, or settle out by forming
large aggregates (Buffle & Leppard, 1995). In addition, the smaller the molecular

weight, the more mobile and bio-available the phosphorus, and hence the more
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profound its ecological impact (Bostrom et al., 1988; Waldeback et al., 1998; Jarvie et
al., 2008).

<« Solids > Colloids > Dissolved salts

Nanofiltration
.Dep_th o o Reverse

filtration Microfiltration Ultrafiltration lon exchange
Osmosis

(to > 1 mm) Adsorption
500 nm few nm
>500 kDa <500 kDa, <100kDa, <10kDa, <3kDa, >1kDa <1kDa
>100 kDa >10kDa >3kDa

Apparent molecular weight

Figure 3.1: Solid, colloidal and dissolved classifications in relation to the Dalton scale and the method
of removal required (Adapted from Judd & Jefferson, 2003).

Aims and Scope

Current knowledge of the character of phosphorus species in wastewater assumes the
majority are "dissolved," but this distinction fails to differentiate between the colloidal
and solute classes. Since potential removal methods differ depending on the distribution
between colloids and solutes, it is important to identify where the majority of
phosphorus resides in wastewater streams so that new treatments can be designed
effectively. This chapter seeks to further the understanding of the molecular weight

distribution of phosphorus entering and leaving typical treatment works to this end.

3.2 Materials and methods

3.2.1 Site descriptions

Site 1, a small trickling filter (small TF) is a rural sewage works designed to treat a

population equivalence of < 10,000. The site consists of screening, primary
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sedimentation, biological treatment trickling filters with a humus tank for final
settlement before discharge (Figure 3.2). The works is designed to meet a compliance
standard of 16 / 30 based on biochemical oxygen demand (BOD) and suspended solids
(SS).

Primary

Screen Sedimentation
4
Pop eqv = * / Iy
< 10,000 Raw — =
Rural wastewater / Trickling filter
catchment ]
Disposal of
gross solids * Humus tank *
Compliance
standard
@ BOD =16 ppm
SS =30 ppm
v Sludge storage
Site 1: L7 —
Small TF To sludge

processing site

Figure 3.2: Process flow diagram for site 1 - small trickling filter works. *Sampling points.

Site 2, a large trickling filter works with chemical addition (large TF) treats the sewage
from a town sized to a population equivalence of 12,000. The works is similar to site 1,
with the addition of coagulant dosing with ferrous chloride into the flow before and
after the primary sedimentation tanks (Figure 3.3). The works is designed to meet a 30 /

16/5/2 as SS/BOD / ammonia / phosphorus effluent quality.

Coagulant dosing

system
Prelimianry Primary @‘4 """""" Q
works: Screen Sedimentation
and grit removal *
Pop equ = VIR S
12,000 * / A —
Combined Ra% ———»
domestic "3t Trickling filter
and

industrial
Disposal of
gross solids

Compliance standard
BOD =16 ppm
SS =30 ppm
Ammonia =5 ppm
Phosphorus =2 ppm
y Sludge storage
site 2 A —
Large TF + Coag To sludge

processing site

Figure 3.3: Process flow diagram for site 2 - large trickling filter works. * Sampling points.
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Site 3 is a small activated sludge works (small AS) which undergoes screening and
primary sedimentation prior to biological treatment and final sedimentation. The works
is sized at a population equivalence of < 10,000 and is designed to meet a 30/ 15/5 SS

/ BOD / ammonia effluent quality (Figure 3.4).

Prelimianry Primary o . X
works': Screen Sedimentation ASP with integral sedlrlnenatlon
and grit removal | | | * * | *  Compliance standard
Pop eqv = * > g — > BOD_= 15 ppm
<10,000 — &/ SS = 30 ppm
Rural / Ammonia = 5 ppm
catchment L

Aeration
blowers

Sludge storage and beds

Disposal of gross |

solids

—— |a
—— -t

To sludge
processing site

Site 3:
Small AS

Figure 3.4: Process flow diagram for site 3 - small activated sludge plant. * Sampling points.

Sites 1-3 all collect sludge on site for tankering to the local sludge processing site. Site
4 is a large activated sludge plant with chemical addition (large AS), based on a tapered
aeration activated sludge works with on site sludge processing through anaerobic
digestion and dewatering (Figure 3.5). The site treats both domestic and industrial
wastewater and receives sludge imports from the surrounding smaller sewage works.
The works doses ferrous chloride for phosphorus removal with coagulant dosed pre and
post primary sedimentation. The site treats a population equivalence of 200,000 and
meets compliance standards of 30 / 12 / 5 / 1 based on SS / BOD / ammonia /
phosphorus.
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Coagulant dosing

system
{}e _F< rrrrrrrrrrrr
Prelimianry Primary Secondary

works: Screen Sedimentation ASP (carbonaceous/nitrification) Sedimentation

andort remova/: \ IN| |* \ \ I * * Compliance standard
Pop eqv = x /[ > | » BOD_= 12 ppm

200,000 —p» SS= ?S_ppm
Combined / Pl';\mm:‘)ma - 51ppm
domestic osphorus =1 ppm
and

industrial Aeration blowers

lr—or' | O

Disposal of gros:
solids
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@;RAS: 0.7xQ

S

Waste Activated sludge

17/ 2" sludge )
Thickener Produced biogas Gas

Sludge recirculation loop to
heat exchanger
bt — — — — — ——— — —

Digested sludge pump @ Thickener

<

Thickened
Primary
sludge
pump

Sludge supernatant (Return liquors)

a
9 Stabilised sludge for final
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Figure 3.5: Process flow diagram for site 4 - large activated sludge plant. * Sampling points.

Site 5 is designed to treat a population equivalence of 236,000 and is based around an

activated sludg

meets a compli

e process (Bio P) configured for biological phosphorus removal and

ance standard of 30 /20 /3 / 1 for SS / BOD / ammonia / phosphorus

(Figure 3.6). The site contains additional coagulant dosing and includes tertiary sand

filters which incorporate a deep bed coarse media configuration.

Prelimianry Primary Secondary Tertiary
works: Screen - gedimentation Bio P activated sludge Sedimentation treatment
and grit removal * Sand filter
Pop eqv = » i > -
236,000 %k / ﬂr
Combined 7
domestic and
industrial
Aeration blowers
- &
m RAS flow: 0.7 x Q
Disposal of gross @» * Compliance standard
solids Waste Activated sludge BOD = 20 ppm
17/ 2" sludge SS = 30 ppm
Thickener Produced biogas Gas_ Ammonia = 3 ppm
************************ engine Phosphorus = 1 ppm
Thickened heat exchanger
pimary ) 00 BN I/ U0 e~ _
sludge >
: ©
Digested sludge pump Thickener
Sludge supernatant (Return liquors)
Site 5: Stabilised sludge for final
bioP disposal

Figure 3.6: Process flow diagram for site 5 - enhanced biological phosphorus removal plant.

* Sampling points.
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Specific geographical details are omitted for company confidentiality concerns but all
pertinent date required to meet the aims of the present chapter are included. Data used to
generate the resilience curves were obtained from the works manager at each site and

include all measurements recorded between September 2008 and September 2010.

3.2.2 Resilience curves

Effluent data from each site was assessed in terms of resilience by plotting percentile
values (i.e. the value of a measured parameter under which a certain percent of all the
data fall) of the measurements taken over the 2 year period. For example, if a site has a
phosphorus discharge limit of 1 mg L, and has a 99" percentile value of 1 mg P L™,
this means that for 99 % of the time, it produced an effluent below 1 mg P L'l, and the
inference is that it failed this consent 1 % of the time. The key points on the presented
resilience curves are found at the percentile value where effluent limits are breached.
Additionally, data sets that trend towards the vertical on the presented curves indicate
resilience because they show lower variance between the percentile values than a data
set trending towards the horizontal. In the present study, a vertical trend would indicate
that the site in question consistently achieved its effluent target over the measuring

period.

3.2.3 Fractionation process

One litre grab samples were collected from each treatment stage of the five works in
October and November 2009. Preliminary work with samples from sites 1 and 4 found
that the phosphorus in solid fractions only make up < 10 % of the total phosphorus in
raw wastewater streams, dropping to < 3 % in final effluents. These findings are
consistent with Sallanko et al., (2006) who found that around 15 % of the phosphorus in
a raw wastewater stream was > 0.1 um. In natural systems, Hens & Merckx (2002)
reported that high molecular mass phosphorus compounds were of minor importance,
comprising < 8 % of the total phosphorus load in forest soils. Consequently, the present

study centrifuged all the samples at 10,000 rpm for ten minutes to separate out any
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gross solids, and does not include analysis of phosphorus extracted from the resulting

sediments.

The membranes used to fractionate the samples were made from a low protein binding
modified polyethersulfone (Omega'™, PALL life sciences, supplied by VWR
International UK Ltd.). Before use the membranes were prepared by washing with
sequences of ultrapure water (0.05 uS conductivity level), 0.1 M NaOH and 0.1 M HCI
(supplied by Fisher Scientific UK Ltd.). The alkaline/acid cleaning sequence was
repeated after each use and the membranes stored in a 10 % ethanol solution which was
frequently replaced. Five separate membrane pore sizes were used: 300, 100, 10, 3 and
1 kDa. The fractionations were conducted in an Amicon 8400 stirred pressure cell
(Supplied by Millipore UK Ltd.) driven by nitrogen gas at a pressure of 0.7 atm for the
> 100 kDa membranes and 3.7 atm for the others. In all cases the sample was
progressively filtered through the series of membranes ensuring a minimum of 60 %
retention. The membrane cell was kept in a bath of 2 % nitric acid (reagent grade,
supplied by Fisher Scientific UK Ltd) between uses and all glassware and plasticware

were washed with alkaline and acid before being stored in 2 % nitric acid between uses.

3.2.4 Analytical technique

Determination of total P, orthophosphate, and indirectly, additional P (assumed to be
organic), was made by Spectroquant cell test kits. The method is analogous to EPA
365.2+3, US Standard Methods 4500-P E, and ISO 6878. The method has a standard
deviation of + 0.026 mg P L'l, with a coefficient of variation of + 1.1 % and a
confidence interval of + 0.05 mg phosphorus L. Replicate sample measurements

exhibited variances of less than 0.05 mg phosphorus L™
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3.3 Results

3.3.1 General resilience of the flowsheets

The resilience curves revealed similar BOD profiles for the small TF, small AS and
large AS sites with the effluent BODs varying between 0.7 - 5.1 mg L' up to the 95"
percentile. Effluent data from the large TF site was slightly higher with a median BOD
of 44 mg L, and a 95" percentile value of 9.9 mg L' (Figure 3.7 A). The Bio P plant
exhibited a more resilient BOD profile than the other works with a near vertical line
between the 25" and 80™ percentiles. This reflects the greater need to operate Bio P
plants effectively if the process is going to perform. Similar observations were observed
in relation to suspended solids, (Figure 3.7 B), reflecting the close connection typically
observed between the two measures. In terms of ammonia (Figure 3.7 C), all works
operated with similar resilience profiles up to the 80" percentile, as observed by the
similarity in the gradients of the curve between the 20" and 50" percentiles. At the sites
with compliance standards set for phosphorus discharge (the large TF, large AS, and
Bio P plants), the Bio P plant is the most resilient, achieving a 0.43 mg phosphorus L™
discharge up to the 95" percentile (Figure 3.7 D). The large TF achieved a discharge of
1.82 mg phosphorus L' up to the 95 percentile. The large AS plant was not so
resilient, only able to attain a discharge of 0.96 mg phosphorus L up to the 60th

percentile.

All sites complied with their BOD and SS targets over the 2 year period, and the
gradients of the data sets suggest that all except the large TF + coag plant showed good
resilience. Ammonia consents were met by all the works apart from the large TF + coag
plant, which failed by 1 ppm < 10 % of the time. Where phosphorus consents are in
place, each plant failed their target on occasion, with a pronounced difference in
resilience between the Bio P plant and the large AS + coag and large TF + coag plants.
Consequently, the large AS + coag and large TF + coag plants would generally be
characterised as less robust than the others whilst the Bio P plant represents the most
robust site. The similarity in the comparison between the small AS and small TF plants
indicates the ongoing importance of trickling filter technology, especially at small

works.
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Figure 3.7: Resilience curves for biochemical oxygen demand (A), suspended solids (B), ammonia (C) and phosphorus (D) for the sites under investigation.
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3.3.2  Influent phosphorus characteristics

Total phosphorus in the centrifuged supernatant influent samples of the small TF, large
TF, small AS, large AS and the Bio P plants respectively had 6.3, 3.8, 10.1, 4.9 and 15.9
% (% 1.1) of their load in molecular weights greater than 300 kDa (Figure 3.8). Similar
levels were observed in all size bands apart from the 3 and 1 kDa bands which
contained proportionally more phosphorus. To illustrate, across the five works, 74 to 87
% (£ 1.1) of the total phosphorus was found in these smallest size bands (Figure 3.8).
Further, the dissolved fraction (1 kDa) represented 65, 49, 82, 58 and 59 % (+ 1.1) of
the total phosphorus for the small TF, large TF, small AS, large AS and Bio P plants

respectively.

O Small TF O Large TF +coag m Small AS Large AS + coag m BioP

N

Total Phosphorus concentration (mgP.L™")
N

S |

>300kDa 300kDa 100kDa 10kDa 3kDa 1kDa

Apparent molecular weight

Figure 3.8: Total phosphorus by molecular weight in the influent of the sampled sites.

Total phosphorus in the supernatant of the centrifuged influent samples was 3.8, 1.6,
3.1,6.1 and 1.7 mg Lt (£ 0.05) for the small TF, large TF, small AS, large AS and Bio
P plants respectively. The phosphorus was distributed such that between 91 and 100 %
(% 1.1) of the measured phosphorus was as phosphate (Figure 3.9) with the exception of
the Bio P plant where only 68 % (+ 1.1) of the incoming phosphorus was as phosphate.

The remaining phosphorus was organically bound with relatively higher concentrations
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present in the influent to the rural works (small AS, small TF) than the other sites. To
illustrate, total organic phosphorus entering the two small sites was between 1.3 - 2 mg

L! (£ 0.05) which compared to a range of 0.35 - 1.1 mg L! (% 0.05) for the other sites.

oSmall TF O Large TF +coag m Small AS Large AS + coag m BioP

=

Phosphate concentration (mgP.L™)
N

I |

>300kDa 300kDa 100kDa 10kDa 3kDa 1kDa

Apparent molecular weight

Figure 3.9: Phosphorus as phosphate by molecular weight in the influent of the sampled sites.

Primary sedimentation resulted in net dissolved total phosphorus increases compared to
the influent of 0.57, 0.40 and 0.14 mg L! (£ 0.05) in the small TF, large AS and Bio P

plants respectively (Figure 3.10) (access was not possible at the large TF and small AS
plants).

Comparison between the sedimentation and biological processes in the small TF, and
large AS showed that dissolved phosphorus increased by 0.07 and 0.61 mg phosphorus
L' (+ 0.05) respectively (Figure 3.11), consistent with earlier work that reported
removal or conversion of large inorganic fractions to smaller fractions during contact
with biofilm (Sophonsiri & Morgenroth, 2003). In contrast, the Bio P plant reduced the
level of dissolved phosphorus by 1 mg L™ (+ 0.05), revealing the effectiveness of the
enhanced process at reducing this fraction over the standard suspended growth or fixed

film methods employed in the other treatment works.
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Figure 3.11: Change in total phosphorus in the dissolved (1 kDa) fraction before/after the biological
process in each plant.
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3.3.3  Effluent phosphorus characteristics

Total phosphorus levels in the final effluent were 4.79 and 3.42 mg L' (+ 0.05) for the
small TF and small AS works respectively, and 0.67, 0.83, and 0.18 mg L! (£ 0.05) for
the large TF, large AS and Bio P plants respectively, all three within their compliance
limits. Of this phosphorus, the larger molecular weights are removed during treatment,
and levels occurring at weights > 3 kDa make up less than 30 % (£ 1.1) across all the
sampled sites (Figure 3.12). Levels of total phosphorus in molecular weights below 1
kDa were 93.0, 70.1, 84.5, 81.9 and 77.8 % (x 1.1) for the small TF, Large TF, small
AS, large AS and Bio P plants respectively.

o Small TF o Large TF +coag m Small AS Large AS + coag m BioP

Total Phosphorus concentration (mgP.L")

>300kDa 300kDa 100kDa 10kDa 3kDa 1kDa

Apparent molecular weight

Figure 3.12: Total phosphorus by molecular weight in the final effluent of the sampled sites.

Levels of organically bound phosphorus in the final effluents of all the works were
negligible, and are therefore not shown here for brevity. Consequently, the levels of
phosphorus as phosphate proceed similarly to the total phosphorus molecular weight
distribution, with less than 30 % (£ 1.1) on average occurring across all the works at

levels greater than 3 kDa (Figures 3.13 and 3.14). Phosphate below 1 kDa in weight
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made up 89.7, 70.0, 89.6, 50.0, and 100 % (z 1.1) of the final effluents of the small TF,
large TF, small AS, large AS and Bio P plants respectively.
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Figure 3.13: Phosphorus as phosphate by molecular weight in the final effluent of the sampled sites.
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Figure 3.14: Phosphorus as phosphate by molecular weight in the final effluent of the sites with
discharge consents.
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3.4 Discussion

3.4.1 Implications for future phosphorus removal regimes

Although variations between the works exist in terms of the initial concentrations of
phosphorus species entering, and the overall removal performance, the resilience of the
sampled works (i.e. achieving phosphorus consents up to the 90™ percentile, and overall
compliance with the other effluent parameters) allow common traits to be considered.
95 % of the phosphorus in each stage of treatment occurs as phosphate species. At
around neutral pH, these are likely to be a 50 / 50 mix of HPO42' and H,PO,". The
remaining portion is present in organic species. In general, these organic phosphorus
species are rapidly taken up by the microbial population in each treatment works, and
by the final effluent stage, hardly any is present, and none less than 1 kDa in weight.
The majority of the phosphorus resides in inorganic colloidal molecular weight fractions

below 10 kDa, and mostly in a dissolved state below 1 kDa.

Previous work (Sallanko er al., 2006) has shown that the amount of phosphorus does
not significantly change when membranes as tight as 0.1 um are used. Attempts have
been made to remove phosphorus using filtration techniques, and Nir ez al., (2009) used
coagulation upstream of an ultrafiltration membrane with a 20 kDa molecular weight
cut-off, but this was only able to attain a phosphorus removal of 54 % by weight from
an influent of 10 mg L™. The present study supports this and further quantifies that the
majority of phosphorus in wastewater is truly dissolved, not colloidal in nature.
Sophonsiri & Morgenroth (2003) found that the size of phosphorus fractions reduced
during treatment, either by release of soluble phosphate during biological hydrolysis or
oxidation of organic particles, whilst Sallanko et al., (2006) investigated the tendency
for phosphorus to dissolve when in storage or in pipes on the way to treatment works.
Removing phosphorus from wastewater would be easily achieved if more of it occurred
in the particulate range, but since the mechanisms that cause it to dissolve are difficult
to remediate, future techniques must be able to improve the removal of phosphorus
occurring below 1 kDa. The new consent limit introduced by the Water Framework

Directive may be as low as 0.1 mg L. If this is implemented, every style of treatment
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works will need to be upgraded with techniques that enable removal of phosphorus in

size fractions below 1 kDa.

In a separate study, final effluent from the large AS works was contacted with a hybrid
ion exchange / ferric nanoparticle adsorbent media which removed 87, 91 and 89 % (+
1.1) of the phosphorus at molecular weights of 10, 3 and 1 kDa respectively (Figure
3.15). Materials such as this adsorbent offer a solution to the problem of attaining low
phosphorus discharge limits by efficiently removing the dissolved fraction from
wastewaters. In addition, they require low chemical inputs (for regeneration of the
media only), are insensitive to shock loads and temperature changes, produce no sludge,
and offer sustainability advantages over chemical or biological techniques via the

recovery of phosphorus in the regeneration step.

0.4 - @ Final effluent from large AS

@ After treatment with a ferric nanoparticle adsorbent

0.3

0.2 1

0.1
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Figure 3.15: Removal of low molecular weight phosphorus using a novel adsorbent.
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3.5 Conclusions

The majority of phosphorus in municipal wastewaters is present as inorganic phosphate
species, and is mostly distributed in the dissolved fraction, either in the raw influent to

the works, or after treatment (Table 3.1).

Table 3.1: Average distribution of total phosphorus in dissolved, colloidal and particulate fractions
across all the sampled treatment works

. . A.vera.ge . Standard . A.Vera.ge . Standard
Fraction distribution in deviation (%) distribution in deviation (%)
influent (%) effluent (%)
Dissolved (< 1 kDa) 62.9 12.5 81.5 8.4
Colloidal (3 — 100 kDa) 22.5 14.1 11.7 9.7
Particulate (> 300 kDa) 14.6 12.1 6.9 7.3

Influent organic species are well distributed across the various weight classes but are
reduced to negligible levels during treatment as they are taken up by the biota present in
each works. A modest reduction in the comparative amount of large molecular weight
phosphorus occurs during treatment in every class of works sampled (Table 3.1). Most
of the phosphorus in final effluents is therefore present in molecular weights below 10
kDa, of a colloidal to dissolved nature. Additionally, the distribution of phosphorus in
this size fraction is skewed towards the 1 kDa molecular weight band, and is therefore
truly dissolved, not colloidal in nature. This means that in order for new phosphorus
removal techniques to be successful, they must have the ability to remove a greater

amount of phosphorus in the dissolved fraction.
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4. Removal and recovery of phosphate from municipal wastewaters using a

polymeric anion exchanger bound with hydrated ferric oxide nanoparticles

B.D. Martin, S.A. Parsons, B. Jefferson

4.1 Introduction

Phosphorus enters municipal wastewater treatment works from both domestic and
industrial sources, with typical concentrations between 4 and 12 mg L' (Metcalf &
Eddy, 2003). Under the Urban Wastewater Treatment Directive (EC, 1991), the levels
of phosphorus in municipal wastewater streams must be reduced before discharge to the
environment. If natural waters are enriched with phosphorus they are at risk of
becoming eutrophic, which has adverse effects on the ecology of freshwater systems
and the uses to which the water may be put. Values for phosphorus concentrations that
might tip the balance of a natural system towards eutrophication are not well defined, as
the characteristics of each water body will influence the response to an enrichment
event. What is known is that phosphorus pollution significantly increases the risk of
eutrophication, and that point (sewage effluent) rather than diffuse (agricultural) sources
of phosphorus pose the most significant risk for river eutrophication (Jarvie et al.,
2006). The Urban Wastewater Treatment directive is due to be updated with The Water
Framework Directive (EC, 2000), which seeks to further improve surface waters to
“good” ecological quality. Phosphorus is of particular concern in this context because of
its role in eutrophication. Although there is no widely accepted standard for the
background concentration of phosphorus in river waters, a mean of 0.1 mg P L™ has
been proposed (EA, 2000). This level refers to the concentration of soluble reactive
phosphorus (the portion that is most available to biota). In a survey of 98 UK rivers,
80% failed this target (Muscutt & Withers, 1996). Currently, typical limits for discharge
from sewage treatment works are 2 mg L' P for a 10,000 — 100,000 population
equivalent, and 1 mg L' P for treatment works with a > 100,000 population equivalent
(EC, 1991). The Water Framework Directive is expected to impose a reduction in these
consent limits to bring the phosphorus concentration in line with the 0.1 mg P L found

in natural waters. Traditional biological nutrient removal is incapable of achieving an
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effluent stream of 0.1 mg of P L' (Blaney et al., 2007). However, it is possible to
increase chemical dose to attain this concentration, but the additional cost, sludge
production, and the water industry's desire to move towards chemical free treatment
makes it an undesirable option. 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 waters. Additionally, estimates of phosphate resources
predict that they may be exhausted in as little as several decades (Kotabe, 1987). The
dramatic rise in the price of P based fertiliser in 2008, which saw diammonium
phosphate prices almost double during the first quarter to $1000/material ton (Coons,
2008), means that sustainable use of this valuable and finite resource is becoming
increasingly important. An ideal solution would therefore be a technique that can both
remove phosphorus from wastewater streams and recover it as a useful product, such as
a fertiliser. This would enable compliance with the new legislation in a sustainable

manner, in terms of both resource management and economics.

4.1.1 Ion exchange

Since phosphorus occurs in final effluent wastewater streams predominantly as
phosphate anions (Snoeyink & Jenkins, 1980), using an ion exchange process could
achieve the twin aims of removal and recovery. Ion exchange is defined as the
reversible interchange of ions between a solid phase (the ion exchanger) and a solution
phase (Harland, 1994). The affinity of an exchange material for a particular ion is
proportional to the valence and weight of the ion. Even though phosphate species have
relatively high valency and weight, the phosphate concentration in wastewaters is low in
comparison to other anions. This means that in a conventional ion exchange process,
removal of phosphate is not very efficient as the exchanger reaches capacity very
quickly because all the exchange sites are occupied with the competing anions.
Numerous fixed bed sorption/ion exchange trials for the removal of phosphate have
been attempted (Eliassen & Tchobanoglous, 1968; Nesbitt, 1969), without great
success. The lack of phosphate selectivity and the high operating cost due to the
frequent application of regeneration chemicals were sited as major shortcomings

affecting the overall viability of the fixed bed process (Zhao & Sengupta, 1998). In all
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the foregoing studies, phosphate breakthrough from the fixed-bed column always
occurred in less than two hundred bed volumes. For ion exchange to work well, an

adaption to the standard process or materials is needed.
4.1.2 Effect of hydrated ferric oxide nanoparticles

Based on work by Morel & Hering, (1993), and Zhao & Sengupta, (1998), immobilising
particles of a transition metal cation onto a polymer base will enable it to act as an anion
exchanger with a high affinity towards anions with strong ligand characteristics such as
phosphate. The hybrid anion exchanger (HAIX) used in this study was made using such
a process. The parent material is a standard polymeric strong base anion exchanger, into

which hydrated ferric oxide (HFO) nanoparticles have been dispersed (Figure 4.1).
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Figure 4.1: SEM image of the surface of an unused HAIX bead.

At above neutral pH the phosphate in wastewater streams exists primarily as the
divalent anion HPO42' (Zhao & Sengupta, 1998), and its intermediate, the monovalent
H,PO4 (Blaney et al., 2007). HPO,” is a fairly strong bidentate ligand containing two
oxygen donor atoms. Likewise, H,PO, is a fairly strong monodentate ligand with one

oxygen donor atom. The ligand strength of both forms (i.e. their ability to form inner
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sphere complexes with transition metals - for e.g. ferric iron) is much greater than the
other inorganic anions commonly present in wastewater (Zhao & Sengupta, 1998). This
enables HAIX to act as a phosphate selective ion exchanger, and because it can be
regenerated in the same manner as a conventional exchange resin, the phosphate can be

desorbed and recovered.

Similar to the parent resin of HAIX, Amberlite IRA-410 is a strongly basic anion
exchange resin in the chlorine form (Figure 4.2). It consists of a styrene-divnylbenzene
gel matrix and has an ammonium functional group. Comparing the SEM images, it is
apparent that the Amberlite has a much smoother surface due to the lack of nanoparticle

agglomerations.

Figure 4.2: SEM image of the surface of an unused Amberlite IRA-410 bead.

Comparing the performance of the Amberlite with the HAIX resin will quantify the
effect of adding HFO nanoparticles, and demonstrate the efficiency (or lack thereof) of
a standard exchange resin in removing phosphate from wastewater. The aim of this
chapter is to provide an initial analysis of the performance of the HAIX material: in
terms of differing feed solutions; in comparison with Amberlite; for regeneration and P

recovery, and to economically assess its potential for use by the water industry.
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4.2 Methods

The hybrid anion exchange resin (trademark: PhosX"") was provided by SolmeteX Co.,
Massachusetts. Final effluent samples were collected from operating sewage treatment
works based on chemical precipitation with ferrous chloride into an activated sludge
process (population equivalent > 250,000), and a trickling filter site with no specific
phosphorus removal process (population equivalent < 10,000). The sample waters were
pumped through a column of 15 mm diameter and 210 mm length containing 10 mL of
media, with an empty bed contact time (EBCT) of 2 minutes to compare performance
between effluents. The water from the trickling filter works was not pre-filtered, but the
sample from the chemical precipitation works was passed through a 1.2 um filter to
minimise fouling risk over the extended run period. The comparison between HAIX and
Amberlite IRA-410 (Rohm and Haas, (UK) Ltd, Coventry) was carried out using the
same sample water from the trickling filter works, and an identical equipment set up. 10
mL of HAIX and 10 mL of Amberlite were trialled side by side, with an EBCT of 4
minutes. The regenerative tests used the same column and resin bed volume, but
extended the EBCT to 4 minutes. The water used was a solution of ammonium
phosphate with a PO,> concentration of 500 mg L. 100 bed volumes of this solution
was passed through the column then the media was regenerated with a single bed
volume (10 mL) of 4 % NaOH, 2 % NaCl solution, backwashed with deionised water
and then put back into service. All experiments were carried out at room temperature
(18 - 20 °C). Determination of total P and phosphate was by Spectroquant cell tests, in
triplicate. The method is analogous to EPA 365.2+3, US Standard Methods 4500-P E
(Standard Methods, 1995), and ISO 6878.

4.3 Results and discussion
4.3.1 Characterisation of the wastewaters used in the study
The chemical precipitation works uses ferrous chloride and ferric sulphate to remove

phosphate, resulting in elevated levels of chloride and sulphate ions in the final effluent

when compared to that from the trickling filter works (Table 4.1). The trickling filter
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performance in terms of P and N removal is poor in comparison to the chemical plant.
In both final effluents, the concentration of phosphate anions is much lower than the

concentrations of the other anions.

Table 4.1: Characterisation of the final effluents tested with HAIX.

Parameter Trickling filter works Chemical precipitation works
pH 6.85+0.20 7.14 £0.20

Temp. of sample whilst testing (°C) 18.00 £ 0.75 18.00 £ 0.75
Phosphate (mg L) 14,55+ 1.84 1.89 +0.20

Chloride (mg L) 60.89 + 6.54 129.82 +1.38

Nitrate (mg L) 156.82 £3.70 44.91+0.88

Sulphate (mg L) 55.93+0.22 169.73 £ 1.96

4.3.2 Comparison with Amberlite IRA-410

The HAIX resin was able to remove a significant proportion of the phosphate and

eventually reached capacity after treating 1000 bed volumes (Figure 4.3).
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Figure 4.3: Performance comparison of Amberlite IRA-410 and HAIX.

The curve shows a gradual decline in removal rates as the adsorption sites on the resin

become associated with phosphate. During the run, the HAIX removed 11.34 mg PO,>

78



g™ resin from the solution, from a starting concentration of 15.2 mg L™". In contrast, the
Amberlite's performance rapidly tailed off and after reaching capacity at around 170 bed
volumes, started to elute the phosphate. This is due to the resin's preference for sulphate
which results in early breakthrough and chromatographic elution of phosphate (Zhao &
Sengupta, 1998). Sulphate concentration in the trickling filter works sample was 60 mg
L. The Amberlite removed only 0.99 mg PO,> g resin during its run, from an initial
concentration of 16.2 mg L. The performance of Amberlite in this trial closely
resembles findings in Zhao & Sengupta (1998), and Blaney et al., (2007), where
performance was characterised by rapid breakthrough followed by phosphate elution,
and a complete lack of removal thereafter. The former study used a total P concentration
of 4 mg L (approximately 12 mg L' as phosphate), with sulphate at 100 mg L.
Breakthrough occurred at around 400 bed volumes, with a dramatic elution spike. The
latter investigation used phosphate and sulphate concentrations of 0.26 mg L" and 120
mg L' respectively, and phosphate breakthrough occurred at 200 bed volumes, and
again, phosphate was eluted. Amberlite is therefore not considered to be an efficient
choice for phosphate removal, as its selectivity is poor due to the competition from
much higher concentrations of sulphate found in wastewater. Additionally, the elution
of phosphate from a column containing Amberlite is clearly an undesirable trait. The
HAIX resin has a much higher capacity for phosphate in comparison, and there is no
evidence to suggest that it exchanges other ions in preference to phosphate, since none

was eluted during any of the trials detailed here, or in previous studies.
4.3.3 HAIX performance with real effluents

Previous work using HAIX (Blaney et al., 2007) demonstrated its effectiveness in
removing trace phosphate levels from wastewater (0.26 mg P L"), even with high
concentrations of competing anions. Based on the shape of the curve for the trickling
filter works, favourable equilibrium was attained, with a sharp exchange front

suggesting good mass transfer characteristics (Figure 4.4).
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Figure 4.4: Media performance when contacted with low and medium strength phosphate effluents.

Saturation occurred at around 1300 bed volumes. The lower capacity (7.94 mg PO,* g'1
in comparison to 11.34 mg PO,> g ') returned from the chemically treated wastewater is
consistent with the lower starting concentration of phosphate. In addition, the curve for
the chemical precipitation works effluent is not so well defined. The exchange front is
not sharp, probably as a result of too short a contact time - the exchange rate of the resin
was not fast enough to attain equilibrium (Harland, 1994). The results complement
those detailed in Blaney et al., (2007), where phosphate breakthrough did not occur
until around 15000 bed volumes. The phosphate concentration in the water used in the
study was lower than both of the effluents used in the present case, and hence a greater
number of bed volumes are expected to be treated. The performance of HAIX in the
present study is proportional to Blaney et al., (2007), as it follows the expected curves
given the greater starting phosphate concentrations. The difference in capacities and in
the shape of the breakthrough curves is more likely to be a result of the different
concentration gradients as oppose to the sulphate : phosphate ratio (3.8 : 1 in the
trickling filter effluent, and 89.8 : 1 in the chemical precipitation works effluent), which

does not significantly affect the kinetics of the adsorption process (see Chapter 6).
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4.3.4 Regeneration and phosphorus recovery

80 % of the phosphorus was eluted in the first bed volume, generating a stream with a P
concentration of 1250 mg L' (Figure 4.5). If most of the phosphorus removed from the
wastewater stream can be recovered by using just one bed volume of regenerant, then
the recovery operation can be run at a very high efficiency. A small volume, highly
concentrated phosphorus stream is easier to process into a useful product than a dilute
solution. The subsequent regenerant/recovery trial is based on the idea that complete
removal of a target ion from an ion exchange resin is not necessary for cyclic column

operation (Jelinek & Sorg, 1988).

Phosphorus in regenerant stream (mg L™)

7 8 9 10
Bed wolumes of regenerant (5 % NaCl, 2 % NaOH) passed through media

Figure 4.5: Phosphorus elution profile.

Figure 4.5 shows that 20 % of the phosphorus removed during service remains on the
resin after the first bed volume of regenerant has passed. It would therefore follow that
putting the resin back into service at this point will result in a lower capacity being
attainable, given the number of exchange sites already occupied by phosphate. The

degree to which capacity is affected, balanced by the efficiency of the recovery
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operation will determine if this is a realistic way to run a HAIX operation. In this trial,
the performance of the resin did not deteriorate after 10 partial regenerations (Figure
4.6). The exchange fronts of all the curves resemble the favourable equilibriums shown
in Figures 4.3 and 4.4. The range of phosphate removed by each run was 35 - 50 mg g’
HAIX, with the starting concentration of 500 mg L' phosphate. Performance was
consistently better than with the virgin HAIX. Brand new HAIX beads have iron fines
on them from manufacture which need to be washed off before use - in this trial some
may have still been present in the first run, inhibiting phosphate removal. Consequently,

bead preparation is an important consideration for full scale trials.
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Figure 4.6: HAIX performance after multiple partial regenerations.
The results suggest that optimal elution of phosphate through partial regeneration is
possible without adversely affecting subsequent performance. In an operational setting,

this means that phosphate recovery can be highly efficient, the service time for

regeneration is minimal, and the overall footprint is low.
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4.3.5 Economic assessment

Over the life cycle of an ion exchange operation, it is the cost of chemicals used to
regenerate the resin that is the main limiting factor in its economical success (Wachinski
& Etzel, 1997). For the regenerant solution required for the HAIX media, this cost is
approximately $18.2 per cubic metre (based on $0.35 kg™! for NaOH at 4 %, and $0.21
kg for NaCl at 2 % (Jacob, 2007)). This cost could be offset if the phosphate recovered
from a process using HAIX was sold on. In 2008, the cost of phosphate based fertilisers
rose dramatically due to a combination of political reasons, increased demand as a result
of population growth, and the rising wealth of developing countries (Coons, 2008).
Prices have reduced subsequently, but are still much higher than in 2007, and demand
for phosphate commodities is expected to outstrip supply in 2011/2012, with Western
Europe being a deficit area. As of March 2009, the price of phosphate rock is $500 per
tonne (USGS, 2009). Based on these values, and the performance of the lab scale HAIX
operation detailed in this chapter, an initial economic assessment has been carried out
(Tables 4.2 and 4.3). Resin cost ($11.50 L'l) per day has been estimated based on the
findings of Blaney et al., 2007, where the same resin was used for over two years with

no degradation.

Table 4.2: Economics of HAIX use - Chemical precipitation works.

Flow: 3.56x10’ L day™, concentration of P in feed to HAIX: 0.63 mg L™

Target effluent concentration (mg L™) 0.1 0.25 0.5
Bed volumes treatable by HAIX 1000 2500 5000
Volume of resin needed per day (litres) 35625 14250 7125
Price of HAIX per day, based on a 2 year life (§) 561 224 112
Volume of regenerant needed per day (litres) 35625 14250 7125
Price of regenerant used per day ($) 648 259 130
P recovery per day, based on 80% efficiency (kg) 15 11 4
Value of recovered P per day ($) 7.55 542 1.85
Profit per day ($) -1202 -478 -240

With the current price of phosphate commodities, making the process cost neutral does
not look achievable, even given the crude analysis detailed here, which does not
consider plant costs, energy, processing the regenerant stream into a marketable
product, and transport. However, when considered in terms of process selection, the

recovery of phosphorus makes using the HAIX a potentially favourable economic
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option compared to alternative treatments. For instance, the Fe:P coagulant dose
required to achieve the current consent of 1 mg P L™ is 2.7:1. To achieve an effluent
quality of 0.1 mg P L™, an Fe:P ratio of 8:1 is required, which would effectively triple

the cost of P removal.

Table 4.3: Economics of HAIX use - Trickling filter works.

Flow: 6.75x10° L day™, concentration of P in feed to HAIX: 4.7 mg L™

Target effluent concentration (mg L) 0.1 0.25 0.5
Bed volumes treatable by HAIX 10 100 150
Volume of resin needed per day (litres) 67500 6750 4500
Price of HAIX per day, based on a 2 year life ($) 1063 106 71
Volume of regenerant needed per day (litres) 67500 6750 4500
Price of regenerant used per day ($) 1229 123 82

P recovery per day, based on 80% efficiency (kg) 2.5 24 2.3
Value of recovered P per day ($) 1.24 1.2 1.13
Profit per day ($) -2290 -228 -152

4.3.6 Limiting factors and other considerations

The HFO nanoparticles are expected to remain fixed within the exchanger for many
operation cycles (Blaney et al., 2007). However, some early work has shown a small
decrease of iron from the surface of the resin beads during service by comparing new,

used and regenerated beads using X-ray spectroscopy (Figure 4.7).
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Figure 4.7: X-Ray spectroscopy of new, used and regenerated HAIX media beads.

84



The values of other elements present on the surface of the beads during the different
usage cycles are in line with expectations given the organic nature of the parent bead,
the organics present in wastewater, and the composition of the regenerant solutions.
Visually, the beads do appear smoother after use, hinting that nanoparticles on the
surface are being lost (Figure 4.8), which is confirmed by the X-ray spectroscopy

results.
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Figure 4.8: SEM images of new, used, and regenerated HAIX beads.

However, spectroscopy only analyses the surface of the material, and since the beads
have a microporous structure, further investigation is needed of the inner pore surfaces.
Despite the early results suggesting iron loss, no decrease of performance was observed
in the present study's trials, which used the same beads multiple times. Any loss of HFO

should have a dramatic effect on the selectivity of the HAIX for phosphate.
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4.4 Conclusions

The hybrid anion exchanger shows a much higher capacity (11.34 mg PO,* g
than a comparable strong base anion exchanger (0.99 mg PO,* g!) when trialled
using a real effluent stream containing 14.55 mg PO,> L™.

e The capacity is 7.94 mg PO,” g with a real effluent containing 1.89 mg PO,
L'l, but a contact time longer than 2 minutes is recommended.

e 80 % of the phosphorus removed during a service run can be recovered using a
single bed volume of regenerant solution, yielding a solution containing 1250
mg P L'

e Partial regeneration of the HAIX had no discernable disadvantage in subsequent

service runs.
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5. Phosphorus removal with an iron based nanoparticle adsorbent

B. D. Martin, L. De Kock, M. Gallot, E. J. McAdam, S. A. Parsons, B. Jefferson

5.1 Introduction

Current discharge consents for phosphorus from sewage treatment vary between no
standard for small works, to 1 - 2 mg P L' depending on the size of the plant and/or the
ecological sensitivity of the discharge catchment. Adoption of either chemical
precipitation (Yang et al., 2010) and/or enhanced biological reactions (Morse et al.,
1998) enables resilient compliance to such standards. However, it is expected that future
discharge consents will be based upon the background level of phosphorus in rivers,
reported to be around 0.1 mg P L! (EA, 2000) and in sensitive catchments as low as
0.01 mg P L™ (Hansen, 2006). Processes based on biological P removal are not capable
of achieving such tight discharge consents (Kuba et al., 1993) and whilst possible with
chemical precipitation, the dose requirements become unsustainable. Whichever
treatment route is utilised, phosphorus is removed by converting the dissolved ion into a
solid fraction as either inorganic precipitate (coagulation), microbial biomass (biological
processes) or plant biomass (extensive systems). Consequently, current approaches do
not aid direct recovery, although sludge fertilisation or struvite production from sludge
liquors (Saidou et al., 2009) enables phosphorus reuse to a degree. Consequently, the
need to achieve such low residual phosphorus concentrations necessitates the
consideration of alternative approaches such as contact sorption processes, as they offer
greater resilience in meeting very tight discharge concentrations. In addition, some
sorption materials offer the added benefit of direct recovery of phosphate as a by-
product of the regeneration process. This potentially improves the sustainability of
meeting tight consents as well as providing a revenue stream via recovery and reuse of
phosphorus which can offset, in part, the additional investment in assets (Martin et al.,
2009). Whilst phosphorus recovery from wastewater is not currently practiced, the
potential is relatively large with some reports suggesting that a substantial proportion of

future phosphorus fertiliser demand could be met through recovery from wastewater.
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The application of contact media processes for removal of phosphorus has been
previously studied, and has included iron rich industrial by-products such as red mud
(Li et al., 2006), hydrated shale oil ash (Kaarsik et al., 2008), ochre from acid mine
drainage (Heal et al., 2005), and natural iron oxide containing minerals such as bauxite
(Altundogan & Tumen, 2003), laterite (Wood & McAtamney, 1996), and wollastonite
(Brooks et al., 2000), with various comparative success as reviewed in Vohla et al.’s
2011 study. Reported capacity to retain P varies considerably due to media size, with
most media operating at less than 5 mg P gneqia although some report levels as high as
400 mg P gmedia'l (Vohla et al., 2011). Comparative assessment has resulted in an
understanding that media containing polyvalent metals exhibit highly selective removal
of phosphorus from wastewater through a ligand exchange reaction where monodentate
and binuclear complexes are formed (Parfitt et al., 1975). Whilst the reported capacities
suggest suitability for application to full scale use, challenges related to media
management and regeneration limit implementation. The main issues relate to the small
media sizes often trialled which then require retention by filtration and/or subsequent
reduced sorption capacity post regeneration (Zhao et al., 2010). In addition, many of the
materials suffer bed compaction and/or fines generation during both operation and
regeneration because they are not mechanically strong enough, or do not have sufficient
resistance to attrition limiting use to single cycle operation (Genz et al., 2004). Ion
exchange resins address such concerns but suffer from a limited capacity, especially

where competing ions are present such as sulphate and carbonate (Liberti et al., 1976).

Recently, nanoparticle based adsorbent materials that use ion exchange beads as a
scaffold have been developed which provide the combination of required mechanical
properties and selectivity towards phosphorus removal (Zhao and Sengupta, 1998,
Blaney et al., 2007, Pan et al., 2009). Additionally, the materials can be reused for
many service cycles by alkaline regeneration, which deprotonates the hydrated ferric
oxide particles, causing an electrostatic repulsion of phosphate back into solution (Pan
et al., 2009). The application of such systems is documented for arsenic removal in
drinking water (Zhang et al., 2008) and trace phosphorus removal (Blaney et al., 2007).

Consequently, looking towards predicted tighter phosphorus consents, nanoparticle
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based contact resins represent a potential new technology for resiliently and sustainably

achieving low target phosphorus consents.
Aim and scope

This chapter builds on recent studies which have proven the effectiveness of iron
nanoparticle based contact media in removing phosphorus in a variety of lab based
(Zhao & Sengupta, 1998, Blaney et al., 2007, Pan et al., 2009) and small pilot trials
(Midorikawa et al., 2008). Overall, the majority of the studies have focussed on media
comparison (Pan et al., 2009) and the impact of wastewater characteristics (Midorikawa
et al., 2008) with relatively little attention directed towards design issues such as the
impact of loading rate and regeneration optimisation. The current study addresses this
gap in knowledge and focuses on treatment of the entire phosphorus load (i.e., no other
form of P removal involved) from a real sewage works and hence looks at reducing a
feed strength of 4.8 mg P L' down to 0.1 mg P L™ (98% removal). This differentiates
from, and compliments, previous studies which have considered removal of trace
concentrations at 0.26 mg P L™ (Blaney ef al., 2007), synthetic or industrial wastewaters
of 2 mg P L"' and 3.8 mg P L (Pan et al., 2009) and real wastewaters at 2.2 mg P L',
with a copper nanoparticle embedded resin (Zhao and Sengupta, 1998).

5.2 Materials and methods
5.2.1 Ferric nanoparticle adsorbent

The adsorbent media, LayneRT (SolmeteX Co., Massachusetts), is a commercially
available media, principally used for arsenic removal. The media comprises a strong
base gel-type anion exchange resin with a quaternary ammonium functional group.
Approximately 26 % of the external and internal surfaces of the material are covered
with iron in hydrated ferric oxide form. The base resin has a capacity of 1 meq mL
(chloride form). The media was initially prepared by fluidisation in deionised water for

30 minutes to remove any remaining fines from the manufacturing process.
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5.2.2 Characterisation of media properties

Two key media properties were measured during the trials. Initially the media was size
graded by dry sieving through a series of 10 inch stainless steel sieves with mesh sizes
ranging between 0.18 and 1.18 mm. In addition, the distribution of iron within the beads
was measured using an FEI XL.30 environmental scanning electron microscope (FEI
UK Ltd, Cambridge, United Kingdom) in low-vac mode, and then subjected to
elemental spectroscopic analysis using an Oxford Instruments EDX with INCA
software (Oxford Instruments, Abingdon, Oxfordshire, United Kingdom). Prior to
analysis, the beads were frozen in liquid nitrogen rather than dewatered with heat or
solvent to protect their structure. Once frozen, the beads were cut into cross sections to
enable imaging of the internal surfaces. Target points for spectroscopy were measured
firstly at an area 15 um from the outer surface of the beads, and then across the diameter

of each bead at intervals of 50 pum.

5.2.3 Equilibrium studies and isotherm modelling

Batch kinetic and equilibrium studies used 250 mL Erlenmeyer flasks into which 0.4 g
of media was placed, with 100 mL of sewage effluent collected from a small trickling
filter works containing 4.8 mg P L™, and 205 mg SO4* L. A synthetic solution
containing 5 mg P L' and 100 mg SO,> L™ was also trialled in the same manner. At the
pH range of the experiments, 7.1 - 7.2, the available phosphorus was speciated roughly
equally between H,PO4 and HPO4* such that each mg of P equates to 0.048 meq.
Reporting of phosphorus concentration in this chapter is kept in mass units to provide
more direct comparison to other adsorption trials and reflects that the media is
considered an adsorption rather than an ion exchange material. Each flask was stirred in
an orbital shaker at 200 rpm and 18 °C for one hour to obtain equilibrium. Kinetic data
were obtained by taking sub samples every 10 minutes during a separate test. In all
cases after sampling the media was separated from the solution immediately via vacuum
filtration. Determination of phosphorus and sulphate concentrations were conducted by
Spectroquant cell tests (Supplied by VWR International). The methods are analogous to
EPA 365.2+3, and EPA 375.4 respectively. The equilibrium adsorption data was fitted
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to a number of adsorption models which are commonly used to describe phosphate

adsorption:

Freundlich equation: g=K,C'" (5.1)

L . . . — bKLCe 5 2
angmuir equation: q 1+b6C C. 5.2)

Temkin equation: q=A+BInC, (5.3)

All three are two parameter equations where g is the amount of phosphorus adsorbed
per unit weight of media (mg P gmedia'l), and Ce is the concentration of phosphorus
remaining in solution at equilibrium (mg P L™). All the other terms are constants in the
various models. Analysis of kinetic adsorption data was undertaken to compare fits to
both intraparticle diffusion and film diffusion limited rate models (Khriasheh et al.,

2003; Boyd et al., 1949):

Intra-particle g, =kt (5.4)

Film diffusion Ln(1-F)=—kt (5.5)

Where ¢, (mg P gmedia'l) is the solid phase concentration at time ¢, F is the fractional
attainment of equilibrium and k is the rate constant defined in terms of a diffusion
model (krp) (min'l) or an intraparticle model (k;p) (mg g'lmin'O'S). Both models are
plotted in linear form with the appropriateness of the respective models assessed

through analysis of the linear regression constant (Choy et al., 2004).

Further analysis was conducted with respect to mass transfer where both the film
diffusion coefficient, ks (cm s™), and the intraparticle diffusion coefficient, D (cm” s™),
were calculated according to the following expressions (Khraisheh et al., 2002; Urano

and Tachikawa, 1991):

2 2
Intra-particle - [log{l - {g'} ]] = 27.[3:,); (5.6)
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A
Film diffusion ln(’J =—k, Vt 5.7

Where Qf and Qe are the adsorbed amounts at time ¢ and at equilibrium (mg P gmedia'l),
d is the media diameter (cm), C; is the concentration at time t, Cy is the initial
concentration, A is the area (sz) and V is the solution volume (L). Combining the two
coefficients enables calculation of the dimensionless Biot number (Bi) which indicates
the ratio of the mass transfer resistance in the solid to the mass transfer resistance in the

liquid:

k.d

Biot Number Bi= o (5.8)

5.2.4 Column trials

Fixed bed trials using 15 mm diameter, 200 mm long columns fed with final effluent
from a small scale trickling filter works were used to generate saturation curves. Equal
volumes of the adsorbent media (10 mL) were used in each case, with adjustments to
empty bed contact time (of 1, 4, 10, and 20 minutes) controlled with peristaltic pumps.

Trials were run until 1000 bed volumes had passed through each column.
5.2.5 Regeneration

Regeneration was undertaken with 40 mL of media that had previously been saturated
with phosphorus. Solutions containing 2 % NaOH or 5 % NaCl were passed through the
columns using peristaltic pumps at an empty bed contact time of 4 minutes. Each bed
volume of regenerant leaving the columns was analysed for phosphate, nitrate and

sulphate concentration according to standard methods.
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5.3 Results and discussion

5.3.1 Media properties

The size of the carrier bead varied between 0.18 and 1.0 mm with a median size of 0.69
mm and uniformity coefficient of 1.37. The inclusion of the iron nanoparticles increased
the specific gravity of the bead to 1.6 which compares to typical levels for ion exchange
media of 1.05 - 1.15. Nanoparticle inclusion was found to be evenly spread throughout
the beads with analysis of the distribution of iron as a percentage of the total surface
area indicating that the distribution of iron ranged from 24 % at the bead edge to 28 %
at 220 wm from the edge, the approximate centre of the bead (Figure 5.1). This
compliments previous analysis which has indicated that inclusion of nanoparticles
within the ion exchange resins restricts the apparent pore diameter by 30 % whilst

increasing contact area by 7 % (Pan et al., 2009).
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Figure 5.1: Distribution of iron through the depth of a bead.
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5.3.2  Equilibrium isotherms

Batch equilibrium trials revealed the equilibrium capacity of the resin to decrease from
24 t0 1.25 mg P gmedm'l as the liquid phase equilibrium concentration decreased from
52mgPL"'to 1.2 mgPL" (Figure 5.2A). Additional trials with a different source of
sewage effluent down to lower final phosphorus levels, revealed the capacity at 0.1 mg
P L' to be around 0.1 mg P gmedia'l (Figure 5.2B) indicating the significance of the
target concentration when comparing different media. Comparison of the new media
against a standard ion exchange resin akin to the parent resin revealed that around 10 %
of the capacity is due to the ion exchange resin alone (Martin et al., 2009). Previous
trials with a nanosized hydrated ferric oxide particle embedded into a polystryrene-
divinylbenzene resin (Pan et al., 2009) reported capacities ranging between 23.5 mg P
gmedia'l -27 mg P gmedia'l at liquid phase concentrations of 5 mg P Lt up to around 47
mg P gneaia for pure solutions with no competing ions. In a solution also containing
100 mg sulphate L'l, the capacity at 5 mg P L' decreased to around 5.4 mg P gmedia'l,
still over twice that reported in the current case. Explanation for the difference is
attributed to iron coverage, which for the reported resin was around 10.2 %. The higher
level found in the resin used in the current study, 24 - 28 %, is suggested to cause self
agglomeration during the embedding process and thus reduces the available contact area
(Pan et al., 2009). Additionally, the parent resin in Pan ef al.’s (2009) study is also seen
to have a higher inherent capacity for phosphorus, at around 60 % of the embedded

system, which will account for at least part of the difference.

Analysis of the equilibrium data revealed that all three adsorption models provide an
appropriate fit to the observed data for the higher strength trials but only the Langmuir
model fit at low concentrations (Figure 5.2B). This is in contrast to work by Zeng et al.
(2004), who found that the relative appropriateness of the different adsorption models
followed the sequence: Temkin = Freundlich > Langmuir with phosphate adsorption
onto iron oxide tailings using synthetic solutions. The difference can be explained in
relation to competitive adsorption and available adsorption sites. In the case of the
current resin, uptake can take place onto both the resin directly and the ferric

nanoparticles. The real wastewaters used in the current study contain sulphate, which

96



2.6 1

¢ Experimental Langmuir  ------ Freundlich —-—-Temkin
2.4 1
<
3
E 22 T
“_07
o 2.0 -
(@]
E
-E? 18 T
‘©
S
o 1.6
(&]
g
g 1.4 1
[0}
o
1.2 4
10 T T T T
1 2 3 4 5
Concentration at equilibrium (mg P L)
B
0.9 - ¢ Experimental Langmuir ------ Freundlich —-—- Temkin

Removal capacity (mg P g’1 media)

Concentration at equilibrium (mg P L™)

Figure 5.2: Three commonly used adsorption isotherm models fitted to equilibrium data from trials of
the ferric nanoparticle adsorbent in wastewaters containing ~ 5 mg phosphorus L' (A) and ~ 0.5 mg
phosphorus L™ (B).

outcompetes phosphate for the ion exchange sites (Blaney et al, 2007), such that

phosphate mainly adsorbs onto the ferric nanoparticles. The consequence of which is to
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generate a pseudo homogeneous system in relation to phosphate uptake, which is better
modelled through the Langmuir isotherm. Whereas with other media, the system
remains heterogeneous which is then more effectively modelled through either Temkin

or Freundlich isotherms.

Comparison of the Langmuir capacity constant, Ky, for a range of materials trialled for
phosphorus uptake indicates that the embedded resin has a greater total capacity per
mass of media than most of the alternatives, with K;, values ranging from 0.63 in low
strength wastewaters (Figure 5.2B) to 0.77 in medium strength wastewaters (Figure
5.2A). To illustrate, example values reported for Ki include 0.612 mg P gmedia'l for
Bauxite (Drizo et al., 1999) and 0.026 mg P gmedia'l for Ochre (Heal et al., 2003).

5.3.3 Adsorption kinetics

Kinetic experiments with real wastewater (4.8 mg P L, 204 mg SO L") and a
synthetic solution (5 mg P L", 100 mg S04 L") revealed that the adsorption of
phosphorus was very rapid such that 54 % of the total capacity was utilised within the
first 15 minutes and 95 % within the first 60 minutes (Figure 5.3A). No significant
difference was observed in P removal between real and synthetic solutions, indicating
that other competing ions or solid components in wastewater do not influence overall
uptake rate. In comparison, Zeng et al., (2004) reported that 67 % of the capacity was
reached within the first 10 minutes using iron oxide tailings, slightly faster than in the
current case. Analysis of the kinetic data, in both studies, fit to a three stage model
whereby mass transfer initially occurs across the boundary layer surrounding the bead,
followed by surface adsorption and then diffusion into the internal structure of the bead
(Cheung et al., 2007). Further analysis with respect to rate controlling mechanisms
suggests that intraparticle diffusion controls marginally over film diffusion as the rate
limiting step (Equations 5.4 and 5.5), with R” fit values of 0.98 and 0.84 respectively.
This contrasts with commonly used adsorbents such as activated carbon where
intraparticle diffusion is reported to dominate as the rate controlling mechanism

(Cooney, 1998).
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Figure 5.3: Kinetic curve (A) and change in phosphorus coverage within a bead as a function of
contact time (B).

Kinetic analysis at different positions within the bead demonstrates the importance of

intraparticle diffusion on the overall rate in relation to penetration. Critically,
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phosphorus coverage within the inner sections of the bead was observed to lag behind
those at the surface indicating the switch over of mechanism (Figure 5.3B). To
illustrate, phosphorus coverage increased from 0.14 % after 10 minutes to 0.26 % after
60 minutes in a layer extending from the surface to 115 pm into the bead. In contrast, at
165 um and 215 pm from the bead edge, phosphorus coverage was only 0.07 % and
0.05 % at 10 minutes respectively, only reaching levels consistent with positions closer
to the surface after 48 minutes. At this point, 90 % of the total adsorption had been
completed. Fitting the data to intraparticle and film diffusion models confirms these
observations, based on the criteria of linearity and the need for the line to pass through
the origin. A distinct switch in appropriateness of fit was observed such that the outer
two layers fit the film diffusion model best and the inner two layers fit the intraparticle
diffusion model better (Equations 5.4 and 5.5). The 115 um layer was intermediate
between the two and indicates the zone at which intraparticle diffusion starts to become

the dominant mechanism.

Further analysis with respect to mass transfer revealed the intraparticle diffusion
coefficient (Equation 5.6) to decrease from 2.6 x 10%cm? s to 1.4 x 10° cm? s™! as the
phosphorus concentration decreased from 105 mg L' to 5 mg L' (Figure 5.4). The
influence of concentration on D reflects the impact of surface diffusion due to the
heterogeneity of the media surface (Cooney, 1998). The corresponding film diffusion
coefficient, ks, was calculated as 2.8 x 103 ¢cm s (Equation 5.7), which indicates the
media operates with a Biot number of 175 (Equation 5.8). The mechanistic implication
of which is that the media operates in the intermediate zone where both film and
intraparticle diffusion are important but with an emphasis on the latter (Sonetaka et al.,
2009). Similarity is found with respect to arsenate and phosphate adsorption onto
granular ferric hydroxide with Biot numbers of 182 and 102 respectively (Sperlich et
al., 2008). However, comparison with activated carbon reveals smaller Biot numbers
(indicating that film diffusion is more important) for metals (Quek & Al Duri, 2007)
and pesticides (Baup et al, 2000) and much larger Biot numbers (indicating that
intraparticle diffusion is more important) for reactive dye uptake (Khraisheh et al.,
2002). The differences are partially related to molecular weight as both k; and D

decrease as molecular weight increases (Walker & Weatherley, 1998). However,
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comparison across the studies shows the major difference is in terms of D with reported
values of 0.13-0.61 x 10"° cm? s for dye adsorption onto activated carbon (Choy et al.,
2004), 0.6 x 10" cm? s™' - 4 x 10™"° cm? s™ for pesticide adsorption on activated carbon
(Baup ef al., 2000), and 1.2 x 10® cm? s for phosphate uptake onto alumina (Urano
and Tachikawa, 1991), indicating the relative ease of P uptake into the internal structure

of the present media compared to other systems.
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Figure 5.4: The relationship between concentration and the diffusion rate of phosphorus within the
bead structure.

5.3.4 Column experiments

Using real wastewater, alteration of the empty bed contact time (EBCT) between 1 and
20 minutes caused a significant change in the shape of the breakthrough curve with the
mass transfer zone being more sharply defined as the EBCT increased (Figure 5.5). To
illustrate, at an EBCT of 1 minute, immediate leakage of phosphorus is observed with
0.1 mg P L' exceeded within the first 10 bed volumes. Overall, at an EBCT of 1
minute, the effluent phosphorus increased approximately linearly from 0.39 mg L' at

100 bed volumes to 4.17 mg P L' at 900 bed volumes. In contrast, at an EBCT of 20
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minutes, no breakthrough was observed for the first 280 bed volumes, with the total

capacity reached after 600 bed volumes.

—— 1 minute contact time
J ---@--- 4 minutes

— & - 10 minutes

»—""/J - 20 minutes

0 a--o8 -l T T T \
0 200 400 600 800 1000
Bed volumes

Column effluent P concentration (mg L)
w

Figure 5.5: Saturation curves for varying empty bed contact times.

Using the same data from the trial described above and in Figure 5.5, but considered in
terms of the treatable volume before breakthrough for different final consents and
EBCT, the greatest variation was observed at either low or high effluent breakthrough
limits (Figure 5.6). For instance, to achieve an effluent concentration of 0.1 mg P L', an
EBCT of 20 minutes can treat 275 bed volumes, whilst an EBCT of one minute treats
less than 10 bed volumes. The difference in treatable volumes between contact times of
1 minute and 20 minutes reduced from 160 bed volumes at 1 mg P L'l, to 50 bed
volumes at 2 mg P L™, suggesting that operational hydraulic rate can be optimised for
different final effluent levels. Converted to capacity, the performance ranged between
0.29 mg P gmedia'l and 0.51 mg P gmedia'l to meet a 0.1 mg P L! standard as the EBCT
increased from 1 to 20 minutes. Assessment of the operational suitability of these
runtimes can be considered with reference to other contact processes typically

encountered in water and wastewater treatment such as ion exchange and activated
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carbon. In the case of the former, typical operating cycles of several hundred bed
volumes are common as the media is regenerated on site (McAdam et al., 2010),
whereas adsorption processes typically run for thousands of bed volumes between
regeneration cycles. However, this reflects the fact that media regeneration has to be
completed off site and that dilute components are being adsorbed. Previous trials with
the ferric nanoparticle resin treating feed solutions of 0.63 mg P L™ (Martin ez al., 2009)
and 0.26 mg P L' (Blaney e al., 2007) reported exhaustive bed lifes of 4000 and 16000
bed volumes respectively. Consequently, the operating cycle of the ferric nanoparticle
adsorbent reflects the load being treated but in all cases is similar to existing systems,
which should enhance the ease of implementation. The operational capacity is also a
function of the permitted effluent phosphorus concentration with compliance to 0.1 mg
P L' reducing the operating capacity to 0.29 - 0.51 mg P gmeqia ' Which is only 8 - 13%

of the exhaustive capacity.
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Figure 5.6: Comparison of breakthrough performance with varying contact times.
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5.3.5 Regeneration

Regeneration of hybrid adsorbent/ion exchange media typically involves combinations
of NaCl and NaOH at concentrations between 2 - 5 % run through a fixed bed of the
media for 10 bed volumes (Blaney et al., 2007). Comparison of the efficacy of each
component revealed that the majority of desorption occurs within the initial bed
volumes such that 65 % and 88 % of the total P desorbed by each solution was eluted by
the end of the first bed volume for the 5 % NaCl and 2 % NaOH solutions respectively

(Figure 5.7).
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Figure 5.7: P desorption profiles when regenerating the media with different solutions.

Further, desorption ceased within 2 bed volumes with the NaCl solution but continued
with the NaOH solution such that no further elution was recorded after 5 bed volumes.
The major difference between the effectiveness of the solutions was in terms of the total
amount of phosphorus desorbed, which was 3457 mg P L' using NaOH, and 251 mg P
L' using NaCl. The level associated with the NaCl regeneration is consistent with the

level of adsorption ascribed to uptake by the parent resin, of around 10 % (Martin et al.,
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2009). The NaCl acts mainly on the ion exchange resin, disrupting the electrostatic
interaction holding the phosphate ion as an outer sphere complex (Pan et al., 2009). In
contrast, the phosphate bound to the ferric nanoparticles is held in an inner sphere
complex, the reversal of which requires the ferric to be deprotonated, generating a
negatively charged surface that repels the bound phosphate. As a consequence,
regeneration with NaOH only acts on the nanoparticles, leaving the ionic material
bound to the resin in place. Whilst this reduces capacity by around 10 % in subsequent
service runs, it does have the advantage of generating a purer phosphate regenerant
stream for downstream recovery. To illustrate, during desorption with the NaOH
solution, the average concentration of eluted material over 5 bed volumes was 691 mg P
L'l, 39 mg NO;3 L' and 55 mg SO42' L' In contrast, over the same 5 bed volumes,
desorption with NaCl produced a solution containing 50 mg P L™, 1008 mg NO; L™
and 721 mg SO, L. A similar contamination issue has been reported elsewhere
during the regeneration of activated alumina where the recovered solution contained

2200 mg P L, 400 mg SO,* L™, and 1600 mg Al L (Urano & Tachikawa, 1991).

5.4 Conclusions

The overall conclusion from the presented work is that the iron nanoparticle embedded
resin provides an appropriate means of phosphorus removal down to 0.1 mg P L. The
implementation of the technology is flexible enough to reflect the complexity of the
challenges associated with phosphorus removal such that it can be used to treat the full
phosphorus load exerted by wastewater or used to polish a treated stream. The principal
impact is on operating cycle time which could vary between 200 and upwards of 1000
bed volumes between regeneration cycles. Previous economic assessments indicate that
it is currently more expensive than traditional approaches when treating the full load, as
expected (Martin et al., 2009). As such, likely application in the near future will be as a
polishing process post chemical and/or biological P removal where extended bed life
and reduced regeneration cost can be expected. The present study has shown that there
is a limiting EBCT below which mass transfer is negatively impacted through
limitations associated with intraparticle diffusion. As such a recommended EBCT of 10

- 20 minutes is suggested which represents mid to high range for traditional adsorption
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processes. In addition, the economics of the process are heavily tied to the regeneration
process (Martin et al., 2009) and the current work indicates that significant savings are
possible such that with further optimisation, regeneration based on a maximum of 4 bed

volumes or less of NaOH only solutions are likely to greatly reduce chemical costs.
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6. The impact of competing ions and metals on the removal and recovery of

phosphate from municipal wastewater by hybrid ion exchange/adsorbent

B.D. Martin, M. Gallot, E.J. McAdam, S.A. Parsons, B. Jefferson

6.1 Introduction

Phosphorus has been removed from wastewater streams since the middle of the last
century, with the aim of preventing eutrophication and contamination of natural
systems. Removal takes the form of either an adapted version of the activated sludge
process, where luxury uptake of phosphorus in the biota is encouraged (Comeau et al.,
1986), or chemical precipitation, which binds the phosphorus into insoluble metal salts
(Morse et al, 1998). These techniques are successful at reducing phosphorus
concentrations to the commonly implemented compliance standards of 2 mg L™ or 1 mg
L', which depend primarily on the size of the population served by the treatment works,
and/or the ecological sensitivity of the receiving catchment. However, these compliance
standards are expected to be tightened under the Water Framework Directive (EC,
2000), which seeks to elevate all natural water systems to "good" ecological quality.
The background concentration of phosphorus in natural systems is reported to be around
0.1 mg L'l, (EA, 2000), and this is expected be the future compliance standard.
Biological phosphorus removal processes are not thought to be able to achieve such a
low discharge (Blaney et al., 2007), and the additional chemical dosing required (a 155
% excess of ferric chloride) to reach such removal levels is unsustainable (Fytianos et
al., 1998). Consequently, new techniques are being evaluated which can sustainably
achieve a phosphorus discharge of less than 0.1 mg L. One of the most promising is a
ferric nanoparticle adsorbent media where the nanoparticles are embedded into an ion
exchange resin to provide mechanical support and processing simplicity. The anionic
exchange resin used takes advantage of the Donnan membrane effect (Cumbal &
Sengupta, 2005; Zhang et al., 2008; Sarkar et al., 2010), whereby the positively charged
quaternary ammonium groups that are fixed in the resin structure are effectively behind
a semi permeable membrane - they cannot be removed from the solid phase but anions

from the solution may pass deep into the bead structure, drawn in by electrostatic
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attraction from the ammonium groups. This allows phosphate to come into contact with
the ferric nanoparticles dispersed within the pore structure, form inner sphere complexes

and thus be removed from solution.

As wastewater contains a variety of ionic species, a key consideration is the competitive
impact that these may have on the capacity of the media to remove and recover
phosphorus. The main inorganic, anionic species present in wastewater that are
expected to impact the removal of phosphorus via ion exchange are sulphate and
bicarbonate, because of their relatively high atomic weights (96 for sulphate and 61 for
bicarbonate) and valencies (divalent for sulphate, monovalent for bicarbonate), in
comparison to phosphate (with a mass of 96 for the divalent form and 97 for the
monovalent). Relative concentration is also an important factor when implementing the
media to remove the total incoming phosphorus load at a treatment works, or as a
polishing step installed downstream of biological or chemical phosphorus removal
stages. Consequently, expected phosphate concentrations that would contact the media
vary from incoming levels around 15 mg phosphate L', down to around 3 mg
phosphate L' downstream of chemical or biological stages. In contrast, typical
concentrations of sulphate and bicarbonate can be > 200 mg L™ in both raw and treated
wastewaters. A larger concentration of an ion can overcome the usual order of uptake
onto an ion exchange material - indeed; the regeneration of ion exchangers relies on this
phenomenon, and is commonly achieved by employing high strength NaCl solutions (2
- 5 %) to displace much heavier and more highly charged ions on the material with

chloride.

Whilst the other ions present in wastewater are not expected to compete for the ferric
adsorbent sites, metal species might. Adsorbent materials containing ferric oxides have
been used to remove metals from solution (Lopez et al., 1998; Nowack & Stone, 1999;
Han et al., 2002). Their influence on the phosphate capacity of hybrid anion

exchange/ferric adsorbent materials has yet to be investigated.
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Aim and scope

Previous work with similar hybrid anion exchange/adsorbent materials have
investigated the impact of sulphate in model solutions (Blaney et al., 2007) and blends
of sulphate, sodium chloride and bicarbonate in model solutions (Pan et al., 2009). The
present study isolates the impact of separate competing ions on the material's phosphate
removal capacity during the loading cycle using model solutions. In addition, the
material is contacted with real wastewaters containing varying ratios of phosphate :
competing ions to investigate the impact of wastewater character on phosphate
adsorption. The removal of metals from a real wastewater is also quantified. Finally, the
presence of competing ions in the regeneration step is investigated to assess the purity
of the recovered phosphate stream. Studying these parameters will help further
understanding of the factors likely to influence the performance of such a hybrid ion
exchange/adsorbent material when applied to the removal and recovery of phosphorus

at full scale wastewater treatment works.

6.2 Materials and methods

6.2.1 Hybrid ion exchanger/adsorbent

The adsorbent media (trade name Layne®') was supplied by SolmeteX Co.,
Massachusetts, USA. The gel-type ion exchange component consists of quartenary
amine functional groups in a styrene divnylbenzene copolymer matrix. Approximately
26 % of the external and internal surfaces of the material are covered with iron in
hydrated ferric oxide form (Chapter 5). Before first use, the media was placed into a
column and run in an upflow configuration with deionised water at a rate high enough
to fluidise the bed for 30 minutes. This removed any unbound iron fines left on the

media by the manufacturing process.
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6.2.2 Kinetic and equilibrium trials for competing ions and limiting mechanism

Batch kinetic and equilibrium studies were conducted using 250 mL Erlenmeyer flasks
in an orbital shaker at 200 rpm at 18 ° C. Doses of resin were varied between 0 and 10 g
L. Model inorganic solutions were made using NH4HCO;, (NH4),SOs, and
NH4H,POy,, (supplied by Fisher Scientific UK Ltd.).

6.2.3 Treatment works sampled

Five wastewater treatment works were chosen to represent the main categories of
treatment and scale typically found in the UK (Table 6.1, and see Chapter 3 for detailed
descriptions). Small spot samples (1 - 2 L) of final effluent were collected from each
works on two consecutive days in June 2010, at around mid-morning. Batch tests were
carried out to contact the media with these effluents using doses between 0 and 4 g L
and an equilibrium time of one hour using the same equipment as described above in

section 6.2.2.

Table 6.1: Class of treatment works sampled.

Final Ratio of
Final Current P )
Population effluent S04~ meq
Treatment method 5 effluent P consent
equivalent S04~ 1 1 :
1 (mgL”)  (mgL™) 5
(mg L") PO, meq
Small trickling filter < 10,000 130 5.9 No consent 4.7
Large scale trickling filter > 10,000, 230 053 <2 939

with Fe dosing < 100,000

Small activated sludge
plant with ammonia < 10,000 135 4.7 No consent 6.2
removal, no Fe dosing

Large activated sludge

plant with Fe dosing > 250,000 180 0.83 <l 30.5
Enhanced biological P > 200,000 270 031 <1 1702
removal
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6.2.4 Isotherm modelling

The equilibrium adsorption data from both the model solutions and real wastewater

trials were fitted to adsorption models commonly used to describe phosphate

adsorption:

Freundlich equation: g=K,C'" (6.1

L . . . — bKLCe 6 2
angmuir equation: q 1+HC C (6.2)

Temkin equation: q=A+BInC, (6.3)

All three are two parameter equations where ¢ is the amount of phosphorus adsorbed
per unit weight of media (mg g"), and Ce is the concentration of phosphorus remaining
in solution at equilibrium (mg L™). All the other terms are constants in the various

models.

6.2.5 Small scale fixed bed column runs

Fixed bed trials using 15 mm diameter, 20 cm long columns were used to load and
regenerate the media, with bed volumes of 10 mL used in each trial. Model solutions
(containing 30 mg L' phosphate, 100 mg L™ of sulphate and nitrate, and 150 mg L™
chloride), in addition to a real wastewater sample from a small trickling filter works to
investigate metal uptake (Table 6.2), were passed through at an empty bed contact time
of 4 minutes until phosphate saturation occurred. Regenerant solutions of 5 % sodium
chloride and 2 % sodium hydroxide were then passed through the saturated media in

parallel trials at a rate of 2 bed volumes hr'.

Table 6.2: Characteristics of the wastewater used in the column tests for metal adsorption.

Parameter Value
pH 7.10+0.20
Temp. of sample whilst testing (°C) 18.00 £ 0.75
Phosphate (mg L™ 1541 +£1.12
Sulphate (mg L) 58.28 £ 0.31
Bicarbonate (mg L) 85.31 £2.55
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6.2.6 Analytical techniques

Determination of total phosphorus, phosphate, and sulphate was by Spectroquant cell
tests (supplied by VWR International). The phosphorus method is analogous to EPA
365.2+3, and the sulphate method is analogous to EPA 375.4.

A Perkin Elmer ELAN 9000 ICP Mass Spectrometer was used for the determination of
nickel, copper, zinc, cadmium, and lead concentrations. Interference problems exist
with the measurement of mercury in the ICP Mass Spectrometer, so a Perkin Elmer
AAnalyst 800 Atomic Absorption Spectrometer was used instead. Samples were
prepared to match the matrices of the standard solutions by acidification in line with
British Standard BS EN ISO 17294-2:2004. Internal and external standards were used in
both instruments and measured before each sample run to calibrate the machines, then at
halfway through, and at the end of each run to quantify any drift (< 0.1 ppb variance),
which has been corrected for in the results presented in the study. Detection limits were

10 - 100 ppt for nickel, copper, zinc, mercury and cadmium, with lead at 1 - 10 ppt.
6.3 Results
6.3.1 Competition from sulphate and bicarbonate - equilibrium

The pH of this trial, and all subsequent tests, rose from an initial value of around 7.1 to
a maximum of 8.2. The speciation of phosphate, sulphate and bicarbonate ions were
unaltered by the increase of pH. At a media dose of 2 g L™, the removal of 5 mg L™
phosphorus (0.159 meq) was 99 % (Figure 6.1). The introduction of 100 mg L
bicarbonate (10.5 meq bicarbonate : 1 meq phosphate) only reduced the phosphorus
removal to 97.2 %, but 100 mg L' sulphate (13 meq sulphate : 1 meq phosphate)
reduced it to 80.4 %.

An initial capacity of 8.76 mg phosphorus gmedia'l for the single phosphorus solution

decreased to 7.52 mg phosphorus gmedia'l with the addition of bicarbonate, and 2.54 mg

phosphorus gmedia'l in the presence of sulphate. These findings are consistent with, if
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slightly lower than those reported by Pan ef al., (2009) who used similar hybrid media
but found capacities ranged between 12.2 and 17.8 mg gmedia'l for a single solution of 10
mg L' phosphorus, and with a solution containing 10 mg L' phosphorus and 100 mg L~
! sulphate, these capacities dropped to between 5.73 and 5.8 mg gmedia'l. Zhao &
Sengupta (1998), and Blaney et al, (2007) also showed that doubling the sulphate
concentration from 120 mg L' to 240 mg L"' had little impact on the phosphate

adsorption capacity of a similar media.

5 —-e—- Phosphorus: 5 mg/L, sulphate: 100 mg/L, bicarbonate: 100 mg/L
\\ — -m- - Phosphorus: 5 mg/L, sulphate: 100 mg/L
4 - \\\\ ---A--- Phosphorus: 5 mg/L, bicarbonate: 100 mg/L
\ \‘i:\ —e—Phosphorus: 5 mg/L
34 \. AN

Phosphorus remaining in solution (mg L™)

2
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K\
. ~.
\.\ ~
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Figure 6.1: Competition effects on phosphorus uptake by the hybrid media in equilibrium studies.

Since neither sulphate nor bicarbonate are strong ligands, the observed decrease in
phosphorus removal is a result of them being taken up on the ion exchange sites, and
not by adsorption onto the ferric nanoparticles. Sulphate is only able to form outer
sphere complexes with ferric oxide at typical wastewater pH (Wijnia & Schulthess,
2000; Lefevre, 2004) and consequently, increases in sulphate concentration do not

impact on the adsorptive capability of the media for phosphate (Pan et al., 2009).

The impact of the competing ions decreased in magnitude with increasing media

dosages, until at 4 g media L', phosphorus removal from all the solutions averaged 98.7
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%, with a standard deviation of 0.19. At these high media doses, all the phosphate from
the solution is thought to be adsorbed to the ferric nanoparticles, and none competes
with the other anions for the ion exchange sites. In these conditions, when the media has
not reached full phosphate capacity, the Lewis acid-base adsorption mechanism plays a
more significant role than Coulombic ion exchange interaction (Blaney et al., 2007). In
practice, this would mean that if large enough media doses were used, the impact of the

competing ions on phosphorus removal could be completely eliminated.

6.3.2 Competition from sulphate and bicarbonate - kinetics

The initial rate constant for the single solution of phosphorus is 0.07 mg minute
(Figure 6.2). The addition of sulphate or bicarbonate, either individually or combined,
only reduces the rate constant to 0.06 mg minute”. Whilst it is clear that the other ions,
especially sulphate, exert a detrimental impact on capacity, they have only a negligible

effect on the rate at which the media removes phosphorus from solution.

6 — e-— Phosphorus: 5.5 mg/L, sulphate: 100 mg/L, bicarbonate: 100 mg/L
v.-: s — -m - - Phosphorus: 5.5 mg/L, sulphate 100 mg/L
= 51
£ ---A--- Phosphorus: 5.5 mg/L, bicarbonate: 100 mg/L
c
R
5 4 M —e— Phosphorus: 5.5 mg/L
8 .
=
2 37
£
©
§
pust 2
[%2])
~
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Figure 6.2: Competition effects on phosphorus uptake by the hybrid media in kinetic studies.

118



6.3.3 Competition from sulphate - column studies

From a solution containing only phosphate at 14.5 mg L', the media was able to treat
590 bed volumes before a breakthrough of 0.1 mg phosphorus L™ occurred. With the
addition of sulphate at 52 mg L™, this was reduced to 181 bed volumes. In line with the
equilibrium studies and literature, the doubling of sulphate concentration did not
significantly alter this reduction, and at 100 mg L™, breakthrough occurred at 170 bed
volumes. The shape of the phosphate breakthrough curves remains stable across all the
tested concentrations (Figure 6.3) indicating that the presence of sulphate does not
impact the mass transfer characteristics of the media. However, the backward migration
of the curves with increasing sulphate concentrations reveals the impact on the volume

of solution treatable.

In relation to overall capacity, in a strong phosphate solution of 500 mg L', the media's
capacity was 36 mg phosphate gmesia' (10.2 meq), which represents the amount
removed from solution via both the ion exchange sites on the media and the
nanoparticle adsorbent sites dispersed within it. In contrast, a mono-ionic solution of
sulphate, at an identical concentration, is removed at a much lower rate, with a capacity
of only 17 mg sulphate gmedia'l (3.3 meq). The phosphate/sulphate separation factor at

these identical concentrations can be expressed as (Zhao & Sengupta, 1998):

:q_P*&

a
pls
Cr g

(6.4)

Where ¢ and C represent the concentrations in the solid phase and aqueous phase
respectively, and the p and g subscripts represent phosphate and sulphate respectively.
The separation factor at equal concentrations of phosphate and sulphate is 2.08, lower
than previously reported with a copper based hybrid ion exchanger (Zhao et al., 1998),
which reported figures between 10 and 12, but higher than standard commercially
available strong base anion exchange media such as IRA-958, reported at between 0.1
and 0.25 (Zhao et al., 1998). This confirms that it is only the ion exchange sites on the

media that can remove sulphate from solution. In a strong solution of phosphate (540
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mg L") and sulphate (470 mg L"), the media's capacity for phosphate removal is

compromised by 50 %, reducing to 18 mg phosphorus gmedia'l (5 meq) whilst the

capacity for sulphate is reduced by 34 %, down to 11 mg sulphate gneqia (2.2 meq).

>
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Figure 6.3: Phosphate (A) and sulphate (B) breakthrough curves at varying concentrations.
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The reduction in sulphate capacity reflects a repulsive influence of the phosphate
adsorbed onto the ferric nanoparticles via Donnan co-ion exclusion (Cumbal et al.,
2005). When more environmentally relevant concentrations of sulphate (52 mg L) and
phosphate (14.2 mg L) were passed through the columns, the hybrid media's capacity
for phosphate was again compromised by about 50 %, down from 23 mg phosphate
gmedia'l (6.6 meq) from a solution containing only phosphate at 14.5 mg L™, to 11 mg
phosphate gnmeqia ' (3.2 meq). The sulphate only competes with the phosphate for the ion
exchange sites on the media, and it is the ferric nanoparticles that are responsible for
phosphate removal from wastewater feeds in the main. A saturation capacity of 11.19
mg phosphate gmesia' (3.2 meq) is achieved from environmentally relevant
concentrations of phosphate and sulphate, and it is evident that the presence of sulphate
is the largest contributor to the capacity differences between a pure solution (23.04 mg
phosphate gmedia'l) and a real wastewater (9.5 mg phosphate gmedia'l, reported in Martin
et al.’s (2009) study).

6.3.4 Isotherm modelling with real wastewaters

Batch equilibrium trials with real wastewaters (and a model solution containing 0.5 mg
phosphorus L" as the only anion) allow an assessment of the media's performance when
contacted with varying phosphate concentrations and ratios of sulphate: phosphate that
are characteristic of final effluents. The phosphorus concentrations in the effluents from
the small scale trickling filter and activated sludge plant works were 5.9 and 4.7
respectively. The other plants all had much lower concentrations (< 1.2 mg phosphorus
L"). Phosphorus removal capacities in the study ranged from a maximum of 2.4 mg
phosphorus gmedm'l from the small trickling filter works effluent, to a minimum of 0.17
mg phosphorus gmedia'l from the enhanced nutrient removal plant effluent (with a feed

strength of 0.31 mg phosphorus LY (Figure 6.4).

All three adsorption models fit the observed data for the higher strength trials but only
the Langmuir model at low concentrations. This is in contrast to work with phosphate
adsorption onto iron oxide tailings from synthetic solutions (Zeng et al., 2004), where

Temkin = Freundlich > Langmuir. However, work with media similar to the hybrid
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Figure 6.4: Adsorption isotherms for the removal of phosphate from final effluents using the ferric nanoparticle media.
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anion exchanger in the present study confirms that the Langmuir model is a better fit
(Chubar et al., 2005). In non-hybrid adsorbents such as iron oxide tailings or activated
carbons, the frequently amorphous structure of the material gives rise to variations in
binding energy, the possibility of more than one monomolecular covering, and non
selective adsorption, which are heterogeneous characteristics best modelled by the
Freundlich and Temkin isotherms (Johnson & Arnold, 1995). In contrast, when sulphate
outcompetes phosphate for the ion exchange sites in the hybrid media, phosphate is
removed by selective, homogeneous adsorption onto the ferric nanoparticles. As a
result, the good fit of the Langmuir isotherm model also suggests that each site binds
only one phosphate molecule with the same adsorption energy throughout the structure,
and there are no forces of interaction between adjacently adsorbed phosphate molecules
(Cooney, 1998). The sulphate: phosphate ratios at the treatment works are consistent
with this, and are 7 : 1 and 9 : 1 by mass and 5 : 1 and 6 : 1 by milliequivalents at the
small trickling and small activated sludge plants respectively, conditions which allow
some of the phosphate to be removed from solution via ion exchange. The large
trickling filter, large activated sludge and enhanced biological phosphorus removal
works have much higher sulphate: phosphate ratios of 144 : 1 by mass (94 : 1 meq), 142
: 1 by mass (31 : 1 meq), and 284 : 1 by mass (170 : 1 meq) respectively. At these
higher ratios, the experimental data fits most closely with the Langmuir isotherm,
consistent with previous studies of hybrid media (Chubar et al., 2005), suggesting the
removal mechanism for low strength solutions is homogeneous in nature. This means
that in low strength phosphate / high strength sulphate wastewaters, sulphate almost

entirely out-competes phosphate for the ion exchange sites.

6.3.5 Removal of metals

Copper, zinc, and lead concentrations were reduced by 44 %, 46 % and 41 %
respectively (Figure 6.5). Nickel appears to be eluted during the phosphate loading
cycle. Cadmium and mercury concentrations were mostly below the detection limits and

are excluded from the Figure.
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Figure 6.5: Removal of metals from wastewater using the hybrid media.

Comparison to previous trials shows alternative iron based media such as red mud can
uptake greater amounts of metal. To illustrate, removals of 100 % (nickel), 68 %
(copper), 56 % (zinc) and 89 % (lead) have been reported in column trials with synthetic
and real wastewaters (Lopez et al., 1998; Gupta et al., 2001). The relatively low uptake
of the metals in the present study is a consequence of the anionic exchange resin used as
the base for the hybrid material. If a cationic resin is used with embedded hydrated
ferric oxide nanoparticles, metals can be very efficiently adsorbed (Pan ef al., 2010).
The Donnan membrane effect means that in the present case, the metal cations are
unable to access the majority of the adsorption sites in the inner pore spaces of the
media because they are repelled by the positively charged quaternary ammonium groups
fixed in the resin structure (Sarkar et al., 2010). The metals that are removed by the
hybrid media in the present study can therefore only be associated with the ferric
nanoparticles dispersed on the outer surface of the resin beads. Phosphate remains the
only common ligand in wastewater that has access to the bulk of the adsorbent sites

dispersed within the microporous internal surfaces of the resin beads.
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6.3.6 Competing ions in the regenerant cycle

Regeneration of the media has been previously undertaken with a mixture of 5 %
sodium chloride and 2 % sodium hydroxide (Blaney et al., 2007). Previous analysis of
this has revealed that the sodium chloride operates on the ion exchange resin and
sodium hydroxide on the ferric nanoparticles, enabling controlled regeneration (see
Chapter 7). Extending that to current concerns about competing ions confirms such
findings. For instance, regeneration with a 5 % sodium chloride solution resulted in
eluted phosphate concentrations of 162 and 89 mg phosphate L in the first and second
bed volumes respectively (Figure 6.6), representing 6.6 % of the phosphate removed
from the feed solution, consistent with the amount ascribed to the ion exchange
component of the parent resin. Sulphate does not appear until the third bed volume, but
is present at 597 mg L' In comparison, regeneration with a 2 % sodium hydroxide
solution resulted in an elution profile where 88 % of the total phosphate desorbed
during regeneration was present in the first bed volume passed through the bed, with 7
%, 4 %, and < 1 % for the following bed volumes. Over five bed volumes, regeneration
with sodium hydroxide removed 91 % of the loaded phosphate from the media, the
remaining 9 % spread between the ion exchange sites and the ferric nanoparticles not
reached by the solution. The delay in sulphate elution means that optimal phosphate
purity and concentration in the regenerant solution is returned in the initial bed volumes,

enhancing the opportunities for phosphorus recovery.

The pH of the solution leaving the column decreased from 13.7 to 13.4, suggesting that
some of the OH" ions are being exchanged with the sulphate removed via ion exchange
during the loading cycle, allowing it to be eluted from the bed. However, levels of
sulphate are very low in comparison to the phosphate concentration, and reach a
maximum of 137 mg L in the third bed volume, in comparison to the peak phosphate
concentration in the first bed volume of 3039 mg L. No metals were found in the

regenerant stream, which is expected because of the high pH used (Pan et al., 2010).
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Figure 6.6: Competing ions in regenerant streams using 5 % NaCl (A), and 2 % NaOH (B).

Using sodium hydroxide instead of sodium chloride elutes nearly 19 times more
phosphate in the first bed volume. A regime of regeneration in which one or two bed
volumes of sodium hydroxide is passed through the bed results in the most efficient
phosphate recovery rates. This does not completely regenerate the media, although this
is reported to not be essential to the efficiency of such a process (Jelinek & Sorg, 1988).

In terms of phosphate recovery, the manufacture of a struvite fertiliser product offers the
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most marketable option (Forrest er al., 2008). Struvite has a crystalline structure
comprised of phosphate, ammonia and magnesium in a 1:1:1 stoichiometric ratio.
Currently, the formation of struvite utilises the relatively high phosphorus and ammonia
loads in sludge liquors, with typical concentrations of 60 - 100 mg phosphorus L™ and
300 - 700 mg ammonia L' (Battistoni et al., 2000). Whilst magnesium is present in
wastewaters, it is usually dosed into the struvite crystallactor as magnesium chloride.
The pH of the process is also controlled by dosing sodium hydroxide (Forrest et al.,
2008). Ammonia is therefore present in excess, and it is magnesium and phosphate that
limit the process. Adding the phosphate rich regenerant solution from a contact process
using the hybrid media could match the concentration of ammonia entering the struvite
crystallactor, in addition to easing the sodium hydroxide dosing. This would

significantly improve the efficiency of the struvite manufacturing process.
6.4 Conclusion

The work presented in this chapter indicates that the influence of competing ions is
observed in relation to overall capacity whilst not influencing phosphorus uptake
kinetics. The difference reflects a switch based around the sulphate : phosphate ratio.
The operational significance of this concerns whether the process is used to polish a site

which already has phosphorus removal or to treat the full phosphorus load.

In the case of polishing sites, the sulphate : phosphate ratio is high, such that
phosphorus uptake only occurs on the ferric nanoparticle adsorbent sites, reducing
overall capacity. In such cases, regeneration can be undertaken with an alkaline soak,
producing a relatively pure phosphorus eluted stream. Whereas when the media is used
to treat the full phosphorus load, the sulphate : phosphate ratio is reduced and uptake
occurs onto both the parent resin and the ferric nanoparticle adsorbent sites, increasing
capacity over that expected just by increasing phosphorus concentrations. Future work
is needed to precisely identify the sulphate : phosphate ratio at which heterogeneous
adsorption switches with homogeneous adsorption, to build a more complete

understanding of the mechanistics of sulphate competition.
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Full recovery of the capacity will require a combined sodium chloride / sodium
hydroxide soak, although if managed properly this should not lead to contamination as
the phosphorus is eluted first in both cases. Based on running the media to full
saturation, either removing the full load or as a polish, and using one bed volume of
regenerant solution, the concentration of eluted phosphorus remains around 1 g
phosphorus L™ (Table 6.3). Removal capacity is comparatively lower when used as a
polish using the batch results of the current study, but higher capacities are expected in

column runs (Cussler, 1997, and see Chapter 7).

Table 6.3: Implementing full phosphorus load removal or as a polish impacts capacity and recovery.

Feed Capacity Regenerant
Implementation strength Removal mechanism (mg P, L) strength
(mg P Ll) g F'media (mg P Ll)
Full load 5 Ion exchange + adsorption 2.40 1013
Polish 1 Adsorption 0.42 1009

Overall, the ferric nanoparticle media appears suitable for both full load phosphorus
removal and polishing applications, enabling compliance to a 0.1 mg phosphorus L'
standard irrespective of feed water chemistry. In addition, the limited metal removal and
sequenced release of adsorbed materials means that the relative suitability of the media
across all sites is related to the economics of regeneration and recovery. In turn this is
directly related to the feed phosphorus concentration. As incoming phosphorus levels
increase, capacity will increase slightly but the operating cycle time will decrease. To
illustrate, projected bed life to a breakthrough of 0.1 mg phosphorus L is 400 bed
volumes to remove the entire phosphorus load from the small trickling filter works
influent, or 1120 bed volumes for polishing at the enhanced biological nutrient removal
works. The economic balance will then depend on the cost of sodium hydroxide and the
number of cycles that each batch can be used for before replacement. A potential
solution to manage such economics is to precipitate out the phosphate and then reuse

the liquid stream again (see Chapters 7 and 8).
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7. The impact of contactor scale on a ferric nanoparticle adsorbent process for

the removal and recovery of phosphorus from municipal wastewater

B. D. Martin, L. De Kock, S. A. Parsons, B. Jefferson

7.1 Introduction

In the present study, an adsorbent that utilises the high ligand strength with which
phosphate binds with ferric oxide has been trialled. The adsorbent media consists of
"parent" polymeric anionic exchange resin beads that contain a dispersion of ferric
oxide nanoparticles. The efficiency of such media in removing phosphorus via ion
exchange and adsorption mechanisms from aqueous solutions, and in achieving an
effluent concentration of less than 0.1 mg phosphorus L' has been shown previously at
laboratory scale (Blaney et al., 2007; Martin et al., 2009; Pan et al., 2009). After a
loading cycle, the adsorption can be reversed and the media regenerated for reuse by
contacting it with a sodium hydroxide solution. The high pH deprotonates the ferric
oxide, causing the adsorbed phosphate to be repelled back into solution, from which it

can be recovered.

A key concern when conducting small scale experiments on adsorption is whether the
obtained data can be utilised at full scale. The critical concern relates to spreading of the
breakthrough curves through a combination of changes to the internal diffusional
resistance, external mass transfer resistance and axial dispersion in the fluid (Cooney,
1998). Commonly, internal diffusion is the most important (see Chapter 5), such that the
dimensionless group Dt / RZ, (where Dqt is the intraparticle coefficient over time, and R
is the external radius of the adsorbent particle) should remain constant during scale up
or scale down. Given that Dy and R are likely to remain fixed this means that the fluid
residence time (or empty bed contact time, EBCT) should also be fixed between
comparisons of scale. In addition, a number of other practical concerns are often
reported relating the relative size of media, diameter of column and length of media bed.
Schwartz & Smith (1953) presented data that revealed high porosity zones next to the

wall of contact vessels, extending inwards by two or three particle diameters. The
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smaller the column, the larger this effect will be on the overall velocity variation
through the bed, resulting in faster contact times for a relatively larger proportion of the
media, which causes loss of capacity and early breakthrough. It is generally suggested
that this wall effect plays no role when the ratio of the column diameter to particle
diameter is greater than 20 (Tobis & Vortmeyer, 1988; Jadhav & Pangarkar, 1990).
Column length to particle diameter is only relevant for very shallow beds, of about a
dozen layers (Gunn & Malik, 1966; Guedes de Carvalho & Delgado, 2003), which are
also exceeded in all the columns in the present study. Irregularities in flow caused by
packing are more significant in smaller beds (Van Deemter & Zuiderweg, 1956), and
the flow through the bed is likely to be more uniform on average in larger vessels,
leading to more clearly defined mass transfer zones and less leakage. Turbulent flow
will also cause irregularities in the velocity profile, when Reynolds numbers are greater
than 10 (Rhodes, 2008) for a fixed bed. These latter features reflect changes in
dispersion profiles typically referred to as Taylor dispersion, where the traditional
dispersion front is distorted as diffusion occurs outward in faster flowing sections and
inward in slower moving portions. The net result is axial dispersion that blurs the mass

transfer front (Cussler, 1997).

A consequence of all the issues stated is that column lengths need to be sufficiently long
to enable constant pattern profiles to develop, leading to long experiments. This is
avoided in activated carbon by crushing the media for use in rapid small scale column
tests (RSSCT), (Crittenden et al., 2005). Such approaches are not appropriate in the
current case as the hybrid structure of the media must be maintained to keep the
influence of the Donnan membrane effect constant during trials at different scales

(Sarkar et al., 2010).

Recent studies with iron nanoparticle adsorbents for the removal of phosphorus have
been at laboratory scale (Zhao & Sengupta, 1998; Blaney et al., 2007; Pan et al., 2009),
and typical column sizes reported for phosphorus adsorbents with diameters < 1 mm are

in the order of 10 mm to 150 mm in diameter (Table 7.1).
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Table 7.1: Column sizes reported in literature studies of phosphorus adsorbent/ion exchangers.

Ratio of
Material Bed depth  Column column & : Solution Reference
(mm) @ (mm) ;
particle &
. Seawater with 7.8 Wu et al..,
La (IIT) Chelex resin - 10 - and 155 mg P ! 2007
Hybrid anion i 11 15 Synthetic, Blaney et al.,
exchanger/adsorbent 026 mgPL" 2007
Polymeric ligand 155 11 2 Real wastewater, Zhao &
exchangers 22mgPL’ Sengupta, 1998
Two hybrid anion Real wastewater,
exchanger/adsorbent B 12 12-20 3.8 mgP L?! Pan et al., 2009
Real wastewater, Lopez et al.,
Red mud 47 15 30-50 5.2 mg P L 1997
Synthetic, Ugurlu &
Fly ash - 00 793-2000 5 j00mg L' Salman, 1998
. Synthetic, Molle et al.,
Apatite 100 85 94 20 mg P L 2005
Wollastonite powder 1200 150 i Real wastewater, Brooks et al.,
and tailings 34mgPL" 2000

The expected performance increases in terms of mass transfer and overall removal
capacity of the media at larger scales has so far not been quantified. The current study
addresses this gap in knowledge by using fixed beds of an iron nanoparticle adsorbent
media in columns of 15 mm, 25 mm, 100 mm, 250 mm and 500 mm diameters. Within
each contactor, the ratio of bed depth: diameter remained identical, at 2:1. The empty
bed contact time also remained identical across the different scales, at 4 minutes.
Contact time is more critical than superficial velocity, and is recommended to be kept
constant between lab and pilot scale operations (Inglezakis & Poulopoulos, 2006). As a
consequence, the Reynolds number (i.e. the degree to which the flow is laminar or
turbulent,) increased with column size. Any variations in performance can then be
attributed to differences in either scale (lessened wall effect, improvements in packing

regularity and therefore contact), or flow characteristics (Reynolds) within the bed.

Aim and scope

The present study seeks to build on the current knowledge of the application of hybrid
ion exchange/nanoparticle adsorbents for phosphorus treatment by quantifying changes

to removal performance when the media is placed in much larger contact vessels than

previous work. The main objectives are to investigate the separate roles of scale and
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flow regime that have not been addressed by studies such as Zhao & Sengupta, (1998),
Blaney et al.,, (2007) and Pan et al., (2009). These issues are critical in assessing the

viability of implementing the hybrid process at full operational scales.
7.2 Materials and Methods
7.2.1 The ferric nanoparticle media

The adsorbent media, LayneRT (SolmeteX Co., Massachusetts) is a commercial product,
primarily applied in the removal of arsenic from domestic groundwater supplies. It is
known as a hybrid anion exchanger since it comprises a strong base anion exchange
resin (gel-type, with a quarternary ammonium functional group), which acts as a
scaffold to support a dispersion of ferric oxide nanoparticles (Cumbal et al., 2003). The
average particle diameter is 0.69 mm, and coverage of the internal surfaces with iron is
approximately 26 % (see Chapter 5). Before use, the media was prepared by fluidisation
in de-ionised water for 30 minutes to remove iron fines remaining from the

manufacturing process.
7.2.2  Impact of Reynolds number

To assess the possible impact of Reynolds number, a series of trials using laboratory
scale columns of 15 mm internal diameter were used at varying contact times. Model
solutions containing 4 mg phosphorus L™ were passed through a 10 ml fixed bed of the
ferric nanoparticle media at varying speeds (taking between 1 and 4 minutes to move
through the bed), using Watson Marlow SciQ 400 and SciQ 323 peristaltic pumps. The
Reynolds (Re) number for the column configurations, which relates to the characteristic

of the flow through the media bed, is defined as:

o= pPVD
ud-¢g)

(7.1)
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Where p is the density of the water, V is the superficial velocity of the feed solution
through the bed, D is the average diameter of the media particles (0.69 mm), ¢ is the
void fraction (0.3, typical of gel-type ion exchange media (Ping & Sengupta, 2000) and
w 1s the dynamic viscosity of the water (0.001 Pa.s).

7.2.3 Impact of contactor size

Columns with internal diameters of 15 mm, 25 mm, 100 mm, 250 mm, and 500 mm
were used to evaluate the effects of scale on removal efficiency. The trials were
normalised to a fixed empty bed contact time of 4 minutes and a fixed aspect ratio of
2:1 (bed height: column diameter). These fixed beds were fed with groundwater (Table
7.2) pumped into an 11 m’ underfloor reservoir. Phosphorus was dosed into the
reservoir to increase its concentration to 4 mg Lt by addition of NH4H,POy,, (supplied
by Fisher Scientific UK Ltd). Distribution of this water to the columns was achieved
using peristaltic and submersible pumps. One column (100 mm) diameter was fed with
real wastewater (containing 5 mg phosphorus L") at a small trickling filter works to

identify any difference in the performance of the media when using the groundwater.

Table 7.2: Ionic characteristics of the groundwater used for the scaling experiments (before P dosing).

Ion Average (mg LY Maximum (mg LY Minimum (mg LY
Chloride ion - as CI 28 34 19
Nitrate - as N 0.3 0.9 0.2
Nitrite - as N 0.02 0.1 0.00
Orthophosphate - as P 0.29 1.73 0.02
Sulphate - as SO, 204 304 123
Sulphide - as S 0.02 0.02 0.02

The ratio of column diameter to bed depth as well as the contact time (4 minutes), were
kept the same across all the columns, but variations in flow rate, and consequently

velocity were necessary to achieve this (Table 7.3).
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Table 7.3: Specification of experimental configuration.

Ratio of
Bed Column column Volume Surface Liquid
depth Diameter D of resin area Flow Fa_tle velocity Reynolds
(cm) (cm) particle (mL) (cmz) (mL min™) (m s'l) number
%)
3 1.5 22 5.3 1.8 1.3 1.25E-04 0.09
5 2.5 36 24.5 4.9 6.1  2.08E-04 0.14
20 10.0 145 1570.8 78.5 3927  8.33E-04 0.58
50 25.0 362 24543.7 490.9 61359  2.08E-03 1.44
100 50.0 725  196349.5 1963.5 49087.4  4.17E-03 2.88

7.2.4 Regeneration

Regeneration was undertaken with 40 mL of media that had previously been saturated
with phosphorus via contact with final effluent from a small trickling filter works. The
media was packed into columns of 25 mm diameter, 200 mm length. Solutions
containing varying strengths of sodium hydroxide (0.1, 0.2, 0.5, and 1 M), were passed
through the columns using peristaltic pumps, at empty bed contact times of 15 and 60
minutes. Each bed volume of regenerant leaving the columns was analysed for

phosphorus concentration.

7.2.5 Analytical techniques

Samples were collected at regular intervals and measured for phosphorus concentration
using Spectroquant cell tests. The method is analogous to EPA 365.243, US Standard
Methods 4500-P E, and ISO 6878.

7.3 Results

7.3.1 Validating the model feed solution

The suitability of the supplemented groundwater as a surrogate feed during the column
experiments was confirmed through a comparison of column experiments on both
surrogate and real wastewaters. Comparison of the breakthrough curves fed with a real

and synthetic solution revealed a statistically similar profile based on an ANOVA F-
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test, p < 0.05 (0.04), indicating that the supplemented groundwater was a suitable

surrogate (Figure 7.1).
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Figure 7.1: No significant difference in media performance between real wastewater and groundwater
dosed with phosphorus over a loading cycle (trend lines are polynomial interpolations).

Breakthrough for 0.1, 0.5 and 1 mg phosphorus L' occurred for the real wastewater at
300, 470, and 540 bed volumes respectively, and for the model solution at 350, 420, and

480 bed volumes respectively.

In wastewater treatment, sulphate is the main competing species with phosphate in ion
exchange processes (see Chapter 6, and Blaney et al., 2007). Sulphate levels in the final
effluent of five UK wastewater works were measured and were found to be in the range
of 130 - 270 mg L™, with an average of 189 mg L (see Chapter 6). Levels in the
groundwater used in the present study were consistent with this (Table 2). Chloride and
nitrate are typically present at concentrations between 50 mg L™ and 150 mg L™ in final
effluents, much higher than those found in the groundwater. However, dosing of these
ions into the groundwater was not thought to be necessary because of their negligible

competition with phosphate during ion exchange (see Chapter 6).
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7.3.2  Saturation curves

Based on a target of 0.1 mg phosphorus L™, breakthrough occurred in the 250 and 500
mm columns at 650 and 675 bed volumes respectively (Figure 7.2). Media in the largest
column produced no detectable levels of phosphorus in its effluent for a full 630 bed
volumes. At that point, the levels of phosphorus in the 500, 250, 100, 25, and 15 mm
columns were 0.06, 0.11, 1.26, 0.70, and 1.5 mg phosphorus Lt respectively. Further,
only the larger columns exhibited consistently favourable mass transfer, with a long flat
area at the beginning of the saturation curve, followed by a sharp increase in phosphorus
concentrations leaving the column as the media approached its capacity for phosphorus

adsorption.

Further evidence of a vessel diameter based impact on the nature of mass transfer is
seen by analysing the shape of the mass transfer zone developed in each column (Figure

7.2).
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Figure 7.2: Breakthrough curves for different diameter columns
(trend lines are polynomial interpolations).

The gradient of the curves increased with column diameter such that gradients of 0.005,

0.006, 0.010 and 0.022 were observed for diameters of 25, 100, 250 and 500 mm

140



respectively. These concentration profiles can be described more conventionally as the

fraction of the bed loaded (&) (Cussler, 1997):

_ (tE _tB)
2,

=1 (7.2)

Where 15 is the time at equilibrium, and ¢z is the time at breakthrough. Additionally, the
fraction of the bed that is loaded, 6, can be used to define the length of unused bed /' as
(Cussler, 1997):

I'=1(1-06) (7.3)

Where [ is the length of the bed. The loaded fraction of the beds for a given
breakthrough concentration becomes greater as column size increases. To illustrate, the
fraction of loaded bed increased from 50 % in the 15 mm column up to 84 % in the 500
mm column for a 0.1 mg phosphorus L™ target level. Corresponding levels for a 1 mg
phosphorus L™ target were 84 and 86 % respectively, indicating the significant impact
of target effluent concentration in relation to the impact of column size. The
corresponding length of unused bed for a 0.1 mg phosphorus L' target outlet was 15

mm and 160 mm for the small and large column respectively.

Leakage rates have a pronounced effect on the effluent quality leaving the smaller
columns. For 0.1 mg phosphorus L™ the 15, 25, and 100 mm column effluents broke
through at 0, 60, and 320 bed volumes (Figure 7.3). Fluctuations in the shape of the
curves for these columns indicate a non ideal flow pattern within the bed, where varying
velocities near the wall or by channelling between the media beads play a more

significant role than in the larger columns.

Leakage rates also impact the bed life of each column in relation to the volume of feed
solution treatable before breakthrough thresholds are met (Figure 7.4), especially for
low effluent phosphorus targets. This is observed in relation to the vertical spread of the

data points at any given column diameter, with greater variation indicating reduced
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resilience. To illustrate, for the 15 mm column, there is a gap of 500 bed volumes

between breakthrough of 0.1 mg phosphorus L' and 1 mg phosphorus L', whereas in

the 500 mm column, for the same breakthrough points, the gap is 50 bed volumes.
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Figure 7.3: Phosphorus leakage at the start of the loading cycle.
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Figure 7.4: Bed life for various phosphorus breakthrough concentrations vs scale.
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7.3.3  The effect of scale on removal capacity

The most important impact of column diameter is seen in regard to change in capacity
which increased from from 3.37 mg phosphorus gmedia'l in the 15 mm column, to 6.27
mg phosphorus gmedia'l in the 500 mm column based on exhaustive capacity (Figure

7.5).

7 « Capacity at saturation y = 0.79Ln(x) + 1.56
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Figure 7.5: The relationship between scale and capacity at a breakthrough of 0.1 mg P L, and at
saturation (with logarithmic trend lines).

Overall, the data fit to a power law expression with scale exponents of 1.18 and 0.79 for
capacity at 0.1 mg phosphorus L™ breakthrough and exhaustion respectively. Capacities
at a breakthrough of 0.1 mg phosphorus L proceeded similarly, and whilst the 15 mm
column has no capacity for the removal of phosphorus to such a low level because of
the leakage described above, the 500 mm column exhibited a capacity of 3.76 mg

phosphorus gmedia'l.
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7.3.4  Impact of Reynolds number

The basis of the current experiments was to fix the operational parameters of bed length
to column diameter and contact time such that both column diameter and superficial
velocity change in each trial. Elucidation of the significance of the change in velocity
was further considered by analysing a separate trial where different empty bed contact
times were operated at a fixed column diameter (15 mm). At Reynolds numbers of 0.16,
0.33, and 0.65 for this column diameter, saturation capacity was 3.1, 2.8 and 2.3 mg

phosphorus gmedia'l respectively (Figure 7.6).
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Figure 7.6: The relationship between Reynolds number and capacity at different breakthrough
concentrations for a single 15 mm diameter column (with linear trend lines).

The percentage decreases between Reynolds numbers of 0.16 and 0.65 for
breakthroughs of 1, 0.5 and 0.1 mg phosphorus L™ are 44, 52 and 62 % respectively. In
these trials, a linear decrease in adsorptive capacity is observed as Reynolds numbers
rise, and contact time is considered to be the critical controlling factor on uptake in this

case.
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Consequently, the observed increase in capacity with changing vessel diameters occurs
despite the increase in Reynolds number. However, the impact of the Reynolds number
is expected to be greatest in smaller diameter columns due to the larger relative impact

of Taylor dispersion on the overall flow pattern (Cussler, 1997).

7.3.5 Regeneration

The optimisation of the regeneration process was investigated in terms of the required

strength of the sodium hydroxide solution, which was shown to influence both the rate

of desorption and the final percentage of phosphorus desorbed (Figure 7.7).
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Figure 7.7: Effect of sodium hydroxide strength on phosphorus desorption.

For example, final percentage phosphorus recovery after 7 bed volumes was 35, 68, 85
and 97 % for a 0.1, 0.2, 0.5 and 1.0 M sodium hydroxide solution respectively. Further,
the majority of the desorption was seen to occur within the first 3 and 4 bed volumes for
the 1.0 M and 0.5 M solutions, which accounted for around 95 % of the total desorption.

In contrast, desorption was seen to be more consistent with the weaker strength
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solutions such that phosphorus desorption followed an approximately linear trend after

the second bed volume (Figure 7.7).

The pH of the regeneration solution and hence the media bed was between 13.1 and
13.5 after 4 bed volumes irrespective of the strength of the regenerant solution. The
main difference was observed in the initial bed volumes where the regeneration with 0.5
and 1.0 M sodium hydroxide raised the pH to its final value within the first bed volume.
In contrast, the weaker strength solutions raised the pH from the initial level of 8 to the

final values over the course of the first 4 bed volumes (Figure 7.8).
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Figure 7.8: Effect of sodium hydroxide strength on effluent pH during a regeneration cycle.

In terms of the desorbed phosphorus, peak eluted concentrations of 999, 675, and 699
mg phosphorus L" for the 1.0, 0.5 and 0.2 M respectively resulted in net phosphorus
concentrations in the regenerant solution of 589, 491, 337 and 138 mg L' after 4 bed
volumes for the 1.0, 0.5, 0.2 and 0.1 M solutions respectively. Previously reported
regeneration using such a combined solution revealed a different profile to the current
case with a peak in eluted phosphorus of around 500 mg L™ after 4 bed volumes,

leading to a recovery of > 95 % of the capacity after 12 bed volumes (Blaney et al.,
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2007). Similarly, Pan et al, (2009) reported a peak elution at 2 bed volumes at a
concentration of 1200 mg L' with 98 % regeneration after 10 BV based on a 5 %
sodium hydroxide, 5 % sodium chloride solution. In part this reflects both the higher
overall capacity seen for the latter resin and the greater contribution the parent resin
exerts. Overall, regeneration appears to be currently non-optimised, with the potential
for further reductions in regenerant use, increase in eluted phosphorus concentration and
decrease in contaminants possible. All three have been shown to be critical in relation to
the overall economics due to direct cost of the chemical used (Martin et al., 2009) and
improvements in the cost of struvite production which improve as a function of the feed

P concentration (Vale, 2010).

7.3.6  Implications for implementing the ferric nanoparticle adsorbent for removing

the full load of phosphorus in a wastewater stream

At the larger scales reported in the present study, phosphorus concentrations in the
effluent leaving a column of 500 mm diameter can be maintained at below 0.1 mg L™
for 675 bed volumes, from an initial phosphorus concentration of 4 mg L. The bed life
at a breakthrough of 0.1 mg phosphorus L' in the 500 mm column represents
approximately 68 % of the total bed volumes treatable before saturation. Based on the
findings of the present study, these conditions appear to be the optimum for mass
transfer and overall removal capacity, and a column with a diameter of 3 m, with a bed
depth of 6 m (volume of ferric nanoparticle media: 42,412 L, weight: 29,646 kg) would
be expected to return a saturation capacity of 7.89 mg phosphorus gmedia ', and a 0.1 mg
phosphorus L™ breakthrough capacity of 5.37 mg phosphorus gmegia . To illustrate the
potential of the process, if a plant were installed to treat a flow of 1 ML day, it could
remove the entire phosphorus load entering the works down to a level < 0.1 mg
phosphorus L™ for 6 days before regeneration was required. The contact time in such a
large column would need to be extended beyond the four minutes used in the present
study to maintain a Reynolds number below 10. For a bed with a volume of 42,412 L, a
depth of 6 m and a flow of 1 ML day’, the empty bed contact time would be 61.07
minutes, resulting in a Reynolds number of 1.13. Many options are available to optimise

the contact method, and since it can be operated in the same way as ion exchange,
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which the water industry is experienced with through drinking water treatment (Kapoor
& Viraraghavan, 1997), the process could be easily implemented. The potential
phosphorus available for recovery from a 3 m diameter column would be around 234 kg
at the end of each service cycle. However, it is unlikely that complete recovery of the
phosphorus would be economically viable. Removing the majority of the adsorbed
phosphorus, but not all of it, has been shown to have minimal impact on the subsequent
loading capacity of the media (Martin et al., 2009). The easiest route to processing the
recovered phosphorus into a marketable product is to add it to a struvite manufacturing
process. Struvite (magnesium ammonium phosphate) is an excellent fertiliser since it
dissolves very slowly, is very bio-available, and contains phosphate and nitrogen in the
optimum ratios needed to support vegetative growth. The formation of struvite from
wastewater resources has been detailed in the literature (Forrest er al., 2008), and

generates a pure crystalline product for which a market is rapidly growing.

Optimising the chemical use in the regeneration step is critical to the economics of
recovery. The market value for a struvite fertiliser product made of 5 to 10 mm diameter
pellets is £0.10 kg™ (Vale, 2010). A struvite pellet contains about 12 % phosphorus
(Forrest et al., 2008), and so the value of the recovered phosphorus can be estimated at
£0.83 kg'1 (1 kg struvite / 0.12 kg P in struvite x £0.10 value of struvite kg™). The bulk
value of sodium hydroxide is approximately £0.47 kg'. (ICIS Chemical Business,
2010). Based on a bed life to saturation of 1000 bed volumes (where 1 m’® of the media
would treat 1 ML of wastewater), with an influent phosphorus concentration of 5 mg L
! and the % recovery of phosphorus exhibited by the varying NaOH strengths, a 1 M

solution appears to be the most efficient choice (Table 7.4).

Table 7.4: Simple economics of phosphorus recovery - based on single use of regenerant.

P recovery target V?lue o.f l: Cost3 of re.co_wlfery by N?llOH strength
(%) £ n?l media~ or (£ m” media™ or £ ML~ wastewater)

£ ML~ wastewater) 0.1 M 0.2M 0.5 M 1M

20 0.92 6.58 4.51 1.88 N.A.

40 1.83 8.27 12.22 13.16

60 2.75 18.80 21.62 24.44

80 3.67 39.48 35.72

Re-using the regenerant solution by recirculating it through the exhausted bed would

improve the efficiency of the operation, and by re-using it for ten cycles, the value of
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the recovered phosphate (£36.70) would offset the cost of the 1 M NaOH solution
(£35.72) (Figure 7.9).
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Figure 7.9: Re-using the regenerant solution enables profitability after 10 cycles
(data from predictions made in Table 7.4).

Given the solubility of sodium phosphate (15 g L™ at 0° C, and 88 g L' at 25°C), and
the concentration of phosphorus yielded from the exhausted resin using 1 M NaOH (999
mg L), recirculation frequencies greater than ten would be possible before risking
supersaturation. The consumption of OH" ions during the process, and the subsequent
lowering of pH might be the limiting factor, and further work is required to identify if

this is the case.

A struvite manufacturing process requires pH control, usually by employing NaOH
(Forrest et al., 2008). As such, some of its value might be maintained during the
process, thus improving the economic value of the regenerant stream. All of this is in
contrast to the conventional use of chemicals in wastewater treatment, where the dosing
of ferrous chloride costs around £6.30 ML (not including associated sludge handling
costs and transport) (Wakerley, 2009) to reach a consent limit of 2 mg phosphorus L™,

and there are no economically sound recovery methods for the phosphorus or chemical.
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The simple exercise described here shows that although further work is needed to
optimise the regeneration step, the flexibility of the nanoparticle adsorbent process
allows many options to be considered. Implementing such a process at full scale has the
potential to attain a discharge consent of 0.1 mg phosphorus L", and provides a method
for the sustainable and economically viable recovery of phosphorus, a valuable and

finite resource.

7.4 Conclusions

The ferric nanoparticle adsorbent is capable of removing phosphorus from a solution
containing 4 mg phosphorus L™ down to levels < 0.1 mg phosphorus L™, and is a viable
process for achieving the new discharge compliances expected under the Water
Framework Directive. Increases in contactor size result in logarithmic increases in the
phosphorus removal capacity of the ferric nanoparticle adsorbent. In addition, bed life is
significantly extended in larger columns. Up-scaling the process increases the efficiency
of mass transfer and capacity, and decreases the influence of leakage rates and the wall

effect exhibited by columns < 250 mm in diameter.

Regeneration of the media and phosphorus recovery can be achieved using sodium
hydroxide, the strength of which can be varied to match the requirements of processing

the phosphorus into a marketable product.

Further work at pilot scale with real wastewater is required to fully assess the robustness
of the system in terms of varying feed water characteristics. Regeneration at full scale
and the conversion of recovered phosphorus into a revenue stream are also yet to be
optimised.
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8. Overall implications for phosphorus removal - economics and implementation

strategies

8.1 Support of the original hypothesis

The work presented in the previous chapters supports the original hypothesis (if
adsorption can be phosphorus selective and reversible, then greater removal and
efficient recovery will be achievable in wastewater treatment) by showing that a ferric
nanoparticle adsorbent media can selectively remove phosphorus from wastewater, and

provide a sustainable and economically viable route for its recovery.

8.2 Key findings of the work

The key observations within this thesis with respect to the challenge of achieving a final

municipal wastewater effluent concentration of 0.1 mg phosphorus L™ are:

1. Existing chemical and biological techniques cannot be employed to meet this
target, either because of prohibitive cost in the case of chemical treatment, or a
lack of efficiency and reliability in biological processes.

2. It is the inorganic, dissolved fraction of phosphate that must be targeted for
removal in order to achieve lower final effluent concentrations.

3. The dispersion of ferric nanoparticles through an anionic exchanger media
removes phosphate from solution, with the rate of removal controlled by a
combination of intraparticle and film diffusion mechanisms.

4. Competing ions such as sulphate impact only on the ion exchange component of
the parent bead, and not the ferric adsorption sites.

5. Recovery of the adsorbed phosphorus is achieved using a single solution of 1 M
sodium hydroxide, producing a highly concentrated stream ideal for further

processing into a fertiliser product.
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8.3 Operational configuration

As discussed in Chapter 6, the most likely application for the process would be as a
final polisher to ensure the dissolved (Chapter 3) phosphorus that remains untreated
through either chemical or biological treatment, is reduced to levels in line with the new
consent limits expected under the Water Framework Directive, i.e. 0.1 mg phosphorus
L. Based on column experiments with varying wastewaters, the number of bed
volumes treatable by the ferric nanoparticle adsorbent before a breakthrough of 0.1 mg
phosphorus Ltis 400, 550, 823, and 1120 from wastewaters containing 5, 2, 1, and 0.5
mg phosphorus L™ respectively, with corresponding values for breakthroughs of 0.2,

0.5, 1, and 2 mg phosphorus L™ where applicable (Figure 8.1).
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Figure 8.1: Bed volumes treatable by the ferric nanoparticle adsorbent when fed with wastewaters of
differing phosphorus concentrations.

The operational benefits of placing the process as a final polishing stage are that greater
bed volumes are treatable, and less frequent regenerations are required. However,

placing the ferric nanoparticle process downstream of chemical or biological treatments
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could result in a decrease in the chemical or acetate doses required and consequently,
sludge volumes and handling costs. Since the investigation of changes to the upstream
parameters that could be made possible by installing the ferric nanoparticle process is
beyond the scope of the present project, for the following discussion it will be assumed
that they will remain unaltered. The focus will be on the potential for installing the
process as a final treatment stage of the entire flow, whether downstream of chemical or
biological treatments at large scale wastewater works, or as the sole phosphorus
removal technique in the case of a small rural works that currently achieves no

phosphorus removal.

8.4 Economic analysis of removal and recovery

The flow and phosphorus load in the final effluent of four typical UK wastewater
treatment works (Table 8.1), were used to estimate the amount of ferric nanoparticle

media required from the data reported in Figure 8.1.

Table 8.1: Typical UK treatment works used for economic analysis.
Current final effluent

Class of treatment works concentration (mg P L'l) Flow (ML day'l)
Small trickling filter 5 0.18

Large trickling filter with chemical dosing 2 2.16
Activated sludge plant with chemical dosing 1 36
Enhanced biological plant 1 43

Plant costs were based on an ion exchange style contactor consisting of a raw water
tank, raw water pumps, ion exchange contact vessels, caustic measure tank, bulk caustic
tank, effluent tank, effluent transfer pump and a control panel. Equipment prices based
on the required media volumes were given as £500,000, £650,000 and £3,500,000 for 8
m3, 40 m® and 400 m® of media respectively (Peckham, 2010). The cost of the ferric

nanoparticle media is estimated at a maximum of £7.40 L™ (Sylvester, 2010).

20 year lifecycle costings were based on the plant and media costs outlined above, with
a media life of 7 years (typical of ion exchange beads), and an annual interest rate of 8
%. The regeneration regime is critical to the economics of the process, and as outlined

in Chapter 7, it is possible to recycle it through an exhausted bed multiple times to allow
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its cost to break even with the value of the phosphorus recovered, and for the purposes
of the following economic analysis, it is assumed that the regenerant will be recycled
ten times. Empirical data concerning the economics of a struvite manufacturing process
utilising the regenerant solution from the ferric nanoparticle media are unavailable at
this time, but using previous work and industrial experience, the market value for the
phosphorus component of a struvite fertiliser product is valued at £0.83 kg (Vale,
2010), and the bulk value of sodium hydroxide is approximately £0.47 kg'. Since
sodium hydroxide is required to adjust the pH of a struvite manufacturing process, some

its value should be maintained, estimated here at 50 %.

For a small trickling filter works, the plant cost is estimated to be £401,734 with media
costing £10,431 every seven years (Figure 8.2).
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Figure 8.2: Operational spend over 20 year lifecycle for the ferric nanoparticle adsorbent at a small
trickling filter plant to reach 0.1 mg P L from a feed solution containing 5 mg P L.

The regenerant spend (based on 50 % return of its value via struvite manufacture) is

£107 each year with a phosphorus yield worth £1153 per year. The cost of the plant to
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accommodate the ferric nanoparticle process is likely to be prohibitive in this case,

despite the regenerant being cost neutral.

In contrast, at the large trickling filter, which currently has a final effluent concentration
of 2 mg phosphorus L', the plant cost would be £522,102 with a media cost of
£125,176 every seven years. The regenerant spend would be £1,859 per year, with a
phosphorus value of £10,063 per year (Figure 8.3).
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Figure 8.3: Operational spend over 20 year lifecycle for the ferric nanoparticle adsorbent at a large
trickling filter (with FeCl; dosing) to reach 0.1 mg P L’ Jrom a feed solution containing 2 mg P L.

In this case the cost of the plant is more favourable in comparison to the value

represented by the recovered phosphorus.
The plant cost at a large activated sludge works to achieve a final effluent concentration

of 0.1 mg phosphorus L ! is estimated at £2,579,284, with a media cost of £2,086,265

every seven years (Figure 8.4).
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Figure 8.4: Operational spend over 20 year lifecycle for ferric nanoparticle adsorbent at an FeCl;
dosing large activated sludge plant to reach 0.1 mg P L from a feed solution containing 1 mg P L.

The regenerant cost is £10,353 every year, and the recovery of phosphorus yields a
value of £112,081 per year. Economies of scale clearly help in this case, with lower
initial capital expenditure required to set up the plant, and a higher relative rate of return

from the recovered phosphorus.

For the enhanced biological phosphorus removal works, the plant cost is estimated to be
£3,004,824, with a media cost of £2,491,928 every seven years (Figure 8.5). The total
regenerant spend would be £12,366 per year and the value of recovered phosphorus
from such a site is estimated at £133,875 per year. Similar to the large activated sludge
plant, this works would benefit from its large scale in both initial outlay and the value of

recovered phosphorus.

Whilst it is possible to increase chemical dosing to achieve tighter discharge consents,

the additional spend represents a significant diminishing return (Figure 8.6).
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Figure 8.5: Operational spend over 20 year lifecycle for the ferric nanoparticle adsorbent at an
enhanced biological plant to reach 0.1 mg P L from a feed solution containing 1 mg P L.
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Figure 8.6: Dosage ratios of ferric chloride required to meet discharge targets.
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Comparing the operating costs of the ferric nanoparticle process at the discussed works
with the necessary increases in chemical use to meet targets of 1, 0.5 and 0.1 mg
phosphorus L, significant savings may be made at all the treatment works of between
29 and 68 % (Table 8.2). The greatest savings are made when the effluent target is at 0.1
mg phosphorus L. Time for payback of the various scenarios (as a fraction of the 20
year period over which the estimates were made), when dividing the adsorbent plant
cost with the differences between the operation costs of chemical dosing and the
adsorbent process yields 16.34 (326.8 years) for the smallest works, and 0.53 (10.6
years) for the large enhanced biological nutrient removal plant. When the time for
payback fraction is < 1, the process can be considered economically viable. At the
prices used in the current analysis, using the ferric nanoparticle adsorbent to achieve a
final discharge consent of 0.5 mg phosphorus L would be economically viable at the
large trickling filter, large activated sludge plant and enhanced biological nutrient
removal works. Using the media to achieve a consent of 0. mg phosphorus L
becomes viable in the largest works: the activated sludge plant and enhanced biological

nutrient removal plant.

The value of phosphorus in struvite is likely to be linked to both standard commercially
available fertiliser products such as diammonium phosphate, and the commodity price
of phosphate rock. These values have been subject to significant fluctuations over recent
years (see Chapter 1), and the sensitivity of the ferric nanoparticle process in relation to
this is equally significant. For the small trickling filter works and enhanced biological
nutrient removal works, a 100 % increase in struvite value reduces the time to payback
by 48 and 32 % respectively (Table 8.3). Whilst other changes to the costs of the
various parameters and the operational life of the media can reduce the time to payback
across both scenarios by between 9 and 68 %, the entire operation is most sensitive to
changes to the cost of the regenerant sodium hydroxide. An increase to this of 50 %
results in a lengthening of the time for payback of 64 and 33 % for the small trickling
filter and enhanced biological nutrient removal plant scenarios respectively. Whilst the
scale of the latter plant is robust enough to accommodate an increase in regenerant cost
of 100 %, with a time for payback of < 1, at 0.94 (18.8 years), the small trickling filter

works becomes very uneconomic in this situation.
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Table 8.2: Net present value (NPV) of the ferric nanoparticle process compared to chemical dosing.

Influent feed Operating Operating A N.PV NPV of Time for

to ferric Effluent NPV of NPV of (chenflcal Adsorbent adsorbent payback (plant

Class of works nanoparticle target adsorbent chemical OPEX minus plant cost | process cost /A NPV)
process (mg P L'l) process coagulant adsorbent (€3] including (fraction of 20

1 OPEX) plant .

(mgPL") (€3] £ ) € year period)

0.1 -57,109 -81,697 24,588 401,734 -458,843 16.34

Small Trickling 5 0.5 -20,403 -64,336 43,933 394,673 -415,077 8.98
1 -16,958 -51,060 34,102 394,013 -410,970 11.55

0.1 -691,324 -980,360 289,036 522,102 -1,213,425 1.81

Large Trickling 2 0.5 -246,759 -772,034 525,275 437,368 -684,126 0.83
1 -205,933 -612,725 406,792 429,440 -635,373 1.06

Large activated | 0.1 -11,610,786 -16,339,336 4,728,550 2,579,284 -14,190,070 0.55
sludge 0.5 -4,143,696 -12,867,227 8,723,531 1,167,052 -5,310,748 0.13
Enhanced biological | 0.1 -13,868,435 -19,516,430 5,647,995 3,004,824 -16,873,259 0.53
plant 0.5 -4,949,415 -15,369,188 10,419,773 1,317,991 -6,267,406 0.13

Table 8.3: Alterations to payback when operating and capital costs are changed.

Time for payback at small Time for payback at small Time for payback at Time for payback at

Parameter Change trickling_ lworks, trickling_ lworks, enhanced biologica_lll plant, enhanced biologic:illl plant,
0.1 mg P L' target 0.1 mg P L' target 0.1 mg P L™ target 0.1 mg P L™ target

(fraction of 20 year period) (years) (fraction of 20 year period) (years)

Base case - 16.34 326.8 0.53 10.6
Struvite value 50 % increase 9.66 193.2 0.39 7.8
100 % increase 8.51 170.2 0.36 7.2
- increase to 10 years 8.53 170.6 0.25 5.0
Media life increase to 20 years 5.50 110.0 0.17 34
Media cost 10 % decrease 13.18 263.6 0.43 8.6
50 % decrease 7.43 148.6 0.24 4.8

Contactor cost 10 % decrease 14.70 294.0 0.48 9.6
50 % decrease 8.17 163.4 0.27 54

Regenerant 50 % increase 45.67 9134 0.79 15.8
(NaOH) cost 100 % increase 113.71 2274.2 0.94 18.8

163



The flexibility of the ferric nanoparticle media provides opportunities for diverse
contact methods that could lead to a decrease in the economic sensitivity of the process
to the cost of the regenerant. In addition to manipulating the process design of an ion
exchange system by varying the scale and consequently, the volumes of media and
regeneration solutions required, it could be contacted as an adsorbent system, much like
granular activated carbon is employed in drinking water treatment. Even more passive
techniques could be investigated, such as using the media as a slow sand filter.
Whichever contact method is chosen, it is clear that the ferric nanoparticle adsorbent
provides very high phosphorus adsorbing selectivity, capable of treating large
wastewater volumes to an effluent strength of 0.1 mg phosphorus L™, making it ideal as
a final stage at an existing works, reducing the need for high coagulant chemical doses,
or enhanced biological techniques. The adsorbent also provides an easy method of
regeneration and recovery, at levels such that the recovery of phosphorus in the form of
struvite becomes economic and provides a route for the cost neutral removal of

phosphorus at sewage works.
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9. Conclusions and recommendations for future work

9.1 Conclusions

The major conclusion is that an adsorption process can be made to selectively remove
phosphorus from wastewater, by exploiting the greater ligand strength that phosphate
species have over competing anions such as sulphate. The reversible nature of the
adsorption onto the ferric nanoparticles in the present case also provides an
economically sound route for the recovery and processing of phosphorus into a

marketable fertiliser commodity.

Specific conclusions are as follows:

1. Chemical and biological methods of phosphorus treatment are not able to practicably
reduce levels to a final effluent target of 0.1 mg phosphorus L, expected under the

Water Framework Directive.

2. The character of the phosphorus remaining in wastewaters downstream of chemical
and biological processes is inorganic, and truly dissolved. The hybrid anion exchanger /

ferric nanoparticle adsorbent media was shown to significantly reduce this fraction.

3. The phosphorus removal capacity of the ferric nanoparticle adsorbent is an order of
magnitude greater than that exhibited by a standard ion exchange media, and is

comparable to other iron oxide rich adsorbent materials such as red mud.

4. The ferric nanoparticle media provides an appropriate means of phosphorus removal
down to 0.1 mg phosphorus L™, either to treat the full phosphorus load in a wastewater

stream or as a polishing step post chemical or biological treatment.

5. The removal behaviour closely fits adsorption models such as Langmuir, Freundlich,
and Temkin, confirming that the main mechanism of phosphorus removal using the

hybrid media is via adsorption.
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6. The limiting mechanism on phosphorus uptake is a mix of film diffusion and
intraparticle diffusion, with the latter playing a more significant role, indicating the
relative ease of phosphorus uptake into the internal structure of the media compared to

other adsorbent materials such as activated carbon or activated alumina.

7. Competing ions such as sulphate impact only the ion exchange component of the
hybrid material, and phosphorus remains the only common ligand in wastewater

removed by the media.

8. The media can be regenerated and re-used for many cycles, with an estimated
operational life of seven years based on the properties of the parent ion exchange

material.

9. A phosphate rich stream can be produced from the regeneration process with 1 M
sodium hydroxide. Partial regeneration has no discernable disadvantage in subsequent
service runs, and maximises the concentration of the recovered phosphorus whilst
minimising chemical use. Levels of competing ions in this solution are negligible. The
regenerant stream can then be added to a struvite manufacturing process, matching
ammonia concentrations and assisting with pH adjustment to increase the efficiency and

economic viability of recovering the phosphorus into a marketable fertiliser product.

10. Increases in contactor size result in logarithmic increases in the phosphorus removal
capacity of the ferric nanoparticle adsorbent. In addition, bed life is significantly
extended in larger columns. Up-scaling the process increases the efficiency of mass
transfer and capacity, and improvements to both of these performance parameters are

expected when the media is installed at a treatment works.

9.2 Future work

A number of areas have been identified during the course of the work that would

contribute further knowledge to the field, as follows:
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1. Further work at pilot scale, with real wastewater is required to fully assess the

robustness and longevity of the system in terms of varying feed water characteristics.

2. A full economic analysis is required to comprehensively assess the impact the ferric
nanoparticle process could have on chemical dosing or other parameters upstream (for

example reducing chemical use and therefore sludge handling costs).

3. Optimising regeneration by linking it to a struvite manufacturing process, by tailoring
the concentration and pH of the phosphorus stream to match the requirements of the

crystallactor.

4. Linking the adsorptive removal and recovery of phosphorus with the possibility of
ammonia removal and recovery via ion exchange, enabling a struvite manufacturing
plant with a much smaller operational and energetic footprint by using highly

concentrated nutrient streams.

5. The manufacture and use of other nanoparticle based adsorbents using different
transition metals such as titanium and zirconium, and / or the use of different parent ion
exchange resins to assess the possibilities of improving on the performance of the ferric

based adsorbent reported in this thesis.
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