CARDIFF

UNIVERSITY

PRIFYSGOL

(AFRDYD

Laboratory and Field Investigation on Characteristics and
Removal Mechanisms of Phosphorus from Wastewater via a

Carbonation Process and Apatite

THIS THESIS IS SUBMITTED IN PARTIAL FULFILMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY (PhD)

By
Ban Alkhazraji
B.Sc., M.Sc.

Cardiff School of Engineering
September 2019



Abstract

Phosphorus (P) is a crucial element in the aquatic ecosystem for all livings. The removal of
phosphorus from wastewater is primarily to reduce the potential for eutrophication in receiving
waters. However, most P removal technologies do not represent an economically viable route
and have been developed for use at larger wastewater treatment plants that have rigorous
monitoring and in-house operating expertise. Smaller treatment plants often do not have these
facilities, which is problematic because there is concern that P releases from small treatment
systems may have a more significant environmental impact than previously believed (Bunce et al.
2018). This research is a laboratory and field project involving the investigation of a carbonation
process using limestone to remove P from wastewater and include an investigation of the
effectiveness of two industrial apatite media. Phosphorus removal using a carbonation process
and limestone media to provide calcium ions and precipitation process experimented under
various operation conditions of reaction time, carbon dioxide flow rate, aeration flow rate,
solution composition, and initial P concentration during laboratory experimentation. Application
of this process was designed, constructed and commissioned in West Bonvilston treatment works,
a DWr Cymru Welsh Water site. The laboratory system of the proposed process showed effective
P removal with a range of different P solution compositions and a range of initial P concentrations.
The lowest P concentration left in solution was 0.6 mg/l which is lower than the Urban
Wastewater Treatment Directive lower control limit of 1 mg/I.

Further study on the precipitate collected from the laboratory system with XRD and total carbon
analysis indicated that the form of the precipitate depends on initial P concentration and it's a
mix between calcium carbonate and calcium phosphate at high initial P concentration. The results
of the laboratory study also showed that precipitation is the dominant removal mechanism.
Carbonation stage has been identified as the limiting factor within the field trial. Ca concentration
recorded in the field trial was lower than in the laboratory system. pH recorded during aeration
stage within the field system was also not high enough to encourage precipitate to occur.
Phosphorus removal by the two apatite media (pellets) in field trial was determined. Overall, the
results have shown that both pellets are effective in removing almost 100% phosphate under a
relatively low P loading rate. Mechanism of P removal by these pellets is likely to be precipitation

as both media release high Ca concentration at high pH.



Acknowledgements

Finishing this doctoral thesis has been a truly life-changing experience for me and it would not
have been possible to undertake without the support and guidance that | received from many
people.

With my deepest gratitude, | would like to thank my supervisor, Dr Devin Sapsford for giving me
the opportunity to undertake this research project under his supervision and guidance. | would
not be the researcher | am today without his support, suggestions, valuable discussions and
continuous provisions that benefited me much in completion and success of this study.

Special thanks to Dr. Talib Mahdi, for his continued encouragement and specific help on
supporting ideas and editing technical works on different aspects of the field part of this thesis.

I would like to express my thanks to Victoria Wilson, Craig Davey, Gemma Hall and Mike Davies
from DWwr Cymru Welsh Water (DCWW) and Patrick Hawes, Stuart Widdowson, Chris Wainwright
and Andy Freeman from ARM LTD.

| would like to thank Cardiff University technical staff, who helped me during my PhD journey,
Jeffrey Rowlands and Marco Santonastaso for their efforts with me in laboratory work, and their
great help during the field trial providing the required material and equipment and advises for
experimental setup and maintenance. | would like to thank Carl from the concrete laboratory,
Harry from the soil laboratory and Malcolm from the mechanical workshop for their help and
contribution towards completing my field experimental setup. Special thanks to Michael Francis
for his effort in providing the CO; supplier for the field trial.

| am also thankful to those special people who we worked together in the same office for the past
three years of my life at Cardiff University, for their support, advice, help and all those nice
moments we have spent together Sahar and Safaa. | am particularly thankful to my friends Arwa,
Mai and Noha for their continuous encouragement, support and help.

Special thanks to my dearest and most precious mother for her support, encouragement and love.
Itis never enough to just say ‘Thank-you’ but please accept my great and sincere appreciation for
what you have done for me. My greatest thanks go to my husband (Ali) who was always there
encouraging me to overcome all the barriers and my kids (Mena, Sadeer, and Aiya) who make
everything and every moment in my life shine brighter, and for their continuous support, prayers

and love. Thank you and | love you all very much.

Ban Alkhazraji
September 2019



Contents

Y 13 1 T ot i
ACKNOWIEAZEMENLS ......ciiiieieiieciccitrteeetcreccetrreeennesseseeeeteennnssssseeesssennnnsssssssessesnnnssssssessssannnnssnns ii
LISt Of FIGUI@S ceeueeeeiieeiiiieeiieeiieeetteeennneseeeeetteeennsssseseessseennnssssssessssesnnnssssssssssssnnnnssssssssssssnnnnssnsssanes v
LI oL I o =N Xiv
Chapter 1: INtrodUCLION ......cciieeeeeeeiieeiiiieeeieerceeeetreeeenseseeeeeteeeannssssseseeseennnssssssssessssnnnsssssssssasennnn 1
1.1 IMOTIVATION ..ottt e 1
1.2 AIM OF TRESIS 1ttt ettt e st e s s e e e st e e s nree e e snnees 2
1.3 0Organisation Of TRESIS ....uuuuuuuuuuiii s 3
Chapter 2: LIterature REVIEW ......ccciiiiiiiiiiiiiicicccicccssssssssssssssssssssssssssssssssssessessesseeeessssesssssssesssaanens 5
P2 R g o T [0 o o RSOOSR P PP P OPPPPPPPRPR 5
2.2 BACKEIOUNG ... 7
2.2, 1 PROSPRNOIUS .., 7
2.2.2 Phosphorus in natural systems........ccoooieiiiiiii 7
2.2.3 Phosphorus sources in WasteWater ...........ccceeeeeeeiiiiie i, 8
2.2.4 Industrial uses of phoSphorus.........cccoooiiiiii 9
2.2.5 Role of phosphorus in the eutrophication ..............cccc 9
2.2.6 Phosphorus legislation ... 10
2.2.7 Management of P Within WWTPSs ..., 11
2.2.8 Phosphorus removal techniques ... 12
2.2.9 P removal through reedbeds and reactive media ...................cccc 14
P L0 6 | (o1} OO PP PPPPPPOPPPPRN 26
2 3 TR O Y e 27
2.3.1 Carbonate Chemistry......coooeeiiiii i 28
2.3.2 Calcite dissolution and precipitation theory ..........cccccceeii 30
2.3.3 Phosphorus precipitation with calcite.............cccco 32
2.3.4 Effect of Carbon dioxide on calcite disSOlULION ........ccoocciiiiiiiiiiiiii e 37
2.3.6 Phosphorus removal mechanisSms ..........uuuiiiiiiiiiiiiiie e e e e e 37



24 REIALEA WOTK oo 41
2.4.1 Removal of phosphorus from wastewater by calcite ..........ccccceeeeei, 41

2.4.2 Application of the carbonate coprecipitation process in removing other contaminants

FrOM WATEE ettt e e e e s ettt e e e e e e s st e et e e e e e e e e anrreeeas 41
2.4.3 Other novel phosphorus removal techniques...........cccceiiii, 42
2.4.4 Phosphorus removal in the form of Struvite .............cccc 42
2.5 ChaPter SUMIMAIY e e e e e e 43
Chapter 3: Materials and Methods ........cceeueeeiiiiiiieemmnerrieeiniieeemnnreeieeeeeeennnsssseeeeessennssssssssesessanns 45
3.1 INTrOTUCTION 1ottt et e st e s s e s e e e s e e e e s anreee s 45
3.2 Laboratory SYStemM ... 46
3.2.1 Materials and equipment used in the experiments............ccccceieiiii, 46
3.2.2 Lab Work procedures.......ccoooeeeeiiieii e, 48
3.3 Laboratory Methods ... 51
3.3.1Laboratory PH e, 51
3.3.2Sample acidification ........coooeeiriiiii 51
3.3.3 Graded glassware, chemicals and Deionised Water.............cccccceeiiii, 51
3.3.4 laboratory glassware and equipment decontamination........................c 52
3.3.5 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP- OES) .................... 52
3.3.6 Orthophosphate analysis.........cccceeeeiiiiii 52
3.4 Geochemical characteriSation .........c.ueiiiiiiiiie e 53
3.4.1 X-Ray Diffraction analysis - XRD.........cccooeiiiiiiiiiii 53
3.4.2Total CarboN — TC .o ittt e e st e s eare e e e 53
3.4.3 Environmental Scanning Electron Microscopy (ESEM) Analysis............cccccceeein. 54
3.4.4 Field Emission Gun Scanning Electron Microscopy FEG-SEM.....................l, 54
3.4.5 X-ray photoelectron spectroscopy XPS ... 54
3.4.6 REMOVAl MECNANISMIS.....iiiiiiiiiie ettt et st e et e s s e e e seabeeee s 55
3.4.7 Sequential @XEraCtion ......ccuvveiiii i e e 56
3.4.8 Zeta potential @nalySiS.....ccuuuuiiii i 57



3.4.9 Particle Size distribDULION .......vieeiii e 57

3.5 Field Trials Materials and MethOds ..........oocuuiiiiiiiiiiiiieeee e e e 57
3.5.1 Cardiff University system design........ccccovviiiiiiii, 58
3.5.2 ARM SYStemM deSIBN ccciiiiiiiiicciee e, 65

3.6 Field sampling Methods ......ccooiiiiiiiii 68

3.6.1 Determinations of temperature, pH, electrical conductivity and dissolved oxygen ... 68

3.6.2 Field determination of alkalinity and acidity ..........ccccciiii 69
3.6.3 Filtration and sample preservation........cccccceeiiiii, 69
3.6.4 Cation and anion @analysiS........cceiiiiiiiiiii . 69
3.7 Chapter SUMMAIY oo 70
Chapter 4: Experimental and theoretical investigation of P removal by calcite........................ 71
AL INEFOAUCTION ettt et st e e s e e e s e e e s e e e snneee 71
Ny o Y 1T a1 P TV F] PP PPPPPPPPRt 72
4.2.1 Characterisation of the material Used:.........coocueiiiiiiiiiiii e 72
4.2.2 Preliminary tESES ..uuuiiiiiiiiiiiiiieieieieiteeeeeeeeeeeeeeeseeeeeeesrereeeasesaetaataeaaartartraaararrrraarrararrrare. 76
4.3 Laboratory system and Experimental plan ...........ouvviiiiiiiiiiiiiiiiiiiiiiiiieeiereeeeseeereeeeereeeee . 88
4.3.1 Results of tests performed on P solutions using deionised water...........ccccvvvvvvvvvnnnns 89
4.3.2 Results of tests performed on P solutions using tap Water..........cccuvvvvvvvvvvvvveveennnnennns 98
4.3.3 Results of Tests Performed on Real Wastewater ........cccocveeeiiiiieiiiiiieeeeiieee e 108
4.4 DISCUSSION ...etittitiiitiiititttttttttttt ettt ettt ettt et e e ettt e et et ettt et e e e et e e e e e e e e e e e e e e e e e e e e e ee e ee e e e eeeeeeeeaeeaeneenennnes 114

L - 1= PPN 114
4.4.2 Ca and P removed during aeration Stage ..........uuvivieiieieeiiiieieeeieeersreeeerreesseeesreeree. 115
4.4.3 Ca and P removed during settlement Stage ..........ueveviveiiiiiiiiiiiieiiiieiieeeeeeeeeeereereaeen. 121
A5 PHREEQWQI ... ettt ettt ettt e e e e e et ettt e e e e e e et eebb e e e e eeeeeenn e eeeaaees 125
4.5.1SIvariation WIth PH .......oeiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee et e e eeeeeeeeeeeessesssssessssssssssssssesssarane 125
T Y o =T ol - | 1 [ o T 127
O S (0 oY o111 o Y ST= ) ¥ (o 1SS 128



4.6.1 Unsaturated and saturated carbonation stage.............uuvvvvviivieiieiiiieieiieiieeeieneeeennenn 128

4.6.2 Acid usage instead Of CO2 BAS..uuuuuiiiriiiriiiiiiiiiietieeeereteereerereererereerrrrerer. 130
4.6.3 Limestone With SYPSUM ....eiiiiiiiiiiiiiiiiieieieeeeeeeee v eeeeeeeeeeeeseeeeeseeeeereseeseersnranes 136
oy A @ oY o =T U] a0 - PP PPPPPPPRt 139

Chapter 5: Precipitate characterisation and removal Mechanisms and laboratory

experimentation ON APatite...cc.ccciieiiiiiiiiiiiircrr e e e s s e n s e s s nn s s s s annes 141
5.1 INTFOTUCTION ..t s e s s e s s e s s e e e s 141
5.2 Precipitate Characterisation........cccccoe i 141
5.2.1 X-ray diffraction results.......ccccoeiiiiiii 141
5.2.2 Total Carbon and Total Digest ReSults ..., 145
5.2.3 ESEM RESUIES...ceutiiiiiiiiiieeeee ettt st et s 146
5.2.4 FEG- SEM RESUILS ..cutiiiiiieeiiee sttt ettt ettt e sttt et e et st e st e e 149
5.3 RemMOoVal MEChANISM ..ccoiiiiiiiiiiie e e s 154
5.3.1 REMOVAI KINETICS ...eeieiiiiiieiiiiiee ettt s e 155
5.3.2Zeta potential........cccooiiiiii 160
5.3.3 Sequential extraction ... 161
5.4 Laboratory Experiments with Apatite..........cccoiiiii 162
5.4.1 Media Characterisation ..........ceeoieiiiiiiiiiiee e 162
5.4.2 Removal MeChaniSmM ......ccooiiiiiiiiiiiee e e e 165
5.5: Chapter summary and conclusions..........ccooiiiiiiiiii 174
Chapter 6: P removal — Field trials results and discussion.........cccccceeeeiieiiiiiiiiiiccccceececeeceeeeeeen, 176
6.1 Cardiff university field trial - results and discussion..............cccccc 176
6.1.1 Inlet phosphorus concentration measured during the experimentation time ......... 176

6.1.2 Calcium and Phosphorus concentrations measured through field system stages at inlet

FIOW OF B /1M 1ttt e e ettt e e s e e et e ea s s e eeeteesssaesseeeeeenannaaeees 177

6.1.3 Calcium and Phosphorus concentrations measured through field system stages at inlet

FIOW OF 3 /M0 ettt ettt e e ettt e e e e e et e eaa e e s e e eeeeeas e sseeeeeeennaaaeeas 181

6.1.4 Calcium and Phosphorus concentrations measured through field system stages at inlet

FIOW OF /M0 ettt et e ettt e e e s e e et e ea e e e e eeeeeeeseeseeeeeeeennnaaaeeas 183



6.1.5 Summary and diSCUSSION ...ccceeeiieiiiiieicc e, 185
6.2 ARM field trial - Results and disCUSSION ......ccooeviiiiiiiiiii, 186
6.2.1 Inlet and IBC phosphorus concentrations ..........cccceeeiiiiii 186

6.2.2 Performance of each column in terms of media, concentration, pH and flow rate.. 187

6.2.3 Media, concentration performance CoOmMPariSON........cceveeeeereeeiiiiiieeeeeeeeerieeeeeeeeeeens 188
6.3 Chapter summary and CONCIUSIONS.......ccooviiiiiiiiii e, 193
Chapter 7: Conclusions and Recommendations.......ccccceeceeeriieeennnnneeeeenneeennnsseeeeerneennnsssssssnnns 195
7.0 CONCIUSIONS ...ttt ettt e e st e s e e s st e e e s e e e e smneeeesnnees 195
7.2 Recommendations for further Worki............coooriiiii e 198
L3 =] (=T T o= 201
7Y o o =T 4T [T o= 215

List of Figures

Figure 2- 1: Carbonate coprecipitation ProCeSS ... 27
Figure 2- 2: Solubility isotherms of calcium phosphates. Calculated at 252C (Koutsoukos 1995)34

Figure 2- 3: Phosphate species distribution in water of varying pH .......cccccooiiiiiiiiiiiiiiiiiiiiiiin, 36

Figure 3- 1: Limestone rocks used in the eXperiments........ccoooccieiieiiiiieiiiiiccccce e 46
Figure 3- 2: Laboratory system of the carbonation process showing the three stages (carbonation,
Aeration aNd SETLIEMENT ....uviiiiii i e s e e e e e s s s btre e e e e e e e s enaae 47

Figure 3- 3:Images of the lab system parts. (a) Limestone reactor (b) CO; cylinder (c) Aeration

beaker with compressed air and (d) Settlement beaKer ..........cccceeeeiiiiiiiiiiiiiiiicecec e 47
TV = S o] o I 4 T=1 =T o SRS 50
Figure 3- 5: sample filtration...... ... e s 51
Figure 3- 6: Calibration curve for PO4-P concentration ........cccccecceceeieieiiiieeeiiieceeecceeeeeee e 53

Figure 3- 7: Map showing the location of the West Bonvilston WwTW in relation to the city of
Cardiff, SOUTN WalES, UK. ..uuiiiiieieiiie ettt ettt e ettt e e et e e e e eae e e e eaa e eeeannseeseannss 58
Figure 3- 8: West BonvilSton WWTW [@YOUL .......uuuuuii s 59
Figure 3- 9: Treatment stages in West Bonvilston WwTW (a) Inlet location (b) Inlet (c) Primary
tank (d) Biological filter (e) Disposable bag screen and siphon to biological filter (f) Final tank (g)
Sludge holding tank (h) Reed bed ... 60



Figure 3- 10: Schematic layout of the field SyStem ... ... 62
Figure 3- 11: Cardiff system stages during experimentation. (a) Photo of the system (b) Storage
tank (c) Header tank (d) CO, cylinders (e) Limestone reactor (f) Aeration Tanks (g) Holding tanks
(h) Plastic media (i) Final collection tank. ...........eeeeiiiiiiiciiiiiee e e 65
Figure 3- 12: Schematic layout of the apatite System .......cccceiiiiiiiiiii 67

Figure 3- 13: System Stages during experimentation. (a) Holding tank (b) Reed bed (c) Collection

IBC (d) Column series (e) Final collection tank..........ccc.ueeeeiiiiiicciiiiieee e 68
Figure 4- 1: Malvern Mastersizer particle size distribution analysis of CaCOs precipitate........... 73
Figure 4- 2: X-ray diffraction chart of (a) crushed limestone (b) calcite precipitate..................... 74
Figure 4- 3: SEM image of the original limestone showing crystalline structure..............ccc....... 75

Figure 4- 4. SEM image of the precipitated calcite from running the experiment showing
Crystalling StrUCTUIe. ... 75
Figure 4- 5: Variation in calcium concentration for batch 1, 2 and 3 over different course of CO,,
each point represents a mean value of three replicates..........cccccc 77
Figure 4- 6: (a-i) Ca, P and pH during the experiment stages. Legends in carbonation stage figures
(a,b,c) represent the carbonation time. Legends in figures (d,e,f,g,h and i) represent the Ca, P and
pH during aeartion and settlement stages of batches subjected to the 5,10,15,20,25,30 and 40
min carbonation. All data presented in these figures are under the operatinal conditions included
Lo ] o] L= . PP PP PPPPPRPPPPP 81
Figure 4- 7: (a-i) Ca, P and pH during the experiment stages. Legends in carbonation stage figures
(a,b,c) represent the carbonation time. Legends in figures (d,e,f,g,h and i) represent the Ca, P and
pH during aeartion and settlement stages of batches subjected to the 5,10,15,20,25,30 and 40
min carbonation. All date presented in these figures are under the operatinal conditions included
T ] o L= B P PO PP OPPPPPUPRPPRNt 83
Figure 4- 8: (a-i) Ca, P and pH during the experiment stages. Legends in carbonation stage figures
(a,b,c) represent the carbonation time. Legends in figures (d,e,f,g,h and i) represent the Ca, P and
pH during aeartion and settlement stages of batches subjected to the 5,10,15,20,25,30 and 40
min carbonation. All date presented in these figures are under the operatinal conditions included
Tl ] o L= B S ST U PP PP PPPPPPPPRNt 85
Figure 4- 9: (a,b) Ca, P and pH during the experiment stages. Carbonation stage represented by
the pink zone, aeration stage representd by the blue zone and precipitation stgae represnted by
18 o[l oW1 o TU] (=T o [T 86

Figure 4- 10 Experimental lab plan showing water type and P concentration used.................... 88

Vi



Figure 4- 11 Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 I/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Deionised water solutions. Initial P Concentration of 2mg/l............ccccvvvveennnen.. 91
Figure 4- 12: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Deionised water solutions. Initial P Concentration of 10mg/l..........cccvvveennnee... 93
Figure 4- 13: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Deionised water solutions. Initial P Concentration of 20mg/l..........cccovvveeennne... 95
Figure 4- 14 Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Deionised water solutions. Initial P Concentration of 100mg/l. .......ccccovvveeeunnen... 97
Figure 4- 15: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Tap water solutions. Tap water P concentration ...............ccccoo, 99
Figure 4- 16: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Tap water solutions. Initial P concentration of 2mg/|l + P in tap water.............. 101
Figure 4- 17: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min

for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.

Vii



Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Tap water solutions. Initial P concentration of 10mg/| + P in tap water............ 103
Figure 4- 18: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Tap water solutions. Initial P concentration of 20mg/| + P in tap water............ 105
Figure 4- 19: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min
for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr.
Each vertical row of data points represents one experiment (in triplicate). The x-axis represents
aeration time. Tap water solutions. Initial P concentration of 100mg/| + P in tap water.......... 107
Figure 4- 20 Variation of (a) Ca concentration, (b) P concentration, (c) PO4-P concentration and (d)
pH level during carbonation, aeration and settlement stages. Experiment conditions: Carbonation
with 0.75 |/min for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min,
settlement for 48 hr. Each vertical row of data points represents one experiment (in triplicate).
The x-axis represents aeration time. Wastewater sample 17/6/2017......ccccceeeeevreeeeecireeeeennnne. 110
Figure 4- 21: Variation of (a) Ca concentration, (b) P concentration, (c) PO4-P concentration and
(d) pH level during carbonation, aeration and settlement stages. Experiment conditions:
Carbonation with 0.75 |/min for 40 min, Aeration with 2 |/min for either 10,15,20,25,30,40 and
60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in
triplicate). The x-axis represents aeration time. Wastewater sample 13/12/2017................... 112
Figure 4- 22: Variation of (a) P, PO4-P and Ca concentration during carbonation and aeration stage,
(b) pH during carbonation and aeration stage, (c) P, PO4-P and Ca concentration during settlement
stage (d) pH during settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40
min, Aeration with 2 I/min for 40min, settlement for 48 hr. The y-axis represents aeration time.
Wastewater Sample 67472018 ...........uuveeiie ettt e e e e e e e e e et ea e e e e eaaaes 113
Figure 4- 23: Effect of initial P concentration on calcite dissolution during carbonation stage. 40
min carbonation time and 0.751/min CO2 flOW Fate. ......oovviiuumieeieeeeeeeeeee ettt eeeveeaana 115
Figure 4- 24: (a) removed P concentration (b) removed Ca concentration (c) pH during aeration
stage of either (10,15,20,25,30,40 and 60) min. DI water P solution. (Note: these are not time

series data, each data point represents a single experiment in triplicate) ............................... 118

viii



Figure 4- 25: (a) removed P concentration (b) removed Ca concentration (c) pH during aeration
stage of either (10,15,20,25,30,40 and 60) min. Tap water P solution. (Note: these are not time
series data, each data point represents a single experiment in triplicate) .........ccccocvvveeeeeennnnns 119
Figure 4- 26: (a) removed P concentration (b) removed Ca concentration (c) pH during aeration
stage of either (10,15,20,25,30,40 and 60) min. Real wastewater solution. (Note: these are not
time series data, each data point represents a single experiment in triplicate) ............ccce....... 120
Figure 4- 27: (a) removed P concentration (b) removed Ca concentration (c) pH during first 24 hr
settlement stage. Dl water P solution. ... 122
Figure 4- 28: (a) removed P concentration (b) removed Ca concentration (c) pH during second 24
hr settlement stage. DI water P SOIULION. .....uuueeeiii s 122
Figure 4- 29 (a) removed P concentration (b) removed Ca concentration (c) pH during first 24 hr
settlement stage. Tap water P solution.......ccccoiiiiiii 123
Figure 4- 30: (a) removed P concentration (b) removed Ca concentration (c) pH during second 24
hr settlement stage. Tap Water P SOIULION. ......uuuueiei e 123
Figure 4- 31: (a) removed P concentration (b) removed Ca concentration (c) pH during first 24 hr
settlement stage. Real wastewater solution ...............cccc 124
Figure 4- 32: (a) removed P concentration (b) removed Ca concentration (c) pH during second 24
hr settlement stage. Real wastewater SOIULION ..........uuueiiiii 124
Figure 4- 33: Variation of SI with pH and initial phosphorus concentration for calcite (CAL)
hydroxyapatite (HAP) and aragonite (ARG). For the runs of 40 min carbonation, 40 min aeration,
24.and 48 hr SELIEMENT ... e 126
Figure 4- 34: PHREEQCI predicted calcium and phosphorus species. For the runs of 40 min
carbonation, 40 min aeration, 24 and 48 hr settlement ..........ccoevviiiiiiiiiii i 128
Figure 4- 35: (a) Ca concentration obtained by running the carbonation stage for 60 min with 100
ml/min CO; flow rate in a closed unsaturated column using 1 kg of limestone (b) shows the change
INPH VAIUBS .. 129
Figure 4- 36: Ca concentration obtained by running the carbonation stage for 60 min with 100
ml/min CO; flow rate in a closed saturated COIUMN ......oovviieuiieeee ettt e e 130
Figure 4- 37: Ca concentration and pH as a function of contact time with different HCI dose .. 131
Figure 4- 38: P concentration during the three stages (a) contact with acid (b) aeration (c)
1A A =10 0 =T o | SO TP PP PP PPPPRO 132
Figure 4- 39: Ca concentration during the three stages (a) contact with acid (b) aeration (c)
[T =Tel | o114 o] o VS 134

Figure 4- 40: pH during the three stages (a) contact with acid (b) aeration (c) precipitation.... 135



Figure 4- 41: pH dependent solubility behaviour of calcium phosphates. (Vanderesse et al. 2011)

Figure 4- 42: Shows the changes in (a) Ca concentration (b) P concentration (c) pH Over the

EXPEIIMENT LIMI. ittt s e s e e et ettt s s s e e e eeaetsban s s e eeeeaeannaneeeaanans 138

Figure 5- 1 (a-d) XRD trace determined for precipitates of 2.28,10.38,20.71and 100.66 mg P/L
deionised Water SOIULIONS. ....ccuiiii ittt e e e e e s e e et e e e e e e s eaaaes 143
Figure 5- 2 (a-e) XRD trace determined for precipitates of 1.26,3.55,11.74, 21.22and 106.59 mg
P/LTAP Water SOIULIONS c..uvviiiiiiiiie ettt ettt e e ettt e e eette e e e e ttbeeeeetbaeeesabseeeesabeeeeesnraeaeenns 144
Figure 5- 3 XRD trace for real wastewater precipitate of TP 9mg/l .....cccoeeiiiirviieiiiiiereeiiieeeeens 145
Figure 5- 4: SEM images for precipitates of 2.28 mg/| P, DI water solution showing the crystalline
STFUCTUIE toiiiiiiiiiiii 147
Figure 5- 5: SEM images for precipitates of 10.38mg/| P, DI water solution showing the crystalline
STFUCTUIE toiiiiiiiiiiiii 147
Figure 5- 6: SEM images for precipitates of 20.71mg/I P, DI water solution showing the crystalline
STPUCTUIE Lot 147
Figure 5- 7: SEM images for precipitates of 100.66mg/l P, DI water solution showing the
AMOIPROUS STIUCLUIE...ccei i, 147
Figure 5- 8: SEM images for precipitates of 1.26mg/| P, tap water solution showing the crystalline
STPUCTUNE toiiiiiiiiiiiii 147
Figure 5- 9: SEM images for precipitates of 3.55 mg/I P, tap water solution showing the crystalline
STPUCTUIE Lottt 147
Figure 5- 10: SEM images for precipitates of 11.74 mg/l P, tap water solution showing the
Crystalling StrUCTUI. ..o 148
Figure 5- 11: SEM images for precipitates of 21.22 mg/l P, tap water solution showing the
Crystalling StrUCTUI. ..o 148
Figure 5- 12: SEM images for precipitates of 106.59 mg/l P, tap water solution showing the
AMOrPNOUS STIUCTUIE...ccciiiiei e, 148

Figure 5- 13: SEM images for precipitates of real wastewater, showing the crystalline structure

Figure 5- 14: FEG-SEM images showing elements distribution for 2.28 mg P/I precipitate.
Deionised Water SOIULION.........uuiiiieie e et e e e e e e e e e s e e e e e e e e s nrreeeneeeeeas 150
Figure 5- 15: FEG-SEM images showing elements distribution for 10.38 mg P/l precipitate.

(D I=Y o Y I =Ye IRV Z= L (=T Gy o] [V o) o FN TR 150



Figure 5- 16 FEG-SEM images showing elements distribution for 20.71 mg P/l precipitate.
Deionised Water SOIULION .........uiiiiiieii ettt e e e e e e e e e s abreeeeeeeeeas 151
Figure 5- 17: FEG-SEM images showing elements distribution for 100.66 mg P/| precipitate.
Deionised Water SOIULION .........uiiiiiiiie et e e st e e e e e e abreeeeeeee e s 151
Figure 5- 18: FEG-SEM images showing elements distribution for 1.26 mg P/I precipitate. Tap
WALEE SOIULION ..ttt e e e e ettt et e e e e s s bbbt e e e e e e e s s saabraeeeeeeeeas 152
Figure 5- 19: FEG-SEM images showing elements distribution for 3.35 mg P/I precipitate. Tap
WATEE SOIULION 1eeeiiee ettt s s e e s e s s e e s e e e s 152
Figure 5- 20: FEG-SEM images showing elements distribution for 11.74 mg P/| precipitate. Tap
WATEE SOIULION ettt e e s e e s e e s s e e e s e e e snnes 153
Figure 5- 21: FEG-SEM images showing elements distribution for 21.22 mg P/| precipitate. Tap
WATEE SOIULION 1eeetiee ettt et e e s e e s e e s s e e s s e e e sanes 153
Figure 5- 22: FEG-SEM images showing elements distribution for 106.59 mg P/| precipitate. Tap
WATEE SOIULION ettt et e s s e e s e s s e e e s e e e sanes 154
Figure 5- 23: FEG-SEM images showing elements distribution for 9.0 mg P/| precipitate. Real
WASTEWATET SOIUTION ....eeeiiiiiieee e e e s e e s 154
Figure 5- 24: (a) change in P concentration with time (b) change in Ca concentration with time (c)
change in pH concentration with time. For initial 2mg/I P ......ccccvviiiiiiiiiiiiee e, 157
Figure 5- 25: (a) change in P concentration with time (b) change in Ca concentration with time (c)
change in pH concentration with time. For initial 10mg/I P.....cccccooeviiviiiiiiiieeccccreee e, 158
Figure 5- 26: ( a and b) ESEM images of the 2 and 10 mg/I initial P concentration in the adsorption
L o1 [ 1 =T 1] PSPPSRI 159
Figure 5- 27: (a and b) XPS showing elements distribution on the surface of 2 and 10 mg/I initial P
concentration in the adsorption experiment ..........ccccciii 160
Figure 5- 28 Zeta Potential of calcite as a function of PH........cccccooiiiiiiiiiiiiiiiciiiccccccc, 161
Figure 5- 29 shows the distribution of phosphorus throughout the sequential extraction phases

applied to the precipitate collected from (a) synthetic solution precipitate (b) real wastewater

[T =Tol ] o1 - L T PSP 162
Figure 5-30: Media 1 @nd 2 ...uuuni it e e e e e e et e e e e e e e e r e e e e e eearaanan 162
Figure 5- 31: XRD results (a) media 1 (b) Media 2. 164
Figure 5- 32: ESEM images for (a) media 1 (b) media 2. 165

Figure 5- 33(a and b) changes in P, Ca and pH values over the reaction time. At P concentration

1.2mMg/1and 18 Of MEAIA 1. ..uuuiriieieeie et e e e e et e e e e e e e etrrraeeaaeeas 168

Xi



Figure 5- 34(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
2mME/1and 18 OFf MEAIA L. ..uviiiiiiiiiieeeciiee ettt e ere e e e s tre e e e e ta e e e e s bbe e e e sataeeesntbaeeesnnraeans 168
Figure 5- 35(a and b) changes in P, Ca, and pH values over the reaction time. At P concentration
10 ME/1 aNd 18 OF MEAIA L.ueeiiiiiiieeeiiiiee ettt ettt e ettt e e et e e e e etbae e e eeabbeeeesabbeeeesaraeaeaans 168
Figure 5- 36(a and b): changes in P, Ca and pH values over the reaction time. At P concentration
1.2 mMg/1 and 58 OF IMEAIA L..ceceiiiiieiiiiiee ettt ettt e e e bae e e estb e e e e sbbeeeesaraeaeeans 169
Figure 5- 37(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
2mME/1 aNd 58 OFf MEAIA L. ..uuviiiieiiiiee ettt e e e e tre e e e ebaee e e sbbeeeeeabaeeesrabaeeeesaraeans 169
Figure 5- 38(a and b) changes in P, Ca, and pH values over the reaction time. At P concentration
10 ME/1 aNd 58 OF MEAIA L.uveiiiiiiiieiiiiiee ettt ettt e e et e e e e tr e e e e etbaee e eratbeeeesbbeeeesaraeaeaans 169
Figure 5- 39(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
1.2mMg/1 aNd 18 OF IMEAIA 2..eeceiiieieeeiieee ettt ettt e e e et e e e tr e e e estreeeesabaeaeenes 170
Figure 5- 40(a and b) changes in P, Ca and pH values over the reaction time. At P concentration 2
ME/1 AN 18 OF MEAIA 2 c..evvieiieiieee ettt ettt e e e e ee b e e e e stbaeeeetbreeeesateeeeesaraeeeenns 170
Figure 5- 41(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
10 ME/1 AN 18 OF MEAIA 2.ueiiiiiiieeeecireee ettt ettt eete e e ee it e e e e e tbeee e eeabreeeeetreeeesnareeaeenns 170
Figure 5- 42(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
1.2mME/1 aNA 58 OF IMEAIA 2..eeceivveie ettt ettt e et e e eetreeeeetaeeeesareeaeenns 171
Figure 5- 43(a and b) changes in P, Ca and pH values over the reaction time. At P concentration 2
ME/1 AN 58 OF MEAIA 2 ..vvvviiieiiiie ettt ettt e e ettt e e e e tr e e e e etbeeeeetbeeeeesabeeeeeearaeeeenns 171
Figure 5- 44(a and b) changes in P, Ca and pH values over the reaction time. At P concentration
10 ME/1 aNd 58 Of MEAIA 2. ..uuiiiiiiiiii ettt e e e e e e e e e e e e e e e e aaraaaeeaaeeas 171
Figure 5-45: Comparison between Media 1 and 2 performance. For initial P concentrations of 1.2,
2aN0 10 ME/L TNE .. e e e e e e e e a e e e e e e e e eanrraaes 173
Figure 5- 46: Adsorption isotherm data for batch tests on the pellets of Media 1 and 2. For initial
P concentrations 0f 1.2, 2. and 10 ME/| ...uuvreeiiiiiiiiiiiieeee e e 173
Figure 5- 47: Comparison of Ca concentration between Media 1 and 2. For initial P concentrations
OF 1.2, 28N 10 ME/| ettt e e e e e e et e e e e e e e e e e ettrareaeaaeeeeaaanes 174
Figure 5- 48: Variation of final pH with phosphorus removed. For initial P concentrations of 1.2, 2

=T a e K0 0 0= 9 4 U SOUURPTRRRRt 174

Figure 6- 1: P concentrations measured in the influent during experimentation. Dates of sampling

pPresented iNtable B.2. ... i e e e et e e e e e araaaa 176

Xii



Figure 6- 2: Calcium concentration measured during field trial. At inlet flow 6 I\min and at
different circulation flow rates. Trial conditions: Carbonation for 50 min, Aeration for 20 min,
Settlement for 5 hr. Stars refer to number of times ........ccuuviiiiiiiiiiii s 178
Figure 6- 3: Total phosphorus concentration measured during field trial. At inlet flow 6 I\min and
at different circulation flow rates. Trial conditions: Carbonation for 50 min, Aeration for 20 min,
Settlement for 5 hr. Stars refer to number of times ... 179
Figure 6- 4: Calcium concentration measured during field trial. At inlet flow 3 I\min. Trial
conditions: Carbonation for 95 min, Aeration for 20 min, Settlement for 9 hr. Stars refer to number
OF LIS ettt ettt e e e s e e st e s e e e e 182
Figure 6- 5: Total phosphorus concentration measured during field trial. Atinlet flow 3 I/min. Trial
conditions: Carbonation for 95 min, Aeration for 20 min, Settlement for 9 hr. Stars refer to number
OF LIS ettt e s e e s e s et e s e e e s 182
Figure 6- 6: Calcium concentration measured during field trial. At inlet flow 1 I\min and at 7 |/min
circulation flow rate. Trial conditions: Carbonation for 275 min, Aeration for 20 min, Settlement
for 16 hr. Stars refer to nUMber of tIMES ........cveiiiiiiiiii e 184
Figure 6- 7: Total phosphorus concentration measured during field trial. At inlet flow 1 [\min and
at 7 |/min circulation flow rate. Trial conditions: Carbonation for 275 min, Aeration for 20 min,
Settlement for 16 hr. Stars refer to number of times .........cooovviiiiiiii e 184
Figure 6- 8: P concentrations measured during experimentation from the inlet and IBC ......... 187
Figure 6- 9: Total phosphorus concentrations from the inlet, IBC (a) column 1 (b) column 2 (c)
COUMN 3 () COIUMN A et e et e e e e e e e e e et eeeeseresabaeeeeaaenns 188
Figure 6- 10: pH reading from the system stages during experimentation...........ccccceeeeeeeiiennn. 188
Figure 6- 11: Total phosphorus concentrations in the effluent from column 1, column 2, column 3
AN COIUMN At e st e e st e e st e e s sab et e e sambb et e s anreeeesmnees 189
Figure 6- 12: Dissolved phosphorus concentrations in the effluent from column 1, column 2,
COlUMN 3.aNd COIUMN 4. oottt e e st e e s e e s s e e e e e 189

Figure 6- 13: PO4-P concentrations in the effluent from column 1, column 2, column 3 and column

et e e e e e e e ——e e e e —— e e e e ———ee e e ———eee e tteee et hteee e e —teeee et aeeeeatreeeearraeeeanrreeeeanrees 190
Figure 6- 14: ESEM images after 173 day for (a) Media 1 and (b) Media 2........cccceeeeeiiiieiennnnn. 191
Figure 6- 15: P loading rate at 79.2 and 191.5 I/d during sampling period...........cccceevuvvveeeeen.n. 192

Figure 6- 16: Columns P removal rate at (a) 79.2 and (b) 191.5 I/d during sampling period ..... 192

xiii



List of Tables

Table 2- 1: Classes of phosphorus containing compounds of importance in aquatic systems (from

Snoeyink and JENKINS 1980) .......cccicuuiiiiiiie ettt e e e e e e e e e e e r e e e e e et araeaa e e e e nnrraaaes 8
Table 2- 2: Natural materials used for phosphorus removal..............euevvveiiiiiiiieiiieiii. 17
Table 2- 3: Application of industrial by-products for phosphorus removal.........ccccccceeeeeeernnnnnee. 22
Table 2- 4: The applied man-made adsorbents for P removal.........cccceevvicieieiiiiieiiiiciieeeeeeeeenine, 24

Table 2- 5: Representative heterogeneous and complexation equilibria of phosphates with
calcium (adapted from Snoeyink and Jenkins 1980) .........ccccuvriiereeeeeeiiiiiiieeee e e e ercirreee e e e e 35

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

Table 3- 1: Percentage distribution and relative masses of elements in KH2PO4 ......ovveeeeerennnnes 48

Table 3- 2: Summary of sequential extraction phases. Adapted from Ruttenberg (1992) and Smith

Y=Y IR 700 ) PSPPI 56
Table 3- 3: System deSigN Criteria ....uuuuiiiiiiiiiiiiiiiiiiiieeeeieeeierereee e e e eerereaeareaerreererrrrrrrrrrrrrarare 60
Table 4- 1: Results of the total digest for the limestone powder and calcite precipitate (%) ...... 72

Table 4- 2: Experimental conditions for the carbonation stage of batches 1, 2 and 3 (1L of water

and 1kg of lIMEStONE) ....ccc i 76
Table 4- 3: First set of operational cONditioNS .........cevviiiiiiiiiiiiiiiiiieiieiereerereeee e 78
Table 4- 4: Second set of operational CONAItiONS...........uvvviiiiiiiiiiiiiiiiiiiieeeeeeee . 79
Table 4- 5: Third set of the operational conditions.............eevvviiiiiiiiiiiiiiiiii e, 79
Table 4- 6: Fourth set of the experiment ParametersS..........uuvvviiieiiiiiiiiiiieeiiierrerrrererrerere ... 86
Table 4- 7: Final set of the operational conditions for 1L of P solution ...........ccccvvvvvvviiivvenennnnn, 88
Table 4- 8: Anions and cations concentration in Cardiff tap Water............vvvvvvviveiiiiiieeeeiiiiiinnnnnn, 98
Table 4- 9: Anions and cations concentration in West Bonvilston Wastewater.............cccc...... 108

Table 4- 10: Ave. pH values for each stage used in PHREEQCI for phosphorus concentrations of
(1.26, 3.55, 11.74, 21.22 and 106.59 ME/1)...eurereiiiiii ettt e e s 125

Table 5- 1: Results of total digest and total carbon %.........coeccviiieeeiieiiiicieee e 146

Table 5- 2: Emission spectrum data from ESEM analysis of samples from figures 5.4 to 5.13 .. 148

Table 5- 3: Physical and chemical properties for both media.............cuevvvviiiiiiiiiiiiiiiiiiiiiiiiiiinnn, 163
Table 5- 4: Results Of tOTal diZEST.......uuuiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee et et eeeeeeeeeeseeeseseearssssssssssssssssreees 163
Table 5- 5: Working conditions of the adsorption teStS ..........uuviiiieiiiiiiiiiiiiiiiiieieeeeeveeeeeeeeeeeeeen, 167

Xiv



Table 6- 1: show the dates of SAMPIING ........uuiiiiiiiiiiiiiiiiiiiieeee e 176
Table 6- 2: Working parameters ON SIte .......uuuuuiiiiieeireiiiiiireeeiireeeeeeereeereereeeereeeeereee.. 178
Table 6- 3: parameters measured during the field experimentation at 6 |/min inlet flow and 12
[/MiIN CIFCUIATION FIOW w.eeiiiiiiiiiieeeeee e e e e e e e e e et reeeeeeeas 179
Table 6- 4: parameters measured during the field experimentation at 6 |/min inlet flow and 10
[/MiIN CIFCUIATION FIOW w.eeiiiiiiiiiieeeeee e e e e e e e e e e e aarareeeeee s 179
Table 6- 5: parameters measured during the field experimentation at 6 |/min inlet flow and 3
[/MIN CIFCUIATION FIOW 1evttitiiiiitiii s saas 180
Table 6- 6: parameters measured during the field experimentation at 6 I/min inlet flow and 7
[/MIN CIFCUIATION FIOW 1utttitiiiiiiiti s saas 180
Table 6- 7: parameters measured during the field experimentation at 6 |/min inlet flow and 7
[/MNTN CIFCUITION FIOW 1ttt aas 180
Table 6- 8: parameters measured during the field experimentation at 6 |/min inlet flow and 7
[/MTN CIFCUITION FIOW 1ttt nas 180
Table 6- 9: Working parameters ON St ........uuuviriireiiieiiiiriereeriereererererrrrerrerereereerree——————. 181
Table 6- 10: parameters measured during the field experimentation at 3 |/min inlet flow and 7
[/MNTN CIFCULATION FIOW ettt as 183
Table 6- 11: parameters measured during the field experimentation at 3 |/min inlet flow and 7
[/MNTN CIFCULATION FIOW 1ttt s nan 183
Table 6- 12: Working parameters ON SItE .........uiiiiiiiiieiiiiieiiieiieriererereeerrerreeereerrerrrree—————. 184
Table 6- 13: parameters measured during the field experimentation at 1 I/min inlet flow and 7
[/MIN CIFCUIGTION TIOW 1.iiiiiieiiieee ettt ettt e et ettt e e e e e e et e aaaesseeeeseeassasseeeeeeessnnns 185

Table 6- 14: Dates Of SAMPIING......uiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e eeee e reeeeeeeeeeerasraeaaesararrrrsrarrrrrarrrrrrre 186

Xv



Chapter 1: Introduction

1.1 Motivation

phosphorus is a material of great importance for many applications in different fields. About 90%
of phosphate is used to produce fertilizers and detergents, and the rest is used in other specific
applications such as animal feed, water treatment, food and beverages, dentistry, kinds of
toothpaste, fire extinguisher and other different uses (Hanna et al. 2008). Most of the used
phosphates, from the agricultural and detergent fields, finally end in the water environment. Such
a situation results in pollution of the water environment which leads to more stringent
environmental regulations in different countries to reduce phosphate concentration. Phosphorus
has been identified as a growth limiting nutrient for algae in aquatic systems. Issues associated
with eutrophication include an extraordinary growth of algae and aquatic plants, decreased water
transparency, impoverishment of dissolved oxygen levels, increased fish mortality, and more
frequent incidence of toxic phytoplankton. These factors not only complicate the use of the water
in the water supply of residential areas and enterprises but also affect natural processes taking
place in reservoirs (Sabliy et al. 2019). Therefore, eutrophication related water quality
deterioration could have very substantial negative economic effects, for example, higher
treatment costs and health hazards due to algal toxins for drinking water (Letshwenyo 2014;
Huang et al. 2017). The aim behind phosphorus removal from domestic wastewater is primarily
to reduce the potential for eutrophication in receiving waters as a global environmental concern,
especially with waters worldwide experiencing significant increases in P concentrations and is
mandated and widespread in many countries (Lirling and Oosterhout 2013; Yu and Paul Chen
2015). The US Environmental Protection Agency classified eutrophication as the most significant
overall source of impairment of the nation’s rivers and streams, lakes and reservoirs, and
estuaries; while in the EU, approximately 50% of all lakes have total P (TP) at levels which form a
risk of eutrophication (Mayer et al. 2013). In the UK, the Technical Advisory Group has advised
that 65% of England’s rivers fail current P limits with lakes being more sensitive to contamination
(Wood et al. 2007). Conventional technologies widely used for P removal from wastewater like
chemical precipitation and enhanced biological phosphorus removal, with chemical precipitation
being most common through dosing of iron and / or aluminium salts. The base of these treatment
approaches is to convert the state of phosphorus from soluble forms in wastewater streams to
insoluble forms, either by using metal based coagulants to precipitate it or by incorporating it into
biological biomass. Further, whilst it is possible to increase chemical dosing to attain low P

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



concentration and low pH leading to environmental harm and risks of large fines plus the health
and safety risk associated with handling aqueous acidic or alkaline chemicals alongside with the
water industry’s drive towards chemical free treatment make it an undesirable option (Blaneyet
al. 2007). Both these methods can require operator input which is particularly unfavourable at
smaller WWTWs that only serve small populations. These smaller plants have a much higher cost
per kilogram of phosphorus removed. For example, the average cost of chemical dosing per Kg of
P to a target concentration of less than 1 mg/l is £146 for very small plant with population less
than 2000, whereas the average cost to the same target concentration is £6 at large works of
population more than 80000 (Ofwat 2015). Moreover, these technologies are either generate
secondary sludge which needs to be disposed of, or they cannot be relied upon in certain cases.
Such cases can include when aiming for low P concentration in final effluents, or when dealing
with wastewater with highly variable characteristics. Significant progress has been made in
developing some technologies for small-scale application. However, there is still a shortage of
treatment technologies for P-removal at smaller scales, particularly sustainable and reliable
options that demand minimal operating and maintenance expertise. In view of emerging
regulatory pressure, investment should be made in developing new or adapting existing P-
removal technologies, specifically for implementation at small-scale treatment works. An
investigation into new techniques is therefore required, to enable the water industry to comply
with the tighter consent limits and so protect the ecology of surface waters (Bunce et al. 2018).

This thesis presents work that investigates the potential of two different ways to remove
phosphorus from wastewater. The first is the application of precipitation theory for the removal
of phosphorus from wastewater via a carbonation process using limestone. The second way is by
using two types of apatite media (pellets). Laboratory and field experiments were conducted to

investigate the above.

1.2 Aim of Thesis

The combined aim of this study was to assess the performance of a carbonation precipitation
process and the effectiveness of apatite media in eliminating phosphorus from wastewater. The
method and the media should be suitable to be used in rural treatment works and such should
have low energy and maintenance requirements. Furthermore, they should be able to be
retrofitted to existing sewage treatment works plus the possibility of implementing such a
process/media at a small-scale treatment works. The following objectives were developed to
meet this aim:

e To determine the effect of CO, flow rate and duration on calcium carbonate dissolution

in the presence and absence of phosphate ions.



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

e To determine the effect of different lengths of quiescent conditions on any precipitate
formed.

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

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

e To determine the effect of foreign ions on bulk chemistry of the precipitate formed.

e To determine the mechanism through which phosphate is removed in the aeration and
settling stages of the process through the determination of adsorption capacity, zeta
potential, ESEM and XPS of the newly formed precipitate and undertake detailed
physicochemical characterisation of any precipitates formed.

e To identify the key factors for removing phosphorus from wastewater using the process
at full operational scale.

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

e To determine the minerology and bulk chemistry of an industrial media (apatite pellets)
and the adsorption behaviour of these pellets.

e Todetermine the effectiveness of the two-industrial media (apatite pellets) in application

for phosphorus removal from wastewater.

1.3 Organisation of Thesis

The thesis is presented as a collection of discrete chapters, all contributing to the research
objectives in section 1.2.

Chapter 2 gives an extensive literature review that includes three main parts. The first part
describes the background to the problems addressed by this thesis i.e. the driving forces of this
study. The problems with phosphorus sources are discussed as are the increasing strains on
current phosphorus removal technology at WWTWSs. The second part discusses the theoretical
background to the processes touched on in this thesis. The third part reviews work that has been
carried out by others in related fields to this study. The phosphorus removal performances of
other natural materials are discussed as well with other studies that have directly looked at the
use of limestone to remove phosphorus are then evaluated.

Chapter 3 this chapter divided into two parts. The first part describes the material tested in this
study and presents the experimental methods used to carry out the laboratory experiments. The
second part describes field trials experimentation including the experimental setup and design

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



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

Chapter 4 presents the results and the discussion of the laboratory experiments according to an
experiment plan shown in this chapter. The results and discussion of other economical ways to
reduce the cost of the process are included in this chapter

Chapter 5 presents the results and the discussion of precipitate full characterisation and the
investigation of the dominant removal mechanisms. This chapter also include the results and
discussion of the laboratory work carried out on the apatite media supplied by ARM Ltd.
Chapter 6 presents the results and the discussion of Cardiff university and ARM Ltd field trials.
Chapter 7 an overall discussion of the findings presented in the previous chapters, surmises the

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



Chapter 2: Literature Review

2.1 Introduction

Phosphorus can be considered as one of the most critical nutrients for all livings and it is making
a major contribution to the development of agriculture and industry. On the other hand, it has an
essential role in biochemical functional groups for the growth of cells in plants including algae
(Zhou et al. 2005). In many water environments, P is the limiting nutrient in inhibiting the
excessive growth of algae. Consequently, disposal of phosphorus rich effluents into surface water
such as lakes, rivers, reservoirs and estuaries promotes eutrophication (Hussain et al. 2011;
Letshwenyo et al. 2014). Eutrophication results in oxygen depletion in surface waters leading to
detrimental effects on aquatic life and water quality (Kang et al. 2018). Under low phosphorus
concentrations, algae do not pose any problems for water treatment; however, blooms resulting
from phosphorus enrichment can affect water treatment (Huang et al. 2017). Accordingly,
stringent laws have been developed by bodies such as the European Union to control the level of
P concentrations into receiving environments. The EU directive 91/271/EEC sets limits of total
phosphorus in effluent wastewater of 1 or 2 mg P/l on an annual average basis in sensitive areas
depending on the equivalent population of the discharge area. Mainly, there are two techniques
currently employed by the UK water industry to remove phosphorus from wastewater: chemical
and biological. The chemical removal method works by dosing iron or alum salts, which cause
phosphorus to precipitate out of solution, settle, and be removed as sludge. Biological removal
uses bacteria to incorporate phosphorus from solution into biomass, which is also settled and
removed as sludge. Both techniques are successful at eliminating sufficient concentrations of
phosphorus. However, enhanced techniques are required to be employed by the water industry
to enable the necessary improvements in phosphorus removal to comply with the new legislation
(Tahmazi et al. 2017).

This chapter reviews previously undertook research to verify the background issues for the work
presented in this thesis. These issues derive from the pressure faced by the water industry in
terms of P removal. The specific objectives of this chapter are: To explore and discuss in-depth,
state of the art for P removal, To review the theoretical background of the removing process
adopted in this study, To identify the gap in knowledge regarding P removal techniques. This

chapter is split into the following sections:

Section 2.2: Background — presenting the role of phosphorus in nature and how anthropogenic

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



phosphorus removal techniques at Wastewater Treatment Works (WWTWs). The control of

phosphorus, both in terms of legislation and treatment methods at WWTWs.

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

Section 2.4: Related work — reviewing some of the alternative methods of phosphorus removal

and draws out parts relevant to the current study.

Section 2.5: Chapter summary and conclusions.



2.2 Background

2.2.1 Phosphorus

Phosphorus is a highly reactive element, especially under oxidizing conditions, and never found
in its free form in nature but almost always in its fully oxidized state as phosphate (PO.*)
(Corbridge 2016). At present, this phosphate is derived from non-renewable natural resources of
rock. While 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
(STEEN 1998; Martin 2010). The need for sustainable use of this valuable and finite resource is

evidently becoming increasingly important.

2.2.2 Phosphorus in natural systems

Many researchers studied the chemistry of phosphorus compounds in aqueous solutions. Most
works was done in the 60’s and 70’s as a theoretical support for chemical precipitation of
phosphorus compounds. In natural water systems, P occurs in three different forms of soluble
reactive phosphorus (SRP), soluble unreactive phosphorus (SUP) and particulate phosphorus (PP)
(Sharpley and Haygarth 1991; Zhang et al. 2004; Faul et al. 2005; Paytan and McLaughlin 2007).
The sum of SRP and SUP is called the total soluble phosphorus (TSP), and the sum of all P fractions
is called the total phosphorus (TP). The distinction between the soluble and particulate fractions
is usually separation on 0.45 um filter with the soluble fraction passing through the filter (Paytan
and McLaughlin 2007). The dissolved P species (i.e. H,PO; and HPO,*) are the dominant species
in the aquatic environment (Paytan and McLaughlin 2007; Yoshimura et al. 2007). However, the
abundance of this P form is generally dependent on the water quality parameters such as the pH
value(Benitez-Nelson, 2000). The dissolved inorganic phosphorus (DIP), is a very important
fraction as it is the most readily available P fraction to aquatic plants and often considered the
most critical fraction contributing to accelerated eutrophication of surface waters. The dissolved
inorganic phosphorus (DIP) is considered as a small proportion of TP transported with values of
0.01 to 0.025 mg/I (Meybeck 1993). However, being the most reactive fraction of TP (Froelich
1988), this fraction reacts with acid solutions containing molybdate ions to form a
phosphomolybdate complex, which can develop a coloured molybdenum blue complex when
reducing with ascorbic acid (Murphy and Riley 1962). This DIP includes orthophosphates the most

significant form of inorganic phosphorus, inorganic condensed phosphates (polyphosphates) such



as pyrophosphates, tripolyphosphates and trimetaphosphates (Maher and Woo 1998). Common

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

Table 2- 1: Classes of phosphorus containing compounds of importance in aquatic systems (from Snoeyink and

Jenkins 1980)

] Acid lonization Constants
Group Species of Importance

(25°C)
HsPOQOy4, H,POy, pKal =2.1
Orthophosphate HPO.%, PO,%, pKaz =7.2
HPO,* complexes pKas =12.3
H4P207, H3P,07, pKa1 = 1.52
Polyphosphates H,P,0+%, pKaz = 2.4
Pyrophosphate HP,0,%, P,07%, pKaz = 6.6
HP,07* complexes pKas = 9.3
H3P3010%, pKaz = 2.3
H2P3010%, pKas = 6.5
Tripolyphosphate
HP3010", P3010”, pKas = 9.2

HP3010* complexes

Metaphosphates HP304%, P30o* pKas = 2.1
Very many types, including
phospholipids, sugar

Organic phosphates
phosphates, nucleotides,

phosphoamides, etc.

2.2.3 Phosphorus sources in wastewater

Despite books and papers focused on phosphorus as a chemical compound e.g. (Corbridge 1966,
and 1995) various studies focused on the fate of these compounds with a special emphasis on
water and wastewater treatment based on the fact that phosphorus has a significant impact if it
discharged to the water bodies in high concentrations. Original works were done by Stumm
(1962); Stumm and Morgan (1970). These works were followed by many other papers e.g.
(Jenkins et al. 1971; Goldsmith and Rubin 1980; Fytianos et al. 1998). The sources of phosphorus
in wastewater vary from fertilizers (orthophosphates) to cleaning products (condensed
phosphate) and from the breakdown of organic material such as bacterial cells (organic
phosphorus)(De-Bashan and Bashan 2004). Most authors agree that orthophosphates are

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



product of weathered material, incorporated into plant, animal or bacterial material or direct
precipitation of inorganic phosphorus. Insoluble phosphorus is found adsorbed to particles or
incorporated into amorphous and crystalline material. Additionally, soils and sediments contain
P bound to iron or aluminium (Maher and Woo 1998; Maryutina 1999). Struvite (MgNH4PO,
6H,0) and Vivianite (Fes3(PO4);” 8H,0) are two examples of specific minerals containing
phosphorus. Polyphosphate accumulating organisms (PAOs) are used in wastewater treatment to
hydrolyze and store poly-P and orthophosphate under anaerobic and aerobic conditions
respectively (Mino et al. 1998). the chemical species of orthophosphate (HsPO4, H ,PO4~, HPO,*,
and PO4*") vary with the pH of solution phase and with the nature of adsorption sites in the solid
phase. The common forms of phosphorus in wastewater are orthophosphate (P04*),
polyphosphates (polymers of phosphoric acid) and organically bound phosphates. The latter two
forms gradually hydrolyse in water to the soluble ortho form and, therefore, it could be said that
orthophosphate presents the principal form of phosphorus in wastewater (Ooi et al. 2017). Due
to the reactivity of phosphate it bonds with many cations such as iron (Fe), aluminum (Al), and
calcium (Ca) which form relatively insoluble compounds. The most common P compounds are
oxyphosphorus compounds all of which contain phosphorus - oxygen connections.
Oxyphosphorus compounds include orthophosphates, condensed phosphates, and organic

phosphate esters (phosphorus - oxygen - carbon bonds)(Corbridge 2016).

2.2.4 Industrial uses of phosphorus

The modern world has generated an increasing demand for phosphorus, which has led to its
increased extraction from minerals and consequently its increased discharge into the
environment. The industry with the most considerable need for phosphorus is agriculture
consuming 80-85% of total demand, the majority of this goes to the production of inorganic
fertilizers with the remainder going into areas such as animal feed production (Martin 2010; Littler
2012). The second largest need for phosphorus comes from the detergent industry where
phosphorus is used as a builder which assists in softening the water and establishing optimum
cleaning conditions. Other industries that require phosphorus include metal surface treatment,
flame retardation, fruit and vegetable processing and paper production (Littler 2012; Bowes et al.

2016).

2.2.5 Role of phosphorus in the eutrophication
The European legislation (Commission of the European Communities 1999) defined

eutrophication as the enrichment of water by nutrients (mainly nitrogen (N) and phosphorus (P)),



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

During the algal bloom, floating thick mat of algae prevents light from reaching plants under the
surface. When algal organisms die, they settle to the bottom, where bacteria that live in the
sediments digest them. This mechanism leads to bacteria blooms in conjunction with an algal
bloom, and thus oxygen consumption is increased leading to anoxia in poorly mixed bottom
water. Over time, sediments release P that reinforces the eutrophication (Kagalou et al. 2008;
Tahmazi et al. 2017).

Anthropogenic sources of phosphorous can be splitinto two categories, point and diffuse sources.
Point sources are those that enter watercourses at a single point of discharge, these sources are
typically wastewater treatment works, but will also include releases from the industry. Diffuse
sources generally result from agricultural run-off where phosphorus from fertilizers and animal
wastes can be washed into watercourses. The relative contribution from agriculture and domestic
sewage to phosphorus in rivers varies depending on how urban or rural the catchment area is (

Minstone and Parr 2002; Littler 2012).

2.2.6 Phosphorus legislation

Phosphorus has been controlled under EU legislation since 1975 when standards for drinking
water abstraction were drawn up. The 1991 Urban Wastewater Treatment Directive also
contained controls for phosphorus as did the Directive for Integrated Pollution and Prevention
Control (IPPC) (1996). The WFD (A European directive which introduces a planning process to
manage, protect and improve the water environment. It applies to all rivers including drains,
ditches, lakes, estuaries, coastal water and groundwater) introduced in 2000 ensures the full
integration of the economic and ecological perspectives in water quality and quantity
management. Its key objective is to achieve, by 2015, good status for the over 111 000 surface
waters (e.g. rivers, lakes, coastal waters) and the over 13000 groundwaters in EU territory. The
WFD however allows for extensions to the 2015 deadline, provided they are limited to at most 2
further cycles (i.e. the present 2015, 2021 period, and the next 2021-2027 one), unless natural
conditions prevent reaching the WFD objectives within the time limits set. Achieving “good
status” means securing good ecological and chemical status for surface waters and good
guantitative and chemical status for groundwaters, main sources of abstraction of drinking water.
Under the WFD all watercourses will have to achieve “good” status, this will be mostly as close to

a natural condition as possible, i.e., minimal anthropogenic influence. Rivers will be assessed
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under both ecological and chemical categories, phosphorus, as a critical nutrient will be controlled
under the WFD (2000/60/EC).

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

required.

2.2.7 Management of P within WWTPs

P occurs in a variety of forms within wastewater, and these vary throughout the wastewater
treatment works (WWTWSs) process (Patrick et al. 2017). Phosphorus in particulate forms is more
easily and almost completely removed through clarification stages (Duefias et al. 2003). Whereas
dissolved P species, the organic and inorganic forms, need more targeted chemical or biological
processes for their removal. Preliminary screening is firstly applied in WWTPs to remove larger
particles followed by a primary treatment step. This involves the settlement and removal of
suspended solids and organic fractions, which can be achieved by chemical addition or filtration
(Tu and You 2014). Kim and Chung (2014) report that 17 — 26% of an inorganic total P,
predominantly in particulate forms, can be transferred to primary sludge in the initial settlement
at a WWTP. Secondary treatment, especially in larger WWTPs and those discharging to sensitive
environments, is then applied. This can involve the addition of chemicals to promote the
coagulation and flocculation of solids. Other than particulate P removed through secondary
clarification, specific P removal techniques such as chemical precipitation or enhanced biological
phosphorus removal (EBPR) can be integrated into the treatment process to target dissolved
forms of P. Tertiary and advanced treatments are applied for the further removal or degradation
of dissolved contaminants, especially when the treated water will be reused. Standard primary
and secondary treatments often do not remove sufficient P to meet the required discharge
concentration. Under the normal secondary treatment (the activated sludge process) around 31
— 48% of influent P can be transferred into sludge (Desmidt et al. 2015). With the P removed
through primary settlement, this can leave approximately 50% of the total influent P load to be

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

Development of technologies to remove phosphorus started in response to the issue of
eutrophication and the need to eliminate the excess phosphorus content from wastewater
discharged to receiving waters and then to utilize this excluded phosphorus load in the way which
is the most proper for the natural phosphorus cycle in nature. This policy should prevent surface
waters against eutrophication-related problems. Phosphorus removal at WWTPs starts first with
physical separation as some of the phosphorus will be bound up in the solid fraction, the soluble
phosphorus is then removed by incorporation into the solid fraction using chemical precipitation,
biological removal, or a combination of the two (Littler 2012). The technology involved with these
processes is trusted and primarily understood.

Conventional technologies widely used for P removal from wastewater are chemical precipitation
and enhanced biological phosphorus removal (Morse et al. 1998). Phosphorus removal by
chemical precipitation is converting the dissolved P species into particulate form can be achieved
by the addition of multivalent metal salts that form precipitates of sparingly soluble phosphates.
The most common metals ions used are calcium Ca, aluminium Al (l1l), and iron Fe (I1) and Fe (I11)
(Karunanithi et al. 2015). Calcium is generally used in the form of lime Ca(OH), to remove P from
the wastewater. Lime reacts in the water column with natural bicarbonate alkalinity to precipitate
CaCO:s. The quantity of lime required for P removal depends on the alkalinity and the amount of
P present in the wastewater to precipitate hydroxyapatite Caio(PO.)s(OH)2(Clark et al. 1997). Iron
salts (Fe?* and Fe3*) and aluminium salts are commonly used to precipitate P from wastewater,
and approximately one mole of aluminium or iron will precipitate one mole of P. The factors that
affect the choice of chemical treatment for P removal include the P concentration level,
suspended solids in wastewater, alkalinity, chemical cost, sludge treatment facilities, disposal
methods and compatibility with other treatment processes (Clark et al. 1997). Chemical dosing is
quite a flexible technology and can be implemented throughout the WWTPs. It can be used to
remove phosphorus with the primary sedimentation sludge, it can be used within the activated
sludge process where it carries the phosphorus out with the secondary sludge (co precipitation)
and it can also be used as a tertiary treatment i.e. as a polisher which has the drawback of
producing a chemically rich tertiary sludge (Morse et al. 1998). The majority of wastewater
treatment plants in the UK used iron salts for chemical P removal. Iron salts are dosed in one or a
combination of wastewater treatment stages to remove P and suspended solids (Carliell-Marquet
et al. 2010).

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

in influent characteristic, loading rate, and temperature changes. The sludge has a high P content
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which can be used as a fertiliser. In addition, less time is required to achieve the chemical
treatment, unlike the biological P removal in which the performance slowly improves with time
as the microbial community matures. On the other hand, there are issues relating to dosing of
ferric (Fe 1ll) salts. If phosphorus discharge limits are below 2mg/|, then accurate and variable
dosing is required. If the influent quality varies further operator input is required and the chance
of overdosing increases which if happens can result in the ferric salts being discharged into the
environment. Ferric chloride which is commonly used is corrosive and burns skin on contact and
so there are many health and safety issues related to the use and storage of this chemical. The
shortage of ferric salts has caused their price to rise and as the WFD is likely to put higher demands
on this technology and so it will also put further strain on the already limited supply. The use of
salts requires chemical storage and sludge treatment leading to increased costs which are
strongly linked to the supply price of the different chemicals available.

Phosphorus removal by biological treatment which is performed in two ways (i) reedbeds, which
work with bacterial decomposition of organic substances to nutrient uptake from the effluent
flows, and this process requires a large land area and (ii) by using higher bacterial to P uptake.
This process is used in large sewage treatment and depends on the ability to take up excessive P
by polyphosphate-accumulating microorganisms (PAOs), via the process called enhanced
biological phosphorus removal (EBPR). The stored P in the cells is removed from the liquid by
sludge separating. The microorganisms are exposed to anaerobic and aerobic conditions in the
mainstream (Clark et al. 1997).

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

fitted to existing WWTPs.
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2.2.9 P removal through reedbeds and reactive media

Constructed wetlands represent passive technology for enhanced solid removal and some
associated biological degradation (Letshwenyo 2014). The technology is most commonly
configured as a horizontal flow gravel bed. This involves the movement of inorganic P from the
wastewater to the media, biofilm and plants although removal is known to be limited and
insufficient to meet a 0.1 mg/| P standard (Brix et al. 2001). Enhancement of the technology has
been proposed through the use of reactive media which are in contrast to traditional filtration
systems, reactive media filters rely on P-sorption properties of certain materials to remove P in a
targeted manner from wastewater, rather than using filter media solely for attachment of
biomass (Bunce et al. 2018). In other meaning, it provides additional uptake through adsorption
or precipitation due to the fact that P sorption capacity of the filter media which is dependent on
the mineral content of the media is a crucial parameter for the p removal. Specifically, the
presence of metals such as aluminium, calcium and iron has been used as a selection tool ( Drizo
et al. 2002; Arias et al. 2003; Wei et al. 2008; Cucarella et al. 2008). Calcium is considered a more
critical component than iron or aluminium as under the pH conditions usually encountered
adsorption/precipitation is thought to be limited such that precipitation of calcium phosphates
is considered the main removal pathway (Chazarenc et al. 2007). The elemental composition,
mineralogy and media size have been also identified as key parameters that influence media
capacity (Drizo et al. 1999).

In recent years, many researchers have devoted their contribution to the development of
effective media for phosphorus removal from wastewater (e.g.,Drizo et al. 2006; Shilton et al.
2006; Kaoiv et al. 2010; Herrmann et al. 2014). These materials can be grouped into three main
categories according to their origin: natural materials, industrial by-products, and man-made
products (Johansson Westholm 2006).

Natural adsorbents material includes minerals and rocks (dolomite, bauxite, zeolite, opoka,
limestone), soils and sediments like shell sand. Most of these materials have a high affinity for P
binding because they are rich in aluminium, iron or calcium (Johansson Westholm 2006). Table
2.2 shows the application of natural materials for P adsorption from synthetic or real wastewater
using batch and column experiments.

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

properties, particle size, solid to liquid ratio, agitation speed and time, temperature, pH, retention

14



time, hydraulic conductivity, initial P concentration, and P loading rate (Tahmazi et al. 2017). Most
of these materials retain P via precipitation as calcium phosphate precipitates which depends on
the Ca concentration availability, initial P concentration, solution pH, and contact time. It can be
noted from Table 2.1 that the P adsorption capacities vary between 0.1 mg/g (Opoka) and 9.6
mg/g (shell sand). These values of P removal are affected by the chemical composition of the
natural materials. It is reported that the chemical composition can inhibit the adsorption capacity
(Drizo et al. 1999; Johansson Westholm 2006). The large particle sizes of these materials might
restrict the required interaction between the phosphate ions and their chemical composition.
Constituents of industrial by-products which gives them high adsorption capacities are metal
oxides of aluminium, iron and calcium. This makes these industrial by-products attractive to use
as alternative adsorbents in wastewater processes. In addition, reusing by-products is also an
important element of green engineering and sustainable design. When the by-products used as
adsorbents are relatively inexpensive compared to commercial adsorbents. Table 2.3 lists the
industrial by-products that have been examined for their ability for P adsorption using either
batch or column experiments.

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

Different Man-Made Products have been studied regarding their P adsorption capacity. These
adsorbent materials include lightweight expanded aggregate, obtained by heating to a
temperature up to 1000 °C e.g. Filtralite, LECA, Polonite and ion exchange fibers such as hybrid
anion exchange (HAIX)-PhosXnp, granular ferric hydroxide (GFH), and hydrated ferric oxide (HFO)-
coated sand. Most of the manufactured adsorbents contain a high content of Ca, Mg and metal
hydroxide (Johansson Westholm 2006; Addm et al. 2007; Li et al. 2009; Mayer et al. 2013). Table
2.4 shows some of these synthetic materials applied for P removal and recovery in different
experiments conditions.

Anion exchangers are manufactured by the synthesis of poly-styrene matrices with amino groups
to produce polymers with hydrophilic characteristics. They have a strong affinity for P binding in
the presence of competing ions such as bicarbonate, chloride and nitrate (Blaney et al. 2007,
Awual et al. 2011). These polymeric anion exchangers usually combine with the monovalent

(H2POy4) and divalent (HPO4%) phosphate forms (Kadlec and Wallace 2009).
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There is an environmentally sound argument against using man-made products as the production
of the substrates requires a large amount of energy (Johansson Westholm 2006). Other
disadvantages of using these products are expense and commercial availability. However, the lack
of P adsorption and selectivity, weak adsorption mechanisms, unable to regenerate the
exhausted adsorbent or low regeneration performance, poor P recovery efficiency, and high
operation cost have been the predominant reasons for continuing using the synthetic materials

instead the other adsorbents types (Tahmazi et al. 2017).
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Material

Dolomite

(Ca and Mg)

Bauxite

(Al, Fe oxides)

17

Study type

Batch

Batch

Particle
size (mm)

Mass

(8)

<0.425 and 0.2

>0.180

Mostly

between

20

Table 2- 2: Natural materials used for phosphorus removal

. Initial
Experimental .
.. concentration
conditions
(mg/1)
-100 ml of P solution 10 - 100

- 20, 40, and 60 °C at increased by 10
pH 7

-10, 15, 30, and 60

min

contact time

90 to 150 rpm

stirring speed

-60 rpm shaking 2.5-40
speed for24 hat21°C
-pH5.9

Main findings / removal
mechanisms

- Temperature affected negatively on
P removal.

-Slight increase in P removal with
increase in pH.

-15 to 30 min contact time was
enough to reach adsorption
equilibrium at high and low initial P
concentration respectively.

- Removal mechanism was physical
interaction.

- Structure and pore size distribution
change with increasing temperature,
leading to decrease its ability to
retain P.

- Adsorption capacity was 0.61 mg/g
-The  physical and  chemical

properties examined (pH, CEC,

Reference

(Karaca

2006)

(Drizo

1999)

et

et

al.

al.



Material

Zeolite
(hydrated
aluminium

silicate)

Apatite

18

Study type

Column

Batch

Batch

Particle
size (mm)

6.8 and
12.6

Ranging
from 3-12

2.5-10

Mass

(8)

10

35

Initial
concentration
(mg/1)

Experimental
conditions

5,35 and 40
-12 h retention time
-25 g P/m3/d at first
40d -100 g P/m3/d
used for an operation

period

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

-Shaking for 24 h at
21°C

- 700 of P solution of - ranged
8.0 pH and 1000 between 5 to

us/cm conductivity 150

Main findings / removal
mechanisms

hydraulic conductivity, porosity,
surface area) were not strongly
linked with the observed P
adsorption capacity

-Maximum uptake was 0.335 mg/g

-Removal efficiency of phosphate
was slowly increased from pH 3 to 7
- Effect of co-existing ions indicated
that phosphate removal was
decreased remarkably by COs*

- Maximum adsorption capacity was
9.1 mg/g

- Maximum adsorption capacity was

0.3 mg p/g apatite.

Reference

(He et al. 2016)

(Bellier et al.

2006)



Material

Wollastonite

19

Particle
Study type size (mm)
Column
Batch -
Column

Initial
concentration
(mg/1)

Mass Experimental
(g) conditions

- 160 rpm stirring
speed at 22 °C for 42

h 30
-7.5 pH of P solution

-0.7 I/d flow rate
with up flow system

-1.5 day retention

time

2 - 40 ml of P stock 5and10

solution

Main findings / removal
mechanisms

- hydroxyapatite is the P removal

form.

-Complete P removal during first 15
days (mixture of apatite and
limestone 1:1).

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

-Removal  mechanism is  via
crystallisation

- 50% retention by lab column, field

columns reduced P from10 to2 mg/I

- 90 % removal was obtained in the

first 21h

Reference
(Brooks et al.
2000)



Material Study type

Shell sand Batch

Opoka (mainly Batch

contain CaCOs)

20

Particle
size (mm)

3-7

0-2

Mass

(8)

Experimental
conditions

-Hydraulic retention
time from 15 to 180
hours

-Secondary
wastewater, average

3.4 mg/I phosphorus

-90 ml of P solution -
24 h shaking time
-50 ml of P solution
with pH 7

-70  rpm  shaking
speed for 20 h at

room temperature

Initial
concentration
(mg/1)

0-480

5,10,15,20 and
25

Main findings / removal
mechanisms

-> 80 % removal, rising to 96 % with

longer contact (> 40 hours)

- Maximum P removal was 9.6 mg/g
at initial P concentration of 480 mg/I.
-Removal efficiency inhibited by
CaCoOs.

-Maximum P uptake was 0.0 mg/g.
-The dominant mechanism was the
formation of Hydroxyapatite.

The presence of the less reactive
CaCOs in Opoka inhibits phosphorus

removal when compared to minerals

containing CaO

Reference

(Addm et al.
2007)
(Johansson and
Gustafsson

2000)



Material

Limestone

Calcite

21

Study type

Lab batch,
column
and field

trials

Batch

Particle
size (mm)

0.075

Initial
concentration
(mg/1)

Mass Experimental
(g) conditions

> 1-hour contact time Artificial
phosphate

solutions.

Main findings / removal
mechanisms

- Lab columns removed 64%of P.
During field trials performance
decreased t018% removal.

- Removal mechanism is via

precipitation.

-70-80 % removal at pH 7.5 -8
-Complete removal possible (with
high initial concentration and pH).
-Not likely to remove the levels
needed without adjusting pH. Need

to trial with real wastewater

Reference

Shilton et al.
2006

(Karageorgiou et

al. 2007)



Particle
Material Sttudey size
yp (mm)
Steel slag Batch <2
(mainly

contains Ca)

Column <2

22

Mass

(8)

6029

Table 2- 3: Application of industrial by-products for phosphorus removal

Experimental conditions

50 ml of P stock solution and
initial pH 5.2.

- 200 rpm stirring speed for 2
h.

-pH is ranging from 3.5 to
11.5 to study its effect.

- to study the effect of
adsorbent dose, 2, 4, 8, 16,
20, 40, 60, 80, and 100 g/l
were used
-Secondary effluent from

WWTP with TP (1-3.4) mg/I.

- 8.37 ml/min flow rate

Initial concentration

(mg/1)

5, 10, 30, 50, 75, 100,
125, 150, and 200 to
study adsorption
isotherm

- 22.79 to study pH
and adsorbent dose

effect

1-34

Main findings

-5.3 mg P/g slag of maximum
adsorption capacity.
- P

removal increased with

increasing  temperature and
adsorbent dose; and decreased
with increasing initial P
concentration.

- P adsorption data fitted with
Langmuir and Freundlich models.
- P retention depends on Ca
dissolution; making long-term
experiments are necessitated to
evaluate the material for future

applications.

Reference

(Xiong et al.
2008)



Particle

Material Sttudey size IV(Ia)ss

yp (mm) g

Blast furnace Batch 0.02- 0.07

slag (mainly 0.03

contain Ca

and Si)

Red mud Batch <0.149 0.1

Fly ash Column 0.125- 0.2

0.063

23

Experimental conditions

-50 ml of P stock solution.
-different temperatures and

pHs

20 ml of P stock solution and
pH range of 1 to 11.

- 180 rpm shaking speed for
4 h.

-50 ml of stock solution.
-4, 10, 20 g/| of adsorbent

with initial P concentration of

Initial concentration

(mg/1)

180

0.31, 3.1, 15.5, 155,
775, 1550, and 3100

20,50 and 100

Main findings

TP removal rate was 62 — 79 %
while dissolved P removal was 71
-82%

-the dominant removal
mechanism was chemical
precipitation.

-99% removal was achieved.

-P removal influenced by pH,
temperature and agitation rate.
-99% maximum removal
efficiency.

-113.9 mg/g maximum
adsorption capacity.

Langmuir fitted better than other
models.

->99% P removal was achieved at

402C and PH 4, and P

Reference
(Oguz 2004)
(i et al
2006)
(Ugurlu and
Salman
1998)



Particle

Material Study size Mass Experimental conditions Initial concentration Main findings Reference
type (g) (mg/1)
(mm)
20 mg/| - contact times were concentration at equilibrium was
5, 10, 15, 20, 25, and 30 min 0.02 mg/I.
Ochre Batch 0.6-2 -48 hours 1500 - 3000 mg/l -Final effluent levels < 1 mg/l (Heal et al.
-pH 7.2 phosphorus phosphorus 2005)
Table 2- 4: The applied man-made adsorbents for P removal.
. Initial
Material Study .Partlcle Mass Experimental conditions  concentration Main findings Reference
type size (mm) (g)
(mg/l)

Filtralite Batch 0.5-4 3 - A 90 ml of P solution -Arangeof0O- At initial P concentration of 10 mg/l, P retention (Adam et
Effective shook for 24h. 480 capacity was about 1.3 mg/g. al. 2007)
porosity -The adsorption behaviour became worse when the
40% initial P concentration increased.

- CaC03, Ca-P, Mg-P precipitates were visible and

identified on the media.
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Study Particle Mass

M jal
ateria type size (mm) (8)
Polonite Column 2-56 -
Portland Batch - diameter
Cement of 20.8

microns.

25

Experimental conditions

-A 10 cm diameter column
filled with 50cm.

- Loading rate of 530
L/m2.d, hydraulic
conductivity 226 m/d, RT
from4to 5 h.

-200ml batch tests with

solids concentration of

10g/I

Initial
concentration
(mg/1)

Synthetic
solution
containing 10

mg/I.

- initial
phosphorus
concentrations

of 20-80mg/I.

Main findings

- phosphate removal rate of 91% when using
polonite to treat municipal wastewater over 1 year
with a P-sorption capacity of 120 g/kg.

-After the media saturated with P, it neEDX to
replace with another fresh one, meaning that it is
unable for regenerating.

- removing up to 27mg/g total phosphorus.

Reference

(Renman
and
Renman

2010)

(Agyei et
al. 2003)



2.2.10 Calcite

Calcite is a carbonate mineral and the most stable polymorph of calcium carbonate (Loste et al.
2003). Calcite, like most carbonates, will dissolve with most forms of acid. Calcite can be either
dissolved or precipitated by groundwater, depending on several factors including the water
temperature, pH, and dissolved ion concentrations. Although calcite has low solubility in cold
water, acidity can cause dissolution of calcite and release of carbon dioxide gas. When conditions
are right for precipitation, calcite forms mineral coatings that cement the existing rock grains
together or it can fill fractures. When conditions are right for dissolution, the removal of calcite
can dramatically increase the porosity and permeability of the rock, and if it continues for an
extended period of time may result in the formation of caves.

Generally, CaCOs exists in a variety of polymorphic forms, of which there are three anhydrous
crystalline polymorphs, calcite, aragonite and vaterite, and two well defined hydrated crystalline
polymorphs, calcium carbonate hexahydrate (CaC03.6H,0) and calcium carbonate monohydrate
(CaC0s.H,0). An amorphous form of calcium carbonate also exists. When calcite precipitates,
amorphous calcium carbonate forms first, then organises and dehydrates to form crystals
(Meldrum 2003).

The CaCOs form that precipitates from aqueous solutions of Ca?* and COs* ions depends on
factors such as temperature, the concentration of reactants, duration of precipitation, the mixing
rate, humidity and the trapped surface impurities. Studies have been made on the influence of
water composition, temperature and water pH on the calco-carbonic system (CaCOs-CO,-H,0)
that leads towards CaCOs precipitation (Amor et al. 2004; Gal et al. 2002). For crystallisation to
occur the solution must be supersaturated with respect to Ca?* ions; however, supersaturation
by itself is not sufficient to induce crystallisation. Crystallisation requires nucleation sites in the
form of seeds or foreign matter in the solution. Usually nucleation is the controlling step, once
the critical nuclei are formed, the crystallisation proceeds (Chong and Sheikholeslami 2001). The
chemical reaction of CaCOs precipitation is shown in equation 2.1 below.

Ca?* + HCO; +OH = CaCO; (5 + H.0 (2.1)
The solubility of calcium carbonate depends on the CO; content. Chong and Sheikholeslami (2001)
provided the data on the distribution of CO, related ions and CO; gas in solution as a function of
pH. Determining the correlation between Pco, and Ca?* concentration is therefore one of the most
direct ways of understanding the control factors in the calcium carbonate precipitation reaction.
Hollett (2000)reported that according to calculated solubility products, calcite is theoretically the

only stable phase at atmospheric pressure within 0-90°C temperature range. Calcite may
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precipitate directly and under ambient temperature and pressure, aragonite and vaterite will

transform to calcite if given enough time.

2.3 Theory

When limestone is dissolved in water in the presence of CO,, this causes Ca®* and COs* ions to be
released into solution. When the volume of CO; in solution is reduced, the calcium ions are
reprecipitated out of solution. However, instead of reforming with carbonate ions to form calcium
carbonate, some or all of the COs* ions are replaced by PO;* ions, which were also present in
water, to form calcium phosphate (Kitano 1978; Ishikawa and Ichikuni 1981). this reaction can be
seen in equation (2.2).
3Ca*(aq) + 2PO4>(aq) = 3Ca3(PO4)2 (5 (2.2)

The basic mechanism of chemical phosphorus removal is precipitation followed by solids
separation step such as settlement and/or filtration. Phosphorus precipitation is the
transformation of the soluble phosphorus present in the wastewater as orthophosphate anion
(PO4*) to an insoluble chemical compound (salt) and the removal of these insoluble precipitates.
Such a transformation occurs when a chemical agent bearing a proper cation, (Ca®*) in the current
study is added to the wastewater and reacts with the soluble phosphorus to form an insoluble
orthophosphate salt. In practice more complex reactions are taking place, which involve
coprecipitation and surface adsorption. The proposed chemical process inspired by the above
facts is presented in Figure 2.1. In this instance, limestone chips provided the calcium source. This
section presents the theoretical background of the concepts used in this thesis. Firstly, the
theories relating to the material studied in this thesis are presented, this includes calcite
dissolution and precipitation theories, the carbonate chemistry and phosphorus precipitation
with calcite theories. Finally, theories relating to the removal mechanisms are then discussed with

some of medias used for phosphorus removal are listed.
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Figure 2- 1: Carbonate coprecipitation process
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2.3.1 Carbonate chemistry
The carbonic species in water are: H,COs, HCOs  and COs%". Carbon dioxide enters the water partly
direct from the atmosphere, and partly with precipitation and other inputs, but largely due to
infiltration through the soil as well as by the metabolic activity of the organisms in the water
(Langmuir 1997; Panthi 2003). The carbon dioxide dissolved into water exist not only dissolved
CO;, but also as carbonic acid, H,COs, which is then dissociated to H* and HCOs (Panthi 2003). The
following equilibrium has therefore to be considered:
The gas dissolution and carbonic acid formation are presented in equation (2.3) and (2.4)
respectively.
CO;(g) = CO: (aq) (2.3)
CO; + H20 = H,COs (2.4)
Dissolved CO; in the form of H,CO; may lose up to two protons through the acid equilibria
H,CO3 = HCOs + H* (2.5)
HCOs = COs* + H* (2.6)
With ionisation constant,

K1 = m (2.7)
[H2CO03]

Since a small fraction (=0.25%) of the total CO; dissolving into water is hydrolysed to H,COs, that
fraction which is virtually unaffected by temperature and pH (Burau and Zasoski 2002). The
concentration of carbonic acid [H,COs*], which is the sum of the concentration of H,COs; and
dissolved CO; is given by equation (2.8):

[H2COs*] = [H2COs] + [CO,] (2.8)

In a similar way the ionisation constant for HCOs™ and COs”.

K2 = [icos] (2.9)
[HCO3]

The ionisation of water is conventionally written as:

H,0 = H* + OH" (2.10)

and the ionisation constant for this reaction is given by:

_ [H*][oH]

Kw =" (2.11)
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From experimental work K,, is found to be an extremely small quantity, 1.8x10%® moles/liters at
25°C. As K, is small, the fraction of H,O that ionises is negligible compared with the unionised

fraction. The unionised mass of H,0 can be taken as equal to the total water mass,

__mass of 1litre of water

[H,0] (2.12)

gram molecular weight
=1000/18

=55.5 moles per litre

[H*].[OH] =K x [H20] = 1.8 x 106 55.5

=1.0x10™

[H] [OH] =Ky = 10 at 25°C

Kw is a function of temperature and ionic strength.

In pure water [H*] = [OH] = 107 moles per litre at 25°C

i.e pH=-logi (H*) =7 for pure water

Carbon dioxide exchange between water and atmosphere takes place until the partial pressure
in the two phases is equal. During this process the pH in the water changes and there is a
redistribution of dissolved carbonic concentrations. For equilibrium between dissolved and
atmospheric CO; is defined by Henry’s law as in equation (2.13):

[CO2] =K’ coz . Pco2 (2.13)
K’coz is Henry’s constant which is temperature dependent and Pcoz is partial pressure of CO; in
the atmosphere.

Since the ratio [H2COs*]/ [CO3] is constant and temperature independent in temperature range
0°C to 50°C (Burau and Zasoski 2002),

[H2€C0s5*] = Kcoz . Pcoz (2.14)

The constant Kco; is temperature dependent and given by two linear functions (Burau and Zasoski

2002)
pKco2 =1.12 + 0.0138*t  for the range 0°C to 35°C (2.15)
pKcoz = 1.36 + 0.0069*t  for the range 35°C to 80°C (2.16)

As mentioned earlier in this section, that carbon dioxide enters the water through equilibrium
with the atmosphere and during the equilibrium process between the atmospheric and dissolved
CO; a change in pH would occur and that will result in redistribution of carbonic concentration

(Panthi 2003).

29



2.3.2 Calcite dissolution and precipitation theory

There have been many different theories in the past trying to explain the theory behind the
dissolution of calcite. In the first theory of Weyl (1958) approached by assuming that solution is
in equilibrium with the calcite solids at the boundary layer and the dissolution process at the
calcite surface is too fast, and the dissolution rate can be determined by mass transport from the
boundary layer into the solution. Further progress was achieved by Curl et al. (1968.) who took
into account the fact that conversion of physically dissolved CO; into H,COs is a slow process.
These theories, however, all failed to take into account the mechanisms at the surface of the
CaCOs rock. No significant progress was therefore achieved up to 1978 when Plummer et al.
(1978) published a comprehensive investigation of dissolution rates of CaCOs. , taking into
consideration the ratio of the volume of the solution to the surface of the dissolving crystals so
large that the conversion of CO, to H,CO3 was not rate limiting. Thus, the theory of Plummer et
al. (1978) gives exact information on the chemical kinetics of surface-controlled dissolution of
CaCOs by considering the dissolution rate as a function of the activities of the species Ca **, H *,
HCOs™ and H,CO; at the CaCO;s surface.

Calcite dissolution is mainly controlled by the reactions occurring within the water, carbon dioxide
and calcite system. The dissolution rate of calcite covered by a water film open to a CO; containing
atmosphere is controlled by the chemical composition of the CaCOs-H,0-CO; solution at the
water mineral interface. This composition can be determined by the Ca?* concentration,
conversion of CO; into H* and HCOs™ in the solution, and by diffusional mass transport of the
dissolved species like Ca?" HCOs, CO, and H,COs from and towards the phase boundaries. The
[Ca*?] in solution (Dreybrodt, W. 1981; Zuddas and Mucci 1994), CO, loss (Zhang and Grattoni
1998), and pH (Inskeep and Bloom 1985) are considered to be the three dominant factors
influencing calcium carbonate precipitation (Kaufmann and Dreybrodt 2007). The chemical
reactions and processes responsible for the dissolution of calcite with respect to CO,, are:

(Langmuir 1997).

CaCOs3+ H* <> Ca?* + HCOs (2.17)
CaCOs + H,CO3¢> Ca?* + 2HCOs (2.18)
CaCOs; + H,0 <> Ca®* + HCO3+ OH (2.19)

These reactions are termed attack by acid, CO, and water, respectively (Plummer and Busenberg
1982). Under certain conditions of pH and CO; pressure, one or another of these mechanisms
may be dominant. The total dissolution rate is the sum of these three mechanisms. The rate in
equation 2.19 is not affected by CO, while the rate of CO, attack, as seen in equation 2.18,

increases with CO, pressure, and exceeds the water rate at a pressure of about 0.1 atm. The acid
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attack rate, equation 2.17, is also affected by CO, addition, because CO, is a weak acid, through a
shift of the pH to lower levels as CO; pressure increases.

The saturation state of water with respect to calcite is largely controlled by the flux of CO, gas
into or out of that solution. Out gassing, which can take place whenever carbonated water with
elevated Pcoz contacts a lower Pcoz atmosphere, increases the degree of saturation with respect
to calcite (Holland et al. 1964; Langmuir 1971; Wigley and Plummer 1976). In flowing systems, the
Pcoz of the water decreases in a downstream direction, and the degree of saturation with respect
to calcite subsequently increases (Shuster and White 1971). Several field studies have shown that
CO, can escape from the water and calcite will precipitate from the saturated solution
(Dandurand et al. 1982; Herman and Lorah 1987; Hoffer-french et al. 1989; Dreybrodt et al. 1992).
A certain critical degree of saturation must be achieved to pass the energy barrier to the
formation of stable nuclei (Reddy et al. 1981; M.Lorah 1988) and laboratory studies of calcite
crystallization kinetics have shown that the necessary ion activity product can be as much as ten
times the equilibrium calcite solubility value (Ogino et al. 1987; Boudreau and Canfield 1993).
Many laboratory experiments have been conducted to investigate the reaction kinetics of calcite
in H,0-CO; systems, for example (Usdowski 1979; Reddy et al. 1981; Walter and Morse 1985;
Inskeep and Bloom 1985). Several different rate equations have been produced by these
laboratory researchers to describe calcite dissolution and precipitation. House (1984) concluded
that the hydration reactions of CO, may influence the precipitation rate and exchange with the
atmosphere. The two hydration reactions are:

CO; + H,0 = H,CO3 (2.20)
CO, + OH = HCOs (2.21)
These reactions cannot be considered instantaneous. For calcite precipitation from bicarbonate
solutions, the rate of formation of CO; through the reaction:

Ca*" + 2HCO;™ = CaCOj3(soiiq) + COz + H,0 (2.22)
but the Plummer (1978) model is the only rate law which attempts to describe both calcite
dissolution and precipitation at all solution pH and Pco, values. The equation relates the net
dissolution rate (R, in units of mass area® time®) of calcite to the activities (a,) of H*, Ca**, HCO;,
H,0, and H,COs*

R = kiaus + kaanzcos+ + k3an20 — k4acaz+ amcos- (2.23)
where H,COs* is (CO; (aq) + H,CO3°) and the k’s are rate constants.

The extent of separation of Ca by precipitation depends to a large extent on the solubility of its

precipitate, which is in this study a carbonate salt. At the saturation or equilibrium concentration
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of this salt an equilibrium exists between the solute ions and the solid phase as shown in the
equation below:

CaCOs() = Ca?* + COs* (2.24)
For which the equilibrium expression is:

_ lca®*licoiT)

[CacOs]s (2.25)

The activity of the solid phase is constant and hence the denominator in equation 2.25 can be
combined with K
[Ca*][COs*] = Ksp (2.26)

where Ky is called the solubility product.

2.3.3 Phosphorus precipitation with calcite

In lakes the coprecipitation of phosphorus is an important self-cleaning mechanism and can result
in the removal of as much as 97% of the phosphorus from the epilimnion (House 1990). Kleiner
(1988) estimated that about 35% of the total phosphorus removal from the epilimnion of Lake
Constance could be coprecipitated with calcite. The loss of CO, from a hard water by either
transfer to the atmosphere or the metabolic activity of algae, phytoplankton or macrophytes may
lead to the precipitation of calcium carbonate as calcite and the coprecipitation of solutes such
as inorganic phosphorus (House 1990). Many reports have documented the precipitation of
calcite in a range of different lakes at various trophic levels (e.g. Strong and Eadie 1978; Murphy
1983 and Stabel 1986). In streams and rivers, the precipitation of calcite usually occurs when a
hardwater, which is supersaturated initially with CO, loses CO; to the atmosphere during its
passage downstream and eventually precipitates calcite (Dandurand et al. 1982 and M.Lorah
1988).

The coprecipitation reaction is occurring naturally by the interaction between inorganic
phosphorus and the calcite surface during crystal growth, followed by the incorporation of some
of the surface phosphorus into the bulk structure as growth occurs (House et al. 1986; Karapinar
et al. 2006). Inorganic phosphorus also inhibits the crystal growth of calcite and, depending on
the supersaturation in the solution, may stop growth completely (House 1987). A similar
observation was made by Montes-Hernandez et al. (2009) and the result of Alkattan et al.
(2002)study illustrated that aqueous phosphate, which is also known to be a strong calcite
dissolution inhibitor at neutral to basic pH, was found to also strongly inhibit calcite dissolution
at acidic conditions and the degree of inhibition on calcite dissolution due to the presence of
aqueous phosphate is likely not sufficient to affect most natural processes significantly. This

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

It has been generally observed that the concentration of dissolved reactive phosphate is
significantly lower in sediments containing high weight percentages of calcium carbonate than in
those containing small weight percentages of calcium carbonate (Serruya 1971; de Kanel and
Morse 1978). The explanation usually given for this observation is that the surface of the calcium
carbonate acts as an especially favourable site for the nucleation of a calcium phosphate of
complex composition, but generally related to apatite. This explanation has been given support
by the observation of carbonate-hydroxyapatite overgrowths on calcite in lake sediments and
laboratory experiments in which apatite was precipitated on calcite (Stumm and Leckie 1970). In
their experimental work, it was found that the kinetics of phosphate (orthophosphate) uptake on
calcite indicated that chemisorption was the initial reaction. It was hypothesized that this was
followed by a slow transformation of amorphous calcium phosphate to crystalline apatite and
subsequent growth of the crystalline apatite. The rate of apatite crystal growth depended strongly
on the phosphate to carbonate ion ratio. It was suggested that this was due to their competition
for growth sites.

The formation of calcium phosphate salts in aqueous solutions takes place following the
development of supersaturation (Song et al. 2002). There are a lot of factors which may control
or influence the development of supersaturation and as a result influence the precipitation of
calcium phosphates from solution, such as the concentrations of phosphate and calcium, the pH
value due to its influence on base uptake of the precipitation reaction and the speciation of
phosphate and calcium ions (Verbeeck and Devenyns 1992), the ionic strength, the impurities of
solution (Feenstra and De Bruyn 1981; Melikhov et al. 1989; Lopez-Valero et al. 1992; Plant and
House 2002). Moreover, temperature increase contributes to the solution supersaturation
development because the sparingly soluble calcium phosphate salts have reverse solubility
(Koutsoukos 1995; Song et al. 2002).It is still not very clear how these factors affect the
precipitation of calcium phosphates and the extent of their influence, especially under the
conditions of phosphate recovery from wastewater. Following the establishment of
supersaturation nucleation takes place. Once the nuclei exceed a critical size, they grow further
in the crystal growth proves which takes place on the active growth sites of the crystallites. Under
proper physical and chemical environment and depending on the solution supersaturation, four
well defined regions may be distinguished for the calcium phosphate system such as CaHPO,.
2H,0 (dicalcium phosphate dihydrate, DCPD), CasH(POQ4)s .2.5H,0 (octacalcium phosphate, OCP),
Ca3(P0O4); (tricalcium phosphate, TCP) and Cas(PO4)3OH (hydroxyapatite, HAP) may precipitate
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from saturated solutions, among which HAP is thermodynamically the most stable one (Nancollas
and Koutsoukos 1980; Kemenade and Bruyn 1987) and most common form of Ca-P precipitate
and forms at high pH, typically greater than 10 (Rittmann et al. 2011). In slightly acidic calcium
phosphate solutions, the monoclinic DCPD forms are dominant, OCP is formed by the hydrolysis
of DCPD in solutions of pH 5 -6 and expected to be the more stable phases. However, these
precipitated phases are thought to transform into more thermodynamically stable
hydroxyapatite over time (Desmidt et al. 2015). When HAP precipitated in the presence of foreign
ions substitutions calcium, phosphate and / or hydroxyls by some of these ions take place. When
calcium phosphate is precipitated from highly supersaturated solutions an unstable precursor
phase has been reported to form. This phase is known as the amorphous calcium phosphate
(ACP). The composition of ACP appears to depend upon the precipitation conditions and is usually

formed in supersaturated solutions at pH>7.0. These regions are shown Figure 2.2.
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Figure 2- 2: Solubility isotherms of calcium phosphates. Calculated at 252C (Koutsoukos 1995)

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

= 4P (2.26)
Ksp

where IAP is the ion activity product of the salt considered and K, the respective thermodynamic
solubility product as explained in section 2.3.2.

In the case of hydroxides, solubilities can be calculated directly from the appropriate Ks, value if
the pH is known. For phosphates, the calculation of solubility is complicated by its reaction in
solution:

POs* + H,0 © HPO4% + OH (2.27)

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

[H+][PO3™]
K= TrorT (228)
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Solubility product values for a number of slightly soluble salts relevant to the present discussion

are provided in Table 2.5.

Table 2- 5: Representative heterogeneous and complexation equilibria of phosphates with calcium (adapted from

Snoeyink and Jenkins 1980)

Heterogeneous Equilibria pKsp
Calcite CaCOsy +8.34
Calcium hydrogen phosphate ~ CaHPOs (s) = Ca?* + HPO,* +6.66
Calcium dihydrogen phosphate =~ Ca(H,PQ4); (s) = Ca®" + 2H,PO4 +1.14
Hydroxyapatite Cas(P0O4)30H(s) 25Ca**+3P0,*+0OH"  +55.9
B-Tricalcium phosphate B-Cas(P04), (s) = 3Ca®" + 2P0O,> +24.0
Complexation Equilibria pK
With orthophosphate CaHPO.° = Ca®" + HPO,* +2.2
CaH,P0O,* = Ca®* HPO,* + H* -5.6
With pyrophosphate CaP,0,> = Ca®" + P,0,* +5.6
CaHP,0; = Ca?* + HP,07* +2.0
With tripolyphosphate CaP3010> = Ca%" + P3010™ +1.8

At very high supersaturations calcium phosphate precipitates spontaneously, before reaching this
region, it is possible to prepare solutions supersaturated with respect to calcium phosphate, but
the precipitation takes place past the lapse of measurable induction times, following the
establishment of the solution supersaturations. Moreover, it is possible to prepare calcium
phosphate supersaturated solutions, which are stable. In these solutions, precipitation does not
take place, unless they are seeded either with calcium phosphate seed crystals or with substrates
which may function as templates for the selective overgrowth of calcium phosphates. The lower
limit of this supersaturation range is the solubility of the calcium phosphate considered (S=1).
Below this limit, dissolution takes place. It is thus reported that for pH 7.40 and a molar ratio of
total calcium /total phosphate concentration equal to 1.66, at calcium concentrations of 10 mM
spontaneous precipitation takes place and between 0.35—1.15 mg/I the precipitation takes place
past the lapse of induction times. Below 0.35 mg/I the supersaturated solutions are stable for
long periods of time. A considerable amount of the work done for the identification of calcium
phosphate minerals which precipitates spontaneously has been based on the stoichiometric
molar ratio of calcium to phosphate calculated from the respective changes in the solutions. This

ratio has been found in several cases to be 1.45 + 0.05 which is considerably lower than the value
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of 1.67 corresponding to HAP which is generally implied as the precipitating mineral. A number
of different precursor phases have been postulated to form including TCP, OCP and DCPD.

P content in recovered Ca-P precipitates can vary from 12 to 20% and can be assumed to have a
higher solubility than that of well crystallised Ca-P (Cabeza et al. 2011). From a commercial
viewpoint, however, the recovery of P in the form of Ca-P is beneficial since it has more diverse
applications in the industry than struvite (Okano et al. 2013). Calcium phosphate mainly as
hydroxyapatite, (Cas(PO4)sOH) reflects the composition of rock phosphate and should easily
adopted as a secondary P source in existing industry and infrastructure (Song et al.,
2006;Tervahauta et al. 2014). The speciation of the phosphate species is described by the

following reactions (Liu et al. 2012).

PO +H,0 ¢ HPOZ+OH  pK=1.68 (2.29)
HPO4 +H,0 &> H,PO, +OH pK=6.79 (2.30)
HoPOs +H,0 <> HsPO,+OH  pK=11.67 (2.31)
H,0 <> H*+OH pK = 14 (2.32)

The predominance of these species depends on the pH values of the agueous medium as well as
the concentration of the phosphate materials. According to the hydrolysis of the phosphates, it
may expected to found H,PO, and HPO,* in the acidic or slightly base medium and PO,* species
becomes significant and exceeds that of HPO4* in the basic medium and acts as a source of anions.
The effect of pH on phosphate removal can be attributed to changes in the surface sites or
speciation of phosphorus in solution as well as the dissolution of calcite and the degree of
supersaturation and the type of precipitates formed. Figure 2.3 shows the phosphate distribution

curves as a function of pH.
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Figure 2- 3: Phosphate species distribution in water of varying pH

Phosphorus precipitation as calcium phosphate is achieved by adding lime (Ca (OH),) to the

wastewater, raising the pH to about 10.5. The lime dose required to elevate the pH to this level
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is a function of the wastewater alkalinity and may be approximated as 1.5 times the alkalinity as
CaCO03. Thus, the calcium dose is not stoichiometrically related to the phosphorus concentration.
While lime is a relatively low-cost chemical, the disadvantages of the lime process are that it
produces a large amount of sludge residue and creates a too high pH for environmental discharge
and low phosphate concentration could be achieved at a pH value in the range 8.5-9.5, this has
not been found to be feasible under typical wastewater process operating conditions. In this study
phosphorus precipitation as calcium phosphate is achieved by using limestone (CaCOs) as a low-
cost available source of calcium. While it would appear from the equilibrium solubility
characteristics of calcium phosphates that a high phosphate concentration could be achieved at

a pH value less than 9.

2.3.4 Effect of Carbon dioxide on calcite dissolution

An increase in carbon dioxide pressure in water has a significant effect on the solubility of
limestone as it is a carbonate mineral. Lovell, (1973) found that at 16°C the alkalinity of water at
atmospheric CO, pressure levels, which are around 387ppm is 50mg/l. this will increase to
approximately 600mg/I, 790mg/1,880mg/1,1020mg/l and 1070mg/| for CO, pressure of 20%, 40%,
60%, 80% and 100% of total atmospheric pressure respectively. From this information, it was
calculated that the equilibrium alkalinity of CaCOs increases as the cubed root of an increase in
CO; levels in solution (Stumm & Morgan 1996). The reaction that is occurring when CO; dissolves
limestone in water is shown in Equation below.

CaCOs + H,0 + CO, = Ca** + 2 HCO5” (2.33)
Limestone solubility also occurs naturally in natural water as shown in Equation below. Sibrell et
al. (2007)found that the point at which the rate of CaCOs solubility due to increasing partial
pressure of CO, will exceed this naturally occurring limestone dissolution is at about 0.1 atm. This
is over 300 times the atmospheric pressure of CO,.

CaCO; + H,0 = HCOs + OH + Ca?* (2.34)

2.3.6 Phosphorus removal mechanisms

Phosphate removal by calcite often entails two processes: adsorption and precipitation.
Separating these two processes is of great importance for the assessment of PO, stability after
removal (Li et al. 2017). The kinetic data of Millero et al. (2001) showed that the phosphate uptake
on carbonate minerals appears to be a multistep process. Adsorption was quite fast in the first
stage (less than 30 min) followed by a much slower process (lasting more than 1 week). The

dominant removal mechanism has been indicated to be influenced by initial PO concentration,
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reaction time and pH (Zhang et al. 2001; Xu et al. 2014). Particularly, when initial PO,*
concentration is lower than the required concentration for the precipitation of Ca-P solid
compounds, it is theoretically impossible for precipitation to take place. A general consensus has
affirmed that phosphate can be either adsorbed by calcite at low concentration or precipitated
at high concentration(Liu et al. 2012; Perassi and Borgnino 2014). For instance, Ca-P precipitation
was reported to be efficient when the P concentration exceeded 0.5 mg/l, below which
adsorption became the key removal pathway (Kdiv et al. 2010b). Usually, adsorption is known to
occur earlier than precipitation, though they may coexist in later reactions. While precipitation
may happen after several hours or days. This can be attributed to the fact that the initial
phosphate uptake onto calcite occurs via chemisorption, which is then followed by a slow
transformation of amorphous calcium phosphate to crystalline apatite and can take place on
limited number of sites when phosphate concentration is low (Stumm and Leckie 1970;de Kanel
and Morse 1978); Karageorgiou et al. 2007). At high concentrations, the process starts with small
amounts of phosphate adsorption followed by the precipitation calcium phosphate compounds
such us hydroxyapatite, octacalcium phosphate, etc. The rate of apatite crystal growth depends
strongly on the phosphate to carbonate ratio due to the competition for growth sites. (Yagi and
Fukushi 2012) . Besides, another important indicator in calcite surface reaction study is pH and its
effect on the net charge of calcite surface, calcite solubility and solution ion concentration such
us Ca%*, OH", HCOs  and COs*(Suzuki et al. 1986; Xu et al. 2014). The results of Perassi and Borgnino
(2014) showed that phosphorus adsorption is dependent on pH; adsorption increases as pH
decreases. However, there are several complex pathways due to competition and transformation
of the precipitate from amorphous calcium phosphate to hydroxyapatite leading to conflicting
reports and indications of the key requirements. Different P removal mechanisms have been

reported for the same media as illustrated in Table 2.6.
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Study Type

Batch

Batch

Batch

Batch

Batch

39

Initial

PO, Con.

(mg/1)
<22

<75
<10
<10
>3
10
20

1.55

10

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

pH

7.7
8.3
9.1
10.1
7.7
8.3
7-12

6-12

4.5, 7 and
9

Time (hr)
24
15 min
2-3
18

Amount of Calcite (g)

P Removal
Mechanism

Adsorption
Adsorption
Adsorption
Adsorption
Precipitation
Precipitation

Adsorption

Adsorption

Adsorption

Adsorption for low P
concentrations and
precipitation for high

P concentration

Reference

(Li et al. 2017)

(Karageorgiou et

al. 2007)

(S¢ et al. 2011)

(Xu et al. 2014)

(Perassi and

Borgnino 2014)



Study Type

Batch

40

Initial
PO,* Con.
(mg/1)
5-25 mg/I

pH

24

Time (hr)

Amount of Calcite (g)

P Removal
Mechanism

P-sorption  ranged
from0.3-20mg/ kg

Adsorption for low P
concentrations and
precipitation for high

P concentration

Reference

(Johansson

Westholm 2006)



2.4 Related work

Phosphorus removal from wastewater has become an important issue to control eutrophication
and to solve the problem of phosphate shortage in natural resources (Cordell et al. 2011). There
has been a considerable amount of research carried out into alternative methods of phosphorus
removal. This section reviews some of this work. Firstly, papers that investigate calcite as a source
of calcium used for phosphorus removal are addressed. These papers proved useful in planning
the experiments carried out in support of this thesis, the optimum conditions and determining
the dominant mechanism of phosphorus removal. Then papers that have looked at the
application of the carbonation process in removing contaminants from water are reviewed.
Finally, other novel techniques that have been used at Wastewater Treatment Works (WWTWs)

to remove phosphorus are discussed.

2.4.1 Removal of phosphorus from wastewater by calcite

Plant and House (2002) studied the precipitation of calcite in the presence of inorganic
phosphate. The results indicated that at dissolved phosphorus concentrations less than 4.46 mg/|,
calcite precipitation can occur as long as the initial supersaturation with respect to calcite is
sufficient to promote growth.

Hanna et al. (2008) studied the feasibility of calcite as a material rich with calcium, as adsorbent
for phosphate removal from wastewater. Also, the optimum conditions and the removal
mechanism were investigated. The calcite used contains 99.9% calcium. The initial solutions were
adjusted to pH values equal to 7.5, 9, 10, 11, and 12. The results indicated that the efficiency of
calcite to remove phosphates increases with pH values and reaches to their maximum value at
pH 12. It is observed that for all phosphate concentrations, the efficiency of the calcite increases
rapidly till 15 min and becomes slightly and nearly steady state after 20 min, so that the most
suitable time of contact is equal to 15 min and independent on the concentration of the
phosphate species. It is also observed that the adsorption capacity of calcite increased with

increasing the initial phosphate concentrations.

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

The carbonate coprecipitation process occurs naturally in water bodies, acting a self-cleaning
mechanism(House 1990). Much work has been undertaken to explore the reason behind calcite
precipitation in water bodies (Murphy et al 1983; Hartley et al 1997) and research indicates that

it is stimulated by dissolved carbon dioxide levels or pH. However, the application of
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coprecipitation processes for the treatment of contaminated waters has not been as extensively
investigated. Aziz and Smith investigated the use of a limestone rock filter for removing low
concentrations of Mn from drinking water(Aziz and Smith, 1996). Sibrell et al. (2007) conducted
a laboratory testing program to find the optimum conditions for the removal of Zinc and
Manganese through carbonate coprecipitation (CCP) process using the pulsed limestone bed
(PLB) process developed by researchers at the U.S. Geological Survey’s Leetown Science Center
(LSC) in Kearneysville, West Virginia, for treatment of acidic mine drainage. In the PLB process,
limestone (calcium carbonate) is dissolved under pressure of carbon dioxide, and this gives the
water an excess of bicarbonate alkalinity. Then calcite can be precipitated by air stripping the
water to remove the carbon dioxide. The relevant key findings were that a higher flow rate of
carbon dioxide during carbonation reduce the time required for calcium dissolving and
precipitating. However, flow rate did not influence the equilibrium concentration of calcium,

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

2.4.3 Other novel phosphorus removal techniques

The most advanced technology that can be applied to remove/recover phosphate from
wastewater is precipitation as a calcium salt. The removal product is often calcium phosphate in
different phases (Mekmene et al. 2009). In this section, other phosphorus removal methods that
have the potential to replace current methods at WWTWs are listed.

Korchef et al. (2011) used the CO, degasification technique to recover phosphorus in the form of
struvite from wastewater by precipitation of struvite (MgNH4PO,4-6H,0). CO; removal from the
aqueous solutions results to the increase of pH. Since the solution supersaturation with respect
to struvite increases drastically upon increasing the solution pH, struvite precipitation and
phosphate co precipitation are favoured.

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

dissolved CO; and separating the removed phosphate as a MAP-crystals.

2.4.4 Phosphorus removal in the form of Struvite

Early investigations on struvite known as (ammonium magnesium phosphate) crystallisation
found that it will form naturally in wastewater when ammonium magnesium and phosphate occur
in equal molar ratios of 1:1:1 under certain pH conditions (Doyle and Parsons 2002; Le Corre et
al., 2009). The investigations also revealed that struvite is found to be very soluble in acidic
conditions but only slightly soluble in alkaline conditions. For this reason, a pH of at least 8.5 is

usually used in struvite crystallisation processes (Quintana et al. 2008).Jaffer et al. (2002) found
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that 97% phosphorus removal as struvite can be achieved. Wang et al. (2005) found that the
removal of phosphorus from wastewaters in form of struvite can produce overall sludge volumes
of up to 49% less than when chemical phosphorus removal techniques are used. Saidou et al.
(2009) studied the struvite precipitation by the dissolved CO, degasification technique where
precipitation occurred following the degassing of the CO, by atmospheric air. The study found
that for initial solution pH less than 6.5, no precipitation was observed. For initial solution pH
greater than 6.5, the phosphorus removal through struvite precipitation could be improved by
increasing the airflow rate up to 25 L min/I, or by increasing the initial pH for higher airflow rates.
The study concluded that compared to traditional techniques of struvite precipitation such as
stirring and aeration, the dissolved CO; degasification technique is promising since a high amount
of phosphorus around (78%) could be removed at relatively short experiment time. Korchef et
al., (2011) studied the precipitation of struvite (MgNH4PQ,4-6H,0) using the CO, degasification
technique is investigated. The precipitation of struvite was done from supersaturated solutions
in which precipitation was induced by the increase of the solution supersaturation concomitant
with the removal of dissolved carbon dioxide. The study found that at a fixed phosphate
concentration, the increase of magnesium concentration in solution to 510.4mg/|, decreased the

precipitation pH and improved significantly the phosphate removal efficiency.

2.5 Chapter Summary

This chapter divided into 3 parts, the first part identified and explored the problems that are the
driving forces behind the work presented in this thesis. The issues associated with excessive
release of phosphorus to the environment were stated. The limitations of current phosphorus
removal technologies were shown along with a discussion of the WFD and the extra strain that
this may place on existing techniques. The second part has described the theories behind the
concepts used in support of this thesis. This included theories relating to calcite dissolution and
precipitation as well as the phosphorus coprecipitation with calcite. The removal mechanism
theories were explained with a review of some papers who found adsorption as a dominating
phosphorus removal mechanism, others found calcium phosphate dominant, many stating HAP
as a likely end product. In general, low pHs were found to favour adsorption and high pHs and
large amounts of soluble calcium to favour precipitation. The correlation of phosphorus removal
with pH and soluble calcium levels, as described by many of the papers reviewed, will help identify
the dominant phosphorus removal mechanism. The third part of this chapter has discussed
papers in the field of phosphorus removal and picked out points that are particularly relevant to

this study.
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At the end of this chapter, it is worth mentioning that there was ongoing work on the proposed
technique by Cardiff University in a laboratory and field scale in collaboration with DWr Cymru
Welsh Water (DCWW). The results from continuous on-site testing showed that P can be removed
successfully from Nash WWTP of Welsh Water from 7-9.5 mg/I to 1-4 mg/| with prolonged

residence times.
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Chapter 3: Materials and Methods

3.1 Introduction

This chapter focuses on the methodology of the laboratory experiments carried out in this study,
describes the material and the equipment used within the lab system, lays out the experimental
procedures and the analysis techniques. Materials and methods of the field systems (carbonation
and apatite system) of this study are also included in this chapter. The laboratory investigations
were carried out in the CLEER facility at Cardiff University. The batch experiments consisted of
several scenarios, which were also carried out to give an indication of the behaviour of P removal
before the experiments were carried out in the large field trial. Field trials were carried out in
West Bonvilston treatment works, a DWwr Cymru Welsh Water site. The chapter is split into the

following sections:

Section 3.2: Laboratory system — describes the material used and the procedure implemented in

the operation of the laboratory system.

Section 3.3: Laboratory methods — describes the method of samples collection, storage prior to

analysis and sample analysis.

Section 3.4: Geochemical characterisation — describes the methods used for the identification of
mineral phases and the geochemical characterisation of the precipitate. This includes X-Ray
Diffraction (XRD), total carbon (TC), Environmental Scanning Electron Microscopy ESEM, Field
Emission Gun Scanning Electron Microscopy (FEG-SEM), X-ray photoelectron spectroscopy (XPS),
sequential extractions and zeta potential measurements (ZPC). A detailed description of the

removal mechanism experiment is also included in this section.

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

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

Section 3.6: Field methods — describes the measurement methods and analytical determination

of the field samples.

Section 3.7: Chapter summary



3.2 Laboratory System

This part gives details of the laboratory system experiment, including materials, equipment, and
procedure. The underlying chemical process utilised for phosphate removal within this study may
be summarised in three steps:
e Carbonation: The wastewater influent passes through a limestone column in the
presence of carbon dioxide this stimulates the dissolution of limestone.
e Aeration: air is passed through the wastewater solution to degas carbon dioxide out of
solution, this stimulates the formation of calcium precipitates.

e Settlement: calcium precipitates settle to form a sludge.

3.2.1 Materials and equipment used in the experiments

Limestone is the principal material used during the lab experimentation and Cardiff university
field trial of this study. The limestone chips were purchased from Tarmac LTD by the concrete
laboratory of Cardiff University School of Engineering. Tests have been performed by Aziz et al.
(2001) involving the use of limestone chips bed for the removal of heavy metals from wastewater,
these experiments unanimously concluded that the removal percentage of these metals
increased marginally with decreasing particle size and this is due to the greater surface area per
volume of smaller diameter limestone chips available to come into contact with the effluent
solution. However, as using limestone chips of small particle size diameters resulted in increasing
restriction in the movement of gases in the column, the use of a limestone particle size between

2-5mm was selected for this experiment as shown in Figure 3.1.

Figure 3- 1: Limestone rocks used in the experiments

The proposed laboratory system of the carbonation process is shown in Figure 3.2. The system
consisted of the following parts as shown in Figure 3.3 to apply the key stages of the process

(carbonation, aeration and settlement as identified in section 3.2).
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e Limestone reactor: this consisted of a plastic column. The limestone chips were elevated

by 50mm by a plastic tray with Imm apertures to allow CO; injection through an air stone

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

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

of the column allowed for the insertion of CO, .

e (CO, Cylinder: a CO; cylinder used to provide carbon dioxide in the first stage of the

process.

e Aeration beaker: this consisted of a 1L beaker and an air tube ended with air stone to

diffuse air inside the beaker.

o Settlement beaker: a 1L beaker used for precipitate to settle.

Water level
.

Limestone of 2-5
mm particle size

plastic tray with 1mm
apertures

Air stone and gas pipe

Stirbar__

+—>

connected to COz ga\

7cm

13cm

50mm

15cm

10cm)|

Air stone and air pipe
connected to compressed
air source

_—— Waterlevel "~

Precipitate

_ Stirbar

Magnetic Stirrer >

A -Magnetic Stirrer

Carbonation Stage

——)

A

eration Stage

)

10cm

15cm

Settlement Stage

Figure 3- 2: Laboratory system of the carbonation process showing the three stages (carbonation, aeration and

settlement

Figure 3- 3:Images of the lab system parts. (a) Limestone reactor (b) CO, cylinder (c) Aeration beaker with

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

e Synthetic wastewater Preparation:
The stock solution used in these tests was prepared by dissolving 4.3871g potassium dihydrogen
phosphate (KH,PQ4) in 1 litre of deionised water to create a stock solution of 1g/l as total
phosphorus. This solution was then stirred vigorously with a stir bar for 15 minutes on a magnetic
stirrer plate to ensure that complete dissolution of the KH,PO4 crystals in the deionised water had
occurred. This stock solution meant that relatively quick samples of the phosphorous solution
could be made for each run during the experimentation. This was so that the stock could be
diluted down to the desired concentration. Table 3.1 indicates the relative masses of the elements
contained within KH,PO4; from these, the corresponding percentages of the elements within the
soluble salt have been calculated. The percentage of phosphorous, in terms of mass, within
KH,POy is 23%. Therefore, in order to produce a solution that contains 1000mg/| of phosphorous,

a solution of 4348 mg/| of the salt was required.

Table 3- 1: Percentage distribution and relative masses of elements in KH,PO4

Element Relative mass = Percent in KH,PO4 %
Potassium (K) 39 29
Hydrogen (H) 1 1

Phosphorus (P) 31 23
Oxygen (0) 16 47

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

from Tarmac LTD by the concrete laboratory of Cardiff University School of Engineering. These



chips were initially 10mm in diameter and then they were reduced in size using a mechanical

crusher then sieved to the required size of 2-5 mm. 1 Kg of these chips was washed before its use

to remove any limestone dust from the surface to avoid any inaccurately high concentration of

phosphate removal being obtained. A small amount of limestone chips was further crushed to a

fine powder using a Labtech Essa air compressed grinder from which the chemical composition

of the limestone chips was determined using XRD analysis (see section 3.4.1), the elements

content using ICP (see section 3.3.5) and carbon content using Leco as detailed in (see section

3.4.2).

3.2.2.2 Procedures performed during system stages

The first stage of the process which is the carbonation stage requires that the limestone
come into contact with an elevated level of carbon dioxide in order to increase the
solubility of the CaCOs chips in the wastewater. This resulted in the limestone chips being
completely immersed in solution during the carbonation stage. Figure 3.2 shows the CO,
injected into the bottom of the carbonation column below a bed of limestone chips.
These chips are supported on top of a plastic mesh with one millimetre apertures. The
carbonation column is placed on a magnetic stirrer with a stir bar placed in the column
beneath the limestone bed. The solution was agitated continuously in order to make sure
that uniform mixing of dissolved limestone in solution occurs. The CO; was pumped into
the column from a pressurised cylinder while the rate at which the CO; is passed through
the pipe and into the column is controlled by a CO, rotameter. A sample was taken before
and after the carbonation stage to measure pH. A 20 ml sample was filtered using 0.45
um membrane filter and analysed for Ca and P concentration. A range of carbonation
time and flow rates were applied (see tables 4.3, 4.4, 4.5 and 4.6 Chapter 4).

Following the CO; addition process, the solution was immediately removed from the
carbonation column and placed in the aeration beaker. The solution was then injected
with air controlled by an air rotameter as shown in Figure 3.2. The aeration beaker was
also placed on a magnetic stirrer. A sample was taken at the end of aeration stage to
measure pH. A 20 ml sample was filtered using 0.45 um membrane filter and analysed for
Ca and P concentration. A range of aeration time and flow rate were applied (see tables
4.3,4.4, 4.5 and 4.6 Chapter 4).

Once the air stripping of the batch of solution was complete, the solution was left to start
the settlement stage, the suspended particles could settle to the bottom of the beaker as

shown in Figure 3.2. A sample was taken at the end of settlement stage to measure pH.
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A 20 ml sample was filtered using 0.45 um filter and analysed for Ca and P concentration.

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

3.2.2.3 Procedures performed following experimentation

° pH
Values of pH were recorded for each of the samples extracted during the carbonation, aeration
and settlement stages. This was carried out immediately after their removal from the batch test
and another two pH readings after 24 and 48 hours of settlement. This was performed with a
Severn multi Mettler Toledo with an expert pro pH probe, this was capable of a precision of three
decimal places as shown in Figure 3.4. Prior to taking these readings, the pH meter was calibrated

using pH buffer solutions of 4 and 7.

Figure 3- 4: pH meter

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

e Filtration of samples
After the settlement stage is finished, vacuum filtration was carried out on the
precipitated solution to collect the precipitates. This is done using a 0.45-micron filter

paper and a Buchner Funnel apparatus as shown in Figure 3.5.
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Figure 3- 5: sample filtration

3.3 Laboratory Methods

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

collected from laboratory and field experimentation.

3.3.1 Laboratory pH

For bench scale experiments, pH was measured using a Severn multi Mettler Toledo. This
instrument was calibrated using two-point calibration (ph 4, 7) pH buffers were purchased from
the manufacturer Hannain compliance with operating instructions for Hanna combination meters
HI-9828 and the laboratory instruments. Fresh buffers solutions were used each time instruments
were calibrated. The remaining solutions were stored in the cool and dark. Only solutions that

were within the expiry date were used.

3.3.2 Sample acidification

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

used for acidifying lab and field samples for the ICP-OES analysis.

3.3.3 Graded glassware, chemicals and Deionised Water

When accurate volumes were essential, i.e. in preparation of chemicals or reagents, grade A
glassware was used exclusively. All chemicals used within this study were laboratory grade and
obtained from either Fisher Scientific or Sigma Aldrich. All chemicals were used and stored in
accordance with the material safety data sheets provided. High purity, sterile, 18 MQ deionised

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

Glassware and reusable laboratory equipment such as pipette tips, watch glasses and crucibles
used in all laboratory experiments were washed with laboratory grade detergent prior to soaking
in an acid bath of 10 % (v/v) HNOs solution for 24 hr. After this treatment, they were rinsed three
times with tap water and subsequently three times using deionised water and left to air dry on

clean paper towels before use.

3.3.5 Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP- OES)

The analysis of the samples to determine total P and Ca concentrations were conducted in the
CLEER facility at Cardiff School of Engineering using inductively coupled plasma- optical emission
spectroscopy (ICP- OES). The instrument used was Perkin Elmer Optima 2100 DV with an AS90
plus auto sampler and a PC running Winlab 32 software. For the analysis of solids, 0.1 g sample
was gradually reacted with 3 ml of 10 % HCl and 3 ml of 10 % HNOs in a 1:1 ratio. The solution
was placed in a microwave to digest (multi wave 3000- Anton Paar) and after cooling, the solution

was diluted to 50 ml with deionised water before being filtered.

3.3.6 Orthophosphate analysis

Spectrophotometer used to determine the concentration of orthophosphate (PO4-P) in this study.
Spectrophotometry is an analytic method that measures the intensity of light of a specific
wavelength passing through the sample. A colour complex is used and when photons of light
encounter the analyte molecules, they are absorbed, thus reducing the intensity of the beam
through the sample. To prepare the stock P solution, 219.5 mg of anhydrous potassium
dihydrogen phosphate (KH2P0,4) was dissolved in 1000 ml distilled water. The working P standard
solutions of 0.2,0.5, 1, 5 and 10 mg/I were prepared from the stock solution by diluting it to the
desired concentration using deionised water.

In order to prepare the reagent required for this method, 70 ml of 2.5 M H,SO,4 was added slowly
to a 400 ml volumetric flask of distilled water and then diluted to a volume of 500 ml. Twenty
grams of ammonium molybdate solution (NH4)sMo070244H,0 were dissolved in 500 ml of distilled
water. 1.76 g of 0.1 M ascorbic acid was dissolved in 100 ml of distilled water and 1.3715 g of
K(SbO)C4H406 1/2H,0 in 500 ml. To make 100 ml of combined reagent, all reagents above were
mixed in the following order:

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

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



8 hours. The combined reagent was prepared so that the P concentration in solution could then
be analysed using the spectrophotometer at wavelengths of 880 to 882 nm. In order to obtain
accurate P measurements, a preliminary test was conducted to calibrate the spectrophotometer
(U- 1900 HITACHI), by measuring prepared standard solutions with known P concentrations. This
calibration was carried out before the analysis of samples. The calibration curve used in

measuring POs-P is shown in Figure 3.5.
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Figure 3- 6: Calibration curve for PO4-P concentration

3.4 Geochemical characterisation

3.4.1 X-Ray Diffraction analysis - XRD

Analyses of the limestone chips being used during experimentation and the precipitated solids
settled at the bottom of the settlement beaker was carried out using XRD analysis using a Philips
PW 3830 X- ray instrument for analysis and determination of the main crystalline minerals present
in the precipitate samples. Limestone chips were crushed to a fine powder using a mechanical
crusher prior to this test. The sample of 0.1 mm thick was placed on the sample holder in the X-
ray sample chamber and the scan run. After completing the scan, the data were exported to the
software (X- pert high- score) for analysis. The mineral composition of the sample could then be

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

3.4.2 Total Carbon—-TC
In order to measure the TCin the precipitate, a LECO (SC-144DR) analyser, were used in the CLEER

facility of Cardiff School of Engineering. The total carbon (TC) was determined by placing 0.35 g



of samples in a ceramic boat with aluminium foil insert. The boat was then put into the furnace
which was preheated at 1000 C°. The carbon infrared detection cell measured the CO, gas
concentration, following thermal composition/ decomposition allowing the percentage value of
TC to be determined by LECO analyser. Analysis using this instrument is accurate to within £ 10

%.

3.4.3 Environmental Scanning Electron Microscopy (ESEM) Analysis

ESEM analysis was used in this research to examine the mineralogical structure of the
precipitates. Samples were analysed at Cardiff University School of Earth and Ocean Science. The
instrument used was FEI XL 30 FG with a Peltier cooled specimen stage using Oxford Instruments
INCA ENERGY X-ray analyser. The sample was coated with a layer of gold/palladium alloy in order
to make the sample electrically conductive which prevents them from becoming charged during
the scanning process. ESEM analysis was then performed. Backscatter images produced by ESEM
help to distinguish between different minerals by producing different brightness levels for
particles of varying density. Energy dispersive X-ray spectroscopy (EDX) was also carried out using

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

3.4.4 Field Emission Gun Scanning Electron Microscopy FEG-SEM

FEG-SEM analysis was carried out at the Cardiff University School of Chemistry to produce colour
maps of elemental distribution. The FEG-SEM facility is an ultra-high resolution Schottky field
emission scanning electron microscope and is ideal for studying materials on the nanometre
scale. Microscopy was performed on a Tescan Maia3 field emission gun scanning electron
microscope (FEG-SEM) fitted with an Oxford Instruments XMAXN 80 energy dispersive X-ray
detector (EDX). Images were acquired using the secondary electron and backscattered electron
detectors. Samples were dispersed as a powder onto adhesive discs mounted onto aluminium
stubs. The FEG-SEM can provide a high-resolution secondary electron (SE) and back scattered

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

3.4.5 X-ray photoelectron spectroscopy XPS

XPS analysis was carried out at the Cardiff University School of Chemistry. XPS is an Ultra high
Vacuum (UHV) technique and is suitable for the quantitative determination of elemental
composition (atomic %) of elements in the surface region of solid sample. XPS involves irradiating
the surface of interest with X-rays and analysing the energy of the emitted photoelectrons. Since
these electrons have energies which are typically less than 1500 eV they interact strongly with

the material under analysis and can therefore only escape from the top few atomic layers. The



binding energy of the core levels from which the photoelectrons are emitted are sensitive to the
number of electrons in the valence band, and so the technique enables chemical state
information to be obtained from the top few atomic layers of a surface. Analyses can be applied
to all vacuum compatible solid materials whether they are conducting, semi-conductors or
insulators. Layered samples may also be depth profiled in order to investigate the layer
distribution. XPS is sensitive to all elements apart from hydrogen and helium and is highly surface
sensitive with information typically arising from the top ca. 1-5 nm. Through measurement of the

element peak areas and correction with the appropriate sensitivity factors.

3.4.6 Removal mechanisms

To thoroughly understand the removal mechanism, batch tests were conducted using 1g of calcite
precipitate obtained from running the system using limestone chips and DI water only with no
added P, shaken for 120 hr. Orthophosphate solutions were used throughout the adsorption
tests. Initially, a stock solution of 100 ppm of orthophosphates was prepared by dissolving a
certain amount of chemically pure K;HPO4in deionized water. An aliquot of the stock solution was
mixed with a certain volume of water so that a phosphate solution was prepared at the desired
experimental concentration of 2 and 10 mg/I. pH values were adjusted using HCl and NaOH to 7,
8 and 9 due to their closeness to that of natural calcareous environment (Marschen et al. 1995;
Chaturvedi and Sahu 2014). After the set time had elapsed, 0.45 um filters were used to filter the
suspension and the supernatants were analysed for Ca and P. The batch equilibrium adsorption
tests for calcite precipitate were carried as detailed below:

1. 1g of calcite precipitate was weighed out on a balance capable of a precision up to 0.0001g.

2. Each 1g of calcite precipitate were placed in a 100ml polypropylene sample pot.

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

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

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

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

8. The samples were stored in the fridge until analysis by the ICP-OES for phosphorus and calcium.



3.4.7 Sequential extraction

A sequential extraction procedure adapted from Ruttenberg (1992) designed for phosphorus rich
sediments, was performed on the samples. A summary of this procedure is presented in Table
3.2. The extraction by MgCl, was used in this experiment to remove the P attached or loosely
sorbed on the sediment surface. This method has been widely used by a number of researchers
(Sundareshwar et al. 1999; Coelho et al. 2004; Smith et al. 2006). Before experiments
commenced, the wet precipitate samples were centrifuged at 2,500 rpm for 15 minutes to
remove the pore water. The first stage was to extract the exchangeable or loosely sorbed P.
Samples of wet precipitate weighing 0.5 g were placed into 50 ml centrifuge tubes and 10 ml of
the 1M MgCl, solution was added. The tubes were shaken for 2 hours and centrifuged at 2500
rpm for 15 minutes. The supernatant was then filtered through a 0.45 p filter membrane and the
solution kept for analysis. Another 10 ml of MgCl, was added to the residue precipitate in the
centrifuge tubes and the same process was repeated. The residue precipitate was washed with
deionised water twice for 2 hr at 25°C, then shaken and centrifuged as described above. The
second stage was to extract the Authigenic Apatite plus CaCOs bound P plus Biogenic Apatite. 10
ml of acetate buffer was added to the residue precipitate. The tubes were shaken for 6 hours and
centrifuged at 2500 rpm for 15 minutes. The supernatant was then filtered. 10 ml of MgCl; was
added to the residue precipitate in the centrifuge tubes and the same process was repeated for
2 hours each time. The residue precipitate was washed with deionised water twice for 2 hr at
25°C, then shaken and centrifuged as described above. The third stage of extraction was to extract
Detrital Apatite plus another inorganic P. 10 ml of 1M HC| was added to the residue precipitate.
The tubes were shaken for 16 hours and centrifuged at 2500 rpm for 15 minutes. The supernatant

was then filtered as described above.

Table 3- 2: Summary of sequential extraction phases. Adapted from Ruttenberg (1992) and Smith et al. (2006)

Target Phase Extractant Used Extra.cflon
conditions
Exchangeable or loosely 1. MgCl; (pH 8) 1. 2h,25°C
sorbed P 2. H,0 2. 2h, 25°C
Authigenic Apatite plus CaCO 1. Acetate buffer (pH 4) 1. 6h, 25°C
3- bound P plus Biogenic 2. MgCl; (pH 8) 2. 2h, 25°C
Apatite 3. H;0 3. 2h, 25°C
Detrital Apatite plus another 1M HCL 16h, 25°C

inorganic P



3.4.8 Zeta potential analysis

Zeta potential is a measure of the magnitude of the electrostatic or charges repulsion/attraction
between particles and it is one of the fundamental parameters known to affect stability. Its
measurement brings detailed insight into the causes of dispersion, aggregation or flocculation,
and can be applied to improve the formulation of dispersions, emulsions and suspensions. The
zeta potential is measured with the Zetasizer Nano, Malvern that uses micro-
electrophoresis/electrophoretic light scattering technology to measure the zeta potential and the
electrophoretic mobility. The Zeta potential is measured as a function of pH, thus several samples
at different pHs are produced by using 1g of calcite precipitate weighed out on a balance capable
of a precision up to 0.0001g. Each 1g of calcite precipitate collected from running the proposed
system with limestone chips and DI water only without added P were placed in a 100ml
polypropylene sample pot. A 100 ml of synthetic wastewater solutions were poured into the
sample pots. Three groups of samples were prepared the first group was calcite precipitate and
DI only, the second and third group were calcite precipitate and P solution of 2 and 10 mg/I P. All

groups were examined at initial pH values of 6,7, 8,9,10,11 and 12.

3.4.9 Particle size distribution

This test carried out on calcite precipitate collected from running the proposed system with
limestone chips and DI only without added P. Testing was performed using a Malvern Mastersizer
3000 and Hydro EV sample dispersion unit. Along with the requisite software, this enables particle
size to be measured via laser diffraction. Particle density and an estimated refractive index of the
samples were inputted into the analysis program along with the refractive index of the dispersing
media, in this case distilled water. Deionised water was also used for flushing and calibrating the
apparatus for each sample tested. A small sample was added to the dispersion unit and cycled

through the apparatus for analysis.

3.5 Field Trials Materials and Methods

Cardiff University (CU) in collaboration with DWwr Cymru Welsh Water (DCWW) and ARM limited
(a privately owned company based in Rugeley, Staffordshire. Established in 1947 as agricultural
engineers, since 1980, the company specialised in the development and application of natural
wastewater treatment systems using constructed wetlands technology) undertook a field trial
aiming at trialling two techniques for the removal of Phosphorous from wastewater. This project

was a pilot scale project which involves the trialling of innovative techniques for the treatment of
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P on a DCWW waste treatment work site. The site chosen for the trial is West Bonvilston

Wastewater Treatment Work.

3.5.1 Cardiff University system design

3.5.1.1 Site information

The West Bonvilston wastewater treatment work, one of Welsh Water sites was selected as the

favourable location to construct the field trial for both techniques. Figure 3.7 shows the regional

location of the site in relation to the city of Cardiff in South Wales. Figure 3.8 shows the site layout.

Figure 3.9 shows treatment stages in West Bonvilston WwTW.
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Figure 3- 7: Map showing the location of the West Bonvilston WwTW in relation to the city of Cardiff, South Wales,

Inlet

UK.
Brological H
ALY
;; T Reedbed ‘i’ i
Find setlement [ T
[:| =) d tank
| o = Control room
) isposable bag screens
Primary tank and siphon to filter
Old drymng beds
Now redundant
Shudge holding tank

58



Chapter 3: Materials and Methods

Figure 3- 8: West Bonvilston WwTW layout

(a) Inlet location (b) Inlet

(e) Bag screen and siphon to biological filter (f) Final tank
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(g) Sludge holding tank (h) Reed bed

Figure 3- 9: Treatment stages in West Bonvilston WwWTW (a) Inlet location (b) Inlet (c) Primary tank (d) Biological filter

(e) Disposable bag screen and siphon to biological filter (f) Final tank (g) Sludge holding tank (h) Reed bed

3.5.1.2 Design criteria
This section presents the design criteria used as a basis in the design of Cardiff university field
system as listed in table 3.3. The field system consists of three stages as detailed in the following

section.

Table 3- 3: System design criteria

Criteria Justification

Ease of construction and Field system design will allow easy maintenance by university

maintenance technician team with limited technical expertise.

Ease of sampling and Due to the research nature of this project and that extensive

performance monitoring sampling will be undertaken, the design should include suitable
systems for sampling and monitoring.

Hydraulic simplicity Flow within the system should be kept as simplistic as possible to
allow easy flow monitoring.

Adaptability Should be a flexible enough design to allow the trial of differing
support medias and parts for research purposes.

Budget The cost of the build was limited by the constraints of the funding

companies.

3.5.1.3 System design and operation
The field system was inspired from the lab system with some adaptations to maintain the criteria
included in table 3.3 in terms of maintenance, flexibility, monitoring and budget. The system was

designed, constructed and commissioned by the PhD candidate under Dr Devin Sapsford
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supervision and with assistance provided by a number of Cardiff University technical staff in the

construction stage and in collaboration with Welsh Water contractors. The system including three

stages carbonation, aeration and settlement. A schematic layout of the system is shown in

Figure.3.10. The system consists of the following:

A storage tank placed upfront of the trial to collect wastewater from the final tank shown
in Figure 3.11 (b) and feed both systems with untreated wastewater via 110V pumps.

A header tank 1m? Intermediate Bulk Container (IBC) as shown in Figure 3.11 (c) to store
the untreated wastewater for Cardiff University system prior to its use, this tank was
provided with high and low float switches to control the pump in the storage tank, the
header tank was connected to the limestone reactor via a hose with control valve to
control the inlet flow to the limestone reactor and placed on a wall of 1m height to
provide gravity flow from it to the limestone reactor.

A limestone reactor consisted of a 1m? Intermediate Bulk Container (IBC) as shown in
Figure 3.11 (e) to receive the coming wastewater from the header tank by gravity and a
cylinder inside the IBC filled with 100 kg of limestone placed on the top of a gas diffuser
connected to the CO; via gas pipe. The reactor also includes two 110V water pumps one
to circulate the wastewater through the limestone reactor and the second one to transfer
wastewater from the limestone reactor to the first aeration tank. The water in the
cylinder can be considered as a batch treatment under elevated CO; pressure.

The CO; is provided by CO; bottles as shown in Figure 3.11 (d) connected to the plastic
pipe which fed the limestone reactor via a regulator. The regulator is also connected to a
gas flow meter (rotameter) to allow the measurement of CO; flow rate. The manifold
cylinder pallets of CO, (MCP) was provided with trace heating to prevent the regulator
from freezing.

Two Passive aeration tanks on the top of each other placed on the wall of 1m height as
shown in Figure 3.11 (f). This stage is different to the aeration stage that adapted during
the lab experimentation, no compressed air source was used and instead two aeration
tanks were used, the top tank is 400 L capacity provided with a series of holes made on
the bottom side to transfer the wastewater to the second aeration tank which is an IBC
tanks with 640 L capacity contains plastic media (pall rings 50mm) as shown in Figure
6.6(h) to promote efficient aeration by making the water flow trickling through it. The
reason behind this change was to ensure lower cost for the trial by providing aeration
without the need to use an air blower and examine effectiveness of a very simple aeration

way in degassing the CO, and increase the pH level.



o A fill drainpipe connected to the outlet of the bottom aeration tank to transfer
wastewater from the aeration tank to the holding tanks via holes.

e Two holding tanks of 2.25m width 4.5m length and 1m height as shown in Figure 3.11 (h)
provided with wooden baffles as shown in Figure 3.12. The reason behind the use of this
size of holding tanks was to achieve long residence time and ensure that the wastewater
collected from the previous stage (aeration tanks) will have sufficient settlement time for
the precipitate to form and remove phosphorus. These tanks were provided with wooden
baffles used to increase the length of the water path so the water will spend more time
in this stage rather than making a short cut to the end of the tank directly. The first zone
of the holding tanks was filled with the same plastic media used in the aeration tank to
provide a surface upon which the precipitation reaction can take place and easily
collected as shown in Figure 3.11 (h) as it is very difficult to collect the precipitate from
the base of the holding tanks with the covering sheets fixed to prevent the dilution effect
caused by the rain.

o A final collection tank to receive the wastewater from the holding tanks and transfer it
to the reedbed via pump as shown in Figure 3.11 (i).
Storage Tank

\-/ Sobmersble pume

Aeration Tanks:
Top Tank (W 1.01m xL 1.25m x HO.36m) High and Low Level
Bottom Tank (W 0.8m xL 1.2m xHim) Float Switches

4.85m

Header Tank (1m° IBC)

11.10m
’I 1.10m I"

2 x Holding Tanks (W2.25x L4.5m xH 1m) Manifold Cylinder

Pallets of COz

5.16m

ARM’s Area

Final Collection
Tank

Plastic Cylinder (D 0.33m xH 1.4m)
*: Air stone and 100kg limestone inside

2 1m’1BC

/
| Pump to Reed Bed I 11.45m

High and Low Level
\ Float Switches

Top View: Scale 1:100
Submersible Pump

Figure 3- 10: Schematic layout of the field system

The carbonation stage starts when the untreated wastewater influent transfer from the header
tank to the limestone reactor. the wastewater circulates through the limestone column by the
circulation pump with CO; injected from the gas bottles at flow rate of 6 |/min. Approximate

residence time of 50 min (40 min was the carbonation time applied through the lab system). The



aeration stage starts when wastewater transfers from the reactor to the top aeration tank then
trickle through the plastic mediain the second aeration tank for approximately 20 min (calculated
from the beginning of the transfer to the first aeration tank until the drain of wastewater from
the second aeration tank finished). The Settlement stage starts when the wastewater drained
from the second aeration tank to the two holding tanks. The maximum residence time in the
holding tanks was approximately 5 hr (calculated by a trace test). Note the residence time in the

different stages is approximate. Figure 6.6(a-h) show the stages of Cardiff university field system

(b) storage tank (c) Header tank
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(f) Aeration Tanks (g) Holding tanks
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(h) Plastic media. (i) Final collection tank
Figure 3- 11: Cardiff system stages during experimentation. (a) Photo of the system (b) Storage tank (c) Header tank

(d) CO; cylinders (e) Limestone reactor (f) Aeration Tanks (g) Holding tanks (h) Plastic media (i) Final collection tank.
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Figure 3-12: Baffles design

3.5.2 ARM system design
A schematic layout of the system is shown in Figure 3.13. The system consists of the following:
e An8.1m? capacity storage tank placed upfront of the trial was used to collect wastewater
from the humus tank and feed both systems with untreated wastewater via 110V pumps
as shown in Figure 3.14 (a).
e An Etatron (MIA series) diagram pump was used to pass a controlled flow rate of 2m3/d
from the storage tank to the trial.
e The first process unit is a saturated vertical flow (SVF) aerated wetland containing

forced bed aeration (FBA™). This was fabricated from a 1m? Intermediate Bulk Container



(IBC) that was filled with approx. 800mm of 10-15mm angular limestone gravel media. It
was planted with Phragmites Australis at a density of 8 reeds/m?2. The reeds were well
established prior to the start of the trial. A Hiblow (HP100) diaphragm air blower was
connected to an airline running vertically down through the media and to a dripline
containing 300mm centre emitters at the base of the IBC through which 100 I/min of air
was delivered. The purpose of the FBA™ was to remove BODs/NH, to prevent formation
of biomass on the reactive media which would reduce the media surface area available
for precipitation as shown in Figure 3.14 (b).

A collection/ holding tank fabricated from a 1m?* IBC was positioned upstream of the SVF
aerated wetland to receive treated wastewater from the aerated wetland and to transfer
it forward to the columns containing reactive media 1 and 2 as shown in Figure 3.14 (c).
From the collection/ holding tank, flow is split into four columns with effluent drawn
through foot valves set 50mm above the base and passed forward onto the columns using
Etatron D.S series solenoid pumps at controlled flow rates of 80 I/d (column 1 and 3) and
2001/d (column 2 and 4). Water level loggers are positioned in the collection/holding tank
to highlight periods of no flow (low levels) from the collection/ holding tank to the
columns as shown in Figure 3.14 (d).

Flows are dosed at the pre-calibrated flow and loading rate onto a set of 4 600mm
columns via 12mm UPVC trickle bars. Columns 1 and 2 are filled with media 1 and columns
3 and 4 are filled with media 2. Each of the four columns had a 50mm deep layer of 10-
14mm natural crystalline high purity calcium carbonate (CaCO?3) limestone installed on
the surface of the reactive media. Effluent flows vertically down through each of the four
columns via gravity before entering a second set of 4 columns in series. The second set of
columns contained no media.

A final collection tank to receive the wastewater from the columns and the Cardiff system
and transfer it to the works reedbed via a submersible pump operating on a float switch

as shown in Figure 3.14 (e).
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Figure 3- 12: Schematic layout of the apatite system
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(a) Holding tank (b) Reed bed (c) Collection IBC

(d) Column series (e) Final collection tank

Figure 3- 13: System Stages during experimentation. (a) Holding tank (b) Reed bed (c) Collection IBC (d) Column series

(e) Final collection tank.

3.6 Field sampling methods

The following section describes the methods used in the filed part of this study in monitoring of
the P removal trial.

3.6.1 Determinations of temperature, pH, electrical conductivity and dissolved oxygen

Temperature, pH, electrical conductivity and dissolved oxygen where determined using a Hanna

Instruments HI-991003. Props were calibrated at each site visit using manufacturer’s calibration
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procedure set out in the operator manual. The meters were kept stored in their original cases and
care was taken to ensure the probs were kept in wet in manufacturer’s storage solution when not
in use. Measurements were recorded once the reading had settled. Accuracy was stated as £ 0.1

ppm in the manufacturer’s guidelines, and this was taken as absolute.

3.6.2 Field determination of alkalinity and acidity

Alkalinity was determined using a HACH Alkalinity test kit. In this, Hach 16900 digital titrator using
a 1.600 N sulfuric acid cartridge and bromocresol green methyl red indicator powder pillows were
used. Titrations were conducted to a light violet -pink end point and alkalinity was read directly
from the titrator counter in mg/l as CaCOs. Prior to measurement it was made sure that any air
bubbles were removed from the delivery tube and any excess acid was removed with deionised
water before the counter was reset. Acidity was determined using a HACH Acidity test kit. In this,
Hach 16900 digital titrator using a sodium hydroxide digital titrator 1.600 N cartridge

Phenolphthalein indicator powder pillows were used.

3.6.3 Filtration and sample preservation

Water samples were taken for metals analysis in Cardiff University’s CLEER facility using ICP-OES.
When filtration is indicated samples were filtered in the field using Whatman 0.45 um cellulose
nitrate membrane filters. Samples were preserved for ICP-OES analysis of metals with 1 mL of 10

% HNO; per approximately 20 ml of sample to a pH less than 2.

3.6.4 Cation and anion analysis

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) (See section 3.3.5) was used
to detect and quantify cationic metal concentrations. The instrument used was a Perkin Elmer
Optima 2100 DV in conjunction with an AS90 plus autosampler and WinlLab 32 software. This
analysis was carried out for the unfiltered and filtered samples to determine the total and
dissolved concentrations of Ca, P, Mg, Na, K, Fe, Mn, Zn and S respectively. In each case the
analysis was calibrated against a set of three commercial standards used to construct a calibration
curve covering the detection range for the expected concentration of each required element.
These standards, and an analytical control of deionised water acidified with 2% (v/v) HNO3, were
analysed after every ten samples to identify any analytical drift. If there was >10% error in the
analysis of the standards the tests of that element were rejected, and the analysis redone. Each
sample run also included a duplicate sample. As with the standards, if the duplicate sample

returned measurements in excess of 10% error the sample run was rerun. For anion analysis



unacidified filtered samples were taken for the determination of SO4, Cl, F and NOs. The
instrument used was ICS-2000 lon Chromatography System. Samples were loaded into a Dionex®
AS40 automated sampler. Analysis of samples was against a set of standards. The first place in
the automated sampler is for the blank then the standards from the lowest concentration to the
highest then the samples. Samples with of range concentrations were diluted with deionised

water and analysed. Chromeleon software used to interpret the results.

3.7 Chapter summary

This chapter has described the material and methods used for the experimental side of this thesis.
Firstly, the material was described in terms of source and preparation, the laboratory system
equipment then listed with detailed operational procedure. The methods of water samples
analysis were outlined. The methods of precipitate characterisation were explained. The detailed
design and operation procedure of Cardiff university and ARM Ltd field trials were described.

Finally, the measurements methods carried out in the field were expained.



Chapter 4: Experimental and theoretical investigation of P removal
by calcite

4.1 Introduction

This chapter presents the results of the first part of this study, focuses on the laboratory data
obtained from running the proposed process. The specific objectives of this chapter are: (1) to
determine the behaviour of limestone dissolution during carbonation stage, (2) to determine the
effect of degassing CO, on encoraging calcium carbonate/phosphate precipitation, (3) to
determine the removed P concentration during process stages. All experiments included in this
chapter were carried out in triplicate and all replicates were with less than 10% of each other.

The Chapter is split into the following sections:

Section 4.2: Preliminary test — presenting the results of the characterisation tests on the crushed
limestone and calcite precipitate including total carbon, total digest particle size distribution XRD,

ESEM and the results of running the process to determine the working parameters.
Section 4.3: Lab experiments — presenting and discussing the results of running the lab process
under the working parameters identified in the previous section with different phosphorus

concentrations.

Section 4.4: PHREEQC — The PHREEQCI software was used to predict calcium and phosphate

species and saturation index.
Section 4.5: CO, optimisation — Presenting and discussing the results of alternatives to reduce CO;
consumption. This includes alternatives related to the design of the system and others like using

acid dosage instead of CO; and using a mixture of limestone with gypsum.

Section 4.5: Chapter summary and conclusions
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4.2 Preliminary tests

4.2.1 Characterisation of the material used:

The material used in this study was limestone rocks of 2-5mm particle size. Characterisation tests
were performed on this material after crushing (see section 3.2.3.1 chapter 3) and the same tests
were performed on the precipitate resulting from running the process with limestone and water

without phosphorus.

4.2.1.1 Total digest and total carbon

The chemical composition of limestone powder was determined using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES). This was carried out through the digestion of
the sample (see section 3.3.5 chapter 3). The fully digested sample was analysed for the presence
of the following elements (calcium, silicon, magnesium iron, aluminium and phosphorus) as
shown in Table 4.1. Total carbon analysis was performed to determine the carbon content in the
precipitate using a Leco SC-144DR furnace (see section 3.4.2 chapter 3). Carbonate content in
limestone powder was 59.94% and in calcite precipitate was 59.91% giving limestone and CaCOs

precipitate a purity of 96% based on stoichiometry.

Table 4- 1: Results of the total digest for the limestone powder and calcite precipitate (%)

Percentage weight

Element content (%) Calcite precipitate
Limestone powder
Ca 35.1 35.7
Si 0.68 0.53
Mg 0.06 0.02
Fe 0.1 0.01
Al 0.24 0.0
P 0.03 0.01

4.2.1.2 Particle size distribution

A sample of the collected CaCOs precipitate was tested with the Malvern mastersizer (see section
3.4.8 chapter 3), the results of which are displayed in Figure 4.1. The particles had a D1 of 12.2
um and Dgg of 46.1 um. One peak is visible from the profile located at 30 um. The Dso value of the

precipitate is 27.6 um.
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Figure 4- 1: Malvern Mastersizer particle size distribution analysis of CaCOj3 precipitate

4.2.1.3 Mineral composition

The limestone used in the experiments was characterized by X-ray diffraction (XRD) to detect the
main components. Figure 4.2 (a, b) represent the XRD spectra of the ground limestone and the
precipitate respectively. In each case the XRD are displayed as plots of total counts against
goniometric angle °2Theta (°26). Both limestone powder and precipitate obtained from running
the process without phosphorus show peaks at 26.5, 34.0, 36.5, 42.0, 46.0, 50.5, 55.5, 57.0, 68.0,
73.0, 77.0, 78.0, 84.0 and 88 °26. The x-ray patterns indicated that the dominant mineral in both
samples was calcite with well crystalline phase. This demonstrates the similarity in mineral

composition between the original material and the precipitate out of it.
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Figure 4- 2: X-ray diffraction chart of (a) crushed limestone (b) calcite precipitate
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4.2.1.4 ESEM

Figures 4.3 and 4.4 show Scanning Electron Microscopy (ESEM) images of the crushed limestone
and calcite precipitate. Clear crystalline structure can be identified from the images for both
samples which is consistent with the interpretation of the XRD graphs in section 4.2.1.4 suggesting
this is a crystalline calcite. The ESEM results have also indicated that the limestone used in this
study and the calcite precipitate obtained from the system have the Ca content of 34.41% and
35.1% respectively, which compares well with the data from the total digestion and demonstrates
the similarity in Ca content. There is a large size range with individual particulates from calcite

precipitate of < 2.5 um in diameter to particulates of > 23.4 um.
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Figure 4- 4: SEM image of the precipitated calcite from running the experiment showing crystalline structure
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4.2.2 Preliminary tests
In this section a series of tests were carried out on the laboratory system to determine the
operational parameters involved in the experimentation i.e. CO, and air flow rates and contact

time.

4.2.2.1 Tests of CO; flow rate

The aim behind using CO, is to dissolve calcite and generate a solution with high enough
concentration of dissolved calcium ions (Ca?*) to permit the required phosphate removal at the
following stages. This will enable the precipitation to occur later in the process. For that reason,
the first experiment was carried out to determine the Ca concentration resulted from using 3
different flow rates of CO, 100, 500 and 750 ml/min for 40 min contact time. Experiments were
carried out on batches 1, 2 and 3 on 1L of deionised water and 1Kg of limestone using CO, flow
rates of 100 ml/min, 500 ml/min and 750 ml/min respectively. Table 4.2 shows the experimental

conditions of each batch.

Table 4- 2: Experimental conditions for the carbonation stage of batches 1, 2 and 3 (1L of water and 1kg of limestone)

Limestone Bed

Batch CO, Flow Rate Chip Size Type of
Depth
Number (I/min) (mm) Wastewater
(mm)
1 0.1 70 2-5 DI
2 0.5 70 2-5 DI
3 0.75 70 2-5 DI

As it mentioned in the literature chapter that for the process to work effectively, a significant
amount of calcium carbonate must be dissolved in the water. Initial investigations focused on
production of solutions contains high concentration of calcium via the carbonation process.
Experimentation was carried out for 5, 10, 15, 20, 25, 30 and 40 min for each CO; flow rate
respectively, in order to determine the required CO; flow rate and time of carbonation stage.
Samples were removed and filtered at the appropriate times and analysed with Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) (Section 3.3.5 chapter 3). The variation
of calcium concentration with time is presented in Figure 4.5. The elapsed time is plotted on the
x-axis and the corresponding calcium concentration upon the y-axis.

It can be seen from Figure 4.5 Ca concentration is affected by CO, flow rate through the residence
time that the water spends in contact with limestone, the Ca concentration in solution increased

relative to the length of carbonation and the CO; flow rate. These results are in accordance with
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equation (4.1) below which describes the reaction of CaCOs; in water, in the presence of CO..
CaCOs(s) + Hy0() + COxg) = Ca%*(aq) + 2HCO* (4.1)

CO; and water form H,CO3, which is in equilibrium with HCOsand hydrogen ions H*. A change in
the concentration of the reactants on either side of the equation affects the subsequent direction
of the reaction. The increase in CO, will result in increased carbonic acid formation which leads
to an increase in both HCOs™ and H*. it can be seen that the Ca* concentration increases with
increasing CO, .The final concentration after 40 minutes was 109.6 mg/| for the 0.1 I/min CO, flow
rate, 203.7 mg/l for 0.5 |/min CO, flow rate and 341.6 mg/l for 0.75 I/min CO; flow rate
respectively. The relevant key findings were that a higher flow rate of CO, reduce the time
required for calcite to dissolve. Ca concentration by flow rate of 0.75 |/min for 40 min was close
to the equilibrium concentration of calcium, which at 22°C, was suggested to be 400 mg/I (Stumm

and Morgan 1996).
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Figure 4- 5: Variation in calcium concentration for batch 1, 2 and 3 over different course of CO,, each point represents

a mean value of three replicates.

4.2.2.2 Experiment parameters

Under (section 3.2.3.2 chapter 3) a detailed description of the developed procedure is presented.
Four sets of initial experiments were carried out sequentially to optimise the final operational
conditions, 2 mg/l was used as an initial P concentration as the tertiary treatment needs to
remove the last few mg/I of P. Seven batches of different carbonation intervals were examined.
Table 4.3 shows the first set of the conditions. Selecting a lower CO; flow rate 0.1 I/min in the first

set to minimise the CO, consumption as the most expensive part in the process.
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Table 4- 3: First set of operational conditions

Carbonation Stage Aeration Stage Settlement Stage
CO; Flow Rate (I/min) Time (min) Air Flow Rate (I/min) Time (min) Time (hr)
0.1 5-40 0.5 10-60 1

It can be seen from Figure 4.6 (a) that the maximum Ca concentration of 102.8 mg/| was obtained
by running the carbonation stage for 40 min. There was almost no decrease in Ca concentration
during aeration stage for all the time intervals and P concentration fluctuated around the initial
value as shown in Figure 4.6 (d, e) showing no reduction in P concentration during this stage. As
shown in Figure 4.6 (g, h). The same trend was observed for Ca and P concentrations during
settlement stage as shown in Figure 4.6 (e, f). Figure 4.6 (c, f and i) show the changes in pH over
the experiment stages respectively. The pH value dropped to around 5.5 during carbonation stage
as a result of carbonic acid formation as shown in Figure 4.6(c)then it increased to maximum of
6.5 due to the degassing of CO, for all aeration intervals during aeration stage as shown in Figure
4.6(f). During settlement stage there was no change in the pH as shown in Figure 4.6(i). These
results showing that the applied conditions are not sufficient to remove P from solution. The Ca
concentration from the carbonation stage was to low and the aeration stage showing that the 0.5
I/min air flow rate is not enough to encourage precipitation during aeration stage and 1 hr of
settlement stage.

As the first set of experiment parameters did not show any P removal, another set of parameters
was applied as shown in table 4.4 By changing the CO; flow rate to 0.5 I/min instead of 0.1 |/min
for 5,10,15,20,25,30 and 40 min and the air flow rate to 1 I/min instead of 0.5 I/min, the Ca
concentration increased to 204.8 mg/| for the 40 min during carbonation stage as shown in Figure
4.7 (a) and a slight decrease in Ca concentration was observed during aeration stage and this
decrease was proportional with the initial Ca concentration at the beginning of this stage as
shown in Figure 4.7 (d). P concentration in this stage fluctuated around the initial value showing
no decrease in the aeration stage as shown in Figure 4.7 (e). Applying one hour of settlement did
not reduce the concentration for both Ca and P concentrations as shown in Figure 4.7 (g, h). Figure
4.7 (c, f and i) show the changes in pH over the experiment stages respectively. The pH value
dropped to around 5.5 during carbonation stage as shown in Figure 4.7(c) then it increased to 6.9
during aeration stage Figure 4.6(f). During settlement stage there was no change in the pH as

shown in Figure 4.7(i).
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Table 4- 4: Second set of operational conditions

Precipitation

Carbonation Stage Aeration Stage
Stage
CO, Flow Rate Time Air Flow Rate Time
Time (hr)
(I/min) (min) (I/min) (min)
0.5 5-40 1 10-60 1

As the second set of experiment parameters did not show any P removal, another set of
parameters was applied as shown in table 4.5 By changing the CO; flow rate to 0.75 |/min instead
of 0.5 I/min for 5,10,15,20,25,30 and 40 min, and keeping the air flow rate at 1 |/min to see if the
increase in Ca concentration is sufficient to precipitate P and a 6 hours of settlement time was
applied instead of 1hr. It can be seen from Figure 4.8 (a) that the Ca concentration increased to
328.6 mg/| for the 40 min carbonation. Applying the same air flow rate of 1 |/min a decrease in
Ca concentration was observed and this decrease was proportional with the initial Ca
concentration at the beginning of this stage as shown in Figure 4.8 (d). P concentration in this
stage was fluctuated around the initial value showing no decrease in the aeration stage as shown
in Figure 4.8 (e). By increasing the precipitation time to 6 hours no decrease in both
concentrations was observed in this stage as shown in Figure 4.8 (g, h). Figure 4.8 (c, f and i) show
the changes in pH over the experiment stages respectively. The pH value dropped to around 5.5
during carbonation stage as shown in Figure 4.8 (c) then it increased to 6.9 during aeration stage
Figure 4.8 (f). During settlement stage there was no change in the pH Figure 4.8(i). These results
showing that the applied conditions are not sufficient to remove P from solution. The decrease in
Ca concentration caused by applying 1 |/min aeration and 6 hr of settlement time did not lead to

precipitation of P from solution.

Table 4- 5: Third set of the operational conditions

Carbonation Stage Aeration Stage Settlement Stage
CO; Flow Rate (I/min) Time (min) Air Flow Rate (I/min) Time (min) Time (hr)
0.75 5-40 1 10-60 6
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Chapter 4: Experimental and theoretical investigation of P removal by calcite
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As the third set of experiment parameters did not show any P removal, another set of parameters
was applied as shown in Table 4.6. By fixing the CO, flow rate to 0.75 I/min for 40 min in the
carbonation stage, the Ca concentration was 331.2 mg/I. By increasing the air flow rate to 2 I/min
instead of 1 |/min the Ca concentration in the aeration stage dropped from 331.2 to 238.2 mg/I.
P concentration in this stage dropped from 2.26 mg/| to 0.58 mg/| as shown in Figure 4.9 (a).
Figure 4.9 (b) show the changes in pH over the experimentation time, it can be seen that when
pH increased to 7.7 the drop in Ca and P concentration occurred. There was no decrease in Ca
concentration and a slight increase in P concentration was observed during settlement stage as
shown in Figure 4.9 (a).

Table 4- 6: Fourth set of the experiment parameters

Carbonation Stage Aeration Stage Settlement Stage
CO; Flow Rate (I/min) Time (min) Air Flow Rate (I/min) Time (min) Time (hr)

0.75 40 2 60 6
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Figure 4- 9: (a,b) Ca, P and pH during the experiment stages. Carbonation stage represented by the pink zone,

aeration stage representd by the blue zone and precipitation stgae represnted by the purpule zone.
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The stoichiometry of the Ca and P reaction is presented in equation (4.2) the active precipitating
agent is calcium ion, which combines with orthophosphate ions to form calcium phosphate.
3Ca?* + 2P04*> = Cas(POu); (4.2)
In reality, precipitation of phosphorus with calcium is a more complex process, involving
coprecipitation with calcium carbonate. This makes stoichiometric (based on chemistry of the
reaction) calculations approximate. Equation 4.2 indicates that it will take 3 moles of calcium ion
to react with 2 moles of phosphate, to form 1 mole of calcium phosphate and thus a 3:2 mole
ratio of Ca:P is required for this reaction. Because the molecular weight of calcium is 40 and the
molecular weight of phosphorus is 31, the weight ratio of Ca:P in Equation 4.2 is 1.94:1, as shown
in the following calculation:
(120 g Ca/1 mol Ca) /(62 gP /1 mol P) =1.94/1 or 1.94:1
This indicates that precipitation occurs when the Ca concentration is equal to/ greater than the
stoichiometric amount. From the previous initial experimentation, it can be concluded that 0.75
|/min of CO; is required to bring enough Ca ions into solution in 40 min. pH is very important and
limiting parameter when it reached to 7.7 the precipitate occurred, and P removed and that
happened when 2 |/min air applied during aeration stage. The behaviour of Ca and P ions during
settlement stage were not clear and for that reason a longer settlement time was applied for the

following experimentation sets.
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Chapter 4: Experimental and theoretical investigation of P removal by calcite

4.3 Laboratory system and Experimental plan

The experimental parameters adopted in this section were based on the outcome of the
preliminary tests included in section 4.2.2.2. and presented in table 4.7. In order to ensure the
process is working for wide range of P concentration, solutions of 2, 10, 20 and 100 mg/| were
prepared using deionised water and tap water (which is reflective of what goes down the sink/
toilet) to show the effect of other ions presented in tap water in inhibiting or encouraging the P
removal. Real wastewater samples were also running through the process. Applying 2 I/min of air
for 60 min in the aeration time was critical so in this section 7-time intervals 10,15,20,25,30,40
and 60min of aeration stage were examined. As it mentioned at the end of the previous section
that Ca and P concentration during settlement time needed more study, the settlement stage in
this section was extended to 48 hr. The levels of Ca, P and pH within the collected samples were
measured. The laboratory plan for the experimental work been carried out in this section is

summarised in Figure 4.10.

Table 4- 7: Final set of the operational conditions for 1L of P solution

Carbonation Stage Aeration Stage Settlement Stage
CO; Flow Rate (I/min) Time (min) Air Flow Rate (I/min) Time (min) Time (hr)
0.75 40 2 10-60 48

2 mg/l
10 mg/l
20 mg/l
Synthetic P Water type |
o

In tap water mg/|

2 mg/l

P .

20 mg/l

=
£
==
©
-
=
=
@
=
)
o
><
[ )

100 mg/I

Real wastewater

Figure 4- 10 Experimental lab plan showing water type and P concentration used.
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4.3.1 Results of tests performed on P solutions using deionised water

In order to present the kinetics of removal, batch experiments were carried out on the prepared
solutions. Seven aeration intervals 10, 15, 20, 25, 30, 40 and 60 min were examined during the
aeration stage. Samples from each batch were collected to determine the concentration of
phosphate and calcium in each batch. All batches were subjected to 0.75 I/min CO, for 40
minutes, 2 |/min air for 10,15,20,25,30,40 and 60 min and 48 hours settlement. The only
experimental variance between these seven tests for each P concentration was the period that
each batch was aerated for. In each figure, each vertical row of data points represents one
experiment (in triplicate), the blue points represent the initial concentrations, the red points
represent the concentration after carbonation, the coloured points represent the concentration
after aeration, the green and purple points represent the concentration after 24 and 48 hr

respectively.

4.3.1.1 Initial P concentration of 2 mg/I

Figure 4.11 (a) shows the changes in Ca concentration during the three stages of the process. The
initial Ca concentration ranged between 0.94 and 5.3 mg/| for the seven runs. It can be seen that
after 40 minute of carbonation, Ca concentration increased to between 336.2 and 345.6 mg/|,
this range of Ca concentration is in agreement with the result in Figure 4.9 where the Ca
concentration increased to 331.2 mg/l after 40 min carbonation. Figure 4.11 (b) shows the
changes in Ca concentration during the three stages of the process. At the end of aeration stage,
Ca concentration decreased to 310.8 mg/I for 10 min aeration and 238.9 mg/| for 60 min aeration,
this range indicating that by increasing the aeration time the Ca decreased and the final
concentration after 60 min aeration 238.9 mg/| is close to that in Figure 4.9 where the Ca
concentration decreased to 238.2 mg/l after 60 min aeration. Further reduction in Ca
concentration occurred in the first 24 hr of settlement, this decrease continued for the second 24
hr. The lowest Ca concentration of 186.6 mg/| at the end of the process was by a 15min aeration
and 48 hr settlement.

From Figure 4.11 (b) it can be seen that during carbonation stage there was a small decrease in P
concentration. At the end of aeration stage P concentration decreased to 1.5 mg/I for 10 minutes
aeration followed by further decrease during the first 24 hour of precipitation to 0.837 mg/Il and
P concentration achieved after 48 hour was 0.763 mg/| while for the 15, 20, 25, 30, 40 and 60 min
aeration the main decrease in concentration was during aeration stage followed by small drop in
the precipitation stage. P concentration after 60 min aeration was 0.49 mg/l which is in

agreement with the results from Figure 4.9 where the P concentration decreased to 0.58 mg/I
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after 60 min aeration for the same initial P concentration. The 0.32 mg/l was the lowest P
concentration for 60 min aeration and 48 hr precipitation.

Figure 4.11 (c) shows the variation of initial pH with final pH, the initial pH ranged between 6.4
and 6.5, the first change in pH occurred during carbonation stage, the pH dropped to
approximately 5.5 for all batches and this was due to the formation of carbonic acid. During the
aeration stage the pH increased due to CO; degassing. The pH values increased with increasing
the aeration time, the pH readings ranged between 7.7 for 10 min aeration and 8.736 for 60 min.
There was a decrease in pH during the first 24 hour of settlement followed by slight increase

during the second 24 hours settlement for all batches.
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4.3.1.2 Initial P concentration of 10 mg/I

From Figure 4.12(a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 319.7 and 329.3 mg/| at the end of carbonation stage. At the end of aeration stage, the
Ca concentration decreased to between 274.3 mg/I for 10 min aeration and 228.2 mg/I for 60 min
aeration. The main decrease in Ca concentration was found to occur during this stage for all
batches. Further reduction in Ca concentrations occurred during the 48hr settlement. The lowest
Ca concentration of 198.2 mg/l was by 25min aeration and 48 hr settlement.

From Figure 4.12(b) it can be seen that the main decrease in P concentration occurred during the
aeration stage for all batches except the 40 and 60 min aeration. The P concentration decreased
to between 2.26 mg/| for 10 min aeration and 1.62 mg/| for 25 min. The lowest P concentration
of 1.18 mg/I was 40 min aeration and 48 hr settlement.

From figure 4.12(c) it can be seen that the pH values at the end of aeration time ranged between
7.8 for 30 min aeration and 8.2 for 40 min aeration. The pH readings after the 24 and 48 hr were

close.
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settlement stages. Experiment conditions: Carbonation with 0.75 I/min for 40 min, Aeration with 2 |/min for either
10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in

triplicate). The x-axis represents aeration time. Deionised water solutions. Initial P Concentration of 10mg/I.
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4.3.1.3 Initial P Concentration of 20 mg/I

From Figure 4.13 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 310.7 and 322.3 mg/l at the end of carbonation stage. The main decrease in Ca
concentration occurred during the aeration stage, Ca concentration decreased with the increase
in the aeration time, to between 254.5 mg/I for 10 min aeration and 200 mg/| for 60 min aeration.
Further reduction in Ca concentrations occurred during the 48 hr of settlement for all batches.
The lowest Ca concentration of 166.3 mg/| by 60 min aeration and 48 hr settlement.

From Figure 4.13 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage for all batches, this decrease ranged between 3.71 mg/| for 10 min aeration and
1.16 mg/I for 30 min aeration. Further decrease in P concentration occurred during the first 24 hr
of settlement followed by additional decrease in the second 24 hr of settlement for all batches
except the batch of 20 min aeration there was no further decrease in P concentration. The lowest
P concentration of 0.81mg/| by 30 min aeration and 48 hr settlement.

From figure 4.13 (c) it can be seen that the pH values ranged between 8.4 for 10 min aeration and

8.7 for 30 min aeration. The pH readings after the 24 and 48 hr were close.
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Figure 4- 13: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and

settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40 min, Aeration with 2 |/min for either

10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in

triplicate). The x-axis represents aeration time. Deionised water solutions. Initial P Concentration of 20mg/I.
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4.3.1.4 Initial P concentration of 100 mg/!

From Figure 4.14 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 264.5 and 280.3 mg/| at the end of carbonation stage, the main decrease in Ca
concentration occurred during the aeration stage where Ca concentration decreased to between
132.0 for 10 min aeration and 89.2 mg/l for 40 min aeration. Further reduction in Ca
concentrations occurred during the first 24 hr of settlement and continued during the second 24
hr for all batches. The lowest Ca concentration of 69.2 mg/l by 25 min aeration and 48 hr
settlement

From Figure 4.14 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage for all batches, P concentration decreased to between 37.1 mg/l for 10 min
aeration and 12.3 mg/I for 40 min aeration. Further decrease in P concentration occurred during
the first 24 hr of settlement followed by additional decrease in the second 24 hr of settlement for
all batches except the batches of 25 and 30 min aeration when there was no change in P
concentration. The lowest P concentration of 5.2 mg/I by 60 min aeration and 48 hr settlement.
From figure 4.14 (c) it can be seen that the pH values during aeration stage ranged between 7.5

for 20 min aeration and 8.1 for 60 min aeration pH readings after the 24 and 48 hr were close.
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Figure 4- 14 Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and

settlement stages. Experiment conditions: Carbonation with 0.75 I/min for 40 min, Aeration with 2 I/min for either

10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in

triplicate). The x-axis represents aeration time. Deionised water solutions. Initial P Concentration of 100mg/I.
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4.3.2 Results of tests performed on P solutions using tap water

To examine the effect of other ions on removal of P sets of experiments were carried out on P
solution using tap water and 2, 10, 20 and 100 mg/| of stock solution of 1000 mg/| concentration.
The levels of phosphate and calcium within the collected samples were measured. All batches
were subjected to 0.75 I/min CO; for 40 minutes, 2 |/min air and 48 hours of precipitation, the
only experimental variance between these seven tests for each P concentration was the period
that each batch was aerated for. The chemistry of tap water for a single batch presented in table

4.8.

Table 4- 8: Anions and cations concentration in Cardiff tap water

Anions/ Cations Ca P Mg Na K cl SO, F
Concentration mg/l 34.74 1.0 4.47 1586 1.52 1558 24.69 0.44

4.3.2.1 Concentration of P presented in Tap water

The results presented in this section are obtained from running the laboratory system with
solution of tap water without any add P. From Figure 4.15 (a), it can be seen that the Ca
concentrations after 40 min carbonation ranged between 300.1 and 317.5 mg/| at the end of
carbonation stage. During the aeration stage the Ca concentration decreased with the increase in
the aeration time, Ca concentration ranged between 307.0 mg/I for the 10 min aeration and 190.8
mg/| for 60 min aeration. Further reduction in Ca concentrations occurred during the 48 hr of
settlement. The lowest Ca concentration of 175.6 mg/l by 60 min aeration and 48 hr settlement.
From Figure 4.15 (b) it can be seen that P concentration decreased for all batches during aeration
stage. P concentration ranged between 1.17 mg/l for 10 min aeration and 0.62 mg/l for 60 min
aeration. The 0.472 mg/| was the lowest P concentration by 25 min aeration and 48 hr settlement.
From Figure 4.15 (c) shows the variation of initial pH with final pH, the initial pH ranged between
7.02 and 7.11. During the aeration stage the pH of the batches of 10, 15, 20 and 25 increased
more than those of 30, 40 and 60 min aeration. The pH values for batches of 10, 15, 20 and 25
decreased during the 48 hr of settlement and the lowest pH reading was 7.2 for the batch of 25
min aeration while pH of batches of 30, 40 and 60 min aeration increased after the 48 hour of

settlement.
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Figure 4- 15: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and
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4.3.2.2 Initial P concentration of 2 mg/l + P in tap water

From Figure 4.16 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 293.8 and 307.7 mg/| at the end of carbonation stage. The Ca concentration decreased
with the increase in the aeration time, Ca concentration ranged between 272.4 mg/| for 10 min
aeration and 228.4 mg/| for the 60 min aeration. Further reduction in Ca concentrations occurred
during the 48 hr of settlement. The lowest Ca concentration of 110.5 mg/I by 25 min aeration and
48 hr settlement.

From Figure 4.16 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time this can
be seen through batches of 10, 15, 20, 25 and 30 then P concentration started to increase after
40 min aeration and 60 min aeration. All batches showed further decrease in concentration after
24 hr, this decrease in concentration continued for the second 24 hr of settlement except for the
25 min aeration batch which showed a slight increase to 1.07mg/l. The 0.7 mg/| was the lowest P
concentration by 20 min aeration and 48 hr settlement.

From Figure 4.16 (c) shows the variation of initial pH with final pH. During aeration stage the
highest pH value of 8.49 by the 30 min aeration. During the settlement stage pH values were close
except the pH of 40 min aeration batch there was an increase in the pH during the second 24 hr

of settlement.
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Figure 4- 16: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and
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4.3.2.3 Initial P concentration of 10 mg/l + P in tap water

From Figure 4.17 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 244.6 and 257.1mg/| at the end of carbonation stage. The Ca concentration decreased
with increasing the time during aeration stage, Ca concentration ranged between 288.2 mg/| for
10 min aeration and 188.6 mg/I for the 60 min aeration. Further reduction in Ca concentrations
occurred during the 48 hr of settlement. The lowest Ca concentration of 175.9 mg/I by 40 min
aeration and 48 hr settlement.

From Figure 4.17 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time except
the batches of 30 and 40 min aeration where the concentration increased, the decrease in P
concentration in this stage ranged between 3.798 mg/| for 10 min aeration and 1.637 mg/| for by
25 min aeration. All batches showed further decrease in concentration after 24 and the
concentration increased after the48 hour of settlement for 10, 15, 20, 25, and 30 while the
concentration decreased for the 40 min aeration and remain constant for the 60 min aeration.
The 1.174 mg/l was the lowest P concentration by 15 min aeration and 48 hr settlement.

From Figure 4.17 (c) it can be seen that during aeration stage pH values ranged between 8.11 and
8.47.The pH of batches 10 and 15 increased in first 24 hour of settlement and decreased in second
24 hour of the settlement stage while there was a decrease in pH reading for the other batches

during the first 24 hour followed by further decrease in the second 24 hr of settlement.
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Figure 4- 17: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and

settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40 min, Aeration with 2 |/min for either

10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in

triplicate). The x-axis represents aeration time. Tap water solutions. Initial P concentration of 10mg/I + P in tap water
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4.3.2.4 Initial P concentration of 20 mg/| + initial tap water

From Figure 4.18 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 234.1 and 242.4mg/| at the end of carbonation stage. During aeration stage the Ca
concentration decreased with increasing the time of aeration, Ca concentration ranged between
198.8 mg/I| for 10 min aeration and 167.1 mg/| for the 60 min aeration. Slight decrease in Ca
concentrations occurred during the 48 hr of settlement. The lowest Ca concentration of 155.6
mg/l by 60 min aeration and 48 hr settlement.

From Figure 4.18 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time except
for batch of 30 min aeration when the concentration increased, P concentration in this stage
ranged between 6.80 mg/l for 10 min aeration and 1.45 mg/| for 40 min aeration. All batches
showed further decrease in concentration after 48 hr of settlement. The 1.35 mg/| was the lowest
P concentration by 40 min aeration and 48 hour settlement.

From Figure 4.18 (c) during aeration stage pH values ranged between 8.02 and 8.48. All batches
showed decrease in pH values during the settlement stage except batches of 40 and 60 min

aeration showed an increase in the pH level.

104



350

300

250

200

150

100

Ca concentration (mg/l)
°

50

25

20

15

10

P concentration (mg/l)

0 5 10

8.5

1.5

pH level
\.'J

6.5

e o o ° °
o 0 0 ® [nitial
e . ® End of carbonation stage
End of aeration stage
24 hr settlement
«c ® ® o ° o ® 48 hr settlement
15 20 25 30 35 40 45 50 55 60 65
Time (min)
(a)
o °
$ 28 ¢ . °
® |nitial
@ End of carbonation stage
End of aeration stage
24 hr settlement
@ 48 hr settlement
® 3 o o ° ®
15 20 25 30 35 40 45 50 55 60 65
Time (min)
(b)
e ® @
e ° e
® |nitial
® End of carbonation stage
e @ o @ Y ®
End of aeration stage
24 hr settlement
e © o o b ° @ 48 hr settlement

0 5 10 15 20

25 30 35 40 45 50 55 60 65
Time (min)

()

Figure 4- 18: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and

settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40 min, Aeration with 2 |/min for either

10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in

triplicate). The x-axis represents aeration time. Tap water solutions. Initial P concentration of 20mg/I + P in tap water
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4.3.2.5 Initial P concentration of 100 mg/| + initial tap water

From Figure 4.19 (a), it can be seen that the Ca concentrations after 40 min carbonation ranged
between 211.7 and 206.2 mg/| at the end of carbonation stage. During aeration stage the Ca
concentration decreased with increasing the time of aeration except the batches of 25 and 30
min aeration, Ca concentration in this stage raged between 105.7 mg/I for 10 min aeration and
51 mg/I for 60 min aeration. Further reduction in Ca concentrations occurred during the 48 hr of
settlement. The lowest Ca concentration was 32 mg/I by 20 min aeration and min settlement.
From Figure 4.19 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time, P
concentration in this stage ranged between 56.2 mg/| for 10 min aeration and 30.2 mg/| for 60
min aeration. All batches showed further decrease in concentration after 48 hr of settlement. The
24.3 mg/l was the lowest P concentration by 60 min aeration and 48 hr settlement.

From Figure 4.19 (c) during aeration stage it can be seen that the pH values ranged between 7.5
and 7.76. All batches showed decrease in pH values during the first 24 hr settlement except
batches of 40 and 60 min aeration showed an increase in the pH level. During the second 24 hour

a decrease in pH occurred in all batches.
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Figure 4- 19: Variation of (a) Ca concentration, (b) P concentration and (c) pH level during carbonation, aeration and

settlement stages. Experiment conditions: Carbonation with 0.75 I/min for 40 min, Aeration with 2 I/min for either

10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points represents one experiment (in
triplicate). The x-axis represents aeration time. Tap water solutions. Initial P concentration of 100mg/| + P in tap

water
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4.3.3 Results of Tests Performed on Real Wastewater

The results presented in this section are obtained from running the laboratory system with real
wastewater from West Bonvilstone treatment work. Wastewater collected from the site at 3
different dates on 17/6/2017, 13/12/2017 and 6/4/2018. It is important to highlight the fact that
the initial P concentration was varied on the above dates. TP concentration (8.8,1.4 and 5.6) mg/|
while PO4-P (6.2, 1.1 and 4.0) mg/I respectively. The levels of phosphate and calcium within the
collected samples were measured. The results of running the 3 samples in the lab system is
presented in Figure 4.20 (a-1). All batches were subjected to 0.75 I/min CO; for 40 minutes, 2 |/min
air and 48 hours of precipitation, the only experimental variance between these seven tests for
each P concentration was the period that each batch was aerated for. Table 4.9 present the

chemistry of wastewater sample collected from West Bonvilstone treatment work.

Table 4- 9: Anions and cations concentration in West Bonvilston Wastewater

Anions/ Cations Ca P Mg Na K Cl SO, F NO; Date
Concentrationmg/l 675 88 8.7 558 175 499 389 1.0 54.1 17/6/2017

Concentrationmg/l 56.4 14 7.3 517 134 40.1 33,5 24 389 13/12/2017

Concentrationmg/l 42.8 56 8.8 487 144 488 40.2 1.7 46.1 4/6/2018

Figure 4.20(a-d) represent the results for the first real wastewater sample collected on the
17/6/2017. From Figure 4.20 (a), it can be seen that the Ca concentrations after 40 min
carbonation ranged between 240.2 and 255.4 mg/l the end of carbonation stage. Ca
concentration in the aeration stage ranged between 230.9 mg/I for 10 min aeration and 217.2
mg/| for 25 min aeration. Further reduction in Ca concentrations occurred during the 48 hr of
settlement. The lowest Ca concentration was 205.6 mg/I by 25 min aeration and 48 hr settlement.
From Figure 4.20 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time for all
batches except the batch of 25 min aeration when the concentration increased to 2.23 mg/|, P
concentration in this stage ranged between 4.04 mg/I for 10 min aeration and 1.92mg/I for 40
min aeration. All batches showed further decrease in concentration after 48 hr of settlement. The
1.3 mg/l was the lowest P concentration by 40 min aeration and 48 hr settlement.

From Figure 4.20 (c) it can be seen that the main decrease in PO4-P concentration occurred during
the aeration stage, the decrease in OP concentration increased by increasing the aeration time.

OP concentration in this stage ranged between 2.9 mg/I for 10 min aeration and 1.42 mg/| for 60
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min aeration. All batches showed further decrease in concentration after 48 hr of settlement. The
1.18 mg/l was the lowest PO4-P concentration by 40 min aeration and 48 hr settlement.

From Figure 4.20 (d) during aeration stage it can be seen that the pH values ranged between 8.025
and 8.27. All batches showed decrease in pH values during the first 24 hr settlement except
batches of 60 min aeration showed a slight increase in the pH level. During the second 24 hr a

decrease in pH occurred in all batches.
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Figure 4- 20 Variation of (a) Ca concentration, (b) P concentration, (c) PO4-P concentration and (d) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40 min,
Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points

represents one experiment (in triplicate). The x-axis represents aeration time. Wastewater sample 17/6/2017

Figure 4.21 (a-d) represent the results for the second real wastewater sample collected on the
13/12/2017.From Figure 4.21 (a) it can be seen that the Ca concentrations after 40 min
carbonation ranged between 274.4 and 281.4 mg/l the end of carbonation stage. Ca
concentration in the aeration stage ranged between 215.1 mg/I for 30 min aeration and 239.1
mg/| for 25 min aeration. Further reduction in Ca concentrations occurred during the 48 hr of
settlement. The lowest Ca concentration was 196.0 mg/| by 30 min aeration and 48 hr settlement.
From Figure 4.21 (b) it can be seen that the main decrease in P concentration occurred during the
aeration stage, the decrease in P concentration increased by increasing the aeration time for all

batches. P concentration in this stage ranged between 1.19 mg/| for 10 min aeration and 0.911
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mg/| for 40 min aeration. All batches showed further decrease in concentration after 48 hr of
settlement. The 0.65 mg/l was the lowest P concentration by 40 min aeration and 48 hr
settlement. From Figure 4.21 (c) it can be seen that the main decrease in PO4-P concentration
occurred during the aeration stage, the decrease in PO4-P concentration increased by increasing
the aeration time. PO4-P concentration in this stage ranged between 0.88 mg/| for 10 min aeration
and 0.65 mg/| for 40 min aeration. All batches showed further decrease in concentration after 48
hr of settlement. The 0.56 mg/| was the lowest P concentration by 40 min aeration and 48 hr
settlement. From Figure 4.21 (d) during aeration stage it can be seen that the pH values ranged
between 7.48 and 7.61. All batches showed decrease in pH values during the first and second 24

hr settlement.
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Figure 4- 21: Variation of (a) Ca concentration, (b) P concentration, (c) PO4-P concentration and (d) pH level during
carbonation, aeration and settlement stages. Experiment conditions: Carbonation with 0.75 |/min for 40 min,
Aeration with 2 |/min for either 10,15,20,25,30,40 and 60 min, settlement for 48 hr. Each vertical row of data points

represents one experiment (in triplicate). The x-axis represents aeration time. Wastewater sample 13/12/2017

The experimentation on the third sample was by applying 40 min carbonation and 40 min aeration
as it showed the maximum decrease in P concentration and 48 hr settlement. Figure 4.22(a-d)
represent the results for the third real wastewater sample collected on the 6/4/2018.From Figure
4.22(a) it can be seen that the Ca concentrations after 40 min carbonation was 261.9 mg/I. Ca
concentration at the end of 40 min aeration 229.5 mg/| for 25 min aeration. P concentration in
this stage dropped to 1.34 mg/l. PO4-P concentration in this stage dropped to 0.95 mg/| after
aeration. From Figure 4.22(b) pH dropped to 5.75 after carbonation and raised to 7.6 after
aeration. Figure 4.22(c) shows further reduction in Ca concentrations occurred during settlement
stage; Ca dropped to 217.1 mg/I the end of first 24 hr of settlement. P concentration in this stage

dropped to 1.04 mg/l. The lowest Ca concentration was 208.4 mg/| at the end of second 24 hr
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settlement. The 0.74 mg/| was the lowest PO4-P concentration at the end of settlement. pH

decreased during settlement stage to 7.2 as shown in Figure 4.22(d).
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Figure 4- 22: Variation of (a) P, PO4-P and Ca concentration during carbonation and aeration stage, (b) pH during
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stages. Experiment conditions: Carbonation with 0.75 I/min for 40 min, Aeration with 2 I/min for 40min, settlement
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4 .4 Discussion

This section summarises and discusses the results presented in section 4.3 examines the trends
to show the relationships and the effects of all the contributing parameters on the removing

process. Emphasising on the parameters for field trial.

4.4.1 Effect of initial phosphorus concentration on calcium dissolution during carbonation
stage

Figure 4.23 shows the variation of calcium dissolution during carbonation stage with initial
phosphorus concentration. Data demonstrates that calcite dissolution was clearly retarded by
dissolved phosphorus at acidic pH. In carbonation stage the pH dropped to around 5.5 due to
carbonic acid formation as a result of injecting CO> in solution as shown in the equation (4.3).

CO; + H,0 = H,CO; = H' + HCO* (4.3)

The decrease in calcium concentration by increasing the initial phosphorus concentration can
show the kinetic effect of phosphorus alone in deionised water solutions and phosphorus with
other oxyanions in tap water. A similar observation was made by Montes-Hernandez et al. (2009)
and the result of Alkattan et al. (2002) study illustrated that aqueous phosphate, which is also
known to be a strong calcite dissolution inhibitor at neutral to basic pH, was found to also strongly
inhibit calcite dissolution at acidic conditions. Jonasson et al. (1996) results suggest that the
interaction of phosphate with calcite involves dissolution of the surface of the calcite, and
reprecipitation of the corresponding calcium phosphonate. The selective nucleation of calcium
phosphonate along surface steps, suggests that this may be an important aspect of the
mechanism by which phosphonates inhibit calcite crystal growth. However, the degree of
inhibition on calcite dissolution due to the presence of aqueous phosphate is likely not sufficient
to significantly affect most natural processes and the inhibition was attributed to aqueous
phosphate adsorption as calcite surfaces have been noted to be extremely favourable adsorption
sites for aqueous phosphate (Berner and Morse 1974; Alkattan et al. 2002). The same trend was
outlined in real wastewater solutions when the phosphorus concentration was 1.4 mg/l and
calcium concentration was 274.4 mg/| after carbonation. For other real wastewater solution
when the initial phosphorus concentration was 5.6 mg/| the calcium concentration was 261.4
mg/| after carbonation. For other real wastewater solution when the initial phosphorus

concentration was 8.8 mg/| the calcium concentration was 243 mg/| after carbonation.
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Figure 4- 23: Effect of initial P concentration on calcite dissolution during carbonation stage. 40 min carbonation time

and 0.75l/min CO; flow rate.

4.4.2 Ca and P removed during aeration stage

Figures 4.24, 4.25 and 4.26 show the changes in P, Ca and pH for DI, tap and real wastewater
solutions for all aeration times 10,15,20,25,30,40 and 60 min when 2 |/min air flow rate were
applied during aeration stage. The pH of all solutions increased during this stage with less increase
in pH for solutions with high initial P concentration of 100.66 and 106.59 mg/| in both DI and tap
water. This increase in pH indicating the degassing of CO, from solution by aeration. The
concentrations of Ca and P were decreased with the rise in pH. This decrease in concentration
was caused by the precipitation of Ca and P. The same observation was outlined in a study of
enhancing the P removal from swine water by aeration using 1.1 I/hr, the pH increased from 7 to
8.5 after 3 hr. The experiments were carried out with a cylinder of 21 cm in diameter and 105cm
high. Thirty litters of swine wastewater was poured into the cylinder and aerated continuously
using a diffuser for 3h (Suzuki et al. 2002). It can be seen from the previous results in section 4.3
that the removal occurring mainly during aeration stage. By comparing the results from DI water
solutions with tap water solutions and real wastewater to summarise the key comparative data
it can be seen that by applying different aeration intervals, the removed P concentration for each
initial concentration was close in DI water solutions while the removed P concentration increased
with increasing aeration time to 40 min for tap water solution and the same trend was outlined
in real wastewater solutions. Increasing aeration time to 60 min seems to have no significant
effect on increasing the removal of P. The same observation was outlined for Ca concentration.
Nassef (2012) found that an increase in Ca concentration increases the removal of phosphorous
at high pH values (8.5-10). This is ascribed to the fact that the higher the concentration of Ca the

higher the ability of Ca ions to form the complex with phosphate and precipitate it in the solution
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at high pH. This agrees with the results presented in Figure 4.24 (a and b) that the removal of P
increased with Ca concentration. On the other hand the pH range obtained during aeration
between 7.5- 8.7 was lower than that found by Nassef (2012) for all initial P concentrations.

it can be seen that the P and Ca concentrations removed in this stage from tap water solution is
lower than that from DI water solutions and pH recorded was slightly lower than that for the DI
solutions. This might be because the effect of other elements available in tap water such as Mg
which was found in the composition analysis of tap water in Table 4.8 in concentration of 4.47
mg/| this might inhibit the formation of calcium phosphate by competing with phosphate ions
and forming calcium magnesium precipitate or enabling the formation of more soluble
amorphous calcium phosphate phase that precipitate slowly (House et al. 1986; Cao et al. 2007).
In addition, the presence of SO, in concentration of 24.69 mg/l might prevent the formation of
calcium phosphate although sulfate can promote calcite to dissolve, high concentrations of
sulfate compete with phosphate forming calcium sulfate (Liu et al. 2012) the same trend was
observed in the real wastewater solutions when the Mg concentration was found to be 8.7 mg/|
and sulfate concentration 38.9 mg/I. Dissolved phosphate also inhibits the crystal growth of
calcite and, this depends on the initial inhibitor concentration and the surface density of
phosphate controls the potential forming of a nucleus on a certain step, may stop growth
completely (House, 1987; House, 1990). The crystal growth of calcite can be also inhibited by
organic ligands presented in wastewater by adsorption of these organic compounds on the calcite
surface and blocking of crystal growth sites (Stabel, 1986) . The presence of carbonates might
reduce or inhibits hydroxyapatite (calcium phosphate) formation (Battistoni et al. 1997; Cao and
Harris 2008). Karunanithi et al. (2015) found that at pH 8 phosphate precipitation was significantly
lessened by carbonate and the corresponding precipitation efficiency also decreased due to the
formation of ion pairs between carbonate and calcium, thereby diminishing the free calcium
concentrations. The same study also found that at pH greater than 9 the effect of carbonate on
the precipitation of phosphate was very small. This indicates that carbonate may decrease P
precipitation in the current study as the pH level was less than 9 in all experiments. Figure 4.24(c)
and 4.25 (c) showed that pH of solution with an initial P concentration of 100.66 and 106.59 mg/I
is around 7.5 which is in agreement with a study of Liu et al. (2012) examining solutions with
high phosphate concentrations and pH in ranging from 4 to 12 showed that the highest phosphate
removal efficiency was obtained in the pH range of 7 to 8, and the efficiency decreased with
increasing pH. The effect of pH on phosphate removal can be attributed to changes in the surface
sites or speciation of phosphorus in the solution as well as the dissolution of calcite (Liu et al.

2012). In this study, the phosphate removal was not significantly changed with increasing pH of
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solution within the obtained range 7.3 — 8.7. This may be explained by considering such
competing effects as a decrease in the dissolved Ca?* concentrations and an increase of PO,

species from hydrolysis products of phosphate with increasing pH (Karaca et al. 2006).
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Figure 4- 24: (a) removed P concentration (b) removed Ca concentration (c) pH during aeration stage of either
(10,15,20,25,30,40 and 60) min. DI water P solution. (Note: these are not time series data, each data point represents

a single experiment in triplicate)
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4.4.3 Ca and P removed during settlement stage

The previous results in section 4.3 showed that there is further removal occurring during
settlement stage. Figures 4.27, 4.28, 4.29, 4.30, 4.31 and 4.32 show the removed P and Ca
concentrations during settlement stage for all batches that were subjected to aeration times of
either 10, 15, 20, 25, 30, 40 and 60 min for DI, tap and real wastewater solutions respectively.
Results included in these figures are not time series data, each data point represents a single
experiment in triplicate. It can be seen that the removal in the settlement stage is lower than the
removal in the aeration stage although there is sufficient Ca concentration in solution. That low
removal in the settlement stage can be attributed to the lower phosphate activity in solution as
a result of P precipitation (Sg et al. 2011). The same trend was observed in tap water solutions
and in real wastewater solutions as shown in Figures 4.29, 4.30,4.31 and 4.32 respectively. it also
observed that during this stage the removed Ca concentration decreased with increasing the
initial P concentration in DI water solutions as shown in Figures 4.27(b) and 4.28(b) were
deionised water used in preparing solutions indicating that higher P concentrations in solution
lead to lower Ca precipitation rates because P acted as an inhibitor for Ca precipitation (Sindelar
et al. 2015) while this was not the case when tap water used in solutions preparation indicating
the effect of the presence of other ions in tap water which compete with phosphate ions to form
other components as shown in Figures 4.29(b) and 4.30(b). There is an inverse correlation
between the removal of P and Ca during the first 24 hr and the removal during the second 24 hr
of settlement and that can be attributed to the fact of calcium phosphate formation depends on
the pH during the removal process and on the concentration of calcium and phosphate in the
solution (Heleen J. Danen-Louwerse 1995). As pH increases to more basic values calcium
phosphate becomes increasingly insoluble. In contrast, as the pH approaches the acidic regime,
calcium phosphate becomes increasingly soluble. The final Ca concentrations remaining in all P
solutions are far in excess comparing with expected solubility limits of HAP (see section 2.3.3
figure 2.2 chapter 2) in pH range between 7 to 8 indicating the possibility of further HAP

precipitation (Koutsoukos 1995).
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Figure 4- 27: (a) removed P concentration (b) removed Ca concentration (c) pH during first 24 hr settlement stage. DI water P solution.
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4.5 PHREEQCI

The software PHREEQCI was used to predict likely precipitates and to predict the variation of their
saturation indices with pH and the species in the solution for a range of conditions related to the
lab system tests presented in this chapter. The chosen concentrations and conditions were
inputted into the program which then calculates the molality of species and the saturation indices
of predicted precipitates. Data was inputted for the concentrations of phosphorus, calcium, and

carbonate ions, the pH and temperature were also defined.

4.5.1 Sl variation with pH

Saturation indices are a measure of the thermodynamic driving force for a reaction. However,
they cannot predict the occurrence of a particular reaction as there may be kinetic constraints.
where a positive value indicates that the solution is supersaturated and a negative value indicates
undersaturation (Plant and House 2002). In this section Sl was calculated to determine whether
the solution will precipitate calcium carbonate/phosphate or not through the stages of the
process. All tests upon P removal by calcite carried out in support of this thesis have shown that
pH is an important factor in the removal of phosphorus through calcium phosphate precipitation.
The program was operated with five initial influent concentrations of phosphorus 1.26, 3.55,
11.74, 21.22 and 106.59 mg/|, were used so as to allow some appreciation of the importance of
both pH and initial phosphorus concentration. The pH values tested were the values that recorded
at the end of each stage of the process and presented on table 4.10. PHREEQCI predicted three
precipitates namely Calcite (CaCOs) this is represented as CAL in Figure 4.33, hydroxyapatite
(Cas(P0O4)s0H) represented as HAP and aragonite (CaCOs) represented as ARG.

Table 4- 10: Ave. pH values for each stage used in PHREEQCI for phosphorus concentrations of (1.26, 3.55, 11.74,
21.22 and 106.59 mg/l)

Stage Ave.pH
Initial 6.4
Carbonation 5.5
Aeration 8.4

24 hr Settlement 7.6

48 hr Settlement 7.4
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aragonite (ARG). For the runs of 40 min carbonation, 40 min aeration, 24 and 48 hr settlement

At a pH of 6 and below the SI of HAP at low phosphorus concentrations 1.26 and 3.55 were
negative indicating unsaturated phase while at initial P concentrations 11.74, 21.22 and 106.59
HAP was saturated as the pH was within the acidic regime whereas all phases of calcium
phosphate becomes increasingly soluble (Vanderesse et al. 2011). The prediction of HAP as a likely
precipitate backs up the theory presented earlier in Chapter 2 of this thesis and in agreement
with the results presented in section 4.4.3 suggesting that the increase in pH to more basic values
resulted in calcium phosphate becomes increasingly insoluble and precipitate. In contrast, as the
pH approaches the acidic regime, calcium phosphate becomes increasingly soluble. Many studies
on the use of calcium containing materials to remove phosphorus predicted HAP as a final product
such as Chen et al. (2007) and Kim et al. (2006). The SlIs of both aragonite and calcite remain
negative during carbonation stage indicating that calcite never saturated in the initial stage at all
initial P concentrations, this is also in agreement with the results presented in section 4.3
suggesting no precipitation during carbonation stage. The Sls of both aragonite and calcite
becoming positive after a pH of 6 showing a positive correlation between pH and Sl for calcite and
indicating saturation with respect to calcite. These predictions are in agreement with the results
in section 4.4.2 and 4.4.3 suggesting that the decrease in Ca concentration during aeration and

settlement stages is due to precipitation of calcium carbonate/phosphate. The difference in Sl for
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HAP due to change in pH can be seen to be much more dramatic than the change in Sl for calcite,
therefore for the situations studied here, pH is the more important factor. It can be seen that at
high initial P concentration of 106.59 calcite and aragonite never saturated through the whole
process and this is in agreement with the earlier finding presented in section 4.4.1 of increasing

initial P concentration inhibits calcite dissolution.

4.5.2 Speciation

PHREEQCI was also used to predict what species are likely to be found in solution. pH has been
shown to have an important effect on the Sl of HAP and so its effect on the species present was
also determined. The species present at a pH between 7.3 and 8.7 were determined, these
roughly equating to the lower and upper pH limits found experimentally. All other variables were
fixed. Figure 4.34 presents the predicted species present in terms of their concentrations (mg/l).
for the tap water solutions. Only predicted species containing calcium or phosphorus are shown.
The first column in each stage represent the species concentration for 3.55 mg P/I, the second
column represent the species for the 11.71 mg P/I, the third column represent the 21.22 mg P/I
and the forth column represent the species for 106.59 mg P/I. It can be seen that Ca* is the
dominant species for the different concentrations and for all stages followed by CaHCO3*and
CaCOs. Whereas CaHPO,, H,PO4 and HPO,42 were found in the speciation of the 100.66 mg P/I.
CaPO,4 and HPO,4? were found in very small amount in solutions of 11.71 and 21.22 mg P/I. the
predicted species within the mentioned pH range in agreement with the distribution of phosphate
species reported in Chapter 2 Figure 2-3 where it is possible to find H,PO, and HPO4* in the acidic
or slightly base medium and PO, species becomes significant and exceeds that of HPO,* in the
basic medium and acts as a source of anions. it can be seen that the main precipitate is calcite in
solutions at low P concentration and calcite with calcium phosphate in solutions of high P

concentration. These results agree with XRD, total carbon and total digest results.
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Figure 4- 34: PHREEQCI predicted calcium and phosphorus species. For the runs of 40 min carbonation, 40 min

aeration, 24 and 48 hr settlement

4.6 CO; optimisation

This section investigates the alternatives to reduce or replace the carbon dioxide used previously

to dissolve limestone as a most expensive part in the process.

4.6.1 Unsaturated and saturated carbonation stage

This section examines the calcite dissolution and the opportunity of getting the same or close
calcium concentration to what was obtained from the previous system by changing the
carbonation stage from an open column with limestone fully saturated with water as described
in Chapter 3 section 3.2.1 to closed column with water circulating through the limestone. Calcium
carbonate solubility is strongly influenced by the presence and availability of CO,. When CO; is
present, the solubility of calcium carbonate and thus the concentration of Ca%, will vary with
changes in the Pcoz. as shown in the equation (4.4).

CaCO0s(s)+C0O,(g)+H,0=Ca**+2 HCO3 (4.4)
Applying only 100 ml/min CO; flow rate for 1 hr and three circulation speeds of 100, 200 and 400
revolutions per minute (rpm) were used to circulate 1L of water through the limestone column.
Figure 4.35(a) presents the effect of using unsaturated calcite column on Ca concentration using
deionised water only. It is clear to see that by changing the carbonation stage to closed and
unsaturated it is possible to get a Ca concentration of 201.1 mg/| within 40 min and 254.3 mg/|
within 60 min of carbonation by using 100 ml/min CO; flow rate. While a Ca concentration of 250
mg/| obtained previously by running the carbonation stage using 750 ml/min of CO, for 30 min in

the open saturated column. The increase in Ca concentration in the closed unsaturated system
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may attributed to the availability of CO, and the contact between calcite and water. whereas a
study on calcite dissolution in the ternary system CaCOs - H,0 - CO; by Buhmann and Dreybrodt
(1985) have shown that for thin water film as they occur on rock surface exposed to rain fall, the
dissolution rate depend on the thickness of the water film. It also can be seen that by applying
slow circulation speed of 100 rpm resulted in higher Ca concentration of 201.1 mg/| whereas the
concentration was 194.4 mg/| and 177.7 mg/| for the 200 and 400 rpm respectively after 40 min
and that might be due to the increased thickness of the water film occurred on the calcite surface
as a results of increasing the speed. Figure 4.35(b) show the change in pH values for the three
speeds during carbonation stage. The pH trend was the same for the three speeds, a drop in pH
value after 5 min of carbonation due to the formation of carbonic acid was observed followed by
a gradual increase to the end of carbonation stage. The drop in pH value of the 400 rpm was less
than of the 100 and 200 rpm indicating that high speed inversely correlated with pH and Ca
concentration. Figure 4.36 presents the Ca concentration obtained by running the carbonation
stage for 60 min with 100 ml/min in a closed saturated column. The results showed that after 40
min of carbonation, Ca concentration was 150.9 mg/| which is less than the concentration in the
closed unsaturated column. This concentration increased to 224 mg/| after 20 min. Same pH trend
was observed in the closed saturated system. The fundamental relationship between Ca
concentration and Pco; as described by Segnit et al. (1962) showing that under 1 atm Pco, the Ca
concentration will be 263 mg/| with pH of 5.98 and the results obtained in this section is in line

with that fact.

B100rpm @200rpm A400rpm B100rpm @200rpm A400rpm

280 70 -|
L i 8
Em- i 63
c

A

2160 ’ i
£ B84 * 0
g o A g 2 4
c A

80 - A A A RE w
P s 4 a0 d
o401 @ A o 0

A ]
[] L T T T T T T 1 50 T T T T T T T 1
0 10 20 30 40 50 60 10 0 10 20 30 40 50 60 10
Carbonation time {min) Carbonation time (min)
(a) (b)

Figure 4- 35: (a) Ca concentration obtained by running the carbonation stage for 60 min with 100 ml/min CO, flow

rate in a closed unsaturated column using 1 kg of limestone (b) shows the change in pH values

129



240 A
220 -
200 -
180 -
160 -
140 -
120 -

Ca concentration (mg/L)

40 60 80

Carbonation time (min)

@] 10 20 30 40 50 60 70
Carbonation time {(min)

—@— Ca concentration

Figure 4- 36: Ca concentration obtained by running the carbonation stage for 60 min with 100 ml/min CO, flow rate in

a closed saturated column

4.6.2 Acid usage instead of CO; gas

As mentioned in the literature chapter that limestone is not very soluble and do not dissolve very
quickly. Earlier in this chapter, CO, was used to dissolve limestone. In the following test series,
hydrochloric acid was added to deionised water with the intent of generating CO and solubilising
Ca. By adding acid, hydrogen ions H* will be added which will react with the carbonate to form
hydrogen carbonate HCOs ions, which are very soluble in water, and the limestone will dissolve.
Or, if there is more acid, two hydrogen ions will react with a carbonate to form carbonic acid
H,COs™ which will decompose to form carbon dioxide CO, which eventually bubbles off into the

atmosphere, and water H,0. Limestone can be dissolved according to the following mechanisms:

CaCOs + H* = Ca?* + HCO5 (4.5)
CaCO; + H,0 + CO, = Ca®* = 2HCO5 (4.6)
CaCOs + H,0 = Ca?* + HCO3 + OH" (4.7)

Under certain conditions of pH and CO, pressure, one or another of these mechanisms may be
dominant. At low pH, the acid dissolution mechanism is known to be the most rapid of the three
mechanisms for limestone dissolution (Plummer et al. 1978). Three different doses of HCI (5 ml
of 1%, 25 ml of 1% and 10 ml of 10%) were used for 48 hr contact time with 1kg of limestone in 1
litre of DI water, Ca concentration and pH values were measured. Figure 4.37 show the Ca
concentration and pH as a function of contact time. Concentrations of Ca%* increased considerably
in the treated water. For the first dose of 5 ml of 1%, the Ca concentration was 15.5 mg/| after 5
min then increased to 27.2 mg/| after 2 hr then increased to 64.3 mg/| after 24 hr, the final
concentration was 71.5 mg/| after 48 hr. By increase the volume to 25 ml, Ca concentration was

57.3 mg/l after 5 min, increased to 82.4 mg/| after 2 hr, 114.8 mg/| after 24 hr and 121.4 mg/I
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after 48 hr. Whereas the concentration raised to 370.7 mg/| after 5 min then increased to 512
mg/| after 2 hr of adding (10 ml of 10%) HCI. After 24 hr Ca concentration increased to 656.4 mg/|
and reached to 732.8 mg/| after 48 hr. The pH results show the instant drop in pH value due to
the acid addition for all solutions. This decrease in pH were followed by gradual increase. pH
values for the three solutions were 7.2, 6.9 and 7.2 respectively at the end of 48 hr.
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Figure 4- 37: Ca concentration and pH as a function of contact time with different HCl dose

The following batch test were carried out by adding HCI to a synthetic wastewater solution of 2
and 10 mg/I P concentration and run the aeration stage followed by settlement stage 5 and 10 ml
of 10 % HCl were used for 48 hr contact time with acid. 30 min of aeration and 48 hr of
precipitation. P, Ca concentrations and pH values were measured. Figure 4.38 (a, b and c) present
the results of P concentration during the three stages respectively. As shown in Figure 4.38(a)
There was no noticeable decrease in P concentration during the acid addition stage for initial P of
2 mg/| for both 5 and 10 ml of 10% of acid. Whereas there was a decrease in the concentration
of 10 mg/I to 7.2 and 7.3 mg/l for 10 and 5 ml respectively. During aeration stage, P concentration
decreased from 1.96 to 1.66mg /L for the solution of 2 mg/I P initial concentration and 10 ml acid
and from 1.9 to 1.67mg/| for solution of 5 ml. Whereas for solutions of 10 mg/l initial P
concentration and 10 ml acid, the concentration dropped from 7.2 to 1.7 mg/l and from 7.2 to
3.5 mg/l for 5 ml acid after 30 min aeration as shown in figure 4.38(b). During settlement, the
concentration for the solutions of 2 mg P/l and 10 ml acid dropped from 1.66 to 1.2 mg/l and from
1.67 to 1.5 mg/l for 5 ml acid. Concentration for the solutions of 10 mg P/l and 10 ml acid dropped
from 1.66 to 1.4 mg/l and from 1.66 to 2.1 mg/| for 5 ml acid as shown in figure 4.38(c).
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Figure 4.39(a, b and c) present the results of Ca concentration during the three stages
respectively. During acid addition stage there was a rapid increase in Ca concentration during the
48hr contact time. Solutions of 2 mg/l with 10 ml acid and 10 mg/l with 10 ml acid showed the
highest Ca concentration of 555.7 and 511.3 mg/I respectively. Whereas the Ca concentration for
solutions of 2 mg/l with 5 ml acid and 10 mg/I with 5 ml acid was 319.1 and 298.4 mg/| respectively
as shown in figure 4.39(a). During aeration stage, Ca concentration dropped from 555.7 to 413.8
mg/l and from 511.3 to 315.8 mg/| in solutions of 2 mg/l with 10ml acid and 10 mg/| with 10 ml
acid respectively. Whereas there was small decrease in Ca concentration from 319.1 to 295.6 mg/I
in solution of 2 mg/l with 5 ml acid and from 298.4 to 274.6 mg/| in solution of 10 mg/l with 5 ml
acid as shown in figure 4.39(b). During settlement stage, Ca concentration dropped from 413.8 to
238 mg/l in solutions of 2 mg/l with 10ml acid and from 315.8 to 248.5 mg/| in solutions of 10
mg/l with 10 ml acid. Ca concentration decreased from 295.6 to 269.6 mg/I in solution of 2 mg/I
with 5 ml acid and from 274.6 to 252.9 mg/| in solution of 10 mg/l with 5 ml acid as shown in
figure 4.39(c).

Figure 4.40(a, b and c) present the results of pH during the three stages respectively. An instant
drop in pH value was observed for all solution followed by gradual increase over the contact time
with acid. Increase in pH values for solutions of 10 mg/l initial concentration with 5 and 10 ml acid
were close and showed higher pH than those of 2 mg/| initial P concentration as shown in Figure
4.40(a). This increase in pH values continued over the 30 min aeration time. pH values for
solutions of 2 and 10 mg/I with 10 ml acid were close and higher than those of 5 ml acid as shown
in Figure 4.40(b). During settlement time a decrease in pH values has been observed for all

solutions as shown in Figure 4.40(c).
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Figure 4.41 show the pH dependent solubility behaviour of calcium phosphates (Vanderesse et
al. 2011). As pH increases to more basic values calcium phosphate becomes increasingly insoluble.
In contrast, as the pH approaches the acidic regime, calcium phosphate becomes increasingly
soluble. All phases of calcium phosphate become increasingly soluble below pH 6. The solubility
of HAP at pH 7 to 8 is between 3.1 and 0.31 mg/| as seen in Figure 4.38 .From Figure 4.37(c) the
final pH range for all solutions were 7.1 to 7.8 during settlement stage and the final P
concentration in this stage ranged from 1.24 to 1.52 mg/| for all solution except the solution of
10mg/| initial P concentration and 5ml of 10% HCI the final concentration was 2.13 mg/I. these

results are in line with the expected solubility of HAP.
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Figure 4- 41: pH dependent solubility behaviour of calcium phosphates. (Vanderesse et al. 2011)

4.6.3 Limestone with gypsum
Previous research indicates that the solubility of gypsum rock in 100 g water is greater than 200
mg at room temperature, while the solubility of limestone is just 12 mg (Liu et al., 2017; Ma et
al., 2016; Wu et al., 2017).The solubility of gypsum rock is relatively high, so it readily dissolves
under a range of external conditions following the equation below:

CaS04(s) +2H,0 = CaS0; . 2H,0(s) = Ca®*+ SO.%+ 2H,0 (4.8)
In comparison to gypsum rock, the dissolution of limestone is restricted to certain environmental

conditions and depends on CO; and acid strength as illustrated in the following equations (Hong

et al. 2018):
CaCOs(s) = Ca* + COs* (4.9)
CaCOs(s) + CO, + H,0 = Ca* + 2HCO5 (4.10)
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CaCOs(s) + 2H* = Ca?** + CO, + H,0 (4.11)
An experiment was carried out using the same lab system by replacing 500 gm of the limestone
used previously with 500 gm of gypsum (2-5) mm particle size. The experimental conditions were
as follows: 40 min carbonation, 40 min aeration and 48 hr settlement. The CO; flow rate was 100
ml/min. Initial P concentration of 10 mg/l was used. Figure 4.42(a) show the results of Ca
concentration over the experiment time. It can be seen that after 40 min carbonation Ca
concentration increased to 607.2 mg/| then decreased to 559.8 mg/| after 40 min aeration, this
decrease continued during precipitation time to 520.8 mg/I. There was a small decrease in P
concentration during carbonation stage from 10.3 to 9.38 mg/I. At the end of aeration stage P
concentration dropped to 1.27 mg/| followed by further decrease to 0.69 mg/| at the end of
settlement stage as shown in Figure 4.42(b). Figure 4.42(c) show pH changes during experiment.
pH dropped from 6.85 to 5.16 during carbonation then increased to 6.78 during aeration, this
increase in pH value continued to 7.42 during the first 24 hr settlement followed by slight
decrease in the second 24 hr to 7.22. It can be seen that Ca concentration obtained by running
the system with 100 ml/min CO; flow rate using 500 mg of gypsum with 500 mg of limestone is
almost double the concentration when only limestone was used and at 750 ml/min CO; flow rate
under the same conditions and P concentration. It should be noted that the greater solubility of
CaSO4 means that the number of molecules that are precipitated out when brought past the
saturation point will be significantly higher than found with CaCOs under lower pH. The similar
solution mechanisms with the high solubility of gypsum mean that CaSO,4 should have a similar
reaction to changes in Pcoz. The decrease in Ca concentration during aeration and settlement
stages indicated that the precipitation reaction works with calcium sulphate as well. The recorded
drop in P concentration can suggest that calcium sulphate could be very effective at removing

phosphates from wastewater when they are present in high concentrations.
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4.7 Chapter Summary

This chapter has presented the data for running the process to remove phosphorus. It is possible

to draw the following conclusions:
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1.

10.

11.

12.

Different CO; flow rates were tested to optimize the parameters for the pilot plant. The
results clearly showed that CaCOs dissolution increased by increasing the volumetric CO;
flow rate and the duration.

XRD analysis showed that the precipitate formed from running the proposed system with
limestone and water in the absence of P to be calcite

A technique of removing phosphorus from wastewater was tested in this chapter. In all
test runs phosphorus concentration was reduced, indicating that the carbonation process
works as a treatment process to remove phosphate from solution.

All the tests showed a definitive and quantitative link between calcium and phosphate
concentrations in the solution. Based on the carbonation precipitation theory, it is
expected to see a drop in dissolved calcium concentration alongside a reduction in
phosphorus concentration after aeration. Sampling after aeration back this theory up.

P removal during aeration stage varied with aeration time. Most runs showed maximum
removal between 25 and 40 min. Lowest P concentration left in solution was 0.6 mg/I.
The major removal of P was found to occur during aeration stage. However, a decrease
in P concentration along with Ca concentration during settlement stage indicating further
removal of P.

In most of the test runs, the final effluent had calcium concentrations far in excess of the
initial concentration. These high calcium levels give the potential for further precipitation
and phosphorus removal.

It was confirmed that aeration is effective for elevating the pH of all solutions and for the
precipitation of P by degassing CO..

Removal of CO; by aeration, resulting in the precipitation of calcium carbonate and
calcium phosphate.

Calcite dissolution was clearly retarded by dissolved phosphorus concentrations and
water composition.

Under the operating conditions of the limestone reactor, the CO; flow rate of 0.75 ml/min
sets the maximum Ca concentration that can be achieved, in accordance with the
equilibrium Ca concentration. However, because of the limited time available in the
system, equilibrium is not reached.

The mass of P removal increased with increasing the initial phosphate concentrations
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13.

14.

PHREEQCI modelling has demonstrated that all solutions of 1.26, 3.55, 11.71,21.22 and
106.59 mg P/l are unsaturated with respect to the carbonate mineral phases calcite and
aragonite upon equilibration with atmospheric CO,. SI of HAP at low phosphorus
concentrations 1.26 and 3.55 were negative indicating unsaturated phase while at initial
P concentrations 11.74, 21.22 and 106.59 HAP was saturated.

Changing the carbonation column to closed unsaturated with 100 rpm circulation speed
at 100 ml/min CO, increased the Ca concentration to 201.0 mg/| after 40 min carbonation.
Ca concentration recorded in this case was greater than that in the open saturated
column when 750 ml/min of CO, was used. Using HCl instead of CO, to dissolve limestone
was effective in increasing the dissolved Caions in solution and reducing P concentration.
The effectiveness of using gypsum as a replacement reaction was gratifying. This is a very
low energy consuming were only 100 ml/min of CO, were applied and cheap material that
could easily be utilised, the resulting solution has a very high concentration of dissolved

Ca.



Chapter 5: Precipitate characterisation and removal Mechanisms
and laboratory experimentation on apatite

5.1 Introduction

Chapter 5 presents the results of precipitate full characterisation. Further to this, an investigation
on the dominant removal mechanisms in which two concentrations of P were used. This chapter
also include full characterisation of the two apatite media and their removal mechanism
investigation. All experiments included in this chapter were carried out in triplicate. The chapter

is split into the following sections:

Section 5.2: Precipitate characterisation — presenting and discussing the results of the precipitates
mineral and geochemical characterisation tests including XRD, Total carbon, total digest ESEM
and FEG-SEM

Section 5.3: Removal mechanism — Presenting and discussing the results of adsorption
experiment, sequential extraction of synthetic and real wastewater precipitate and zeta potential
charge of calcite

Section 5.4: Apatite — Presenting and discussing both media characterisation and removal
mechanisms

Section 5.5: Chapter summary and conclusions.

5.2 Precipitate Characterisation

5.2.1 X-ray diffraction results

The precipitate was collected from the laboratory system (see section 4.3 chapter 4). The first
group of samples was the precipitate collected from running P solution using deionised water in
preparation and P concentration of (2,10,20 and 100) mg/I Figure 5.1 (a-d). The second group was
the precipitate collected from running P solution using tap water in preparation and P
concentration of (In tap water P concentration, 2,10,20 and 100) mg/I Figure 5.2 (a-e). The third
XRD analysis was carried out on the precipitate produced from running a real wastewater sample
Figure 5.3. The experimental conditions for the collected precipitates were: 40 min carbonation,
60 min aeration, and 48 hr settlement. In each case, the XRD analysis is displayed as plots of total
counts against goniometric angle °2 Theta (°26). According to ion activity product calculation of
different calcium phosphate phases, several calcium phosphate may be formed, including

amorphous calcium phosphates (ACP), octacalcium phosphate (OCP, CasH(PO4)s-2.5H,0),
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tricalcium phosphate (TCP, Cas(P0O4),) and hydroxyapatite (HAP, CasH(PO4);0H), depending on the
pH and the composition of calcium and phosphate (H,PO4~ or HPO,%") of the solution. Calcium
phosphate precipitation depends on the formation of stable nuclei after which crystal growth
takes place, and on the degree of supersaturation. The state of supersaturation is generally
developed by increasing calcium, OH™ and phosphate concentrations in the solution. High total
Ca* concentration and high pH are normally required for the precipitation of calcium. Abbona
and Baronnet (1996) reported that ACP and octacalcium (OCP) could not be formed in an alkali
solution having a pH of above 8. Johansson and Gustafsson (2000) showed that
hydroxyapatite(HAP) is the major form of calcium phosphate precipitates and is connected to
strongly alkaline conditions (pH > 9) and large amounts of soluble Ca. In general, XRD patterns for
the precipitate of 2, 10, 20 mg P/L showed apparent well-ordered particle distribution of Ca
minerals within the precipitates this implies that most Ca precipitates are in the crystalline nature.
Whereas the XRD results suggested that the precipitate during the removal of phosphate by

calcite for the precipitate of 100 mg P/l was hydroxyapatite and calcium carbonate.
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Figure 5- 3 XRD trace for real wastewater precipitate of TP 9mg/I

5.2.2 Total Carbon and Total Digest Results

The percentage content by weight for the all precipitate is included in table 5.1. The experimental
conditions for the collected precipitates were: 40 min carbonation, 60 min aeration, and 48 hr
settlement. In general precipitates of initial P concentration of 2,10,20 were found to contain 30-
36 % calcium by weight and carbon content of 12-7.6% indicating that calcite is the main
precipitant. Precipitates of 100 mg P/l were found to have less calcium content 23-26% and less
carbon content not more than 2.7% indicating that hydroxyapatite is the precipitant in addition
to calcite thus showing good agreement with XRD results. Various phosphorus content according
to the initial concentrations were found in each sample. equation (5.1) describes the formation

of calcite in the presence of carbonate and equation 5.2 shows the formation of calcium

phosphate:
Ca®" + HCOs; + OH>CaC0s + H,0 (5.1)
2PO43— +3Ca%* - 3C33(P04)2 (52)

From equation 5.2 it can be seen that two phosphate ions replace three carbonate ions in order
to form calcium phosphate. Ishikawa and Ichikuni (1981) suggested that the vacancy created as a
result of orthophosphate substitution for carbonate ions in the calcite lattice structure is either
filled with an alkali halide like OH", CI', F" and Br" so the compound formed will be a variation of
apatite i.e hydroxyapatite or the vacancy created filled with Ca?* to form calcium carbonate again.
Based on Ca and carbon content included in table 5.1 and from the molar mass of CaCOs (100
g/mol) with 12:40 of C: Ca and the molar mass of CaPO,4 (135 g/mol) with 31:40 of P: Ca and by
assuming that all C content is in form of CaCOs; the proportion of both components can be

calculated.
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Table 5- 1: Results of total digest and total carbon %

Water type P Elements (weight content %) Carbon
concentration. (Ca P Mg Si Al Fe content %
mg/!

Deionised 2.28 33.93 0.423 0.068 1.432 0.19 0.233 11.8

water 10.38 31.57 3.731 0.093 1.336 0.349 0.187 9.6
20.74 30.44 7.015 0.062 0.92 0.276 0.122 8.2
100.66 23.38 13.27 0.186 0.81 0.11 0.14 2.7

Tap water 1.26 35.48 0.111 0.065 0.196 0.109 0.114 12.0
3.55 36.25 0.374 0.077 0.08 0.028 0.046 11.3
11.71 33.89 2.314 0.113 0.174 0.104 0.152 10.7
21.22 31.24 5.47 0.121 0.171 0.107 0.099 7.6
106.59 26.46 12.07 0.287 0.074 0.033 0.042 2.0

Real 9 30.29 2.365 0.132 0.233 0.195 0.173 9.6

wastewater

5.2.3 ESEM Results

ESEM images data were compared for the different precipitate samples. The first group was the
precipitate collected from running P solution using deionised water in preparation and P
concentration of (2,10,20 and 100) mg/I Figure 5.4, 5.5, 5.6 and 5.7. The second group was the
precipitate collected from running P solution using tap water in preparation and P concentration
of (In tap water P concentration, 2,10,20 and 100) mg/| Figure 5.8, 5.9, 5.10, 5.11 and 5.12. The
third analysis was carried out on the precipitate produced from running a real wastewater sample
Figure 5.13. The experimental conditions for the collected precipitates were: 40 min carbonation,
60 min aeration, and 48 hr settlement. The ESEM images shows that the precipitate has a
crystalline appearance changed to amorphous phase with the increase in phosphorus
concentration. By comparing the morphology of the precipitate resulted from DI, Tap and real
wastewater, it can be seen that the foreign ions presented in tap water and real wastewater do
not affect morphology of the precipitate. The ESEM images also correspond with the
interpretation of the XRD graphs suggesting a crystalline phase for low P concentrations and an
amorphous phase for the high concentration due to the formation of calcium phosphate
precipitate. The spectrum data for these samples listed in table 5.2 show good correspondence

with the results from ICP analysis for the element content. It is important to mention that carbon
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was excluded from any quantification as most of the carbon signal is from the carbon coat rather

than the sample.
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Figure 5- 4: SEM images for precipitates of 2.28 mg/I P,  Figure 5- 5: SEM images for precipitates of 10.38mg/| P,
DI water solution showing the crystalline structure DI water solution showing the crystalline structure
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Figure 5- 6: SEM images for precipitates of 20.71mg/I P, Figure 5- 7: SEM images for precipitates of 100.66mg/|
DI water solution showing the crystalline structure

§

'vAccV Spot Magn  Det WD — 10 pm
hIQO.OkV 40 5000x BSE 10.0

Figure 5- 8: SEM images for precipitates of 1.26mg/I P, Figure 5- 9: SEM images for precipitates of 3.55 mg/I P,

tap water solution showing the crystalline structure tap water solution showing the crystalline structure
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Figure 5- 10: SEM images for precipitates of 11.74 mg/l  Figure 5- 11: SEM images for precipitates of 21.22 mg/I

P, tap water solution showing the crystalline structure P, tap water solution showing the crystalline structure
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Figure 5- 12: SEM images for precipitates of 106.59 Figure 5- 13: SEM images for precipitates of real
mg/| P, tap water solution showing the amorphous wastewater, showing the crystalline structure
structure

Table 5- 2: Emission spectrum data from ESEM analysis of samples from figures 5.4 to 5.13

1 0,

dewrptionref, hecap PWI% OWt% Siwtx Mgt U
Precipitate of 2 54 6794 0.39 30.39 0.13 0.0 100.00
mg/I P and DI water
Precipitate of 10 5.5 @ 66.91 2.05 30.52 0.28 0.0 100.00
mg/I P and DI water
Precipitate of 20 5.6 @ 59.7 4.0 35.15 0.4 0.0 100.00
mg/I P and DI water
Precipitate of 100 5.7 @ 36.76 21.6 40.68 0.95 0.0 100.00
mg/I P and DI water
Precipitate of tap 5.8 @ 33.76 0.3 65.93 0.0 0.0 100.00
water P solution
Precipitate of tap 5.9 @ 31.66 0.29 68.05 0.0 0.0 100.00

water P + 2mg/l P

solution



H ()

dowription1ef, nocap  PWI% OW%  Siwt%  Mgwi I
Precipitate of tap 5.10 52.52 0.31 46.91 0.25 0.0 100.00
water P + 10mg/| P
solution
Precipitate of tap @ 5.11 34.87 1.79 63.17 0.17 0.0 100.00
water P + 20mg/| P
solution
Precipitate of tap 5.12 27.33 16.96 52.85 0.56 0.3 100.00
water P+100mg/l P
solution
Precipitate of real 5.13 25.42 0.19 74.23 0.16 0.0 100.00

wastewater sample

5.2.4 FEG- SEM Results

FEG-SEM analysis has carried out to show the elemental distribution with the precipitate. The first
group was the precipitate collected from running P solution using deionised water in preparation
and P concentration of (2,10,20 and 100) mg/| as shown in figures 5.14,5.15,5.16 and 5.17
respectively. The second group was the precipitate produced from running a P solution using tap
water in preparation and P concentration of (In tap water P concentration, 2,10,20 and 100) mg/I
as shown in figures 5.18,5.19,5.20,5.21 and 5.22 respectively. The third sample was the
precipitate produced from running a real wastewater sample as shown in figure 5.23. The
experimental conditions for the collected precipitates were: 40 min carbonation, 60 min aeration
and 48 hr settlement. This analysis is clearly showing that P is present in the precipitate and
distributed across the sample with calcium distributed uniformly over each sample indicating
close association between Ca and P as there was no patches of P concentrated in one spot so the
P coverage was uniform. At high P concentration, carbon presence was less suggesting that the
precipitate is calcium phosphate while when carbon was concentrated more than phosphorus
indicating calcium carbonate formation and this agrees with XRD, total carbon and total digest
results. The results also showing that the presence of foreign ions in the tap water and

wastewater did not affect P distribution within the precipitate.
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Figure 5- 14: FEG-SEM images showing elements distribution for 2.28 mg P/I precipitate. Deionised water solution
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Figure 5- 15: FEG-SEM images showing elements distribution for 10.38 mg P/I precipitate. Deionised water solution
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Electron Image 6
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Figure 5- 16 FEG-SEM images showing elements distribution for 20.71 mg P/| precipitate. Deionised water solution
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Figure 5- 17: FEG-SEM images showing elements distribution for 100.66 mg P/| precipitate. Deionised water solution
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Figure 5- 18: FEG-SEM images showing elements distribution for 1.26 mg P/I precipitate. Tap water solution
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Figure 5- 19: FEG-SEM images showing elements distribution for 3.35 mg P/I precipitate. Tap water solution
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Electron Image 17
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Figure 5- 20: FEG-SEM images showing elements distribution for 11.74 mg P/I precipitate. Tap water solution

Electron Image 20
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Figure 5- 21: FEG-SEM images showing elements distribution for 21.22 mg P/l precipitate. Tap water solution

1ym



Electron Image 22
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Figure 5- 22: FEG-SEM images showing elements distribution for 106.59 mg P/| precipitate. Tap water solution
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Figure 5- 23: FEG-SEM images showing elements distribution for 9.0 mg P/I precipitate. Real wastewater solution

1pm

5.3 Removal mechanism

The mechanism of removal of phosphate species on surface or onto the pores between the
structure depends on different factors such as the solubility of the adsorbent in the aqueous
medium, the chemical composition and the nature of phosphate species (Hanna et al. 2008).
Sindelar et al. (2015), Song et al. (2006) and Wang et al. (2012b) have shown the following

common features: the initial rapid uptake of phosphate onto calcite occurs through surface
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adsorption, which is then followed by a slow transformation of amorphous calcium phosphate
prior to nucleation or precipitation of calcium phosphate. Dove and Hochella (1993) both showed
that P can be incorporated into active crystal growth sites. Liu et al. (2012) has proven that the
reaction mechanisms of phosphate with calcite can be either adsorption at a low concentration,
typically less than 4.64 mg/| or precipitation under high concentrations. The aim of this section is
to work out a dominant mechanism of adsorption or precipitation using batch test by adjusting

the initial POs> concentration, reaction time and pH.

5.3.1 Removal kinetics

The kinetics of phosphate removal by calcite precipitated by running the process with limestone
and DI water are shown in Figure 5.24(a) and Figure 5.25(a) as a function of contact time.
According to Figure 5.24(a) and 5.25(a) at initial P concentration of 2 mg/l and 10 mg/I
respectively. Initially a plateau was observed indicating surface adsorption of P. The plateau lasted
for 24 hr then followed by an abrupt drop. The duration of plateau signifies an induction time and
the abrupt drop points may signify the change in the removal mechanism from adsorption to
precipitation. The results from both figures showing that it took 24 hr to drop from 10 to 8 mg/I,
while the P concentration of initial 2 mg/| dropped to only 1.88 mg/| during 24 hr for all initial pH
levels. Sg et al. (2011) observed the sudden decrease in P concentration after 24 hr reaction time
with initial concentration of 10 mg/I and this observation is in agreement with our result. Figure
5.24(b) presents the change in Ca concentration over the reaction time for initial P concentration
of 2 mg/l. It can be seen that Ca concentration decreased with increasing pH value during the
whole reaction time. The same trend has been observed for initial P concentration of 10 mg/I as
shown in Figure 5.25(b). it should be noted that Ca concentrations for initial P concentration of 2
mg/| were higher than for the initial P concentration of 10mg/| for pH values of 8 and 9 indicating
calcite dissolution was clearly retarded by dissolved phosphorus (Montes-Hernandez et al. 2009).
Whereas for pH 7 Ca concentrations were lower for initial P concentration of 2 mg/I. Figure 5.24(c)
presents the change in pH over the reaction time for 2 mg/l initial P concentration. It can be seen
that at lower initial P concentrations and at initial pH of 7 and 9, pH value saw a slight increase
during the first 24 hr and this increase fluctuated over the remaining time. At initial pH 8, pH value
showed an obvious decrease within the first 6 hr and increased later. For 10 mg/I initial P
concentration and at initial pH of 7 and 8, pH value saw a slight increase during the first 6 hr and
this increase fluctuated over the remaining time. At initial pH 9, pH value showed an obvious
decrease within the first 6 hr and increased after that as shown in Figure 5.25(c). For both initial
concentration of 2 and 10 mg/| the increase in pH level after 24 hr may be attributed to the

formation of hydroxyapatite indicating the precipitation as the dominant mechanism after 24 hr
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contact time. In general, the results showed that Ca dissolution and P removal is comparatively
higher in the slightly basic pH region of pH 7 and decreases for higher pH values of 8 and 9 for the
initial P concentration of 2 and 10 mg/I. The same observation were made by Cowan et al. (1990)
while House et al. (1986) reported the opposite. Mangwandi et al. (2014) found that the
adsorption of phosphate is pH dependent and phosphate adsorption favoured acidic conditions.
On the other hand Xu et al. (2014) reported the opposite when pH less than 8, phosphate at low
concentration initially presented low sorption affinity on calcite and a significant decrease in the
dissolved phosphate concentration due to increased precipitation on calcite mineral with
increasing phosphate concentration. Sg et al. (2011) found that the adsorption of phosphate onto
calcite is time dependent and adsorption only occurred in a short time less than 24 hr. Because
precipitation is a continuation of surface complexation, it is expected that adsorption would
dominate in the beginning of the process followed by precipitation. The transition between
adsorption and precipitation is time dependant and can be linked to the concentration of the
negative surface sites, as well as an increase in the calcite dissolution which promotes the
formation of Ca-P compounds (Perassi and Borgnino 2014). By comparing Ca concentration at the
end of experiment with the expected Ca concentration in equilibrium with HAP (figure 2.2 section
2.3.3 chpter 2) it can seen the Ca concentration inline with the expected concentration for the
batches of 2 and 10 mg P/l at pH 7 and 8 while the Ca concentration of batches 2 and 10 mg P/I
at ph 9 is higher that the expected concentration. It is well known that precipitated Ca-P phases
in agueous solutions mainly include dicalcium phosphate (DCPD), octacalcium phosphate (OCP)
and hydroxyapatite (HAP). OCP and DCPD, however, have been regarded as precursors of HAP or
the metastable phases of Ca-P because that they are kinetically favourable (Cao et al. 2007; Wang
et al. 2012a). At the final pH levels ranged between 7.4 and 9.1, the dominant forms in solution
were HPO,*, Ca**and COs? . The removal reactions can be described through the following
reactions (Wang et al. 2012a). The first reaction occurs when pH is low and resulted in amorphous
calcium phosphate formation which then transform to HAP. The second and third reaction

resulted in the formation of HAP directly in higher pH range (Suzuki et al. 2002).

Ca® + HPO,? = CaHPO, (5.3)
10 Ca** + 6P043— + 20H = Clo(PO4)5(OH)z (5.4)
10CaC0; +2H" + 6HPO,Z + 2H,0 = Ca10(PO4)s(OH), + 10HCO5 (5.5)
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Figure 5- 24: (a) change in P concentration with time (b) change in Ca concentration with time (c) change in pH
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Figure 5- 25: (a) change in P concentration with time (b) change in Ca concentration with time (c) change in pH

concentration with time. For initial 10mg/I P

Figure 5.26 ( a and b) show the ESEM images for the 2 and 10 mg/| initial P concentration

precipitate from the adsorption experiment. Corresponding EDX analyses for samples from Figure
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5.26 (a and b) revealed the precence of O and Ca as the main elements for both initial
concentrations with wt% of (60 and 39.4) respectivly for initial P concentration of 2 mg/l . While
For initial P concentration of 10 mg/l, O and Ca content was (44.5 and 35.4) respectively. No
phosphorus was detected for both samples. When SEM/EDX was found not to be sufficiently
sensitive, X-ray photoelectron spectroscopy (XPS) was used to determine the presence or absence
of phosphate at the calcite precipitate surface. The advantage of XPS is that the escape depth of
the secondary electrons is shallow, and so is more likely to detect monolayer deposits. The XPS
spectra for precipitate of the two concentrations of 2 and 10 mg/| clearly confirm that P was
present onto the surface of calcite for both concentrations as shown in Figure 5.27 (a and b). The
appearance of P in these figures represented by 2P peak. The XPS composition data confirmed
that the amount of phosphonate on the surface of the calcite increased with increasing P
concentration, P 0.72 % for the 2 mg/l and 1.82% for the 10 mg/|. Although, EDX did not show
phosphorus on the surfaces of calcite exposed. That is, no particles or crystals were seen on the
surfaces under SEM, so the layers would have to be less than the resolution of the SEM (1-10 nm).

This is consistent with the results from adsorption test that the adsorbed layers are very thin.

(a) (b)

Figure 5- 26: ( a and b) ESEM images of the 2 and 10 mg/l initial P concentration in the adsorption experiment
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Figure 5- 27: (a and b) XPS showing elements distribution on the surface of 2 and 10 mg/l initial P concentration in the

adsorption experiment

5.3.2 Zeta potential

The surface charge of calcite is considered as one of the main factors controlling adsorption/
precipitation in the calcite/water system. Zeta potential measurements of calcite in water were
performed on three solutions. The first solution was calcite precipitate in DI water, the second
was calcite precipitate in 2mg/l P solution and the third was calcite precipitate in 10mg/l P
solution. The pH levels were 6,7,8,9,10,11 and 12. Zeta potential measurements of calcite in water
showed that the calcite precipitate has a negative charge in the examined pH range and the pHpzc
was not within that examined range. On the other hand, Xu et al. (2014) reported the point of
zero charge (PZC) of calcite occurs at about pH 9.2. When negatively charged ions of PO, were
added to the solution, it is observed that the surface of calcite gained more negative charge and
it increased by increasing P concentration as the presence of specific anions in solution can make

the surface more negatively charged. Figure 5.28 showed the zeta potentials of calcite precipitate
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and after adding P into solution. This can explain the results from the adsorption test, SEM and
XPS analysis as the formation of outer surface complexes may not occur as calcite was negatively
charged so the electrostatic interaction between the adsorbate represented by PO,3 and the
adsorbent surface that could change the surface charge is minimum. Thus, it is clear that a specific
precipitation rather than adsorption existed between the phosphate and calcite as a main
removal mechanism. Same observation has been highlighted by Su et al. (2013); Huang et al.
(2008). Karageorgiou et al. (2007) pointed out that the effects of pH on the removing of
phosphates are essentially depending on the isoelectric point of the adsorbent surface. For
calcite, from zeta-potential measurements it was found that the surface of calcite gained more

negative charges as the pH increases.

Calcite Calcite with 2mg P/L Calcite with 10mg P/L

-10

-15

ZPC (mV)

-20
-25
-30

-35
pH

Figure 5- 28 Zeta Potential of calcite as a function of pH

5.3.3 Sequential extraction

The sequential analysis for the synthetic wastewater precipitate suggests that the majority of the
phosphorus (79.8%) within the sample is located within the authigenic apatite plus CaCOs- bound
P plus biogenic apatite phase, while the remainder is broadly held within the exchangeable or
loosely sorbed P phase (18.1%). Only minor quantities are located within the detrital apatite plus
another inorganic P phase (2.1) as shown in Figure (5.29a). Figure (5.29b) shows the distribution
of phosphorus throughout the sequential extraction phases applied to the precipitate collected
from real wastewater sample through the lab system. The authigenic apatite plus CaCOs - bound
P plus biogenic apatite phase is again prevalent with (72.2%) of phosphorus located within this
phase. The remainder is held within the exchangeable or loosely sorbed P phase (12.7%). The
most significant difference, compared with synthetic precipitate, is the increased proportion of
phosphorus located within the detrital apatite plus another inorganic P phase (14%) phase. This

suggests that most of the phosphate is present in calcium phosphate minerals.
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Figure 5- 29 shows the distribution of phosphorus throughout the sequential extraction phases applied to the

precipitate collected from (a) synthetic solution precipitate (b) real wastewater precipitate

5.4 Laboratory Experiments with Apatite

This section provides a laboratory study on two types of apatite pellets which were used in the
field trial.

5.4.1 Media Characterisation

The media used in this chapter were two types of apatite, as shown in Figure 5.30. The physical

and chemical properties are listed in table 5.3 below.

Figure 5- 30: Media 1 and 2

162



The chemical composition of both media was determined using Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES). This was carried out through the digestion of the
sample (as described in the material and methods chapter). The fully digested sample analysed
for the presence of the following elements (calcium, silicon, magnesium iron, aluminium,
phosphorus, sulphur, sodium, potassium, manganese, and zinc) as shown in table 5.4. The Ca and
P content of Media 1, and 2 was close to the apatite used by (Molle et al. 2005; Bellier et al.
2006). Total carbon was performed to determine the carbon content using a Leco SC-144DR
furnace (see section 3.4.2 chapter 3). Carbon content in media 1 and media 2 was 2.1% and 1.9

% respectively.
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Table 5- 3: Physical and chemical properties for both media

Properties Media 1 Media 2
Colour Light cream - Grey Brown
Particle size (mm) 3-8 3-8
Odour Odourless Odourless
Physical state Solid Solid

Table 5- 4: Results of total digest

Element %inMedial % in Media2

ca 32.2 29.3
Si 7.5 2.4
Mg 0.4 0.6
Al 0.7 0.2
e 0.3 2.3
b 11.3 10.9
s 0.8 51
Na 0.6 0.9
K 0.2 0.2
Mn 0.009 0.007
n 0.02 0.01



Both media were characterized by the X-ray diffraction method to detect the main mineralogical
components. Figure 5.31 (a, b) represents the x-ray diffraction of the grey and brown media
respectively. The x-ray patterns indicated that the dominant mineral in media 1 was
hydroxyapatite with a minor amount of silicon dioxide, and the dominant component in media 2
was fluorapatite with gypsum.

The morphology and appearance of the pellets produced was studied using a Scanning Electron
Microscope (SEM). This analysis was carried out at the Cardiff University School of Earth and
Ocean Science by the author with the assistance of a laboratory technician. Micrographs are
presented of 50 um. Both pellet sizes were found to have similar, rough surface. There are valleys
in the pellets surface which will assist in the contact of the pellet with the water as shown in

Figure 5.32 (a and b).
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Figure 5- 31: XRD results (a) media 1 (b) media 2
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Figure 5- 32: ESEM images for (a) media 1 (b) media 2

5.4.2 Removal Mechanism

To thoroughly understand the removal mechanism for both media, batch tests were conducted
using 1 and 5 g of pellets of each media in 100 ml of tap water shaken for 168 hr. Table 5.5 present
the working condition for each batch test. Artificial orthophosphate solutions were used
throughout the adsorption tests. Initially, a stock solution of 100 ppm orthophosphate was
prepared by dissolving a certain amount of chemically pure K;HPO,4. An aliquot of the stock
solution was mixed with a specific volume of water so that a phosphate solution was prepared at
the desired experimental concentration of P concentration in tap water, 2 and 10 mg/I. pH value
was the pH of tap water 6.7. After the set time had elapsed, 0.45 um filters were used to filter the
suspension, and the supernatants were analysed for Ca, and P. For 1 g of media 1, It was observed
that Ca concentration slowly increased over the first 48 hr, the increase in the concentration
continued to the end of the contact time. A small decrease in P concentration from the initial
concentration observed during the first 24 of contact time, this decrease continued over the 120
hr. P concentration was 0.43 after 168 hr contact time as shown in Figure 5.33(a). pH values
increased over the 1st 24 hr then decreased to almost the same initial value by the end of the
contact time as shown in Figure 5.33(b). By increasing P concentration to 2 mg/l and 10 mg/I as
shown in Figure 5.34(a, b) and 5.35(a, b) the same trend was observed regarding Ca, P and pH. It
was observed that the final Ca concentration decreased by increasing the initial P concentration
from 1.2 to 2 and then to 10 mg/l indicating the inverse relation between Ca dissolution and initial
P concentration due to the effect of phosphorus in retarding the dissolution. pH did not show any
significant change during the contact time for all P concentrations and that might be due to the

acidic nature of the KH,PO, used to create the stock solution that might neutralise the pH. By
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increasing the amount of the media to 5 g, the same trend was observed in Ca and P with the 3
mg/| initial P concentrations as shown in Figure 5.36(a), 5.37(a) and 5.38(a). A noticeable increase
in pH level was highlighted over the contact time as shown in Figure 5.36(b), 5.37(b) and 5.38(b).
The increase in pH values might be attributed to the increase in the amount of the media. The
same procedure was applied to Media 2, using the same P concentrations of 1.2, 2 and 10 mg/I
the changes in P, Ca and pH values over the reaction time were as shown in Figures 5.39(a, b),
5.40(a, b) and 5.41(a, b). It was observed that by using only 1 g of this media the Ca concentration
at the end of the contact time was between 300- 400 mg/| for the 3 mg/I initial P concentration.
It was also noticed that there was a noticeable increase in pH level to around 9. By increasing the
amount of media to 5 g, Ca concentration increased to around 500 mg/| by the end of the contact
time for all P concentrations while the pH level was almost the same to that pH when 1 g of the

media used as shown in Figure 5.42(a, b), 5.43(a, b) and 5.44(a, b).
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Batch test
number
1

2

10
11

12

Table 5- 5: Working conditions of the adsorption tests

P Concentration mg/|

1.2 (Tap water P concentration)
2 +initial tap water P
concentration
10 + initial tap water P
concentration
1.2 (Tap water P concentration)
2 +initial tap water P
concentration
10 + initial tap water P
concentration

1.2 (Tap water P concentration)

2 +initial tap water P
concentration

10 + initial tap water P
concentration

1.2 (Tap water P concentration)

2 +initial tap water P
concentration

10 + initial tap water P

concentration

Media
type
Media 1

Media 1

Media 1

Media 1

Media 1

Media 1

Media 2

Media 2

Media 2

Media 2
Media 2

Media 2

Pellets dosage

g
1

1

Figure
number
5.33 (aand b)

5.34 (aand b)

5.35(aand b)

5.36 (aand b)
5.37 (aand b)

5.38 (aand b)

5.39 (aand b)

5.40 (aand b)

5.41 (aand b)

5.42 (aand b)
5.43 (aand b)

5.44 (aand b)
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Figure 5- 36(a and b): changes in P, Ca and pH values over the reaction time. At P concentration 1.2 mg/| and 5g of
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Figure 5- 37(a and b) changes in P, Ca and pH values over the reaction time. At P concentration 2mg/I and 5g of
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Figure 5- 40(a and b) changes in P, Ca and pH values over the reaction time. At P concentration 2 mg/l and 1g of
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Figure 5- 42(a and b) changes in P, Ca and pH values over the reaction time. At P concentration 1.2 mg/l and 5g of
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The final phosphorus concentration results are plotted against the corresponding initial
concentrations in Figure 5.45. Although, Ca concentration and pH level of Media 2 were higher
than Media 1 for the initial P concentration of 1.2 and 3.2 mg/|, it can be seen that pellets of
media 1 remove slightly more phosphorus than media 2 pellets and that might suggest that the
removal mechanism of P by media 1 was adsorption while precipitation was the removal
mechanism by which P removed using media 2 for the initial P concentration of 1.2 and 2 mg/I
when the dosage was 1 g. For the initial P concentration of 10 mg/l media 2 showed better
removal for the same dosage. By increasing the dosage to 5 g for each media, it can be seen that
media 1 remove more phosphorus than media 2 for all initial P concentrations. It should be noted
that by increasing the dosage from 1 to 5 g, media 1 showed better removing of P and that
increased with increasing the initial P concentration. While the increase in the amount of media
2 gave an opposite result with almost consistent final concentration of around of 0.62 mg/| for 1g
and 0.75 mg/| for the 5g for all the initial P concentrations. These tests become more meaningful
if the data are processed to provide the adsorption capacity at equilibrium (mg/g). This allows the
phosphorus removed in terms of milligrams of phosphorus (as milligrams of total phosphorus
removed per gram of pellets) to be plotted against the relevant equilibrium concentration, as
shown in Figure 5.46 The mass of P adsorbed per mass of adsorbent (q) in mg/g was calculated
using equation (5.6).
g= "y (5.6)

where C, and C. are the initial and equilibrium P concentrations, respectively in the solution
(mg/l1), V represents the volume of the solution (), and m is the mass of the adsorbent (g).

In the range of equilibrium concentrations 0.22 — 1.0 mg/l both media are removing 0.01 -
1.1mg/g which were low compared to those found in the literature (2.7 — 4.8 mg P/I apatite)
(Molle et al. 2005). Figure 5.47 shows the variation of final Ca concentration with initial
phosphorus concentration. An increase in initial phosphorus concentration resulted in a decrease
in Ca concentration released from media 1 when 1 g of that media were used indicating the
retarded force to calcium dissolution by increasing P concentration. While the opposite was
observed by using 1 g of media 2 were Ca concentration increased by increasing the initial P
concentration. By Increasing the amount to 5 grams, Ca concentration released from media 1 was
almost constant for all P concentration to around 96.8 mg/I, and the same trend was observed
for media 2 were Ca concentration was around 523.6 mg/l except when P concentration was 10
mg/| the Ca concentration was 463.2 mg/I. It can be seen that Ca concentration released from
media 2 was more than from media 1 and that is due to the gypsum content in media 2 as shown

in the XRD analysis for that media. Figure 5.48 shows the variation of final pH with mass of p
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removed. Best pH conditions are conflicting as a low pH would favour Ca dissolution and a high
pH would favour HAP precipitation. All final pHs of Media 1 in the case of 1 g were below 9 which
is the lower limit for calcium phosphate precipitation stated by Johansson and Gustafsson (2000).
This could suggest adsorption to the available adsorption sites to be the dominant removal
mechanism especially as the range of Ca concentration released from this media is above the
minimum level of Ca recommended for Ca-P precipitation of 40 — 60 mg/| suggested by Jang and
Kang (2002). The final pH of media 1 in the case of 5 g ranged from 9.9-10.7 suggesting the
potential presence of a calcium phosphate precipitation mechanism especially with the increased
level of calcium. The final pH for media 2 was 8.4 — 8.7 for the 1 g and 8.1 for the 5 g for all
concentrations. Media 1 pellets resulting in a consistently higher final pH than media 2 pellets for
the 5 grams dosage. This suggests a link between a higher range of final pHs and improved
removal. Papers such as (Johansson and Gustafsson 2000) suggest that high pH is necessary for
efficient calcium phosphate precipitation. In this experiment adsorption was seen to be the main

removal mechanism involved.
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Figure 5- 45: Comparison between Media 1 and 2 performance. For initial P concentrations of 1.2, 2 and 10 mg/I. the
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Figure 5- 46: Adsorption isotherm data for batch tests on the pellets of Media 1 and 2. For initial P concentrations of

1.2, 2 and 10 mg/I
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5.5: Chapter summary and conclusions.

1. XRD analysis performed on precipitate samples taken from the bottom of the settlement
beaker after the process had been completed proved that the calcium and phosphorus
precipitation/sorption process was occurring and calcite is the dominant precipitate for
the solutions of P ranged between (1-20mg/l) whereas hydroxyapatite and calcite are the
precipitates with initial P concentration of 100 mg/| for both DI and tap water solutions.

XRD results of a precipitate from real wastewater sample of an initial P concentration 9
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mg/l indicated that the main precipitate was calcite. These findings were in line with total
carbon and total digest results.

ESEM analysis showed that the morphology of the precipitate changes from crystalline to
amorphous by increasing initial P concentration. This analysis also showed that the
foreign ions presented in tap water and real wastewater do not affect the morphology of
the precipitate.

FEG-SEM analysis clearly showed that P is present in the precipitate and distributed
across the sample with calcium distributed uniformly over each sample indicated close
association between Ca and P as there was no patches of P concentrated in one spot so
the P coverage was uniform. The results also showing that the presence of foreignions in
the tap water and wastewater did not affect P distribution within the precipitate.
Adsorption tests with synthetic P solution of (1.2 mg/l and 10 mg/l) revealed that the
dominant removal mechanism of phosphorus was by precipitation. Adsorption was at the
beginning of the process. The adsorbed phosphorus was not detectable by EDX under
SEM examination but could be detected by XPS indicating the formation of very thin layer
on calcite surface. Zeta potential charge indicated that calcite surface has a negative
charge over the examined pH rage increased with the addition of P, this is in agreement
with the results from the adsorption test, SEM and XPS analysis suggesting precipitation
as the main mechanism as the formation of outer surface complexes may not occur as
calcite was negatively charged so the electrostatic interaction between the adsorbate
represented by PO, and the adsorbent surface that could change the surface charge is
minimum.

Sequential extraction experiment indicated that calcium phosphate is the main phase in
both synthetic P solution and real wastewater sample and very little loosely sorbed phase.
XRD results indicated that the main mineral of media 1 was hydroxyapatite and
fluorapatite was the dominant component of media 2.

ESEM analysis showed that media 1 and 2 were found to have similar, rough surface.
Media 1 and 2 adsorption tests indicated that adsorption is the dominant mechanism at
low pH and Ca concentration with potential calcium phosphate precipitation when pH

greater than 9 at high Ca concentration.



Chapter 6: P removal — Field trials results and discussion

6.1 Cardiff university field trial - results and discussion

This section presenting the results obtained by running Cardiff university field system trial at
different operational parameters and a relevant discussion to the main finding is provided at the

end of this section.

6.1.1 Inlet phosphorus concentration measured during the experimentation time

There was a variation in the Inlet flow of the total phosphorus concentration through the field
trial period. The initial concentration ranged between 10.3 and 1.0 mg/| as shown in Figure.6.1.
Sample dates are shown in table 6.1. The dissolved concentration was close to the total
concentration. PO4-P represents the major, but not the only form of phosphorus in the raw
wastewater. The principal form of phosphorus that is removed by chemical precipitation is soluble
orthophosphate ions. In this project limestone was used to remove phosphorus from wastewater
in the form of orthophosphate (PO4-P) as shown in the equation below, the presence of other

forms might affect the removal by limestone.

3Ca* + 2P0,* = 3Ca3(P0a)z 5 i
11
10 -‘ n
9 -
% 8- o 1 °F
E 7.
c f ﬂ
0 0 - ol
.E ‘- o o E E. ° | Total P
E - 1 o o A Dissolved P
g . o [ ] @ PO4-P
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Figure 6- 1: P concentrations measured in the influent during experimentation. Dates of sampling presented in table

6.2

Table 6- 1: show the dates of sampling

Sample

1 2 3 4 5 6 7 8 9 10
No.

Date 2/7/18 | 5/7/18 @ 26/7/18 9/8/18 = 13/8/18 16/8/18 = 20/8/18 23/8/18 13/9/18 17/9/18
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6.1.2 Calcium and Phosphorus concentrations measured through field system stages at

inlet flow of 6 I/min

The first day of sampling was on 2/7/2018. The working parameters were set as shown in table
6.2. CO, flow rate was adjusted 6 |/min. The initial inlet wastewater flow rate was 6 I/min and the
circulation flow rate through the limestone column was 12 |/min. It can be seen from Figure 6.2
that Ca concentration after 50 min carbonation increased due to the formation of carbonic acid,
increasing acidity lead to drop in pH to 5.8 resulted in calcite dissolution and free Ca ions into
solution. Alkalinity and conductivity increased accordingly. After approximately 20 min aeration
there was a decrease in Ca concentration and an increase in pH as a result of CO; degassing.
Acidity decreased while alkalinity and conductivity were almost the same as the carbonation
stage. There was very small drop in Ca concentration after approximately 5 hr settlement while
there was a decrease in alkalinity and acidity dropped to zero. The circulation flow was then
adjusted to a 10 I/min instead of 12 |/min due to a leaking problem in the limestone cylinder
because of the water pressure inside it was too high. By reducing the circulation flow to 10 |/min,
the increase in Ca concentration after 50 min carbonation was less than that at 12 |/min the
increase in acidity was also less than previously with pH dropped to the same previous level. A
drop in the concentration was observed after aeration stage as expected due to the increase in
pH. There was no decrease in Ca concentration after the 5 hr settlement. The circulation flow was
then adjusted to 3 I/min instead of 10 I/min due to the leaking problem in the limestone cylinder.
The increase in Ca concentration after carbonation was very small so as the acidity and the drop
in pH was less than before as well indicating that the circulation flow was very low to achieve
sufficient Ca concentration after carbonation. Due to the very low Ca concentration, the
circulation flow adjusted to 7 |/min instead of 3 I/min. By increasing the circulation flow to 7 I/min,
there was an increase in Ca concentration after 50 min carbonation due to the increased
circulation flow but less that at 12 and 10 mg/l. The acidity increased to the same level as when
the flow rate was 12 |/min, pH dropped to 5.8. By keeping the circulation flow rate adjusted on 7
I/min for the next two times, the same trend was observed in the three stages. Figure 6.3 show
the changes in P concentration over the process stages and according to the changes in circulation
flow and Ca concentrations. As previously mention in section 6.1.1 that the inlet P concentration
was varide and ranged between 10.3 and 1.0 mg/I. only small decrease in P concentration was
noticed after aeration stage when the initial P concentration was 10.3 by using 10 I/min
circulation flow whereas there was almost no daecrease in other concentrations. Tables 6.3, 6.4,
6.5, 6.6, 6.7 and 6.8 listing some of the related parameters. Each table present the readings

according to a certain working parameter.
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Table 6- 2: Working parameters on site

Aeration Settlement

Carbonation Stage Stage Stage Date
Inlet Flow Circulation Flow Carbonation . . .
Rate (I/min) Rate (I/min) Time (min) Time (min) Time (hr) DD/MM/YY
6 12 50 20 5 02/07/2018
6 10 50 20 5 05/07/2018
6 3 50 20 5 26/07/2018
09,13 and
6 7 50 20 5
16/08/2018
—m—inlet flow 6, circulation flow 12 |/min —=—inlet flow 6, circulation flow 10 I/min
—m—inlet flow 6, circulation flow 3 I/min —®—inlet flow 6, circulation flow 7 |/min
inlet flow 6, circulation flow 7 |/min* inlet flow 6, circulation flow 7 |/min**
180
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Figure 6- 2: Calcium concentration measured during field trial. At inlet flow 6 \min and at different circulation flow
rates. Trial conditions: Carbonation for 50 min, Aeration for 20 min, Settlement for 5 hr. Stars refer to number of

times
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—m—inlet flow 6, circulation flow 12 |/min —#—inlet flow 6, circulation flow 10 I/min
inlet flow 6, circulation flow 3 1/min —m—inlet flow 6, circulation flow 7 |/min
inlet flow 6, circulation flow 7 |/min* inlet flow 6, circulation flow 7 |/min**
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Figure 6- 3: Total phosphorus concentration measured during field trial. At inlet flow 6 I\min and at different
circulation flow rates. Trial conditions: Carbonation for 50 min, Aeration for 20 min, Settlement for 5 hr. Stars refer to

number of times

Table 6- 3: parameters measured during the field experimentation at 6 |/min inlet flow and 12 |/min circulation flow

Sample point TSS Alkalinity Acidity DO Temp Conductivity

System Stages mg/l as . pH 1

No. mg/I g/l (mg/1) C HScm
CaCOs
Inlet Flow 1 52 89 0 10.3 20.9 8.5 497
After 2 40 352 510 2.5 22.7 5.8 851
Carbonation

After Aeration 3 32 354 190 6.4 24 6.9 846
Outlet Flow 4 25 314 0 0.5 22.9 6.7 859

Table 6- 4: parameters measured during the field experimentation at 6 |/min inlet flow and 10 I/min circulation flow

Sample point  TSS Alkalinity Acidity DO Temp Conductivity

System Stages mg/l as o pH 1

No. mg/| g/l (mg/l) C HScm
CaCo;
Inlet Flow 1 44 57 50 6 21.7 7.1 882
After 2 33 251 450 1.4 25.7 5.7 1074
Carbonation

After Aeration 3 24 255 190 6.6 23.4 6.7 1070
Outlet Flow 4 17 254 178 1.6 23.4 6 1110
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Table 6- 5: parameters measured during the field experimentation at 6 |/min inlet flow and 3 I/min circulation flow

System Stages

Inlet Flow
After
Carbonation
After Aeration

Outlet Flow

Sample point

No.
1
2

s Aoty
me/l cacos
56 98
40 152
33 155
22 148

Acidity

g/l
54
85

66
49

DO
(mg/1)

2.1
34

4.6
1.6

Temp
°C

24.32
24

22.8
25.5

7.2

6.6

6.7
6.7

Conductivity
puScm

596
625

625
704

Table 6- 6: parameters measured during the field experimentation at 6 |/min inlet flow and 7 I/min circulation flow

System Stages

Inlet Flow
After
Carbonation
After Aeration

Outlet Flow

Sample point

No.

1
2

TSS  Alkalinity

mg/ mg/l as
| CaCO;
56 83
43 170
31 195
21 185

Acidity

g/l
90
565

194
185

DO
(mg/1)

6.7
2.8

5.6
2.2

Temp

°C
18.9
21

22.3
19.7

7.4
5.8

6.7
6.8

Conductivity
uScm

682
733

693
652

Table 6- 7: parameters measured during the field experimentation at 6 |/min inlet flow and 7 I/min circulation flow

System Stages

Inlet Flow
After
Carbonation
After Aeration

Outlet Flow

Sample point
No.

1
2

3
4

TSS AIkaIiInity
mell  Cacos
48 92
34 160
25 200
18 165

Acidity

g/l
97
640

246
168

DO
(mg/1)

4.2
1.2

5.5
1.3

Temp
°C

19
20.5

19.5
17.9

7.3
5.8

6.3
6.5

Conductivity
uScm

412
547

544
600

Table 6- 8: parameters measured during the field experimentation at 6 |/min inlet flow and 7 I/min circulation flow

System Stages

Inlet Flow
After
Carbonation
After Aeration

Outlet Flow

180

Sample point
No.

1
2

TS AIka}iIn ity
me/| rzgcoass
59 160
41 215
34 234
24 205

Acidity

g/l
93
463

188
160

DO
(mg/l)

31
0.8

5.2
5.6

Temp

°C
20.4
22.2

21.5
19.6

7.4
5.8

6.6
6.3

Conductivity
puScm

494
602

638
508



6.1.3 Calcium and Phosphorus concentrations measured through field system stages at

inlet flow of 3 I/min

According to the low calcium concentration and the low P removal obtained by running the
system on 6 |/m inlet wastewater flow. It was decided to reduce the inlet flow to 3 I/min in order
to increase the carbonation time toward increasing the Ca concentration. The new working
parameters were set as shown in Table.6.9. CO; flow rate was adjusted 6 |/min same as
previously. The circulation flow rate through the limestone column was 7 |/min. It can be seen
from Figure 6.4 that Ca concentration after 95 min carbonation there was an increase in Ca to a
maximum concentration which is higher than the concentration achieved by running the system
with the same circulation flow and higher inlet flow, the acidity increased to the same level as
previously at 6 I/min inlet flow, the same pH level was recorded. After 20 min aeration there was
a small decrease in Ca concentration decreased and the same pH level recorded. By keeping the
circulation flow rate adjusted on 7 |/min for the next time, the same trend was observed. Figure
6.5 show the changes in P concentration over the process stages. Only small decrease in P
concentration was noticed after aeration stage when the initial P concentration was 5.8 whereas
in the seconed time when the initial concentration was 6.2 a small drop in P concentration noticed
after settlement stage. Tables 6.10 and 6.11 show the changes in all the related parameters after

reducing the inlet flow to 3 I/min.

Table 6- 9: Working parameters on site

Carbonation Stage Aeration Settlement Date
Stage Stage
Inlet Flow Circulation Flow Carbonation Time (min) Time (hr) DD/MM/YY
Rate (I/min) Rate (I/min) Time (min)
3 7 95 20 9 20,23/08/2018
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Figure 6- 4: Calcium concentration measured during field trial. At inlet flow 3 [\min. Trial conditions: Carbonation for

95 min, Aeration for 20 min, Settlement for 9 hr. Stars refer to number of times
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Figure 6- 5: Total phosphorus concentration measured during field trial. At inlet flow 3 I/min. Trial conditions:

Carbonation for 95 min, Aeration for 20 min, Settlement for 9 hr. Stars refer to number of times




Table 6- 10: parameters measured during the field experimentation at 3 I/min inlet flow and 7 |/min circulation flow

Alkalinity .
. TSS Acidity DO Temp Conductivity
System Stages Sample point No. mg/| mg/l as g/l (mg/l) °c pH usem’?
CaCOs

Inlet Flow 1 51 129 79 5.2 19.2 7.3 506
After Carbonation 2 44 282 640 1.6 20.8 5.8 736
After Aeration 3 32 290 214 4.6 21.5 6.6 733
Outlet Flow 4 20 263 185 0.2 19.1 6.6 593

Table 6- 11: parameters measured during the field experimentation at 3 I/min inlet flow and 7 |/min circulation flow

TSS  Alkalinity

Sample Acidity DO Temp Conductivity
| H
System Stages point No. mg/  mg/las g/l (mg/l) °C P puScm
| CaCOs

Inlet Flow 1 35 144 59 3.6 21.5 7.3 526
After Carbonation 2 22 278 567 2.4 23 5.7 748
After Aeration 3 18 298 175 8 22.4 6.6 748
Outlet Flow 4 12 273 160 0.7 20.3 6.6 649

6.1.4 Calcium and Phosphorus concentrations measured through field system stages at
inlet flow of 1 I/min

According to the low calcium concentration and the low P removal obtained by running the
system on 3 I/min inlet wastewater flow. It was decided to reduce the inlet flow to 1 I/min in
order to increase the carbonation time toward increasing the Ca concentration. The new working
parameters were set as shown in Table 6.12 CO, flow rate was adjusted 6 I/min same as
previously. The circulation flow rate through the limestone column was 7 I/min. It can be seen
from Figure 6.6 that Ca concentration after 275 min carbonation increased to the same
concentration when 12 |/min circulation and 6 I/min inlet flow were used with higher acidity
recorded this time and the same drop in pH level. After 20 min aeration A drop in Ca concentration
was observed due to the degassing effect followed by further drop during settlement stage. By
keeping the circulation flow rate adjusted on 7 I/min for the next time, the same trend was
observed. Figure 6.7 show the changes in P concentration over the process stages. It is clear to
see that there was a noticeable drop in P concentration over the aeration and settlement stages
for the two initial P concentration. Table 6.13 show the changes in all the related parameters after

reducing the inlet flow to 1 I/min.
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Table 6- 12: Working parameters on site

Aerati |
Carbonation Stage eration Settlement Date
Stage Stage
Inlet Flow Circulation Flow Carbonation Time (min) Time (hr) DD/MM/YY
Rate (I/min) Rate (I/min) Time (min)
1 7 275 20 16 13,17/09/2018
—m—inlet flow 1, circulation flow 7 I/min —m—inlet flow 1, circulation flow 7 |/min*
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Figure 6- 6: Calcium concentration measured during field trial. At inlet flow 1 [\min and at 7 |/min circulation flow
rate. Trial conditions: Carbonation for 275 min, Aeration for 20 min, Settlement for 16 hr. Stars refer to number of

times

—m—inlet flow 1, circulation flow 7 I/min —m—inlet flow 1, circulation flow 7 |/min*

1

TP concentration (mg/l)
o = N w I [0} [e)] ~N o0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (min)

Figure 6- 7: Total phosphorus concentration measured during field trial. At inlet flow 1 I\min and at 7 I/min circulation
flow rate. Trial conditions: Carbonation for 275 min, Aeration for 20 min, Settlement for 16 hr. Stars refer to number

of times
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Table 6- 13: parameters measured during the field experimentation at 1 I/min inlet flow and 7 |/min circulation flow

Alkalinity .
Sample point Acidity DO Temp Conductivity
System Stages No. TSS mg/I| mg/l as iy (mg/1) °c p uSem®
CaCOs

Inlet Flow 1 30 130 100 4.5 143 7.1 617
After Carbonation 2 17 380 800 1.8 17.7 5.8 825
After Aeration 3 13 389 335 6.5 19.1 6.6 787
Outlet Flow 4 8 317 210 0 222 7.1 276

6.1.5 Summary and discussion

As mentioned previously in the literature chapter that the aim of carbonation stage is to dissolve
limestone and bring enough amount of Ca ions in solution as one of the dominant factors
influencing calcium carbonate/phosphate precipitation (Dreybrodt, W. 1981; Zuddas and Mucci
1994) according to one or more of the following chemical reactions and processes responsible

for the dissolution of calcite with respect to CO, (Langmuir 1997):

CaCOs3+ H* «<> Ca®* + HCOs (6.2)
CaCOs + H,CO3¢> Ca%* + 2HCOs (6.3)
CaCOs + H,0 «> Ca?* + HCOs™+ OH (6.4)

There was a positive correlation between calcite dissolution and circulation flow. It can be seen
that calcite dissolution decrease significantly with decreasing the circulation flow rate and all the
applied circulation flows of 12,10,7 and 3 I/min did not increase the Ca concentration to reach
the concentration obtained from the laboratory experiments indicating that an increase in the
time of this stage might improve the concentration at the same CO; flow rate. The drop in pH
values during carbonation stage to a level of 5.8 indicating the formation of carbonic acid as a
results of CO; injection. The pH level at this stage was close to the pH level obtained in the
laboratory experiment. An increase in alkalinity in this stage was also noticed indicating calcite
dissolution. The highest calcium concentration recorded during the field trial 156.6 mg/l was not
sufficient to precipitate phosphate. Inskeep and Bloom (1985) and Zhang and Grattoni (1998)
concluded in their studies that the CO; loss and pH are an important factor affecting precipitation.
The aim of aeration stage was to degas the CO, and encourage precipitation by increasing the pH
level to around 7.7 as obtained from the laboratory experiments. It can be seen that during
aeration stage there was an increase in pH due to the CO, degassing, but it was not sufficient to
promote precipitation and remove P. it is also clear to see that the wastewater was leaving the
aeration stage with high Ca concentration. This suggests that the aeration that the wastewater

was subjected to was insufficient. All the examined residence time in the settlement stage
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indicated that more time is required for precipitation to occur under the same experiment
conditions. The results presented in sections 6.1.2, 6.1.3 and 6.1.4 indicating that the Ca
concentration obtained from carbonation stage was not high enough, pH level during aeration
which was an important key factor identified during laboratory experiments was not elevated to
the required level to promote precipitation comparing with the data obtained from the laboratory

experiments.

6.2 ARM field trial - Results and discussion

6.2.1 Inlet and IBC phosphorus concentrations

Figure 6.8 shows the concentrations of total, dissolved, and ortho P in mg/I against time since
sampling began. Values were recorded at the inlet and after the aerated reedbed (IBC). The inlet
data shows an increase in TP concentration on 5/7/2018. Variation in the inlet concentrations is
highest in the data after that with minimum and maximum values of 3.7 and 11.0 mg/I. With
mean values decreasing from 5.1 mg/| at the inlet to 3.7 mg/| after the reedbed. The mean values
of dissolved P decreased from 4.9 mg/| at the inlet to 3.6 mg/| after the reed bed. While the
decrease in ortho P mean values was from 3.5 mg/| at the inlet to 2.7 mg/| after the reedbed.

Sample dates are shown in table 6.14

Table 6- 14: Dates of sampling

Sample No. 1 2 3 4 5 6 7 8 9 10
Date 9/5/18 14/5/18 17/5/18 24/5/18 14/6/18 2/7/18 5/7/18 12/7/18 9/8/18 13/8/18
Sample No. 11 12 13 14 15 16 17 18 19 20
Date 16/8/18 20/8/18 23/8/18 28/8/18 30/8/18 3/9/18 10/9/18 13/9/18 17/9/18 24/9/18
Sample No. 21 22 23 24 25 26 27 28 29
Date 1/10/18 4/10/18 8/10/18 11/10/18 15/10/18 18/10/18 22/10/18 25/10/18 29/10/18
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Figure 6- 8: P concentrations measured during experimentation from the inlet and IBC

6.2.2 Performance of each column in terms of media, concentration, pH and flow rate

Figure 6.9 shows the concentrations of total P in mg/| against time since sampling began. Values
were recorded at the inlet, after the aerated reedbed and at the outlet of each column. The 1%
and 2" column (Media 1) with an average flow rate of 0.05 ml/min and 0.13 ml/min, respectively.
The 3™ and 4™ column (Media 2) with an average flow rate of 0.05 ml/min and 0.13 ml/min,
respectively. It can be seen from these figures that all the inlet concentration values went to
almost zero at the outlet of each column. Outlet total P concentrations are consistent with mean
value decreased from 5.1 mg/I at the inlet to 0.1 mg/| at the outlet of each column. Figure 6.10
shows the pH values measured during the experimentation time for all system stages. The
variation in the inlet pH is highest in the data from 9/5/2018 to 2/7/2018 with minimum and
maximum values of 6.1 and 9.2. While the change in pH values was consistent from 5/7/2018 to
29/10/2018 with minimum and maximum values of 7.1 and 7.5. A slight increase in pH after the
aerated reedbed with the mean inlet pH increased from 7.3 to 7.8. A significant increase in pH
was noticed at the outlet of Column 1 and 2 (Media 1) with mean pH values of 11.6 and 11.3,
respectively. While there was a small increase in pH for column 3 and 4 (Media 2) with mean pH
values of 8.0 and 7.7 respectively. The minimum level of Ca recommended for Ca-P precipitation
should be 40— 60 mg/I (Jang and Kang 2002). The inlet Ca concentration showed an increase from
48.1mg/l to 143.5 and 87.1 mg/l in the 1* and 2" column (Media 1) with average flow rate of 0.05
ml/min and 0.13 ml/min respectively and to 236.5 and 113.0 mg/I in the 3 and 4" column (Media
2) with average flow rate of 0.05 ml/min and 0.13 ml/min respectively. This increase in Ca

concentration led to an average pH increase from 7.8 to 11.6 and 11.3 in column 1 and 2
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respectively, 8.0 in column 3 while the average value of pH in column 4 was 7.7. Bellier et al.
(2006) highlighted the best pH conditions are conflicting as a low pH would favour Ca dissolution
and a high pH would favour HAP precipitation.The final pHs of Media 1 in column 1 and 2 are
above 9, which is the lower limit for calcium phosphate precipitation stated by (Johansson and
Gustafsson 2000). This could explain the high performance of these pellets. However, the final pH

of media 2 in column 3 and 4 are fluctuated around 9 as shown in Figure 6.18.
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Figure 6- 9: Total phosphorus concentrations from the inlet, IBC (a) column 1 (b) column 2 (c) column 3 (d) column 4.
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Figure 6- 10: pH reading from the system stages during experimentation

6.2.3 Media, concentration performance comparison
Figure 6.11 shows the concentration of total P for each column. It can be seen that the decrease

in TP concentration for both media and for the two different flow rates was close. Although, Ca
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concentration in Media 1 columns was less than in Media 2 columns. The performance of Media
1in removing phosphate was slightly better over the examined period. The same observation was
highlighted for the dissolved P while the results of ortho P showed the same trend for all columns,

as shown in Figure 6.12 and 6.31 respectively.
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Figure 6- 11: Total phosphorus concentrations in the effluent from column 1, column 2, column 3 and column 4.
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Figure 6- 12: Dissolved phosphorus concentrations in the effluent from column 1, column 2, column 3 and column 4.
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Figure 6- 13: PO4-P concentrations in the effluent from column 1, column 2, column 3 and column 4.

Figure 6.14 (a, b) show the surface of both media after 173 days of use in the field trial, shows a
clear difference in morphology between the used and the unused pellets (see figure 5.28, section
5.4.1, chapter 5). The virgin pellets were composed of smaller particles providing quite a rough
surface as described in Chapter 5. Media 2 used pellets are showing much smoother surfaces that
could well be as a result of calcium phosphates being precipitated onto the surface while there
was no noticible difference between the virgin and the used pellets of Media 1. This may suggest
that removal is limited by a decrease in kinetic reaction and not only by media saturation (Molle
et al. 2005). In field trial, reactions were quite different due to different hydraulic conditions and
contact time. this can be confirmed by the pH level, This may suggest that the removal
mechanisim might be different than that in the batch tests. Same observation has been made by

(Lee et al. 2005).
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(b)
Figure 6- 14: ESEM images after 173 day for (a) Media 1 and (b) Media 2

To Calculate the cumulative P removed during the operation time the following equation was
uesd:

Cumulative P removed (mg)= (Cin -Cout) *Q*t

Where Ci, and Cout is the removed P concentration mg/l measured during the operation time for
P concentration of 10.04, Q is the flow rate (79.2 and 191.5 |/d) and t is the operation time (173
day). Cumulative P removed from each columnis 137,02 and 331,295 mg respectivley. Comparing
the previous calculations to the removal capacity calculated from the adsorption test showed that
for both media, it is possible to remove 1.1 mg P for each gram of both media for initial P
concentration of 10 mg/I by multiplying the removal capacity for each gram of media calculated
from the laboratory experiment by the total amount of media in each column (330 kg), the
maximum potential amount to be removed by each column of media is 363,000 mg indicating
that by running the trial using 79.2 I/d flow rate, the media might last longer before get saturated
than by using 191.5 I/d flow rate. Figure 6.15 and 6.16 (a, b) show P loading rate and P removal
rate for the 4 columns at the 79.2 and 191.5 I/d flow rate respectively. it can be seen that the

removal rate is higher when the flow rate is low and decrease with increasing flow rate.
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6.3 Chapter summary and conclusions
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Cardiff University Trial

It is important to establish whether the system was working as intended as described in
the methodology chapter. During the operation time of the carbonation treatment, there
was a slight decrease in P concentration indicating that the carbonation process could
work effectively with either prolonged residence times through the different stages of
the process or implementing some changes within the system to enhance the
performance. It was proven by the laboratory experimentation that the carbonation
system was able to reduce P concentration to below 1 mg/l while it was established that
the field system was not working as it had been seen to behave in the laboratory
experimentation. the evolution of pH across the system is as anticipated (to varying
degrees), the addition of CO; to the limestone reactor results in the effluent of that
limestone reactor whith lower pH due to the presence of carbonic acid and that the
system effluent pH is slightly higher than this because CO, degassed. A number of findings
were made from analysing the results of the field trial and comparing it with the results
obtained from the lab system:

In the limestone reactor and during carbonation stage, the expected trend of Ca
concentration was in line with the proposed mechanism. However, the dissolved Ca was
not reaching the same concentrations as observed in the laboratory. Maximum Ca
concentration was obtained from running the trial at 6 I/min inlet flow, 12 |/min
circulation flow and 6 I/min CO, flow rate for approximately 50 min was 156.5 mg/I. while
the Ca concentration obtained from running real wastewater solutions through the
laboratory system at CO; flow rate of 0.75 I/min for 40 min were 240-280 mg/I.
Circulation flow was an important parameter effecting the Ca dissolution in the
carbonation stage. Maximum Ca concentration obtained from running the trial at 6 I/min
inlet flow, 12 I/min circulation flow. By reducing the inlet flow rate to 1 I/min and
circulation flow of 7 I/min it was possible to achieve the same Ca concentration of 6 I/min
inlet flow and 12 I/min circulation flow.

Although the aeration using two aeration tanks and plastic media has shown that a
significant reduction in Pco2, was achieved by increasing the pH during this stage, pH
didn’t reach the required level > 7.3 as obtained during lab experimentation to encourage
precipitation formation. Apply an air blower at the aeration stage to increase the CO,
degassing could be beneficial to increase pH to levels closer to laboratory experiment and

promote precipitation.



e ARM LTD Trial

1. The field scale columns were efficient enough to reduce P-level to reach 0.0 mg P/l at
flow rate of 72.9 and 191.5 I/d. A long-term stability of the process remains to be
established under varying influent and operational conditions such as Ca availability,
retention time and pH.

2. The P removal of Media 1 is connected to strongly alkaline conditions (pH greater
than 11) While the P removal of Media 2 is connected to (pH less than 9) and large
amounts of soluble Ca.

3. The change in morphology of media 1 before and after use examined by ESEM

images confirmed the formation of crystalline hydroxyapatite.
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Chapter 7: Conclusions and Recommendations

7.1 Conclusions

With reducing phosphate resources, tightening discharge limits and increasing treatment costs, it
is clear to see that there is a need for the introduction of novel solution for removing phosphorus
from wastewater which are both inexpensive and sustainable. It is expected that the technique
and the media investigated in this project will accomplish all these aims which would allow for
their potential introduction in the wastewater treatment industry. This chapter presents the key

conclusions and recommendations that the current study has led to.

Cardiff University process:

A carbonation process was tested for the removal of phosphorus from wastewater. In the lab

runs, phosphorus concentration was reduced for all solutions, promising that the carbonate

process works as a treatment to remove phosphate from solution. Within the Uk, the most
common methods of phosphate removal are chemical dosing and biological treatment. The
technology involved with these processes is trusted and largely understood. However, the
infrastructure, monitoring and material cost requirements restrict the application of these
methods to large treatment works only. Furthermore, the disposal of sludge produced as a by
product of this treatment phase can be troublesome and expensive. Other novel treatment
methods for P removal do exist, including the controlled precipitation of struvite, magnetic
separation and electro coagulation. However, these methods often require additional precursors
to treatment such as pH adjustment, the addition of expensive additives like iron, aluminium,
magnetite or high energy inputs. Thus, they are also not suitable to be fitted to smaller WWTWs.

The process investigated within this study uses a relatively low cost materials (limestone) and it

is feasible that it may adapted to a low energy treatment system and suitable to small and large

WWTWs alike. Based on the research carried within this part of the study, the following key

conclusions can be drawn.

e The laboratory results clearly showed that as both the volumetric CO, flow rate and the
duration increased, then CaCOs dissolution increased up to a maximum in line with expected
equilibrium solubility of CaCOs. It was also observed that calcium concentration in DI water
of 340 mg/| can be achieved in optimum conditions.

e When solutions from the carbonation stage were aerated at different volumetric flow rates

and durations it was found that the pH always increased but that precipitation was only
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observed when aeration rate of 2 |/min (per litre of solution) was used. The reason why
aeration rate is so critical for producing precipitate seems to be related to pH.

The precipitate formed from mixture of limestone and water was shown by XRD to be calcite
of particle size Digof 12.2 um, Dso of 27.6 um, Dy of 46.1 um and was relatively depleted in
Fe and Al compared to the original limestone.

Results showed that by running the proposed laboratory process using 1 L P solution under
40 min carbonation of 750 ml/min, 40 min aeration of 2 |/min and 48 hr settlement,
phosphate ions are reduced from solution to a concentration as low as 0.6mg/l and a
precipitation of HAP was formed with the kinetics corresponding to a theoretical
interpretation proposed previously.

High load removal obtained by running the laboratory system with high initial phosphorus
concentration highlighting the potential of treating a flow with higher concentration of
phosphorus.

The presence of phosphate ions clearly retarded the dissolution of limestone in agreement
with observations from other studies. The mechanism of retardation suggested by other
studies is possibly the formation of calcium phosphate on the surface.

The length of quiescent settling time appeared to influence further uptake of P from solution.
This is probably due to further precipitation of HAP.

The presence of elevated Mg and SOsions in tap water and in real wastewater appear to
retard the rates of calcium phosphate formation. The mechanism of retardation suggested by
other studies is possibly the formation of other calcium components like calcium sulfate.
XRD analysis performed on precipitate samples taken from the bottom of the settlement
beaker after the process had been completed proved that the calcium and phosphorus
precipitation/sorption process was occurring. Furthermore, the precipitate formed from
phosphate solution was different depending on starting concentration of phosphate as the
concentration of dissolved phosphorus increases, calcite precipitation deceases and there is
evidence from the changes in the precipitate composition, for the formation of calcium
carbonate/ calcium phosphate phase.

XRD, total digest and total carbon analysis showed that calcium carbonate is the main
precipitate when P concentration were 2,10 and 20 mg while calcium phosphate and calcium
carbonate were the precipitant when P concentration of 100mg/l was used as an initial
concentration for all P solutions.

ESEM analysis showed that the morphology of the precipitate changes from crystalline to

amorphous by increasing initial P concentration indicating the formation of amorphous



calcium phosphate at high initial P concentration. This analysis also showed that the foreign
ions presented in tap water and real wastewater do not affect the morphology of the
precipitate.

e FEG-SEM analysis showed surface coverage of P on all precipitates indicating that phosphate
ions were replacing carbonate ions to form calcium phosphate and indicated close association
between Ca and P as there were no patches of P concentrated in one spot, so the P coverage
was uniform. This analysis also showed that the presence of the foreign ions in tap water and
real wastewater samples did not affect the distribution of P in precipitate.

e Zeta potential experiment showed that the newly formed calcium carbonate precipitate had
negative surface charge. This is therefore preventing electrostatically unfavourable surface
for phosphate adsorption. Addition of phosphate make the zeta potential even more
negative. This could suggest some adsorption of phosphate or it could be the formation of
thin surface layer of HAP which make the surface more negative as the XPS analysis indicated.
Adsorption experiment using calcite precipitate showed small uptake of phosphate but not
huge although the mechanism between adsorption and precipitation is difficult to be decided
from these tests because calcium was being released at the same time as P. Sequential
extraction experiment showed very little loosely sorbed phase and most in apatite phase. All
this evidence clearly points towards precipitation as the major mechanism of removal in the
system.

e Although, it is difficult to assess the performance of the carbonation precipitation process in
the field due to the challenges on implementing the system on site, a number of key findings
can be concluded:

1. It has been shown that calcium concentration in the limestone reactor can be increased
by increasing the circulation flow for the same CO, flow rate.

2. pH dropped in the carbonation stage to almost the same level obtained in the laboratory
experiment indicating the formation of carbonic acid.

3. Noticeable increase in pH during passive aeration indicating the CO, degassing although

the final maximum pH of 6.9 was not sufficient to promote precipitation.

ARM Ltd apatite media:
Two apatite media were tested for the removal of phosphorus from wastewater. Both media
showed effectiveness in removing phosphorus from wastewater. Based on the research carried

out on this part of the study, the following conclusions can be drawn:

197



XRD analysis of apatite media 1 and 2 showed that the dominant mineral in media 1 was
hydroxyapatite with a minor amount of silicon dioxide, and the dominant component in
media 2 was fluorapatite with gypsum.

Adsorption test carried out on ARM media suggested the adsorption as the dominant removal
mechanism for both media with pH less than 9 which is the minimum pH required to
precipitate calcium phosphate. This test also showed the high Ca concentration released from
Media 2 comparing with Media 1.

The data of real wastewater obtained from West Bonvilston site showed that often ortho
phosphate was the major component, but the presence of other phosphate forms was
indicated up to 25%.

Although, the P loading rate was very low (79.2 and 191.5 I/d) the column Media 1 in field
application was effective in removing almost 100% phosphate for 6 months trial. this media
elevated pH to high levels of up to 11.3. Mechanism of P removal by this media is therefore
likely to be precipitation as the media releases Ca at high pH. Media 2 was also very effective
in removing phosphate. As the media is releasing high Ca concentration and pH level in the
zone of precipitation HAP indicating the precipitation as the possible removal mechanism.
The change in morphology of both media before and after use on site examined by ESEM
images confirmed the formation of crystalline hydroxyapatite.

The high pH values caused by the Media 1 pellets would likely be a hindrance to their practical

implementation.

The introduction of such a process and media to eliminate phosphorus from wastewater into

industry would offer significant financial advantages to water companies which would be passed

onto the general public. The investigated process and media would also enable water boards to

meet treatment goals set under the Water Framework Directive. Furthermore, environmental

benefits are realised via an improvement in water quality and potentially a reduction in

greenhouse gas emission associated with fertilizer production.

7.2 Recommendations for further work
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Other different adaptations, tests, and experiments could not been targeted due to lack of
time could be recommended for future work:

It has been reported by Aziz et al. (2001) that the removal increased marginally with
decreasing particle size and this is due to the greater surface area per volume of smaller
diameter limestone chips available to come into contact with the effluent solution. Further

experimentation could be carried out to determine if the process will work as effectively
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when P solution is carbonated in a limestone column bed containing chips with diameter
larger to 2-5 mm. the use of bigger size chip sizes would result in the limestone column being
more porous thus allowing a larger volume of water to be treated per area of limestone. Tests
could also be performed using chips with a smaller diameter than 2-5 mm in order to
determine if their increased surface area per volume will results in more CaCO; being
dissolved in solution during carbonation and hence more phosphorus being co precipitated
with calcium during aeration.

Initial results in section 4.2.2.1 showed that by increasing CO, flow rate and duration,
limestone dissolution increased. As a result of this finding and towards increasing the
efficiency of the CO; in dissolving limestone, test could be conducted with variable limestone
column height might result in more calcite dissolution as a result that carbon dioxide being
injected into a column having more time to dissolve in solution.

Results presented in section 4.3 showed that limestone dissolution was occurring during
carbonation stage and precipitation was occurring mainly during aeration stage. Further
experimentation is required to determine if the addition of air and CO, simultaneously into
the limestone column can consistently produce effective results at reducing phosphate
concentration from solution by combining both carbonation and aeration stages.

Results in section 4.4.1 showed that limestone dissolution was retarded by increasing P
concentration in solution. More analysis could be carried out to determine the mechanism of
inhibition and if there is a directly proportional link between the concentration of calcium
dissolved in solution during carbonation stage and the subsequent removal of phosphorus
from solution during aeration stage.

Precipitate characterisation test in section 5.2.1 showed that hydroxyapatite and calcite are
the precipitates with initial P concentration of 100 mg/l and FEG-SEM analysis in section 5.2.4
showed that Ca was uniformly distributed across the samples. Further research is needed to
identify the order of the phases formed and how the presence of COs3? ions control the
reaction kinetics.

Testing should be continued in trying to establish if effective P removal from wastewater can
be obtained in shorter carbonation, aeration and settlement time than discovered in this
study. Results obtained from tests performed during this project would suggest that mixing
limestone with gypsum would almost double the concentration of calcium and reduce the
CO; flow rate from 750 ml/min to 100 ml/min. More investigation on replacing limestone with

gypsum might avoid the use of CO, completely.
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Regarding the field trial system, it has been identified that the Ca concentration generated by
the limestone reactor is low and further investigation is required to increase calcium
concentration in the limestone reactor to achieve the calcium concentration obtained in
batch experiments.

There would be a considerable scope to improve the efficiency of CO, utilisation through
better design to further reduce costs. Using a CO, based system has the advantage over
conventional chemical treatment, that it is impossible to overdose, eliminating the risk of the
discharge consent breaches. Furthermore, it is possible that CO, from on site combustion of
digester gas (which is rich in CO;) could be used in the process eliminating the need to
purchase CO,. The carbonation system might be useful for retrofitting to existing tertiary
ponds/ wetlands where improved P removal is required.

As the lab experimentation indicated that pH is an important factor to achieve high removal
and It has already been identified from the field trial that the degree of aeration generated
by the current aeration stage appears to be limiting its treatment performance. it is essential
to increase aeration efficiency by either applying an air blower to the current aeration stage
to degas the CO; and elevate the pH to the required level or increase aeration time by
changing the design of the aeration stage.

The effective P removal achieved by using the apatite media was attributed to the
introduction of a calcium phosphate precipitation removal mechanism as a result of the high
Ca concentration and high pH. Prolonged operation time is required to assess the
performance of ARM media. The high pH values would likely be a hindrance to their practical

implementation. The avoidance of this could be investigated.
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Appendices

Table 1: parameters measured during the field experimentation of Cardiff University system at 1 |/min inlet flow and

7 |/min circulation flow

ini idi Conductiv
Sample point TSS Alkalinity  Acidi DO Temp p .
System Stages No mg/| mg/l as ty (mg/1) °C ity
: & CaCo; g/l & pScm'

Inlet Flow 1 34 135 85 1.3 17.7 7. 613
1

After 2 15 388 838 0 18 5. 944
Carbonation 8

After Aeration 3 11 380 337 7.3 17.6 6. 795
7

Outlet Flow 4 7 320 218 0.8 17.4 7. 286
2

Table 2: Other elements average total concentrations (mg/l) measured from Cardiff university system during the field

experimentation

System Stage Sample Point No. Fe K Mg Mn Na Zn S

Inlet Flow 1 0.1 173 79 0.0 56.9 0.0 15.7
After Carbonation 2 0.1 168 7.7 0.0 555 0.0 153
After Aeration 3 0.1 170 7.6 0.0 552 0.0 15.1
Outlet Flow 4 0.1 16 74 00 536 0.0 1338

Table 3: Other elements average dissolved concentrations (mg/l) measured from Cardiff university during the field

experimentation

System Stage Sam‘:\:‘; Point  te Kk Mg Mn Na s F d % no;
Inlet Flow 1 01 170 7.7 00 562 156 02 509 39.9 555
After 2 01 166 7.6 0.0 553 151 07 47.7 407 54.1
Carbonation
After Aeration 3 01 169 7.6 0.0 549 150 1.0 484 399 548
OutletFlow 4 01 162 7.4 00 531 13.7 09 47.1 393 500
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Table 4: Average of related parameters measured from ARM system during the field experimentation

System
Stages No.
Inlet Flow 1
IBC 2
Cc1 3
Cc2 4
c3 5
c4 6

Sample point

TSS
mg/|

32.6
16.3
7.5

9.8

8.7
11.3

Alkalinity
Mg/l as
CaCoO;
119.5

124.3

230.0

113.8

129.2

111.8

Acidit

Yy

g/l

84.5

80.0

0.0

0.0

814

814

DO
(mg/1)

4.6
7.1
4.6

4.8

1.7
3.0

Tem
p
°C

16.5

16.8

16.7

16.8

17.1
17.1

pH

7.3
7.8
11.

11.

8.0

7.7

Conductivi

ty

puScm
548.6

455.2

1273.8

813.9

962.1

664.3

Table 5: Other elements average total concentrations (mg/l) measured from ARM system during the field

System Stage

Inlet Flow

IBC
(o §
c2
Cc3
ca

Sample Point No.

1

2
3
4
5
6

experimentation

Fe
0.12

0.02
0.0
0.0
0.0
0.0

14.6
12.8
12.6
11.7
15.3
12.7

Mg Mn
84 0.0
86 0.0
0.0 0.0
0.2 0.0
11.8 0.1
9.2 0.0

Na
50.3

49.9
49.1
49.2
55.8
49.9

15.1
15.5
43.3
39.7

185.8

76.2

Table 6: Other elements average dissolved concentrations (mg/l) measured from ARM system during the field

System Stage
Inlet Flow

IBC
C1
c2
Cc3
Ca

216

1

2
3
4
5
6

Sample Point No.

0.1
0.0
0.0
0.0
0.1
0.0

experimentation

14.4
12.7
12.6
11.6
15.2
12.6

Mg
8.1

8.5
0.0
0.1
111
9.0

Mn
0.0

0.0
0.0
0.0
0.1
0.0

Na
49.8

49.7
48.8
49.0
54.7
49.4

14.9
15.4
43.1
39.2
175.5
75.7

0.2
0.9
4.6
2.5
6.1
4.3

44.9
44.4
44.1
43.5
47.8
44.1

SO,
38.2

36.5
112.0
102.5
448.1
201.3

NOs
37.1

48.7
32.1
34.7
33.5
35.9



