IRON AND MANGANESE SPECIATION AND METHOD
DEVELOPMENT FOR THE ANALYSIS OF WATER
FROM PROCESSING PLANTS

RUGAYA MUHAMED SANIN

A thesis submitted in partial fulfilment of the requirements of
Liverpool John Moores University for the degree of Doctor of

Philosophy

June 2019



Acknowledgement

In the name of Allah Most Gracious Most Merciful.

My sincerest thanks go to my supervisors Dr. Alistair Fielding, Linda Seton and
lan Bradshaw for continuous support during my Ph.D study and the
opportunity to work on this project, and also for their patience, immense
knowledge, encouragement and motivation. | am very grateful to them for their
guidance that helped me during the research and the writing of this thesis. It
was their continued confidence in me that enabled this work to be completed.
| would like also to express gratitude to United Ultilities for providing us the
water samples involved in this project. A special thank you goes to research
technicians; Phil Salmon and Nicola Dempster, for their help. Additionally, |
would also like to acknowledge all my lab colleagues, in particular Samar
Thiab, for their support and care, and all my friends especially, Adel Mohamed,

Afaf AL Groshi, Ruba Bayan and Nashwa Osman, for their love and support.

| knew from the beginning that undertaking a doctoral study is a difficult and
challenging task, especially as a mother of three children. Therefore, sincere
thanks and appreciation go to my parents and family for their emotional
support. Saving the most important for last, my special warm
acknowledgement and highest gratitude is to my Husband, Ismaeil Algneness,
for his endless support, understanding, quiet patience, sacrifice and
unconditional love throughout all the years of my study, which enabled me to
complete my Ph.D. Last but not least, | am very thankful to the beloved kids,
Rahaf, Lyth, and Rafeef, who have given me much happiness and allowed me

to remain hopeful, their eyes and joy are the sources of my inspiration. They



have prayed all the time for me to finish my PhD so we can do special things

together, and | hope we have not lost too much of this during my study.



Contents

CHAPTER 1 LITERATURE REVIEW ........uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiniinenes 21
I [ 0T [ T4 1 o] o PR 21
1.1.1 Discolouration and aesthetiC ISSUES...........cevviiiiiiiiiiiiiiiieee e, 22
1.1.2.1.2 The effect of biofilms on Fe and Mn concentrations in water ..... 30
1.2 Elemental regulatory and guidelines...............ccccuvviiiiiiiiiiiiiiiiiiiiiiiinnee 39
1.3 Drinking water treatment plantsS ...............eevueieiiiiiiiiiiiiiie 43
1.4 Inductively coupled plasma (ICP) for metal analysis..............ccccuvvvunnnne 46
1.4.1 Inductively coupled plasma (ICP) ............uuuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 47
1.4.2 ICP advantages and disadvantages ............cccevvveevvviiiiieeeeeeeeeiviinnn, 49

1.4.3 Inductively coupled plasma optical emission spectrometry (ICP-OES)

................................................................................................................. 50
1.4.4 Inductively coupled plasma mass spectrometry (ICP-MS)............... 55
1.5 Fe and Mn analysis and elemental speciation ..............ccccooeeeeiieiiiiinnnnnn. 67
1.5.1 Elemental SPeCiation.............cccoeeieeiiiiiiiiici e 67
1.5.2 Analytical techniques used for elements speciation...............cc........ 68
1.5.3 Analytical methods for Fe and Mn determination...........c......cco.uun.... 70
1.5.3.1 MN SPECIALION......cciiiiii e 71
1.5.3.2 FE& SPECIALION .....ciiiiiie et 72
1.6 High performance liquid chromatography HPLC and ICP-MS............. 73
1.7 AIM aNd ODJECHIVES ... . e 77



CHAPTER 2 THE DEVELOPMENT OF AN ICP-OES METHOD TO ANALYSE

FE AND MN IN WATER SAMPLES. ..ottt 78
P20 I [ 01 (o o 15 ox 1 o] o N 78
P = o 1=] 111 0= o)=L 79
2.2.1 Reagents and MaterialS..........ccceeevvveiiiiiiiiee e 79
2.2.2 SAMPIES ... ——— 81
2.3 INSEUMENTALION ... 83
2.4 The Optimisation of ICP-OES conditionS...........coovvvviiiiiiieeeeeeeeiiiinn, 84
2.5 ReSUItS and AISCUSSION .....uuuuuuuiiiiiiiiiiiiiiiiiiiniiininsinsnaesnrnnnnnnnnesaeeeennnnnnnnee 85
2.5.1 ICP-OES 0OptimiSatiON .........iiiieeeeiiiieiiiiiie e 85
2.5.1.1 The determination of the optimum nebulizer gas flow................... 86
2.5.1.2 The determination of the optimum pump ratg =«««=-===-xeeerrrrmeeeennees 88
2.5.1.3 The determination of the optimum auxiliary gas flow.................... 90
2.5.1.4 The determination of the optimum coolant gas flow...................... 91
2.5.2.5 The determination of the optimum RF power...............ccceeeeeenen. 94
2.6 Optimal parameters and determination of LoD and LOQ........................ 95
2.7 Analytical figures of merit and method validation ................ccccccuvvivnnnnnee 99
2.7.1 Wavelength Selection...........ccooooieeiiii 101
2.7.2 Linearity and range ......coooeeeeeeieeeeeeeeeeeeeee e 104
2.7.3 Accuracy and PrecCiSion ..o 105
2.7.4 SPIKE TECOVEIIES ...t 109
2.7.5 Selection of optimal internal standards.............ccccoeeeeieeie, 111
2.8 Analysis of United Utilities’ treatment water samples...............cc.......... 114



e N o] o (o1 [ 11 To] o IO PR 120

CHAPTER 3 OPTIMISATION AND DEVELOPMENT OF INDUCTIVELY

COUPLED PLASMA MASS SPECTROMETRY (ICP-MS) FOR THE

ANALYSIS OF FE AND MN IN DRINKING WATER .......cccooiiiiiiieeeeen, 123
Rt I b o = 11 0= = | R 125
3.1.1 Reagents and MaterialS...........cccovvvvriiiiiiiii i 125
3.1.2 Glassware and cone cleaning............ccceeeeeeeeeeieviiiiiiie e, 126
3.1.3 Reference materials and samples .............ccoevvvviiiiiiiie e, 127
3.2 ICP-MS determination proCeduUre.............cveeieeeeeeeeeeiiieee e e e 127
3.2.1 INSLUMENTALION ... 127
3.2.2 Instrumental performance.............ooouvviiiiiiieeeeeeeeee e 130
3.2.3 Collision cell technology Mode ...........cccoeveiieeiiiiiiiiicee e, 131
3.3 Analytical figures of Merit.........cccoooeeiiiiiiiiii e 132
3.3.1 The optimisation of ICP-MS conditionsS...............cceeeiiieeeeeeeiiiiinnn. 132
3.3.1.1 The optimum conditions for the standard mode........................... 135
3.3.1.1.1 The determination of the major optimum parameters............... 135
3.3.1.3 The determination of the minor optimum parameters................. 136

3.3.1.4 The determination of the add gas parameters optimum parameters

............................................................................................................... 137
3.4 Analytical figures of Merit..........cooeiiiiiiiii e 137
3.4.1 1SOtOPE SEIECHON......uuiiieiiiii e 138
G N I [ g1 1 YU 139
G B o (= Tox 1] o] o PSP 139



............................................................................................................... 142
3.6.2 Major parameter optimisation .............ccceeeieeeeeieeiiiiiicn e, 143
3.6.2.1 The optimum conditions for the standard mode........................... 144
3.6.2.2 The determination of the optimum D1..........ccccccceeeiiiiiiiiiieiiinnn. 144
3.6.2.3 The determination of the optimum Extraction ...............cc.cc.uueen. 146
3.6.2.4 The determination of the optimum nebulizer...............ccccoevvvnnnnnn. 149
3.6.2.5 The determination of the optimum FOCUS ...........cccoeeeeeiviriiinnnnnnn. 151
3.6.2.6 The determination of the optimum Hexapole ..............ccccevvvnnnnn. 152
3.6.2.7 The determination of the optimum sample depth........................ 155
3.6.3 MINOT PArAMELEIS......ccoiiiiiiiiiie et e e 156
3.6.3.1 The determination of the optimum Lens2 ...........ccccoeeeevvvvviinnnnnnn. 156
3.6.3.2 The determination of the optimum Forward Power..................... 157
3.6.3.3 The determination of the optimum Horizontal ............................. 159
3.6.3.4 The determination of the optimum Vertical ..............cccccceeevennnnn.n. 160
3.6.3.5 The determination of the optimum D2............cccceiviiiiiiiiiieeiiinnnnn, 161
3.6.3.6The determination of the optimum Auxiliary.............ccccoeeveervnnnnn.n. 163
3.6.3.7 The determination of the optimum DA ...........ccoiiiiiiiiiiiiieeeeii, 165
3.6.3.8 The determination of the optimum Coolant..............ccccccocoevnnnnn.n. 166
3.6.3.9 The determination of the optimum Lens2 and L3........................ 167
3.6.3.10 Optimisation of Add Gas parameters.........ccccccceeeeieeeeeeeeevinnnnnnn. 169



3.6.3.11 The effect of ICP-MS MOAES. .....c.oeeeeeeeeeee e, 171

3.6.4 Analytical PerformManCe..........cooveieeiiiiiiiiee e e 175
3.6.4.1 Limits of detection and quantification...............cccceevvieeeiiiniiiinnnnnn. 176
3.6.3.2 FIQUIrES Of METit......ccoovuiiiiiiie e 177

3.6.4 SaMPIE @NAIYSIS....cccceeeeeeeeeeee e ———— 186

I A @] o 11 ] o] o 192

CHAPTER 4 SPECIATION ANALYSIS BY HIGH PERFORMANCE LIQUID

CHROMATOGRAPHY INDUCTIVELY COUPLED PLASMA MASS

SPECTROMETRY (HPLC-ICP-MS) ....uuuiiiiiiiiiiiiiiiiiiiiiiiiiniiiiniinninennnnnnnnnnnns 194
4.1 INIFOAUCTION .o 194
4.2 EXPENMENTAL......ii i 197
4.2.1 Chemicals and Reagent ..............uuiiiiiiieiiiiiiiciie e 197
4.2.2 Mobile Phase Preparation e 197
4.2.3 Preparation of the standards for the analysis .............cccccoeeeeee. 198
4.2.4 INStrUMENTALION .....eeeeiiiie e e e e e 199
4.3.2 SPIKE TECOVEIY ... 199
4.3 Analytical figures of Merit.........ooooeiiiiiii 203
4.3.1 The limits of detection and quantification..............cccccoeeeeeeeieeenennn. 203
4.4 Sample collection and preparation............ccooeeeeeeieeieeeeee 203
4.5 ReSUlts and diSCUSSION ........ciiiieeiiiieiiiiiiie e e e et e e e e e e e 204
4.5.1 The determination of Fe and Mn SPECIES........ccceevveeeviiveiiiiiiiieeeenn, 204



4.5.2 Testing the separation efficiency of different mobile phases ......... 205

4.5.2.1 Mobile phase and column .............ccccooiiiiiiiiiiiccc e 205
4.5.2.3 pH OptiMISALION ....cvvvviiii e 208
4.5.2 INTEITEIENCES ... 212
4.5.3Validation ....ccooeeeieeeeeeeeeeee 215
4.5.3.1 The limit of detection and quantification LOD and LOQ.............. 218

4.5.4 Water processing sample analysis for Fe and Mn species in drinking

water USing HPLC-ICP-MS ... 220

4.5.4.1 Water analysis at different locations .............cccceeeeeieeiiiiiiiiiiin e, 220

4.5.4.2 Fishmoore Mn?* concentrations for each stage of the treatment

[T 0o 3 TP 224
4.6 CONCIUSION ...ttt e e e e e eeeeens 227
CHAPTER 5 OVERALL CONCLUSION AND FUTURE WORK ................ 230
5.1 Overall CONCIUSION........oiiiiiiiiiiiiiii e 230
5.2 FULUIMN® WOIK ...t 233
REFEIENCES. ... 235



List of tables

Table 1-1 Dietary allowances for iron in infants, children, and adults (Institute
of Medicine Food and Nutrition Board (93).........ccuuviiiiiiiiiiieiiiiiiieeeeee, 37
Table 1-2 Recommended Dietary Allowances for manganese for Infants,

Children, and Adults (Institute of Medicine Food and Nutrition Board (93).

.............................................................................................................. 40
Table 2-1 List of samples and locations used in this study. .................coo... 82
Table 2-2 ICP-OES operation CoONditioNS. ........ccoevvviieiiiiiiiieee e 83
Table 2-3 The optimum parameters range for ICP-OES............ccccccceeeeennnn. 85
Table 3-1 Instrumental parameters for ICP-MS. ........cccoooiviiiiiiiiiiiciineee, 129
Table 3-2 [on OptiCS parameters. ... 134
Table 3-3 Major Parameters. ... oo 135
Table 3-4 MiNOr PArameEters. ..o 136
Table 3-5 ICP-MS OptimuM CON.....cooeeieeeeeeeeeeeee e 173
Table 3-6 ICP-MS optimum conditions using CCT mode.................oeeee. 174
Table 3-7 Analytical conditions for Fe and Mn. ...........cccoooviiiiiiiiiiiiien e, 175

Table 3-8 Parameters of the analytical calibration curves: linear range,
correlation coefficient (R2), average (RSD) for repeatability of calibration
SOlULIONS MEASUIEMENTS. .. .uuiiiieeeeeeeeeeiie e e e e e e e e e e e e 180

Table 3-9 The certified and CCT mode found concentration (ug/mL) of the
elements, in the certified reference material (SRM TMDA-70 and TMDA-
O 1)Y= g Y= =] ) R 181

Table 3-10 The LoD and LoQ for Fe and Mn in standard and CCT Mode. 183

10



Table 3-11 LoD and LoQ calculation using the above equation for Fe and Mn
(Ng/ML) uSINg CCT MOUE. ....ovvviiieie e 184
Table 3-12 Concentrations (ng/mL) of Fe and Mn from different locations of
Northwest region of ENgland. ............c.coovviiiiiiiiiiii e, 187
Table 3-13 Spike and RSD of Fe and Mn from different locations of Northwest
region of ENGland. ..........cooooiiiiii e 188
Table 3-14 Concentrations (ng/mL) of Fe and Mn from different locations of
Northwest region of England. ..............ccoovviiiiiiiiiie e, 189
Table 3-15 Correlation coefficients (R?) and limits of detection (LoD) in ng/mL
for Fe and Mn by ICP-OES and ICP-MS. ..........cccooiiiiiiiicee e, 192

Table 4-1 Operation and acquisitions parameters of ICP-MS and HPLC. . 202

Table 4-2 TMDA-64 percentage r€COVEIY. .....ccccevververuuiiiiieeeeeeeeeariienee e 216
Table 4-3 LoD and LoQ for Fe and Mn using HPLC-ICP-MS. ................... 220
Table 4-4 Metal contents of Wayoh water samples. ............ccccvvvviieneeennn. 221
Table 4-5 Metal contents of Wybersley water samples...........ccccccceeeeeneeee. 222
Table 4-6 Metal contents of Sweet Loves water samples. ...........cccceeeeee.. 223
Table 4-7 Metal contents of Sutton Hall water samples. .........cccccccceeeeee. 223

Table 4-8 Metal concentration level of Fishmoore water by HPLC-ICP-MS.

11



List of figures
Figure 1-1 EV-PH Pourbiax diagram for Fe oxides and hydroxides (31). .... 28

Figure 1-2 EV-PH Pourbiax diagram for Mn oxides and hydroxides (31)..... 29
Figure 1-3 Schematic showing the common steps in water treatment used in
drinking water processing plants. ... 44
Figure 1-4 Schematic of an ICP torch, adapted from Boss, 1977 (129)....... 48
Figure 1-5 Diagram of sample introduction to ICP-OES, adapted from (M.
Hieftije 1989) (130). ...eeeiieieeiiieeeiiieeeiieeesiee e e ste e e siee e sne e e nee e sneeeenneeas 50
Figure 1-6 Excited atom energy level adapted from (Charles B. Boss, 1997)
(132). oottt 51
Figure 1-7 (A) Direct spectral overlap, (B) No overlapping, (C) Simple
background shift, and (D) Wing overlapping interference shift. ............. 54
Figure 1-8 The interface region of an ICP-MS adopted from PerkinElmer 2001
(137 ). oo, 57
Figure 1-9 Schematic diagram for the basic components of an ICP-MS system
adapted from R. Thomas (140). .....oovrrriiiie e 58
Figure 1-10 Schematic of the quadrupole mass filter adapted from PerkinElmer
(137 oottt ettt ettt ettt ettt ettt 61
Figure 1-11 A typical configuration for HPLC with an ICP-MS adapted from
MiIChAEI (L29)...eee e 76
Figure 2-1 United Utilities water supply areas.........ccccooeeeveviiiiiiiiini e, 81
Figure 2-2 The effect of nebuliser gas flow rates on signal intensity of Fe (A)

and Mn (C) and signal to blank ratio of Fe (B) and Mn (D). ................... 87

12



Figure 2-3The effect of pump flow rate on the signal intensity of Fe (A) and Mn
(C) and signal to blank ratio of Fe (B) and Mn (D). .......cccoeeeeeevvvivernnnnnnn. 89
Figure 2-4 The effect of auxiliary gas flow rate on the signal intensity of Fe (A)
and Mn (C) and signal to blank ratio of Fe (B) and Mn (D). ................... 91
Figure 2-5 The effect of coolant gas low on the signal intensity of Fe (A) and
Mn (C) and signal to blank ratio of Fe (B) and Mn (D)...........ccccevvvvunnnnn. 93
Figure 2-6 The effect of radio frequency on the signal intensity of Fe (A) and
Mn (C) and signal to blank ratio of Fe (B) and Mn (D).............cceevvvunnnnn. 94
Figure 2-7 Calibration graph of Mn recorded at 257.6 nm. ...............ccceeeee 97
Figure 2-8 Subarray plots for Mn 257.6nm (A, Mn 279.4nm (B), Fe259.8nm
(C) and Fe 238.2nm (D) respectiVely. ......cccooveeeeviiviiiiiiiiieeeeeeeeee, 103
Figure 3-1 Skimmer and sampler cones before (left) and after cleaning (right)
iNan ultrasonic bath. .............eeeiiiiiii e 127
Figure 3-2 Schematic of X series ion OPtiCS. ........uvvviiieeeiiiiiiiiiiee e, 134
Figure 3-3 Signal and signal to blank ratio for D1 for >>Mn (A), 6Fe (B), *’Fe
(C) AN 5BFE (D)...vveeee ettt ettt e et 146
Figure 3-4 Signal and signal to blank ratio for extraction for °Mn (A), *°Fe, >’Fe
AN 58F@ (B AN C). uvvveeeeiiiieee ettt 148
Figure 3-5 Signal and signal to blank ratio for nebuliser for *Mn (A), >8Fe, °Fe,
S4Fe and 5" Fe (B and C). ..cuvveeeiiiieee et 150
Figure 3-6 Signal and signal to blank ratio for focus in standard mode for 5>Mn
(A), 55Fe (B), >Fe (C) and BFe (D). ..ccvveeeeecirieee e e 152
Figure 3-7 Signal and signal to blank ratio for hexapole for °*Mn (A), °Fe, >’Fe,

54Fe and BFe (B and C). .....vvveeiiiiieee e 153

13



Figure 3-8 Signal and signal to blank ratio for pole bias for °>Mn (A), >Fe, >’Fe,
54Fe and 8Fe (B and C). ...uvvveeiiiiiiee et 154
Figure 3-9 Signal and signal to blank ratio for sample depth for >°>Mn (A), *°Fe,
5TFe, YFe and %8Fe (B and C).....ccveveeeiiiiiiee e 155
Figure 3-10 Signal and signal to blank ratio for lens2 for >>Mn (A), *°Fe, >’Fe,
54Fe and %8Fe (B and C). ..c.vvveeiiiiieee e 157
Figure 3-11 Signal and signal to blank ratio for forward power for >>Mn (A),
56Fe, 5Fe, Fe and %8Fe (B and C)......ccccceeeeecvieeeiiciieee e 158
Figure 3-12 Signal and signal to blank ratio for horizontal for 5>Mn (A), *°Fe,
57Fe, YFe and %BFe (B and C).....ccvvveeeieiviiee e 160
Figure 3-13 Signal and signal to blank ratio for vertical for >°>Mn (A), *6Fe, >’Fe,
54Fe and 8Fe (B and C). ...uvveeeiiiiieee e 161
Figure 3-14 Signal and signal to blank ratio for D2 for >>Mn (A), *6Fe, *’Fe, **Fe
AN 58F@ (B @NA C). uvvveeeeiiiieee et 162
Figure 3-15 Signal and signal to blank ratio for Auxiliary gas flow for 5°Mn (A),
56Fe, 5Fe, Fe and %8Fe (B and C)......cccceeevevveeeeeicieee e 164
Figure 3-16 Signal and signal to blank ratio for DA for °Mn (A), %°Fe, °’Fe,
54Fe and 8Fe (B and C). .....ueveeiiiiieee e 165
Figure 3-17 Signal and signal to blank ratio for coolant gas flow for 5>Mn (A),
56Fe, 5Fe, Fe and %8Fe (B and C)......cccceeeeeeeveeeeeiciieee e 167
Figure 3-18 Signal and signal to blank ratio for Lens2 for °Mn (A), *°Fe, >’Fe,
54Fe and 8Fe (B and C). .....vvveeiiiiieee e 168
Figure 3-19 Signal and signal to blank ratio for lens3 for >>Mn (A), %°Fe, >’Fe,

54Fe and BFe (B and C). .....vvveeiiiiieee e 169

14



Figure 3-20 Signal and signal to blank ratio for CCT gas for >>Mn (A), *¢Fe,

5TFe, YFe and %8Fe (B and C).....cccveeeeiiiiiiiee e 171
Figure 3-21 Calibration Curve for °®*Mn on standard mode. ....................... 177
Figure 3-22 Calibration curve for °®*Mn on CCT mode..........cccccceecvvveeeennnee. 177
Figure 3-23 Calibration curve for °®Fe on Standard mode. ........................ 178
Figure 3-24 Calibration curve for °®Fe on CCT mode.........cccceeeevvvveeeeennnee. 179
Figure 3-25 Calibration graph for 5’Fe on CCT mode. .......cccceeeevevveeeeennee. 179

Figure 3-26 Calibration graph for °>Mn used for the calculation of LoD and
o 1 SRRSO 183

Figure 3-27 Calibration graph for 6Fe used for the calculation of LoD and LoQ.

Figure 4-1 Schematic diagram for HPLC-ICP-MS instrumentation (Thermo
FISNEI) . e 200
Figure 4-5 Chromatograms and the signal responses of 1 pg/mL Mn?*, Fe?*
and Fe3* at pH 3.3 using Dionex CG5A guard column (50 mm), PDCA acid
MODIIE PRASE; .....eeeiii e 211
Figure 4-6 Calibration responses for Mn?* (A) and for Fe?"3* (B and C
respectively) using HPLC-ICP-MS. ........ccccooiiiiiiiiei e, 213
Figure 4-7 Signal response of Fe?* and Mn?* standards solutions at the

concentration of (A) 50 ng/mL (B) 100 ng/mL and (C) 1000 ng/mL using

5 T 214
Figure 4-8 5°Mn standard reference material (TMDA) peaK. ...................... 217
Figure 4-9 5°Fe standard reference material (TMDA) peaK..........c............. 217

Figure 4-10 1 ppm standard for SRM TMDA-64.2 for both “6Fe and %°Mn

(ol a o]0 0 F= 100 | =10 4 IS TP SP 218

15



Figure 4-11 All chromatograms for Fe3* calibration standard solutions. .... 219
Figure 4-12 All chromatograms for Mn?* calibration standard solutions..... 219
Figure 4-13 Chromatograms for Mn raw water. ............ccccevvvvvviiiiieeeeneennnnns 226

Figure 4-14 Accelerator NOL Water. ......cccoeeeeiiiieiiiiiiiiie e e e e eeeeanns 226

16



List of abbreviations

Symbol
Ar

AEC
ASV
Conc
CCT
DWI
DI
EV
Exp
EPA

FW

Fe
HNO3
HCI
HCHO:
He
HPLC
ICP
LOD
LOQ
LC-ICP-MS

L

MS
M

M

M

Mn
pg/mL
Hg/L
mg/L
Min
mM
MW
Mm
MQ

Nm
Neb
OES
ppm

ppt
PH

PVC

Full name
Argon gas

Anion Exchange Chromatography
Anodic stripping voltammetry
Concentration

Collision Cell Technology
Drinking Water Inspector
Deionized Water

Electron volt

Expansion pressure

The United States Environmental Protection
Agency

Forward Power

Iron

Nitric acid

Hydrochloric acid

Formic acid

Helium

High performance liquid chromatography
Inductively Coupled Plasma
Limit Of Detection

Limit Of Quantification

Liguid Chromatography-Inductively coupled
plasma Mass Spectrometry
Litter

Mass Spectrometry

Molar

Milli

Micro

Manganese

Microgram per milli

Microgram per litre

Milligram per litre

Minute

Millimolar

Molecular weight

Millimetre

Mega ohm

Nano

Nano meter

Nebuliser

Optical Emission Spectrometry
parts per million

part per trillion

Potential of Hydrogen

Poly Phenyl Chloride

17



RF Radio Frequency

R Correlation coefficient

R? Coefficient of determination
RSD Relative Standards Deviation
%R Percentage Recovery

S Second

S/b Signal-to- Background Ratio
SRM Standard reference material
T Temperature

t time

UPW ultrapure water

Vv Volume

WHO World Health Organization
Wit Weight

w Watt

Y Yttrium

A Wavelength

18


file:///E:/Book1.xlsx%23Sheet4!_Inductively_coupled_plasma

Abstract

Iron (Fe) has been indicated as the main cause of discoloration in drinking
water. This normally takes the form of a yellow coloration. It is also known that
manganese (Mn) can also lead to a similar yellow colour in solution. Hence, it
is important to identify the source of discolouration in drinking water. To
minimise the effect of these elements, the prescribed concentrations in
drinking water have been set at 0.2 mg/L for Fe and 0.05 mg/L for Mn by the
drinking water inspectorate (DWI-UK). The aim of this work was to optimise
and validate different analytical methods for the determination of Fe and Mn
simultaneously in water samples. It was also a purpose of the work to develop
a robust methodology that would allow greater understanding of Fe and Mn
speciation at different stages of water treatment and its relationship with
governmental limits. The first two methods that were developed were
inductively coupled plasma optical emission spectroscopy ICP-OES and
inductively coupled plasma mass spectrometry ICP-MS. These two methods
were validated using a standard reference material (SRM) and good accuracy
was achieved with spiked addition methods. Further,The results showed good
relative standard deviation (RSD) <5%, linearity R?>0.996), with spiked
recovery between 95-105%. The limit of detection (LoD) and Ilimit of
guantification (LoQ) were found to 5 ng/mL and 12 ng/mL for Fe and 1.2 ng/mL
and 6.7 ng/mL for Mn, respectively, using the optimum conditions for ICP-
OES; and 0.6 ng/mL and 0.3 ng/mL, respectively, for ICP-MS using collision
reaction cell (CCT) mode. United Utilities (UU) water was taken from, eight
different locations and at different treatment stages: Huntington water,

Fishmoore water, Wayho water, Wybesley water, Sweet loves water,
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Oswestry and Sutton Hall. The samples were analysed to determine Fe and
Mn levels using the developed ICP methods. These samples were analysed
using an internal standard method and it was found to be good for the
determination to minimise variation in the results obtained from the two ICP
methods. The analytical method speciation was developed using cation
exchange high performance chromatography ICP-MS (HPLC-ICP-MS) and
this was optimized and validated for Fe and Mn species in the water
processing samples. The soluble species forms of Fe3 and Mn?* were
analysed using a chromatogram, the calibration graphs of both Fe and Mn had
very good linearity (R?> = 0.9995 and 0.9999 for Fe and Mn species,
respectively) in the range of 5 ng/mL to 1 pg/mL respectively. The percent
recoveries were 95-105% with a RSD of <5% and spiked recoveries for both
species were in the same range as the % recoveries. For the method, species
were separated in three minutes with the cation-exchange capability of the
lonPAC column CGS5 ion pack and through using a guard column. The results
showed that both Fe3* and Mn?* appeared at high concentrations during the
addition of the coagulants in the water processing plant and the concentration
was less at the final stages of the treatment. The HPLC-ICP-MS method
indicates the benefit of using a Mn removal stage in the treatment works to
ensure that less than 200 ug/L and 50 pg/L of soluble Fe and Mn are obtained

in the final water supply.
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Chapter 1 Literature review

1.1 Introduction

All around the world, drinking water suppliers are responsible for providing
safe and clean drinking water. An adequate, safe, and accessible supply of
water should be available for both domestic and commercial use. Several
elements and minerals are commonly found in water. Some of the elements
are heavy metals like mercury, lead, chromium and arsenic and they can lead
to acute toxicity and potential health risks, even at low concentrations. Many
accidental poisoning incidents have been reported in different parts of the
world including the USA, China, Turkey, Pakistan and Bangladesh as a result
of heavy metals in water (1-4). In water, metals like iron (Fe) and manganese
(Mn) can cause aesthetic problems at high concentration levels, such as an
unpleasant metallic taste, discolouration and staining of laundry. Furthermore,
Wassermann et al. (1) indicated that Mn in drinking water can cause more than
aesthetic issues, and increased levels in drinking water can reduce intellectual

function in children.

Fe and Mn are naturally occurring elements in groundwater (5) where both are
present in anoxic environments (6). For a long period of time, Fe and Mn have
been causing problems for regulatory authorities in connection to industrial
and main water supplies. As a result, main water supply companies have
experienced customer complaints, compliance failures, and a loss of custom
(7). Although higher dissolved concentrations of Fe and Mn are not considered
to have any serious harm to human or animal health (5), they can cause

aesthetic problems. Therefore, the World Health Organization has approved
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the treatment of water if concentrations of Fe and Mn are higher than 0.3 mg/L
and 0.1 mg/L, respectively (8).

The water treatment processes for Fe include precipitation, oxidation with
oxidants such as potassium permanganate, oxygen, chlorine, and other
oxidant compounds. This is then followed by the removal of particles through
clarification and filtration. In contrast, there are several processes for Mn
removal that include adsorption of Mn on to manganese oxide coated media.
This is continuously activated by the addition of chlorine as well as oxidation
and precipitation by a strong oxidant such as permanganate followed by
particle removal. These treatment processes for Fe and Mn involve removal
of the metal. Drinking water systems use complexes of Fe and Mn to prevent
precipitation and subsequent water quality problems, such as staining on

clothes, colouration and turbidity (9).

1.1.1 Discolouration and aesthetic issues

Water utility companies have struggled to prove the link between particles
found in the distribution system in relation to the discolouration source. This is
partly because controlling the amount of particles entering drinking water
distribution systems is challenging. These particles from the water treatment
plant represent the most important external source entering the distribution
system; they can enter as dissolved inorganic and organic materials from the

source.

It is believed that the most common cause of discolouration is the build-up of
elements in the water distribution systems (10). Fe and Mn are usually the two

elements responsible for the discoloration problem (11, 12) and have been
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linked to both nuisance contaminants and aesthetic issues. As well as the
staining of clothes and kitchen utensils due to discolouration of water, Fe and
Mn can result in an unpleasant odor and taste in food (11). It is reported that
the water industry receives over 50,000 customer contacts per year in England

and Wales as a result of discoloured water (13).

1.1.1.1 Sources of Fe and Mn

Fe and Mn are common minerals that occur naturally in the Earth’s crust (14).
Although they are completely different elements, they can cause similar
problems in water supplies (15). Pearson and Greenway (16) published a
recent review about the developments in Mn speciation and found that Mn can
cause severe disruption to the central nervous system. The exposure via
inhalation resulted in the main cause of Mn toxicity. The Fe and Mn occurring
chemical forms have different colours including yellow and dark brown, which
adversely affect water aesthetic properties when present in high

concentrations (15, 17-20).

The use of water for human consumption is obtained from two main sources,
groundwater and surface water. Rivers, lakes, and reservoirs contribute to
surface water supplies. When the groundwater is pumped up to the surface, it
comes into contact with air allowing the oxidation of some elements and this
is accompanied with release of carbon dioxide into the atmosphere. The
dissolved oxygen is consumed by the decomposition of organic matter and
microbes in the soil. This process reduces Fe and Mn from Fe3* and Mn** to
Fe2* and Mn?* respectively and the lack of oxygen also causes the pH value
of water to be reduced due to microbial action. The soluble form of dissolved

Fe is Fe?* under the pH range of 5 to 8. After the oxidation process and carbon

23



dioxide release, the pH values are increased and hence the Fe?* and Mn?* are
changed into the insoluble forms of Fe3* and Mn**. If this is a source of drinking
water, then the presence of Fe and Mn will require treatment to remove the

colour, prior to distribution to customers.

1.1.2 Fe and Mn contamination in drinking water

Water supply companies have faced two major problems. The first concerns
drinking water discoloration and the second is compliance failures. They have
attempted to eliminate these problems by cleaning, renewal and replacement

of the mains distribution network (21).

It is therefore important to identify the source of discolouration and minimize
the effect of these elements in the treatment system. Low concentrations of Fe
and Mn can enter the distribution networks from the water treatment plants
causing both elements to build up in the network (21). Although corrosion of
cast Fe pipes was often regarded as the main source of the problem, particles
originating from the water treatment plant played an important part in the
generation of a discolouration in drinking water distribution systems (22). The
deposits of both Fe and Mn depend on their chemical reactions, physical

processes and microbiological activity within the network system (23-25).

Prescribed concentrations in drinking water in the UK are set at limits of 0.2
mg/L for Fe and 0.05 mg/L for Mn (26-29). The World Health Organization
(WHO) guidelines (30) have set 0.4 mg/L for Mn and 0.3 mg/L for Fe in
drinking water (28, 31) the different between these two guides because WHO
based on the upper tolerable intake while DWI based on the avoidance of

water discolouration and deposition. However, discolouration events are the
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phenomenon that results in numerous complaints from customers to drinking
water supply companies due to the visible deterioration of water quality leaving
the tap. The two dominant processes that threaten tap water quality are
particle accumulation (21) and microbial growth. These events can undermine
customer confidence as well as causing nuisance such as staining of clothes.
Further effects resulting from these problems are increased treatment costs
and reduced treatment capacity, as well as increased pumping and
rehabilitation costs, and a risk of health concerns. The process of deposition

and release of these metals is highly complex and unpredictable.

Previous research has provided different methods to prevent the
discolouration of water (10, 21).The work conducted by J.H.G. Vreeburget al.
studied the prevention of the release of any matter into the distribution
systems. Other research emphasised the importance of minimizing the settling
of suspended solids, removing any sediments from the distribution systems in
a timely way (21). The most important step was found to be the prevention of
build-ups of the particle matter in distribution systems. (21). There was also
extensive agreement that the ultimate objective of water utilities should be to
offer good quality drinking water to customers (32). Indeed, there has been an
urgent need for water companies to have a good understanding of the
processes and mechanisms leading to water discolouration and to avoid
compliance failures. In addition, there is a need for a comprehensive strategy
in place to deal with such events. It has been suggested that water utility
suppliers should focus on offering good quality drinking water at customers’

taps instead of attempting to achieve this at the treatment plant (33).
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Mn is one of the most abundant metals in the Earth’s crust and exists in surface
and ground water due to the erosion of rocks and soil and in air as dust
particles. These dust particles settle to the ground within a few days. Mn is
found in various oxidation states within several chemical compounds, usually
in association with oxygen, chlorine, or sulphur. Principally it is found as
pyrolusite (MnOz2). Mn reacts with water and dissolves in diluted acids. The
main mining areas for Mn ores are in Russia, South Africa, Gabon, Georgia
and Australia. Industrial activities are also responsible for contaminating the
environment with Fe and Mn. Elevated levels of Mn can cause lung, liver and
vascular disturbances, declines in blood pressure, failure in development

foetuses and brain damage in animals (34, 35).

Fe and Mn occur in dissolved forms as ions (Fe?*, Mn?*) and as undissolved
higher forms as Fe (OH)s or Mn (OH)4, respectively. They can also bond to
humic substances to produce colloid forms. This form depends on oxygen
concentration, solubility of Fe and Mn compounds in water, redox potential, pH
value, hydrolysis, the presence of complex forming organic and inorganic

substances, water temperature and water composition (CO2).

In the presence of oxygen in the water, the corrosion rate generally increases
with dissolved oxygen forming hydrate oxides, which have a reddish-brown
colour. Fe oxide and hydroxide are insoluble in water. At lower pH the water
solubility of these compounds increases, as Fe3* compounds are soluble in

strongly acidic solutions (36)
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1.1.2.1 Factors influencing Fe and Mn accumulation in the
water network system

The link between particles found in the distribution system to the discolouration
source has been found to be very difficult to prove for water utility companies.
This is partly because control of the amount of particles entering drinking water
distribution systems is a challenging task. These particles from the water
treatment plant represent the most important external source entering the

distribution system; dissolved inorganic and organic material from the source.

For water utilities, controlling the amount of sediment getting into drinking
water from the distribution structures has been a major challenge (37).
Typically, soluble Fe?* /Mn?* is converted to an insoluble form at some point
during water processing by making use of oxidants such as potassium
permanganate, chlorine, ozone or chlorine dioxide (38).The redox chemistry
of Fe and Mn plays a dominant role in their aquatic cycle, leading to
transformations from their insoluble oxidized forms into their soluble reduced
forms and vice-versa (39). These particles give the water a red tint from Fe
and Mn leaves a black tint which is usually suspended in water. These soluble
species and colloidal elements are responsible for the discolouration events
(40).

Equations 1-1 and 1-2 show how chlorine dioxide oxidises Fe?* and Mn?* to
insoluble Fe3* and Mn**, respectively. Usually, the reaction takes place within
two to three seconds (41).

Fe?* + ClO2 + 3H20 — (OH)z + CIO% +3H* (Equation 1-1)

Mn?* + 2CIO2 +2H20— MnO? + ClIO?% +4H* (Equation 1-2)
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The factors that influence the accumulation of Fe and Mn include complex
chemical, physical/hydraulic and biological processes. From the water supply
facilities or network, there are three possible causes of discolouration: (42);i)
chemical reactions involved in water purification process, ii) biological

parameters and iii) physical processes/forces inside the network.

1.1.2.1.1 The chemistry of Fe and Mn

Fe and Mn are abundant in the environment and present different oxidation
states depending on the conditions in which they might be encountered.
Different species of Fe and Mn are represented in Figures 1-1 and 1-2. The
redox chemistry of Fe and Mn controls their aquatic cycle and the
transformation from insoluble oxides to soluble reduced forms and vice-versa

(43).

E, volts

Figure 1-1 EV-PH Pourbiax diagram for Fe oxides and hydroxides (31).
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Figure 1-2 EV-PH Pourbiax diagram for Mn oxides and hydroxides (31).

Mn is similar to Fe as it is a transition metal. It occurs naturally, and the
chemistry of Mn is complex. It exists in several species with different oxidation
states between 0 to +7 , with +2, +4, and +7 being environmentally and
biologically important (44). The most chemically stable forms of Mn are +2 and
+7 where both forms are soluble, whereas in contrast Mn** is insoluble. The
most stable is Mn?*, and it is this form that is the most naturally occurring
dissolved form of Mn. In the presence of chlorine, bacteria, or dissolved
oxygen the soluble Mn?* is oxidized and precipitated as MnO2 in drinking
water, causing a “black water” through home taps (45, 46). The pH medium
also plays a role in determining the dominance of each form. For example, at
pH less than 5, the soluble form dominates, while at a pH exceeding 5, the
insoluble form is more dominant. Fe3* is stable in oxygenated water but is
usually insoluble forming solid particles. In contrast, Fe?* is unstable under

the same conditions but is generally soluble (47). The Mn species often occurs
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with Fe3* when the pH value is larger than 8, above this the stable form of

MnOzis found as shown in Equation 1-3.
Mn2* + 2H20 = MnO2 + 4H* +2e (Equation 1-3)

Mn can also exist in the +3 state; however, this state is very unstable and
usually reverts to the +2 state. Mn compounds in +5 states are not very
common (48).

1.1.2.1.2 The effect of biofilms on Fe and Mn concentrations
in water

The biofilms which can develop within the water distribution networks are
composed of a number of bacteria held in the films. Biofilms are
microorganisms that get attached to pipe walls and then multiply to form slime
layers. Several definitions for biofiims have been published. USEPA (2002)
(49) defines biofilms as a complex mixture of microbes and organic and
inorganic material accumulated amidst a microbial-produced organic polymer
matrix attached to the pipe wall. Biofilms that have Fe and Mn oxidising
bacteria may contain high concentrations of inorganic content such as
sediments, scales, and corrosion deposits (36).Trace amounts of some other
nutrients are also required for the growth of biofilms, but these have not been
investigated (50). As bacteria mainly consume organic carbons, reducing the
concentration of this nutrient can limit biofilm growth. Such bacterial species
have been identified by Sly et al. (51, 52). The bacteria that are released from
biofilm in the distribution system are especially considered a major potential
risk for drinking water. The bacteria can change Fe and Mn speciation and

causes the precipitation of these metals in the distribution system.
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The demand of biofilms for oxygen means that they may release, for example,
Fe?* during periods of extended anoxic conditions (53). Turbulent flow may
cause shearing of biofilms from the pipe wall, causing bacteria to enter the
water flow. Bacteriological regrowth is an issue of major concern for many
water utilities and consumers. By consuming nutrients in the bulk water that
bacteria grow in, the biofilms on the pipe are on the surface (10). Biofilms in
the water distribution system contain a variety of microorganisms; however,
only a few that oxidise Mn and Fe contribute to water discolouration. Such
bacterial species have been identified by Sly et al. Biofilm detachment has
important implications in distribution systems since this transport mechanism
allows microorganisms or other chemicals of concern to be introduced into the
bulk solution. Five categories of biofilm detachment processes have been
identified: erosion, sloughing, human intervention, predator grazing, and
abrasion (54, 55).

Chlorine, chlorine dioxide, and ozone are the three main primary disinfectants
used by water companies to kill or prevent the growth of microorganisms in
drinking water. It has been reported that increasing chlorine levels in the water
distribution system reduces biofilm formation (56). Cerrato et al. (23) reported
an increase in Fe and Mn deposition with the increase in microbial activity.
This can affect the quality of water within the distribution systems and cause
aesthetic and health problems (57). Biofilms in drinking water are relatively
thin (107cells/cm?) and may have a more cohesive structure with fewer cells.
As a result, it is more resistant to external shearing under turbulent flow

conditions (57-60). However, the film can be released by changing the water
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flow rates. This is advantageous because the metals that are covalently

attached to the biofilm will be sheared away as well (61, 62).

There are a number of factors that may influence the formation and growth of
biofilms on the pipe surfaces and these include disinfectant, temperature,
water age, pipe material, availability of nutrients, concentration, disinfectant,

flow parameters and form/concentration of organic carbon (63).

The microbial activity in distribution systems occurs in water, on pipe surfaces
and in deposits which have accumulated in pipes and storage tanks causing
water changes. Mn is oxidized to its insoluble form either by bacteria or by
residual concentration of chlorine in the network and the insoluble form is
deposited on the pipe walls (27). Peng and Korshin (64) discovered that Mn in
drinking water was more mobile than chromium, cadmium, and arsenic and
the metals are associated with organic fractions. The biofilms and natural
organic matter in water distribution systems played an important role in the
accumulation of Fe and Mn (64-69) and the observed changes in the water

quality.

Arecent study by Ginige and Wylie (70), also showed that seasonal influences
may affect biofilm production because increases during the summer and
autumn were found. This process, together with flow dynamics, may have
some influence on increases in discoloured water by releasing Fe and Mn into
the bulk flow (10). Particulate accumulations are known to be related to the
biological activity (71), and up to 12% of organic matter in particulate

accumulations may contain bacterial biomass (21).
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Manganese oxidizing in drinking water systems was carried out (62), and this
study showed that Mn was reduced by microorganisms even under oxidizing
conditions. Accumulation of Mn oxides by microorganisms may lead to
significant Mn deposition in natural environments. In pipelines and drinking-
water distribution systems, deposition occurs where the build-up increases
frictional forces at the surface, so causing a head loss at turbines, reduced
flow in distribution systems and Mn-related dirty water (27, 72). Biochemical
Mn oxidation and deposition occur in areas of the network where there is
insufficient chlorination to control biofilm growth (72). This has the ability to
oxidize manganese forms and then cause contamination to taste, odour,

corrosion, and colour.

1.1.2.1.3 Physical factors influencing the concentration of Fe
and Mn in water

Many water distribution networks are designed to target liquid velocities of 0.2—
0.5 m/s, and in these systems, hydraulic stipulations range from laminar to
turbulent flow (73). The parameters that have an impact on Fe and Mn
deposition dynamics are grouped into two types: (i) pipe parameters such as
pipe material, pipe age, and the pipe cleaning process; (ii) community
hydraulic parameters such as the flow velocity, shear stress, diurnal variant
and turbo apheresis turbulent transportation of particles from greater turbid
areas to less turbid regions (21). Recent research (24) has also indicated that
pipe material had a significant influence on deposition dynamics. For example,
contrary to the common belief that networks with plastic pipes are less prone

to discolouration, recent research indicates that deposits on plastic pipe walls

33



are loose and subject to sloughing under smaller shear forces compared to
iron pipes (24). However, this research only reported on total Fe and Mn
concentrations, and did not provide crucial information as to which species of
Fe and Mn existed in the different pipes and under what hydraulic conditions.
This information is necessary to understand, for example, the presence of
insoluble Mn#* and soluble Mn?*, which will be crucial for understanding what
conditions caused the change of concentration of species. Similarly, the type
of pipe cleaning process employed may remove the corroded pipe wall
material in the case of iron pipes, which may lead to further corrosion and
scaling (74). Crane indicated (75) that shear stress was once the most
important cause of sediment conditioning and re-release into pipe networks

(74).

1.1.2.1.4 Plastic pipes

Fe and Mn both deposit in the water distribution system and this leads to
clogged pipelines and decreased water pressure, thereby requiring more
energy to pump water through the network (76). This problem can increase
the cost of the pipe material (21), and many companies have attempted to
reduce the discolouration of water by replacing iron pipes with those made
from polyvinyl chloride (PVC). Clearly, PVC pipes are not as effective as first
considered due to issues of cohesion and hydraulic events. Two types of pipe
material have been studied; composite plastic (polyethylene, PE) and copper
in a pilot scale water distribution network. They found that biofilms present in
copper pipes decreased only at the beginning of the pipeline and chlorine

concentration declined more rapidly in copper pipes than in PE. This
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demonstrated that copper pipes required a higher chlorine dosage than plastic

to achieve effective disinfection of the water.

The replacement has become important for these companies to reduce

customer complaints and avoid excessive concentration of Fe and Mn.

Hydraulic and aesthetic effects, including water leaks, increase pumping costs,
and corrosion products that can build up in the network iron and steel pipes
(77). Fe corrosion forms a layer of Fe(2+), Fe(3+), and mixed (Fe(2+)/(3+))
oxides and oxy-hydroxides (78). Husband and Boxall (21, 79-81) focused on
the corrosion of cast iron pipes and the dissolution of Fe through this process.
As a result of this research, many cast iron pipes have now been replaced with
(PVC) pipes. Currently about 54% of all pipes installed worldwide are plastic
pipes, with up to 62% being PVC and approximately 33.5% polyethylene (PE)
(82). The pipe material has a significant influence on deposition dynamics. Mn
is much more of a problem than Fe, and investigations carried out to assess
the potential effects of using PVC pipes indicated that drinking water extracted
from them contained three times more soluble Mn, and 35 times more total

Mn, than was present in drinking water transported by iron pipes (24).

Information provided according to customer black water problems, caused by
insoluble Mn, were more noticeable where PVC pipes were used for
distribution in system mains and house plumbing. Conversely where iron pipes
were used, fewer complaints were reported in the affected areas (24). PVC
pipes are problematic due to the detachment of Mn during flushing and

therefore the infrastructure used for supplying water must be chosen with care,
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as subtle reactions between water and the different materials (PVC and iron
pipes) can affect the ultimate delivery quality (24). However, Husband and
Boxall (83) recommended PVC pipes over iron due to the limited bacterial
growth compared to iron pipes, in terms of safe drinking water. Research
carried out confirmed that properties of synthetic plumbing materials (high-
density polyethylene (HDPE) or chlorinated polyvinyl chloride (cPVC) (84) was
important. Water quality changes were observed: a weak to moderate intensity
of a “waxy/plastic/citrus” odor to the water from the HDPE pipes was found but
not the cPVC-contacted water samples.

A large number of investigations have studied microbial Mn-oxidation in
drinking water systems, mainly for its association with biological filtration (9,
85-87) ). A small number of studies have investigated microbial reduction and
oxidation of Mn in drinking water distribution systems exposed to high levels
of chlorine (23, 88). This study demonstrated that even under highly oxidative
conditions (high chlorine and oxygen) microbes were capable of both Mn-
oxidation and reduction, Mn reduction was assumed to be impossible under

such conditions (23).

1.1.3 Health effects

Fe and Mn in drinking water has long been considered to cause only aesthetic
issues. In fact, low concentrations of Mn and Fe are known to be essential for
human health (89). However, higher levels of Mn cause adverse health effects
such as impaired motor skills and cognitive disorders (90). Fe intake
allowances reported by the National Academy of sciences are displayed in

Table 1-1.
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Table 1-1 Dietary allowances for iron in infants, children, and adults (Institute
of Medicine Food and Nutrition Board (93).

Age Males Females Pregnancy Lactation

(mg/day) (mg/day) (mg/day) (mg/day)
7 to 12 months 11 11 N/A N/A
1to 3 years 7 7 N/A N/A
4 to 8 years 10 10 N/A N/A
9to 13 years 8 8 N/A N/A
14 to 18 years 11 15 27 10

19 to 50 years 8 18 27 9

51+ years 8 8 N/A N/A

Fe is present in the human body and is a dietary requirement for humans and
other organisms, 70% of Fe in the human body is found in the blood cells. The
body absorbs 25% of all Fe present in food, which may be increased by means
of vitamin C tablets for someone who has Fe deficiencies because the vitamin

reduces Fe3* to Fe?* (91).

Fe is an important element in haemoglobin, which binds and transports oxygen
from the lungs to other body parts. Fe is also essential for enzymes, normal
brain functions and is involved in DNA synthesis Fe?* salts are used to treat
young children, pregnant women and those who suffer from Fe deficits. In
water, if Fe exceeds the permitted level it may cause toxic effects. Average

adequate intake Mn concentrations are displayed in Table 1-2 (92).
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Table 1-2 Recommended Dietary Allowances for manganese for Infants,
Children, and Adults (Institute of Medicine Food and Nutrition Board (93).

Age Males Females Pregnancy Lactation
(mg/day) (mg/day) (mg/day) (mg/day)

7to 12 0.6 0.6 N/A N/A
months
1to 3 years 1.2 1.2 N/A N/A
4 to 8 years 15 1.5 N/A N/A
9to 13 years 1.9 1.6 N/A
14 to 18 years 2.2 1.6 2.0 2.6
19 to 50 years 2.3 1.8 2.0 2.6
51+ years 2.3 1.8 N/A N/A

In one study, the health effects of high levels of Mn in drinking water were
investigated and it was found that this can reduce the intellectual function of
children (1). However, many researchers suggest that even low levels of Mn
in drinking water may have adverse health effects (2, 93). A study conducted
on 142 ten year old children in Bangladesh found that the exposure to Mn in
drinking water was positively related to hyperactive classroom behaviours that

was noticed in 46 children (93).

Mn has been identified as a potential threat to children’s health due to its
associations with a wide range of outcomes including cognitive, behavioural
and neuropsychological effects (94). In children’s hair samples, higher Mn
concentrations compared to controls have also been linked to learning
disabilities (95, 96) . The neurotoxicity of Mn after excessive work-related

exposure by inhalation has also been studied (16), and Mn toxicity has caused
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neurological symptoms comparable to Parkinson’s disorder. This was first
mentioned by Coupler (97), and the disorder is characterized by weakness,
anorexia, muscle pain, apathy, slow speech, facial expressions, postural
difficulties, rigidity, tremors, reduced intellectual status, and slow, disorientated
actions of the arms and legs (28, 98). Both animal (99-101) and human (101,
102) records show that certain groups of individuals are predominantly

susceptible to Mn intoxication.

Additionally, infants are more susceptible to Mn toxicity because their blood
brain barrier is not fully matured (96, 103). In contrast to ingestion, inhalation
is far more efficient at delivering Mn to the brain, as evidenced by inhalation

being the most common route of exposure for toxic Mn in humans (104, 105).
1.2 Elemental regulatory and guidelines

High concentrations of Fe and Mn in water distribution systems can lead to
compliance failures. The Drinking Water Inspectorate (DWI) has set the
maximum concentration levels of Fe and Mn in drinking water to 200 and 50
Mg/L, respectively. In general, water companies set post-treatment targets of
Fe and Mn to within 3% of those levels. They do so to reduce the
concentrations of Fe and Mn entering the water distribution system, thereby
leading to reduced deposition in the water system. However, irrespective of
how effectively water is treated, very low concentrations of Fe and Mn may still
enter the network from water treatment plants and gradually accumulate on
the inner surface of pipe walls within the water distribution system. During
hydraulic events, such as high flows created by bursts in water mains or high

diurnal consumption of drinking water, these accumulated particles may be
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dislodged from the pipe walls, cause discolouration, and subsequently end up

at customers’ taps, which cause problems drinking water.

Table 1-3 Drinking water standards for Mn and Fe by selected organisations.

USEPA DWI WHO
Parameter(mg/L) Secondary Based on aesthetic Health-based
Standard of smell and taste value
Fe 0.3 0.2 0.3
Mn 0.05 0.05 0.5

The UK Water Regulations regulate the quality of the quality of drinking water
and are adhered to by the regulatory body for the UK water industry, the
Drinking Water Inspectorate (DWI). This is a group appointed by the Secretary

of State for the Environment, Food and Rural Affairs.
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The Inspectorate has a duty to monitor the performance of water undertakers
against the various regulations regarding drinking water quality. The reference
document used by the DWI has come to be known as the Water Regulations
document (106). This is a comprehensive text which includes all aspects of
water quality from sampling and analysis to operational matters including
procedures for when limits are exceeded. Each water company is visited
annually and its compliance with the Water Regulations audited by the DWI. A
variety of organisation and agencies has set drinking water standards for Fe
and Mn concentrations Table 1-3. The limit of 0.05 mg/L for Mn has been set
by the EU.The United States Environmental Protection Agency (US) health

(24).

The regulations have not been mandated because Fe is not a direct cause of
adverse health effects. However, the EPA has set a limit of 0.3 mg/L or greater
for Fe in water treatment plants. Water with less than the concentrations stated
in Table 1-3 should not exhibit any of the previously mentioned side effects.
Thus if it concentrations are higher than these standards, then water must be
treated before using it for drinking. Prof.J.N. Lester has studied the behaviour
of heavy metals in waste water during treatment processes. It is apparent that
the limitations on heavy metals in discharge from other particles and metals
are more in stringent in the US than the EU community. Lester's work
concluded that the finite availability of unpolluted freshwater will result in

greater water re-use and that appropriate standards are required to protect
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potable supply, raw water and agricultural land from contamination by heavy

metals (107).
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1.2.1 Fe and Mn toxicity issues

Fe and Mn are transition metals. It is this cohesive nature that is believed to
be significant, as Mn is known to complex readily with Fe in water and to the
pipe wall, so allowing Fe levels to increase (108). A very low level of Mn in the
treated water entering the water network should greatly reduce the risk of Fe
infringements and discoloured water complaints. However, the opposite of this
is not always true i.e. higher levels of manganese do not necessarily lead to
an increased risk. This can be explained by the fact that there are different
oxidation states or species of Mn and that not all of them have an adverse
effect on Fe infringement and discolouration rates.

Previous researchers (109-111) have discussed that the exposure of Mn can
lead to a strain of Parkinson’s disease called manganism, by using brain
extracts section 1.1.3 Fe?* was seen to significantly relate to Mn concentration
in the brain and showed that the level of Fe?* was accompanied by higher Mn
concentration because of the interaction of the different mechanisms of

oxidative stress in the neural tissues.

1.3 Drinking water treatment plants

There are several methods for Fe and Mn treatment in drinking water including
oxidation, direct filtration and oxide filter media, sequestration, membrane
filtration, and biological treatment. Figure 1-3 shows a schematic of a water

treatment plant.
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Figure 1-3 Schematic showing the common steps in water treatment used in
drinking water processing plants.

the water source which is raw water and the purification stage on the above
diagram is the final water which is clean and go directly to the tap water as
drinking water. Including the oxidation treatment process where the soluble Fe
and Mn is oxidized prior to the addition of chemicals that lead the heavy
particles to settle to the bottom of the water and then be removed. The
oxidation process may be accomplished by different oxidation agents such as
potassium permanganate, oxygen, chlorine, ozone, aeration, and chlorine

dioxide (112).

Once soluble, Fe and Mn are oxidized into a particle form, they may be settled
from solution. However, the settling velocity may be very slow, so to increase
this settling velocity, coagulation agents are added to convert them into larger

flocs that settle out more rapidly.
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The water from the source is pumped and mixed with a coagulation reagent
and salt such as aluminium sulphate or iron sulphate, or synthetic polymer is
added during the mixing stage to attract any suspended particles. The
selection of a suitable coagulation agent depends on each water company’s
regulations. The amount of the coagulants needed depends on the level of
contaminating chemical compounds and solid present in the raw water. The
water is then stirred to allow the particles to come together and form large
particles (flocculation), which can then be removed by sedimentation and

filtration.

Air can be used as a pre-oxidant for Fe, but for Mn, insufficient oxidation takes
place. If Fe alone is present, aeration followed by filtration will be the best
treatment without the need for permanganate or chlorine bleach. All these
treatment technologies for Fe and Mn depend on raw water concentration
levels and whether the minerals are dissolved. Finally, the purified water is
pumped into the distribution system (21). Inadequate treatment of Mn at the
water treatment plant can cause soluble Mn to enter the water distribution
system where it is oxidized to an insoluble form either by chlorine or bacteria

producing oxidized solids on the pipe surface (113).

One goal of the water treatment process in drinking water was to minimize Fe
uptake from the distribution system because of the corrosion of Fe and steel
pipes (78). The application of filtration techniques has been used to remove
Fe and Mn from drinking water after precipitation (Figure1-3). Ultrafiltration
membranes have been used to attempt to eliminate Fe and Mn by using small
pore filtration, but this is not viable on a large water processing scale (114). It

has been observed that Fe pipe material impacted on Mn deposition within the
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drinking water distribution network, which resulted in discoloured water

problems because of soluble Mn in the water surface (24, 115-117).

The source of Fe in drinking water is either from ferrous pipes in the distribution
system or from the water supply after treatment (118, 119). The Fe (lll) and Fe
(I) ions present in river water precipitate as iron oxide and iron hydroxides
such as goethite (a-FeOOH), magnetite (Fe3O4) and hematite (a-Fe203).Iron
can also adhere to the walls of drinking water pipes and is the most common
reason for coloured water formation (120, 121).The oxidation process of Fe?*

to Fe3* can be described as follows:

Fe?* - Fe3*+ e- (Equation1-4)

The full oxidation reduction-reaction equation for Fe is as follows:
Fe?* + 3H20 -Fe(OH)s + 3H*+e- (Equation1-5)

4Fe + 302 + 6H20 —» 4Fe3* + 120H- (Eqaution1-6)

In the next section accurate and reliable analytical methods that are needed
to determine Fe and Mn in drinking water samples, such as the various ICP

methods are discussed.
1.4 Inductively coupled plasma (ICP) for metal analysis

In the field of environmental analysis, inductively coupled plasma optical
emission spectrometry (ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS) have become the multi-element method of choice for
low-level elemental determinations (122). In 1983 ICP-MS became

commercially available, resulting in significantly lower limits of detection (123),
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and the capability of the ICP-MS to analyse concentration down to ng/mL is
very attractive in elemental analysis. The ICP is widely used as an ionization
source in mass spectrometry (MS) and in optical emission spectrometry
(OES). These techniques are broadly applied in analysis of a wide range of

samples in several fields (25, 124).
1.4.1 Inductively coupled plasma (ICP)

Inductively Coupled Plasma (ICP) is an analytical technique used for trace
metal determination and was first employed in the early 1960s. ICP is self -
sustained, since the ionization and collision mechanism is continuous because
of several unique advantages including essential plasma characteristics
leading to high electron density and temperature, high excitation and ionization
capability, and high gas temperature. The ICP source allows the atomization
and excitation of almost all elements. The plasma is an ionic gaseous mixture

which occurs inside the torch containing cations and electrons.

ICP is characterized by a very high temperature of around 8000 to 10000K,
which gives it the capability to efficiently desolvate, vaporize, excite and ionise
atoms. This requires the elements to be analyzed in solution and aqueous
solutions are preferred over organic solutions because the latter require
special manipulation prior to injection in the ICP source. The advantages of
ICP compared to AAS are greater precision, speed, and sensitivity. The high
temperature results in the presence of no or few molecular species, and the

relatively long residence time causes few ionization interferences (125, 126).
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The sample is introduced into the system by the spray chamber and is carried
by the Ar gas into the torch Figure 1-4. The torch plays a different role in ICP-

OES than it does in ICP-MS.

Ar flows inside the concentric channels of the ICP torch to generate the plasma
where the sample is nebulized and entrained (127). The torch consists of three
concentric tubes with a 3 mm outer diameter within a copper induction coil of
a radio frequency generator. The power is supplied to the load coil which

surrounds the torch, transmitting a 40 or 27 MHz radio frequency (RF) field.

Central channel
Induction

Injector tube

Intermediate gas

Outlet gas

Figure 1-4 Schematic of an ICP torch, adapted from Boss, 1977 (129).

An intensive magnetic field around the coil is developed and spark from a tesla
coil is used to produce electrons and ions in this region. The oscillating RF
field causes electrons injected from a tesla coil to oscillate and gain energy.
This induced current flowing in a closed circular path, results in heating of the
Ar gas, and ions are produced. The high temperatures necessitate cooling,

which is applied using Ar to the outer tubes, the sample, preferably as an
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aqueous solution, is introduced to the ICP via a nebulizer. This converts the
solution into an aerosol, which is introduced through the inner tube. The light
emitted by the atoms and ions of a metal in the plasma is converted to an
electrical signal and is most frequently quantitatively measured (this is for ICP-

OES, for ICP-MS ratio is measured).

In the ICP-MS, the plasma torch is positioned horizontally, and is used to
generate positively charged ions. In the ICP-OES, the plasma, usually oriented
vertically, is used to generate photons of light by the excitation of electrons of
a ground state to a higher energy level of each atom. These electrons transfer
back to the ground state, wavelength specific photons are emitted that are
characteristics of the element of interest. Photomultiplier tubes are used to
measure the light intensity at specific wavelengths for each element line. This
intensity is compared to previous intensities of known concentrations of the

element.
1.4.2 ICP advantages and disadvantages

The ability of the ICP to identify and quantify all the elements with the
exception of Ar is a major advantage over atomisation methods at lower
temperatures. Also, ICP is suitable for all concentrations from ultra-trace levels
to major components; the detection limits for most elements are very low.
Another advantage of employing ICP is the capability of multi-element analysis
and quite rapidly in a period as short as 30 seconds with low consumption of
0.5 ml of sample. However, ICP has difficulty handling halogens; specific

optics for the transmission of the very short wavelengths become necessary.
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1.4.3 Inductively coupled plasma optical emission
spectrometry (ICP-OES)

ICP-OES is one of the most popular analytical techniques for the determination
of trace metals in different samples. ICP-OES is based on the measurement
of the light emitted by elements and ions in the sample, where the measured
emission intensities are then compared to the intensities of known

concentration to obtain the concentration in the unknown sample Figure 1-5.

\
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To plasam

Nebulizer Spray chamber

= jtl |:| } o drain
™ Argon gas

Sample

Figure 1-5 Diagram of sample introduction to ICP-OES, adapted from (M.
Hieftije 1989) (130).

The light emitted from ICP in the ICP-OES can be viewed radially which results
in the highest upper linear ranges. Alternatively, it can be viewed axially, in
which the background from the ICP is reduced and the sample path is
maximised, thus providing better detection limits than the radial viewing by as
much as a factor of 10. Most systems allow the plasma to use both views in a
single analysis to provide the best detection and wide working ranges.

The ICP-OES has a spectrometer that separates the individual wavelengths

of the light and focuses the other wavelengths onto the detector such as
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photomultiplier or charge coupled devices (CCDs) which both convert photons
to electric current. CCD is a highly sensitive photon detector which has a
surface divided up into a large number of light sensitive small area (pixels),
which can be used to build up an image of the scene of interest. The intensity
is related to different color in the colours spectrum for each wavelength. After
the atoms or ions are excited by the absorption of energy, they decay back to
a lower energy, and a more stable state, by emitting a light of specific

wavelength as shown in Figure1-6 (128).
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Figure 1-6 Excited atom energy level adapted from (Charles B. Boss, 1997)
(132).

The ICP-OES instrument allows the simultaneous analysis of about 60
elements. When the light intensity is calibrated against standards, the

technique provides a quantitative analysis of the original sample (129, 130).
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1.4.3.1 ICP-OES Interference
The interferences encountered using ICP-OES for multi-element analysis are
spectral, physical and/or chemical in nature. The matrix effects can be divided

into three types of interference.

Chemical interference: This type occurs when a compound is formed, which
prevents the quantitative atomization of the element. In ICP-OES this type
does not play a major effect because of the high temperature conditions in the
plasma.

lonization interference: This interference affects sensitivity and depends on
the following factors: temperature, ionization potential, and concentration of
the analyzed element.

lonization interferences show a change in emission intensity by causing a shift
in the Ar ionization. This is caused by easily ionizable elements such as alkali
metals including K, Na, Cs, and Rb, which result in the greater intensity of the
neutral lines to reduce the intensity of ionic lines because the changes of the
emission intensity caused the ionization of equilibrium to shift. The ICP
instruments have the capability to avoid these interferences by choosing
different emission lines because modern instruments use simultaneous
measurements of the analytes at the same time.

Physical interference: This occurs when the changes in the sample solution
content cause changes in the nebulization rate due to the change of viscosity,
matrix and density of the solution. These interferences can change the size of
the droplets, which then have an influence on the sensitivity of the
measurement. This type of interference can be overcome by matching of the

sample’s and standard’s matrix and by the use of a suitable internal standard.
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An internal standard usually consists of the addition of a known concentration
of an element that is not present or is undetectable in the sample. It is added
to all standard solutions and samples at the same concentration. If a rise or
fall in the signal obtained for the internal standard is detected the final
determination can be adjusted in accordance with the change in signal.
Selection of the correct internal standard is important, as it must model the

chemical behaviour of the analyte and be in the mass range of the analyte

1.4.3.1.1 Spectral interferences

This interference is one of the biggest problems of ICP-OES and is difficult to
correct. The high temperatures produce emission from a wide range of
elements with a higher risk of interference. These interferences alter the
analyte’s signals, and thus negative or positive signals result which affect the
accuracy and precision of the method. Figure 1-7 A to D shows the different

spectral interferences (131). Examples of spectral interferences are:

Direct spectral overlap: This occurs when two elements emit light at the

same wavelength.

Background shift: This interference is visible on the smoothed subarray
display and is identified by the distortion of the lines. The use of two
background points to extend the width of the subarray helps to alleviate the

problem(132).

Wing spectral overlap: This occurs when the high temperature of the plasma
causes Doppler broadening of the spectral lines which leads to wing overlap

where another analyte contributes to the signal of the others, but the peaks for
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both analyte are separated. Also, the presence of an interfering element in

very high concentration in the sample can cause wing overlap (133, 134).
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Figure 1-7 (A) Direct spectral overlap, (B) No overlapping, (C) Simple
background shift, and (D) Wing overlapping interference shift.
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1.4.4 Inductively coupled plasma mass spectrometry (ICP-
MS)
This instrument was developed in the late 1980s (135) to offer high sensitivity

for the determination of a wide range of elements, the sample is introduced in
the same way as in ICP-OES. It provides quick analysis, and low detection
limits. This development has increased the use of a number of isotopes that
are available for routine analysis and the number of applications as a routine

technique (136).

The major reason for this instrument’s unparalleled growth is its ability to carry
out rapid multi-element determinations at the ultra-trace level ng/L. Even
though it can be used to determine the same elements as other atomic
spectroscopic techniques such as (GFAA) graphite furnace atomic absorption,
(flame atomic absorption (FAA), and ICP-OES, ICP -MS has the advantages
of multi-element characteristics, detection limits, isotopic capabilities, and
speed of analysis. ICP-MS is able to extract the sample ions from the ion
source because the plasma is analyzed with these ions in a high vacuum in
the detector. The ICP-MS combines a high temperature ICP source with a
mass spectrometer, the atoms are converted into the ions. These ions are then

separated and detected by the mass spectrometer.

1.4.4.1 Sample introduction

Typically, the sample is introduced into the ICP plasma as an aerosol.
Therefore, the samples must be introduced to the nebulizer in either liquid or
as a dissolved solid sample. This liquid sample is pumped from a vial, via a

peristaltic pump, through the spray chamber into the nebulizer that creates an
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aerosol of fine droplets (the larger droplets going down to the drain). The small
droplets enter the torch then the plasma generated in the ICP torch by passing
Ar gas through the ICP tubes. The liquid droplets containing the sample matrix
and the elements to be determined and through the high temperature undergo
atomization. These atoms continue their travel through the plasma, they
absorb more energy until they release an electron, becoming ionised. The ions
formed by the ICP are typically positive ions, M** or M?*, Once the ions are

formed they travel out of the torch and come to the interface.

1.4.4.2 The ICP-MS sampling interface

Figure 1-8 illustrates a typical sampling interface used to extract ions from the
ICP into the MS. The interface system consists of a sampling cone and
skimmer cone; ion lenses; a quadrupole mass spectrometer and detector. The
ions produced by the ICP are introduced to the MS through the orifice cones

(sampler and skimmer cones are metal disks with hole about 1mm diameter).
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Figure 1-8 The interface region of an ICP-MS adopted from PerkinElmer 2001
(137).

The interface can be described as a portion of the instrument that serves to
allow the ICP and MS to be coupled at the point in which the sample from the
ICP portion is introduced to the MS. The ions travel in the Ar stream at
atmospheric pressure (1-2 torr) into the low pressure of the MS (< 1x10-°torr).
This transmission takes place through the intermediate vacuum region created
by the interface cones. The purpose of these cones is to sample the centre
portion of the ion beam coming from the ICP torch. These cones are often
produced from nickel or platinum where they later provide longer life and are
more resistant to some acids, while nickel cones have a lower purchase price.
The ions from the ICP source are then focused by the lenses in the system.
These lenses are an essential part because of their function of separating the
ions from the photons and residual neutral material. Different types of ICP-MS
systems have different types of lens systems. The ions pass through a
charged metallic cylinder, which keeps the ion beam from diverging. The ion

optic separates electrons from analyte ions, resulting in a positive ion beam
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as they pass through the vacuum system to the final chamber containing the
MS and detector. Once these ions enter the MS analyzer chamber, they are

separated by their mass-to-charge ratios m/z (Dalton) to create the mass

spectrum.
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Figure 1-9 Schematic diagram for the basic components of an ICP-MS system
adapted from R. Thomas (140).
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1.4.4.3 ICP-MS mass analyser

There are different types of mass analysers that have been used on ICP-MS;
these are quadrupole, time-of-flight, and magnetic sector analysers (138). The
quadrupole mass spectrometer by far is the most common type of analyzer
used in ICP-MS due to its ease of use, mass range, robustness, and high
scanning speed and relatively low cost. A quadrupole is a mass filter of four
parallel cylinder rods serving as electrodes, which uses a combination of
electrical fields of direct current (DC) and alternating current (AC) to separate
ions based on their m/z values. lons that are not of the correct m/z collide with
the rods or exit the path between the rods and are rejected and then pumped
out of the system.

The quadruple ICP-MS is becoming the workhorse of trace metal analysis and
is very reliable, even with unattended operation overnight. In addition, it can
scan the mass spectrum from 3-250 amu in just a few seconds because of its
speed which depends on the instrument settings. ICP-MS with quadrupole
analyser is considered a routine, high-throughput, mature analytical tool.
Furthermore, it has high sensitivity, being able to detect many metals at trace
levels well below part per trillion (ppt) or ng/mL. It still has disadvantages in
comparison with the high-resolution mass spectrometers such as the sector
mass spectrometer. For example, strong backgrounds are linked to the sample
ions being at much higher atmospheric pressure in the Ar stream, but then
travelling into the low pressure high vacuum region of the spectrometer, at

approximately 1 x 10 torr.
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1.4.4.3.1 Quadrupole mass filter

There are the two main tasks of the mass filter: the separation of ions
according to their mass-to-charge ratio, and to measure the relative
abundance of ions at each mass. This effectively separates each element
present according to its mass as the charge is normally a single positive
charge. Different elements have different masses and can be separated
accordingly. The quadrupole mass filter is the most common choice of mass
sorter for ICP-MS. Its main advantages are that it exhibits high sensitivity and
can cope with large volumes of solvent. The use of a quadrupole mass
analyser also has the advantage of less tendency to drift than magnetic sector
instruments but has lower resolution. For example, certain polyatomic and
isobaric interference’s such as ArO* on *6Fe* cannot be resolved. Polyatomic
and isobaric interferences can be resolved in specialised high-resolution
double focussing or magnetic sector instruments. However, instruments are
expensive in comparison to quadrupole instruments and this has limited their

use.

The quadruple mass filter is established so that only single m/z ratios pass
through to the detector, the mass analyser can move to any m/z for any
element of interest. For example, to measure sodium, which has a single
isotope at mass 23, the spectrometer can be set to allow ions with m/z = 23/1
to pass. This is why under the control of the instrumental software all elements
can be analysed, even though only one mass passes through the analyser at
a time sequentially to the electron multiplier (EM) detector. This is also the
reason ICP-MS can determine so many different elements quickly, jumping

between each measured mass to reduce measurement time. Since different
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isotopes of the same element have different masses, ICP-MS can supply

isotopic information.

The quadrupole mass analyser consists of four parallel rods arranged
symmetrically. Opposite rods are connected, and parallel rods are supplied
with a direct current (DC) voltage; one pair being held at the positive voltage
and the other set at the negative voltage. The quadrupole ions of a certain
mass will undergo stable oscillation, while others collide with the rods, as

shown in Figure 1-10.

Figure 1-10 Schematic of the quadrupole mass filter adapted from

PerkinElmer (137).

The scanning process is repeated for another analyte at a completely different
m/z until all the analytes in a multi-element analysis have been detected.
Although quadrupole scan rates are typically in the order of 2500 atomic mass
units (amu) per second and can cover the entire mass range of 0-300 amu in
about 0.1 s, real-world analysis speeds are much slower than this, and in
practice 25 elements can be determined in duplicate with good precision in 1-

2 minutes (139).
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1.4.4.3.2 lon detection on the detector

In the final process, the ions exit the mass analyzer and enter the detector,
where they strike the active surface of the detector and generate a measurable
electronic signal. The detector converts the ions into electrical signal. The
active surface on the detector is known as a dynode (a discrete dynode
contains a series of metal dynodes along the detector) which is the most-
common design used today. The dynode type detector can also be run in two
modes, pulse-counting and analogue, which further extends the instrument’s
linear range and can be used to protect the detector from excessively high

signals.

The released electrons are repelled from the high negative voltage at the front
and strike the next dynode, electron multiplication takes place, amplifying the
signal. This step is the basic principle of an electron multiplier, which detects
all the ions as they exit from the quadruple. By the time these electrons reach
the final dynode, multiplication continues until a measurable pulse is created
as an ion count. The detector creates the mass spectrum and provides a
simple and accurate qualitative measurement of the sample. This electronic
signal is then processed by the data handling system in the conventional way
and converted into analyte concentration using ICP-MS calibration standards.
The most important specifications of the detector performance in an ICP-MS
system are high sensitivity, wide dynamic range and low random background
(which is affected by the design of the plasma generator and ion lens
configuration), as well as the analyser vacuum and the quality of the detector

electronics.
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1.4.4.4 ICP-MS interferences
The interferences in ICP-MS can be categorized into two main types: non

spectral and spectral interferences (140).

1.4.4.4.1 Non-spectral interference

This is characterised by the suppression or enhancement in an analyte signal
due to matrix-induced changes in sample transport efficiency; ionisation in the
plasma, extraction; and transfer of ions in the mass analyser region.
Furthermore, the nature and concentration of the sample matrix can have a
direct effect on this, which is also known as “matrix effects”. The sample matrix
effects depend on the analyte, as well as physical properties of the sample;
matrix composition; and instrumental conditions. Internal standardization is
routinely used in almost all ICP-MS applications because it is not only a
remedy for matrix effects, but it also compensates for instrumental drifts (140,

141). This type of interference can often be reduced by diluting the sample
properly.

Internal standards have been frequently used to overcome interference effects
(142-144). The use of internal standards can reduce errors due to instrumental
drift and some non-spectral interferences. Internal standards can also reduce
dilution errors if added before sample dilution. The internal standard must also
ionise to a similar extent as the sample and must be of a similar concentration.

Two commonly used internal standards are indium and rhodium.

An ideal internal standard would model the behaviour of the analyte exactly.
The closest we can get to this ideal internal standard is to use another isotope

of the analyte as the internal standard. This is known as isotope dilution. When
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this technique is used there is the possibility to account for secondary
charging, refractory oxide formation and matrix suppression and
enhancements. However, polyatomic and isobaric interferences cannot be
accounted for using this technique. The use of isotope dilution analysis has
been reported with improved precision and accuracy (145). Laser ablation
ICP-MS has also been reported to use isotope dilution to overcome matrix
effects: This technique enables the vaporisation of specific elements to be
internally standardised more closely. In this technique, it is important that the

internal standard is ablated at the same rate as the analyte.

1.4.4.4.2 Spectral interferences

A) Polyatomic interference or molecular spectral interference.

Polyatomic interference is the most significant interference concerning ICP-
MS, which is produced by the combination of two or more atoms having the
same mass-to-charge ratio as the analyte. It is usually associated with the
plasma and nebulizer gas, and the components of solvent and samples. They
are caused by the generation of other ions which are polyatomic, and are not

the isotope of interest, but have the same m/z (138).

For example, in the case of %6Fe, Ar heated to plasma in the torch and oxygen
leakage into the instrument from the air, as well as from elements from the
cones and glassware, react to form the “°Ar'®O* ion and 4°Ca'®0%Fe.This
provides a large background signal compared to the %°Fe. Ar can also form
polyatomic interferences with any element found in the acids used for the

sample preparation. For example, using hydrochloric acid allows the formation
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of 4°Ar35Cl due to the combination of the most abundant chlorine isotope 3°Cl

with 4°Ar and this interferes with the only arsenic isotope "°As.

B) Hydroxides, oxides, and doubly charged species
This type of spectral interference is produced by elements in the sample, water
or air. This occurs at mass 1, 16 and 17 as 'H, 160, or '®*O'H form a molecular

hydride, oxide, and hydroxide.

With doubly charged ions resulting from ions created by the loss of two
electrons instead of just one, because the quadruple separates ions based on
m/z, a doubly charged ion (M?*) will appear at mass m/2. An example of this

interference is *Ba?* overlap on %8Zn*.

C) Isobaric interference

This type of interference is produced by different isotopes of the elements in
the sample having the same mass-to-charge ratio as the analytee.g.?°*Pb and
204Hg(146);''%Sn and "*Cd.There are several ways to remove or correct all
these spectral interferences. The easiest way is to choose another isotope
(interference free) of the element of interest to avoid a direct isobaric overlap.
For example, the resolution of the isobaric overlapping of "'“Sn overlap on
"4Cd can be carried out by using "'Cd which has no isobaric overlap.
However, the detection limit will be lower because of the low abundance of this

isotope (12.80%) whereas "“Cd is (28.73%).

The other type of interference such as mono and doubly charged species can
be reduced through the proper tuning of the plasma and torch conditions. It

has been demonstrated that the mono-charged MO+ level is proportional to
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other matrix-based interferences especially those using chloride and sulfate
matrices. The CeO ratio is referred to as a measure of plasma robustness in
ICP-MS (at lower CeO/Ce level) and this makes the other removal interference

techniques more efficient such as collision reaction cells.

Another solution is the wuse of high-resolution mass analyses.
Collision/reaction cells have been developed to allow the spectral
interferences to be removed before they reach the spectrometer (147) and
different types of cells are used (quadrupole and hexpole, and octopole). The
ions enter the interface in the normal way, where they are extracted into an
off-axis, collision/ reaction cell under vacuum. He or H:z is used as the gas
blend in the cells operated using radio frequency (Rf) power only. This power
field focuses the ions but does not separate the masses like the normal
quadrupole which then react with molecules of the collision/reaction cells gas.
Also, Rf power can be used to systematically bring back ions to the center of
the rods, even if they were deflected by a collision. The gas interacts with the
ion beam to remove polyatomic interferences in different ways. In collision
mode, the gas collides with the polyatomic interference causing it to lose
energy. These polyatomic interferences are large, and they undergo more
collision than the analytes which lose more energy. The lower energy
interference isotope is then separated from the higher energy one by kinetic
energy discrimination (KED). The other mode is reaction mode where the gas

reacts with an interference to convert it to a different species.
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1.5 Fe and Mn analysis and elemental speciation

This part discusses the elemental speciation and a comprehensive review that
shows the analytical methods used for the determination of Fe and Mn
species. In this chapter, the Fe and Mn speciation that lead to the increase in
discolouration and customer complaints are discussed along with the HPLC-

ICP-MS work that was developed for this purpose. Finally, a summary of the

aims and objectives of this project is given.

1.5.1 Elemental speciation

Chemical speciation of the elements is defined as the specific form of an
element such as the concentration, isotopic composition, and oxidation state
of each of the chemical forms of an element present in a sample. Most studies
to date have looked at the total concentration of these elements or sequential
extraction methods, which determine the total element rather than individual
species. Currently, there are few research studies that focus on the speciation
of Fe and Mn in drinking water distribution systems.

Element speciation is gaining more interest recently, because the species may
differ in their biological activity, bioavailability and toxicity, and evaluation of
bio-availability, aids in identification of Mn species involved in transportation
across the blood-brain barrier (148-150). Element speciation also provides
greater knowledge of what environmental conditions have created this

species, which may lead to a solution as to how to deal with it.
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1.5.2 Analytical techniques used for elements speciation

Many different techniques have been applied for elemental speciation in
environmental samples. These include atomic absorption spectrometry (AAS),
spectrophotometry, neutron activation analysis (NAA), ICP-OES and ICP-MS

(151, 152).

An early example of Mn speciation was carried out using gel filtration
chromatography (153). In order to select the appropriate treatment, Mn
speciation provided essential information for the regulatory authorities. Also
understanding of the treatment process involved in the water contamination by
Mn revealed the usefulness of the speciation of this element, and this can
reduce the environment effect on the organic matter (154). Recent work has
been published on the application of cloud-point extraction to allow the use of
flame atomic absorption spectroscopy (FAAS). This work required the pre-
concentration of Mn to allow its detection by FAAS. The limits of detection
(LoD) obtained for Mn was 0.28 ng/mL and it was achieved through the
extraction of an insoluble complex (152, 155). FAAS is a simple and sensitive
method of detection and a study was described for the separation of Mn?*and
Mn#* in environmental water samples. However, there was a problem reported
in this study in relation to its application to real water samples. For example,
Mn?* concentration was determined via oxidation to Mn’* and was followed by

determination of the total Mn concentration and a subtraction technique used

to obtain the species (156)

De Munari et al., represented in his paper that the addition of the metal has

implications for Fe and Mn displacement to pore water. The literature
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described physical separation techniques, which allowed the separation of
soluble and insoluble forms of the elements to be identified, these techniques
used ultrafiltration (157). Studies of the analysis of drinking water were
highlighted because of the importance of the connection between speciation
and pollution by Fe and Mn. A decrease of dissolved oxygen in the
groundwater was one condition that caused Mn** reduction both chemically

and bacterially to the Mn?* soluble form (158).

Another technique that was applied to Mn speciation was electrochemical
stripping analysis which is one of the most sensitive analytical methods
available with a detection limit of sub ng/mL (159). In 1984 anodic stripping
voltammetry (ASV) was applied to the analysis of water samples from rivers
and streams(160). In diluted water at different pH values, differential pulse
anodic stripping voltammetry (DPASV) was used to investigate Mn species
(161). In order to fully evaluate the species, several Mn speciation methods
were combined including square wave voltammetry and cyclic voltammetry
along with ASV and DPASV (16, 162, 163). However, these methods suffer

from interference and limit their ability to speciate Mn (164).

Despite the advantages of these techniques, including low cost, sensitivity and
the separation, many problems arise with real samples using electrochemical
methods (165, 166). ASV suffers from low solubility of Mn in mercury, and so
in the mercury electrode used in ASV under negative potentials Mn?* is directly
reduced. The development of different techniques for Mn speciation has
involved the combination of analytical methods (e.g. chromatographic,

electrochemical and elemental analysis methods) (167). The hyphenated
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techniques such as chromatographic separation with specific detection of ICP-

MS are a powerful tool for elemental speciation (6, 120).

The previous studies prove that Mn and Fe exist in certain forms in water, but
they have never been identified using chromatographic methods. There is a
lack of research that focuses on speciation of both Fe and Mn in drinking water
distribution systems, and which focuses on the water sampling source for

customer use.

One of the important techniques that has been used in the extraction of trace
metals from water is Solid Phase Extraction (SPE) which is based upon ion
exchange. SPE and ICP-OES were used together as a flow injection analysis
method for Mn speciation in milk (27). The species of Mn were analysed as
cationic, neutral and anionic species and there were no specific interferences
reported. Many studies have used different chelating agents for Mn extraction
(26).

1.5.3 Analytical methods for Fe and Mn determination

The analytical techniques used for the analysis of inorganic Fe and Mn in water
may measure concentration directly or, if the concentration is too low, pre-
concentration steps may be necessary. In all cases, the adsorption and
precipitation of Mn to the walls of the sample container may occur and for this

reason acid is added to prevent these problems.

The main techniques that have been used for the determination of total Fe and
Mn, such as spectrophotometry, neutron activation analysis (NAA),
polarography, AAS and ICP-OES, ICP-MS, provide high selectivity, good

repeatability, low detection limits and accuracy (16). Pre-concentration and
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separation techniques are often necessary for the determination of trace and
complex matrices of Fe and Mn in biological and environmental samples. The
multi-elemental techniques have been widely used to detect more than one
analyte, including liquid-liquid extraction, precipitation and solid phase
extraction. Also, chromatography techniques have been used for speciation

analysis when it connects with other techniques (168).

The online coupling of chromatographic techniques (HPLC, SAX-HPLC, SEC-
HPLC, GC) or electrophoresis systems (CE, CZE) with selective detectors
(ICP-MS, ICP-OES) are the most popular techniques to identify Fe and Mn
species. In this technique, no additional sample pre-concentration is required
when the ICP instrumentation is used for water analysis because of the ability

to handle complex sample matrices.

1.5.3.1 Mn speciation

The limit of detection of 280 ng/L Mn has been achieved using FAAS with cloud
point (CPE) for separation and pre-concentration of Mn (16, 168). In addition,
CPE also has been applied for the pre-concentration of Mn?* prior to detection
by GFAAS and the LoDs were 20 ng/L of Mn?*. In a separate study, 400 ng/L
for Fe has been detected, while the concentrations of Mn was above the

maximum level (169).

In a study using pre-concentration and acid digestion with ICP-OES for the
evaluation and quantification of trace elements in drinking water in Saudi
Arabia (169), the results showed that the concentration for most elements was
below the maximum levels in well water samples, while the concentrations of

Mn was above the maximum level recommended by WHO. Kondakis,
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Xenophon G et al., reported and investigated the possible correlation between
long-term Mn exposure from water and neurological effects in elderly people

with more than 10 years exposure in Greece (170).

In the last decade, researchers have developed a reliable method for the
analysis of trace metals in seawater using on-line pre-concentration by
coupling flow injection (FI) analysis with ICP-MS (5)(6). However, it was not
possible to separate the polyatomic interference signal from that of the trace
metal. ICP-MS has been used for trace metal determination in seawater at
sub mg/l level but suffered from easily oxidized elements in the plasma and
the accumulation of the salts on the ICP-MS cones and lenses which affect
signal drift (171). A study was conducted using online pre-concentration
(chelex -100column) with ICP-MS to address the challenge of trace metal

levels and the LoD for Mn was 5 ng/L (171, 172).

Others have shown that here is no need for the pre-concentration method
(173-176). A flow injection inductively coupled plasma magnetic sector mass
spectrometry (FI-ICP-MS) method has been developed for the analysis of Mn
and other metals in estuarine waters. The limits of detection for Mn using this
method were 86 ng/I.

1.5.3.2 Fe speciation

Most methods for the determination of the oxidation state of Fe in different
samples are based on colorimetric measurement of the Fe?*, followed by a
separation technique after reduction of Fe3* which is achieved by
complexation with specific chelating agents (4, 177). These methods lack

sensitivity for Fe determination on water samples at mg/l. Furthermore, most
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of the methods required pre-concentration and separation techniques before
any analysis. Xiu-ping yan (2000) developed a sensitive method for Fe
speciation in water by on-line coupling of flow injection separation and pre-
concentration with ICP-MS. The method was successfully applied to the
determination of trace dissolved Fe3* and Fe?* in local tap water, river water,

and groundwater samples (4, 172).

The use of efficient separation techniques such as chromatography with
selective and sensitive detectors has successfully reduced the detection limit
analysis for metal species. For this reason, high performance liquid
chromatography (HPLC) with ICP-MS is the best technique for separation.
There is no need for pre-concentration using these combined instruments
(173). A recent study was performed for the speciation of Mn?* and Mn’* in
water by reverse—phase ion pair chromatography with the determination of Mn
by ICP-MS with the use of EDTA for the separation. The detection limit for Mn2*
was 0.22 ug/L. Evaluation of Mn?* and Mn’* speciation in water samples by
ion pair high-performance liquid chromatography-inductively coupled plasma
mass spectrometry has been described in several reviews (164, 178-180).
This work is needed to provide methods development as robust methodology
which would allow greater understanding of Fe and Mn speciation at different

stages of water treatment and its relationship with governmental limits.

1.6 High performance liquid chromatography HPLC and ICP-

MS
ICP-MS in general, is a powerful technique for trace metal determination. Its

high sensitivity lends itself for use as a chromatographic detector. Such an

approach would allow speciation to be carried out and hence its application to
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the current issue of Mn and Fe oxidation would seem like an ideal solution. In
this case, the analytes would be dissolved in the mobile phase and separated
based on their interaction with the stationary phase, in the form of a column,
and mobile phase. This mechanism of separation depends on the
chromatography being used, such as in a normal phase or reverse phase or

in ion exchange chromatography (IEC).

HPLC-ICPMS allows the detection of metal and non-metals in a wide variety
of samples because of its sensitivity and selectivity (181). ICP-MS offers
advantages as a liquid chromatography (LC) detector because of its element
specificity, low detection limits, and wide linear range (182). This coupled
technique often used in speciation analysis, in which both techniques are
coupled online, and the sample introduced from the HPLC to ICP-MS by the
nebulizer. Michalke focuses on the most important elements in speciation
analysis and problems in his recent publications (181), which show particular

importance to Mn.

Although the detector on the ICP-MS makes it the ideal detection method for
speciation, difficulties arise because the detector needs to be coupled to
selective separation techniques rather than the analysis of the element itself.
Since the early 1990s, separation techniques such as chromatography (HPLC
and gas chromatography) have been coupled to ICP-MS as specific detection
methods (183). The ICP-MS detector allows the optimal detection conditions
of elements simultaneously with mass ranges 7 to 250 amu and sometimes
higher and this capability for multi-elemental determination of metals made it

possible to apply ICP-MS as a detector for HPLC in speciation analysis (184).
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Nevertheless, a number of problems associated with sample introduction of
HPLC eluent into the ICP-MS have been reported depending on the selected
mode of separation such as using organic solvents that may contain high
fractions, salt concentrations in buffered solutions or high amounts of ion
pairing reagents. For these reasons ICP-MS has a limited tolerance toward
these constituents of HPLC mobile phases (185, 186). Various problems have
been observed, such as short-term signal suppression or nebuliser blockage,
and the erosion of the sampling and skimmer cones (181). Also, high loads of
organic solvents which are required for the reverse phase chromatography led
to decreased plasma stability and analytical performance. In addition, these
solvents were reported to give rise to formation of carbon based interferences
(e.g. ArC* on %2Cr*) and this resulted in deposition of carbon on the torch and
the sampling cone (187). Recent research has reported the importance of
ICP-MS for element speciation analysis and will be used in the future for all
the elements which are not associated with ICP-MS such as non-metals,
sulphur, chlorine phosphorous and fluorine (184, 188).

The use of HPLC-ICP-MS techniques have been reviewed also by Bloxham
(189) and Byrdy and Caruso (190). The techniques work by retaining each
metal species for different periods of time on a column consisting of a
stationary phase to which metal species are attracted. Figure 1-11 shows the
direct connection of the LC system with the ICP-MS through the nebulizer and

the spray chamber.
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Figure 1-11 A typical configuration for HPLC with an ICP-MS adapted from
Michael (129).

The connection between the LC column and the ICP-MS sample introduction
system is made with a simple PEEK or PTFE tubing transfer line. The length
must be kept to a minimum between 20-50 cm, to avoid peak broadening
(126). There are many factors that contribute to peak broadening as it travels
through the chromatographic system. The column is the biggest contributor to
this broadening and the determination of the column efficiency depending on
the quality of the column packing, dimensions, the particle size. The most
important thing of the HPLC separation is to obtain the good resolution in the

minimum time.
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1.7 Aim and objectives

The aim of this project was the development of a method using ICP for analysis
of Fe and Mn in drinking water. The target was the determination of the species
of inorganic Fe and Mn in drinking water during different purification stages.
The treated water from different purification stages was obtained from
treatment plants in the Northwest region of England. The aim was

accomplished using the following specific objectives:

e Optimisation of an analytical method using ICP-OES for the
determination of Fe and Mn in water treatment plant samples.

e Development and validation of a highly sensitive method using ICP-MS
for the determination of Fe iron and Mn in water treatment plants.

¢ Validation of the optimised ICP-OES and ICP-MS analytical techniques
using river water SRM.

e Development and validation of a method for the speciation of inorganic
Fe and Mn in water using HPLC-ICP-MS.

e To analyse samples from different stages of water plant treatment for

Fe and Mn speciation.
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Chapter 2 The development of an ICP-OES method to analyse

Fe and Mn in water samples

2.1 Introduction

ICP-OES is a well-established method and widely recognised as a powerful
technique for the determination of elements because of its capability for multi-
element analysis with simultaneous determination. Environmental water
samples are one of the major applications for this technique (191, 192). ICP-
OES has become one of the most used techniques for elemental
determination, due to its advantages for metal analysis in a large variety of
sample types. This method has been applied for the determination of total Fe
and Mn in water samples. For this purpose, several research groups have
measured trace metal analysis in different water samples using ICP-OES as
the method of determination (192-197).

Several ICP-OES standard procedures, such as ISO 11885 (198) and USE-
EPA method 200.7 (199) have been reported. These papers describe the ICP-
OES method for the analysis of drinking water, including the sensitivity,
selectivity, and all figures of merit. Mocak et al. (200) studied the metrological
determination of Fe and Mn in surface water in the Malopolska rivers region in
Poland. This study measured the variability of uncertainties of these metals
corresponding to their concentration in real water using ICP-OES with a high
level of accuracy. It also enabled the attainment of low levels of measurement

for these metals for routine analysis in water samples. Abdalla et al. conducted

78



the evaluation of trace metals in drinking water in Saudi Arabia by ICP-OES
using pre-concentration and acid digestion methods, and found most of the
metals were below the recommended levels by WHO, whilst the concentration
of Mn was above this level.

The ICP-OES method has also been applied to treatment water samples to
check its applicability (201). It was found to be very useful to determine both
Mn and Fe simultaneously because of their connection to discoloration of
drinking water and aesthetic issues.

The present study aimed to develop and determine the Fe and Mn content in
water treatment plant samples from different locations of the Northwest region
of England by using ICP-OES, and compare the obtained values with those

recommended by WHO and DWI.

2.2 Experimental

2.2.1 Reagents and materials

Ultrapure water with a resistivity of 18.2 MQ (0.05 uS cm-') was obtained using
a Triple Red water purification system (Triple Red Laboratory technology, UK)
and was used to prepare all standards and reagents. Single-element stock
solutions for ICP-OES containing 1000 upg/mL of each Fe and Mn (SCP
Science, QMx Laboratory UK) were used to prepare the calibrations in the
concentration range between (20-1000 ng/mL). All the solutions were acidified
for all experiments with 2% (v/v) nitric acid (HNO3), trace metal grade acid (67-
69 % HNOs3) was purchased from Fisher (TraceMetal Grade Fisher Scientific,
UK). The accuracy and precision of the analytical method were validated using

standard reference material SRM TMDA-70 trace elements in river water
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Canada (LGC Standards, UK). Water samples were collected from different
locations in the Northwest region of England, then followed by spiked samples
and sample analysis. For sample preparation, 0.45 um filters were used. The
internal standard was prepared from 1000 mg/L of Y and Sc single stock
solution, by dilution of the stock into 2% HNOsto yield a final concentration of
100 ng/mL. The internal standard was added to the solutions in order to reduce
the adverse effects from the differences in viscosities and diluted to a final
volume of 10 mL with DW (Triple Red, UK). Each sample was analyzed in
triplicate. The plot of the ratio of the signal to the internal standard signal was

used to account for any variability of the experimental conditions.
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2.2.2 Samples
The water samples were collected from several United Utilities (UU) water

processing locations across the Northwest region of England Figure 2-1.

Figure 2-1 United Utilities water supply areas.

UU provide services to around seven million people. It was formed in 1995
and now has the UK’s largest water operation system delivering 2,000 million
litres of water a day to 2.9 million householders. The analysed samples

locations and given names are listed in Table 2-1.
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Table 2-1 List of samples and locations used in this study.

Sample name

purifiaction stages

Abbreviation

Fishmoore water

Oswestry water

Huntington water

Wayoh water

Wybersley water

Sweet Loves water

Raw water

First stage filter
Fishmoore second water
Accelatorl

Accelator 2

Final water

Raw water

Oswestry RGF

Slow common

Sand filter

Pilot

Final water

Raw water

First stage filter

second stage filter

Post clarifier 1

Post clarifier 2

Second stage combined
Final water 1

Final water 2

Wayoh plant inlet
Wayoh clarified filter steam 1
Wayoh combined filtered

Wayoh actiflo combined outlet

stream

RW
FSF
FSS
ACC1
ACC2
FIN

RW

FSF

SSF

PCF1

PCF2

SS combined
Fin1

Fin 2

Wayoh Wayoh secondary filtered stream 1

Wayoh final water
Wybersley combined raw
water stream1

Wybersley combined raw
water stream?2

Wybersley clarified water
stream 1

Wybersley clarified water
stream 2

Wybersley combined primary
filter 1

Wybersley combined primary
filter 2

Wybersley combined 2nd
filtrate

Wybersley 24 inch main
Sweet loves raw water inlet
Sweet loves clarified water
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Sweet loves combined primary
filtrate
Sweet loves combined
secondary filtrate
Sweet loves final water

Sutton Hall water Sutton Hall inlet to plant

2.3 Instrumentation

Elemental analysis was performed using a Thermo ICP-OES Model iCAP
6500 Duo (Thermo, UK). This instrument was equipped with a standard
Meinhard nebulizer and cyclonic spray chamber and fittings. The samples
were analysed using a Cetac ASX 510 autosampler held inside an ENC500
containment system (Cetac, UK). Signals were obtained using axial viewed
plasma. High purity Ar gas (Air Products, CryoEase Services, UK) was used
for plasma generation, nebulization and as an auxiliary gas. Prior to analysis,
the operational conditions were optimised to give the highest signal and signal
to blank ratio to obtain the settings with the greatest sensitivity for the analysis
of Fe and Mn. The remaining operational conditions and the elements studied
are shown in Table 2-2.

Table 2-2 ICP-OES operation conditions.

Components/parameter

Type/Value/Mode

Plasma Spectrometer
Nebulizer

Optical view

Solution uptake
Internal standard
Pump speed
Replicate

Spray Chamber

ICAP 6500Duo Thermo fisher
Meinhard glass Concentric
Axial

1mL/min

Sc

80

3

Glass Cyclonic
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2.4 The Optimisation of ICP-OES conditions

A full optimization of the measurement conditions (RF power, nebuliser gas
flow, coolant gas flow, auxiliary gas flow and pump rate) was carried out in
order to obtain the optimum signal and signal to blank ratio. All Fe and Mn
wavelengths were used for the optimization method and the most sensitive
wavelength was selected for analysis depending on the amount of spectral

interferences.

In this work, the ICP-OES was applied to Fe and Mn determination in drinking
water. Hence, a full optimisation of each variable used to generate the plasma
was required to obtain the maximum sensitivity for each element. This required
the optimisation of power, coolant flow, auxiliary flow, nebuliser flow etc. This

optimisation considered raw signal but also signal-to-blank ratio.

The optimization process was carried out using three replicates of a 500 ng/mL
(0.5 mg/l (ppm) Fe and Mn solution in 2% HNOs3.The following characteristics
were optimized: radio frequency power 750-1350 W; auxiliary gas flow (0.2
L/min - 2L/min); coolant gas flow (10 L/min to 20 L/min); nebulizer gas flow
(0.3 L/min to 1.45 L/min); and pump rate (30-130 rpm). The experimental data
was processed using iTeva software (Thermo Fisher, UK) and exported to an
Excel spreadsheet (Microsoft, UK) for the preparation of all the graphs. These
conditions were applied for the determination of both elements as shown in

Table 2-3 and step size on Table 2-4.
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Table 2-3 The optimum parameters range for ICP-OES.

The optimum parameter

Abbreviation Range of optimum

Radio frequency Power RF 750-1350 W

Nebulizer Gas Flow NB 0.35 to 45 L/min

Auxiliary Gas Flow AUX 50 L/min to 2 L/min

coolant gas flow Coolant 10 L/min to 20 L/min

Pump Rate PR 30-130 rpm

Table 2-4 Step sizes for each parameters

Step

sizes Nb RF Aux PR Coolant
0.3 750 0.2 30 12
35 800 0.4 40 13
0.4 850 0.6 50 14
0.45 900 0.8 60 15
0.5 950 1 70 16
0.55 1000 1.2 80 17
0.6 1050 1.4 90 18
0.65 1100 1.6 100 19
0.7 1150 1.8 110 20
0.75 1200 2 120
0.8 1250
0.85 1300
0.9 1350
0.95
1

2.5 Results and discussion

2.5.1 ICP-OES optimisation
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All Fe and Mn wavelengths were optimised using the ICP-OES and the most

sensitive lines for both elements were selected for the analysis.

The correlation coefficient was very similar at some wavelengths, but the
decision was made depending on the most sensitive results based on strength
of signal and minimal interferences. If the wavelength does not have any
interference from other elements then that wavelength was selected for the
analysis. The most sensitive wavelengths (Fe 238.2 nm and Mn 257.6 nm)

were then used for the rest of the method development and sample analysis.

2.5.1.1 The determination of the optimum nebulizer gas flow

The optimum values for the instrument were determined by identifying the
optimum signal/blank ratio. These conditions were assessed across the range
of elements and wavelengths. The optimum value was selected from the
highest value gained from the signal to blank ratio. Figure 2-2 illustrates the
greatest signal and signal to blank ratio for the nebuliser gas flow. It can be
seen that the increase in the nebuliser flow rate can affect each wavelength,
therefore a compromise had to be made and the nebuliser was set at 0.8

L/min.
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Figure 2-2 The effect of nebuliser gas flow rates on signal intensity of Fe (A)
and Mn (C) and signal to blank ratio of Fe (B) and Mn (D).

The sample is introduced into the nebulizer and range of small and large
droplets are formed. Only the small droplets are transported to the plasma and
so conditions which promote small droplet formation are required. A decrease
in signal can be seen where large droplet formation was promoted by the
conditions used. This is best considered in relation to the background signal
and resulted in the decision to use a 0.8 L/min as the flow rate based on the

data presented in Figure 2.2 B and D for Fe and Mn respectively.




2.5.1.2 The determination of the optimum pump rate

Figure 2-3 illustrates the signal and signal to blank ratio obtained for different
pump rates. The pump rate of 80 rmp was chosen for Fe and Mn. This pump
rate was used, as although the signal and signal-to-blank ratio are
approximately the same for Fe, using higher pump rates will produce further
bigger droplets and this will slow the small droplet’s access to the nebulizer,
and reduce the sensitivity of the instrument. As can be seen, a variation in the
pump speed did not improve the signal, but working at a pump rate of 60 rpm,

the background signal was slightly lower for Mn but not for Fe.
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Figure 2-3The effect of pump flow rate on the signal intensity of Fe (A) and
Mn (C) and signal to blank ratio of Fe (B) and Mn (D).
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2.5.1.3 The determination of the optimum auxiliary gas flow

Figures 2-4 (A and B) illustrate the best signal and signal to blank ratio
obtained for the auxiliary gas flow. The auxiliary gas flow on the ICP-OES is
used to elevate the bottom of the plasma away from the sample injector tube.
It can be seen that the auxiliary gas flow exerts a much greater effect on
plasma properties compared to the other parameters analysed. The auxiliary
was set at 1.5 L/min for the standards parameters of measurement based on
the improved signal to blank ratio because when a flow more than 1.5 was

used the sensitivity dropped for each analyte.
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Figure 2-4 The effect of auxiliary gas flow rate on the signal intensity of Fe
(A) and Mn (C) and signal to blank ratio of Fe (B) and Mn (D).

2.5.1.4 The determination of the optimum coolant gas flow
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The coolant gas flow is used on the ICP-OES between the outer tube and
auxiliary of the torch (Chapter1, section 1.4.1.), to keep the torch from melting
and needing to be replaced. Figures 2-5 (A and B, C and D) illustrate the best
signal and signal to blank ratio obtained for coolant gas flow to be 14 (L/min)
for Fe and Mn, respectively, using the ICP-OES optimal conditions. The
emission intensity was not very sensitive to the coolant gas flow. It was
decided to use 14 (L/min) because this limited the amount of Ar used, which

is very expensive.
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Figure 2-5 The effect of coolant gas low on the signal intensity of Fe (A) and

Mn (C) and signal to blank ratio of Fe (B) and Mn (D).
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2.5.2.5 The determination of the optimum RF power

The optimum parameters were used to obtain emission intensity values using

different RF powers, as shown in Figure 2-6. The optimal value of 750 W was

chosen.
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Figure 2-6 The effect of radio frequency on the signal intensity of Fe (A) and
Mn (C) and signal to blank ratio of Fe (B) and Mn (D).
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2.6 Optimal parameters and determination of LoD and LoQ

A summary of the optimal parameters is displayed in Table 2-5.

Table 2-5 Optimum Parameter values for ICP-OES.

Parameter Optimum Value
Radio Frequency Power (W) 750
Coolant Gas Flow (L/min) 14
Auxiliary Gas Flow (L/min) 0.5
Nebuliser Gas Flow (L/min) 0.8
Pump Rate (rpm) 80

The optimum values were selected from the highest value gained from the
signal /blank ratio. These values were initially used to obtain LoD and LoQ
values. However, it was observed that the optimum radio frequency power of
750 W was insufficient to produce repeatable results and reliable values. It
was found that a very large reduction in the blank signal caused a
corresponding increase in the ratio intensity producing a high false reading for
the power at 750 W. It was thought that this was due to the low plasma

temperatures at this power. High temperatures must be reached before the
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gas transforms into the plasma, which is needed to sustain ionisation that

leads to higher sensitivity.

Consequently, the optimisation of the ICP-OES was repeated to obtain LoD
and LoQ values with radio frequencies of 750 W, 1150 W and 1350 W. The
determination of LoD and LoQ values allowed the assessment of the
instrument’s sensitivity and lowest possible calibration point. Using the
optimum values obtained, LoD and LoQ data were calculated according to the
Miller and Miller (202) method using 3o of the blank for LoD and 10c of the

blank for LoQ.

For each element and wavelength, calibration standards using a linear series
of Fe and Mn standards solutions were prepared in the concentration range
from 0.1 ppm to 1 ppm. A blank solution was also prepared of 2% HNOs. For
each run, the calibration standards and samples were composed of the same
concentration of matrix. The blank solution was run 10 times and from the
values the standard deviation could be calculated. From the linear solutions,
the slope and R? value were greater than 0.995 and thus the LoD and LoQ
values were obtained and no elements were calculated below this limit. The
LoD and LoQ were determined at 750 W, 1150 W and 1350 W. This showed
1150 W to be the setting of power which produced the most sensitivity, and
this dramatically improved the sensitivity for the calibrations and results (Table
2-6). Figure 2-7 uses Mn 257.6 nm as a continued example. The predicted
LoD and LoQ were verified and validated for the required precision

(Acceptance criteria % RSD is not more than 5%).
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Figure 2-7 Calibration graph of Mn recorded at 257.6 nm.

Figure 2-

7 displays the calibration line equation and R? value for Mn 257.6 nm

at 1150 W. The LoD and LoQ were calculated for Mn. The average of the 10

blanks reading was 269.2 counts/second (Cts/S) with o of 3.8 from the

obtained

calibration linear line equation, the slope = 7287.9x and the intercept

= 269.44.

LoD and

LoQ were calculated using Equations 3.1 and 3.2.

(average blanks reading+30)—Intercept
LoD =

LOQ __ (average blanks reading+100)—Intercept

..... Equation 3.1
Slope

LoD =

..... Equation 3.2
Slope

(269.2 + (3x3.8)) — 269.44 _ (269.2 + 11.4) — 269.44 _ 11.16
7287.9 B 7287.9 72879

= 0.00153 pg/mL = 1.53 ng/mL

LoQ

_ (269.2 + (10x3.8)) — 269.44 _ (296.63 + 38) — 269.44 _ 37.76

7287.9 7287.9 72879
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= 0.00516 pg/mL = 5.16 ng/mL

Table 2-6 LoD and LoQ (ug/mL) calculated using different RF powers.

RF 750 950 W 1150 1350 W
Power W W

Element LoD LoQ LoD LoQ LoD LoQ LoD LoQ

Fe 283.2 0.035 0.0704 0.0116 0.027 0.003 0.0029 0.012 0.0025
nm

Mn 0.002 0.0091 0.002 0.0081 0.0014 0.0087 0.0052 0.0094
257.9
nm

Consequently, the instrumental conditions chosen for the determination of Fe
and Mn were established and are the same as displayed in Table 3.5; the only

difference is that of RF power.
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2.7 Analytical figures of merit and method validation

All the parameters of the figure of merit of the analytical calibration curve were
found such as linear range, correlation coefficient R2, average RSD for the
repeatability of the solution (n =5), LoD and LoQ. These limits were calculated
(see Section 2.5.2.5) for all chosen analytes which were below those set by
the regulations to ensure accurate analysis of those levels. In order to
establish the analytical performance, drinking water SRM was analysed as per

the developed method and the results are presented in Table 2-7.
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Table 2-7 limits of detection and Limits of quantification for Mn and Fe.

Element Blanks X Slope Intercept Av.+30 Av.+100 LoD LoQ LoD LoQ
(A-nm) Av.* pg/mL pg/mL ng/mL ng/mL
Fe 238.2 163.25 3.12 1157.3 159.21 163.25+3*3.12 163.25+3*3.12 0.01158 0.0308 11.58 30.8
Mn 257.6 296.63 3.8 7287.9 269.44 296.6 +3*3.8 296.6 +10*3.8 0.00153 0.005 1.43 8.6
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Wavelengths were selected for Fe and Mn in agreement with the requirements
of the U.S. EPA7 Method 200.7 and ISO regulation 11885 and the Table 2-8
lists the selected analytical wavelengths. The selectivity of this method is
based on accurately quantifying the analyte in the presence of interferences.
The different sensitivities for each line at specific wavelengths were taken into
consideration before selection. This selection was based on the interferences
and baseline signal on the ICP-OES subarray on the software. The

wavelengths in red were selected.

2.7.1 Wavelength selection
Table 2-8 Spectral lines used for all the analytes.

Element Wavelength/ nm
Fe 238.2
Fe 239.5
Fe 240.4
Fe 259.8
Fe 259.9
Mn 257.6
Mn 259.3
Mn 260.5
Mn 279.4
Mn 293.9
Mn 2949

Y 371.0
Sc 255.2
Sc 424.3
Sc 361.3

The calibration for elements at different wavelengths were calculated using the
ITIVA software provided by the instrument manufacturer. The results shown in
Figure 2-7 illustrate the subarray plots for Fe and Mn lines and the selection

of the lines was based on the lowest LoQ obtained.
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Figure 2-1 Subarray plots for Mn 257.6nm (A, Mn 279.4nm (B), Fe259.8nm
(C) and Fe 238.2nm (D) respectively.
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2.7.2 Linearity and range

The linear range is the working range of Fe and Mn concentrations over which
the method is linear. The LoQ is the lowest end of this concentration range
and the linearity was evaluated from the calibration using different standards,
the lowest concentration close to the LoQ and the others were prepared
according to Section 2.5.2. The lowest working range was selected to be
between the LoQ and 1 pg/mL using the optimal conditions shown in Table 2-

9.
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Table 2-9 Linearity results for Mn and Fe elements using ICP-OES.

Element Range (ug/mL) Calibration equation R? Value
Mn 500 y = 1217.9x+457.84 0.9999
Fe 1000 y = 1083.3x+227.97 0.9998

2.7.3 Accuracy and Precision

The accuracy and precision of the method were verified by analyzing river
water SRM TMDA-70. Intra-laboratory reproducibility was used: A
determination of the extent that qualified people within the same laboratory
can successfully replicate results using a specific protocol at different times as
opposed to using different laboratories (inter). The trueness of this method
was estimated using the SRM analysis where six parallel samples of river
water TMDA-70 were analysed. The recovery of Fe and Mn was calculated to
be between 98-107 % showing agreements with the acceptance criteria (95-
105 %) as listed in Table 2-9. The precision of the method is the repeatability
and reproducibility within and between days, respectively. This was checked
by analysing six replicates of two different SRM; high purity trace metal in
TMDA-70 and TMDA-62.4 water samples. The measured values and the
certified values using the same instrument were in good agreement and the %
RSD was found to be within the specification of the method’s accuracy; an
RSD less than 5% was required for acceptable precision as shown in Table 2-

10. The intra reproducibility was expressed as the coefficient of variability
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(precision); calculated as the standards deviation of a set of measurements

divided by the mean of the set. Less than 10% is acceptable.
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Table 2-10 Analysis of SRM TMDA-70 (4x dilution) using ICP-OES.

Certified value Average measured value Recovery

Analyte (g/mL) (ug/mL) (%) RSD
Fe 0.092 0.087 95.8 2.4
Mn 0.075 0.073 97.1 1.6

The recovery percentage was calculated as follow: (Spiked Sample

Concentration — Non-Spiked Concentration)/Spike Concentration x 100.

The concentrations were obtained from six SRM samples after a four-fold
dilution. The standard deviation, % RSD, was obtained to judge the precision

of this method. These results show repeatability of SRM analysed and all the

samples were run on the same day.
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Table 2-11 Analysis of SRM TMDA-70 neat sample using ICP-OES on the

same day.
Certified value Average measured Recovery
Analyte (ug/mL) value (ug/mL) (%) % RSD
Fe 0.368 0.359+3.3 97.5 2.5
Mn 0.302 0.301+2.7 99.6 1.9

The result obtained showed that the method is accurate, selective and
validated. The results are in good agreement considering the confidence level
between 95-105%. The evaluated data showed a good level of precision with
the average RSD for repeatability of 5 measurements varying from 2.5% for

Fe and 1.9% for Mn.

Table 2-12 shows the concentrations that were obtained from six SRM
samples after four-fold dilution. These results show repeatability of SRM

analysed on six different days.

Certified F(%)
SRM Recovery
Element R1 R2 R3 R4 R5 R6 Average (ug/mL) (%)
Mn 0.301 0.304 0.306 0.303 0.305 0.301 0.303 0.302 97.6 3
4

Fe 0.361 0.376 0.361 0.364 0.365 0.361 0.364 0.368 99.4
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2.7.4 Spike recoveries

Spike recovery was assessed by additions of Fe and Mn standard to final
volume of 0.05 and 0.1 pg/mL pg/mL to water samples from the treatment
plants. This method was used to ensure that the matrix does not significantly
reduce or enhance the percentage recovery of the analyte. The spike
recoveries should be within the acceptance recovery range 95-105% and RSD
less than 5%. The results from the spike recovery of drinking water samples

are presented in Table 2-13.
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Table 2-13 Results for water samples with spike recovery concentration of
0.05 pg/mLof Fe and Mn, n =5 on the same day.

Sample Analyte Unspiked Spiked sample Recovery
name sample (ug/mL) (ug/mL) (%)
A Fe 0.0033 0.0536 100.6
Mn 0.0338 0.0854 102.4
B Fe -0.0002 0.0484 97.2
Mn 0.0257 0.0759 100.4
C Fe 0.0007 0.0536 105.8
Mn 0.0267 0.0768 100.2
D Fe 0.0007 0.0536 105.8
Mn 0.0267 0.0768 100.2
E Fe 0.0004 0.0515 102.2
Mn 0.0003 0.0507 100.8
F Fe 0.0249 0.0763 102.8
Mn 0.0001 0.0502 100.2
H Fe 0.0003 0.0511 101.6
Mn -0.0001 0.0502 100.6
Fe 0.0054 0.0554 100.8
Mn 0.0332 0.0836 100.5
J Fe 0.0027 0.0543 102.6
Mn 0.0237 0.0758 104.2
K Fe 0.0004 0.0529 105.6

Mn 0.0007 0.0516 101.8
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2.7.5 Selection of optimal internal standards

Internal standards were chosen for the analysis to evaluate and identify the
analytical problems that could influence the emission signals, such as the
matrix composition. Acid effects were included in this procedure and nitric acid
was used for the analysis. Spike recovery results for nitric acid, aqua regia (3
parts of HCI to 1 part of HNO3 ) and reverse aqua regia (1 to 3 of the HCI to
HNO3) are presented in Tables 2-14 to 2-16. The results were obtained using
different acid matrixes by spiking five syntactic samples and calculating the
percentage recovery of each sample on different days to see how the acid
affects results. Nitric acid was selected to use during the sample analysis of
this method, because from the table below it can be seen that using different

acids, the one with the best recovery is nitric acid.
Table 2-14 Spike recovery (%) for Fe and Mn wavelengths (nm) in synthetic

samples using 2% nitric acid on different days.

Nitric
acid

Day 1 Day 2 Day 3 Day 4

Fe Mn Fe Mn Fe Mn Fe Mn
Element 238.2 2576 2382 2576 238.2 2576 238.2 2576

samplel 102.4 102.8 100.6 103 96.2 103 99.6 1018
sample2 104.2 1004 97.2 100.4 104 104.2 102.6 1044
sample3 103.8 101.8 102.8 1004 99.8 100.2 102.8 100.2
sample4 954 98.8 105.8 100.2 974 104.8 105.8 100.2

sample5 102.3 1015 102.2 100.8 98.6 101.2 102.8 103
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Table 2-15 Spike recovery (%) for Fe and Mn wavelengths (nm) in synthetic

samples using aqua regia acid 3 parts HCI to 1 part of HNOs.

Aqua Regia
Dayl Day?2 Day3 Day4
Fe2 Mn Fe Mn Fe Mn Fe Mn
Sample  38.2 257.6 2382 2576 238.2 2576 2382 257.6
samplel 109 1004 954 98.6 105.4 98.6 103.2 100.4
sample2 90.6 96.6 95.6 100.4 88.4 98.8 94.4 101.6
sample3 83.8 99 80.4 97.8 93.8 97.6 1054 97.8
sample4 93.6 1032 9138 97.8 103.2 994 96.6 97.8
sample5 96.4 99 109 98.8 94.4 98.2 99 98.8
Table 2-16 Spike recovery (%) for Fe and Mn wavelengths (nm) in synthetic
samples using reverse aqua regia acid 1 parts HCI to 3 part of HNOs.
Reverse
aqua
Dayl Day?2 Day3 Day4
Fe Mn Fe Mn Fe Mn Fe Mn
Sample 238.2 257.6 238.2 257.6 238.2 257.6 238.2 257.6
samplel 93.2 96.8 95.2 98.2 116.4 99 97 97.4
sample2 924 95.6 110.6 100.4 106.6 99.4 111 98.4
sample3 97.8 99.8 102.6 101.6 1094 99.8 108.8 100.4
sample4 106.6 90.6 99 101.2 109.2 96.8 107 99.4
sample5 99 98.8 93.2 994 108.2 95.6 103 98
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Yttrium and scandium were tested as internal standard for the determination
of Fe and Mn in water samples using ICP-OES. This was carried out to
improve precision to reduce the matrix induced signal variations. All the
samples were referencing to the same state of element (atomic lines are better
corrected by atomic lines, and ionic lines by ionic lines) to ensure they are of

the same energy and react in the same way in the plasma.

Sc 255.2 nm was chosen for the method because it ensures a better
improvement in the precision for the method than other wavelengths for both
Sc and Y. Table 3-17 displays the corrected results obtained using iTEVA
software after analysing the reference water compared with those obtained
without IS correction for the same samples. The recovery value using the Sc
255.2 was close to the certified value, suitable IS because they had recoveries
between 95-105% and RDS <5 %. The concentration of the Sc was set as 1

pug/mL, which provided the accurate results.
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Table 2-17 Concentrations (ug/mL) obtained with and without the use of Sc
255.2 nm and Y 371.029 nm as internal standards, (mean = o, n = 3), (R) %

recovery.

Element Recovery & RSD Recovery & RSD <ccovery & Reference

(nm) with Sc 255.2 nm with Y 371 nm RSD without (S.RM
IS certificate)
Fe
238.2 102.6 +2.8 104.4 +3.2 108.4 +3.3 1014 +2.1
Mn
257.6 99.6 £1.2 103.6 +2.6 95.6 +2.6 99.3+1.9

It can be seen that adding the same concentration of IS to all samples
including the unknown samples improved the %RSD values. Sc was chosen
because it produced results very close to the SRM in both % recovery and
RSD. Thus, using Sc as IS in the analysis of the samples improved the
precision of the results, removed all matrix effects sand any drift of the

instrument.
2.8 Analysis of United Utilities’ treatment water samples

Finally, an analysis of the United Utilities water samples was undertaken to
assess accuracy of the determination of Fe and Mn levels. Prescribed
concentrations in drinking water in the UK are set at 200 pg/L (0.2 mg/mL) for
Fe and 50 pg/L (0.05 mg/mL) for Mn (DWI, 2011) and recently confirmed with

the inspector’s report for drinking water in England and Wales July 2017. The
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World Health Organization (WHO) guidelines (30) has set 400 ug/L for Mn and

300 pg/L for Fe in drinking water (28, 31).

By examining all the results obtained for Fe and Mn in drinking water in this
analysis some of the water samples from individual processing stages were
below the LOD stated determined in this work on this section. These levels
where below the limits proposed by European DWI of 0.2 mg/mL and 0.05
mg/mL for Fe and Mn, respectively. Higher levels of Mn and Fe were seen in
the stages after the coagulation agent was added which was after the filtration

stages.

This clearly indicates that the coagulation agent itself contributes to the
additional Mn and Fe levels. These results were obtained at different water
processing plants but showed similar results. The Oswestry water had less Mn
than the Fishmoore water. Although the treatment stages used at Oswestry
are different to Fishmoore, there was a consistent decrease in the
concentration level of Fe and Mn. In the UK, the water supply from companies
have had occurrences of both Fe and Mn at higher levels than expected and
if these levels are above the DWI standards of 50 ug/L and 200 ug/L,
respectively, then the treatment plants have to put in place measures to lower
these concentrations in the final water. Some of the treatment water methods
used on the water from the pilot plant have been analysed in this study such
as oxidation to insoluble Mn#* rapid gravity filtration (RGF) in the Oswestry

water followed by a chlorination stage.

Table 2-18 displays Fe and Mn concentrations in Fishmoore and Oswestry

water samples where there is variation in levels of both metals at different
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stages of treatment but some stages of the treatment lead to higher Mn than

Fe at FSF and Oswestry RGF. In addition, Fe seems to be higher than Mn at

other stages such as, raw water, ACC1, ACC2 in Fishmoore and Oswestry raw

water samples.

Table 2-18 Metal content in Fishmoore water samples. The values are metal
concentration (ug /mL), percentage recoveries and RSD for Fe and Mn.

Wavelength/nm Raw FSF FSS ACCl ACC2 Final
Fe 238.2 0.0631 0.0034 0.0022 0.0477 0.0417 <LoD
Spike recovery

(%) 105 107 100.9 102 96.6 90.6
RSD (%) 5.3 3.2 4.5 2.8 5.1 3.1
Mn 257.6 0.023 0.0135 0.0001 0.0119 0.013 <LoD
(Sof)ike recovery  g9g7 1045 99.7 1023 984  100.6

0
RSD (%) 5.1 3.7 3.2 4.8 2.8 3.4

Table 2-19 Metal contents in Oswestry Water Samples. The values are metal
concentration (ug /mL), percentage recoveries and RSD for Fe and Mn.

Oswestry Slow Sand

Wavelength/nm RGF Final common Pilot filter Raw
Mn 257.6 0.0219 0.0012 0.0008 0.0009 0.0006 0.0012
Spike recovery

(%) 101.3 102.8 97.4 99 96.8 95.8
RSD (%) 4.1 2.8 3.2 3.5 4.5 5.1
Fe 238.2 0.001 <LOD 0.0011 0.001 0.0011 0.004
Spike recovery

(%) 102.4 99.8 102.1 99.9 103.8 100.6
RSD (%) 2.5 3.4 5.1 3.7 5.2 2.8
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Table 2-20 Metal contents in Huntington Water Samples. The values are metal concentration (ug /mL),
percentage recoveries and RSD for Fe and Mn.

Wavelength/nm Hunlfi%v;ton FSF SSF PCF1 PCF2 (comeSined) Finall Final2

Fe 238.2 0.0144 <LOD <LOD 0.0477 0.0417 0.019 <LOD <LOD
Spike recovery (%) 99.4 100.2 100.5 102.1 97.4 99.5 100.4 99.2
RSD (%) 5.1 3.3 45 2.9 3.7 3.9 5.4 3.4

Mn 2576 0.017 0.0135 0.0045 0.011 0.013 0.0048 0.0045 < LOD
Spike recovery (%) 101.6 96.8 95.8 104.7 99.7 102.3 97.2 102.3
RSD (%) 5.1 3.1 3.7 3.2 1.9 4 2.9 4.2
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High concentrations of Mn occurred at the PCF (1 and 2) stages, giving 11
and 13 ppb for Mn at Huntington water. The level for Fe showed a higher
concentration during the PCF stages. The Mn concentration level presented
in Huntington raw water has a lower concentration of Mn than Fishmoore and
Oswestry water. This may have related to the treatment process being
different from one location to another. However, at all stages of the water
treatment works, it has become an evident that Mn and Fe concentrations
increase compared to the raw water during the Post clarified stages at
Huntington water. Aluminium sulphate is used at Huntington whilst potassium
permanganate is applied at Fishmoore. The increase in these concentrations
of both Fe and Mn may be due to addition of the coagulants. For a more
complete understanding, these coagulants need to be tested in the future with
sulphuric acid samples from the water industry. The results will indicate how
much amount of these reagents and materials are added. The sulphuric acid
is usually added into the water just before filtration process to maintain the pH
level to allow the filtration of un-precipitated material to go through. Also, this
acid as part of the acidification process reduced the bicarbonate and avoids

the precipitation of some metals.

These results are in line with the research undertaken by United Utilities (UU)
in the past few years. One of the key challenges over the past 20 years for
water companies has been the renewal and cleaning of water because of the
high number of customer complaints which they receive every year. However,
internal research groups of UU have shown that the key cause of the

discolouration is the amount of Mn in the water entering supply. It is clear that
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treatment solution to this problem has to cover a wider area than just cleaning
the mains. Cleaning and renewal has improved the water quality from UU
(106). In these water samples the relationship between Fe and Mn levels has
shown that it is rare to have a sample with Fe level greater than the regulatory
limit when the Mn level is less than the maximum level. A study of UU analysed
random customer samples between 2007 and 2011 showed that about half of
the samples had a Mn level above the LoD during the treatment stages of the
exceeded limits on the regulatory for Fe and Mn level 50 pug/L and 200 ug/L

respectively.
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2.9 Conclusion

This study carried out the optimisation and development of ICP-OES method
to determine Fe and Mn levels in different treatment plants from UU water
samples. This will benefit the water industry since the discolouration of water
iIs one of the main causes of customer contacts with over 50,000 customer

contacts per year in England and Wales (DWI Chief Inspector’s Reports 2012).

According to the WHO and DWI, the concentrations obtained from the
Fishmoore water samples are below the maximum level recommended by the

WHO.

In this work, the optimisation and validation of the ICP-OES demonstrated that
a simple, robust and reliable analytical method for simultaneous determination
of Fe and Mn in water samples was possible. The optimization of the
parameters was essential for the determination of Fe and Mn using 11
wavelengths for both elements. Under the optimum conditions, ICP-OES was
able to effectively measure low concentrations of Fe and Mn in drinking water.
This was shown by obtaining LoD and LoQ values; found to be 5 ng/mLand

12 ng/mL for iron and 1.2 ng/mL and 6.7 ng/mL for Mn, respectively.

The percentage recovery (95-105%) for both SRM and water samples. The
high amounts of Mn show that the water discoloration may not be related to

the occurrence of Fe in water.

Generally, all the water treatment met the DWI of Fe and Mn. However, an
increase of Fe and Mn removal is essential at many water treatment plants to
meet most regulations because both metals change into insoluble forms of Fe

and Mn, which then stick to water pipes as yellow and black colours under
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sudden changes in physiochemical parameters such as velocity. Therefore,
the water industry needs to minimize the discolouration occurrence by

cleaning and removal processes depending on treatment plants.

Higher levels of Mn do not necessarily lead to an increased risk of discoloration
of drinking water and this can be explained by the fact that there are different
oxidation states or species of Mn. For example, the Pourbaix diagram (Figure
1-1) showed the different species of Mn that are formed at different pH levels
(X-axis) and oxidation levels (Y-axis). Mn?* is a soluble form of Mn and the
normal treatment process is to oxidize the water (normally using chlorine) and
raise the pH of the water in order to change it to a particulate form, which is

then removed by the final filter stage (23).

This problem will be tackled in more detail in the next chapters in terms of
speciation analysis. What is more important is the species of Mn that is
present. In the case of Mn (IV), this presents little risk because the species
normally occurs as a black solid (MnO4) which can be easily separated by
filtration. In contrast, Mn?* does present a risk of discoloration since it is a
soluble, yellow coloured ion. It has been noted that different reagents are used
to achieve coagulation stages at the water treatment works. Different
coagulants are used for each location, and the increase in Mn concentration
may be due to the addition of the coagulants. It is proposed that the
concentration should be known to avoid increasing the levels of Mn through
the treatment process. This method of ICP-OES analysis allowed the
successful assessment of the presence of both elements in water samples.
More sensitive techniques are required to verify the findings of the total

concentration and species of Fe and Mn. ICP-MS will be considered for
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analysis with its increased sensitivity and therefore lower detection limits; it
has higher sensitivity and lower concentrations of the elements in water can

be detected as low as ppt levels.
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Chapter 3 Optimisation and development of inductively
coupled plasma mass spectrometry (ICP-MS) for the analysis

of Fe and Mn in drinking water

3. Introduction

This chapter describes the development, optimisation and validation of a
method for the measurement of Fe and Mn concentration in drinking water by
inductively coupled plasma mass spectrometry (ICP-MS). This technique
simultaneously and rapidly processes samples so that the entire analytical
spectrum within this range of elements can be recorded in every analysis. This
differs from atomic absorption spectroscopy; which can only determine the
guantity of a single element at a time. This feature, coupled with the ability to
do multi-element analysis, makes ICP-MS a very attractive analytical
technique. Thus, this has led to its wide scale use in the certification of
reference materials (15). Boasting similar or better detection limits to that of
electrothermal vaporization atomic absorption spectrometry, but also having
the ability to do multi-element analysis simultaneously; ICP-MS is now
increasingly used for performing low level environmental analysis (203, 204).
Methods have been published for the determination of trace metals in water
samples by the US environmental protection agency by ICP-MS (Method

200.8 Revision 5.4).

Recently, most research has focused on the determination of trace metal’s
concentration at low levels simultaneously, accurately and precisely using

different techniques. ICP-MS is considered to be a highly sensitive detection
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instrument and is being used in many different areas such as food,
pharmaceuticals and environmental science (205, 206). Several
environmental studies have reported the relationship between Fe and Mn
levels and human health effects. For example, Bouchard et al. (207), identified
a significant positive relationship between Mn concentration and classroom
behaviours in a study on children in Quebec. Mn exposure in drinking water
was also shown to be significantly negatively related to intellectual function of
10 year old children in Bangladesh. In a study by Wasserman et al. (208) of
water with Mn concentration , below the WHO limits, (0.004 - 3.91 mgl/l), it
was shown there is a relationship between the exposure to Mn and human

neurotoxic effects.

The work in this chapter describes the development and validation of a
procedure for trace Fe and Mn determination in water treatment samples by
ICP-MS. In this validation method, the analytical figures of merit calculated
have not been determined before to the best of our knowledge for Fe and Mn
in water treatment samples at different stages of the water treatment process.
The following parameters were optimised and assessed: linearity, LoD, LoQ,
repeatability and precision. There are many standards such as the USEPA
method 200.8 which is used to assess for trace metals in water samples in
United States and several other countries (209). The validation of the
analytical method was carried out according to the ISO guide and was applied
to the SRM and water samples. Therefore, the developed method for the
validation and precision was carried out according to the USPE guide (28).

The ICP-MS obtained complete information on trace metals in water in sub -
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Mg/L ranges. This capability of the instrument could be used for the

simultaneous routine analysis in water treatment plants.

3.1 Experimental

3.1.1 Reagents and Materials

Ultrapure water with a resistivity of 18.2 MQ (0.05 uS cm-') was obtained using
a Triple Red water purification system (Triple Red Laboratory Technology, UK)
and used to prepare all solutions. Single-element stock solutions for ICP-MS
containing 1000 ug/mL of Fe and Mn were purchased from (SCP Science,
QMx Laboratory UK) and were used to prepare the calibration solutions. All
working solutions and standards were prepared weekly and acidified daily in
2% (v/v) nitric acid (HNOs). Trace metal grade acid (69 % HNO3) was

purchased from Fisher (TraceMetal Grade Fisher Scientific, UK).

A tuning solution containing the elements Ce, Co, In, Ba, Tl, U, Li, Be, and Bi,
in 2 % HNO3 was employed. Firstly, daily performance reports were performed
to evaluate the tuning criteria for precision and sensitivity that allowed the
sweeping of a wide range of mass with final concentration of 10 ng/mL
solution. A cross calibration was performed daily using a 50 ng/mL solution of
the elements above. Three internal standards were added to the solutions;

these were prepared from 1000 mg/L of Y, Sc and Rh single stock solution.

A stock solution of 500 ng/mL was prepared once a week, and this was used
to prepare solutions, daily by diluting with 2% HNOs3 to yield the final
concentration of 10 ng/mL. The three internal standards were tested and

added to all samples and solution to obtain any changes in sensitivity in
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different mass regions. Argon (Ar) and helium (He) high purity carrier gases

(99.9995 %) were used (Air Products, CryoEase Services, UK).
3.1.2 Glassware and cone cleaning

To avoid contamination, all labware was washed and soaked overnight in 5%
(v/v) HNOs solution, and triple rinsed thoroughly with deionized water prior to
use. The instrument components were cleaned daily as follows: The nebulizer
was soaked in 5% nitric acid for 10 minutes. The spray chamber was soaked
in Decon-90 phosphate free detergent (In-Situ Europe Ltd Decon,
Laboratories limited, Uk) overnight and then rinsed, allowed to dry, then refitted
into the instrument. The torch was soaked in aqua regia (1:3 HNO3s: HCI)
overnight. It was also necessary to clean the interface sampler and skimmer
cones due to the build-up of deposits on the orifice and the cone, which
appeared to become discoloured from the heat required for plasma
generation. This deposit reduced the sensitivity of the instrument. In addition,
it can also affect the quality of the analysis and the stability of the instrument.
The interface cones were simply cleaned with deionised water, in an ultrasonic
bath for at least 10 minutes. Afterwards, the cones were retrieved using the
removal tools, and refitted back into the instrument. Figure 3-1 shows the cone

torch before and after cleaning.
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Figure 3-1 Skimmer and sampler cones before (left) and after cleaning
(right) in an ultrasonic bath.

3.1.3 Reference materials and samples

The accuracy and precision of the analytical method were validated using
standard reference material SRM TMDA-70 trace elements in Canada river
water (LGC Standards, UK). Water samples were collected from different
locations in Northwest region of England, and the all sample were analysed
using different techniques. For sample preparation, 0.45 um filters were used.
The metal contents of both elements of these samples were used for the
method validation and determined by ICP-MS. Each sample was analyzed in

triplicate.

3.2 ICP-MS determination procedure

3.2.1 Instrumentation

The samples were analysed using the Thermo Fisher Scientific X—series ICP-
MS, which was equipped with a quadruple mass spectrometer. Two modes
were used for the study. In standard mode, sample solutions were pumped via
a peristaltic pump from a CETAC ASX 520 (Thermo UK) series auto sampler.

The torch position, gas output, ion lenses, resolution, and background were
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optimised daily. Short-term stability performance tests of the instrument using
tuning solution were also performed daily, to verify that the resolution and
mass calibration for the ion species of interest were of the required standard.
Further ICP-MS operating conditions are summarised in Table 3-1. The
conditions were optimised to obtain the highest signal to blank ratio for ¢Fe,
5Fe, %8Fe and %°Mn; the highest sensitivity and maximum interference

resolution were obtained.
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Table 3-1 Instrumental parameters for ICP-MS.

Operating conditions

Parameter range and type

Nebulizer

nebulizer)

Spray chamber:
Sample cone:
Skimmer cone:
Standard mode
Plasma RF power
Plasma gas flow:
Nebulizer gas flow
Auxiliary gas flow
Sample depth
Collision gas
Flow:

Mass range:

Number of channels:

Number of channels per peak:

Dwell time: s

Number of sweeps:

concentric nebulizer (Meinhardt)

Cyclonic Spray chamber

nickel

nickel
adjusted daily
1400

0

0.89

0.8

160

He Gas

| min~1, 0-10
(uma) 7-208
300

3

160

500




3.2.2 Instrumental performance

Single-elemental stock solutions for ICP-MS containing (1000 pg/mL) of each
element studied (SCP Science, QMx Laboratory UK) were used to prepare
analytical standards for Fe and Mn. This involved sequential dilution of the
stock solutions in 2% (v/v) HNOs to yield a final concentration of 25 ng/mL and
this solution was used for all the optimization analyses. The internal standard
method used a solution prepared from 1 pg/mL of Rh, Y and Sc stock solution,
by dilution of 1 mL of the stock into 100 mL of 2% HNOs to yield a final

concentration of 10 ng/mL.

The performance test for standard mode of operation was performed, and if
the instrument passed, He was pumped into the instrument for 1 hour if the
CCT mode was being used for analysis. Thereafter, the CCT mode
performance test was performed, and then if the instrument passed the tests
in this mode, the instrument was used for the experiment. For this purpose,
solutions were prepared by using 1 ug/mL stock solution, to obtain 50 mL each
of tune and X-cal solutions in 2% HNOs. The final concentration of tune solution
was 10 ng/mL, and 50 ng/mL for the X-Cal solution. The X-cal was used to
calibrate the two detectors used in the ICP-MS, which were the pulse counter
and analogue detector. The pulse counter was used to measure the signal at
lower concentrations, below 50 ng/mL, and the analogue detector was used
to measure higher signals at concentrations above 50 ng/mL. To evaluate
whether the coefficients for the instrument relating to oxides and doubly
charged ions were acceptable, the ratio of net isotope signals observed for a

standard solution needed to be determined daily. This test allowed
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maximization of the ion signals and minimization of the interference effects
due to high oxide levels, (Ce O/Ce < 0.0200). If the CeO/Ce oxide ratio was
below 0.02 or 2%, it was assumed the oxide formation was at a minimum.
Once the instrument passed the performance assessment then the analysis
of Fe and Mn was assessed by the selected isotopes Fe%6, Fe%4, Fe%, Fed8
and Mn%% as analytical mass in ICP-MS with standard solutions using both the
standard and CCT mode of operation. This ensured that reliable data was

achieved.

After the performance test had been passed all of the experimental samples
were prepared for analysis, as described above (3.1.1). The calibration blank
and standards were prepared in 2% nitric acid in concentrations ranging
between (2- 50 ng/mL in 100 mL) for all experiments, except for those used to
determine the limit of detection limits which were in the range of 5-100 ng/mL
for Fe and Mn. The instrument was then optimized for several parameters to
obtain the best settings for each, for sample determination. RSD less than 5
was achieved for all experiments. The signal for both elements and the ratio
of selected masses were calculated for each sample with three readings to

obtain the best precision and accuracy of these results.
3.2.3 Collision cell technology mode

The second mode employed in the experiments made use of collision cell
technology (CCT). The instrumentation used was the same as described in
Section 3.2.1, with the exception of the collision cell. The instrument passes
the sample into a collision cell where a non-reactive gas, such as helium, is

added. Interferences can occur when polyatomic ions have the same mass-
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to-charge ratio as the species of interest. Polyatomic ions formed in the
ionisation chamber have a larger cross-sectional area than the single atom
analyte ions, and thus are more likely to collide with the reaction gas in the
reaction cell. In the collision cell, two main processes occur; chemical
reactions between the polyatomic ion species and the added gas, and charge
transfer from the polyatomic ion species to the added gas. These processes
together remove many of the solvent and Ar polyatomic spectral interferences.
Also, a CCT mode configuration is used that reduces Fe by the matrix into the
collision cell. Due to this there is a loss of sensitivity in the instrument over
time. Therefore, the use of both standards and CCT modes to find analyte
concentrations in the sample offers a good combination of performances and

simplicity of the sample matrices.

3.3 Analytical figures of merit

3.3.1 The optimisation of ICP-MS conditions

The operation parameters of the ICP-MS affect the analytical results by
influencing sensitivity, signal, and type of interference, etc. The setting of these
parameters must be independently optimised to obtain the maximum signal
and signal to blank ratio of each selected isotope. The optimisation of ICP-MS
appeared in the 1990’s in several papers (210, 211); one of these papers
reported the optimisation of the ICP-MS plasma and ion optics parameters
using 10 elements and measured the signal-to-blank ratio. The other papers
focused on different parameters and settings using standard or collision

reaction cell mode and were applied to the determination of specific elements.
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The ICP-MS instrument parameters were fully optimised to determine the best
signal- and signal-to-blank ratio in order to achieve the maximum sensitivity.
The optimization process was carried out using three replicates of a 25 ng/mL
Fe and Mn solution in 2% HNOs. The parameters themselves were divided by
the Plasma lab software (Thermo, UK) into four groups; Major, Minor, Global
and Add Gas. The optimum conditions for parameters were optimised
depending on their purpose on the instrument including the nebuliser; auxiliary
and coolant which are related to the gas flow rate parameters; the torch
position parameters (horizontal, vertical and sampling depth); the quadrupole
and acquisition parameters (forward power, pole bias, standard resolution,
sweeps, Dwell time) and the focusing parameters which related to the lenses
position, ion flow and deflectors. Figure 3-2 and Table 3-2 show the individual
components and the settings for the mass spectrometer, respectively. The
parameters were determined to assess their potential to achieve maximum
sensitivity. The major and minor parameters are the most common ones used
for tuning, and these have the greatest effect on signal sensitivity and stability,
and are changed by adjusting the voltage for every single parameter
individually. The global parameters (standard resolution, high resolution,
analogue detector, PC detector) relate to the detector. These conditions were
applied for the determination of both elements as will be described in the
coming sections. The short-term stability test for the instrument was carried
out by optimizing the ion lenses, torch position and gas flow. All were optimized
daily with the tuning solution. This test was used to minimize interference

effects from doubly charged ions and to maximise ion signals
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L3

Hex2

Figure 3-2 Schematic of X series ion optics.

Table 3-2 lon optics parameters.

F DA QE

Abbreviation Parameters

Ex Extractor

L1 Lens 1

L2 Lens 2

L3 Lens 3

Hex Hexapole RF

Hex2 Hexapole Rf

F Focus

DA Differential aperture
D1 Deflector

D2 Deflector

QE Quadrupole entrance
Ql Quadrupole RF

Q2 Quadrupole RF
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3.3.1.1 The optimum conditions for the standard mode

The determination of the optimum conditions for standard mode was divided

into two stages as follows.

3.3.1.1.1 The determination of the major optimum parameters

All the optimisation procedures were carried out as previously described in

section 3.2.5 using the same preparation methods. The major parameters

optimised were as follows; extraction (0-1000), D1 (0 to -80), focus (0-50),

hexapole (10 to -10), lens (24 to -200), nebulizer gas (0.5-1.0), pole bias (10

to-10) and sample depth (50-600). The experimental data were processed by

using Plasma software (Thermo Fisher UK), and the data was exported to an

Excel (Microsoft, UK) spreadsheet for the preparation of all the graphs. The

counts per second (CPS) for the signal- and the signal to blank ratio were

plotted against the adjustment range for each parameter, and the graphs were

used to obtain the optimum conditions for the ICP-MS analysis. Table 3-3

shows the steps for each major parameter.

Table 3-3 Major parameters.

sample PB Neb Hex Ext D1 L1

dep
50 10 15 10 0 0 0 24

100 8 1.45 8 -50 10 -20 -50
150 6 1.35 6 -100 20 -40 -100
200 4 1.25 4 -150 30 -60 -150
250 2 1.12 2 -200 40 -80 -200
300 0 1 0 -400
350 -2 0.9 -2 -600
400 -4 0.8 -4 -800
450 -6 0.7 -6 -1000
500 -8 0.6 -8
550 -10 0.5 -10
600
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3.3.1.3 The determination of the minor optimum parameters

All the optimisation procedures were carried out as previously described in
Section 2.1.3.3 using the same preparation methods, but with adjustments to
the minor parameters as follow: lens 3 varied between (0 to-200), forward
power (800 to 1600), horizontal (0-160), vertical (0-811), D2 (0 to -400),
auxiliary (0-1.5), DA (0 to-200), coolant (8-20), lens 2 (0 to-200) and Add Gas
(3.3-10). The experimental data were processed using Plasma software
(Thermo Fisher UK), and the data was exported to an Excel (Microsoft, UK)
spreadsheet for the preparation of all the graphs. The counts per second
(CPS) for the signal, and the signal to blank ratio were plotted against the
adjustment range for each parameter, and the best optimum conditions were

chosen at the greatest signal to blank ratio for Fe and Mn. Table 3-4 shows the

steps for each of the minor parameters.

Table 3-4 Minor parameters.

L3 L2 Aux He Ver Hor D2 cool DA FW
0 0 0 3.3 0 0 0 8 0 750

-20 -20 0.2 3.5 100 20 -50 10 -50 800
-40 -40 0.4 4 200 40 -100 12 -100 1000
-60 -60 0.6 4.5 300 60 -150 14 -150 1200
-80 -80 0.8 5 400 80 -200 16 -200 1400

-100 -100 1 6 500 100 -250 18 1600

-120 -120 1.1 7 600 120 -300 20

-140 -140 1.2 8 700 140 -350

-160 -160 1.3 9 800 160 -400

-180 -180 1.4 10 811

-200 -200 15
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3.3.1.4 The determination of the add gas parameters optimum

parameters
The maximum signal and signal to blank ratio for each analyte ion was

obtained after passing of the ions through the reaction cell, using He as a
collision gas. The flow rate of the gas was varied between 0-10 mL per minute.
The experimental data were processed using Plasma Lab software (Thermo
Fisher UK), and the data was exported to an Excel (Microsoft, UK)
spreadsheet for the preparation of all the graphs. The counts per second
(CPS) for the signal and the signal to blank ratio were plotted against the
adjustment range for each parameter, and the graphs were used to obtain the

optimum conditions for the ICP-MS analysis.

The most suitable conditions for analysis in standard mode and for CCT mode

were selected for each element on the basis of sensitivity.

3.4 Analytical figures of merit

The analytical figures of merit were calculated in both standard and CCT
modes. Prior to analysing unknown samples and the method validation, LoD,
LoQ, linearity, and percentage recovery were established for each analyte at
the optimum set of conditions determined above. The LoD and LoQ were
calculated using the method suggested by Miller and Miller (202). This
involved the calibration of the instrument and then the measurement of a blank
(n =10). The blank solution of 2% nitric acid was prepared and was analyzed

as an unknown sample using ten replicate measurements. From this result,
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the LoD was calculated for Fe and Mn using Excel software. For LoD, the
average corrected mass for the blank was added to three times the standard
deviation of the blank signal (212). For LoQ the same calculation was used
except 10 times the standard deviation of the blank was used. In both cases,
the equation of the calibration line was used to convert the obtained signal into
a concentration value.

The accuracy and precision of this method were evaluated using the analysis
of Canadian River Water (TMDA-70 and TMDA 62.4) as standard reference
materials purchased from LGC Standards, UK. The accuracy was assessed
by using a similar matrix to the samples with a known composition. The
analysis of replicates of such samples provide data on repeatability and
accuracy. The percentage recoveries were calculated for both water samples

and certified reference material.

3.4.1 Isotope selection

The calibration included a number of different isotopes for Fe and one Mn
isotope for both analytes, these isotopes may suffer from interferences in ICP-
MS depending on sample preparation and matrix. Some of these interferences
can be overcome by choosing a different isotope or correction, but for Mn an
alternative is not available because it is a monoisotopic element (°*Mn). Fe
isotopes are subjected to critical interference by ArO and ArN ions for %6Fe with
92% abundance and %Fe with 6%. The optimisation of different instrument
parameters verified that a less abundant isotope was selected, *’Fe with 2.2
% abundance because ArO interference is much less than with other isotopes.

With this experiment it was possible to choose the greatest sensitivity of each
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isotope and the signal to blank ratio for both elements used for quantification
measurements.

A benefit to using CCT mode was that the LoD and LoQ was lower than when
the standard mode was used for Fe and Mn by ICP-MS. The results from the
analysis of SRM (TMDA) and spike recovery study of diluted and undiluted
drinking water SRM is shown in the results section. Finally, drinking water
spike recovery data were obtained from United Utilities water samples and are
shown in the results section (3.6). It can be seen that almost all the spike
recoveries and SRM values are within the drinking water criteria + 10%.
Measured values and spike recoveries of trace elements in Standards Trace
Metals in Drinking Water (TMDW) SRM using ICP-MS (data for both the neat

sample and a 10-x dilution of the sample) were calculated.

3.4.2 Linearity

Although ICP-MS is a well-known technique for the determination of a wide
range of concentrations, the linearity was evaluated by checking the linear
correlation coefficient (R?) of the calibration obtained for the standards. The R?
value and the linearity of the calibration were acceptable when R2>0.995. The
linearity was verified by the calibration standards; prepared from 1000 mg/mL
Fe and Mn using a series of concentrations ranging from 0.5 ng/mL-1000
pg/mL in water with 2% nitric acid. A blank was made in the same matrix. LoD
was calculated for Fe and Mn using the same approach as previously

described in Chapter 2, Section 2.7.1.

3.4.3 Precision
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Six spiked samples were measured on different days. The final Fe and Mn
masses were obtained by the spiked method as well as the repeatability and
precision. The repeatability of the method was calculated by evaluating the

RSD.
3.4 Validation using recovery studies

The validation and accuracy of the method used for this study were verified
using standard reference materials SRM TMDA-70 and TMDAG64.2 (trace
elements in River Water). In addition, spiked samples with known
concentration (30-50 ng/mL) of Fe and Mn were tested. The results were
evaluated by calculating the percentage recovery of the signal for both the
water samples tested and certified reference material, after spiking. The
method was considered valid when the recovery percentage calculated
achieved a range between 95-105%, using the average measurements for
SRM over 5 days. The recovery percentage was calculated using the following

equation (3.1).
(Spiked Sample concentration-No spiked concentration) / Spike concentration

x100 (Equation 3-1)

The variability of the results that described the precision of this method was
evaluated by the determination of each sample with ten repeats using relative
standard deviation. SRM and River Water (TMDAG62.4) was analysed for the

determination of both Fe and Mn by ICP-MS. The spike recovery experiment
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was used to verify the analytical method using 30 mg/mL of both selected

elements.

3.5 Sample collection and analysis

The method was evaluated by the analysis of water processing samples from
different locations across the Northwest region of England, to ensure that the
methodology functioned appropriately with real samples. The sample location
has been provided previously in Section (1.10) with a map showing the
location in Figure 2-2. These were collected from the local water supplier, UU.
Prior to analysis, these samples were stabilized with (2%) nitric or hydrochloric
acid. All the samples sources, and analytical results obtained from these
samples are presented in the results section (3.6). The samples were placed
in disposable sterile polypropylene (50 mL) centrifuge tubes (Fisher Scientific)
and transported to the lab, where they were kept frozen until analysis to

prevent the oxidation of the minerals in the sample.

To determine the Mn and Fe contents of the water samples, the samples were
filtered through filter membranes (PTFE) with pore sizes of 0.45 pm.
Thereafter, 4 mL of each sample was prepared to obtain final concentrations
of 2% HNO3z and 0.1 pg/mL of the internal standard Rh and/or 10 ng/mL of Sc.
The internal standard was added in order to reduce any adverse effects due
to differences in viscosities of the sample solutions and easily ionisable
element concentrations such as Na and K. The samples were then diluted to

a final volume of 10 mL with DW (Triple Red, UK).
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3.6 Results and discussion

3.6.1 Optimisation of ICP-MS and assessment of analytical
figures of merit

A new method for the determination of Fe and Mn in water samples was
developed and validated. The following parameters to allow analysis of the
water treatment samples were obtained: figure of merit, linearity, accuracy,

precision, LoD and LoQ.

ICP-MS was optimised under different conditions, as listed previously in Tables
3-3 and 3-4, for standard and CCT modes, respectively. The use of the
collision cell technology also required the optimisation of the parameters
associated with the flow rate, the pole bias, and hexapole bias voltages. These
were then applied to the collision cells before ion separation at the quadrupole.
These parameters enabled the achievement of the best sensitivity and
quantitation of both the Fe and Mn in the water processing samples and have
been detailed in the ICP-OES section 2.11. The signal to blank ratio and CCT
were used since the signals for different isotopes could not be used because

of the interferences.

A performance test in the standard mode with 10 ng/l of tuning solution was
used daily to optimise the torch position and the ion lenses, in order to
maximize the ion signals, oxide levels and stability of the ICP-MS. This test
was followed by flushing of the collision cell with collision gases (He) for one
hour after the standard test was performed as described in section 3.2.3.

Tuning solutions used for the test and the optimisation of these parameters
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were explained in Section 2.2.3. The mass to charge ratio, (m/z), of *®Mn was
used to monitor Mn and the two major iron isotopes %’Fe and %6Fe with relative
abundances of *%Fe — 91.72% and %Fe — 2.2%, were monitored in both
standard and CCT mode. 58Fe was removed because of sensitivity issues. 10
ng/mL of '9Rh solution was used as an internal standard in initial

investigations.
3.6.2 Major parameter optimisation

The major parameters are the most common ones for tuning and have the
greatest effect on signal stability and sensitivity. These parameters were
optimised for both Fe and Mn to obtain the best signal and signal to blank ratio
for each isotope. Mn, has only one isotope; °°Mn; and thus, is easy to select
the most abundant isotope of this element. In contrast, Fe has four isotopes;
with the abundances being in the order of *6Fe, followed by *8Fe,>’Fe and >*Fe
(213). The calibration response for all the analytes is presented below. The
major parameters were optimised, and the best signal-to-blank ratio was
selected after plotting the calibration curves for each single parameter, using
the solution prepared as detailed in sections 3.2.1 and 3.2.2. The torch was
generally centred on the sample cone, starting with D1, followed by Extraction,
Lens 1, Focus, then Pole Bias, monitoring how the signal changed with each
adjustment. Each of the lenses was adjusted in sequence until the optimum
signal was obtained. All the parameters were optimised before the analysis,
as changing any of them during the analysis would have affected the signal

and the sensitivity of the ICP-MS.
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3.6.2.1 The optimum conditions for the standard mode

The goal of the optimisation requires both lenses (L1 and L2, Figure 3-2) to be
varied to determine the true maximum over a wide enough range because
both lenses interact. These lenses retain the negative ions or neutral species
in the system. A smaller value of L2 gives a lower signal while setting a larger
value will increase the signal. The hexapole bias (HB) will normally be set
slightly lower in the CCT mode and must be at the negative value. This is
because when the cell is pressurised the ions tend to adopt the bias potential
and then they leave the collision cell with the same ion energy as HB.

F and DA (Figure 3-2) also interact, so DA was set, and F tuned to maximise
the signal. D1 and D2 also interact, and again D1 was set and D2 tuned and
optimised. The deflectors may optimise at a lower or higher voltage. The
extractor accelerates ions from the beam when it passes through the skimmer
and focuses them towards the axis. The voltages depend on the operating
mode applied. In all modes, over time the optimum voltage gradually changes.
This is often caused by sample deposition on the skimmer that contains a high
matrix concentration, if this matrix concentration remains the same
substantially, the tuning will stabilise as the cones become conditioned to the
matrix. This voltage was usually low with a new cone, but it increases as the
cone ages. These are deflectors of the ionic flow retaining the photons

generated from plasma from reaching the detector.
3.6.2.2 The determination of the optimum D1

Figure 3-3 displays the optimisation of sensitivity and signal response for the

major parameters: D1 for ®Mn and °°Fe, °’Fe and %®Fe presented by the
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double Y axes of signal and signal to blank ratio plotted against the values for
D1. These calibrations were examined and the best sensitivity for the
instrument was assessed as being when the D1 value was set at -40. For 5°Mn
the signal and signal to blank ratio were high at -40. Fe isotopes were varied
in the results on each graph so that the greatest signal and signal to blank ratio

were for D1 for ®’Fe.
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Figure 3-3 Signal and signal to blank ratio for D1 for °Mn (A), 56Fe (B), 5’Fe
(C) and %8Fe (D).

3.6.2.3 The determination of the optimum Extraction

The optimisation of sensitivity and signal response for the extraction voltage
used for *Mn and %6Fe, 5"Fe and %8Fe are represented in Figure 3-4 for both

signal and the signal to charge ratio. It can be seen that the optimal greatest
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signal is for %*Fe (blue). Looking at the optimal signal to blank ratio from the
graph, the optimum signal for the extraction is -200 V. This gives the most
sensitive signal. The extraction voltage attracts the ions from the plasma and
is negatively charged as the ions are positively charged. The optimum voltage
will be related to the mass of the ions. Here the ions studied are similar in mass
and hence the optimum is similar. As the extraction researches over -200 V
the signal and signal to blank ratio drops down because of the sensitivity of
the instrument. The dip at -50 V (orange) is due to a change of background
signal. For 5®Mn, which is the only isotope for Mn, the signal and signal to blank

ratio were high at -200.
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3.6.2.4 The determination of the optimum nebulizer

The nebulizer flow rate was varied for °*Mn and the Fe isotopes and the results
are shown in the Figure 3-5. These response plots were examined and the
best sensitivity for the instrument was assessed as being when the nebulizer
flow rate value was set at 0.89 - 1.5 L/min. The nebuliser is used to form a
consistent sample aerosol that mixes with the Ar gas, which is then sent to the
ICP. The changes in Ar flow rate in the nebuliser affect droplet formation. For
example, at lower flow rates, few small droplets are formed and hence lower
signals. As flow rate increases, smaller droplets increase to an optimum. After
this point, the higher flow rates reduce the formation of small droplets causing
the signal to decrease. For °°*Mn the signal and signal to blank ratio were
largest at 0.8 — 0.9. Results for Fe isotopes were varied and the flow rate was

adjusted based on the signal and signal to blank ratios shown in Figure 3-5.
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3.6.2.5 The determination of the optimum Focus

The Focus is used in standard mode for removing Ar based interferences.
Measurements of signal with different values of Mn and %6Fe are shown in
Figure 3-6. These calibrations were examined and the best sensitivity for the
instrument was assessed as being when the Focus value was set at 10 in
standard mode. Care must be taken because increase of the signal of the
blank will change the optimum result. For ®Mn the greatest signal and signal
to blank ratio were observed for a value of 10. The value of ten was also
optimum for 5’Fe and %8Fe, however, not for ®Fe, which needed higher flow
rates. Overall, the value of ten was used to cover as many isotopes as

possible.

151



&00000 1500
oy,

=

=

8
= 400000 S — . 1000 =
I L
% 200000 - \\\‘ o0 &9
L ]
o - o =

o 10 pgeus 20 30 40 =

—s—gignal —*—signal/background ratio

1500000 17
B 2
= 1000000 ————__ 165 o =
=) = =
W 500000 - 16 £ 2
— - P ;
0 - L _&

Q 5 10 pocusls 20 25 20 as

—+—5gnal —*—signalto background

15000 4 a
_ E
= 10000 25
= 235
“ sooo & 8

o
W
] : : = o o 3
a 10 20 Focus 2p 40 =du] &0
—f—signal =—l—5ignaltoc background ratio
£000 L 15 £
g

= 40000 1 b
,aa R
w2000 05 A §

]

o~ : T » * £ = 0 "-E
o 10 0 30 40 S0 &0 .
Focus L

=#—5ignal =——35ignaltobackground ratio
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3.6.2.6 The determination of the optimum Hexapole

The role of the Hexapole is to reduce interferences due to polyatomic species.
Figure 3-7 shows measurements of signal with different values of the
Hexapole using the standard mode for ®*Mn and the %¢Fe isotopes. These
graphs were examined and the best sensitivity for the instrument was
assessed as being when the Hexapole value was set at -10 because of the

high signal-to-noise values obtained for both Mn and Fe. The greatest signal
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was observed for ®Fe anf 8Fe which they were because of the weak

background for this isotopes.
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Figure 3-7 Signal and signal to blank ratio for hexapole for *Mn (A), %°Fe,
5Fe, %*Fe and %8Fe (B and C).
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3.6.2.7 The determination of the optimum Pole Bias

The Pole Bias is used to obtain the optimum ion flight path through the system.
Figure 3-8 shows the optimum Pole Bias study using the standard mode for
%Mn and %6Fe, °’Fe and %®Fe. These calibrations were examined and the best

sensitivity for the instrument was assessed as being when the Pole Bias value

was set at -10.
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Figure 3-8 Signal and signal to blank ratio for pole bias for °Mn (A), %¢Fe,
5Fe, %4Fe and %8Fe (B and C).
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3.6.2.7 The determination of the optimum sample depth

Sample depths on the ICP-MS are defined as the distance between the end
of the torch and the sample cone. Figure 4-9 displays the double Y axes of
signal and signal to blank ratio plotted against the values for sample depth for
%5Mn and %%Fe, %"Fe and “8Fe. These calibrations were examined and the best
sensitivity for the instrument was assessed as being when the sample depth

value was set at 160.
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Figure 3-9 Signal and signal to blank ratio for sample depth for ®*Mn (A),
%Fe, 5"Fe, %*Fe and %®Fe (B and C).
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3.6.3 Minor parameters

All the optimisation procedures were carried out as previously described in
Section 3.2.2 using the same preparation method. However, with adjustments
to the minor parameters as follows: Lens 3 varied between (0 to -200), Forward
power (800 to 1600), Horizontal (0-160), Vertical (0-811), D2 (0 to -400),
Auxiliary (0 to 1.5), DA (0 to-200), Coolant (8 to 20), Lens 2 (0 to -200) and
Add Gas (3.3 to 10). After determination of both the Fe and Mn signals on the
ICP-MS instrument using these conditions; full optimisation of the parameters
was performed in a univariate manner. The experimental data were processed
using Plasma software (Thermo Fisher UK), and the data was exported to an
Excel (Microsoft, UK) spreadsheet for the preparation of all the graphs. The
counts per second (CPS) for the signal and the signal-to-blank ratio were
plotted against the adjustment range for each parameter, and the graphs were

used to obtain the optimum conditions for the ICP-MS analysis.
3.6.3.1 The determination of the optimum Lens2

The lens2 is used to direct the ion beam into the collision cell. The lenses are
tuned together for maximum signal. The lens2 for *Mn and ¢Fe are shown in
Figure (3-10). These calibrations were examined and the greatest sensitivity
for the instrument was assessed as being when the lens2 value was set at -

40.
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54Fe and %8Fe (B and C).

3.6.3.2 The determination of the optimum Forward Power

The forward power is used to ignite and sustain the plasma during the analysis.

The number of Watts may vary depending on different sample and matrixes.

The Forward Power analysis is displayed for >Mn and %6Fe in Figure 3-11.
These graphs were examined and the best sensitivity for the instrument was
assessed as being when the Forward power value was set at 1400 W, which

represented the greatest signal to blank ratio for all analytes.
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Figure 3-11 Signal and signal to blank ratio for forward power for 5Mn (A),
%6Fe, 5Fe, %*Fe and 8Fe (B and C).
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3.6.3.3 The determination of the optimum Horizontal

The optimum Horizontal concerns the orifice in the sampler cone and the
position is related to where the ions move through the cone. Horizontal values
for ®*Mn and Fe isotopes are shown in (Figure 3-12). These graphs were
examined and the best sensitivity for the instrument was assessed as being

when the Horizontal value was set at 60.
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Figure 3-12 Signal and signal to blank ratio for horizontal for ®>Mn (A), 56Fe,
5’Fe, %4Fe and 8Fe (B and C).

3.6.3.4 The determination of the optimum Vertical

Similarly, to the optimum Horizontal the optimum Vertical determines the
position of the orifice in the sampler cone which determines where the ions
move through the cone. Vertical for ®*Mn and the %Fe represented by the
double Y-axes of signal and signal to blank ratio plotted counts is shown in
Figure (3-13). These graphs were examined and the best sensitivity for the

instrument was assessed as being when the Vertical value was set at 484. The
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ratio for %Fe was very low at a value of less than 3 because the background
for Fe was very high giving rise to poor sensitivity due to the presence of

interferences in the standard mode.

300000 300
250000 )

300 £
= 200000 =
B WA
& 150000 200 %
i 2

100000 ]

100 =

SOQo0
o o
o 100 200 Elui] 400 500 &00 FLE 200 500
Vertical
—=—signal ——signal/backgroundratio
= 500000 B
2 200000 - & SaFe
£ 300000 - . /\_.\ 57Fe
— B AN
‘E & 200000 / LY —a—5&Fe
£ - —+SaFe
5 100000 { = ol B -
= S = =]
E D -- T -- I_‘ _I = : ‘- I- + - I- —- T -- T * T - 1
a 100 200 300 400 500 &00 700 300 B11
Vertical Si,gnal
20 c
15 1
L8Fe
-]
E 10 - L7Fe
—+— LdFe
5 -
t;:_:_:_-_,_._._;,_-:_"_"_:_‘-__-‘_. LEFe
o 100 200 300 400 500 600 YOO 800 BN
Vertical (V) signal to background ratio

Figure 3-13 Signal and signal to blank ratio for vertical for 5°Mn (A), ¢Fe,
5’Fe, %4Fe and 8Fe (B and C).

3.6.3.5 The determination of the optimum D2
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D2 deflectors direct the ions into the quadrupole. Using D1 set at -40 and D2
set at -130 there was enough signal to operate the instrument. Figure 3-14)
shows typical tuning for D2. The graphs were examined and the best
sensitivity for the instrument was assessed as being when the D2 value was
set at -130. The value of -100 was also considered but the chosen value was

judged the best compromise for all isotopes.
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Figure 3-14 Signal and signal to blank ratio for D2 for 5Mn (A), 5Fe, "Fe,
54Fe and %8Fe (B and C).
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3.6.3.6The determination of the optimum Auxiliary

The auxiliary gas moves the plasma position; hence, higher flow rates cause
the plasma to move forward. The gas is also used to lift the plasma off the
surface of the torch. The auxiliary then prevent melting of the intermediate
tube, and the formation of carbon and the salt deposits on the inner tube. The
Auxiliary optimisation for ®Mn and the %¢Fe is displayed in Figure (3-15). The
graphs were examined and the best sensitivity for the instrument was

assessed as being when the Auxiliary value was set at 0.8.
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Figure 3-15 Signal and signal to blank ratio for Auxiliary gas flow for 5°Mn (A),
%6Fe, 5’Fe, %*Fe and 8Fe (B and C).
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3.6.3.7 The determination of the optimum DA

Differential aperture (DA) used to sustain the pressure differential between the
intermediate chambers. DA for °®Mn and the %¢Fe represented by the double
Y-axes of signal and signal to blank ratio plotted against the values for DA is
shown in Figure (3-16). These graphs were examined and the greatest
sensitivity for the instrument was assessed as being when the DA value was

set at -37.6 where DA voltage applied was not critical.
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Figure 3-16 Signal and signal to blank ratio for DA for %®Mn (A), %°Fe, %’Fe,
%Fe and %8Fe (B and C).

165



3.6.3.8 The determination of the optimum Coolant

The coolant provides the plasma gas as well as cooling the torch. Coolant for
5Mn and the %6Fe represented by the double Y-axes of signal and signal to
blank ratio plotted against the values for coolant is shown in Figure (3-17).
These graphs were examined and the best sensitivity for the instrument was
assessed as being when the coolant value was set at 14 depending on signal

and signal to blank ratio.
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Figure 3-17 Signal and signal to blank ratio for coolant gas flow for >>Mn (A),
%6Fe, 5Fe, %*Fe and 8Fe (B and C).

3.6.3.9 The determination of the optimum Lens2 and L3

The lens2 is used to direct the ion beam into the collision cell. They are tuned
together for maximum signal. Lens3 is used to accelerate the ion beam out of
the collision cell The optimisation of sensitivity and signal response was
investigated: Lens2 for *>*Mn and the Fe isotopes represented by the double Y
axes of signal and signal to noise plotted against the values for Lens2 (Figure

3-18) and (Figure 3-19) for Lens3. These graphs were examined and the best
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sensitivity for the instrument was assessed as being when the Lens2 value

was set at -36.9 and Lens3 value was set at -150.

1500 A 4
3 £
= 1000 =
& a
¥ 23
500 "
1 e
o 8]
Q =20 -40 -60 -BD -100 -120 -140 -150 -180 -200
Lens2
—s—sgignal —s—signal/background ratio
500000 -
> B
£  aooooo - - 58Fe
- 300000 - e — e G TFE
§ . ‘---H_‘:H"'“‘\-\-.." =
% w 200000 - —— 56Fe
=] -=2 - -
E 100000 - ——54Fe
E — . . .
.E 0 B e —_— —
= 0] -20 -40 -60 -BD -100 -120 -140 -1650 -180 -200
Lens2(V)
25 4
c 58Fe
20 4
—4—57Fe
‘g 15 - H__‘_tﬂ_ﬂw___.‘—-—ﬂ_‘
= —a—56Fe
= ln -
—+—54Fe
54 . . e,
o T T T T T T T T T
o =20 -40 -0 -BO  -100 -120 -140 -160 -120 -200
Lens2 (V)

Figure 3-18 Signal and signal to blank ratio for Lens2 for °Mn (A), *Fe,

5Fe, %*Fe and %8Fe (B and C).
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Figure 3-19 Signal and signal to blank ratio for lens3 for %*Mn (A), %Fe, %"Fe,
54Fe and %8Fe (B and C).

3.6.3.10 Optimisation of Add Gas parameters

Using most of the parameters obtained using Standard Mode, the Add Gas
parameters were obtained for CCT mode. The main differences between
standard mode and CCT tuning are that for the Pole Bias optimum it is set to
negative (usually -0.7 V), D1 is -100 and focus is 0, advised by the

manufacturer. Also, the Focus drops depending on the type of interface cones
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being used for each set up. The maximum signal for each analyte ion was
obtained after passing of the ions through the reaction cell, using He as a
collision gas. The flow rate of the gas was varied between 0-10 mL per minute.
Afterward the calibration graphs produced for both Fe and Mn were used in
the drinking water analysis.

The carrier gas affects the transport and extraction of vapor from the gas—liquid
separator in the chemical vapor generation system. The Ar flow rate used to
transport Fe and Mn volatile compounds into the gas—liquid separator and then
into the plasma torch was varied over the range 0.10 to 1.0 | min~'. The most
suitable He flow rate was about 3.5 | min~" in this system. Above or below this
value, the Fe and Mn signals decreased. The reduction of ArO and CaO was
observed; hence, why Fe works better in standard Mode and 6Fe is better in
CCT.

As the sensitivity of the instrument varies the best signal to blank ratio for each
element needed to be identified. It was found that for both isotopes of Fe and
Mn, the sensitivity decreased with the addition of the He gas. Hence, the
minimum flow rate that provided better sensitivity for both isotopes by

optimisation was selected, i.e. 3.5 mL/minute, as shown in Figure 3-20.
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Figure 3-20 Signal and signal to blank ratio for CCT gas for %*Mn (A), *Fe,
5Fe, %4Fe and 8Fe (B and C).

3.6.3.11 The effect of ICP-MS modes
Both standard and CCT modes were used to determine the best conditions for

a reduction in Ar interference. Optimising the CCT conditions led to reduced
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main Ar interferences at the mass to charge ratio (m/z) of %Fe (“°Ar'®0).
Furthermore, polyatomic interferences due to other species such as 4°Ar'60O
and 4°Ca'®0 were also reduced. The results for the most sensitive isotopes at
92% abundance are presented in Table 3-5 and 3-6, for both standards and
CCT mode of operation of the instrument. Following the abundance
determination, some performances of the instrument under these optimised
conditions were evaluated, and thereafter these were used for the drinking
water analysis. Several parameters were found to have a significant effect on
the sensitivity and performance of the ICP-MS signal. These included the
nebulizer flow rate, Extraction Voltage, Pole Bias, Focus, He flow rate,
Horizontal and Vertical rates. The changes in these parameters led to a
change in the instrument’s sensitivity when the reading for each parameter
was either increased or decreased. However, other parameters did not have

a significant effect.
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TABLE 3-5 ICP-MS optimum con

Major Optimum Minor Optimum3 Global Optimum?2 Add. Optimum5
Parameters Parameters Gas
Extraction -200 Lens2 -36.9 Standard 125 CCT1 0
Resolution 7% H2-
He
Lensl -1.5 Lens3 -150 High 125 CCT2 0
Resolution He
Focus 10 Forward power 1400 Analogue 1900
Detector
D1 -40 Horizontal 60 PC Detector 3550
Pole Bias 10 Vertical 484
Hexapole -10 D2 -130
Nebulizer 0.89 DA -37.6
Sample Depth 160 Cool 14
Auxiliary 0.8
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Table 3-6 ICP-MS optimum conditions using CCT mode.

Major Optimum Minor Optimum3 Global Optimum?2 Add. Optimum5
Parameters Parameters Gas
Extraction -200 Lens2 -36.9 Standard 125 CCT1 0
Resolution 7% H2-
He
Lensl -1.5 Lens3 -150 High 125 CCT2 4
Resolution He
Focus 0 Forward power 1400 Analogue 1900
Detector
D1 -36.9 Horizontal 60 PC Detector 3550
Pole Bias -0.7 Vertical 484
Hexapole -10 D2 -100
Nebulizer 0.89 DA -37.6
Sample Depth 160 Cool 14
Auxiliary 0.8
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3.6.4 Analytical performance

All the experiments were performed with standard solutions, as previously
detailed in Section 2.4. The linearity of this calibration curve was satisfied in
the range of 0-100 ng/mL, with a correlation coefficient of R? >0.995. The
analytical conditions obtained for the developed method are presented in Table
3-4.

Table 3-7 Analytical conditions for Fe and Mn.

Isotope Analysis mode Internal standard Concentration range

(Mg/L)

55Mn CCT and 103Rh and #°Sc 0-100
Standard

5Fe CCT and 103Rh and #°Sc 0-50
Standard

S'Fe CCT and 103Rh and #°Sc 0-50
Standard

Before validation of the method for Fe and Mn analysis; the range of linearity
for both Fe and Mn was obtained. Furthermore, the limit of quantification
(LoQ), limit of detection (LoD) and specificity were all evaluated by analysing
the measurements using 12 blanks. The LoD and LoQ were estimated at 3SD,
and 10SD, of the average blank concentration, respectively. The details for

these measurements are provided below.

The specificity of this method was determined and checked, to ensure lack of
interferences by other species. This involved measuring the recoveries of the

calibration curves for spiked solutions of drinking water samples taken from
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different locations in the Northwest of England. These samples were spiked
with a known Fe and Mn standard to obtain final concentrations varying
between 30 and 50 ppb. In addition, some samples were analysed without the
spiking with Fe and Mn. HNOs was used as a matrix, diluent and in the rinse
solution for the ICP-MS instrument, as most metals are soluble in this acid,
and it does not introduce matrix components such as C, S, Cl to the
analyte,which can cause polyatomic interferences. However, operating the
instrument in CCT can eliminate these interferences. The specificity was within
the acceptable range, and the quantitative determination of both elements in
drinking water was validated. Five rounds of validation were performed on
different days, and the validation methods used were the spike response
method (SRM) and spike method for the water samples. All the validation and

figures of merit for these are presented in the next section.

3.6.4.1 Limits of detection and quantification
The LoD and LoQ were determined for Fe and Mn; as the lowest concentration

measurable in both the standard and CCT modes. These were 16 ng/mL for
Fe, and 0.7 ng/mL for Mn. It was established that LoQ was improved in CCT
mode for both Fe and Mn; with values being 0.6 ng/mL and 0.3 ng/mL
respectively; when compared to the standard mode, and this is presented in
Table 3-5. The most abundant isotope was selected to be used for the
analysis. Both LoQ and LoQ were calculated as the blank signal plus three or
ten standards deviations, respectively, using 10 blank measurements for the

calculation as previously in Section 3.6.2.3.
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3.6.3.2 Figures of merit
The analytical figures of merit were estimated after the optimisation of every

single parameter. The results obtained in the standard mode of operation were
compared to the results obtained in CCT mode. When using CCT mode, with
He as the collision gas at a flow rate of 4 mL/min, a greater than a 10-fold drop
in the Fe background counts per second was found. This is illustrated in the
Figures 3-21 and 3-23 for both Fe and Mn. The calibration was successful in

achieving linearity in the range of concentrations indicated.
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Figure 3-21 Calibration Curve for ®>Mn on standard mode.
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Figure 3-22 Calibration curve for ®>Mn on CCT mode.
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Figure 3-23 Calibration curve for %Fe on Standard mode.

178



g :

Intensity (a.u.)

0 10 20 0

Concentration (ng/mL})
Comelation Coefi=0 553233

Figure 3-24 Calibration curve for °®®Fe on CCT mode.
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Figure 3-25 Calibration graph for ®’Fe on CCT mode.
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Table 3-8 Parameters of the analytical calibration curves: linear range, correlation coefficient (R2), average (RSD) for repeatability of

calibration solutions measurements.

Isotope Analysis mode Internal standard Concentration range(mg/l) RSD%? R?
55Mn Std 103Rh and #°Sc 0-100 5.36 0.9985
6Fe Std 103Rh and #°Sc 0-100 4.56 0.9992
>Fe Std 103Rh and #°Sc 0-100 5.12 0.9988

@ n=5, Std =Standard mode
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Table 3-9 The certified and CCT mode found concentration (ug/mL) of the elements, in the certified reference material (SRM TMDA-
70 and TMDA-64.2, river water).

Element Certified value (ug/l) Found value (ug/l) % Recovery
TMDA-64.2 Fe 306 310+3 102.3
Mn 295 2974 100.8
TMDA-70 Fe 368 37043 100.5

Mn 302 305+5 101.9
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As it can be noted from Table 3-10, CCT mode worked well and provided a
better result compared to standard mode especially for *6Fe, because the
percentage recovery was greater. Furthermore, all the Fe and Mn results
obtained by CCT were within the range of the certified value, indicating good

agreement with the true value.

In the CCT mode, “°Art®QO and 4°Ca'®O species were removed from ions
reaching the detector. Examining the results for %°Fe there is a large
background, which was removed when CCT mode was used. ®>’Fe provides
the best sensitivity using standard mode because of the much smaller
background signal caused by °Arl®O'H. The isotope abundance of >°Fe rather
than ’Fe led to a significant improvement in sensitivity and hence the attempt
to remove the background from %6Fe. The results demonstrated that the
method is more accurate and sensitive for the determination of Fe and Mn
using ICP-MS in CCT mode compared to the standard mode. This improved
the LoD and LoQ by a factor of 10 when using CCT compared to the results
obtained using the standard mode. Moreover, the results obtained using two
different certified reference materials gave percentage recovery values which
agreed with the SRM. The relative standard deviation RSD for both elements

was found to be less that <5%.
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Table 3-10 The LoD and LoQ for Fe and Mn in standard and CCT Mode.

Analyte-CCT LoD (ng/mL) LoQ (ng/mL)
S6Fe 0.3 0.6
5SMn 0.09 0.3
Analyte-Standard
Analyte
S6Fe 14 16
55Mn 0.2 0.7
y = 35094x + 3107.7
2000000 R2 = 0.9999
1800000
1600000
S 1400000
£ 1200000
%‘ 1000000
S 800000
£ 600000
400000
200000
0
0 10 20 30 40 50 60
Concentration (ng/mL)

Figure 3-26 Calibration graph for °®*Mn used for the calculation of LoD and

LoQ.
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Figure 3-27 Calibration graph for 56Fe used for the calculation of LoD and
LoQ.

The LoD and LoQ results for ICP-MS showed greater sensitivity and better
recovery than ICP-OES for the analysis of Fe and Mn in water samples. Table
3-9 shows certified values for both instruments and certified values with
recovery %. Very good recovery values were obtained of 104% and 98% for
Fe and Mn, respectively. Thus, ICP-MS may be applied with confidence for
both Fe and Mn using simultaneous analysis as confirmed by the stated

figures of merit.

Table 3-11 LoD and LoQ calculation using the above equation for Fe and Mn
(ng/mL) using CCT Mode.

Blank reading 5Mn SFe
Mean of 12 repeats 786.6343 5042.3993
SD 60.20545382 139.615934
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3.6.4 Sample analysis

After successful development and validation of the method for the
determination of Fe and Mn metals, it was applied to the analysis of the water
samples was taken from the Northwest region of England. This was in order
to assess the quantity of Fe and Mn levels in the water treatment process
which went on to be used for drinking water in this area. The water samples

were obtained at different times of the year.

Water samples from two sites were analysed by ICP-MS using CCT mode
(after tuning using standard mode) ; Fishmoore and Oswestry at different
water processing treatment points starting with raw water before any treatment
or adding of any coagulant to the final water which goes to the costumer tap.
The results show that concentration of Fe and Mn was in ng/mL (Tables 3-12

to 3-14). This was within the allowed WHO limits for drinking water.
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Table 3-12 Concentrations (ng/mL) of Fe and Mn from different locations of
Northwest region of England.

Water stages Mn Fe
Raw water 7.33 26.28
First stage filter outlet 13.53 4.3
Second stage filter outlet 0.73 0.2
Accelerator No.1 13.6 32.8
Accelerator No.2 38.9 62.61
Final water 0.5 0.65
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Table 3-13 Spike and RSD of Fe and Mn from different locations of Northwest region of England.

Isotope Raw FSF FSS ACC1 ACC2 Final
56Fe Spike recovery 96 97 96.5 96 98 105
(%)

RSD (%) 5.4 4.3 5.6 3.6 5.5 4.7
5SMn Spike recovery 98 95 96 99 98 103

(%)
RSD (%) 5.3 4.5 4.4 5.4 3.5 4.6

188



TaBLE 3-14 Concentrations (ng/mL) of Fe and Mn from different locations of Northwest region of England.

Isotope Oswestry RGF Final il)or\rllvmon Pilot sand filter raw
SMn 0.03 0.0012 0.00072 0.0005 0.00045 0.0042
Spike recovery (%) 100.3 103.5 97.6 98.5 99.8 95.8
RSD (%) 4.5 3.8 3.6 4.3 4.5 5.3
SFe 0.002 <lod 0.0016 0.003 0.015 0.007
Spike recovery (%) 104.5 99.7 100.5 98.9 102.8 100.4
RSD (%) 4.5 5.3 4.6 4.3 3.5. 2.8
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Studying each Table of results, it is likely that the key risk for the discolouration
is Fe and Mn levels in the final water of each region which is above 50 ug/L

for Mn and 200 pg/L for Fe (regulation limit).

It can be seen that the Fishmoore raw water has more Fe and Mn present than
Oswestry water, giving 0.059 and 0.029 ppb for Fe and Mn in Fishmoore
water, respectively, and for Oswestry water, the level was 0.007 and 0.0042
ppb, respectively. These all vary in concentration in the different regions and
the Fe concentration increased during the treatment process. Generally, the
raw water is at the highest level of Fe and Mn concentration for the water
stages (accelerator stage), such as Huntington water in the ICP-OES chapter.
This is likely to be due to the adding of a coagulant such as Fe phosphate or
KMNOa4. These coagulants increase the level of Fe or Mn during the treatment
process as displayed in Tables 3-12 and 3-14. However, at all water treatment
works, it has become evident that during the post clarifier and the accelerating
in different stages, Mn concentration increases compared to the raw waters
and this agrees with the results obtained using ICP-OES (Section 2.8). As,
mentioned previously, in different regions aluminium sulphate is used as
coagulant. Ferral coagulation applied at different locations may be one of the

reasons why Mn concentration increased during the treatment process.

The results indicated that a number of analyte determinations provided
negative element concentrations in the samples below the LoD. For Mn, these
values are within the margin of error. However, for Fe, these results can be
attributed to decreased sensitivity in the concentration determination at the

lower end of the calibration range.
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In the UK, drinking water standards follow guidelines provided by the Drinking
Water Inspectorate (DWI) and determine acceptable levels according to prior
research. These standards are legally enforceable. The national requirements
are that the maximum concentration of Fe permissible is 200 pg/L, which is
equivalent to 200 ng/mL, at the point of the consumers’ tap. For Mn, the
permissible concentration at the consumers’ point of use is 50 pg/L; equivalent
to 50 ng/mL and the analysis shows that the samples are within this range.
The optimisation of the ICP-MS method is highly dependent on the plasma
parameters and sample introductions. All these were successfully parameters

optimised to provide the best signal.
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3.7 Conclusion

The determination of Fe and Mn was successfully carried out by ICP-OES and
ICP-MS. The elements were analysed and the measured concentrations were
obtained for both standards and water samples. The results obtained by both
instruments were satisfactory using the calibration samples. Comparing both
techniques, the analytical figures of merit were obtained and all the results
expressed as the correlation coefficients, which showed more than 0.995 for
both Fe and Mn. The LoD were lower by ICP-MS than by ICP-OES as can be
seen in Table 3-12. The ICP-MS had higher sensitivity and precision obtained
by the relative standards deviation values than ICP-OES and allowed the
determination of both Fe and Mn in concentrations of very low values. Thus,
showing it to be a very powerful technique for the quality control of water

determination.

Table 3-15 Correlation coefficients (R?) and limits of detection (LoD) in ng/mL
for Fe and Mn by ICP-OES and ICP-MS.

ICP-OES ICP-MS
Analyte R? LoD (ng/mL) R? LoD (ng/mL)
Fe 0.9998 11.58 0.9999 0.3
Mn 0.9999 1.43 0.9999 0.009
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This work has demonstrated the ability of both ICP-OES and ICP-MS to
analyse elements present at trace metals levels (Fe and Mn) in drinking water
samples. The analysis of Fe and Mn by ICP-MS was validated, and this
method was simple, selective, accurate and precise to use in drinking water
analysis. The method is linear and accurate where the percentage recovery of
both metals was within 95-105%. The method was precise, and this was
confirmed by the replication of the sample results with low RSD so that this
method can be used for the determination of Fe and Mn in water samples. The
capability of the ICP-MS for signal intensity and sensitivity using cell
technology made the instrument more suitable to measure speciation with
HPLC as a hyphenated technique. Although the results obtained for the
samples were similar using ICP-OES and ICP-MS, it should be noted that
these techniques are different because each one has its strengths and
weaknesses for water samples and Fe and Mn levels. In general, both
instruments were found to be good methods for the determination of Fe and
Mn in water samples with satisfactory accuracy and precision but the ICP-MS
was better. The determination was sufficiently a good linear range and
sensitivity enabling to reach LoD and LoQ in water samples which is fully

suitable for routine analysis of these metals in water treatment plants.
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Chapter 4 Speciation analysis by high performance liquid
chromatography inductively coupled plasma mass

spectrometry (HPLC-ICP-MS)

4.1 Introduction

Spectrophotometry, AAS, LC-ICP-MS and LA-ICP-MS techniques are used or
combined with extraction procedures such as cloud point extraction (CPE) and
solid phase extraction (SPE) for Mn speciation in water (90). In addition, many
different analytical techniques have been used for the determination of Fe
speciation in water including UV-VIS spectrophotometry, flame (FAAS), ICP
(ICP-AES, ICP-MS, and LC Methods), electrothermal atomic absorption
spectrometry and ion chromatography (214). The present study has focused
on the speciation of Mn?*, Fe?* and Fe3* using ICP-MS as a technique for
identification of trace metal elements coupled with chromatographic
separation using high performance liquid chromatography. The coupling of
HPLC-MS is straightforward, however, there are some limitations of the
analysis; for example, contamination can take place in the mobile and
stationary phases, valves, and tubing on the chromatographic system inert
pumps and valves. The stability of the plasma is also an issue especially
concerning the use of organic mobile phases where in the process of
desolvation, these organics pyrolise in the plasma to carbon, which causes
deposits in the sample injector tube which then affects the torch and the
sample cones of the ICP-MS interface. The sample runs through the
introduction system to the chromatography and can cause the orifices to

become clogged, lowering overall sensitivity. Dispersion effects can also be a
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problem, which effects the post column due to the sample introduction system

used between the HPLC and ICP-MS.

Speciation analysis required the use of efficient separation techniques, such
as electrophoresis and chromatography, with specific and sensitive detectors.
ICP-MS is an excellent technique for speciation analysis, including element
specific detection and excellent sensitivity with no need for a pre-concentration
method, and reverse phase chromatography has been used for separation of
charged species for both organic and inorganic species (215) (173). For
charged ions separation, ion pair chromatography has been used with
complexing agents; based on separation caused by differences in charges.
The complexing reagents used for the separation of Mn species have been
EDTA and 1-(2-pyridy lazo)-2-resorcinol in two different studies (216, 217),
and PDCA for Fe and Mn species with the formation of negatively charged

complexes (218).

A Mn?*, Fe?* and Fe?* study was carried out by Michalke et al. (109), PDCA
was used as a chelating agent and was found to be a good choice for the
speciation of both elements using ion chromatography. Several projects have
been carried out (219) related to Fe and Mn speciation as a means of

elemental analysis of environmental samples using HPLC-ICP-MS.

The final stage of this work was to develop speciation methods for Fe and Mn
and therefore determine what species of metal are present. In many cases,
the chemical species of each element present is what defines the level of the
water samples. In this work, it was important not only to assess the levels of

both elements in water samples but also in which form they exist in the
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samples. The combination and the application of HPLC and ICP-MS allowed
the separation and analysis of individual species by ion exchange
chromatography and then allowed the optimisation and application to water
processing samples. The objective of this work was to perform speciation of
both Fe3* and Mn?* in water by HPLC-ICP-MS using PDCA that was added to

the mobile phase for the separation.
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4.2 Experimental

4.2.1 Chemicals and Reagent

All standard solutions, reagents, and samples used for this study were as
previously prepared in Chapters 2 and 3. These solutions were used to
prepare Mn?* and Fe®* standards daily prior to analysis and 10 ng/l of an

internal standard (Rh and Sc).

4.2.2 Mobile Phase Preparation

The mobile phase was made using 1.7 g of pyridine-2,6-dicarboxylic acid
(PDCA) (Sigma- Al drich.com, China), 7.5 mL of formic acid (Sigma- Al
drich.com, China), 3.8 g of potassium hydroxide (KOH,) and 0.98 g of
potassium sulfate (K204S) (Fisher Scientific) added to a 1 L bottle containing
900 mL of ultra-pure water. For PDCA to dissolve, the container was left in an
ultrasonic bath for 20 minutes or until no PDCA residue was visible. A pH
electrode was inserted into the mobile phase and formic acid was added
dropwise with mixing to the solution until the pH of the solution dropped to 3.3.
The mobile phase was then filtered through a PTFE filter (nylon membrane
filter 0.45 um, diameter 47 mm), the solution was then degassed for 15 to 30
minutes in He gas. The composition of the mobile phase was optimised at

different pH and the eluent compositions.
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4.2.3 Preparation of the standards for the analysis

The acids used were of trace metal grade. Stock solutions of Fe3* and Mn?*
standards (5, 10, 20, 50,100, 200, 500 ng/mL - 1 pg/mL) were made, in 0.2%
M HNOs, from 1000 mg/L ICP stock solutions (SCP Science) of both Fe and
Mn and 1 mL of (1 ppm Rh and Sc stock solutions, QMx Laboratory UK) added
as an internal standard to all calibrations and blank solutions. Fe?* standards
were made from ferrous ammonium sulphate hexahydrate, known as Mohr’s
salt (ACS reagent 99%, Sigma-Aldrich) diluted in 0.1 M HCI. Rh (final conc.
was 10 ng/mL) was added as an internal standard. In order to minimise
oxidation of Fe?* to Fe3* samples were prepared in 0.1 M (8.6 mL) HCI when
measuring for Fe?*. The ICP-MS was performed using CCT mode for all
analysis. Mohr’s Salt 1000 ug/mL was used as the stock solution to prepare
Fe2* in 100 mL. The standards calibration for Fe?* had a range of 5 ng/mL — 1
ug/mL. The standards were freshly prepared to avoid the oxidation of Fe?*. 0.1
M sodium sulphate (analytical reagent grade Fisher Chemical, UK) was
pumped, for ca.l hour, through the column to remove oxygen. Na2SOs was
prepared by dissolving 12.65 g in 1 L of deionised water to make a 0.1 M

solution.

The standard reference material SRM TMDA-64.2 (LG Standards, UK) was
used to assess the accuracy of the method. The SRM contained only Fe3* and
Mn?* for the validation, but not Fe2* because HNOs was used in this reference

which oxidizes Fe?* to Fe3*
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In order to assess the effect of Ca?* ions on the samples, different levels of Ca
(0-100 pg/mL.) were spiked into a series of 100 ng/mL solutions chosen as the
concentration of the mid calibration of the standards. The % recovery of Ca
ion was calculated. All experiments used a flow rate of helium between 3 - 5

mL/min.

4.2.4 Instrumentation
4.3.2 Spike recovery

The validation and accuracy of the method used for this study was assessed
by using certified reference material SRM TMDAG64.2 (trace elements in water,
river water, Canada), as well as samples spiked with known concentration
(0.0375 pg/mL) using 75 pl of 1 pg/mL Fe and Mn solution in a 2 mL vial. The
percentage recovery was calculated and achieved a range between 95-105%.
The recovery percentage was calculated as previously described in section

3.4.
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Chromatography (HPLC): A Spectra autosampler AS3000 and Thermo 4000
series HPLC pump (Thermo Fisher Scientific, USA) were used. The system
consisted of an injector fitted with a 100 pl PEEK injection loop. Fe and Mn
speciation were performed using a Dionex CS5 (250 mm) & CG5 Guard
column (50 mm) with diameter size 9. The flow rate of the mobile phase was
1 mL/min (Thermo Fisher Scientific, USA).

The interface of HPLC-MS: The HPLC column was directly connected to the
ICP-MS impact bead nebuliser to enable transfer of the separated species to
the ICP-MS for detection. These elemental species were then detected and
quantified through the analysis of each ion according to the m/z ratio. The
temperature not regulated by the HPLC.

Figure 4-1 illustrates the interface between HPLC-ICP-MS.

SAMPLE
INJECTION
HFLC
DETECTOR  QUADRUPOLE  PLASMA, PUP
o | 0 == I
HPLC
COLURMN
o 8|
DATA ACQUISITION
MOBILE
PHASE

Figure 4-1 Schematic diagram for HPLC-ICP-MS instrumentation (Thermo
Fisher).

ICP-MS: ICP-MS Thermo X —series was used as a detector. It was equipped
with a quadrupole mass spectrometer, with nickel sampler and skimmer cones
(Thermo Scientific). The sample solution is pumped by a peristatic pump from
tubes. The torch (Thermo Scientific, Quartz-torch) position, gas output, ion

lenses, resolution and background were optimised daily with the tuning
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solution, which is discussed in section 3.2.1. The analysis was formed in CCT
mode (collision cell technology) using He gas for reduction of polyatomic
interfering ions. Table 4-1 presents the operating conditions and acquisitions

parameters for the instrument.
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Table 4-1 Operation and acquisitions parameters of ICP-MS and HPLC.

Parameters CCT Mode
ICP-MS RF Power
Nebuliser Meinhardt nebulizer
Spray Chamber Cyclonic Spry chamber
Extraction -200
Sample cone Nickel
Skimmer cone Nickel
Hexapole -10
Pole Bias -7
Analogue 5-7*10°7
Expansion 2.1*10%° mbar
Helium flow rate 3.8 mL/min
HPLC Flow rate 1 mL/min
Run time 180 sec
Mobile phase PDCA

Anionic-exchange columns

Injection Volume

lonPac -Dionex CS5 (250
mm) and

CG5 Guard (50 mm).
100 pl

Instrumental conditions were tuned with the tuning solution as previously
described in Sections 2.1.3.2 and 3.2.1. The calculation of peak area from the
chromatograms was carried out by integrating the peak area using the

Thermo-Plasma Lab software.
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4.3 Analytical figures of merit

4.3.1 The limits of detection and quantification

Ten blank measurements were used for the determination of LoD and LoQ
using Fe and Mn. Integrated areas of the peaks were used and the LoD and
LoQ were calculated as previously described in Section 3.2 using the Miller
and Miller method (202). The performance criteria of the method were
assessed according to the IUPAC guidelines and according to the ICH
Harmonisation Tripartite guideline validation of analytical procedure (220, 221)
on different samples and with spiked samples. The spiked levels were
comprised between the LoD and the most concentrated standard of the

calibration curve.
4.4 Sample collection and preparation

The water samples were collected from the Northwest region of England as
previously shown on the map in Section 3.10. These samples were obtained
from different locations and then they were collected from United Utilities (UU).
These samples were placed in sterile disposable centrifuge tubes made of
polypropylene (50 mL, Fisher Scientific) washed with hydrochloric acid and
de-ionised water before use. These samples were acidified immediately after
collection by addition of hydrochloric acid because acidification eliminates
colloids and to avoid change of the low Fe oxidation state, Fe?* state (222).
Then, all samples were kept frozen until analyzed to avoid oxidation of the
minerals. Filtration was an essential step in the collection of this type of

sample. All the preparation steps were carried out in a fume hood. For the
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water analysis all samples were prepared in 2 mL HPLC vials (Agilent
technology); 1.44 ml of sample was filtered (0.45 um PTFE) to remove any
particles in 0.18 mL of 2% HNOsz and 0.18 mL of 100 ng/ml Rh solution as an
internal standard. The solutions were then made up to a volume of 1.8 mL
using ultra-pure water. The mobile phase was optimised using different pH
values and the pH which gave optimum resolution of speciation was chosen
for this method. Experimentally, a filtered sampling regime was designed in
order to establish whether the Mn was soluble, colloidal or particulate. The
water from each region was filtered through 0.45 um, even though these
samples had already been filtered during the UU treatment stages, and any
Fe or Mn that passed through was classed as soluble. The filtration was
required because of the solubility of both Fe and Mn according to the Pourbaix
Diagram in Figures 1-2 and 1-3, which shows the different species of these
metals formed at different pH levels (Section 1.1.2.1.1). The normal treatment
process for soluble, Mn?*, is to oxidise the water (normally using chlorine) and
raise the pH of the water in order to change it to a particulate form, which is

then removed by the final filter stage.

4.5 Results and discussion

4.5.1 The determination of Fe and Mn species

The samples were collected from UU at different locations and treatments

stages as described in Section (5.4).
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4.5.2 Testing the separation efficiency of different mobile

phases
Two mobile phases were tested systematically to obtain the final mobile phase

after the optimisation of their compositions to change ionic strength and pH.

Different columns were also tested as described below.

4.5.2.1 Mobile phase and column

In order to carry out Fe and Mn speciation by HPLC-ICP/MS, successfully, It
was important to use the most effective mobile phase that was compatible with
ICP-MS to maximize the long term stability and the sensitivity. The ICP
showed a low tolerance for organic solvents due to the deposition of carbon
into the torch. The optimization of the chromatographic method and the
determination of Fe?*, Fe3*, and Mn?* was carried out using a using different
mobile phase additives and the columns: Dionex CG5A guard column (50 mm)

and Accucore C18 column (50 mm).

Two mobile phase additives, EDTA and PDCA, were tested with respect to
time, pH and concentration; PDCA was chosen as a potential additive as it
forms strong anionic complexes with most of the metal ions. Figure 4-2 shows
that the peak for the standard 1 ppm sample gave different positions each run
using EDTA. It was not stable using identical conditions.

The CG5A Guard (50 mm) column is an anion-exchange mixed bed columns
containing anionic and cationic material and allows separation of Fe and Mn
with PDCA (223). This column was previously used by Dionex for multi-
element determination (224). Figure 4-3 (AB) shows the peak separation
differences between the two column conditions that were optimized; Dionex

CGb5A guard column with PDCA; Accucore C18 with EDTA. The separation
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using EDTA for Fe and Mn species was not very good at pH 6.8 using
Accucore C18 with EDTA. The separation was found to be excellent using
Dionex CG5A guard column, including separation of both ion species. No
further conditions were optimized. The species of Fe can be influenced by pH

and concentration of the eluent so further experiments were carried out.
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Figure 4-2 1 ppm Mn standard traces (A and B) using EDTA shifted after

identical runs.
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Figure 4-3 The different mobile phases and peak separation for EDTA using
AccuUcoRre C18 column (A) and PCDA using Dionex CG5A guard column (B).

4.5.2.3 pH Optimisation

A Pourbaix diagram shown in Section 1.1.2.1 shows how different species of
Fe and Mn are formed at different pH levels and the associated oxidation
levels for both elements. For example, Mn?*is a soluble form of Mn and there
are a number of treatment processes able to raise the pH of the water causing
particles to form, which are then removed through the water treatment filter. It
was important to optimise the pH of the mobile phase during the sample’s
analysis using HPLC- ICP-MS and then study the different levels to observe
how pH affects the changes of the species of the elements, and therefore how
pH can affect water treatment analysis. The optimisation studied the optimal

pH range for speciation.
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Figure 4-4 (A-E) shows the effect of pH on the peak separation of Mn?*, Fe?*
and Fe**.The aim was to avoid overlapping of peaks in the traces. A range of
pH values were investigated using the same eluent. There was little effect on
retention time for Fe and Mn separation. A small peak appeared before the
major Fe and Mn peaks (Figure 4-3, A/B). The reason could be the presence

of 49Ca'®0, but this should be removed by the CCT system.
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Figure 4-4 The effect of mobile phase pH on the peak separation for Fe and

Mn species using PDCA and CG5 Guard (50 mm) (pH; A= 3, B = 3.3, C = 3.6,
D =3.9and E =4.2).

Both Fe and Mn generated peaks at all pH values. For example, at pH 4.2, Mn
had a retention time of 1.66 min with a peak height of 80000 cps, and Fe had

a peak height of ~140000 cps and appeared at an earlier time than the Mn

species. The optimal peak separation was observed at pH 3.3 where Mn?*,
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Fe3* ad Fe?* were detected at retention times of 1.3, 0.66 and 2 minutes,
respectively. Based on the results obtained, further experiments were
performed at pH 3.3 using Dionex CG5A guard column (50 mm), with the

mobile phase as reported in the experimental section.

The selectivity of this separation depends on the different binding between
metal ions and chelating agents. Using the chelating agent, PCDA, it was
possible to separate Mn?*, Fe3* and Fe?*in one single chromatogram run. The
results showed that using the column and mobile phase stated above and
through adjustment of the pH of the mobile phase that the amount of Fe3* was

considerably reduced.

The peak height was found to vary at different pH values as can be seen on
the chromatograms of all species. Based on the investigation using the
chromatograms, stability was found to be sufficient at pH 3.3. At the other pH
values, greater instability was observed because of instrument sensitivity,
which caused a shift of the retention times and poor Fe species resolution.
This shift may have been the result of changes in flow rate and response of
the HPLC at the different pH values. Figure 4-5 shows HPLC-ICP-MS
chromatograms and the signal responses of 1 pyg/mL Mn?*, Fe?* and Fe3*
under the optimal conditions discovered as stated above. The speciation and
use of PDCA as the complexing agent for seven transition metal ions was
performed so that Fe3* was eluted before Fe?* as seen in the chromatograms

(225).
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Figure 4-2 Chromatograms and the signal responses of 1 uyg/mL Mn?*, Fe?*
and Fe3®* at pH 3.3 using Dionex CG5A guard column (50 mm), PDCA acid

mobile phase;
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4.5.2 Interferences

The use of CCT mode and selectivity of the Dionex CG5A guard column was
studied to avoid interferences in the water samples such as cationic
components including alkali and alkali earth metals. Figure 4-6 shows the
chromatograms for both metal ion analytes. All water samples were analysed
using CCT. The helium flow rate obtained from optimisation work was 3.8
mL/min and resulted in more than a 10-fold drop in Fe background counts per
second because of reduction of Ar based polyatomic interferences to ¢Fe
such as Ar*°0*6 and Ca*°0%é derived from the plasma gas, reagents or sample
matrixes. The use of an internal standard during the analysis by ICP-MS and
method development was important to ensure that any cause of instrumental
drift or enhancement of ICP-MS response that was caused by sample matrixes
were corrected. This way of trying to achieve satisfactory instrument
performance and obtaining the best reproducibility was the simplest and used
the least resources to lower the interferences. Indeed, this method obtained a

good calibration curve and the instrument performance was acceptable.
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Figure 4-3 Calibration responses for Mn?* (A) and for Fe2*3* (B and C
respectively) using HPLC-ICP-MS.

The calibration graphs of both Fe and Mn had very good linearity (R? = 0.9995
for Fe and 0.9999 for Mn) as presented in Figure 4-6. There were some issues
with the reproducibility of signal using HPLC-ICP-MS in both the Fe and Mn
determinations. The chromatogram of Fe (1 ug/mL) and all standards of Mn
using CCT had sufficient sensitivity for sample peaks to be observed in both
chromatograms. The major problem interferences from the %6Fe line (*°Ar¢O

and 4°Cal®0,) during sample analysis was reduced through the use of helium
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gas and HCI was used for the analysis of Fe?* to avoid conversion of this

element (Fe?* to Fe3*). Signal response of Fe?* and Mn?* standard solutions

at the concentration of 50 ng/mL, 100 ng/mL and 1000 ng/mL, respectively,

using PDCA are shown in Figure 4-7.
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Figure 4-4 Signal response of Fe?* and Mn?* standards solutions at the
concentration of (A) 50 ng/mL (B) 100 ng/mL and (C) 1000 ng/mL using PDCA.

Daily CCT conditioning was performed to achieve low baselines counts for

each of the ions monitored. Fe?* standards were prepared from a working

standard of 1000 pug/mL Fe?* for this study. Figure 4-7 B shows the Fe?*
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(monitoring at %°Fe and %’Fe) peak with a small amount of Fe3* indicated by
the peak earlier in the chromatogram. This was likely caused during the

preparation of the standards or other problems as described in Section 4.5.2.2.

Figure 4-4 shows the chromatograms of mixed standards of Mn?* and Fe?*
using different calibration ranges for each standards. Compared to the
7000,000 cps background level for °6Fe, the background for °®*Mn was only at
about 800 cps, which indicated lower polyatomic interferences. This is a bigger
problem for Fe because of the generation of ArO and CaO. The measurements
of the Fe?* standards indicated that the detection of Fe?* species using the
HPLC-ICP-MS method was dependant on the use of different standard
solutions; 50 ng/mL for both Mn standards and 20 ng/mL and for Fe. Figure 5-
7 (A-C). All the results show good chromatograms with reproducible retention
times for Fe?*, Fe®* and Mn?* species. In addition, the Fe3* peaks reached the
level of 200,000 for all calibration standards of 6Fe and 100,000 cps for °>Mn
(Figure 4-7 (A-C)). Sometimes a small peak appeared before the main Fe and
Mn peaks and it was related to contamination of the salt used to manufacture

the standard with Fe3*.

4.5.3 Validation

The accuracy of this method was determined using a river water certified
reference material TMDA-64.2 containing a known concentration of Fe and
Mn. The analysis was carried out four times with a triplicate reading taken in
each case the sample were analysed on the same day to make sure of
repeatability. The percentage recoveries were between 95-105%. Since the

Fe?* ion is easily oxidized to Fe3*, oxygen must be removed from the column
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using a solution of 0.1 M sodium sulphite (12.6 g/L Na2SOs) which was
pumped, for ca.l hour, through the column to remove oxygen. The measured
results and % recoveries are presented in Table 4-4.

The precision was evaluated by analysing solutions containing Fe and Mn in
at least 10 replicates. The repeatability and precision were expressed in the
results as recoveries. The relative standard deviation for Fe and Mn were 5
and 4%, respectively. The precision was assessed by the analysis of 0.025
mg/mL of this solution over 5 different days. The value of the results obtained
from Fe precision was higher than Mn and probably due to the instability of its

species (3% for Mn and 6% for Fe).

Table 4-2 TMDA-64 percentage recovery.

Analyte a Certified Found Spiked
CRM

value (ug/l) value Sample
Recovery (ug/) b

(%) Recovery

(%)

Fe2* N/A N/A N/A 102.5+5.2
Fes* 98.2+5.1 306 298.3 98.4+5.5
Mn2* 96.2+4.1 295 294.2 96.5+4.3

a

TMDA-62.2 was used as Certified Reference Material.

b
Mean of four replicates.
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Figure 4-5 5°Mn standard reference material (TMDA) peak.
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Figure 4-6 Fe standard reference material (TMDA) peak.
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Figure 4-7 1 ppm standard for SRM TMDA-64.2 for both °°Fe and **Mn
chromatograms.

4.5.3.1 The limit of detection and quantification LOD and LOQ

The detection using ICP-MS coupled to HPLC can be used without
modification of the HPLC or ICP-MS conditions. The conditions for ICP-MS
were checked to ensure the optimal conditions using CCT mode. In order to
maximise sensitivity, no changes were made to the previous conditions and,
with the exception of flow rate, the detection limits for Fe and Mn were as given
in Table 4-3. Calibration graphs for both elements are shown in Figure 4-11
and 4-12 and the linearity obtained in both cases was greater than a R? of
0.995. In order to improve reproducibility, Rh at 10 ng/mL as an internal
standard. These results were compared to the LoD and LoQ obtained using

CCT mode with ICP-MS as described in Section 3.6.3.2. The LoD and LoQ for
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Fe and Mn were determined using x3 and x10 of the standards deviation of a
blank which were 0.2 and 0.7 ng/mL for Mn, respectively, and 14 and 16 ng/mL

for Fe, respectively.

The CCT conditions led to reduced Ar interferences at the mass to charge ratio
(miz) of ®Fe (*°Ar'6Q). Furthermore, polyatomic interferences due to other

species such as “°Ar'®0 and 4°Ca'®0 were also reduced.
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Figure 4-8 All chromatograms for Fe3* calibration standard solutions.
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Figure 4-9 All chromatograms for Mn?* calibration standard solutions.
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Analyte LoD (ng/mL) LoQ (ng/mL)

Fe? 0.07 0.017
Fed* 0.005 0.0014
Mn?2* 0.0005 0.0018

Table 4-3 LoD and LoQ for Fe and Mn using HPLC-ICP-MS.

4.5.4 Water processing sample analysis for Fe and Mn species

in drinking water using HPLC-ICP-MS

4.5.4.1 Water analysis at different locations

The full results of the water processing samples are shown in Tables (4-4 - 4-
7). Highest concentrations of Mn occurred at the post clarifier stages at the
treatment works, giving 109.7 and 69.6 ng/mL for the Wayho water samples
clarified stages (Table 4-4). The concentrations showed that more Mn than Fe
was detected, particularly at the clarified water stream. The results show that
for Wybersley, Sweet Loves and Sutton Hall, the Mn concentration increased
during the clarified and combined stages as well. The concentration of Mn
changed at the filtration stages to higher concentrations. This was particularly
evident for Wayoh and Wayoh plants. This was because of the addition of
coagulations at the clarification stages. For example, aluminium sulphate was

used at Huntington and ferral coagulant sulphate applied at Sutton Hall, and

220



these compounds may have contained impurities. The various stages of

filtration at the Wayoh plant (Table 4-4) appear to be successful in reducing

the amount of Mn%*.The amounts of Fe and Mn concentrations at the final

stages were shown to be less than at previous treatment stages and below the

LoD and the excess limits.

The Fe level in 95% of the samples was below the permit level. The Fe

concentration increased at the Wybersley “combined primary filtrate 2” only,

but otherwise the level was less than the LoD. Interestingly, Sutton Hall, which

used iron sulphate as a coagulant, showed very low levels of ion species.

Table 4-4 Metal contents of Wayoh water samples.

Water samples Mn?2* Fe3*

ng/mL ng/mL

Wayoh Plant inlet* 1.6 < LoD

Wayoh clarified water stream 1 109.7 < LoD

Wayoh combined filtered from 69.6 < LoD

filters

Wayoh combined filtered from 43.9 < LoD

5-8

Wayoh actiflo combined outlet 51.6 < LoD

stream

Wayoh secondary filtered < LoD < LoD

stream 1

Wayoh final water <LoD < LoD
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Table 4-5 Metal contents of Wybersley water samples.

Water samples Mn2* ng/mL Fe®* ng/mL
Wybersley combined raw water stream 1* 1.9 26.2
Wybersley combined raw water stream 2* 1.2 17.8
Wybersley clarified water stream 1 70.7 < LoD
Wybersley clarified water stream 2 21.9 6.1
Wybersley combined primary filtrate 1 78.8 < LoD
Wybersley combined primary filtrate 2 84.1 43.7
Wybersley combined 2nd filtrate < LoD < LoD
Wybersley 24 Inch main 0.4 < LoD
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Table 4-6 Metal contents of Sweet Loves water samples.

Water samples Mn2* ng/  Fe3 ng/mL
Sweet Loves raw water inlet* 0.8 44.9
Sweet Loves clarified water 5.0 12.0
Sweet Loves combined primary filtrate 0.7 < LoD
Sweet Loves combined secondary filtrate 0.3 <LoD
Sweet Loves final water <LoD <LoD
Table 4-7 Metal contents of Sutton Hall water samples.
Water samples Mn?2* Fes*
ng/mL ng/mL
Sutton Hall inlet to plant <LoD < LoD
Sutton Hall WTP raw water inlet 1.4 14.5
Sutton Hall combined clarified 17.4 < LoD
Sutton Hall combined 1st stage filter 17.5 < LoD
Sutton Hall 2nd stage B filtered 1.4 < LoD
Sutton Hall No.2 final water < LoD < LoD
Sutton Hall No.1 final water < LoD < LoD
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4.5.4.2 Fishmoore Mn?* concentrations for each stage of the

treatment process.

For most water treatment works, it has become evident that during the Post
Clarifier stage Mn concentrations increase compared to the raw water.

Fishmoore raw water (Tables 4-8 — 4-9) was found to have less Mn present
thanWybersley, Wayoh, and Sweet Love water during the Clarifier stages. The
chromatograms for Fishmoore water and changes that occur during different
stages of the treatment plant clearly showed different levels of Mn. It has also
been noted that different reagents were used to achieve coagulation at the
treatment stages, so that the increase in Mn concentrations may be due to the
addition of these coagulants. It was suspected that the Mn levels increased
because of addition of ferric chloride (used as a coagulant) and H2SOa4, which
was used to adjust pH. It was also suspected that different species of Mn
occurred at the different stages. This was significant because it makes it more
likely that drinking water metallic concentrations in pipes could over time

increase and lead to colouration.

Table 4-8 presents Fe and Mn species concentrations found for both Mn?* and
Fe3* in Fishmoore raw water analysed by HPLC-ICP-MS and table 4-9
presents >>Mn and °Fe using ICP-MS. Figure 4-13 and 4-14 show the Mn
species as an example of the speciation on the HPLC-ICP-MS for raw water
and accelerator water chromatograms in Fishmoore water. Studying the acc
stages in both tables, the metals concentration is higher than the levels in the
other stages which can be explained by the addition of the different coagulants

at this stage.
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Table 4-8 Metal concentration level of Fishmoore water by HPLC-ICP-MS.

Water stages Mn?* Fe3* Fe?*
Raw water 6.30 21.50 0
First stage filter outlet 12.49 0.00 0
Second stage filter outlet 0.60 0.00 0
Accelerator No.1 14.07 18.10 21.9
Accelerator No.2 30.58 37.30 65.4
Final water 0.25 0.65 0

Table 4-9 Metal concentration levels of Fishmoore water by ICP-MS.

Water stages 55Mn S6Fe
Raw water 7.33 26.28
First stage filter outlet 13.53 4.3
Second stage filter outlet 0.73 0.2
Accelerator No.1 13.6 32.8
Accelerator No.2 38.9 62.61
Final water 0.5 0.65

The results clearly showed that both Fe and Mn appeared at high
concentration during the addition of the coagulations in the Fishmoor water

processing plant and the concentration was less at the final stages of the
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treatment. The source of the Mn is thought to be due to KMnO4 used in the

treatment process.
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Figure 4-10 Chromatograms for Mn raw water.
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Figure 4-11 Accelerator No1 water.
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4.6 Conclusion

A HPLC-ICP-MS method has been successfully developed to determine the
speciation of Fe and Mn at low levels in drinking water. HPLC-MS is a valuable
speciation tool for the analysis of Fe and Mn in drinking water with a wide
range of variability. This is important as it indicates more details about the

metal compounds.

The results obtained above show that the use of HPLC-ICP-MS with a CS5
column is a rapid way of screening water plant samples to identify the cause
of the problem in different locations at each stages of water treatment network.
The use of the column was capable of separation of all species in a fast time
(3 min). The separation of both Fe and Mn were possible through coupling of

the HPLC mobile phase flow rate and the nebuliser flow of the ICP-MS.

The result showed that both Fe3* and Mn?* appeared at high concentration
during the addition of the coagulations in the water processing plant and the
concentration was less at the final stages of the treatment. The levels of Fe
and Mn at the different removal stages such as post clarified, ACC (1 and 2),
steam, clarified and inlet stages were seen to vary. These levels were higher
at some point of the treatment than others. This information will be beneficial
to the removal of discolouration through achieving very low levels of Fe and
Mn and it is important as improvements of pipes to manage discolouration was

only a temporary solution to this problem.
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It has been noted that different reagents are used to achieve coagulation at
the water treatment plants. For example, different coagulators applied during
the treatment stages, such aluminium sulphate used at Huntington and ferral
coagulant sulphate applied at Sutton Hall. The increase in Mn concentrations
may be due to addition of the coagulants. The results showed that both Fe and
Mn appeared at high concentration during the addition of the coagulations in
the water processing plants whereas, the concentration was less at the final
stages of the treatment. Previously, water treatment issues have been
implicated concerning Mn added during water processing as a disinfectant and
Fe added at the coagulant agent stages lead to an increase of Mn

concentration (226).

This resulted in the presence of higher concentrations of Mn in post treatment
water samples. It is possible that the addition of ferric chloride as a coagulant
and H2SO4 which was used to adjust the pH during the water treatment
process caused Fe and Mn to enter the network system and resulted in
precipitation and caused the discolouration problem and customer’s
complaints. The treatment water issue that Mn being added during water
processing, Fe coagulant agent stages the addition of it was increased soluble
Mn concentration. It is likely that the soluble manganese (Mn?*) is the species
that contributes to the cohesive material on the internal surface of pipes that

leads to discolouration in the water supply.

Despite the large amount of the investment over the past 20 years in mains
pipe renewal and cleaning, discoloration still remains one of the key

challenges for the water industry. It is really important for these companies to

228



understand the mechanism of water treatment and how it affects speciation
and to have a comprehensive strategy in place to deal with compliance. It can
be concluded our HPLC-ICP-MS methodology, is an important, reliable,
procedure for the multi-element speciation for the analysis of Fe and Mn in

water samples.
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Chapter 5 Overall conclusion and future work

5.1 Overall conclusion

Improvement of the quality of drinking water by minimization of the amounts
of potential Mn and Fe ions is necessary. The aim of this work was to optimise
and validate different analytical methods for the determination of Fe and Mn
simultaneously in water samples. It was also a purpose of the work to develop
a robust methodology that would allow greater understanding of Fe and Mn
speciation at different stages of water treatment and its relationship with
governmental limits. The first two methods that were developed were
inductively coupled plasma optical emission spectroscopy ICP-OES and
inductively coupled plasma mass spectrometry ICP-MS. This work has given
a better understanding of the ion species by studying water from different
treatment plants which will pass through into the water system and could
potentially influence discoloration. Thus, the project makes a contributions

towards the improvement of the aesthetic quality of water.

The methods of ICP-OES and ICP-MS were validated using TMDA as the
standard reference material (SRM). It was found to be sufficient along with the
spiked addition technique for the accuracy of the determinations. The samples
were also analysed using the internal standard method and was found to be
good for the determination to minimise variation in the results obtained from
both methods. The results showed good relative standard deviation (RSD)
<5%, linearity (R%>0.996), and spiked recovery between 95-105%. The low
limit of detection (LoD) and limit of quantification (LoQ) were found to 5 ng/mL

and 12 ng/mL for Fe and 1.2 ng/mL and 6.7 ng/mL for Mn, respectively, using
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the optimum conditions for ICP-OES. These limits for the ICP-MS were found
to be 0.6 ng/mL and 0.3 ng/mL, respectively, with collision reaction cell (CCT).
Generally, all the water treatment met the DWI of Fe and Mn using the ICP-
OES. However, an increase of Fe and Mn removal is essential at many water
treatment plants to meet most regulations because both metals change into
insoluble forms of Fe and Mn, which then stick to water pipes as yellow and
black colours under sudden changes in physiochemical parameters such as
velocity. Therefore, the water industry needs to minimize the discolouration
occurrence by cleaning and removal processes depending on treatment

plants.

One of the main finding of this work is the proposal of a need to test the
coagulation reagents from water treatment works. Importantly, there is a need
to know how much of these coagulant materials are added. However, it was
not an aim of this study as the focus was on method development for the
determination and the speciation of both Fe and Mn at different processing
plants. In this way it is hoped the work could improve the quality and reliability
of drinking water. It can be concluded that use of the coupled techniques is an
efficient way to monitor both elements in drinking water, as a multi-element
capability with low detection limits (ng/mL) which lower than then regulated
levels of the water regulations. Results demonstrated the presence of higher
concentrations of soluble Mn?* in post-treatment water samples at the
treatment works, indicating that a change in water treatment may reduce
soluble manganese entering the water distribution network. It was found that
addition of a coagulant during the water treatment process gave rise to higher

concentrations of manganese in water samples compared to raw waters.
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In this study, low levels of coloured water were observed at different water
treatment plants, especially the raw water samples and during the treatment
processing. In general, factors are known that influence accumulation of both
Fe and Mn in drinking water such as chemical oxidation and this was the most
important to investigate during the present work. Presently, most water
companies test and monitor water discolouration in different water distribution
networks by using either customer complaint data or selection made by the
UU based on association of high levels of Mn and Fe to certain areas. The use
of oxidation and coagulants to remove these elements from the water such as
KMnOs4 as an effective oxidant has been thought to improve the issue.
However, overdose during treatment can cause the residual Mn to enter the
distribution system. Similarly, for Fe coagulants in aiding of the flocculation of
the particles in the water treatment process. There are a number of chemical,
biological and physical processes that can lead to the formation of the
discoloured water, as already explained in the introduction (Section 1.1).
These change the water chemistry of the treatment processes caused through
the interaction with the added chemicals, as well as changes in dissolved
oxygen, temperature and pH. This, in turn, will influence the chemical oxidation
within the pipes. This information will be beneficial to the removal of
discolouration through achieving very low levels of Fe and Mn and it is
important as improvements of pipes to manage discolouration was only a

temporary solution to this problem

The comparison between differently developed ICP methods and

understanding of Mn and Fe species for discoloured and non-discoloured
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water samples is important to improve water quality. This will allow water

companies to find possible solutions to poor water quality.

5.2 Future work

Further studies for this project could focus on speciation of Fe and Mn in a
water distribution network system that uses different filter sizes; this could be
used to remove both elements from the network system by ensuring Fe and
Mn levels are less than the regulated values in the final water. The aim should
be to try and determine the species involved and how they change within a
network over time, which will provide essential information as to their mobility,
transformation and accumulation.

It is now widely accepted that the combination of chromatographic separation
(HPLC) with element-specific detection (ICP-MS) is a powerful tool for
chemical speciation studies (16).Homonick et al. (2010) reported that redox
and pH conditions do not totally explain Mn distribution in groundwater, but a
stronger influence of pH on Mn mobilisation exists. This study only attempted
to focus on either Fe or Mn and did not consider speciation and all the variables
that may affect the trace metals deposition or solubility. A significant step
change is required towards solving this problem which is costing water
companies billions of pounds each year. Further studies for this project would
take about year to look at all the variation such as coagulants, oxidations and
precipitation that may affect the trace metals deposition or solubility. The
speciation of Fe and Mn at different stages during water treatment should be
studied in more detail to provide essential information as to mobility,
transformation and accumulation. In addition, future work needs to be carried

out using hyphenated techniques with collision cell technology to determine all
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oxidation states of the elements. Furthermore, work could also be extended to
investigate the extent of organic compounds in the water and how this

influences speciation.
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