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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

SCHOOL OF OCEAN AND EARTH SCIENCE

Do
tor of Philosophy

DEVELOPMENT OF MICROFLUIDIC PRE-CONCENTRATION

SYSTEM FOR METALS IN SEAWATER

by Marta Skiba

In-situ marine biogeo
hemi
al sensing allows measurement at high frequen
y to in-

vestigate short and long-term variability in pro
esses in o
ean waters. In tra
e analyses,

not only the low 
on
entrations of analytes but also possible interferen
es from the ma-

trix and other elements must be 
onsidered, therefore a pre-
on
entration step prior to

the determination of tra
e metals needs to be implemented. The way forward for im-

proved in-situ analyses of manganese in seawater was to build on the existing te
hnology

of the Sensors Group at NOC, Southampton and develop a pre-
on
entration system for


oupling to spe
trophotometri
 Lab on a Chip (LOAC) te
hnologies.

This thesis des
ribes the development and optimisation of LOAC analyser for man-

ganese determination in aquati
 environments, integrated with pre-
on
entration. Opti-

mised 
onditions for the extra
tion of manganese from seawater with a Toyopearl imin-

odia
etate resin 
olumn were developed using Mn-54 tra
er. Conditions evaluated were

optimal pH for manganese removal, optimal �ow rate required for full re
overy of man-

ganese, and the 
on
entration and the volume of the a
id solution needed for quantitative

elution of manganese from the resin.

The LOAC system used the 
olorimetri
 1-(2-Pyridylazo)-2-naphthol (PAN) method

for Mn determinations. The modi�ed method was used for manganese determinations,

when sodium dode
yl sulfate (SDS) was used as surfa
tant, with 
alibration 
urves 
on-

stru
ted and pre
ision (in the range 1.08 - 3.81 % RSD) and the LOD of the method

assessed (3SD, typi
ally 14 nM with 10 
m 
ell).

Results of the adaptation of the modi�ed PAN method on the 
hip and its 
ou-

pling to a resin 
olumn for 
olle
tion of manganese proves the 
on
ept of on-
hip pre-


on
entration.

The design and produ
tion method of the mi
ro�uidi
 
hips and the operation pro-


edure of the ben
h-top LOAC manganese determination system with the resin 
olumn

implemented on the 
hip are des
ribed. The LOAC system 
oupled with the resin 
ol-

umn and PAN 
hemistry was used for manganese determination with 
alibration 
urve


onstru
ted and pre
ision of the method determined (0.86 - 2.69 % RSD).
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1.1 Tra
e metal biogeo
hemistry in marine waters

1.1.1 Role of tra
e metals in marine biogeo
hemi
al 
y
les

Ma
ronutrients and mi
ronutrients are important in the pro
ess of 
hara
terisation of

o
ean biogeo
hemistry. Ma
ronutrients su
h as nitrate, ammonia, sili
i
 a
id or phos-

phate are required in large proportion for the normal growth and development of a

plant, and are required for the synthesis of ma
romole
ules su
h as lipids, proteins and


arbohydrates. Marine phytoplankton therefore need to 
onsume signi�
ant quantities

of seawater ma
ronutrients they require for growth. Mi
ronutrients, mostly tra
e metal

1



CHAPTER 1. INTRODUCTION

elements (present in o
ean waters at less than 0.1 µM) [5℄ e.g. iron, manganese, zin
, 
op-

per, ni
kel, 
obalt and 
admium are required in small quantities but they are essential for

some 
riti
al biologi
al pro
esses. A la
k of availability of the tra
e metal mi
ronutrients

required by the planktoni
 organisms, will 
ontrol the rate of some important enzymati


rea
tions and on a global s
ale the produ
tivity of the o
eans and the biogeo
hemi
al


y
les of elements su
h as 
arbon and nitrogen [5℄.

An example of a 
ellular pro
ess where tra
e metals are essential is photosynthesis,

where light energy is 
onverted into 
hemi
al energy in plants. This 
hemi
al energy

is stored in 
arbohydrate mole
ules synthesized from 
arbon dioxide and water. So-

lar energy is used to power the thermodynami
ally demanding rea
tion of water split-

ting. At the heart of a photosystem lies the rea
tion 
enter (RC), where light energy

is 
onverted to ele
tro
hemi
al potential energy and the water-splitting rea
tion o

urs.

Water-splitting involves a 
luster of four manganese (Mn) ions, whi
h is the oxygen

evolving 
entre (OEC) and the site of water oxidation. Photosystem II (PSII), one of

the protein 
omplexes lo
ated in the thylakoid membranes of all types of plants, algae,

and 
yanoba
teria, absorbs light and ex
ites ele
trons in the rea
tion-
enter to a higher

energy level whi
h are trapped by the primary ele
tron a

eptors. The by-produ
t of

the water-splitting rea
tion is mole
ular oxygen. In this pro
ess OEC of photosystem II

generates dioxygen from water using the manganese 
enter [6, 7℄. Thus if manganese is

not available, photosynthesis and growth are inhibited with very low 
on
entrations of

manganese, e.g. less than 100 pM in Southern O
ean waters [8, 9, 10, 5, 11, 12℄.

A further example of the importan
e of manganese in biogeo
hemi
al 
y
les is the

removal of nitrogen (ammonia, nitrate, organi
 nitrogen) from the o
ean whi
h is due to

the redu
tion of nitrate to dinitrogen (N2). From the 
lassi
al nitrogen 
y
le ammonia

in marine sediments is oxidised to nitrate by nitrifying ba
teria and nitrate is redu
ed

to N2 by denitrifying ba
teria. However, it is suggested that manganese may also take

part in the formation of N2. The produ
tion of N2 
an be a result of redu
tion of nitrate

by Mn2`
or the oxidation of NH4 and organi
-N by Mn2O in the presen
e of O2. The

Mn2`
formed is re-oxidised to MnO2 by O2 in a 
atalyti
 
y
le that is a�e
ting nitrogen

spe
iation and the marine nitrogene 
y
le. Luther et al. [13℄ reported that a manganese


y
le 
an provide more for
e for oxidation of organi
 matter than O2 and that manganese


atalysed oxidation of NH4 and organi
-N to N2 is likely a pro
ess that is important on

a global s
ale. In e
osystems with lower pH, like lakes, a similar 
y
le may involve iron.

Fe2`

an rea
t with NO3 to form N2 [13℄.

Doi et al. reports that manganese plays an important role in geo
hemi
al 
y
les of

2
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tra
e metals in the o
ean and is an essential mi
ronutrient for phytoplankton growth,

like iron, zink and 
obalt. The verti
al pro�les of manganese in the open o
ean generally

show the s
avenging type, indi
ating that manganese is not depleted for phytoplankton

growth, unlike iron and zin
 [14℄. However Martin et al. reported a possibility that

manganese de�
ien
y may be a fa
tor 
ontrolling phytoplankton growth in the Southern

O
ean, with the surfa
e manganese 
on
entration in the Drake Passage reported at 0.08

nmol, and the nutrient like verti
al pro�le [15℄. Middag et al. suggested that manganese

is a fa
tor of importan
e partly explaining the HNCL 
onditions in the Southern O
ean,

next to signi�
ant 
ontrols by the 
ombination of Fe limitation and light limitation.

Extremely low 
on
entrations of dissolved manganese in the surfa
e layer, 
orrelate with

the nutrients PO4 and NO3, and moderately well with Si, indi
ating intense involvement

of manganese in the plankton biologi
al 
y
le. Middag et al. also suggested that the

in
reased manganese demand under lower 
on
entrations of Fe would explain the trend

of higher manganese nutrient ratios where ambient 
on
entrations of Fe tended to be

lower. This is indi
ative of 
o-limitation by manganese and Fe of phytoplankton growth

in the Southern O
ean. Dissolved Mn has been shown to be potentially (
o-)limiting

in lab experiments and to some extent in the �eld. However a response to manganese

addition is not always observed, indi
ating that in some parts of the Southern O
ean an

ambient 
on
entrations of dissolved manganese are in adequate supply , i.e not limited

[12℄.

In addition to its importan
e in biologi
al pro
esses, manganese in its solid oxide

form, 
an be an important 
arrier phase for other elements. For example the oxidation

produ
ts of manganese and iron dis
harged with hydrothermal e�uents lead to s
av-

enging of rare earth elements (REE). In natural waters pre
ipitation of manganese and

iron oxides is widespread and therefore REE patterns of seawater may be a�e
ted by the

fra
tionation during the s
avenging pro
ess [16℄. Inorgani
 adsorption rea
tions with the

surfa
e of MnO2 parti
les may 
ause 
erium s
avenging from seawater [17℄. Manganese

nodules 
over part of the sea �oor and the sediments underlying the nodules are greatly

enri
hed in this element [18℄.

1.1.2 Dissolved manganese spe
iation, sour
es, sinks and distributions

in the o
ean

Manganese is the most abundant transition metal in nature after iron. It exists in the

oxidation states Mn(II), Mn(III) and Mn(IV), in natural waters as soluble Mn2`
ions
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and insoluble Mn3`
and Mn4`

oxides. [19, 20℄. No information on organi
 forms of

manganese in seawater 
ould be found, and generally inorgani
 forms predominate.

The solubility of manganese in seawater is 
ontrolled by the oxidation of Mn2`
and

the redu
tion of manganese oxides. Dissolved Mn2`
ions in oxi
 seawater are unsta-

ble and will pre
ipitate as manganese oxides, whi
h are removed throughout the water


olumn by s
avenging and sinking [21, 12℄. However, parti
ulate manganese may be re-

generated under sub-oxi
 
onditions [22℄ and manganese oxides 
an be redu
ed to soluble

manganese ions [12℄.

The distribution of manganese in the o
ean is determined by external inputs in
lud-

ing atmospheri
 and river sour
es [22, 23, 2, 12℄, sediment [22, 12℄ or hydrothermal vents

[2℄.

Atmospheri
 inputs are the main sour
es of manganese and many other tra
e metal

elements (parti
ulate and dissolved forms) to the open o
ean by rain (wet) or by dust

(dry) deposition, and the most important sour
e for dust inputs into the o
eans are

deserts. The e�e
t of the atmospheri
 inputs 
an be 
learly seen in 
entral o
ean gyres

(Atlanti
 and Pa
i�
 O
eans), whi
h has led to the suggestion that these kind of inputs

may in�uen
e the primary produ
tion of the o
eans. The Sahara and Sahel desert regions

in Afri
a are the largest sour
es of dust in the Atlanti
 O
ean. The Asian deserts are the

main dust sour
e in the North Pa
i�
 O
ean and the Australian deserts are the main dust

input to the South Pa
i�
 O
ean. The Arabian deserts provide dust to the Northwestern

Indian O
ean. Dusts 
an travel hundreds of miles away from their origins by strong

winds, and so deposition patterns depend on meteorologi
al 
onditions and emission

patterns. Thus, the e�e
t of atmospheri
 inputs on surfa
e o
ean biogeo
hemistry 
an

be seen even in remote o
eani
 areas (Figure 1.1) [1℄.

Rivers transport manganese ri
h sediments to 
oastal waters, and 
an indire
tly

supply manganese in dissolved and parti
ulate forms to the o
ean systems. We 
an

observe high manganese 
on
entrations ( up to around 5 nM/L) in the 
oastal waters

due to the �uvial dis
harges. Furthermore, manganese is known to have a benthi
 sour
e

on 
ontinental shelves from redu
ing sediments, whi
h further in
reases its 
on
entration

in shelf waters, although on a seasonal basis [24℄. The shelf is an important sour
e of

manganese for the open o
ean as demonstrated in several 
ontinental margins for example

the western South Pa
i�
 O
ean, New Zealand, the eastern North Atlanti
 O
ean, and

the European shelf. Manganese enri
hments have also been reported in water masses over

the shelf regions of o
eani
 islands e.g. the Kerguelen Plateau of the Southern O
ean,

4
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and the Galapagos Ar
hipelago of the Equatorial of the Pa
i�
 O
ean [25℄.

Hydrothermal inputs are a 
ru
ial sour
e of manganese to the deep-seas espe
ially

along the mid-o
ean ridges [26℄. The most enri
hed metals in hydrothermal vent �uids

are iron and manganese, and these elements are involved in redox rea
tions that 
hange

between redu
ed dissolved forms Fe(II) and Mn(II) and the oxidized forms of Fe(III) and

Mn(IV), whi
h are stable. In the open o
ean manganese is enri
hed in the hydrothermal

vent �uids, total dissolved and parti
ulate manganese 
on
entrations are even 100 times

greater than the normal water 
olumn values. Therefore manganese 
an be used as

a sensitive tra
er of the hydrothermal a
tivity [16, 12℄ and may be used to dis
over

new vent systems. Conditions suitable for mi
robial manganese oxidation are 
reated

at hydrothermal vents where redu
ing hydrothermal �uids rea
h in Mn(II) mix with

the oxygenated ambient seawater. For example in Galapagos, where vents rea
h warm

temperature of 10-20 deg C, the manganese 
on
entrations are around 10-40 µM [26℄.

Hydrothermal manganese input has been also shown in the Brans�eld Strait near the

Antar
ti
 Peninsula. Close to the Antar
ti
 
ontinent and the Antar
ti
 Peninsula,

redu
tive dissolution from (anoxi
) sediments or land run o� (i.e. i
e melt) 
an also be

a sour
e for the dissolved manganese [12℄.

Manganese on
e it enters the o
ean is under the in�uen
e of various pro
esses. Di-

re
t sunlight in�uen
es manganese 
on
entrations [27℄. Manganese oxides Mn(IV) or


olloidal parti
les from deep water are believed to be transported ba
k to surfa
e waters

by upwelling or verti
al mixing, and then photo-redu
ed to soluble Mn(II), resulting in

an in
rease of the 
on
entration of dissolved manganese Mn(II) at the surfa
e [28℄. Man-

ganese 
an also be s
avenged by a wide range of living and dead organisms and parti
les,

e.g. parti
ulate minerals, phytoplankton, and skeletal materials, sinking to the deep wa-

ter of the o
ean [5℄. In the produ
tive shelf seas export of parti
ulate matter to the sea

�oor and subsequent mi
robial breakdown 
an lead to anoxi
 sediments and 
onditions

like these allow for the manganese to be mobilised from the sediments into the pore water

and subsequently �ux out into the overlying water 
olumn [12℄. Indeed Mn(II) oxidation

in the marine environment is largely mi
robially 
atalyzed and this results in elevated

Mn(II) 
on
entrations in redu
ing environments su
h as near oxi
-anoxi
 interfa
es within

sediments and in anoxi
 basins. At hydrothermal vents 
onditions are suitable for mi-


robial manganese oxidation when �uids ri
h in Mn(II) mix with oxygenated ambient

seawater. Thus enhan
ed manganese s
avenging is 
aused by manganese-
oated ba
teria

that settled out from the vent plume and a

umulate in the underlying sediments [26℄. In

environments su
h us near oxi
-anoxi
 interfa
es within sediments and in anoxi
 basins,
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dissolved manganese 
on
entrations are elevated and mi
robially mediated manganese

oxidation is espe
ially evident [26℄. Lo
h Etive (S
otland) has two main basins with 
las-

si
 fjordi
 features. Statham et al. 2005 reports the use of AUV Autosub in Lo
h Etive,

showing substantial variability in 
on
entrations of dissolved manganese, between less

than 25 nM in surfa
e waters and above 600 nM in the deepest basin. The upper basin

of Lo
h Etive is isolated from the lower basin by a sill, whi
h isolates the waters in the

deepest part for periods of, on average, 16 months. Due to primarily benthi
 respiration

in the isolated deep waters behind the sill, oxygen de
reases and manganese in
reases to

nearly mi
romolar 
on
entrations. A sedimentary sour
e of manganese is driven by the

redox 
onditions present. These 
onditions depend on the ba
terially driven oxidation

of organi
 
arbon within the sediments. After oxygen and nitrate are exhausted then

oxidised manganese will be redu
ed and dissolved manganese will be released. Other

fa
tors like bioturbation 
an enhan
e the release of dissolved manganese, however the

major fa
tor in�uen
ing the release of dissolved manganese will be the amount of labile


arbon in the sediment [29℄.

Middag et al. 2011 reports the examples of regions where (nearly) anoxi
 sediments

are observed, listing semi-en
losed deep basins like the Bla
k Sea or Caria
o Tren
h [12℄.

High levels of dissolved iron and manganese are reported by Saager et al. for the Bla
k

Sea, the Caria
o Tren
h, Framvaren Fjord and hypersaline Tyro and Banno
k basins [9℄.

The Balti
 Sea 
onsists of several deep basins. A transition zone with strong verti
al

redox gradients (pelagi
 redox
line) 
an be observed in the Bla
k Sea, in the Balti
 Sea

and in many fjords. It is formed as the result of strong strati�
ation of the deep water


olumn.

The typi
al o
eani
 distribution of manganese is now well known [22, 10, 23, 2, 30,

12℄. Verti
al distributions of manganese show highest 
on
entrations in surfa
e waters

(between around 1 and 3 nM), mainly due to dust inputs [23℄ and are also the result

of the redu
tion of manganese oxides [27, 19, 12℄. Con
entrations de
rease over the top

few hundred meters to around 0.5 - 0.2 nM and to around 0.2 � 0.1 nM in deep waters

(Figure 1.2) [1℄.

Overall, the 
on
entrations of dissolved manganese are above 40 pM. The lowest

reported surfa
e 
on
entration is in the Atlanti
 Se
tor of the Southern O
ean with 40

pM [12℄ and the highest surfa
e 
on
entration is in the Lapter Sea of the Ar
ti
 O
ean

with 20 nM [12℄. The deep-water 
on
entrations of dissolved manganese are in a range

between 50 pM in the deep Makarov Basin of the Ar
ti
 O
ean [12℄ and 12 nM in the

Eastern Tropi
al Pa
i�
 O
ean [31℄. However, Kerguelen Islands in the Southern O
ean,
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showed an ex
eptionally high 
on
entrations of dissolved manganese even in the o�shore

deep water (up to 8.6 nM). It is believed that the main sour
e of the manganese in this

region is the island system itself [32℄.

In line with those general trends Morley et al. reported maximum manganese 
on-


entrations in South Indian O
ean in the upper water 
olumn to be about or below 1

nM and very low deep water manganese 
on
entrations (Figure 1.3) [2℄.

Figure 1.1: Following an episode of enhan
ed Saharan dust input over the North East

Atlanti
 O
ean, surfa
e 
on
entrations were elevated up to around 3 nM [1℄.
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Figure 1.2: Typi
al pro�le of dissolved manganese in the open o
ean with higher surfa
e


on
entrations rapidly dropping to low deep water 
on
entrations[1℄.

Figure 1.3: Con
entrations of dissolved manganese in the western Indian O
ean [2℄.

To better understand this important tra
e element new tools are needed and in

parti
ular methods for in-situ analysis.
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1.2 Analyti
al methods

1.2.1 Pre-
on
entration

Dire
t determination of manganese ions at very low 
on
entrations typi
al of o
ean sys-

tems is di�
ult due to the la
k of sensitivity of the measurement te
hniques. In tra
e

analyses, not only the low 
on
entration of the analytes but also possible interferen
es

from the matrix and other elements must be 
onsidered. The extremely low 
on
entra-

tions of metal ions in seawater and the sample salt matrix make dire
t analysis di�
ult

or impossible. Therefore a pre-
on
entration step prior to the determination of tra
e

metals is ne
essary and most of the methods use a pre-
on
entration step [33℄ when ap-

plied to o
ean waters. On-line pre-
on
entration te
hniques where the pre-
on
entration

o

urs immediately before the introdu
tion into the instrument, and is part of a 
ontin-

uous analyti
al pro
ess developed during re
ent years 
ombine both pre-
on
entration

and determination steps.

To explain the pre-
on
entration prin
iple, we 
an use a simple example. If the

dete
tion limit of the analyti
al method without pre-
on
entration is 1000 nM, and we

need to determine the metal in a sample 
ontaining only a few nM of analyte, we might

�rst pass 1000 mL of the sample through the 
olumn 
ontaining the resin absorbing the

analyte with 100 % retention e�
ien
y. The analyte of interest would then be eluted

from the 
olumn with say 5 mL of an appropriate reagent, a
hieving a pre-
on
entration

of 1000 / 5 “ 200 and the dete
tion limit would be redu
ed to approximately 5 nM [33℄.

With very low dete
tion limits 
are needs to be taken to avoid 
ontributions of impurities

from reagents, therefore pre-purifying some of the reagents before the analysis as part of

the analyti
al pro
edure, often using a resin 
olumn, may be ne
essary.

There are many pre-
on
entration te
hniques that 
an be used for tra
e metal de-

termination, in
luding: solid phase extra
tion, solvent extra
tion and ele
tro
hemi
al

methods [34, 35℄.

Solid phase extra
tion (SPE) is a separation pro
ess in whi
h a liquid sample (mobile

phase) is passed through a stationary phase to separate the analyte from the mixture. The

analytes of interest are retained on the stationary phase, and 
an be removed by rinsing

with an appropriate eluent. Solid phase extra
tion 
an be 
ategorised into: normal phase,

reversed phase and ion ex
hange. Ion ex
hange resins 
an be divided into three groups:


ation, anion and 
helating ex
hangers. Cation or anion 
olle
tion by the resin is based

on ex
hange of the 
ounter ion for another ion. Cation ex
hangers ex
hange positively

9
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harged ions (
ations), and anion ex
hangers ex
hange negatively 
harged ions (anions).

In 
helating resins, the SPE method most often applied to tra
e metals in seawater,


ounter ions are bound to the resin by 
oordinate 
ovalent bonds or by ele
trostati


intera
tions. The intera
tion of fun
tional groups (ligand) of the 
helating resin and

metal (in the form of 
ation or oxy-anion) allows sele
tive removal of the target metals

via suitable fun
tional groups in the 
helating resins [34℄. Chelating solid phase materials

have been widely used for pre-
on
entration and separation of tra
e metal ions [36℄, and

appear most readily interfa
ed with Lab on a Chip (LOAC) te
hnology (see below). The

e�
ien
y of adsorption of the analyte on to the 
olumn is in�uen
ed by several fa
tors

su
h as the �ow rate of the water through the 
olumn and the sample pH [33℄.

During the determination of tra
e amounts of metals not all the metal of interest

may be adsorbed on the resin. Part of the metal may be present in bound form and

may be ina

essible to the resin. This may be when the metal is in the form of strong


omplexes that are not disso
iated, in 
olloidal form or insoluble in a
id. Only labile

and free metals 
an be extra
ted or adsorbed on the resin and measured. Water samples

may 
ontain naturally o

urring or man-made 
helating agents, whi
h may form strong


omplexes with metals in the sample or weaker 
omplexes. When these 
omplexes are

stronger than the 
omplexes formed with the 
helating agent used in the method of pre-


on
entration, very low metal re
overies may be obtained. The metal 
helating e�
ien
y

of the resin may also be lower in sea water than in fresh water due to the 
ompli
ated

spe
iation of metals in sea water. Destru
tion of the 
omplexes by ultraviolet light or

a
id before the sample goes through the 
olumn allows for 
omplete re
overy of metals

[33℄. The type of pre-
on
entration resin and 
onditions used are important in the overall

performan
e of a system. Whilst iron, for example, is known to have strong bonds with

ligands in seawater, dissolved manganese appears to be predominantly present as ioni


form of Mn2`
. This simpli
ity of spe
iation led to the 
hoi
e of manganese as the fo
us

of the system to be developed.

1.2.2 Laboratory based manganese determination methods

Several te
hniques have been used for manganese determination in 
olle
ted water sam-

ples, in
luding 
atalyti
 [37, 38, 39℄, 
hemilumines
en
e [14, 12℄, UV spe
trophotome-

try [40, 39, 37℄, indu
tively 
oupled plasma-mass spe
trometry (ICP-MS) [41, 42, 43℄,

indu
tively 
oupled plasma opti
al emission spe
trometry (ICP-OES) [44℄ and X-ray

�uores
en
e spe
trometry [45℄.
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Colorimetri
 spe
trophotometri
 methods

The most suitable 
olorimetri
 methods for the determination of manganese are based

on formation of 
oloured manganese reagent 
omplexes. A spe
trophotometri
 method

using 1-(2-pyridylazo)-2naphthol (PAN) was developed by Chin et al. [40℄, for determi-

nation of dissolved manganese in seawater. This used the iron spe
i�
 
helating agent

desferrioxamine B, to mask iron interferen
es [40℄. This method was tested by measur-

ing dissolved manganese 
on
entrations in-situ using the SCANNER system [46, 40℄, as

des
ribed in se
tion 1.3.

Catalyti
 spe
trophotometri
 methods

A highly sensitive 
atalyti
 spe
trophotometri
 dete
tion method for manganese de-

termination is des
ribed by Resing et al. [37℄. The method, modi�ed after Ola�son

et al. [38℄, is based on �ow inje
tion analysis with on-line pre-
on
entration on a 8-

hydroxyquinoline (8-HQ) 
olumn (immobilised on a vinyl polymer gel). Mn(II) a
ts as


atalyst in the rea
tion between leu
omala
hite green and potassium periodate. Mn(II)


on
entration is determined by dete
tion of the produ
t of the rea
tion, mala
hite green.

The limit of dete
tion reported is 36 pM [37℄. This method was further modi�ed by

Aguilar-Islas et al. [39℄ with: Toyopearl AF-Chelate 650M (Toyopearl) resin used in-

stead of 8-HQ; addition of nitrilotria
eti
 a
id as an a
tivator ligand whi
h in
reased

sensitivity and de
reased the LOD; on-line bu�ering of a
idi�ed samples before 
olumn

loading; use of more soluble sodium periodate in pla
e of potassium periodate; pH of

samples adjusted to 8.5 (vs. 7.8); higher a
id 
on
entration to elute the manganese from

the IDA resin; and a stronger rea
tion bu�er to neutralize the a
id.

There are many other 
atalyti
 methods for the determination of manganese [47℄,

most of them, however, have strong temperature dependen
ies and long rea
tion times,

whi
h is not desirable for in-situ analysis [40℄. The la
k of their use in environmental

studies indi
ates their la
k of suitability for routine measurements.

ICP-MS and ICP-OES methods

A method was used by Warnken et al. [41℄ for manganese measurements with pre-


on
entration on 
ommer
ially available iminodia
etate resin Toyopearl AF-Chelate 650M

and determination by ICP-MS. In the method ammonium 
hloride bu�er with a pH of

8.8 was mixed with the sample on-line prior to loading on the resin and 1 M HNO3 a
id

11
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was used for 
olumn elution. Milne et al. used high resolution indu
tively 
oupled mass

spe
trometry (HR-ICP-MS) for manganese determination along with a range of other

tra
e metals [43℄. In the reported method samples were irradiated using a low power UV

system to destroy any organi
 ligands before pre-
on
entration and extra
tion. For the

pre-
on
entration Toyopearl resin was used, nitrilotria
eti
 a
id (NTA) resin and 8-HQ

resin were also tested. Elements were eluted from the resin with 1 mL of 1 M Q´HNO3

solution.

Chemilumines
en
e dete
tion

Doi et al. [14℄ analysed pi
omolar levels of manganese in seawater by 
helating resin


on
entration and 
hemilumines
en
e dete
tion. In this method, manganese in the sam-

ple solution is 
olle
ted on iminodia
etate-immobilized 
helating resin, and then eluted

with a
idi
 solution 
ontaining hydrogen peroxide. The resulting eluent is mixed with

luminol solution and aqueous ammonia after removal of otherwise interfering iron ions

by a 
helating resin 
olumn. The dete
tion limit (3SD) reported for manganese is 5 pM

from 9 mL of seawater sample.

Middag et al. [12℄ used the 
hemilumines
en
e method developed by Doi et al. [14℄,

modi�ed to bu�er the samples in-line with ammonium borate bu�er after the method of

Aquilar-Islas et al. [39℄. Samples were a
idi�ed to pH 1.8 (with 12 M HCl) and bu�ered

in-line to a pH of 8.5 ˘ 0.2 with 0.5 M ammonium borate sample bu�er. In this method

the bu�ered sample was pre-
on
entrated for 200 se
onds on Toyopearl AF-Chelate 650M


olumn.

Luminol-hydrogen peroxide Chemilumines
en
e dete
tion was earlier used by Oka-

mura et al. [48℄ for manganese determination. In this work 8-quinolinol resin immobilized

on the partially �uorinated sili
on alkoxide glass 
olumn 8-hydroxynoquinoline was used

for removing of interfering metals in the sample and 
arrier solution.

Fluores
en
e spe
trometry

Yamini et al. [45℄ measured manganese in natural water with X-ray �uores
en
e spe
-

trometry after pre-
on
entration with powdered sili
a gel. In the method PAN was used

as a 
helating agent with quantitative extra
tion at pH 9.5 � 10.5.

LOD values reported for the methods des
ribed and method information are shown

in Tables 1.1, 1.2 and 1.3.
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Table 1.1: Manganese determination. Analyti
al te
hniques. Table 1/3.

Analyti
al te
hniques. Determination of manganese in seawater at low 
on
entrations.

Analyti
al te
hnique: Spe
trophotometry

Pre-


on
entration

LOD Method information Referen
e

- 22 nM

In-situ analyser S
anner

- Hydrothermal plumes;

- Complexing reagent PAN; 
olor formation < 1 s;

- Desferrioxamine B

- High vis
osity of Triton X-100,

50 
m glass bead 
olumn used to promote mixing

CS Chin

et al.,

1992

Toyopearl 0.03 nM

Method after Resing and Mottl 1992;

- Toyopearl instead of 8-HQ;

- Nitrilotria
eti
 a
id as an a
tivator ligand

whi
h in
reased sensitivity and de
reased LOD;

- Sample 1.6 mL; pH 8.5-9.0 (vs.7.8);

- 1
m 
olumn (85 µL); 2 min loading;

- Pre
ision 3.2 % - 6.9 % (n=4).

AM

Aguilar-Islas

et al.,

2006

8-HQ 0.036 nM

Method after Olafsson 1986;

- Rea
tion of leu
omala
hite green

and potassium periodate with Mn(II);

- 15 mL of sweater; pH 7.8; 3.7 mL/min;

- Pre
ision between 1.5 % and 5.4 % (n=6).

J A Resing

et al.,

1992

1
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Table 1.2: Manganese determination. Analyti
al te
hniques. Table 2/3.

Analyti
al te
hniques. Determination of manganese in seawater at low 
on
entrations.

Analyti
al te
hnique: ICP-MS

Pre-


on
entration

LOD Method information Referen
e

Toyopearl 0.02 nM

- 1M HNO3 a
id for 
olumn elution;

- Column loading pH 8.8;

- Pre
ision better than 5 %; 1 mL sample;

- 3 min 
olumn rinse period with deionised water

to avoid interferen
e.

KW Warnken

et al.,

2000

Nobias-


helate PA1

-

- Samples (40 mL) were loaded onto the 
olumn at a pH of 6.2;

- 0.6 mL/min 3 min;

- Eluted with 3-4 mL of 1 M Q-HNO3 (7-8 min).

DV Biller

et al.,

2012

Toyopearl

(NTA and,

8-HQ

also tested)

0.007 nM

- Samples irradiated using UV system

to destroy organi
 ligands

- 12 mL sub samples (o�-line);

- pH 6.4 prior to loading onto the resin

(manganese re
overy about 60 %);

- Eluted with 1 mL of 1M Q-HNO3 for 30 se
onds;

- The sensitivity of manganese was variable

and strongly 
orrelated with pH;

the highest sensitivity was at pH 8.1, though full re
overy

was not a
hieved (about 90 %)

- Pre
ision 4.6 % (n=3)

A Milne

et al.,

2010
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Table 1.3: Manganese determination. Analyti
al te
hniques. Table 3/3.

Analyti
al te
hniques. Determination of manganese in seawater at low 
on
entrations.

Analyti
al te
hnique: AAS

Pre-


on
entration

LOD Method information Referen
e

Amberlite

XAD-4

-

-PAN dissolved in water/ethanol (25/75 v/v),

-10 mL bu�er and 5 mL PAN were added to 50-60 mL

of sample solution; Loading pH 9.0.

M Tuzen

et al.,

2007

Analyti
al te
hnique: ICP-OES

Pre-


on
entration

LOD Method information Referen
e

PAN modi�ed

magneti


nanoparti
les

0.002 nM

PAN modi�ed magneti
 nanoparti
les used for separation and

pre-
on
entration of Mn(II). Mn ions were adsorbed from

solution at pH 9.5 and desorbed from nanoparti
les

with 10 mL of DMSO : HNO3 (1:1 v/v).

M Khajeh

et al.,

2012

Analyti
al te
hnique: Fluores
en
e

Pre-


on
entration

LOD Method information Referen
e

Powdered

sili
a gel

-

PAN used as 
helating agent with quantitative extra
tion

at pH 9.5 - 10.5.

Y Yamini

et al.,

2009
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1.3 Measurements of manganese in natural waters. In-situ

te
hnology.

The vast majority of data on dissolved manganese and other important metals su
h as

iron in marine waters have been obtained by 
olle
tion of samples from resear
h ships

and then the analysis of this water on shore using a wide variety of te
hniques. However

these approa
hes are slow, may have asso
iated artifa
ts on
e the sample is removed from

the water 
olumn, and give only very limited spatial and temporal 
overage.

To be able to better understand biogeo
hemi
al pro
esses in the o
ean we need to

be able to perform in-situ marine biogeo
hemi
al sensing [49℄ and make measurements

at high frequen
y, to investigate spatial, short and long term variability in pro
esses in

o
ean waters [50℄. The marine environment is 
hara
terised by a large range of tem-

perature and pressure and is biologi
ally a
tive with 
omplex 
hemi
al 
ompounds and

biologi
al spe
ies. Many of these variable parameters interfere with measurement te
h-

niques. Additionally many of the parameters of interest, like nutrients, are present in

very small 
on
entrations. Therefore high sensitivity and pre
ision are required [49℄.

O
eans are very dynami
 environments and to be able to understand them, long term

biogeo
hemi
al sensing is required, as well as measurements at high frequen
y and over

extended spa
e s
ales [50℄. Lab on a 
hip te
hnology 
an help provide these data [51℄.

Several in-situ systems have been developed and used in marine systems to 
olle
t

dissolved manganese and iron data from samples in real time. Examples are:

1. The submersible 
hemi
al analyser SCANNER developed in 1986 was used for

the determination of iron and manganese in-situ. Total dissolved iron was analysed with


olorimetri
 dete
tion, using ferrozine, and redu
ing Fe(III) to Fe(II) with as
orbi
 a
id,

whilst dissolved manganese was analysed using 1-(2-pyridylazo)-2-napthol [52, 46, 53℄,

with dete
tion limits of 22 nM for manganese and 25 nM for iron [53℄.

2. SUAVE (Submersible System Used to Assess Vented Emissions) was another

system used for 
olorimetri
 determination of total iron and Mn(II) [54℄, with dete
tion

limit given as 5 nM for iron and 10 nM for manganese [37℄.

3. The ZAPS method (Zero Angle Photon Spe
trometer) is based on �uores
en
e

dete
tion, and was developed and used for the determination of manganese in seawater,

with a quoted dete
tion limit of less than 0.1 nM [55℄.

4. The Fe-Osmo analyser, was an osmoti
ally pumped analyser for the determination
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of iron, with the 
olorimetri
 dete
tion of iron, based on redu
tion of Fe(III) to Fe(II)

with as
orbi
 a
id and 
omplexation with ferrozine [56℄ [57℄.

5. Statham et al. developed an in-situ metal analyser, based on spe
trophotometri


dete
tion, using 1-(2-pyridylazo)-2-naphtol for the determination of manganese. The

analyser was designed for use with an autonomous underwater vehi
le (AUV). The

analyser had a limit of dete
tion of 25 nM [29℄.

6. Another analyser used for in-situ determination of iron using 
olorimetri
 dete
-

tion, was the submersible 
hemi
al analyser ALCHEMIST [58℄ and CHEMINI (Chemi
al

Miniaturized Analyser) [59℄.

Despite many advantages, there are still limitations to the in-situ systems, su
h as

limited operational life, 
aused by reagents ageing and power supply and in parti
ular

the la
k of sensitivity to measure low o
eani
 
on
entrations [51, 60, 61, 62℄.

1.4 LOAC te
hnology and an in-situ manganese analyser

The te
hniques des
ribed above summarise 
hemi
al methods used for manganese dete
-

tion in seawater. However the most obvious way forward for improved in situ analyses

was to build on an existing te
hnology in the Sensors Group at Southampton, and de-

velop a pre-
on
entration system for 
oupling to spe
trophotometri
 LOAC te
hnologies

in the laboratory.

Lab on a 
hip te
hnology integrates standard laboratory pro
esses with 
hemi
al

and bio
hemi
al analysis, on a mi
ro s
ale 
hip devi
e [63℄. LOAC, also 
alled a mi
ro

total analysis system, integrates multiple steps of analysis, su
h as: sampling, sample

treatment, rea
tion and dete
tion, on a single devi
e [64, 65℄. LOAC te
hnologies have the

signi�
ant advantages of small size, portability, limited reagent and power requirements,

faster analysis and response times [51, 66, 63, 65, 67℄ and redu
ed risk of sample loss and


ontamination [61℄ of the sample and of the measuring system, espe
ially important for

tra
e analytes [68℄. Smaller volumes of reagents are less hazardous to use [69, 70℄, the

risk involved with transportation and storage of toxi
 and hazardous 
hemi
als is also

redu
ed [71℄ and the analysis pro
ess is more environmentally friendly [70℄ with small

volumes of waste produ
ed [71℄. All this allows for 
ontinuous pro
essing of samples [67℄

and simple safer operation on a smaller devi
e.

Sensors should be easy to pla
e in di�erent lo
ations, require minimum intervention
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of dire
t operation and to be disposable if ne
essary [68℄, and must be resistant to fouling,


orrosion [60℄ and interfering 
ompounds (with 
on
entrations often higher than the

analyte measured) [66℄. Sensors 
ould provide real-time information.

The asso
iated system requirements for LOAC te
hnology need to be 
arefully

thought through, in
luding the fabri
ation material, the method of providing liquid �ow

through the mi
ro-
hannels and the need for a sensitive dete
tion te
hnique.

1.5 Manganese LOAC analyser overview

In a LOAC system for manganese, the typi
ally low 
on
entration of the analyte in

seawater and possible interferen
es must be 
onsidered. The pre-
on
entration approa
h

has the potential to address both issues and thus substantially improve the abilities of

existing dire
t LOAC 
olorimetri
 systems. Therefore a manganese analyser with an

in
orporated pre-
on
entration step is needed. The produ
tion and building of the pre-


on
entration 
hip for an on ben
h manganese analyser as des
ribed here is based on

the same materials as the main 
hemi
al analyser reported by Floquet et al. [72℄. The

extensive and detailed development and optimisation of the system is des
ribed in this

thesis.

1.6 Thesis obje
tives and outline

The main aim of the work reported here is therefore the development of a new LOAC

system 
apable of later deployment in marine waters for determination of manganese

at natural 
on
entrations and in
orporating a pre-
on
entration step onto a 
hip based

spe
trophotometri
 system. We therefore developed a new and innovative approa
h to

enhan
e sensitivity through use of on 
hip 
helating resin pre-
on
entration. Initially,

the pre-
on
entration and analyti
al te
hniques are 
onsidered, and the sele
ted resin is

tested for 
apa
ity, uptake and elution 
hara
teristi
s. The 
hosen analyti
al method is

optimised for use on ben
h-top �ow inje
tion analysis system for analysing manganese

in the laboratory. The main obje
tives are:

a) Evaluate uptake and elution 
hara
teristi
s of manganese in seawater with a


helating resin (Chapter 3)

b) Optimise and investigate the 
hemistry of the PAN rea
tion with manganese in
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order to make it suitable for use with a LOAC system (Chapter 4)


) Design and make a spe
trophotometri
 LOAC mi
ro�uidi
 system to allow 
ou-

pling of the resin 
olumn and PAN 
hemistry (Chapter 5)

d) Carry out initial tests on the 
ombined LOAC system (Chapter 5)

The generi
 
hallenges asso
iated with interfa
ing existing 
olorimetri
 systems with

pre-
on
entration methods are 
hara
terised. The new mi
ro-�uidi
 
hip is designed and

produ
ed and the analyti
al method in
orporating the pre-
on
entration step is optimised

following laboratory testing with 
erti�ed referen
e materials.

The stru
ture of the thesis largely follows those obje
tives after the introdu
tion in

Chapter 1 and review of the methods used in Chapter 2. The �nal 
hapter provides an

overview of the work, and suggests future resear
h dire
tions.
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2.1 Contamination 
ontrol

A good working pra
ti
e is based on sele
tion of appropriate high purity reagents, appro-

priate equipment and the relevant for in-situ analysis environment for work. There are
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many steps whi
h o

ur from the 
olle
tion of the sample to the �nal determination where

the possibility of 
ontamination may o

ur, therefore a 
riti
al approa
h to the analysis,

in
luding storage and all handling stages is 
ru
ial as ea
h additional stage in analysis


an introdu
e 
ontamination. Contamination 
ontrol methods need to be rigorously ap-

plied. There is a high possibility of introdu
ing 
ontamination with the bu�er solution.

To avoid 
ontributions of impurities from reagents, pre-purifying some of the reagents

before the analysis as part of the analyti
al pro
edure, often using a pre-
on
entration


olumn, may be ne
essary [34℄.

Good laboratory pra
ti
e 
an lead to the redu
tion of measurement error to an

a

eptable level. Errors whi
h are 
onsistent and lead to bias in the data are systemati


errors. Random errors may vary in size and magnitude but will tend to zero if enough

measurements are made. Every analyti
al measurement has some degree of un
ertainty.

Instrumental errors, errors of method and operative errors 
an be 
lassi�ed and avoided.

Random errors are di�
ult to determine and the analyst has no 
ontrol over them,

however they 
an be minimised. Random errors 
an be introdu
ed during sampling,

sample handling and preparation, 
hemi
al pre-treatments and dete
tion. One of the

possible random problems o

urring may be that the reprodu
ibility of the measurement

is not of the desired quality. Outliers are analyti
al results far from average with low

probability that they are 
orre
t and therefore it is important to identify them. All data

should be reported and the outliers 
learly �agged. Possible problems with the analyti
al

pro
edure may be diagnosed by repli
ate analysis of a single sample and regular repli
ate

analysis of a single 
ontrol standard allows monitoring of the instrument reprodu
ibility

[34℄.

Outliers were identi�ed were possible by using the Z s
ore (negative or positive) for

a series of repli
ates. The Z s
ore is the di�eren
e between the mean and the data point

value divided by the standard deviation of the population. Where Z is above plus or

minus 1, the point is 
onsidered suspe
t.

2.2 Manganese determination using PAN methods

2.2.1 Spe
trophotometri
 methods

Spe
trophotometry is the quantitative measurement of the re�e
tion or transmission

properties of a material as a fun
tion of wavelength. The amount of light passing through

the sample is measured by the photometer, whi
h delivers a voltage signal. The signal
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hanges as the amount of light absorbed by the liquid 
hanges. The development of


olour is linked to the 
on
entration of a substan
e in solution and the 
on
entration


an be measured by determining the extent of absorption of light at the appropriate

wavelength.

A spe
trophotometer makes it possible to measure the fra
tion of light of di�erent

wavelengths transmitted by a sample. The signal is ampli�ed and is routed to the �nal

step of analogue-to-digital 
onversion and display absorban
e in quanti�able units.

When a 
hemi
al spe
ies absorbs visible light, ele
trons in the normal ground state

are raised to a higher energy ex
ited state. The di�eren
e in energy between the two

states of the absorbing spe
ies is equal to the energy of the light absorbed. As a beam

of a single wavelength, passes through an absorbing solution, the intensity of the light

de
reases as photons are removed from the beam and the more light-absorbing entities

there are in the light path, the greater is the amount of light that will be absorbed.

Absorban
e readings are 
olle
ted over a range of 
on
entrations to form 
alibration


urves - from whi
h, unknown analyte 
on
entrations may be determined. Beer's Law

tells us that if a sample absorbs light of a parti
ular wavelength, the absorban
e is dire
tly

proportional to the 
on
entration of substan
e in solution. Lamberts law states that the

intensity of the transmitted light de
reases exponentially as the path length in
reases.

Con
entration and absorban
e are thus dire
tly related via the Beer-Lambert Law,

equation (1).

log Io

I
“ εcb (1)

where A is the absorban
e, ε (M´1 cm´1
) is the absorptivity 
oe�
ient of the

solution, b (
m) is the length of the opti
al path and 
 (M) is the 
on
entration of the

absorbing 
ompound.

The molar absorptivity ε is a 
onstant whi
h is 
hara
teristi
 of the substan
e ab-

sorbing the light and of the wave-length. The quantity I{Io represents the fra
tion of

the in
ident light whi
h passes through unabsorbed, is 
alled the transmittan
e, T, and

is often expressed as a per
entage. The quantity log Io{I, whi
h is termed absorban
e is

proportional to the 
on
entration of the absorbing spe
ies. Absorption depends on molar

absorptivity (ε), 
ell length (b) and 
on
entration of the absorbing 
ompound (
).

Often the substan
e by itself does not absorb light and very sensitive and sele
tive

reagents are added whi
h rea
t with only one 
omponent in solution to form an intense


olour, even if the substan
e is in very low 
on
entration. The amount of light absorbed
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by the sample is related to the 
olour 
hange 
aused by the 
hemi
al rea
tion. The

amount of the absorption is then used to determine the 
on
entration of the analyte.

2.2.2 The PAN method

1-(2-Pyridylazo)-2-naphthol is widely used as 
olorimetri
 reagent for metal ions in spe
-

trophotometri
 determinations [73℄.

1-(2-Pyridylazo)-2-naphthol 
an exist in solutions in three forms, whi
h strongly

depend on the pH. A
id solutions ppH ď 2q 
ontain the water soluble yellow-green

protonated H2L
`
(L is PAN ligand) ion and in an a
idi
 medium PAN 
an easily attra
t

a proton to its pyridine nitrogen atom. Between pH 3 and 11 PAN o

urs as the neutral

HL mole
ule, giving a yellow 
olor when dissolved in organi
 solvents or with the use of

surfa
tants. In alkaline solutions (pH ů 11) it exists as the water-soluble L´
anion and

its o-hydroxy group 
an easily disso
iate (Figure 2.1) [3, 74℄.

Figure 2.1: Change in form of PAN with pH [3℄.

PAN reagent forms highly 
oloured 
omplexes with a variety of metal ions [74, 75,

73℄. The divalent metal-PAN 
omplex has tetrahedral geometry at the metal ion and

exists in two tautomer form, thus a
ting as a tetradentate ligand. It 
omplexes with a

metal ion through the hydroxyl oxygen atom, pyridine nitrogen atom, and one of the azo

group nitrogen atoms as shown in Figures 2.2 and 2.3 [74, 75℄.
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Figure 2.2: Rea
tion of PAN with a divalent metal ion (A).

Figure 2.3: Rea
tion of PAN with a divalent metal ion (B).

The 
hoi
e of pH for the formation of the metal-ligand 
omplex is dependent on the

type of metal. The sele
tivity of the PAN method is enhan
ed by sele
tion of pH. For

example, iron, 
obalt and ni
kel rea
t with PAN at pH “ 4 and PAN reagent does not

form 
omplexes with manganese at su
h a low pH [74℄.

The PAN reagent in its mole
ular form (LH) is pra
ti
ally insoluble in water [3, 75℄

and studies of manganese determinations using PAN have generally been limited to non-

aqueous systems. Watanabe [76℄ used PAN solubilized by the surfa
tant Triton X-100 as

an e�e
tive 
olorimetri
 reagent in aqueous systems, demonstrating that PAN is a good


andidate for manganese determinations in natural waters with the use of surfa
tants

[40℄. The method developed here for manganese determination follows the pro
edure

des
ribed by Chin et al. [40℄, who applied this te
hnique to hydrothermal vent �uids.

The PAN reagent (0.8 mM PAN solution) is prepared by adding 0.05 g of PAN
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(PAN for spe
trophotometri
 determination of metal ions, ů 97.0% Sigma Aldri
h) to

100 mL of Triton X-100 solution (Triton X-100, laboratory grade, Sigma Aldri
h) and

stirring for about 8 hours until PAN is dissolved. 100 mL of bori
 a
id bu�er solution

is added and made up to 250 mL volume with MQ-water. The PAN reagent has a pH

of 9.0. The bu�er reagent is prepared by taking 0.618 g of bori
 a
id (bori
 a
id 99.999

% tra
e metal basi
, Sigma Aldri
h) and dissolving in 100 mL of 0.1 N NaOH solution

(sodium hydroxide 99.995 % tra
e metal basis, Sigma Aldri
h). An iron masking agent

400 µL of Deferoxamine B (Desferal deferoxamine mesylate) is also added.

2.2.3 Manganese standards

Standard solutions were prepared with 1000 mg/L AAS Mn standard (Tra
eCERT,

Fluka). The 1000 ppm manganese sto
k solution 
on
entration is 18.2 mM. To pre-

pare an 18.2 µM solution take 0.1 mL of the sto
k solution and make up to 100 mL.

Working standard solutions were prepared by diluting the 18.2 µM solution. For spe
-

trophotometri
 measurements the standard solution was prepared in 0.02 M HCl, MQ

or sea water. When the sample was prepared in 0.02 M HCl a bu�er was required. The

standards are mixed with bu�er and reagent dire
tly before the measurement.

In the 
olorimetri
 measurements the blank was bu�ered a
id solution and PAN

reagent mixture, bu�ered seawater and PAN reagent mixture or MQ water and PAN

reagent mixture, where the main sour
e of the blank was the reagent solution.

2.3 Pre-
on
entration

As mentioned in the introdu
tion pre-
on
entration of tra
e metals from seawater prior to

determination is frequently needed. This is also true for the determination of manganese

in LOAC devi
es as the 
urrent systems [62℄ do not have adequate sensitivity for o
ean

waters. Whilst there are many pre-
on
entration te
hniques that 
an be used for tra
e

metal determinations, most are very di�
ult to in
orporate into a LOAC system. Solid

phase extra
tion is a separation pro
ess in whi
h a liquid sample (mobile phase) is passed

through a stationary phase (usually a resin) to separate the analytes from the mixture. A

resin is mu
h easier to use than e.g. solvent extra
tion as no non aqueous phase is needed.

The analytes of interest are retained on the stationary phase, and 
an be removed by an

appropriate eluent.
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In 
helating resins metal fu
tional groups are 
hemi
ally bound to the resin stru
-

ture, and 
an 
olle
t the ion of interest by 
oordinate 
ovalent bonds and/or by their

ele
trostati
 intera
tions. The intera
tion of fun
tional groups (ligand) of 
helating resins

and metals (in form of 
ation or oxyanion) allows sele
tive removal of the target metals

[34℄. Chelating solid phase materials have been widely used for pre-
on
entration and

separation of tra
e metal ions [36℄, and do appear to be most readily interfa
ed with

LOAC te
hnology to provide the sensitivity needed to determine metals in o
ean waters.

2.4 Pre-
on
entration systems using 
helating resins

Chelating resins may be used in a variety of ways. Some te
hniques add an aliquot of

resin to the sample and mix the solution to allow 
olle
tion of the metals. The resin

beads are 
olle
ted, and then stored in a small volume of a
id to allow di�usion of the

metals into solution; the mass a
tion e�e
t of high 
on
entration of protons in the a
id

leads to release of the metal. The vast majority of te
hniques use a 
helating resin held

in a small plasti
 
olumn, through whi
h the sample is passed.

The e�
ien
y of adsorption of the analyte on to the 
olumn is in�uen
ed by several

fa
tors su
h as the �ow rate of the water through the 
olumn and the sample pH. Re
overy

is also a�e
ted by the 
on
entration of the 
helating agent and 
orresponding molar


on
entration of metal present in the sample. The e�e
tiveness of the 
olumn 
an be

estimated by the number of theoreti
al plates `N' and when the N is known the elution


urve 
an be predi
ted. A

ording to the plate theory, the 
olumn 
onsists of `N' number

of theoreti
al plates (se
tions) and in ea
h se
tion the average 
on
entration of solution is

in equilibrium with the average amount of solute absorbed by the resin. When the amount

of the analyte of interest loaded on the 
olumn is not too big, the sorption of the analyte

is expe
ted to be linear with 
on
entration, and 
an be 
hara
terised by a distribution


oe�
ient K, de�ned: K = 
on
entration of ion in resin (mol/g) / 
on
entration of ion

in solution (mol/mL). The e�e
tive number of theoreti
al plates in the 
olumn depends

on the �ow rate and 
an be determined using the elution 
urve of the 
on
entration of

the analyte in the eluent eluted from the 
olumn as the fun
tion of the volume of the

eluting solvent used. N is proportional to the length of the 
olumn and separation 
an be

improved by in
reasing the length of the 
olumn [33℄. Di�erent types of 
helating group


an be bonded to the resin ba
kbone (Table 2.1).
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Table 2.1: Ligand groups used in some 
helating resins

Chelating agent Metal ions seperated Referen
e

8-hydroxyquinoline

(8-HQ)

Mn2 `

, Fe3 `

, Ni2 `

, Co2 `

, Cd2 `

, Pb2 `

, Zn2 `

, Cu2 `

Sturgeon et al. 1981 [77℄

Mn2 `

, Fe3 `

, Ni2 `

, Co2 `

, Cd2 `

, Pb2 `

, Zn2 `

, Cu2 `

, Hg2 `

Luhrmann et al. 1985 [78℄

Mn2 `

Resing et al. 1992 [37℄

Cu2 `

, Ni2 `

, Cd2 `

Lan et al. 1994 [79℄

Fe3 `

Measures et al. 1995 [80℄

Fe3 `

Laes et al. 2005 [81℄

nitriloa
eti
 a
id

(NTA)

Fe3 `
Lohan et al 2006 [82℄

Fe3 `

Pas
oa et al. 2009 [83℄

iminodia
eti
 a
id

(Toyopearl)

Mn2 `

, Cu2 `

, Cd2 `

, Pb2 `

, Ni2 `

Warnken et al. 2000 [41℄

Mn2 `

, Cd2 `

, Cu2 `

, Ni2 `

, Zn2 `

Be
k et al. 2002 [84℄

iminodia
eti
 a
id

(Chelex 100)

Fe3 `

Pas
oa et al. 2009 [83℄

Iminosali
yl group Cd2 `

, Zn2 `

, Cu2 `

, Ni2 `

, Fe3 `

, Co2 `

Kubota et al. 1989 [85℄

Formysali
yli
 a
id Fe3 `

Mahmoud et al. 1997 [86℄

2-Pyridine
arboxaldehyde

phenylhydrazone

Fe2 `

, Co2 `

, Ni2 `

, Cu2 `

Watanesk et al. 1986 [87℄

Mn2 `

, Fe2 `

, Cd2 `

, Zn2 `

, Co2 `
, Pb2 `

, Cu2 `

Simonzadeh et al. 1988 [88℄

2
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The most popular and well 
hara
terised 
helating resins 
urrently used are those


ontaining 8-hydroxyquinoline (8-HQ), nitrilotria
eti
 a
id (NTA), and imminodia
etate

(Toyopearl AF 650M) groups, and all of these have been used in di�erent parts of the

work des
ribed in the thesis.

2.5 A ben
h-top iron analyser

To be
ome familiar with the 
olumn pre-
on
entration me
hanism and possible posi-

tive and negative fa
tors that need to be taken into 
onsideration during method de-

velopment, a ben
h-top 
ontinuous �ow analyti
al system with pre-
on
entration step

was implemented and used for the determination of dissolved iron in marine waters

[80, 89, 82℄. The method is based on the spe
trophotometri
 dete
tion of iron eluted

from the 
olumn and the 
atalyti
 oxidation of N,N-dimethyl-p-phenylenediamine dihy-

dro
hloride (DPD) by hydrogen peroxide was examined using di�erent resin material. In

the method used Fe(III) rea
ts with DPD. The produ
ts are two reddish semiquinone

derivatives (DPDQ), for whi
h absorption spe
tra 
an be monitored at 514 and 550 nm.

The redu
ed Fe(II) produ
ed is oxidised to Fe(III) by hydrogen peroxide, and Fe(III)


an rea
t with DPD again [90℄. The pre-
on
entration resin was used to improve the

sensitivity of the method. Seawater samples were a
idi�ed to pH 2.0 ˘ 0.1, and two

di�erent pre-
on
entration resins were used for the pre-
on
entration step, 
ommer
ially

available NTA Super�ow resin and laboratory made 8-HQ resin. The obje
tives of the

study were therefore to assess the e�
ien
y and reliability of the resin and the analyti
al

method, identify possible problems and if ne
essary implement strategies to over
ome

them.

2.5.1 Use of NTA resin for pre-
on
entration

Instrumentation and analyti
al pro
edure

The �ow inje
tion system 
onsisted of an in-line pre-
on
entration 
olumn atta
hed to

a 6 port inje
tion valve and manifold. The peristalti
 pump was 
ontinuously delivering

a
idi�ed sample, sample bu�er, a
id 
arrier and reagents. The 8-
hannel Gilson peri-

stalti
 pump with PVC tubing gave the various �ow rates used for the analysis. The

transmission signal was generated by a simple laboratory-built dete
tor with a green

LED as a light sour
e and a TAOS TL257 sensor. The manifold set-up is shown in
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Figure 2.4.

Waste

Carrier

Sample

1 m coil

2 m coil

DPD

Buffer

H 2O 2

Pump

Flow rates
mL/min

Cleaning 
column

Pre-concentration
column

0.70

1.22
Detector

0.70

2.06

1.22

Figure 2.4: S
hemati
 diagram of 
ontinuous �ow system for pre-
on
entration (NTA

resin) and determination of Fe(III) in sea water

The NTA Super�ow resin was pa
ked into a mini-
olumn with an internal volume

of 80 µL and polypropylene frits were used to immobilize the resin in the 
olumn. Before

ea
h experiment the entire system was 
leaned with 1.5 M HCl for a minimum of 30

minutes, followed by rinsing with MQ water. Ea
h pre-
on
entration-elution 
y
le was

initiated by the programmed timing sequen
e of the LabVIEW programme used to run

the system and 
olle
t data. During a loading time of 15 se
onds the sample passed

through the 
olumn. The inje
tion valve then swit
hed to the elute position and the a
id


arrier passed through the 
olumn in the opposite dire
tion, releasing the analyte into

the reagent stream, it was then mixed with other solutions in the 
oils and transferred to

the dete
tor. The elution time for the 
olumn was set to 335 se
onds and one 
y
le was

about 6 minutes. The sampling �ow rate was 2.0 mL/min and the elution �ow rate 1.22

mL/min. With the valve in the elution position sample and sample bu�er were pumped

through the other pump tubes and valve to waste in order to wash out the previous

sample. After the elution of the 
olumn, when the peak 
ame ba
k to baseline and the

baseline was stable, the valve was swit
hed ba
k to the sampling (loading) position to

start the next sampling sequen
e. At the end of the analysis the system was washed with
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distilled water, as the 
helating resin 
ould be damaged if left in too strong a
id.

Reagents and solutions

Ultra-pure MQ water was used for the preparation of all reagents and standard solutions.

Fe(III) sto
k standard solutions were prepared by diluting 1000 mg/L atomi
 absorption

standard (Sigma-Aldri
h) in MQ water and seawater and sample pH was adjusted to 1.8

- 2.0 with HCl (Romil Ultra purity a
id). Several working standard solutions from 1 nM

to 30 nM were prepared from the sto
k solution and 
ompared with NASS and CASS


erti�ed referen
e materials. The DPD solution was prepared daily by dissolving 1.1 g

of DPD (Fluka HPLC grade) reagent in 100 mL MQ water and a
idi�ed with 150 µL 12

M HCl (Romil Ultra purity a
id). The ammonium a
etate bu�er solution was prepared

by bubbling ammonia gas into a
eti
 a
id (Romil Super purity a
id) forming ammonium

a
etate 
rystals. MQ water was then added and a saturated ammonium a
etate 19.2

M solution was 
reated. A 3.5 M rea
tion bu�er solution was prepared by mixing 27

mL 19.2 M ammonium a
etate and 123 mL MQ water. The pH of the sample bu�er

solution was adjusted to 9.8 with ammonia. The 1.5 M (later 
hanged to 0.75 M) eluting

a
id solution was prepared by diluting 12 M HCl (Romil Super purity a
id). A 5 %

hydrogen peroxide solution was prepared by diluting 167 mL 30 % hydrogen peroxide

(Fisher s
ienti�
, tra
e analysis grade) in 1 L MQ water. Reagents for this study were

made in Te�on and LPDE (low density polyethylene) bottles, whi
h had been a
id soaked

for a few days in 10 % HCl (Romil Super purity a
id) solution and then MQ rinsed.

Pre-
on
entration - NTA resin

In the NTA resin nitriloa
eti
 a
id is used as a 
helating agent, whi
h forms 
oordination


ompounds with metal ions (
helates). In this study it was used to seperate iron from

seawater as previously des
ribed by Lohan et al. [89, 82℄.

At natural pH in surfa
e seawater iron is 
helated with organi
 ligands, therefore to

release Fe(III) and Fe(II) from 
omplexes, samples need to be a
idi�ed. The NTA resin

is able to bind tra
e metals like iron at pH 1.7 � 1.8 whi
h is low enough to release the

metals from organi
 ligands [89, 82℄. However experiments showed that a strong eluting

a
id, minimum 0.75 M HCl, was required for a quantitative elution pro
ess.
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Results

Whilst signals for high standards of iron (10 nM) were evident, high and variable peaks

even with blanks made dete
ting low 
on
entrations di�
ult. It appeared di�eren
es

between the eluted sample and the bu�er pH led to the baseline perturbation, even

when rinsing bu�er (1.5 M ammonium a
etate, pH adjusted to 3.5 with a
eti
 a
id) was

used to 
ondition the resin before the a
idi�ed sample was pushed through the 
olumn

[82℄. Additionally, after a few weeks of experiments, the 
ompression of the 
olumn

and leakage of the solution passing through the 
olumn was observed, as a result of

the in
reased pressure in the system. Every few weeks the resin was repla
ed and �ow

reversed before the elution stage of the experiment was applied.

The perturbation in the baseline appears when MQ water (blank) solution is anal-

ysed. Comparison to standard solutions indi
ated the peak height of the perturbation

(the blank solution) 
orresponds to a few nM iron (Figure 2.5).

Figure 2.5: Elution pro�le of dissolved iron. 1.5 M HCl inje
ted as a sample (1,2); MQ

pH 1.9 (3); sea water pH 1.9 (4); 10 nM standard solution pH 1.9 (5)

Two small peaks appearing before the main peak are due to valve swit
hing (ele
tri-


al e�e
t). The distan
e between the inje
tion peaks in
reases with the pre-
on
entration

time. These peaks are visible as well when only a
id sample is inje
ted instead of a water

sample (Figure 2.6).
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Figure 2.6: Elution pro�le. 1.5 M HCl inje
ted as a sample; pre
on
entration 20 se
onds.

Tests were performed to ex
lude possible 
ontamination. MQ water samples were

analysed with in
reasing pre-
on
entration time, from 20 to 120 se
onds pre-
on
entration

time (Figure 2.7). The results showed no 
hange in peaks with longer pre-
on
entration

time, whi
h proves that the observed peaks are not due to MQ water 
ontamination.

Figure 2.7: Elution pro�le. MQ sample; pH 1.9; pre-
on
entration 120 se
onds.

Further experiments examined the eluent and bu�er solution 
on
entration and the

pH. The HCl eluent 
on
entration in the range of 0.1 � 2 M HCL was tested and 0.75
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M HCl was 
hosen as it gives the same sensitivity as higher a
id 
on
entrations. The


hange in ammonium a
etate bu�er 
on
entration a�e
ts the baseline in the same way as

the 
hanges in eluting a
id strength. The most stable baseline, while using 0.75 M HCl

eluting a
id, was obtained for 3.5 M bu�er solution. Using a rinse bu�er solution (rather

than MQ) still 
reated `blank' peaks, and this variable ba
kground signal signi�
antly

limited the appli
ation of the method.

Con
lusions

The method employing the NTA Super�ow resin with DPD 
olorimetri
 reagent provided

a dete
tion limit of few nM with a sample throughput rate of 10 per hour. However, the

observed perturbation in the baseline when the blank solution (MQ water) was analysed,

(whi
h may 
orrespond to approximately 5 nM iron) severely limited the appli
ation of

the te
hnique and therefore this method was not suitable for analysing iron 
on
entra-

tions at a few nM and lower. Also the system is very sensitive to pH 
hange, eluting

a
id strength and rea
tion bu�er solution strength. Additionally, after a few weeks of

experiments, the 
ompression of the 
olumn and leaking of the solution passing through

the 
olumn was observed, as a result of the in
reased pressure in the system. More

experiments need to be done to establish analysis 
onditions that would give a stable

baseline and would allow for analysis of samples at sub nM 
on
entration as has been

des
ribed in the literature [89, 82℄. Therefore an alternative resin was tested.

2.5.2 Use of 8-HQ resin for pre-
on
entration

The most important 
hange introdu
ed was use of a 8-hydroxynoquinoline resin (8-HQ).

The method is based on Measures et al. [80℄. The general instrument set-up was very

similar to that used with the NTA resin.

Reagents

DPD solution and ammonium a
etate bu�er solutions were prepared. The pH of the

sample bu�er was adjusted to 6.3 ± 0.05 with a
eti
 a
id. The rea
tion bu�er solution

was prepared by taking 1 L of sample bu�er solution and adding 3 mL of 15 % Brij-35

solution and 100 µL of 10 % triethylenetetramine. The 0.15 M eluting a
id solution was

prepared by diluting 12 M HCl (Romil Super Purity A
id). The 8-HQ resin removes

iron from sea water in the pH range 3 and 6 [80℄. The sample pH was adjusted in-line
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with bu�er prior to adsorption on the 8-HQ 
olumn to pH 5.8 ± 0.5 using sample bu�er.

In-line bu�ering prior to introdu
tion of the a
idi�ed seawater sample into the 
olumn

redu
es the time of the analysis and gives better re
overies. Another very important


hange introdu
ed in the method was the strength of the eluting a
id. The 8-HQ resin

allows the use 0.15 M HCl eluting a
id, whi
h is not as strong as 0.75 M HCl eluting

a
id used with the NTA resin.

Analyti
al pro
edure

The manifold was made from 0.5 mm internal diameter Te�on tubing in order to redu
e

the 
arry-over, peak tailing and analysis time. Smaller diameter tubing was used for

the eluting a
id and rea
tion bu�er (0.80 mL/min), DPD and hydrogen peroxide (0.40

mL/min). The sample and sample bu�er �ow rates were 2.0 mL/min and 0.55 mL/min

respe
tively. The manifold set-up, with two short mixing 
oils, one long rea
tion 
oil and

three 
lean-up 
olumns, is shown in Figure 2.8. This set-up is based on that of Dr Peter

Sedwi
k (C. Marsay, pers. 
omm.).

Waste

Carrier

Sample

1 m coil

2 m coil

DPD

Buffer

H 2O 2

Pump

Flow rates
mL/min

Cleaning 
column

Pre-concentration
column

Detector

0.5 mm id

0.8 mm id

Sample
buffer

0.80

0.40

0.80

0.40

0.55

2.00

Figure 2.8: S
hemati
 diagram of 
ontinuous �ow system for pre-
on
entration (8-HQ

resin) and determination of Fe(III) in sea water.

The same dete
tor and LabView software as des
ribed earlier were used.
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Pre-
on
entration - 8-HQ resin

The advantages of the 8-HQ resin are a large binding 
apa
ity that allows pre-
on
entration

of elements from low 
on
entration samples, it is stable, does not swell and 
an be exposed

to a
id and bases regularly. However extra
tion onto 8-HQ 
olumns is pH dependent,

for example Fe(III) is extra
ted e�e
tively at pH values above 2.5 and Fe(II) only at pH

values above 3.5 [91℄. A very positive property of the 8-HQ resin is that metals 
an be

eluted with a low 
on
entration a
id solution. In this study 0.15 M HCl solution was

used to elute iron from the 
olumn, however even lower 
on
entration have been used

in the past as reported by Ussher at al. [92℄ where 0.05 M HCl was used for the iron

elution.

Results

All the above 
hanges resulted in a very good performan
e of the system and good


alibration 
urves were obtained. The NASS-6 sample with 
erti�ed iron 
on
entration

of 8.86 ± 0.82 nM was analysed and the result obtained was 9.31 ˘ 0.65 nM. The CASS-5

sample with 
erti�ed iron 
on
entration of 25.78 ˘ 1.97 nM was analysed and the result

obtained was 25.81 ˘ 1.00 nM. The sensitivity of the system was evaluated using the

slopes of 
alibration 
urves prepared in seawater; standard additions of 10.0, 20.0 and

30.0 nM Fe(III) were made (Figure 2.9.).

Figure 2.9: Calibration 
urve for Fe(III) standards prepared in seawater.

The dete
tion limit and pre
ision of the method depend on the amount of sample

36



M. Skiba 2.5. A BENCH-TOP IRON ANALYSER

pre-
on
entrated onto the 
olumn. By pre-
on
entrating 0.5 mL of sample (15 se
onds

pre-
on
entration, 2.0 mL/min), the Fe(III) blank was typi
ally 460 pM L´ 1 ˘ 30 pM L´

1
(n=3) resulting in the limit of dete
tion of 90 pM (de�ned as three times the standard

deviation of the blank). The pre
ision for the standard addition solutions was in the range

2.1-4.0 % RSD (n=4). The te
hnique was used to analyse samples 
olle
ted by Amber

Annett (PhD student at Edinburgh University) from Ryder Bay, Antar
ti
 Peninsula.

Figure 2.10. shows a verti
al pro�le of dissolved iron at the Rothera Antar
ti
 Time

Series Station.

Figure 2.10: A verti
al pro�le of dissolved iron (dFe) at the Rothera Antar
ti
 Time

Series Station.

The Figure shows around 6 nM 
on
entration of dFe at 15 m with de
rease to around

3.8 nM at 50 m and in
rease to around 7 nM at 100 m.

Con
entration of dFe in surfa
e waters may be a result of sea-i
e melt, gla
ial melt,

atmospheri
 inputs and shallow sediments, with melt water being the most probable
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sour
e of fresh water as a result of warming during summer months. Amber et al.

[93℄ reports that dFe 
on
entrations at 15 m are the result of melt water input as well

as the mixing with underlying waters, when iron is transported from deep waters to

shallower waters by upwelling, mixing and di�usion pro
esses. The possible sour
e of

elevated iron 
on
entrations in deeper waters is input from underlying sediments. The

anoxi
 
onditions within sediments are present when sediments are depleted in oxygen

by mi
robial respiration. In these 
onditions oxidation of parti
ulate organi
 
arbon may

take pla
e via the redu
tion of Fe 3+ and as a result produ
tion of Fe 2+ whi
h than


an be redistributed into overlaying water [93℄.

Con
lusions

Changing to the 8-HQ resin resulted in a very good performan
e of the system and good


alibration 
urves were obtained. The 8-HQ resin would also allow the pre-
on
entration

of both elements, iron and manganese. The main drawba
k when using the 8-HQ resin

is that it is not 
ommer
ially available and therefore not readily appli
able to 
oupling

with an LOAC. Ideally a suitable 
ommer
ially available resin should be used.

The results from the experiments performed using the ben
h-top iron analyser with

pre-
on
entration were reported in the resear
h arti
le by Amber L. Annett. The 'Com-

parative roles of upwelling and gla
ial iron sour
es in Ryder Bay, 
oastal western Antar
-

ti
 Peninsula' [93℄.

2.6 Choi
e of resin for a 
ombined spe
trophotometri
 LOAC

pre-
on
entration system

In many reported te
hniques Toyopearl iminodia
etate resin, Toyopearl AF �Chelate -

650M (Figure 2.11 and 2.12), was used for pre-
on
entration of metals in water samples.

Milne et al. used the Toyopearl AF � Chelate - 650M resin for the manganese deter-

mination, however the pro
edure was separated into two stages, o�-line extra
tion and

pre-
on
entration of the elements followed by analysis of the 
olle
ted eluent [43℄. Be
k et

al. reported a ICP-MS method for manganese analysis with an on-line pre-
on
entration

step using a Toyopearl AF-Chelate 650M resin. In this study samples for manganese

analysis were adjusted to pH 9.0 ˘ 0.2 prior to 
on
entration [84℄. Warnken et al. [41℄

fo
used on on-line pre-
on
entration performan
e 
hara
teristi
s of the Toyopearl AF �
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Chelate - 650M resin and showed that using 1M HNO3 a
id for 
olumn elution improves

the ICP-MS intensity for manganese analysis with the sample pH adjusted to 8.8 prior

to the pre-
on
entration stage [41℄.

The iminodia
etate resin is advantageous due to its ability to bind multiple tra
e

metals with high e�
ien
y and re
overy. Toyopearl resin 
an be used for separation of

both iron and manganese, but at di�erent pH.

Figure 2.11: Toyopearl AF � 
helate - 650M resin.(AF - A
tivated/Fun
tionalized Matri-


es; matrix a
tive group - iminodia
eti
 a
id; Toyopearl HW-65 resin is a hydroxylated

metha
ryli
 polymer; R denotes a side 
hain)

Figure 2.12: A metal 
omplex with the iminodia
etate anion.

This 
helating resin with iminodia
etate iminodia
etate (IDA) fun
tional groups has

pH stability over the range 2-12. Additionally, the Toyopearl AF � 
helate - 650M (Tosh)

resin is 
ommer
ially available and therefore it was used in this study in the manganese

separation experiments.

2.7 Use of Mn-54 radiotra
er

2.7.1 Introdu
tion

Radioa
tive isotopes of 
hemi
al elements are extremely useful in 
hemi
al s
ien
e dis-


iplines, be
ause radioa
tive atoms 
an be substituted for their non radioa
tive 
ounter-

parts, being easily dete
table but still 
hemi
ally identi
al to the original material [94℄.

Dete
tion systems for radionu
lides (and espe
ially gamma emittors) are:

1) mu
h simpler and qui
ker than 
onventional spe
trophotometri
 or ICP-MS or

ICP-OES te
hniques,
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2) require only small volumes if a
tivities are high, and

3) are not subje
t to interferen
es or losses often asso
iated with other 
onventional

analyti
al approa
hes.

Mn-54 as a gamma emitter (half life 313 days, energy 0.835MeV) 
an be readily

obtained, and is appropriate to the present study.

2.7.2 Ba
kground and instrumentation

Radioa
tive de
ay o

urs when parti
les or ele
tromagneti
 radiation are emitted from an

atom due to the 
hange within its nu
leus. Forms of radioa
tive emission in
lude alpha

parti
les pαq, beta parti
les pβq and gamma rays pγq. Alpha and beta parti
les dire
tly

ionize the atoms with whi
h they intera
t, adding or removing ele
trons. Gamma-rays


ause se
ondary ele
tron emissions, whi
h then ionize other atoms. However, some irra-

diated atoms are not fully ionized by 
ollision with emitted parti
les, but instead have

ele
trons promoted to an ex
ited state. Ex
ited atoms 
an return to their ground state

by releasing energy as a photon of light known as s
intillation photons. The intensity of

light in the s
intillation is proportional to the initial energy deposited in the s
intillator

by ionizing radiation. This light emitted 
orresponds to the amount of radioa
tivity in

the sample [94℄.

There are two di�erent systems of dete
tion and 
ounting of radiolabeled 
ompounds

based on the s
intillation te
hnique: Solid S
intillation Counting (SSC) and Liquid S
in-

tillation Counting (LSC) depending on the s
intillator material used. In SSC, the trans-

parent inorgani
 
rystal, 
alled a s
intillator, �uores
es when is irradiated by the sample.

The most 
ommonly used is Thallium-doped sodium iodide (NaI(Tl)) [95℄.

A s
intillation 
ounter measures ionizing radiation. A s
intillation 
ounter apparatus


onsists of a s
intillator, a photo-multiplier tube (PMT), an ampli�er, and a multi
hannel

analyser (Figure 2.13). A solid s
intillation 
ounter is a radiation dete
tor whi
h in
ludes

a s
intillation 
rystal [94℄.

Sodium Iodide dete
tion is based on a solid 
rystal of sodium iodide whi
h 
reates

a pulse of light when radiation intera
ts with it. This pulse of light is 
onverted to an

ele
tri
al signal by a photomultiplier tube, whi
h gives a reading on the instrument. The

pulse of light is proportional to the amount of light and the energy deposited in the


rystal. The results are obtained in 
ounts per minute (CPM).
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Figure 2.13: Sodium Iodide dete
tor

[4℄

To make a measurement the sample 
ontaining radioa
tivity is pla
ed into a 
on-

tainer 
alled s
intillation vial and the radioa
tivity level is 
ounted in a s
intillation


ounter 
alled a Gamma 
ounter. The intensity of radiation is proportional to the amount

of isotope in the sample, and the spe
trum indi
ates the identity of the isotope.

The s
intillation dete
tor with a sodium iodide 
rystal doped with thallium as a
-

tivation impurities is one of the best instruments for 
ounting gamma rays. The most

prominent property of NaI(Tl) is its ex
ellent light yield. The high atomi
 number of

iodine in NaI results in high e�
ien
y for gamma ray dete
tion [95℄. In the present study

a automated gamma 
ounter was used in 
ollaboration with the Geos
ien
es Advisory

Unit, University of Southampton.

2.7.3 Use of Mn-54 in the present study

Up to the present, no studies have used radioa
tive tra
ers to optimise the Toyopearl

AF-Chelate-650M resin 
olumn performan
e, ex
ept for Resing et al. [37℄, who used

on-line 
on
entration of manganese onto 8-HQ resin.

The obje
tives of this study were to optimise the extra
tion of manganese from

seawater and assess the re
overy and elution e�
ien
y of the Toyopearl resin. The uptake

of manganese on the resin, the re
overy and elution e�
ien
y of the resin is examined and

the optimal 
onditions are obtained to enable the integration of the pre-
on
entration

unit into a mi
ro�uidi
 system.
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Samples were prepared by taking �ltered a
idi�ed seawater (from around 2000 m in

the north-east Atlanti
) and adjusting its pH with NH3 solution or HA
 solution. Sea

water samples were spiked with the Mn-54 tra
er solution. The eluting a
id solution was

prepared by diluting 
on
entrated hydro
hlori
 a
id with MQ water.

Sea water samples spiked with Mn-54 were pumped through the resin 
olumn at a

given �ow rate and eluted using diluted a
id solution. E�uent and the elute fra
tions

were 
olle
ted and the distribution of the Mn-54 determined by gamma-
ounting in an

automated sodium iodide gamma-
ounter.

2.8 Mi
ro�uidi
 
hip

The produ
tion and building of the 
hip is based on the materials as reported by Flo-

quet at al. [72℄. For the purpose of this proje
t I designed and produ
ed test mi-


ro�uidi
 
hips following the above pro
edure. The spe
i�
 pro
edure applied for mi-


ro�uidi
 
hip produ
tion follows the steps listed below: design, milling the PMMA

material (polymethyl metha
rylate), bonding lid and body parts of the 
hip, mount-

ing the valves, LED, photodiode and tubing 
onne
tors to the 
hip. The mi
ro�u-

idi
 
hips are designed using Autodesk Inventor Professional software. The 
hip is

made using tinted PMMA blo
k. The 
hip body is produ
ed using grey tint PMMA

(PLEXIGLAS,Grey, 7C14GS, R:ohm, Darmstadt, Germany) and the lid using dark

tint PMMA (PLEXIGLASDark, 7C83GS). The opto-�uidi
 
ell, mi
ro-
hannels, op-

ti
s and dete
tor re
esses, valve inlets and mount holes are mi
ro-milled into the PMMA.

Body and lid are bonded together by exposure to 
hloroform vapour and aligned to-

gether using the method reported by Ogilvie et al. [96℄. A green (572-nm) light-emitting

diode (LED) (B5b-433-20, Roithner Laser Te
hnik, Austria) and a TAOS photodiode

(TSL257, TAOS In
., USA) are �xed dire
tly to the 
hip using Norland Opti
al Adhe-

sive (NOA 68, USA).

The produ
ed mi
ro�uidi
 platform with integrated pre-
on
entration 
olumn was

tested for manganese determinations (see Chapter 5).

2.9 Summary

A ben
h top 
ontinuous �ow analyti
al system for the determination of dissolved iron

in marine waters was implemented and used with pre-
on
entration step. The system
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was used to be
ome familiar with the 
olumn pre-
on
entration me
hanism and fa
tors

important during method development. The type of the resin and the 
onditions used

are important in the performan
e of the system. Iron is known to have strong bonds with

ligands in seawater. Manganese does not appear to be signi�
antly present in 
omplexed

forms su
h as iron, therefore manganese was 
hosen as the fo
us of the system to be

developed.

The methods des
ribed above summarise 
hemi
al te
hniques for manganese de-

te
tion. The spe
trophotometri
 
olorimetri
 method has been 
hosen for manganese

determination in this proje
t as it is the most suitable for use on LOAC systems, and

builds on previous experien
e in the group [51, 49, 96, 97, 98, 99, 62℄.

Chelating solid phase materials have the potential to be readily interfa
ed with

LOAC te
hnology and are widely used for the pre-
on
entration and separation of tra
e

metals. Therefore here the resin pre-
on
entration step is 
ombined with a manganese


hemi
al analyti
al method on the mi
ro�uidi
 
hip system for the determination of

manganese in o
ean waters.

The fabri
ation methods and 
omponents of the mi
ro�uidi
 devi
e used for man-

ganese determination and use of the radiotra
e Mn-54, are explained.
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Chapter 3

Optimisation of the

pre-
on
entration pro
edure using

Mn-54 radio tra
er

Contents

3.1 Pre-
on
entration using Mn-54 . . . . . . . . . . . . . . . . . . . 46

3.1.1 Reagents, solutions and equipment . . . . . . . . . . . . . . . . 46

3.1.2 Analyti
al pro
edure . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.3 Results from 
olumn optimisation experiments . . . . . . . . . 47

3.2 Summary and 
on
lusions of pre-
on
entration optimisation

experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

The obje
tives of this study were to optimise the extra
tion of manganese from

seawater and assess the re
overy and elution e�
ien
y of the Toyopearl resin. In a �nal

LOAC system for deployment in natural waters, as high sampling rate as possible is

desirable, and as the pre-
on
entration step is to be 
oupled to a 
olorimetri
 analysis

(using the PAN) for determination of manganese, the 
on
entration of eluate should be

as 
ompatible as possible with this method. Either strong a
ids or bases are di�
ult to

manage in engineered sensor systems due to their 
orrosive e�e
ts on materials. As a
id

is used for elution of manganese, and the PAN te
hnique needs basi
 
onditions, as weak

a
id as possible for elution is required so that less base needs adding for the optimum

pH for the PAN method.

Experiments were performed using a Mn-54 radio tra
er to optimise the e�
ien
y
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of the Toyopearl AF-Chelate-650M resin, the e�e
tiveness of di�erent eluents and the

time ne
essary for the elution pro
ess. The e�e
t of 
olumn size and the �ow rate on the

re
overy of the metal (
helating e�
ien
y) at various pH values were also examined.

Studies were done using seawater spiked with Mn-54 and 
ounting with a high

e�
ien
y gamma-
ounter (Thallium-A
tivated Sodium Iodide Crystals); see Chapter 2.

3.1 Pre-
on
entration using Mn-54

3.1.1 Reagents, solutions and equipment

Samples were prepared by taking �ltered a
idi�ed seawater (from around 2000 m in the

north-east Atlanti
) and adjusting its pH with NH3 solution or HA
 solution (blank

solution). Sea water samples were spiked with the Mn-54 tra
er solution. The eluting

a
id solution was prepared by diluting 
on
entrated hydro
hlori
 a
id with MilliQ water.

Solutions were passed through the 
olumn using a single 
hannel peristalti
 pump

with appropriate tubing; speed of �ow was 
ontrolled by adjusting the voltage to the DC

motor of the peristalti
 pump, or 
hanging to a di�erent internal diameter tube. Flow

rates were 
he
ked either volumetri
ally or gravimetri
ally.

The resin is pa
ked into a mi
ro-
olumn with an internal volume of around 80 µL

and immobilized in the 
olumn with polypropylene frits. The 
olumn design is shown in

Figure 3.1.

resin

connector

polypropylene frits

Figure 3.1: Column design.
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3.1.2 Analyti
al pro
edure

Sea water samples spiked with Mn-54 were pumped through the resin 
olumn at a given

�ow rate and eluted using dilute a
id. E�uent and the elute fra
tions were 
olle
ted and

the distribution of the Mn-54 determined by gamma-
ounting in an automated sodium

iodide gamma-
ounter. The results are obtained in 
ounts per minute. See Chapter 2

for more details.

3.1.3 Results from 
olumn optimisation experiments

Sample pH

The extra
tion e�
ien
y is pH dependent and therefore to optimise the pH 
onditions

for pre-
on
entration, the relationship between pH and extra
tion of manganese was

examined. In agreement with other studies [39℄ results show that manganese is not

re
overed well when taken up on the 
olumn at low pH. A sample pH range of 2-9 was

examined and results indi
ate that the pH should be kept above 8 for highest re
overy of

manganese (Figure 3.2). There is a large de
rease in re
overy of manganese at pH values

below 6, for quantitative re
overy of manganese the sample pH should be kept in the pH

range 8-9.

This pH range is very 
onvenient for seawater (typi
al open o
ean value 8.2) and

means no bu�ering or pretreatment of seawater (other than in the �ltration) is needed

prior to 
olle
tion of manganese on the resin.
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Figure 3.2: E�e
t of sample pH on manganese uptake on the resin.

Flow rate

The e�e
t of the �ow rate on the extra
tion e�
ien
y of manganese was examined. The

results of this study indi
ate that de
reasing the �ow rate improves the retention of

manganese on the 
olumn. Changing the �ow will therefore improve the re
overy of the

metal ion on the 
olumn used during experiments (Figure 3.3).
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Figure 3.3: E�e
t of sample �ow rate on manganese uptake on the resin.
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Experiments examining the e�e
t of the �ow rate on the extra
tion e�
ien
y per-

formed at low �ow rate of 0.2 mL/min gave full re
overy of manganese. During the stage

of the analysis when the sample is taken up on the resin, a �ow rate of 0.2 mL/min was

therefore applied, to allow full re
overy of manganese.

Eluting a
id strength

The strength of the eluting a
id plays an important role in the use of resins. The


on
entration of the eluting a
id must be as weak as possible as parts of the sensor

system are built from sensitive materials and in the 
olorimetri
 step the pH needs to be


hanged to a high value. At the same time the eluting a
id solution needs to be strong

enough to e�e
tively remove the analyte from the 
olumn.

Experiments where performed where Mn-54 was taken up on the resin and then

removed with di�erent strengths of the eluting a
id (HCl-MQ). Uptake was done at a

�ow rate of 0.2 mL/min and elution at 0.8 mL/min. Eluting a
id strengths ranged from

0.05 M to 0.02 M HCl (see Figure 3.4). Subsequent experiments were performed and

eluting a
id strengths ranged from 0.005 M to 0.001 M HCl (see Figure 3.5). All gave

very similar results showing full re
overy of manganese. Therefore 
on
entration of the

a
id as low as 0.001 M 
an be used in the elution pro
ess. See subse
tion 'Elution pro�le'

for elution e�
ien
y with di�erent strengths of the eluting a
id (HCl-MQ).
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Figure 3.4: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strengths

ranged from 0.05 M to 0.02 M HCl.
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Figure 3.5: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strengths

ranged from 0.005 M to 0.001 M HCl.

Elution pro�le

After the uptake of manganese on the resin and total elution were optimised (�ow rate of

0.2 mL/min), experiments were 
arried out to assess the elution e�
ien
y from the resin

with a
id volume passed through the 
olumn. Initial experiments used a short 
olumn (2

mm x 25 mm) able to a

ommodate 80 µL resin, and a eluting �ow rate of 0.8 mL/min.

During the elution pro
ess (�ow rate of 0.8 mL/min) ea
h drop of the eluent (around

35 µL, measured by weight) was 
olle
ted separately and the Mn-54 determined by

gamma-
ounting. All of the manganese was eluted o� the 
olumn within about 450 µL

of eluting a
id solution passing through the 
olumn, with most being eluted within the

�rst 150 µL when using 0.05 M HCl eluting a
id (see Figure 3.6).

The time of the elution of �rst fra
tion of analyte depends on the eluting a
id

strength. The lower the 
on
entration of the a
id the later the manganese is eluted from

the resin (Figure 3.6) (uptake �ow 0.2 mL/min, elution at 0.8 mL/min).
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Figure 3.6: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strengths

ranged from 0.5 M to 0.02 M HCl. 80 µL resin volume.

Subsequent experiments in
luded elution with HCl in the range 0.05 to 0.001 M

(Figure 3.7 to 3.10, Table 3.1 to 3.4). The % re
overy was 
al
ulated by 
omparing the

CPM value re
orded for ea
h eluted fra
tion to the CPM value re
orded for the standard,

standard assumed to be 100 %.

For pre-
on
entration pro
edure the samples were prepared using seawater (pH ad-

justed with NH3 or HA
). This was a blank solution used to prepare the samples spiked

with Mn-54. Original solution used for standard preparation (spe
i�
 a
tivity 178.88

mCi/mg; 
on
entration 19.41 mCi/mL) was diluted 8000 times. The blank solutions

were measured using the gamma 
ounter as about 0.2 Mn-54 standard 
on
entration was

about 250 nM. When the CPM value reported for the standard was 9500 CPM, the blank

value was measured at about 20 CPM and 
al
ulated as about 0.5 nM.
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Figure 3.7: Manganese re
overy. Elution �ow rate of 0.2 mL/min and eluting a
id

strength 0.05 M HCl. 80 µL resin volume.
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Table 3.1: 0.05 M HCl

E�e
t of a
id 
on
entration on elution time

Eluting a
id 0.05M HCl

Name CPM % Re
overy Sum % Re
overy

Blank 1 20 - -

Blank 2 23 - -

F1 28 0.30

99.9

F2 2 0.02

F3 16 0.16

F4 74 0.79

F5 183 1.94

F6 89 0.94

E1 3 0.03

E2 9 0.09

E3 8 0.09

E4 15 0.15

E5 2505 26.48

E6 4504 47.60

E7 1095 11.57

E8 566 5.99

E9 235 2.49

E10 87 0.92

E11 16 0.17

E12 6 0.06

E13 0 0.00

E14 0 0.00

E15 6 0.06

E16 0 0.00

TC 2 0.02

Standard 1 9297

9461Standard 2 9506 Avarage CPM

Standard 3 9582
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Figure 3.8: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.04

M HCl. 80 µL resin volume.
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Table 3.2: 0.04 M HCl

E�e
t of a
id 
on
entration on elution time

Eluting a
id 0.04M HCl

Name CPM % Re
overy Sum % Re
overy

Blank 1 21 - -

Blank 2 22 - -

F1 18 0.19

101.4

F2 4 0.04

F3 12 0.13

F4 92 0.97

F5 200 2.12

F6 49 0.52

E1 4 0.04

E2 2 0.02

E3 0 0.00

E4 10 0.11

E5 34 0.36

E6 4751 50.21

E7 2736 28.92

E8 957 10.12

E9 467 4.93

E10 169 1.78

E11 52 0.55

E12 14 0.15

E13 1 0.01

E14 3 0.03

E15 0 0.00

E16 0 0.00

TC 17 0.18

Standard 1 9297

9461Standard 2 9506 Avarage CPM

Standard 3 9582
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Figure 3.9: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.03

M HCl. 80 µL resin volume.

56



M. Skiba 3.1. PRE-CONCENTRATION USING MN-54

Table 3.3: 0.03M HCl

E�e
t of a
id 
on
entration on elution time

Eluting a
id 0.03M HCl

Name CPM % Re
overy Sum % Re
overy

Blank 1 20 - -

Blank 2 19 - -

F1 35 0.37

100.5

F2 3 0.03

F3 13 0.14

F4 88 0.93

F5 214 2.27

F6 48 0.50

E1 0 0.00

E2 5 0.05

E3 0 0.00

E4 1 0.01

E5 0 0.00

E6 8 0.09

E7 1532 16.19

E8 4241 44.83

E9 1761 18.62

E10 843 8.91

E11 429 4.53

E12 159 1.68

E13 49 0.52

E14 19 0.20

E15 10 0.11

E16 17 0.18

TC 33 0.35

Standard 1 9297

9461Standard 2 9506 Avarage CPM

Standard 3 9582
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Figure 3.10: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength

0.001 M HCl. 20 µL resin volume.
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Table 3.4: Elution pro�le. Eluting a
id 0.001M HCl

Elution pro�le

Eluting a
id 0.001M HCl

Name CPM % Re
overy Sum % Re
overy

E1 59 0.21

102.2

E2 61 0.22

E3 58 0.21

E4 73 0.26

E5 68 0.25

E6 63 0.23

E7 96 0.35

E8 96 0.35

E9 2815 10.15

E10 15237 54.94

E11 5593 20.17

E12 2466 8.89

E13 762 2.75

E14 283 1.02

E15 159 0.57

E16 133 0.48

E17 93 0.33

E18 84 0.30

E19 70 0.25

E20 81 0.29

TC 115 -

Standard 27733 -

Results for analysed samples showing 
onsisten
y of the elution pro�le, in
luding

time, and re
overy of manganese, are presented below (Figure 3.11 to 3.15, Table 3.5 to

3.9).
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Figure 3.11: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.5

M HCl. 20 µL resin volume. Sample 1.
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Figure 3.12: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.5

M HCl. 20 µL resin volume. Sample 2.
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Figure 3.13: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.5

M HCl. 20 µL resin volume. Sample 3.
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Figure 3.14: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.5

M HCl. 20 µL resin volume. Sample 4.
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Figure 3.15: Manganese re
overy. Flow rate of 0.2 mL/min and eluting a
id strength 0.5

M HCl. 20 µL resin volume. Sample 5.
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Table 3.5: Elution pro�le. Eluting a
id 0.5 M HCl.

Elution pro�le

Eluting a
id 0.05 M HCl sample 1

Name CPM % Re
overy Sum % Re
overy

E1 991 4.73

97.2

E2 1931 9.21

E3 2777 13.24

E4 2957 14.11

E5 2659 12.68

E6 2044 9.75

E7 1649 7.86

E8 1280 6.10

E9 1021 4.87

E10 741 3.53

E11 654 3.12

E12 500 2.38

E13 442 2.11

E14 384 1.83

E15 345 1.64

TC 830 -

Standard 20966 -
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Table 3.6: Elution pro�le. Eluting a
id 0.5 M HCl.

Elution pro�le

Eluting a
id 0.05 M HCl sample 2

Name CPM % Re
overy Sum % Re
overy

E1 2080 8.32

101.8

E2 3747 15.00

E3 4342 17.38

E4 3701 14.81

E5 2779 11.12

E6 2091 8.37

E7 1635 6.54

E8 1231 4.93

E9 901 3.61

E10 668 2.67

E11 546 2.19

E12 450 1.80

E13 426 1.70

E14 396 1.59

E15 434 1.74

TC 297 -

Standard 24989 -
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Table 3.7: Elution pro�le. Eluting a
id 0.5 M HCl.

Elution pro�le

Eluting a
id 0.05 M HCl sample 3

Name CPM % Re
overy Sum % Re
overy

E1 1810 6.77

103.2

E2 4056 15.17

E3 5076 18.98

E4 4189 15.66

E5 2835 10.60

E6 2157 8.07

E7 1600 5.98

E8 1270 4.75

E9 1020 3.81

E10 801 2.99

E11 625 2.34

E12 556 2.08

E13 555 2.07

E14 540 2.02

E15 520 1.94

TC 249 -

Standard 26745 -
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Table 3.8: Elution pro�le. Eluting a
id 0.5 M HCl.

Elution pro�le

Eluting a
id 0.05 M HCl sample 4

Name CPM % Re
overy Sum % Re
overy

E1 2172 9.09

94.5

E2 3705 15.51

E3 3753 15.71

E4 2991 12.52

E5 2212 9.26

E6 1555 6.51

E7 1138 4.77

E8 1002 4.19

E9 808 3.38

E10 972 4.07

E11 525 2.20

E12 502 2.10

E13 434 1.82

E14 397 1.66

E15 411 1.72

TC 234 -

Standard 23887 -

66



M. Skiba

3.2. SUMMARY AND CONCLUSIONS OF PRE-CONCENTRATION

OPTIMISATION EXPERIMENTS

Table 3.9: Elution pro�le. Eluting a
id 0.5 M HCl.

Elution pro�le

Eluting a
id 0.05 M HCl sample 5

Name CPM % Re
overy Sum % Re
overy

E1 1829 8.76

92.7

E2 2951 14.12

E3 3155 15.10

E4 2576 12.33

E5 1873 8.97

E6 1399 6.70

E7 1079 5.16

E8 814 3.90

E9 723 3.46

E10 596 2.86

E11 503 2.41

E12 455 2.18

E13 443 2.12

E14 485 2.32

E15 480 2.30

TC 441 -

Standard 20890 -

The results show 
onsistent elution pro�les (Figure 3.11 - 3.15) and possibility to

use eluting a
id solution as low as 0.001 M HCl (Figure 3.10). 0.001 M HCl enables full

re
overy of manganese, however there is more time required to allow for the re
overy of

manganese and at the same time a larger volume of eluting a
id solution.

3.2 Summary and 
on
lusions of pre-
on
entration optimi-

sation experiments

For the Toyopearl resin the e�
ient uptake of manganese requires a slow �ow rate, so a


ompromise needs to be made between the overall time of the analysis and the e�
ien
y

of the 
olumn. When the Toyopearl resin is used for the separation and pre-
on
entration

of manganese from sea water, optimal manganese removal o

urs in the pH range 8-9.

67



CHAPTER 3. OPTIMISATION OF THE PRE-CONCENTRATION PROCEDURE

USING MN-54 RADIO TRACER

In this pH range e�
ient 
olumn operation was observed when �ow rates of 0.2 mL/min

were used to pump the sample through the 
olumn. However, all the other solutions

in
luding the eluting a
id 
ould �ow through the 
olumn at 0.8 mL/min �ow rate, with

full elution of manganese. All of the manganese was eluted o� the 
olumn within about

385 µL of eluting a
id solution, with most of the analyte being eluted within about 175

µL when a 0.8 mL/min �ow rate was applied with 0.05 M HCl eluting a
id solution.

The lowest 
on
entration of hydro
hlori
 a
id tested that gave quantitative elution

of the analyte of interest was 0.001 M HCl. However, the lower the 
on
entration of

the a
id the later the manganese was eluted from the 
olumn, and therefore a higher


on
entration of eluting a
id (0.5 M HCl) is preferable if one wants the sample to be

eluted rapidly from the 
olumn.

The extra
tion of manganese from water samples and the elution e�
ien
y of the

Toyopearl resin have been examined. The best tested 
onditions are summarised in Table

3.10. Slower �ow rates and 
olumn dimensions (width, length) 
ould be investigated in

the future.

This information 
an now be used to help 
ouple the pre-
on
entration system to

the spe
trophotometri
 LOAC system for manganese. Before su
h a system 
an be used

it proved ne
essary to 
arefully re-evaluate the PAN 
olorimetri
 te
hnique, and this is

des
ribed in Chapter 4.
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Table 3.10: Conditions tested for manganese uptake and elution from the Toyopearl resin

Parameter Optimal value Comment

Sample �ow rate

Uptake

0.2 mL/min

To allow for full re
overy

Volume of the resin 20 µL

Resin 
apa
ity per 20 µL resin volume is

up to about 5000 nM

Sample pH

Uptake

8-9 pH

For quantitative re
overy of manganese sample pH

should be kept in the pH range 8-9 (i.e. within the

range of sea water pH)

Eluting a
id strength 0.001 M HCl

The lowest 
on
entration of the eluting a
id tested,

giving full re
overy of manganese. The �nal 
on
entration

of the eluting a
id will be 
hosen depending on


hemi
al method requirements.

6
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APLICATION OF THE PAN TECHNIQUE

4.1 Introdu
tion

With the optimisation of the resin uptake and elution 
ompleted, as des
ribed in Chapter

3, the next stages were the design and produ
tion of suitable mi
ro�uidi
 
hips and testing

of the PAN 
olorimetri
 determination step des
ribed in Chapter 2 with these 
hips.

4.2 Development of the Mi
ro�uidi
 
hip

4.2.1 Mi
ro�uidi
 test-
hips - design and produ
tion

In order to make manganese measurements on the mi
ro�uidi
 
hip the test units were

produ
ed as des
ribed in Chapter 2.1.

The new mi
ro�uidi
 
hips were based on an earlier design by Milani et al. [62℄,

and Floquet et al. [72℄. A key feature of this system is the di�usive mixing of reagents

and sample in the narrow 
olorimetri
 
hannel under stopped �ow 
onditions. Initial

designs fo
used on introdu
tion of reagents and sample into the 
olorimetri
 
hannel,

and subsequent work investigated the 
oupling of a resin 
olumn to the 
hip. First, the

designs of 
hips used are given, and their use with the PAN te
hnique is then 
overed.

The system was prepared with two ben
h top Harvard syringe pumps to introdu
e

solutions; the reagent and sample (or standard or blank) were pumped simultaneously

into the opto�uidi
 
ell. Be
ause of the low Reynolds number the �ow is laminar and

mixing (and rea
tion) between the streams in the mi
ro�uidi
 
hannel with stopped

�ow is by di�usion. The sample and reagent were introdu
ed to the 
hip through the

pumps through te�on plasti
 tubing (0.8 mm id) and then to the measurement 
ell in

the mi
ro�uidi
 
hip.

Figure 4.1 shows a s
hemati
 diagram of the test 
hip used to allow the sample and

reagent to 
ombine in the 
hip and di�use in the opto�uidi
 
hannel.
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Figure 4.1: S
hemati
 diagram of the mi
ro�uidi
 
hip used to introdu
e solutions, the

reagent and sample (or standard or blank) simultaneously into the opto�uidi
 
ell and

di�use.

The 
hip (Figure 4.2) 
onsisted of �uid inlets, 
hannels to 
arry the solutions (300

µm wide and 300 µm deep), measurement 
ell (600 µm wide and 300 µm deep), LED

light sour
e and photodiode dete
tion. The spe
trophotometri
 
hannel was 100 mm

long.

Figure 4.2: Test 
hip design.

A 
hip with four measurement 
ells, LEDs and photodiodes was produ
ed (Figure

4.3), following the design of Milani [62℄. This 
hip was used to perform experiments using

the PAN reagent.

73



CHAPTER 4. DEVELOPMENT OF THE MICROFLUIDIC CHIP AND A

APLICATION OF THE PAN TECHNIQUE

Figure 4.3: Chip with four measurement 
ells, LEDs (large re
tangles) and photodiodes

(small re
tangles).

In the test systems the green LED (see se
tion 2.8 for details) was driven by a

separate mains stabilised power supply unit (PSU) that provided a 
onstant 
urrent (up

to 30 mA) at the appropriate voltage. The light from the LED passing through the

opti
al 
hannel in the system was measured using a TAOS TSL257 devi
e that 
ontains

a light dete
tor and integrated ampli�er. This devi
e delivers voltage that is dire
tly

proportional to the in
oming radiation from the LED. This voltage was the analogue

input to a USB-6009 DAQ devi
e (National Instruments). The output of the TAOS

devi
e was monitored using a 
ustom built LabVIEW programme.

Signal produ
ed by analyti
al instrument is asso
iated with noise. Noise (the ran-

dom variations in voltage seen in the average signal) is typi
ally derived from instabilities

in the ele
troni
s used.

4.2.2 Mi
ro�uidi
 
hip with pre-
on
entration 
olumn

In the �nal version of the analyser, the system 
ontains the pre-
on
entration 
olumn

atta
hed to the 
hip, where sample is pumped through and taken up on the resin and

then eluted with a
id solution. After the sample is 
on
entrated and eluent is 
ombined

with the reagent and dire
ted into the measurement 
hannel for manganese dete
tion the

intensity of the 
olour developed is measured by the dete
tor.
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The pre-
on
entration stage of the analysis method uses the pre-
on
entration resin,

pa
ked in to a mini-
olumn. The 
olumn is �lled with resin material and atta
hed to the


hip with plasti
 tubing. The test 
hip with the 
olumn is produ
ed in order to examine

the �ow of solution through the mi
ro�uidi
 
hip and through the 
olumn.

Figure 4.4 shows the design of the 
hip with measurement 
ell and 
hannels and


onne
tions designed to atta
h the 
olumn to the 
hip. To test possible pressure and

leakage issues MQ water was pumped through the devi
e at 800 µL{min �ow rate. Tubes

were 
onne
ted at the end of ea
h line by a minsta
k s
rew �tting (The Lee Company).

Figure 4.4: Chip with measurement 
ell and 
hannels and 
onne
tions designed to atta
h

the 
olumn to the 
hip. LED (large re
tangle) and photodiode (small re
tangle).

Two kinds of pre-
on
entration 
olumns were used for test experiments. One 
olumn

was prepared by inje
ting the resin material into 
ustom made Perspex 
ylinder tube

Figure 4.5. The other 
olumn was prepared by inje
ting the material into soft te�on

tube 0.8 mm id, Figure 4.6. The latter approa
h allows for more �exible 
hange of the

volume of the resin. With this solution there is no need to prepare a new 
ylinder tube

to hold the resin if di�erent resin volume is required.
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Figure 4.5: Test 
hip with Perspex pre-
on
entration 
olumn.

Figure 4.6: Test 
hip with te�on pre-
on
entration 
olumn with 
onne
tors with frits.
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There were no pressure issues and no leakage at 800 µL{min �ow rate for both


olumn designs used. The 
hip system was therefore ready to be interfa
ed with the


olorimetri
 step and the resin 
olumn (Chapter 3).

4.3 Determination of Manganese with PAN

The reagent 1-(2-pyridylazo)-2-naphtol (PAN) rea
ts with a wide variety of metal ions,

in
luding manganese, to form 
oloured water-insoluble 
helates. Due to the insolubility

of PAN 
helates in aqueous medium, the PAN reagent is prepared by dissolving it with

a surfa
tant solution [100℄.

The determination of manganese based on the measurement of absorban
e of man-

ganese PAN 
helate solubilised with non-ioni
 surfa
tant Triton X-100 is des
ribed by

Goto et al. [101℄. In a non-ioni
 surfa
tant system, the 
helate is extra
ted in the mi
elle

phase. The maximum absorban
e of the Mn-PAN 
helate o

urs at 562 nm and the

molar absorptivity of the manganese-PAN 
helate at this wavelength found is 4.4 ˚ 104

mole cm´ 1
[101℄. The formation of the 
helate is 
omplete at pH values higher than

8.8. Goto et al. reported optimum pH at 9.2.

Goto et al. reports that it is very likely that the Mn-PAN 
helate is de
olorized

when the dye is 
ataliti
ally oxidized in the presen
e of manganese, sin
e atmospheri


oxidation of Mn(II) takes pla
e in alkaline media. Oxidation 
an be avoided by addition of

a redu
tant su
h as hydroxylamine hydro
hloride or as
orbi
 a
id. In the study reported

by Goto et al. sodium as
orbate was used to avoid oxidation. The time required for full


olour development varies with the temperature and it is reported to be 10 min at room

temperature (15 to 30

˝C) and 20 min at 10

˝C, and Beer's law is obeyed up to 2 ppm

of manganese [101℄.

Srijaranai et al. [100℄ used PAN for determination of manganese and many other

metals at low 
on
entration levels by ion ex
hange 
hromatography. The absorption

spe
tra of PAN and metal�PAN 
helates were re
orded in the range from 500 nm to 600

nm and the 
hosen analyti
al wavelength was 550 nm be
ause of the lowest absorption

of PAN and the maximum absorption of all metal�PAN 
helates.

The 
on
entration of PAN reagent is reported to be important in metal determina-

tions. Thus the 
omplexation e�
ien
y in terms of peak area of the metal�PAN 
om-

plexes is dependent on the 
on
entration of PAN; in
reasing the PAN 
on
entration up

to 0.3 mmol L´ 1
in
reased the peak areas of the 
helates [100℄. Tadayon [102℄ found the
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omplexation e�
ien
y in
reased with in
reasing ligand 
on
entration up to 0.01 mmol

L´ 1
and then remained 
onstant [102℄. The e�e
t of pH on the extra
tion of manganese

was studied within the range 4 to 12, and showed that the absorban
e in
reased in the

range 4 to 9.5. Above pH of 9.5 the absorban
e started to de
rease [102℄. The reason for

less 
omplexation under a
idi
 
onditions is protonation of oxygen and nitrogen whilst in

strongly alkaline 
onditions the metal will take the hydroxide form, with less 
ompetition

from protons and therefore the best pH is 9.5 [102℄.

For this proje
t the PAN method was 
hosen for manganese determination and used

with the on-ben
h system setup using mi
ro�uidi
 test 
hip to observe the behaviour of

the solutions and time required for analysis.

4.4 Using the PAN reagent prepared with Triton X-100

4.4.1 Appli
ation of the PAN method on 
hip - Triton X-100

In order to make manganese measurements on the mi
ro�uidi
 platform the di�erent

designs of reagent additions and in 
ell di�usion were tested. Initial experiments on 
hip

were performed using the PAN reagent prepared with Triton X-100 (
hip design Figure

4.3).

The results were 
ompared between the premixed solution, where sample and reagent

are mixed before being introdu
ed to the mi
ro�uidi
 
hip, and where sample and reagent

are introdu
ed to the 
hip through separate 
hannel inlets and dire
ted to the measure-

ment 
ell where the di�usion takes pla
e. Voltage measurements from the sensor were

taken after signal stabilisation (Table 4.1).
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Table 4.1: On 
hip experiments. PAN - Triton X-100. Sample premixed with reagent.

On-
hip measurements. PAN Triton X-100.

Mn(II)

[nM ℄

Rep

Voltage [V℄

[at 100 se
℄

900

1 1.907

2 1.453

3 1.655

1000

1 1.677

2 1.611

1800

1 1.657

2 1.458

By 
omparing Figures 4.7 and 4.8 it 
an be 
learly seen that the preformed Mn-PAN


omplex gave mu
h noisier data in the 
hip than when the Mn-PAN 
omplex was formed

during di�usive mixing in the 
ell.
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Figure 4.7: On 
hip measurements. PAN-Triton-X. Di�usion. 300 nM Mn(II) Repli
ates

1-3.
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Figure 4.8: On 
hip measurements. PAN-Triton-X. Premixed. 900 nM Mn(II) Repli
ates

1-3.

The poor reprodu
ibility and noise asso
iated with measurement of preformed Mn-

PAN solution indi
ated a problem not previously identi�ed with the method that needed

investigation.

Possible reasons for in
onsistent results obtained from the manganese measurements

on the 
hip using the PAN method are:

- light from outside of the system was a�e
ting the dete
ted signal

- di�eren
e in the pH of the solution after the sample and reagent are mixed

- dete
tion or LED power sour
e or 
onne
tion failures

- reagent solution was not stable, not mixed fully, or otherwise non uniform

The light from outside of the system was not a�e
ting the dete
ted signal whi
h was


on�rmed by 
omparing the output from the system with system 
overed / not 
overed

from the outside light. The pH of the solution after the sample and reagent were mixed

was 
he
ked and found to be 9.5, whi
h is the 
orre
t pH for the method applied.

The 
hips are produ
ed manually and therefore it is possible that the 
hip, LED

and photodiode used for test experiments may not be performing 
orre
tly. To test

the performan
e of the 
hip the method for iron analysis was applied on the 
hip (
hip

design Figure 4.5). The iron method was used in the past on the mi
ro�uidi
 
hip and

good results were obtained. The determination of Fe(II) was based on a 
olorimetri


method where iron 
reates a 
olour 
omplex with ferrozine with a maximum absorban
e

at 562 nm. This wavelength is very 
lose to that of the Mn-PAN maximum and so
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the same LED, dete
tor and 
hip 
ould be used. The 0.01 M ferrozine reagent was

prepared in a
etate bu�er (Ferrozine for spe
trophotometri
 determination of iron ě

97.0%; sodium a
etate BioXtra ě 99.0%; a
eti
 a
id Tra
eSELECT Ultra ě 99.0%;

from Sigma Aldri
h). The Fe(II) standard solutions were prepared with 1 mM ammonium

Fe(II) sulphate hexahydrate, and stabilised by addition of as
orbi
 a
id solution.

The results from the iron measurements on the 
hip showed a good response and

repeatability. The results are shown in Table 4.2.

Table 4.2: Iron measurements on the 
hip.

On-
hip measurements

Fe(II) Rep Voltage

250 nM

1 3.108

2 3.074

500 nM

1 2.431

2 2.307

The 
on
lusion from this test is that the pre-
on
entration 
hip used for tests ex-

periments is performing as expe
ted.

One of the reasons for the signal being not 
onsistent may be the behaviour of

the PAN reagent. Experiments were performed using the PAN reagent prepared with

extended mixing times. The mixing time during the preparation of the reagent in the

original method reported by Chin et al. [40℄ is 8 hours. The mixing time was extended

to 17 hours and 23 hours. Even after these 
hanges in the reagent preparation the results

obtained still showed in
onsistent signals.

4.4.2 Observation of the PAN reagent using a mi
ros
ope

Observations of PAN reagent using a mi
ros
ope were performed in order to assess if the

reagent was not fully dissolved or if the 
olloidal form was unstable with time.

For the reagent prepared with 5 mL Triton X-100 per 250 mL of PAN reagent

solution and 8 hours mixing time, parti
les were visible under the mi
ros
ope the day

after preparation, and the reagent further 
hanged with time with more visible parti
les

seen after 48 hours.

For PAN reagent prepared with 15 mL Triton X-100 per 250 mL of PAN reagent and
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8 hours mixing time only a few parti
les are visible under mi
ros
ope and the reagent

was not 
hanging when the mixing time during preparation is extended from 8 hours to

23 hours.

The results are presented in Figures 4.9 to 4.12.

Figure 4.9: Observation under mi
ros
ope. PAN Triton X-100, 8 hours mixing time, 48

hours after preparation. Bottom of �ask shown (around 70 mm).

Figure 4.10: Observation under mi
ros
ope. PAN Triton X-100, 17 hours mixing time,

48 hours after preparation. S
ale shows 1 mm intervals.
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Figure 4.11: Observation under mi
ros
ope. PAN Triton X-100, 8 hours mixing time,

112 hours after preparation.

Figure 4.12: Observation under mi
ros
ope. PAN Triton X-100, 23 hours mixing time,

just after preparation.

The mixing time during preparation of reagent was extended from 8 hours to 23

hours. For all mixing times immediately after preparation of reagent the uniform or-

ange reagent 
olour was present as in Figure 4.12. However within several hours for the

majority of the reagents, mi
elle 
oagulation and parti
le formation was evident. Solu-

tions whi
h had a visually uniform 
olor, when passed through the 
hip gave in
onsistent

results, indi
ating a problem was still present.

A further useful 
hange to the method that should help with reagent stability is

redu
ed 
on
entration of PAN during PAN reagent preparation. The 
on
entration of

PAN used in the work reported by Chin et al. is 0.8 mmolL´ 1
. This translates to 0.05

g of PAN per 250 mL of reagent solution [40℄.

The 
on
entration of PAN used by Srijaranai et al. [100℄, in the work where PAN

is used as the post 
olumn reagent for ion ex
hange 
hromatography of heavy metals in
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environmental samples, is 0.3 mmolL´ 1
. Tadayon et al. [102℄, reported the determi-

nation and pre-
on
entration of manganese using an ioni
 liquid based mi
ro-extra
tion

te
hnique in biologi
al samples, with use of PAN at 
on
entration 0.1 mmolL´ 1
. The


on
entration of PAN was redu
ed from 0.05 g PAN (0.8 mmolL´ 1
) to 0.025 g PAN (0.4

mmolL´ 1
) per 250 mL of reagent solution prepared and this 
on
entration was used

from this point for PAN reagent preparation.

4.4.3 PAN - Triton X-100 - spe
trophotometri
 measurements

The experiments using the mi
ro�uidi
 
hip demonstrated there were issues with the


onventional PAN te
hnique. Spe
trophotometri
 measurements using 10 
m 
ell in

a Hita
hi U2800 double beam instrument were therefore performed in order to better


hara
terise the behaviour of the Mn-PAN 
omplex formation. The standard solution

was prepared in 0.01 M HCl, MQ water or sea water. When sample was prepared in a
id

solution a bu�er was added. The blank was a bu�ered a
id solution and PAN reagent

mixture, bu�ered seawater and and PAN reagent mixture or MQ water and PAN reagent

mixture. PAN reagent was prepared with 15 mL Triton X-100 (total reagent volume

250 mL) and mixed for 23 hours. The PAN reagent (5 mL) was mixed with 50 mL of

standard, and after mixing absorban
e with time was measured with the 10 
m 
ell. The

measurement gave absorban
es to 4 d.ps.

It is shown that the absorban
e of PAN 
omplexes with manganese formed in this

way are not stable and the observed absorban
e value de
reased with time (Figure 4.13

to 4.15). The results are given in Appendix A.
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Figure 4.13: Spe
trophotometri
 measurements of Mn-PAN with Triton X-100. Man-

ganese standards were in 0.01 M HCl, and bu�ered to pH 9.5 with bori
 a
id in 0.15 M

NaOH. Blank � 0.01 M HCl bu�ered solution and PAN reagent mixture.
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Figure 4.14: Spe
trophotometri
 measurements of Mn-PAN with Triton X-100. Man-

ganese standards were in seawater with pH adjusted to 8.0 using ammonia solution.

Blank � sea water bu�ered solution and PAN reagent mixture.
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Figure 4.15: Spe
trophotometri
 measurements of Mn-PAN with Triton X-100. Man-

ganese sample is prepared in MQ (no bu�er). Blank � MQ and PAN reagent mixture.

Experiments using a mi
ros
ope showed signi�
ant 
hanges with time of the Triton

X-100 'stabilised' PAN-Mn through apparent 
ombination of smaller 
olloids into larger

parti
les. Experiments using a 
onventional spe
trophotometer showed rapid 
hanges in

absorban
e, presumably re�e
ting this la
k of stability of the Triton X-100 solubilised

PAN. As stability of the reagent in the LOAC system is very important an important


on
lusion from those experiments was that a new surfa
tant for the preparation of PAN

reagent was needed.

4.5 Choi
e of alternative surfa
tant

Surfa
tants are 
ommonly separated into four major groups, depending on their ioniza-

tion or 
harge: anioni
, 
ationi
, nonioni
 and amphoteri
. Anioni
 and 
ationi
 surfa
-

tants ionize when mixed with water due to their negative 
harge (anion) and positive


harge (
ations), respe
tively. Nonioni
 surfa
tants do not ionize in aqueous or water

solutions, whereas amphoteri
 surfa
tants 
an be either anioni
 or 
ationi
 depending

on the a
idity of the solution. Detergents 
ontain a hydrophili
 �head� region and a

hydrophobi
 �tail� region [103℄.

The stru
ture of the sodium dode
yl sulfate (SDS) detergent, showing the hy-

drophili
 and hydrophobi
 regions is presented in Figure 4.16. Figure 4.17 is a simple

illustration of a sodium dode
yl sulfate mi
elle, with the hydrophobi
 tail attra
ted to

the metal 
omplex [103℄.
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Figure 4.16: Stru
ture of the anioni
 detergent sodium dode
yl sulfate (SDS), showing

the hydrophili
 and hydrophobi
 regions.

Figure 4.17: Simple illustration of a sodium dode
yl sulfate mi
elle, with the hydrophobi


tail attra
ted to the metal 
omplex.

Criti
al mi
elle 
on
entration (CMC) is the 
on
entration at whi
h mi
elles begin

to form, it is the maximum monomer 
on
entration [103℄. With in
reasing surfa
tant


on
entration, SDS mole
ules aggregate on the surfa
e of the metal 
omplex through Van

Der Waals intera
tions at the hydro
arbon tails of the ligands in the metal 
omplex and

the SDS mole
ules [104℄. These surfa
e aggregates are 
alled hemimi
elles or admi
elles.

Above the CMC mi
elles of SDS will be formed in solution [104℄. Hemimi
elles or admi-


elles 
an trap mole
ules of PAN via the intera
tions between the exposed hydro
arbon

tails in the hemi-mi
elles and the hydrophobi
 groups in the PAN [104℄.

Several di�erent mi
elling agents have been reported for use with the PAN method,

in
luding SDS, Triton-100 and Tween-80 and these have been tested by Eskandari et

al. [105℄. It was reported that the Pd(II)-PAN 
omplex was pre
ipitated in Tween-80
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immediately and in Triton-100 after 1 hour. In 
ontrast, 
omplexes of palladium and


obalt with PAN in SDS mi
ellar media were stable and soluble for at least 3 days [105℄.

Higher stability and faster formation for the Ni(II) 
omplex was observed in Tween 80


ompared to Triton X-100 and was more sensitive than in SDS. Therefore those authors

sele
ted Tween-80 as the mi
ellizing agent for further studies with Ni [106℄.

Agnihotri et al. [107℄ reported that the high solubilisation 
apa
ity of surfa
tants

and mi
ellar systems improves the sensitivity and sele
tivity of pro
edures 
onsiderably.

Agnihotri et al. [107℄ reported the photometri
 determination of 
opper with PAN. In the

presen
e of Triton X-100 the maximum in
rease in absorban
e at 555 nm was observed.

Although some of the PAN 
helates in Triton X-100 provide higher molar absorptivities

than those with SDS, SDS gave lower ba
kground absorban
es and lower dete
tion limits

[100℄.

The performan
e of PAN in the presen
e of SDS, 
etyltrimethylammonium 
hloride

(CTAC), and Triton X-100 mi
elles was evaluated by Xia et al. for the dete
tion of Zn(II),

Co(II), Cd(II), and Mn(II) after separation by HPLC. The dete
tion limits obtained with

SDS were reported to be better, by up to 15-fold, than those obtained with CTAC and

Triton X-100 [108℄.

The literature suggests that SDS is a suitable alternative to the Triton X-100 (as

has been re
ommended by Chin et al. [40℄), and so experiments were run to test this

di�erent solubilising agent for PAN.

4.6 PAN reagent prepared with SDS

4.6.1 PAN - SDS - o� 
hip measurements

The PAN reagent was prepared (PAN-SDS reagent). 0.025 g of PAN was taken and added

to 60 mL of 10 % SDS solution (sodium dode
yl sulfate solution, 10 % in H2O, Sigma

Aldri
h), and stirred until PAN was dissolved. 100 mL bori
 a
id bu�er solution was

added and made up to 250 mL volume with MQ. The bu�er reagent was prepared with

0.618 g of bori
 a
id (bori
 a
id 99.999 % tra
e metal basi
, Sigma Aldri
h) dissolved in

100 mL of 0.1 M NaOH solution (sodium hydroxide 99.999 % tra
e metal basis, Sigma

Aldri
h).

Initial observations of the new PAN reagent were made using a mi
ros
ope in order

to assess if the parti
les were present (Figure 4.18 and 4.19).
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Figure 4.18: Observation under mi
ros
ope. PAN - SDS, 2 hours mixing time, after 1

day.

Figure 4.19: Observation under mi
ros
ope. PAN - SDS, 2 hours mixing time, after 7

days.

Unlike the PAN-Triton X-100 mixture, the SDS based reagent showed no eviden
e

for mi
elles 
oalles
ing and formation of visible parti
les.

Spe
trophotometri
 
alibrations were performed in order to 
hara
terise the be-

haviour of the PAN-SDS reagent over time. The standard solutions were prepared as

des
ribed in se
tion 2.1.

Data for standards in MQ, seawater and 0.02 M HCl are shown, and 
hanges in

absorban
e with time were followed. The main obje
tive here was to demonstrate the


ompleteness of formation of Mn-PAN SDS and the reprodu
ible nature of the measure-

ments. (Final results are summarised and presented in Appendix A).

The results for spe
trophotometri
 measurements using 10 
m 
ell in a Hita
hi U2800

double beam instrument are given in Figures 4.20 to 4.22. PAN was prepared with SDS.

89



CHAPTER 4. DEVELOPMENT OF THE MICROFLUIDIC CHIP AND A

APLICATION OF THE PAN TECHNIQUE

When standard sample was prepared in a
id solution a bu�er is added. The blank was

bu�ered a
id solution and PAN reagent mixture, bu�ered seawater and and PAN reagent

mixture or MQ water and PAN reagent mixture, where the main sour
e of the blank is

the reagent solution.
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Figure 4.20: Spe
trophotometri
 measurements. PAN-SDS. Sample in MQ. Blank, 300

nM, 400 nM and 600 nM. Blank � MQ and PAN reagent mixture.
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Figure 4.21: Spe
trophotometri
 measurements. PAN-SDS. Sample in sea water. Blank,

300 nM, 500 nM and 1000 nM. Blank � sea water bu�ered solution and PAN reagent

mixture.
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Figure 4.22: Spe
trophotometri
 measurements. PAN-SDS. Sample in 0.02 M HCl.

Blank, 300 nM, 500 nM, 1000 nM and 2000 nM. Blank � 0.02 M HCl bu�ered solution

and PAN reagent mixture.

Results for 300nM, 500 nM, 1000 nM and 2000 nM manganese standards are shown

(Figure 4.23 to 4.26).
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Figure 4.23: Spe
trophotometri
 measurements. PAN-SDS. Sample in 0.02 M HCl. 300

nM Repli
ate 1 and Repli
ate 2. Blank � 0.02 M HCl bu�ered solution and PAN reagent

mixture.
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Figure 4.24: Spe
trophotometri
 measurements. PAN-SDS. Sample in 0.02 M HCl. 500

nM Repli
ate 1 and Repli
ate 2. Blank � 0.02 M HCl bu�ered solution and PAN reagent

mixture.
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Figure 4.25: Spe
trophotometri
 measurements. PAN-SDS. Sample in 0.02 M HCl. 1000

nM Repli
ate 1 and Repli
ate 2. Blank � 0.02 M HCl bu�ered solution and PAN reagent

mixture.
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Figure 4.26: Spe
trophotometri
 measurements. PAN-SDS. Sample in 0.02 M HCl. 2000

nM Repli
ate 1 and Repli
ate 2. Blank � 0.02 M HCl bu�ered solution and PAN reagent

mixture.

The raw data are given in Appendix A. These data show that for the matri
es tested

the Mn-PAN formed rapidly and remained stable for at least 15 minutes.

4.6.2 PAN - SDS - method performan
e

Linearity is studied by preparing a series of di�erent standards with 
on
entrations of

between 200 and 1000 nM for spe
trophotometri
 analysis.

In this study the pre
ision within a set of measurements was determined. The

standard deviation was 
al
ulated from the absorban
e values for repli
ates of a �xed


on
entration of manganese. The per
ent relative standard deviation was 
al
ulated.

To assess the limit of dete
tion an appropriate number of blanks were analysed and

the standard deviation of these responses was 
al
ulated. In this study the limit of

dete
tion was 
al
ulated based on the standard deviation of the response and the slope

of the 
alibration 
urve at levels approximating the LOD a

ording to the formula LOD

“ 3.0 ˆ pstandarddeviation{slopeq The 
al
ulated LOD value of 14 nM, and the values

are presented Table 4.3.
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Table 4.3: Spe
trophotometri
 measurements. PAN SDS. Sample in 0.02 M HCl. Sample

bu�er 0.04 M NaOH.

Spe
trophotometri
 measurements.

PAN - SDS. 560 nm.

Mn(II)

[nM℄

Rep Abs STD DEV % RSD Slope R-squared

LOD

[nM℄

Blank

1 0.005979

0.001 19.49

0.2435 0.96 14

2 0.004602

3 0.006737

4 0.007019

5 0.004667

300

1 0.092313

0.003 2.68

2 0.098291

3 0.094766

4 0.098443

5 0.096286

500

1 0.13786

0.001 1.08

2 0.138184

3 0.135881

4 0.134592

5 0.136751

1000

1 0.241160

0.091 3.81

2 0.225866

3 0.230089

4 0.231544

5 0.217151

Relative standard deviations for data 
olle
ted for standards prepared with 0.02 M

HCl varied between 19.49% and 1.08 %.

Linearity plots of absorban
e values against the 
on
entration of manganese in nM

are presented in Figures 4.27 to 4.29. Calibration 
urves were 
onstru
ted by plotting

absorban
e against the 
on
entration in nM. Slope inter
ept and 
orrelation 
oe�
ient

values are presented in Table 4.4. The standards were prepared with MQ, 0.01 M and 0.02
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M HCl solution and mixed with sample bu�er and reagent in the ratio 10 : 1 : 1v{v{v.

The sample bu�er was prepared by dissolving bori
 a
id in 0.15 M and 0.4 M NaOH

solution respe
tively. For samples prepared with MQ no bu�er was used.

Table 4.4: O� 
hip (560 nm) spe
trophotometri
 
alibration data.

Summary of o� 
hip spe
trophotometri
 
alibration data. 560 nm.

Matrix

Con
entration range

[nM℄

Slope R squared Bu�er system

MQ 300, 400, 600 0.2603 0.971 no bu�er

0.01 M HCl 300, 500, 1000, 2000 0.2461 0.998 bori
 a
id in 0.15 M NaOH

0.02 M HCl 200, 400, 500, 1000 0.2380 0.984 bori
 a
id in 0.4 M NaOH
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Figure 4.27: Spe
trophotometri
 measurements. PAN SDS. 300 nM, 400 nM, 600 nM.

Calibration. Samples in MQ. Blank � MQ and PAN reagent mixture.
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Figure 4.28: Spe
trophotometri
 measurements. PAN SDS. 300 nM, 500 nM, 1000 nM

and 2000 nM. Calibration. Samples in 0.01 M HCl. Blank � 0.01 M HCl bu�ered solution

and PAN reagent mixture.
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Figure 4.29: Spe
trophotometri
 measurements. PAN SDS. 200 nM, 400 nM, 500 nM

and 1000 nM. Calibration. Samples in 0.02 M HCl. Blank � 0.02 M HCl bu�ered solution

and PAN reagent mixture.

PAN reagent is the major sour
e of the blank in the method used, however during

UV-VIS spe
trophotometri
 measurements the blank sample was re
orded as the ba
k-

ground value and dedu
ted automati
ally before standard measurements. To quantify

the level of the blank the data reported in Table 4.3 were used and 
alibration slope was

applied 0.2380 (Figure 4.29). Blank was 
al
ulated as about 24 nM.

The spe
trophotometri
 measurements data used to 
onstru
t the 
alibration 
urves

96



M. Skiba 4.6. PAN REAGENT PREPARED WITH SDS

are shown in Table 4.5.
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Table 4.5: The spe
trophotometri
 measurements data used to 
onstru
t the 
alibration 
urves.

Spe
trophotometri
 
alibration data

O� 
hip measurements

Matrix

MQ 0.01 M HCl 0.02 M HCl

Con
entration

Mn(II)

[nM℄

Rep mAbs

Con
entration

Mn(II)

[nM℄

Rep mAbs

Con
entration

Mn(II)

[nM℄

Rep mAbs

300 1 100.7

300

1 91.6

200

1 61.0

400 1 116.4 2 94.0 2 69.6

600 1 154.9

500

1 152.4

400

1 110.2

- - - 2 154.8 2 123.2

- - -

1000

1 268.3

500

1 143.6

- - - 2 265.6 2 136.4

- - -

2000

1 509.2

1000

1 259.7

- - - 2 509.8 2 236.7

9
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Se
tion 4.6.3 reports the appli
ation of the improved assay in a lab on 
hip format.

4.6.3 Appli
ation of PAN method on 
hip - PAN - SDS

Experiments were performed on 
hip using PAN-SDS regent. Manganese standards at

di�erent 
on
entrations were prepared and used for manganese determination on 
hip

(as des
ribed in se
tion 2.1). Samples were introdu
ed as des
ribed in se
tion 4.2.1.

The PAN�Mn 
omplex absorbs at 560 nm and the LED used in the 
hip is 
entered

on 572 nm (full width half maximum „ 30 nm), therefore the o� 
hip spe
trophotometri


results with 10 
m 
ell are reported for 572 nm together with on 
hip results (10 
m opti
al


ell) (Table 4.6) (Figures 4.30 and 4.31 and 4.32).

Table 4.6: Summary of o� 
hip and on 
hip spe
trophotometri
 
alibration data (10 
m


ell).

Summary of o� 
hip and on 
hip spe
trophotometri
 
alibration data.

Matrix

0.02 M HCl

Con
entration range

[nM℄

Slope R-squared Bu�er system

O� 
hip

572 nm

200, 400, 500, 1000 0.0917 0.992 bori
 a
id in 0.4 M NaOH

On 
hip 200, 400, 500, 1000 0.1085 0.928 bori
 a
id in 0.4 M NaOH
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y = 0.09166*x + 2.913

Figure 4.30: Spe
trophotometri
 measurements. PAN SDS. 200 nM, 400 nM, 500 nM

and 1000 nM. Calibration. Samples in 0.02 M HCl. 572 nm. O� 
hip. Blank � 0.02 M

HCl bu�ered solution and PAN reagent mixture.
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Figure 4.31: Spe
trophotometri
 measurements. PAN SDS. 200 nM, 400 nM, 500 nM

and 1000 nM. Calibration. Samples in 0.02 M HCl. On 
hip. Blank � MQ.
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Figure 4.32: Spe
trophotometri
 on and o� 
hip measurements. PAN SDS.

The spe
trophotometri
 measurements data used to 
onstru
t the 
alibration 
urves

are shown in Table 4.7.

100



M. Skiba 4.6. PAN REAGENT PREPARED WITH SDS

Table 4.7: Spe
trophotometri
 
alibration data. On and o� 
hip measurements (572

nm).

Spe
trophotometri
 
alibration data

On and o� 
hip measurements (572 nm)

On 
hip O� 
hip

Con
entration

Mn(II)

[nM℄

Rep mAbs

Con
entration

Mn(II)

[nM℄

Rep mAbs

200

1 23.2

200

1 19.7

2 40.2 2 22.0

400

1 65.5

400

1 38.0

2 72.5 2 44.9

500

1 71.9

500

1 50.5

2 57.8 2 49.7

1000

1 119.2

1000

1 95.9

2 112.9 2 90.6

The voltage response from analysed standard solutions on 
hip was re
orded and the

results are shown in Figures 4.33 and 4.34, showing the response for 500 nM and 1000 nM

manganese standards. Note that here the graphs are showing voltage (transmittan
e)

against 
on
entration, not absorban
e.
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Figure 4.33: On 
hip measurements. PAN SDS. Blank, 500 nM, 1000 nM. Blank � 0.02

M HCl bu�ered solution and PAN reagent mixture.
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Figure 4.34: On 
hip measurements. PAN SDS. 500 nM.

The sample and reagent were introdu
ed to the 
hip and the data show that a 
onsis-

tent signal was obtained in the experiments for the samples di�used in the measurement


ell.

Drift is the long-term 
hange in the average signal when no 
hanges have been made

by the operator to the main 
ontrols of the instrument. Drift 
an be 
aused by a variety

of fa
tors in
luding for example 
hange in temperature of the 
hip system being used,

or variability in the power supply output. The noise 
ould be improved if needed by

smoothing algorithms [109℄. Drift in these types of system is best allowed for by regular


alibration and if ne
essary the data 
orre
ted for this long term 
hange.

The 
alibration 
urve 
reated for on-
hip measurements with no pre-
on
entration,

see Figure 5.16 on page 123 (slope value 0.1386). For information the 
alibration data

were used to 
onvert the drift voltage values presented on Figure 4.34 into Mn(II) 
on-


entrations (Figure 4.35).
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Figure 4.35: On 
hip measurements. PAN SDS. 500 nM. Voltage values 
onverted to

Mn(II) 
on
entrations.

4.7 Summary and 
on
lusions

In both on 
hip and o� 
hip spe
trophotometer measurements of manganese with the

PAN method reported by Chin et al. [40℄ signi�
ant variability was observed both be-

tween repeats and over time.

To test the performan
e of the 
hip the iron method used in the past on the 
hip

was used and good results were obtained. The 
on
lusion from this test was that the


hip used for test experiments was performing as expe
ted.

The PAN Triton X-100 reagent was observed under the mi
ros
ope and showed the

reagent was forming parti
les. Absorban
e measurements of manganese standards were

performed using a UV-VIS spe
trophotometer and results proved the absorban
e values

of the standards analysed were rapidly 
hanging and the absorban
e values for standard

solutions at higher 
on
entration were most a�e
ted.

The PAN reagent was prepared with a bigger volume of Triton X-100 solution (15

mL as opposed to 5 mL per 250 mL of reagent). The reagent did not appear to form

parti
les with time after in
reasing the volume of surfa
tant added, and the mixing

time during reagent preparation. However tests were performed on 
hip and the results

showed that the values obtained from the same standard solution were not repeatable.

The absorban
e of manganese standards premixed with PAN reagent prepared with 15

mL of Triton X-100 were then measured using a ben
h UV-VIS spe
trophotometer. The

103



CHAPTER 4. DEVELOPMENT OF THE MICROFLUIDIC CHIP AND A

APLICATION OF THE PAN TECHNIQUE

results showed that absorban
e values fell over time.

The SDS surfa
tant has been reported in the literature as suitable for use with

the PAN method and this surfa
tant was 
hosen as an alternative to Triton X-100 for

PAN reagent preparation. Absorban
e measurements of manganese standards using a

UV-VIS spe
trophotometer with PAN reagent prepared with SDS solution gave stable

absorban
es over at least 15 minutes. A good 
alibration 
urve was obtained with good

pre
ision and LOD values.

The PAN reagent prepared with SDS solution was used for manganese standard

measurements on the mi
ro�uidi
 
hip with good response in relation to 
on
entration

of standards used (voltage values for Blank, 500 nM and 1000 nM of manganese). Given

the superior performan
e of the SDS over Triton X-100, this was used in the subsequent

development of the system.
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Chapter 5

On-ben
h Lab on a Chip

spe
trophotometri
 manganese

analyser with pre-
on
entration
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lusions . . . . . . . . . . . . . . . . . . . . . . 155

5.1 Introdu
tion

With the tests of the PAN 
olorimetri
 determination on 
hip 
ompleted, as des
ribed

in Chapter 4, the next stages were the design of the analyser 
hip and 
onstru
tion

of the on-ben
h system for manganese determination with PAN. Some aspe
ts of the

design needed to be optimised on simpler 
hips prior to building of the �nal analyti
al
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system. This was followed by system tests, optimisation of the elution stage and analysis

of manganese standards and a 
erti�ed referen
e material.

5.2 System parts and materials

The fabri
ation methods and 
omponents of the mi
ro�uidi
 devi
e used for manganese

determination follow the general pro
edures in Chapter 2 with the additional in
orpora-

tion of the resin 
olumn.

For the purpose of this proje
t I designed and produ
ed test mi
ro�uidi
 
hips fol-

lowing the above pro
edure. The mi
ro�uidi
 
hips are designed using Autodesk Inventor

Professional software. The produ
tion and building of the 
hip is based on the materials

reported by Floquet at al. [72℄.

The prototypes of the mi
ro�uidi
 pre-
on
entration 
hip used for the manganese

pre-
on
entration and dete
tion was designed with all on-
hip mi
ro
hannels being 150

µm wide and 300 µm deep, ex
ept the 100 mm long opti
al absorption 
ell where both

500 µm and 600 µm width 
hannels were tested, both 
hannels were 300 µm deep.

The solutions were dire
ted into the 
hip through the 
hannels and �ows were 
on-

trolled with Hamilton Syringe Pumps (s
hemati
 of the system shown in Figure 5.1). The

dire
tion of �ow of �uids through the system was 
ontrolled with solenoid valves (Lee

Produ
ts 300 Series) and the sensor as a whole was managed by a LabView program,

prepared by Vi
toire Rerolle and later modi�ed by Jeroen Broeders, with data 
olle
tion

using a National Instruments NI 6009 
ard.
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Acid

MQ

Sample
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Standard 2

Buffer

Reagent

Waste

Detector Light source

Measurement cell

Pump 1

Pump 2

Pump 3

Pump 4

Resin column

Valve

Figure 5.1: Diagram showing the solutions dire
ted into the 
hip with Hamilton Syringe

Pumps used to 
ontrol the �ows.

The pre-
on
entration part of the system used Toyopearl 650AF resin, pa
ked into

a mi
ro-
olumn of 20 µL internal volume (see Chapter 3). The resin material was pa
ked

in the PTFE tube (0.8 mm ID) and held in pla
e with polypropylene frits. The 
olumn

was atta
hed to the 
hip with plasti
 tubing and 0.25 in
h Delrin 
onne
tors (see Chapter

4). All other tubing used in the system was 0.3 mm id PTFE.

5.2.1 Mi
ro�uidi
 
hip - opti
al 
ell optimisation

The �rst stage in the preparation of the manganese analyser was the design and optimisa-

tion of the main 
omponent of the system, the mi
ro�uidi
 
hip. The reagent and sample

(or standard or blank) are pumped simultaneously into the opto�uidi
 
ell. Be
ause of

the low Reynolds number the �ow is laminar and mixing between adja
ent streams is by

di�usion only. In this parti
ular implementation the di�usive mixing and rea
tion takes

pla
e with the �ow stopped. The di�usion time (t) in
reases with width of the 
hannel:

t=w2
/D

where: w - width of the 
hannel; D - di�usivity of the di�using mole
ule

An important fa
tor a�e
ting the time required for the solutions to fully mix in

the measurement 
hannel in the 
hip is the width of the measurement 
ell. Therefore

experiments were performed to observe the response obtained from a MQ-dye solution

analysed on 
hip with measurement 
ell of 500 µm and 600 µm width. Greater widths
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of 
ell lead to ex
essive di�usion times, and narrower widths redu
e the light passing

through the 
ell but give qui
ker di�usive mixing times. The total time for full 
olor

development is a fun
tion of the time taken to a
hieve di�usive mixing, and the rea
tion

kineti
s. Previous work [62℄ suggested that about 500 µm width should be best.

Design of the 
hip used for the experiments with 500 µm 
ell width is shown in

Figure 5.2. The 
hip was designed and produ
ed by Alexander Beaton. The middle 
ell

is 500 µm wide and this 
ell was used for measurements. In Figure 5.2 round features at

the end of 
hannels represent �uid 
onne
tor inlets/outlets, small re
tangles to the right

photodiodes, and to the left of the measurement 
ell are LEDs.

Figure 5.2: Test 
hip design with measurement 
ell 500 µm wide.

The 
hip used for the experiments with a 600 µm 
ell width is shown in Figure 4.3

in subse
tion 4.2.1 as the other 
hannels on the 
hip in Figure 5.2 were not fun
tioning.

The response from the MQ water di�used with MQ-red dye solution on 
hip with

the 500 µm 
ell is shown in Figure 5.3.
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Figure 5.3: Test 
hip - measurement 
ell 500 µm wide. MQ water di�used with MQ-red

dye solution.

The response from the MQ water di�used with MQ-red dye solution on 
hip with

the measurements 
ell 600 µm wide is shown in Figure 5.4.
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Figure 5.4: Test 
hip - measurement 
ell 600 µm wide. MQ water di�used with MQ-red

dye solution.

High absorption at �rst 10 - 60 se
onds whi
h then de
reases to a steady state value

(Figure 5.3 and 5.4) was the time when the sequen
e was started and the solutions were

�owing through the 
hip. The end of the steady response and the beginning of the rise

of the signal is when the �ow was stopped and the solutions started di�using in the

measurement 
ell. Higher light output for MQ and MQ-dye solution in 500 µm 
hannel

was the result of the LED 
urrent set up and the way the 
hip was produ
ed.

The response re
orded after the di�usion time from both 
hips is presented in Table

5.1.

109



CHAPTER 5. ON-BENCH LAB ON A CHIP SPECTROPHOTOMETRIC

MANGANESE ANALYSER WITH PRE-CONCENTRATION

Table 5.1: The response from the MQ water di�used with MQ-red dye solution on 
hip

with the measurements 
ell 600 µm and 500 µm wide

Results from tests on 
hip with 500 µm and 600 µm 
ell width.

Response re
orded after di�usion time.

500 µm 600 µm

Time

[se
onds℄

MQ MQ-dye MQ MQ-dye

500 - - 3.333 V 2.964 V

200 4.255 V 4.003 V - -

The results 
learly show that when the solutions di�use and rea
t in the 500 µm


ell a shorter di�usion time is required for the solution to mix in the measurement 
ell

and the signal to stabilise (about 200 se
onds for 500 µm 
ell and about 500 se
onds for

600 µm 
ell).

As a result of these experiments the 
hip with the 500 µm width measurement


ell was 
hosen for the �nal design of the manganese analyser. Smaller width of the


hannel 
ould be tested for future systems. With this stage 
ompleted, the next steps

were planning the operation of the system and the design of the mi
ro�uidi
 
hip for

manganese determinations with the pre-
on
entration 
olumn.

5.2.2 System design

In the initial plan the idea was to build an in-situ system in whi
h the 
hip was dire
tly


oupled to a Sensors Group designed piston pump. Therefore a diagram was 
reated to

show how the solutions are dire
ted in the system, the valves used to 
ontrol the �ow of

solutions, and pumps to withdraw and inje
t ea
h solution through the mi
ro�uidi
 unit

(Figure 5.5).
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Figure 5.5: Diagram showing the �ow of solutions in the system with pumps and valves

(
rosses in 
ir
les).

After the plan of the system was 
reated, I then designed a suitable mi
ro�uidi



hip, shown in Figure 5.6. The design of the 
hip in
orporates the spa
e to implement

the 
ustom designed pump, in the middle of the unit. The 
urved top and bottom edges

were to allow easy installation in a pressure 
ase needed for in-situ deployment.
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Figure 5.6: The �rst design for on ben
h 
hip with the 
ustom designed pump imple-

mented on the 
hip. Top to bottom distan
e was around 120 mm.

In this proposed design the sequen
e for valve and pump operation for the system

with built in pump was prepared and the steps of analysis were planned. In this sequen
e

the solutions are withdrawn from the 
ontainers and inje
ted into the mi
ro�uidi
 unit.

The pump 
onsists of two 800 µL volume barrels and two 80 µL volume barrels. The

big barrels may be used to pump MQ, standards, sample and a
id solution and the

small barrel to pump the reagent. The sample and the reagent are introdu
ed to the

measurement 
ell and the data are re
orded during the di�usion time.

However, there were important reasons why it was not possible to build the in-situ

system with built in pumps at this stage of the proje
t. There was not enough time to

build the in-situ system, within the short proje
t time frame, as the building of su
h

system requires work from many members of the Sensors Group in addition to my input.

The de
ision was made to start with the on-ben
h version of the system using ben
h top
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Harvard syringe pumps to pump the solutions through the system, instead of the 
ustom

made in situ pump. The system was operated with a LabView program, rather than

the 
ustom made software used in earlier devi
es [62℄. The 
hip design and produ
tion

pro
ess is detailed in Chapters 2 and above. Initial designs used a serpentine mixer in

addition to in 
ell di�usion, but these were not used be
ause of problems with �ushing

the mixing unit between samples. My �nal design of the 
hip for on-ben
h manganese

determination is presented in Figure 5.7. The 
ir
ular shape was to fa
ilitate manufa
ture

in the Sensors Group by Gregory Slavik.

Reagent

Buffer    

Figure 5.7: Final design for on ben
h 
hip for use with syringe pumps. P “ Hamilton

Syringe pump inlet, V “ Lee valves.

In the operation sequen
e the solutions are withdrawn from the blood-bag 
ontainers

and inje
ted to the mi
ro�uidi
 unit (with appropriate valves opened or 
losed). The

four syringe Hamilton pumps are used to withdraw and inje
t the solutions. Pump 1 is

used to pump MQ, standards and sample with volume of the syringe 1000 µL. Pump
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2 is used to pump a
id solution with volume of the syringe 500 µL. Pump 3 is used to

pump the reagent with volume of the syringe 250 µL. Pump 4 is used to pump the bu�er

solution with volume of the syringe 250 µL.

In the �rst step of the sequen
e valve 1 is open and MQ is withdrawn into syringe 1,

then valve 1 is 
losed and valves 5 and 12 opened and MQ is inje
ted into the system to


lean the 
hannels. This stage is repeated multiple times. The next stage is to withdraw

the solutions (syringe 1), standard or sample (standard 1 - valve 2 open, standard 2 -

valve 3 open, sample - valve 4 open) and then to inje
t solution into the system (valves

5 and 12 open) and through the pre-
on
entration 
olumn and the measurement 
ell to

the waste outlet (valve 12). In the next stage the a
id solution is withdrawn into syringe

2 with valve 7 open, the reagent is withdrawn into syringe 3 with valve 8 open, and the

bu�er solution is withdrawn into syringe 4 with valve 10 open. The a
id, reagent and

the bu�er are inje
ted into the system at the same time (valve 6, 9 and 11 open, syringes

2, 3 and 4 pumped). The sample, reagent and bu�er are introdu
ed to the measurement


ell at ratio of 10:1:1 v/v/v with the �ow stopped and the data are re
orded during the

di�usion and rea
tion time.

The internal volumes of the 
hannels were 
al
ulated before the sequen
e of opera-

tion was �nally de
ided upon (Table 5.2).
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Table 5.2: Internal volumes of the 
hannels

Channels - internal volumes

Channel

between start and end point

Length

[mm℄

Width and depth

of the 
hannel

[µm℄

Volume

[µL℄

measurement


ell

100.0 500/300 15

from 
olumn outlet

to start of measurement 
ell

50.3 300/300 5

between a
id valve (V6)

and 
olumn inlet

19.5 300/300 2

between bu�er pump outlet (P3)

and measurement 
ell

28.0 300/300 3

between a
id valve (V6)

and start of measurement 
ell

31.4 300 3

between a
id valve (V6)

and end of measurement 
ell

46.4 300 4

internal 
olumn

(resin)

- - 20

between the 
olumn outlet

and the 
hip

- - 4.7

between the 
olumn inlet

and the 
hip

- - 4.7

The sequen
e for valve and pump operation for the on-ben
h system is presented in

Table 5.3.
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Table 5.3: Sequen
e of operation for the system, with �nal volumes used

On ben
h system. Syringe pumps.

Operation sequen
e. Solutions, pumps and valves.

Solution

Valve open

(pump

withdrawing)

Valve open

(pump

inje
ting)

Pump

Withdrawing (W)

Inje
ting (I)

Volume

[µL℄

(Example)

Flow

[µL/min℄

(Example)

Comments

MQ

V 1 - P 1 W 1000 600 -

- V 5, V 12 P 1 I 1000 600 -

Standard 1

(Standard 2)

(Sample)

V 2

(V 3)

(V 4)

- P 1 W 1000 600 -

- V 5, V 12 P1 I 1000 200 -

A
id

Bu�er

Reagent

V 7

V 10

V 8

-

P 2

P 4

P 3

W

300

30

30

600

60

60

-

A
id

Bu�er

Reagent

-

V 6, V 9,

V 11, V 12

P 2

P 4

P 3

I

300

30

30

600

60

60

-

- - - - - - - Di�usion

MQ

V 1 - P 1 W 1000 600 -

- V 5, V 12 P 1 I 1000 600 -

1
1
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With the 
hip produ
ed and the set-up of the system for on-ben
h manganese deter-

mination 
ompleted, the next stage was to test the performan
e of the system by making

measurements with the Mn-PAN 
hemistry.

5.3 System performan
e

The initial experiments were performed with no pre-
on
entration to 
he
k on response

and 
olor formation; the resin 
olumn was repla
ed by a plasti
 tube.

The manganese standards were prepared with 0.02 M HCl and mixed with sample

bu�er and the reagent solution (see Chapter 4 for preparation details). A premixed solu-

tion of manganese standard, bu�er and reagent in the ratio 10:1:1 v/v/v was introdu
ed

into the measurement 
ell. Data were 
olle
ted for 500 nM and 1000 nM manganese

standards. The results in Figure 5.8 show responses 
orresponding to the manganese


on
entrations analysed. The values re
orded showed signi�
ant variability (data in Ap-

pendix B Table B1).
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Figure 5.8: Mn standard measurements (500 nM and 1000 nM) with PAN-SDS. Solutions

premixed before inje
ting in to the 
hip.

The 
alibration 
urve was 
reated for on-
hip measurements with no pre-
on
entration,

see Figure 5.16 on page 123 (slope value 0.1386). For information the 
alibration data

were used to 
onvert the drift voltage values presented on Figure 5.8 into Mn(II) 
on
en-

trations (Figure 5.9).
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Figure 5.9: Mn standard measurements (500 nM and 1000 nM) with PAN-SDS. Solutions

premixed before inje
ting in to the 
hip. Voltage values 
onverted to nM 
on
entrations.

The next stage was to test if similar results were obtained when the solutions where

introdu
ed to the mi
ro�uidi
 unit at the designed ratio and the di�usion o

urred in the

measurement 
ell. The manganese standard samples were prepared and introdu
ed to

the 
hip to mix with the sample bu�er and the reagent solution. The data were 
olle
ted

over the di�usion time, whi
h was 480 se
onds. The measurement was repeated four

times and the results obtained are shown in Figure 5.10 (data in Appendix B Table B2).
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Figure 5.10: Mn standards measurements PAN-SDS. Solutions di�used in the measure-

ment 
ell of the the 
hip. Blank and 1000 nM. Blank � 0.02 M HCl bu�ered solution and

PAN reagent mixture.

The experiment showed that the results were 
omparable with values measured for
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the premixed solutions with still signi�
ant variability. Further experiments with other

standards all showed signi�
ant variability in the standards run.

The tests performed on the system also demonstrated that there was an interferen
e


oming from the system ele
troni
s. There was a signal 
hange when the valves used in

the system were operated (Figure 5.11).
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Figure 5.11: MQ-dye measurement. Response re
orded when valves turn on/o�.

The valves and the LED were powered with a power supply and 
onne
ted through

2 valve driver boards and 1 
onstant 
urrent LED board. The LED was driven by the


onstant 
urrent supply, whi
h gave good stability as long as the power supply remained

stable. The power supply for the LED drive and the valves was shared, so the very small

voltage drop seen when the valves 
hanged state 
hanged the supply voltage enough on

the LED that the output 
hanged noti
eably to the TAOS. The LED was 
onne
ted to a

separate power supply and the problem was solved and there was no signal 
hange with

the valves operation.

After the initial measurements performed using Chip 1, the photodiode in the 
hip

was broken and the 
hip 
ould not be used for further experiments and a new mi
ro�uidi


unit was prepared.

With the new unit prepared and installed in the on-ben
h system, the next stage was

to test the performan
e and re
ord the voltage response for MQ, blank and manganese

standard solutions. The manganese standards were prepared in 0.02 M HCl (see Chapter

2) and introdu
ed to the 
hip to mix with the sample bu�er and the reagent solution.

The blank measurements were repeated 4 times and 500 nM manganese standard
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measurements were repeated 3 times. The results are presented in Figure 5.12 (data in

Appendix B Table B3).
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Figure 5.12: Manganese standard measurements PAN-SDS. Solutions di�used in the

measurement 
ell of the the 
hip. Blank and 500 nM. Blank � 0.02 M HCl bu�ered

solution and PAN reagent mixture.

The LED 
urrents were adjusted prior to, and then kept 
onstant throughout the

experiments. The blank measurements were performed and repeated and the relative

standard deviation between the measurements was 
al
ulated to be 1.99 % The results

are presented in Figure 5.13 (Table B4, Appendix B).

0 100 200 300 400 500 600
0

2

4

Blank

0 100 200 300 400 500 600
3.7

3.9

Time [s]

V
ol

t
[V

]

 

 

Blank Rep1
Blank Rep2
Blank Rep3
Blank Rep4
Blank Rep5
Blank Rep6
Blank Rep7
MQ

Figure 5.13: Blank measurements PAN-SDS. Solutions di�used in the measurement 
ell

of the 
hip. Blank � 0.02 M HCl bu�ered solution and PAN reagent mixture.

The subsequent experiments in
luded measurements of manganese standards, at 500
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nM (RSD = 3.74 % n=6) and 1000 nM (RSD = 7.23 % n=8). The experiments show

there is still signi�
ant variability with signi�
ant outliers (Tables 5.4 and 5.5, Figures

5.14 and 5.15).

Table 5.4: Mn standards measurements PAN-SDS. Solutions di�used in the measurement


ell of the the 
hip. 500 nM. Figure 5.14.

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.302 - -

500

[nM ℄

Mn(II)

1 3.196

0.12 3.752 3.132

3 3.310

4 0.005 (not in
luded in 
al
.)

5 3.398

6 3.464

7 3.273

8 0.004 (not in
luded in 
al
.)
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Figure 5.14: Mn standards measurements PAN-SDS. Solutions di�used in the measure-

ment 
ell of the the 
hip. 500 nM Repli
ates 1-7.

121



CHAPTER 5. ON-BENCH LAB ON A CHIP SPECTROPHOTOMETRIC

MANGANESE ANALYSER WITH PRE-CONCENTRATION

Table 5.5: Mn standards measurements PAN-SDS. Solutions di�used in the measurement


ell of the the 
hip. 1000 nM. Figure 5.15.

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.281 - -

1000

[nM ℄

Mn(II)

1 3.009

0.17 5.53

2 2.842

3 3.000

4 2.820

5 2.914

6 3.187

7 3.308

8 3.046
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Figure 5.15: Mn standard measurements PAN-SDS. Solutions di�used in the measure-

ment 
ell of the the 
hip. 1000 nM Repli
ates 1-8. Expanded y axis.

The results from measurements of manganese standards performed on the system

with no pre-
on
entration were used to 
onstru
t the 
alibration 
urve and 
al
ulate the

LOD. The data are shown in Table 5.6 and Figure 5.16.
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Figure 5.16: Calibration 
urve. No pre-
on
entration. Blank � MQ.

Table 5.6: On 
hip experiments. No pre-
on
entration.

Results from test on system with no pre-
on
entration

On 
hip measurements

Sample Rep mV T mAbs Slope R-squared

MQ - 4954 - - - -

Blank

1 4558 0.920 36.182

2 4568 0.922 35.230

3 4565 0.921 35.515

4 4528 0.914 39.050

500 nM

Mn(II)

1 4007 0.809 55.622

0.1386 0.832

2 3938 0.795 63.153

1000 nM

Mn(II)

1 3717 0.750 88.311

2 3707 0.748 89.452

The blank measurements were used to 
al
ulate the RSD at 4.79 % and the LOD

whi
h was about 38 nM (3SD).

Cal
ulations were performed to predi
t how the pre-
on
entration fa
tor would the-

oreti
ally 
hange with the volume of the sample and the resulting possible 
hanges for

the LOD. The predi
ted LOD value was 
al
ulated by dividing the LOD reported for the

system (38 nM) by the pre-
on
entration fa
tor (Table 5.7).
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Table 5.7: Relation between the volume of the sample and the pre-
on
entration fa
tor

and the resulting theoreti
al LOD

Theoreti
al LOD


al
ulated using the pre-
on
entration fa
tor

Sample volume

rµLs

A
id volume

rµLs

Pre-
on
entration

fa
tor

LOD

[nM℄

1000

300 3.33 11.40

150 6.67 5.70

50 20.00 1.90

2000

300 6.67 5.70

150 13.33 2.85

50 40.00 0.95

3000

300 10.00 3.80

150 20.00 1.90

50 60.00 0.63

5000

300 16.67 2.28

150 33.33 1.14

50 100.00 0.38

6000

300 20.00 1.90

150 40.00 0.95

50 120.00 0.32

When the volume of the eluting a
id would be 50 µL and the sample volume 6000

µL the pre-
on
entration fa
tor 
al
ulated was 120 with 
al
ulated theoreti
al LOD of

0.32 nM.

The data 
olle
ted during the experiments assessing the performan
e of the system

(subse
tion 5.3 System performan
e) were used to quantify the variability between the

results in terms of manganese 
on
entration using the 
alibration 
urve (data in Table

5.6). The variability reported for data sets was 
al
ulated between the highest and the

lowest Volt value. The 
al
ulated di�eren
e would 
orrespond to: in Figure 5.8 � about

190 nM for 1000 nM standard (n=2) with %RSD 12.61; in Figure 5.10 � about 280 nM

for 1000 nM standard (n=4) with %RSD 30.34; in Figure 5.12 � about 60 nM for 500 nM

standard (n=3) with %RSD 4.16; in Figure 5.14 � about 315 nM for 500 nM standard

(n=6) with %RSD 32.98; in Figure 5.15 � about 500 nM for 1000 nM standard (n=7)

with %RSD 29.86.
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Milani et al. [62℄ reports �rst autonomous analyser for the routine in-situ deter-

mination of dissolved Fe(II) and manganese in aquati
 environments. The sensor uses

mi
ro�uidi
 Lab-On-A-Chip te
hnology and mixes reagents and samples in-line by dif-

fusion. In the des
ribed system manganese 
an be measured with a frequen
y of up to

6 samples per hour with limits of dete
tion of 27 nM for Fe(II), 2.1 % pre
ision (n=20)

and 28 nM for manganese, 2.4 % pre
ision (n=19).

The spe
trophotometri
 method used by Milani et al. [62℄ was modi�ed with the use

of di�erent surfa
tant. The theoreti
al LOD reported for the system used with modi�ed

method is 38 nM with no pre-
on
entration. However due to the system error / variability

between the results the 
urrent system does not allow for a

urate assessment of values

of LOD of the system.

The next stage was to perform tests on the pumping system. The following ex-

periments were designed to test the system without the use of the 
hemi
al method, to

ex
lude this variable and not waste 
hemi
al reagents, by using MQ water 
oloured with

red food dye solution.

In the initial experiment the MQ-dye solution was pumped using pump 4 (the pump

used in the analyser to pump bu�er solution). The measurements were repeated 11 times.

The results are shown in Figure 5.17 and the RSD 
al
ulated was 1.58 % (Table B5,

Appendix B);(additional data in Tables B6 - B9, Appendix B).
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Figure 5.17: Dye-MQ measurements. Rep 1-11. Expanded y axis.

In subsequent experiments the MQ-dye solution was pumped through the system

using pumps 2, 3 and 4 separately and simultaneously and ea
h pump was set to a �ow
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rate of 60 µL{min. The results are shown in Table 5.8.

Table 5.8: Pump tests using dye solution. Pump number and the solutions pumped

in the system for manganese determination are listed for information: pump 1 � MQ,

standatd, sample; pump 2 � a
id solution; pump 3 � reagent; pump 4 � bu�er.

Pump tests. Dye-MQ.

Pump

Flow

µL{min
Rep % RSD

2

60

n=11 1.58

3 n=4 0.75

4 n=5 1.24

2,3,4 n=6 4.14

The experiments using the MQ-dye solution demonstrated the variability between

the pumps. For example the variability (
al
ulated between the highest and the lowest

Volt value in terms of manganese 
on
entration would 
orrespond to value about 250 nM

(for samples between 500 nM and 1000 nM (value 
al
ulated using data from Table 5.6,

by taking the di�eren
e (0.3 V), and 
al
ulating 
orresponding manganese 
on
entration

using the 
alibration 
urve.) Whilst RSDs overall look good, the problem of outliers is

still there suggesting potentially a problem with the pumps.

5.4 Pump system tests

To test the performan
e of the Hamilton syringe pumps, a

ura
y was tested by pumping

spe
i�
 volumes of solution and weighing the mass pumped. MQ water was pumped

through the system with pumps 2,3 and 4 separately and then simultaneously (60 or 600

µL{min) and the water was 
olle
ted when exiting the system through the waste line.

The weight measurements were made and the results are shown in Table 5.9 to 5.15. An

assumed density of water of 1.000 g/mL was used in the 
al
ulations. The density of

water at lab temperature (20

˝
C) is 0.99883 g/mL, and so any variation in error 
aused

by density di�eren
e would be less than 0.12 % of the volume.

In the experiment where only pump 2 was tested the error 
al
ulated was between

1.1 % and 2.1 % (n=3). The results are summarised in Table 5.9.
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Table 5.9: Pump test. Pump 2 used at �ow rate 600 µL{min for 60 se
onds.

Pump Test Experiment 1

Pump 2 Flow rate Total Volume

600 µL{min 600 µL % Error

Volume Error

µL

Rep Mass [g℄

mass %

of volume pumped

1 0.5924 98.7 1.3 7.8

2 0.5933 98.9 1.1 6.6

3 0.5876 97.9 2.1 12.6

In the experiments where only pump 3 was tested the 
al
ulated error was 2.2 %

and 2.5 % (n=2). The results are summarised in Table 5.10.

Table 5.10: Pump test. Pump 3 used at �ow rate 60 µL{min for 200 se
onds.

Pump Test Experiment 2

Pump 3 Flow rate Total Volume

60 µL{min 200 µL % Error

Volume Error

µL

Rep Mass [g℄

mass %

of volume pumped

1 0.1955 97.8 2.2 4.4

2 0.1950 97.5 2.5 5.0

In the experiments where only pump 4 was tested the 
al
ulated error was 6.2 %

and 1.3 % (n=2). The results are summarised in Table 5.11.
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Table 5.11: Pump test. Pump 4 used at �ow rate 60 µL{min for 200 se
onds.

Pump Test Experiment 3

Pump Flow rate Total volume

Pump 4 60µL{min 200µL

Rep

Mass

[g℄

Mass %

of volume

pumped

% Error

Volume Error

[µL℄

1 0.1875 93.8 6.2 12.4

2 0.1973 98.7 1.3 2.6

The experiment was performed where pumps 2 and 3 were used. Pump 2 with �ow

600 µL{min and pump 3 with �ow 60 µL{min to obtain a ratio 10:1 v/v, as used in

the analyser system. The 
al
ulated error was between 1.4 % and 30.6 % (n“5), whi
h


orresponds to volume variation between 9.2 µL and 202.0 µL (total volume 660 µL.

The results are summarised in Table 5.12.

Table 5.12: Pump test. Pump 2, �ow 600 µL{min, pump 3, �ow 60 µL{min used

simultaneously for 60 se
onds.

Pump Test Experiment 4

Pump Flow rate Total volume

Pump 2 600 µL/min
660 µL

Pump 3 60 µL/min

Rep

Mass

[g℄

Mass %

of volume

pumped

% Error

Volume Error

[µL℄

1 0.6511 98.6 1.4 9.2

2 0.6343 96.1 3.9 25.7

3 0.5921 89.7 10.3 68.0

4 0.4583 69.4 30.6 202.0

5 0.6501 98.5 1.5 9.9

The experiment was performed where pumps 2 and 4 were used. Pump 2 with

�ow 600 µL{min and pump 4 with �ow 60 µL{min to obtain ratio 10:1 v/v, as used in

the analyser system. The 
al
ulated error was between 1.3 % and 16.9 % (n“5), whi
h


orresponds to volumes between 9.9 µL and 111.5 µL (total volume 660 µL. The results
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are summarised in Table 5.13.

Table 5.13: Pump test. Pump 2, �ow 600 µL{min, pump 4, �ow 60 µL{min used

simultaneously for 60 se
onds.

Pump Test Experiment 5

Pump Flow rate Total volume

Pump 2 600 µL{min
660 µL

Pump 4 60 µL{min

Rep

Mass

[g℄

Mass %

of volume

pumped

% Error

Volume Error

[µL℄

1 0.6414 97.2 2.8 18.5

2 0.6023 91.3 8.7 57.4

3 0.6171 93.5 6.5 42.9

4 0.5486 83.1 16.9 111.5

5 0.6511 98.7 1.3 9.9

In the following experiment pump 2 was set to 600 µL{min and pump 3 and 4 to

60 µL{min to obtain the ratio 10:1:1 v/v/v as it is used in manganese determination

experiments with the PAN method. The data 
olle
ted show the error was between 1.2

% and 3.3 % (n=5) whi
h 
orresponds to volumes between 8.6 µL and 23.8 µL for a

total volume of 720 µL. The results are summarised in Table 5.14.
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Table 5.14: Pump test. Pump 2, �ow 600 µL{min, pump 3 and 4, �ow 60 µL{min used

simultaneously for 60 se
onds.

Pump Test Experiment 6

Pump Flow rate Total volume

Pump 2 600 µL{min

720 µLPump 3 60 µL{min

Pump 4 60 µL{min

Rep

Mass

[g℄

Mass %

of volume

pumped

% Error

Volume Error

[µL℄

1 0.6966 96.7 3.3 23.8

2 0.7051 97.9 2.1 15.1

3 0.7004 97.3 2.7 19.4

4 0.7112 98.8 1.2 8.6

5 0.7094 98.5 1.5 10.8

The experiment was performed with all 3 pumps 2, 3 and 4 were used with the same

�ow set to 60 µL{min. The data 
olle
ted show the error was between 1.2 % and 3.5 %

(n“4) whi
h 
orresponds to volumes between 7.2 µL and 21.0 µL in a total volume of

600 µL. Data are summarised in Table 5.15.
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Table 5.15: Pump test. Pump 2, 3 and 4 used simultaneously at �ow rate 60 µL{min

for 200 se
onds.

Pump Test

Experiment 7

Pump Flow rate Total volume

Pump 2 60 µL{min

600 µLPump 3 60 µL{min

Pump 4 60 µL{min

Rep

Mass

[g℄

Mass %

of volume

pumped

% Error

Volume Error

[µL℄

1 0.5885 98.1 1.9 11.4

2 0.5790 96.5 3.5 21.0

3 0.5930 98.8 1.2 7.2

4 0.5916 98.6 1.4 8.4

The above results show that the error in the system as a result of the pump operation

may be as high as 30.6 % and is not reprodu
ible for all pumps used. Errors of this

magnitude will a�e
t the results as the ratio of solutions meeting and di�using in the

measurement 
ell is altered. When the volume ratio of solutions is not 
onsistent, this

will also result in the 
hange of the pH of the mixed solution.

The biggest e�e
t on the pH of the mixture is the volume of the bu�er solution.

Therefore the experiment was performed to determine how the 
hange in the pH of the

sample - bu�er - reagent mix is a�e
ted by the 
hange in the bu�er volume.

The experiments were performed where the volume of the bu�er in the sample -

bu�er - reagent mix was altered, with smaller volume of the bu�er solution added to

ea
h sample and pH of the resulting sample-mix re
orded. The % error was 
al
ulated

representing the volume of the bu�er. The results are summarised in Table 5.16 and

5.17.
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Table 5.16: Bori
 a
id bu�er volume error and its impa
t on pH 
hange. Bori
 a
id

dissolved in 0.4 M NaOH.

Bu�er Volume Error - pH 
hange.

Sample bu�er prepared in 0.4 M NaOH.

Eluting a
id

Volume

[µL℄

Sample Bu�er

Volume

[µL℄

Bu�er dedu
ted

Volume

[µL℄

Bu�er

dedu
ted

[%℄

A
id and Bu�er

mix

pH

5000 500 0.0 0.0 9.5

5000 495 5.0 1.0 6.0

Table 5.17: Bori
 a
id bu�er volume error and its impa
t on pH 
hange. Bori
 a
id

dissolved in 0.5 M NaOH

Bu�er Volume Error - pH 
hange.

Sample bu�er prepared in 0.5 M NaOH.

Eluting a
id

Volume

[µL℄

Sample Bu�er

Volume

[µL℄

Bu�er dedu
ted

Volume

[µL℄

Bu�er

dedu
ted

[%℄

A
id and Bu�er

mix

pH

5000 500 0.0 0.0 11.0

5000 495 5.0 1 10.0

5000 490 10.0 2 10.0

5000 480 20.0 4 10.0

5000 470 30.0 6 9.5

5000 460 40.0 8 9.0

5000 450 50.0 10 6.5

5000 400 100.0 20 5.0

The results show that a 1.0 % error in the volume of the bu�er in the mix results in

a pH 
hange from 9.5 to 6.0 (Table 5.16). At pH 6 
olour development will be impeded

with the PAN method (see Chapter 2). The bu�er solution was prepared where bori


a
id was dissolved with 0.5 M NaOH (bu�er B), to repla
e the bori
 a
id bu�er prepared

with 0.4 M NaOH (bu�er A) used in previous experiments to a
hieve higher pH of the

sample - bu�er - reagent mix. The pH measurements were repeated with the bu�er B

added to the sample and reagent mix. The results demonstrated that 6 to 8 % error in

the volume of the bu�er added still allowed the pH to stay above or equal to 9.0 (Table
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5.17). As pH 9.0 - 9.5 is required for PAN method, the bu�er B was used from this point

on in future experiments. This approa
h allowed 
ontinuation of the experiments with

the existing pump performan
e, despite the errors in volumes.

The response from the blank solution was measured on the system and repeated 5

times. The RSD for the blank sample was 
al
ulated to be 0.75 % (Figure 5.18, Table

B10 in Appendix B).
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Figure 5.18: Blank measurements. Solutions di�used in the measurement 
ell of the 
hip.

Bori
 a
id bu�er in 0.5 M NaOH. Repli
ates 1-5.

The measurement of a 2000 nM standard (n“6) gave a RSD of 15.93 % Results are

presented in Figure 5.19 (Table B11, Appendix B).
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Figure 5.19: Manganese standards measurements. 2000 nM. Solutions di�used in the

measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. Repli
ates 1-6.
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This experiment demonstrated that value measured for the 2000 nM standard re
orded

was below 3 Volt for the �rst two measurements and higher Volt values were obtained

for the following measurements, as high as the blank value. These higher values re
orded

may be the result of the pump error and lower pH of the mixed solution.

Subsequent experiments using 2000 nM standards showed the same pattern of low

Volt values re
orded for the �rst few measurements and higher values for the following

measurements. The results show the same pattern for the next three repeated sequen
es

Figure 5.20 to 5.22 (Tables B12 to B14 in Appendix B).
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Figure 5.20: Manganese standards measurements. 2000 nM. Solutions di�used in the

measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. Repli
ates 1-7.
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Figure 5.21: Manganese standards measurements. 2000 nM. Solutions di�used in the

measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. Repli
ates 1-5.
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Figure 5.22: Manganese standards measurements. 2000 nM. Solutions di�used in the

measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. Repli
ates 1-4.

Variability between the results 
olle
ted during the experiments (subse
tion 5.4

Pump system tests) was quanti�ed in terms of manganese 
on
entration using the 
ali-

bration 
urve (data in Table 5.6). The variability reported for data sets was 
al
ulated

between the highest and the lowest Volt value for 2000 nM standard. The 
al
ulated dif-

feren
e would 
orrespond to: in Figure 5.19 � about 875 nM (n=6) with %RSD 194.35;

in Figure 5.20 � about 1300 nM (n=7) with %RSD 92.04; in Figure 5.21 � about 395 nM

(n=5) with %RSD 111.96; in Figure 5.22 � about 400 nM (n=4) with %RSD 38.06.

The %RSD 
al
ulated for the 2000 nM standard measurements for pumped systems

was as high as 194.35 % and for manual system %RSD was 
al
ulated as 38.06 %.

Thus despite 
hanges to the bu�er partially 
ompensating for errors in volumes

observed, there was 
learly still una

eptable variability in response that seems to be

related to the pumps. Reasons for the variability in the volumes dispensed in
lude: 1)

air being withdrawn with the sample into the syringe altering the volume of the liquid

inje
ted as the results of 
ompression of the gas, 2) piston shaking or leaking, 3) a fault

with the pump me
hanism.

The LabView program used for the manganese determinations was 
hanged to allow

for a pause in the measurement sequen
e before the solutions are inje
ted into the mi-


ro�uidi
 unit. When the sequen
e was paused, the syringes were �lled manually and 
are

was taken to make sure the syringe was fully �lled with no air bubbles visibly present.

The results are presented in Figure 5.23 (Table B15 in Appendix B).
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Figure 5.23: Manganese standards measurements. 2000 nM. Withdrawn manually. So-

lutions di�used in the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH.

Repli
ates 1-5.

The 
al
ulated di�eren
e between the results (Figure 5.23) quanti�ed in terms of

manganese 
on
entration would 
orrespond to about 135 nM; 1165 nM less than highest

value reported (Figure 5.20) and 260 nM less than lowest value reported (Figure 5.21).

This approa
h made a positive di�eren
e and the results did not show 
hanges in

voltages from lower to higher in repeated measurements of manganese standard as previ-

ously observed. Whilst the manual operation seemed to improve the performan
e of the

system, there is the possibility that this was just 
oin
iden
e. As the result of this ex-

periment the solutions were taken up manually for all subsequent experiments performed

on the system. The work was 
ontinued with the existing set-up and modi�
ations to

minimise errors.

In the future the in-situ analyser will have a 
ustom made pump lo
ated dire
tly

on the mi
ro�uidi
 
hip and this should eliminate the error 
aused by the pump system

used in the 
urrent set-up.

5.5 Optimisation of elution

Whilst the elution pro�le of manganese from the Toyopearl resin had been examined

independently (see Chapter 3), it was not 
lear how in
orporating the resin 
olumn into

the �nal 
hip design might impa
t this elution pro
ess.

As the total volume of eluent needed to fully remove the manganese from the resin
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(about 500 µL, see Chapter 3) far ex
eeded the volume in the opti
al 
ell (15 µL), it

was important to investigate the signal obtained with de
reased total eluent volume, to

optimise the sensitivity of the system. The pro�le of the elution showed that most of the

manganese (about 80 %) was eluted in about 35 µL volume of eluent (see Chapter 3).

To observe the elution pro�le when the manganese sample was eluted from the


olumn on 
hip the LabView sequen
e was adjusted so that the eluting a
id solution

was inje
ted in 10 steps (about 480 se
onds wait time between ea
h step). The elution

inje
tions were optimised by 
hanging the volume of the a
id and 
omparing results. A

small volume of a
id was used for the elution in ea
h step (see below).

The �rst experiments were run with 1500 nM and 2500 nM Mn standards, with 1000

µL of standard solution loaded on the 
olumn and 900 µL a
id volume used for elution,

whi
h 
orresponds to 90 µL of a
id in ea
h step (Figure 5.24 and 5.25) (Table B16 and

B17 in Appendix B).
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Figure 5.24: Eluted manganese standard measurements. 1500 nM. Solutions di�used in

the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. 10 steps. 900 µL

a
id volume.
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Figure 5.25: Eluted manganese standard measurements. 2500 nM. Solutions di�used in

the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. 10 steps. 900 µL

a
id volume.

Note that in these �gures, voltage (i.e. transmission) is shown and so a low voltage

means high manganese 
on
entration.

The results for 1500 nM and 2500 nM manganese standard measurements eluted

with 900 µL a
id volume are summarised in Table 5.18.
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Table 5.18: The results for 1500 nM and 2500 nM manganese standard measurements

eluted with 900 µL a
id volume.

Eluted manganese standard measurements.

Total eluting

a
id volume

µL.

Eluting a
id volume

per step

[µL℄

Step

1500 nM

Mn(II)

[V℄

2500 nM

Mn(II)

[V℄

900 90

1 1.399 0.621

2 1.571 0.813

3 2.208 1.040

4 2.803 1.433

5 2.915 0.834

6 3.373 1.164

7 3.544 1.092

8 3.579 1.681

9 3.642 2.133

10 3.619 2.556

The results show the full elution of manganese within around 600 µL of a
id solution

for 1500 nM standard.

To assess if all manganese was eluted from the 
olumn the Volt values re
orded for

ea
h step were 
ompared to the value obtained for the blank solution (3.752 V). The Volt

value re
orded 
lose to the blank value suggests that all manganese was eluted for 1500

nM standard.

To observe more a

urately the �rst part of the elution pro�le, a lower volume of

the eluting a
id was used, whi
h 
orresponds to a lower volume of the a
id in ea
h step

of elution measured.

The measurements of 2500 nM standard were taken with 400 µL eluting a
id, whi
h


orresponds to 40 µL of a
id in ea
h step (Figure 5.26, Table B18 in Appendix B).
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Figure 5.26: Eluted manganese standard measurements. 2500 nM. Solutions di�used in

the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. 10 steps. 400 µL

a
id volume.

The results for 2500 nM manganese standard measurements eluted with 900 µL and

400 µL a
id volume are summarised in Table 5.19.
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Table 5.19: The results for 2500 nM manganese standard measurements eluted with 900 µL and 400 µL a
id volume.

Eluted manganese standard measurements.

2500 nM Mn(II) 2500 nM Mn(II)

Total eluting

a
id volume

[µL℄

Eluting a
id volume

per step

[µL℄

Step [V℄

Total eluting

a
id volume

[µL℄

Eluting a
id volume

per step

[µL℄

Step [V℄

900 90

1 0.621

400 40

1 2.837

2 1.571 2 0.813

3 2.208 3 1.040

4 2.803 4 1.433

5 2.915 5 0.834

6 3.373 6 1.164

7 3.544 7 1.092

8 3.579 8 1.681

9 3.642 9 2.133

10 3.619 10 2.556

1
4
1
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To observe the volume of the a
id needed for full elution at lower standard 
on
en-

trations the 500 nM and 250 nM standards were prepared and the measurements were

taken with 300 µL a
id, whi
h 
orresponds to 30 µL of a
id in ea
h step (Figure 5.27

and Figure 5.28) (Tables B19 and B20 in Appendix B).
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Figure 5.27: Eluted manganese standard measurements. 500 nM. Solutions di�used in

the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. 10 steps. 300 µL

a
id volume.
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Figure 5.28: Eluted manganese standard measurements. 250 nM. Solutions di�used in

the measurement 
ell of the 
hip. Bori
 a
id bu�er in 0.5 M NaOH. 10 steps. 300 µL

a
id volume.

The results for 250 nM and 500 nM manganese standard measurements eluted with

300 µL a
id volume are summarised in Table 5.20.
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Table 5.20: The results for 250 nM and 500 nM manganese standard measurements

eluted with 300 µL a
id volume.

Eluted manganese standard measurements.

Total eluting

a
id volume

µL.

Eluting a
id volume

per step

[µL℄

Step

250 nM

Mn(II)

[V℄

500 nM

Mn(II)

[V℄

300 30

1 3.956 3.741

2 2.295 1.365

3 3.524 1.818

4 3.688 2.660

5 3.440 2.788

6 3.486 2.465

7 3.422 2.531

8 3.451 2.821

9 3.440 2.841

10 3.731 3.092

The results for the samples eluted with smaller volumes of the a
id solution show

that for the �rst step of the elution the Volt response re
orded is high. This may be the

result of: a pumping error where the solutions were not mixed in the ratio required and

the pH needed was not obtained; problem with 
olumn elution; or dispersion prior to the

dete
tion 
ell. The internal volume of the 
hannels in the 
hip is about 60 µL in
luding

the atta
hed 
olumn and the measurement 
ell.

To 
on�rm that the pH of the mixed solution at ea
h step of the elution sequen
e

is 
orre
t the pH measurements were made using 300 µL volume of the a
id, whi
h


orresponds to 30 µL volume for ea
h step, and with 600 µL volume of the a
id, whi
h


orresponds to 60 µL volume for ea
h step. The results are summarised in Tables 5.21

and 5.22.
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Table 5.21: pH measurements. 10 steps, ea
h step 30 µL

pH measurements. Eluting a
id volume 300 µL.

Step

A
id volume

[µL℄
pH

1 30 7.5

2 60 7.0

3 90 7.0

4 120 7.0

5 150 9.5

6 180 10.0

7 210 10.0

8 240 9.0

9 270 9.0

10 300 9.0

Table 5.22: pH measurements. 10 steps, ea
h step 60 µL

pH measurements. Total eluting a
id volume 600 µL.

Step

A
id volume

[µL℄
pH

1 60 7.0

2 120 8.0

3 180 11.5

4 240 11.0

5 300 9.0

6 360 9.0

7 420 9.0

8 480 9.0

9 540 9.0

10 600 9.0

The experiments demonstrated that for the �rst 120 µL of the solution mix passing

through the 
hip (
olle
ted from the waste outlet after the measurement 
ell), the pH

value re
orded was not high enough. The results from measurements with 900 µL a
id

volume show highest sensitivity for the �rst 90 µL inje
tion. However, the results from
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measurements with 300 µL a
id volume show that the minimum volume of the a
id that

had to be used to obtain the required pH, was 150 µL or above. For the next experiments,

the total volume of the eluting a
id was 
hosen to be 300 µL and the measurements were

performed with manganese standards and a standard referen
e material.

The results from measurements of manganese standards performed on the system

with pre-
on
entration and 10 step elution are shown in Table 5.23.

Table 5.23: On 
hip measurements with pre-
on
entration and 10 step elution.

90 µL eluting a
id

Results from test on system with pre-
on
entration

On 
hip measurements. 10 step elution.

Sample Rep mV T mAbs Slope R-squared

MQ - 4043 - - - -

Blank

1 3708 0.917 37.447

2 3677 0.909 41.210

1500 nM

Mn(II)

1 1399 0.321 453.644

0.3078 0.994

2500 nM

Mn(II)

1 621 0.154 774,229

The data shown in the table were the results 
olle
ted after the �rst elution step,

whi
h 
orresponds to 90 µL a
id solution and 480 se
onds wait time.

5.6 System tests and 
alibration

After the experiment with volume of the eluting a
id was 
ompleted, the next stages were

to use the LabView system with the sequen
e programmed to pump the total eluting a
id

volume in one step, and analyse manganese standards and a 
erti�ed referen
e material.

In the operation sequen
e the solutions were withdrawn from the reservoirs and

inje
ted into the mi
ro�uidi
 unit (with appropriate valves opened or 
losed). The four

syringe Hamilton pumps were used to withdraw by hand and then inje
t the solutions.

Pump 1 was used to pump MQ, standards and sample with volume of the syringe 1000

µL. Pump 2 was used to pump a
id solution with the volume of the syringe 500 µL.

Pump 3 was used to pump the reagent with volume of the syringe 250 µL. Pump 4 was
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used to pump the bu�er solution with volume of the syringe 250 µL.

In �rst step of the sequen
e the 
hannels in the 
hip are 
leaned with 500 µL MQ

at �ow rate of 600 µL{min, and this step was repeated 6 times. In the next stage the

standard was withdrawn (1000 µL) at around 600 µL{min and inje
ted at 200 µL. Then

the 300 µL a
id solution was withdrawn at around 600 µL{min. The reagent (30 µL

volume) and the bu�er (30 µL volume ) solution is withdrawn at around 600 µL{min.

The a
id, reagent and the bu�er were inje
ted to the system at the same time. The a
id

solutions at a �ow rate of 600 µL{min and the reagent and bu�er solutions at �ow rates

of 60 µL{min were pumped through the 
hip.

The sample, reagent and bu�er were introdu
ed to the measurement 
ell at ratio

10:1:1 v/v/v and the data were re
orded during the di�usion time.

The above volumes and �ow rates sum up to around 1180 se
onds (19 minutes and

40 se
onds) for withdrawing and inje
ting the solutions and for the di�usion time and

600 se
onds for 
leaning the system (10 minutes). The time required in the system for

the valves and pumps operation in the LabView program is not 
ounted as these 
ount

only for a few se
onds ea
h. The above volumes sum up to 1360 µL of reagent waste and

3000 µL of waste from system 
leaning per sample. In future system designs the MQ

volume used to 
lean the system and the di�usion time may be redu
ed.

The manganese standards were prepared at 1000 nM and 300 nM. The measure-

ments were performed with 300 µL a
id used for the elution (one step elution), repeated

a number of times for ea
h sample (blank, 300 nM and 1000 nM). The data were re
orded

after the solutions had di�used in the measurement 
ell for 480 se
onds for ea
h mea-

surement taken. The results are shown in Figure 5.29 to 5.31.
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Figure 5.29: Blank measurements. Solutions di�used in the measurement 
ell of the 
hip.

Repli
ates 1-5. Sample bu�er in 0.5 M NaOH. 1 step. 300 µL a
id volume.
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Figure 5.30: 1000 nM measurements. Solutions di�used in the measurement 
ell of the


hip. Repli
ates 1-5. Bori
 a
id bu�er in 0.5 M NaOH. 1 step. 300 µL a
id volume.
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Figure 5.31: 300 nM measurements. Solutions di�used in the measurement 
ell of the


hip. Repli
ates 1-8. Bori
 a
id bu�er in 0.5 M NaOH. 1 step. 300 µL a
id volume.

The 
alibration 
urve is presented in Figure 5.32 with the slope value 
al
ulated

y “ 0.1058x and R - squared “ 0.9896. Results from on-
hip measurements with pre-


on
entration (one step elution) and data used for the 
alibration are in Table 5.24.

Figure 5.32: Calibration. On-
hip measurements with pre-
on
entration. Blank � MQ.
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Table 5.24: On-
hip measurements with pre-
on
entration

Results from test on developed system

On 
hip measurements

Sample Rep Volt

STD

DEV

% RSD mV T mAbs Comment Slope R-squared

MQ - 3.949 - - - - - - - -

Blank

1 3.773

0.03 0.86

3773 0.955 19.717

2 3.772 3772 0.955 19.894

3 3.745 3745 0.948 22.983

4 3.698 3698 0.936 28.527

5 3.771 3771 0.955 20.030

MQ - 4.154 - - - - - -

0.1058 0.9896

300 nM

Mn(II)

1 3.630

0.06 1.60

3630 0.919 36.258 outlier

2 3.516 3516 0.890 50.188 -

3 3.560 3560 0.901 44.742 -

4 3.630 3630 0.919 36.258 outlier

5 3.517 3517 0.891 50.021 -

MQ - 3.929 - - - - - -

1000 nM

Mn(II)

1 2.916

0.08 2.69

2916 0.738 131.449 -

2 3.086 3086 0.781 106.817 outlier

3 2.914 2914 0.738 131.754 -

4 3.057 3057 0.774 110.962 outlier

5 2.960 2960 0.750 124.876 -

1
4
9
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The LOD was 
al
ulated at 106 nM, 
al
ulated as three times the standard deviation

of the blank (σ = 35.46 nM). The LOD was 
al
ulated using the slope value (y “

0.1058x). Data are reported in Table 5.24 Note that when the one of the reported values

(repli
ate 4) was an outlier, the standard deviation was σ = 14.77 nM and the LOD was


al
ulated at 44 nM.

The summary of results from on 
hip measurements with and without pre-
on
entration

are shown in Table 5.25.
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Table 5.25: On 
hip measurements with and withouth pre-
on
entration.

On 
hip measurements with and without the pre
on
entartion

No pre-
on
entration

1 step

300 µL a
id volume

Sample Rep mAbs

Blank - 36.5

500 nM

1 55.6

2 63.2

1000 nM

1 88.3

2 89.5

Pre-
on
entration

1 step

300 µL a
id volume

Sample Rep mAbs

Blank - 22.2

300 nM

1 50.2

2 44.7

3 50.0

1000 nM

1 131.4

2 131.8

3 124.9

Pre-
on
entration

10 step

90 µL a
id volume

Sample mAbs

Blank 39.4

1500 nM 453.6

2500 nM 774.2

The sensitivity of the system was improved with pre-
on
entration. The results show

that when the pre-
on
entration step elution method was used, where the manganese was

eluted from the 
olumn with multiple steps of small a
id volume and wait time between

ea
h step, the absorban
e values re
orded were higher 
omparing to one step elution.
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The absorban
e value re
orded for 1000 nM standard for measurement with no pre-


on
entration was 88.9 (300 µL a
id volume) and for measurement with pre-
on
entration

with 1 step elution was 129.4 (300 µL a
id volume). The absorban
e value for 1000 nM

standard for measurement with pre-
on
entration with 10 step elution was 
al
ulated

using the slope value (0.3078) as 307.8 (90 µL a
id volume). The absorban
e values


ompared with the value re
orded for 10 step elution were 2.4 times higher 
omparing to

1 step elution, and 3.5 times higher 
omparing to value re
orded for measurements with

no pre-
on
entration.

In order to quantify the amount of manganese in step elution for the 1500 nM

standard the 
alibration (y=0.3078x) was applied and the response in ea
h step (90 µL

aliquot) was used to 
al
ulate the nM 
on
entration. The results are shown in Table

5.26.

Table 5.26: On 
hip measurements. 10 step elution. (a) 1 mL manganese standard

solution was loaded on the 
olumn equal to 1.5 nanomoles of manganese (one mL of

1500nM = 1.5 nmoles). (b) Eluted with 90 µL volume of a
id in ea
h step so for ea
h

step manganese 
on
entration was 
al
ulated taking into a

ount the 90 µL volume of

eluting a
id. The volume of the measurement 
ell was 15 µL.

On 
hip measurements with pre-
on
entration.

10 step elution.

Sample Step V mV T mAbs

nanomoles/

L

nanomoles/

90 µL

(b)

MQ - 4.043 4043

Blank - 3.693 3693 0.913

Mn(II)

(a)

1 1.299 1299 0.321 453.644 1474 0.1326

2 2.134 2134 0.528 238.085 774 0.0696

3 2.201 2201 0.544 224.799 730 0.0657

4 2.562 2562 0.634 158.674 516 0.0464

5 2.256 2256 0.558 213.904 695 0.0625

6 2.600 2600 0.643 152.431 495 0.0446

7 3.686 3686 0.912 0.789 3 0.0002

8 3.686 3686 0.912 0.801 3 0.0002

9 3.693 3693 0.914 0.000 0 0.0000

10 3.694 3694 0.914 0.000 0 0.0000
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The total mass of manganese re
overed was 0.422 nanomoles relative to 1.5 nanomoles

loaded on the 
olumn, giving a yield of 28.1 %. The apparent low yield most probably

re�e
ts a large fra
tion of the manganese passing through the analyti
al 
ell prior to the

�nal 15 µL of the �rst 90 µL going through the 
ell being measured. In future tests,

smaller elution volumes should be used; in the present work the elution volume of 90 µL

was di
tated by the equipment available.

A 
erti�ed referen
e material was tested. SLEW-2 was used as 
erti�ed referen
e ma-

terial (SLEW-2 estuarine water 
erti�ed referen
e material for tra
e metals; manganese


on
entration 17.1 µg{L). The pH of SLEW-2 was adjusted to 8.0 using ammonia solu-

tion. The 
erti�ed 
on
entration of Mn(II) in the SLEW-2 standard is 311 nM. Results

from tests on the developed system are given in Table 5.27 (Figure 5.33).

0 100 200 300 400 500 600
0

1

2

3

4

5
SLEW-2

Time [s]

V
o
lt

[V
]

 

 

SLEW−2 Rep1
SLEW2 Rep2
SLEW2 Rep3
SLEW2 Rep4
SLEW2 Rep5
MQ

Figure 5.33: SLEW-2 measurements. Solutions di�used in the measurement 
ell of the


hip. Rep 1-5. Bori
 a
id bu�er in 0.5 M NaOH. 1 step. 300 µL a
id volume.
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Table 5.27: Results from test on developed system. SLEW-2.

Results from test on developed system

On 
hip measurements

Sample Rep Volt

STD

DEV

% RSD mV T mAbs nM

MQ - 3.997 - - - - - -

SLEW-2

1 3.371

0.16 4.67

3371 0.843 53.979 510

2 3.622 3622 0.906 22.789 215

3 3.277 3276 0.820 66.261 626

4 3.298 3298 0.825 63.487 600

5 3.575 3575 0.894 28.461 269

1
5
4
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The system 
ombining pre-
on
entration and 
olorimetri
 determination of the man-

ganese using PAN-SDS provided a sensible 
alibration 
urve with reasonable pre
ision for

repli
ate standards measured. The values obtained for the SLEW-2 CRM were however

very variable. There were several signi�
ant outliers still that most probably re�e
t 
on-

tinued problems with the pumps used, and with the CRM perhaps pH adjustment of the

heavily a
idi�ed solution. The relative standard deviation of 5 measurements 
al
ulated

for nM values reported in the Table 5.27 is 42.9 %. The mean 
al
ulated from the 5

measurements reported is 444 nM, it is 133 nM more that 
erti�ed value of the referen
e

standard used.

Improvements will in
lude better pump systems, as dis
ussed earlier, and methods

to ensure 
onsistent elution of the manganese in as small volume as possible.

5.7 Summary and 
on
lusions

The obje
tives of this study were to use the LOAC system with pre-
on
entration for

manganese determination with PAN 
hemistry. The mi
ro�uidi
 unit was designed and

on-ben
h system was built. After the system was set-up for use for manganese determi-

nation, the reagents and samples were prepared and initial tests were performed without

the pre-
on
entration. The results from the tests performed demonstrated that the data

obtained were not 
onsistent. Experiments were performed using red dye solution and

MQ water to test the performan
e of the pumping system, and the response without PAN


hemistry. The results demonstrated the error resulted from the volume of the solutions

pumped by the syringe pumps used in the system. As a result of these experiments

the preparation of the bu�er solution used in the determination method was adjusted to

allow for bigger error in volume of the bu�er solution pumped. This adjustment made

it possible to obtain the pH of the sample - bu�er - reagent mix to be high enough,

9.0 or above, for the PAN method. After the manganese system was tested and the

adjustments were made with major system errors 
hara
terised, the pre-
on
entration


olumn was installed on the mi
ro�uidi
 unit. The subsequent experiments in
luded the

determination of manganese with the pre-
on
entration and optimisation of the volume

of the a
id solution used in the elution stage of manganese determination. The volume

of the a
id was 
hosen appropriate for the existing system. The manganese standards

and 
erti�ed referen
e material were analysed, with 
alibration 
urve plotted and LOD

and pre
ision numbers reported for the system.
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MANGANESE ANALYSER WITH PRE-CONCENTRATION

The major results are listed below.

- Pump error remains a problem and the pre
ision is 3.74 % - 7.23 % without pre-


on
entration and 0.86 % - 2.69 % with pre-
on
entration.

- Pump error and possibly dispersion in the 
olumn / 
hip 
auses deviation in the

pH of the eluent output.

- The best results were obtained for small step elution 
y
les when the pre-
on
entration

step elution method was used, where the manganese was eluted from the 
olumn with

multiple steps of small a
id volume and wait time between ea
h step.

- Multi step elution method improves sensitivity 
omparing to one step elution with

about 2.4 times improvement over 300 µL of step elution.

- The theoreti
al LOD with 
urrent system using 50 µL eluent and 6 mL sample is

0.3 nM whi
h 
ould be improved to 0.003 nM if the average pump standard deviation

was redu
ed from about 12 % to less than 0.1 % as in the in-situ systems.

The system in its 
urrent form was used to demonstrate the prin
iple of the pre-


on
entration on the 
hip, however the analyser does require further work to eliminate the

pump error and make other improvements. Further work and suggested improvements

and 
hanges to the system are presented in Chapter 6.
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Chapter 6

Con
lusions and future dire
tions

Contents

6.1 Summary of a
hievements . . . . . . . . . . . . . . . . . . . . . . 157

6.2 Re
ommendations for future work . . . . . . . . . . . . . . . . . 159

6.1 Summary of a
hievements

The work presented in this thesis 
an be divided into the following four 
ategories that

address the main obje
tives in Chapter 1:

1. Colle
tion and presentation of re
ent resear
h related to di�erent aspe
ts of

manganese determination.

2. Optimisation of the extra
tion of manganese from seawater with Toyopearl imin-

odia
etate resin.

3. Modi�
ation of the existing PAN method used for manganese determination and

presentation of mi
elling agents reported for use with the PAN method published in the

s
ienti�
 literature.

4. Adaptation of the modi�ed PAN method for use on the mi
ro�uidi
 unit with

pre-
on
entration.

Whilst the system presented in this thesis is in the development stage and hen
e

drawing de�nite 
on
lusions regarding the behaviour of the system from the results pro-

du
ed to date is not possible, the author made several observations with regards to the
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existing methods, advantages of the newly developed method, advantages of the ap-

pli
ation of pre-
on
entration and importan
e of the optimisation �ndings, as well as

advantages and limitations of the developed LOAC system. The main a
hievements are

listed below.

1. This thesis provides an overview of di�erent laboratory based manganese deter-

mination methods as well as in-situ systems developed and used in marine waters for

manganese determination in real time. The thesis in
ludes the reported te
hniques using

Toyopearl iminodia
etate resin for pre-
on
entration of manganese in water samples.

2. The method published by Chin et al. [40℄ was modi�ed by implementing a

new solubilising agent for PAN reagent preparation. The results proved the superior

performan
e of the SDS surfa
tant over Triton X-100 surfa
tant when used with the

PAN reagent. The PAN SDS method provides the measurements of the absorban
e of

manganese standards showing the absorban
e values stable in time for at least 15 minutes.

Additionally the PAN SDS reagent proves to be stable for at least 8 weeks and possibly

longer. The modi�ed method was used for manganese determination with 
alibration


urves 
onstru
ted and pre
ision between the set of measurements determined and the

LOD of the method assessed. For appropriate evaluation of the reagent lifetime more

observations will need to be undertaken over a longer time. The extended lifetime of the

reagent is a 
lear advantage when planning long-term deployments of the LOAC devi
e.

3. The addition of the 
helating resin pre-
on
entration step is a further improve-

ment of the measurement te
hnique. The implementation of the pre-
on
entration using

iminodia
etate Toyopearl resin improves the sensitivity and eliminates or redu
es the

possibility of interferen
es from the matrix and other elements. Optimised 
onditions of

the extra
tion of manganese from seawater with the Toyopearl iminodia
etate resin were

developed using a Mn-54 tra
er.

4. It has been found that the e�
ien
y of adsorption of the manganese on to the

resin is in�uen
ed by the �ow rate of the sample stream when the manganese is absorbed

on the resin material. Manganese re
overy at �ow rates higher than 0.2 mL/min was low

(about 70 % at �ow rate 0.5 mL/min). This observation suggests that the optimal �ow

rate required for full re
overy of the manganese from the 
olumn is 0.2 mL/min.

5. Looking at the elution optimisation results from di�erent a
id 
on
entrations

tested it be
omes apparent that the eluting a
id solution may be prepared at a very low


on
entration of 0.001 M when HCl is used. This 
on
entration of the eluting a
id is

su�
ient for full elution of manganese of the resin, this was the lowest 
on
entration
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tested. The 
on
entration of the eluting a
id solution applied for manganese measure-

ments in this thesis is 0.02 M HCl. This 
hoi
e was dire
ted by the requirements of the

PAN method and its 
oupling with the LOAC system.

6. The suggested pre-
on
entration te
hnique is suitable for tra
e metal determi-

nation and this pre-
on
entration te
hnique 
an be easily in
orporated into a LOAC

system.

7. This thesis reports the adaptation of the modi�ed PAN method on the 
hip and

proves the 
on
ept of on-
hip pre-
on
entration. The design and produ
tion methods

of the mi
ro�uidi
 
hip, that builds on the existing te
hnology in the Sensors Group

at Southampton, and the operation pro
edure of the ben
h-top LOAC manganese de-

termination system with the resin 
olumn implemented on the 
hip are des
ribed. The

LOAC system 
oupled with the resin 
olumn and PAN 
hemistry was used for man-

ganese determinations with a 
alibration 
urve 
onstru
ted and pre
ision between the

set of measurements determined and the LOD of the method reported.

6.2 Re
ommendations for future work

LOAC te
hnology is still in development stage with di�erent aspe
ts of design, manufa
-

turing, operation and 
ontrol and more resear
h, development and espe
ially validation

are required to ensure that LOAC systems a
hieve their full potential. The resear
h

presented in this thesis 
reates a referen
e and framework for other resear
hers to 
on-

tinue the work on the improved LOAC sensing te
hnology where pre-
on
entration of

the analyte is in
luded.

Suggested ways forward are:

1. In order to obtain a devi
e providing good pre
ision the most urgent improvement

of the system is the implementation of the 
ustom designed syringe pump developed by

the Sensors Group at NOC, Southampton. The 
ustom designed pump will be lo
ated

dire
tly on the mi
ro�uidi
 
hip and this should eliminate the errors 
aused by the pump

system used in the 
urrent set-up, and redu
e the air bubbles problem.

2. With the new pump system implemented additional optimisation experiments


an be performed fo
using on the best eluting a
id volume to provide maximum signal

response in the 
ell.

3. From the point of view of the sensitivity of the analyser and the limit of dete
tion
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the blank value needs to be redu
ed. This 
an be a
hieved by removing the interfering

matrix with the use of the resin 
olumns. Contamination 
ontrol methods need to be

rigorously applied.

4. The PAN�Mn 
omplex absorbs at 560 nm and the LED used in the 
urrent

system is 
entered on 572 nm. It is suggested to use an LED more 
ompatible with the

PAN-Mn 
omplex maximum absorption in future mi
ro�uidi
 units that are produ
ed.

5. From the point of view of the system performan
e over time it is important

to investigate whether the strong a
idi
 and basi
 solutions used in the determination

method are a�e
ting the internal surfa
e of the 
hip and the 
omponents of the system

in dire
t 
onta
t with the solutions used.

6. The implementation of in line mixing of sample and reagent rather that di�usive

mixing in the 
ell in the 
hip 
an improve the mixing time and redu
e the time needed

for the measurements.

7. The resin may be lo
ked inside the 
hip. The resin would be immobilized in the

resin 
hannel with polypropylene frits or similar 
onstraints.
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Table A.1: Spe
trophotometri
 measurements. PAN Triton X-100. Sample in 0.01 M

HCl, sample bu�er bori
 a
id in 0.15 M NaOH.

Spe
trophotometri
 measurements

PAN Triton X-100

Sample in 0.01 M HCl

Blank

300

[nM ℄

Mn(II)

500

[nM ℄

Mn(II)

1000

[nM ℄

Mn(II)

Min

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

1 0.0253 9.69 0.1522 9.67 0.2312 9.78 0.3382 9.67

2 0.0255 9.69 0.1519 9.68 0.2178 9.78 0.2980 9.67

3 0.0256 9.70 0.1486 9.68 0.2025 9.79 0.2342 9.68

4 0.0257 9.70 0.1450 9.68 0.1885 9.79 0.2021 9.68

5 0.0258 9.69 0.1418 9.68 0.1757 9.79 0.1744 9.68

6 0.0260 9.69 0.1382 9.68 0.1643 9.79 0.1554 9.68

7 0.0261 9.69 0.1343 9.68 0.1520 9.79 0.1438 9.68

8 0.0261 9.69 0.1316 9.68 0.1504 9.78 0.1377 9.68

9 0.0258 9.68 0.1282 9.68 0.1456 9.78 0.1368 9.68

10 0.0260 9.68 0.1253 9.68 0.1414 9.78 0.1337 9.68

11 0.0261 9.68 0.1226 9.68 0.1378 9.78 0.1312 9.68

12 0.0257 9.68 0.1201 9.68 0.1351 9.78 0.1273 9.68

13 0.0258 9.68 0.1179 9.68 0.1329 9.78 0.1273 9.68

14 0.0259 9.68 0.1156 9.67 0.1311 9.78 0.1256 9.68

15 0.0259 9.68 0.1140 9.67 0.1297 9.78 0.1256 9.68

16 0.0259 9.68 0.1125 9.67 0.1284 9.78 0.1235 9.67

17 0.0260 9.68 0.1110 9.67 0.1275 9.78 0.1235 9.67

18 0.0260 9.68 0.1098 9.67 0.1268 9.78 0.1220 9.67

19 0.0258 9.68 0.1088 9.67 0.1263 9.78 0.1211 9.67

20 0.0260 9.68 0.1078 9.66 0.1259 9.78 0.1208 9.67
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Table A.2: Spe
trophotometri
 measurements. PAN Triton X-100. Sample in seawater

pH 8.0.

Spe
trophotometri
 measurements

PAN Triton X-100

Sample in sea water pH 8.0

Blank

300

[nM ℄

Mn(II)

500

[nM ℄

Mn(II)

1000

[nM ℄

Mn(II)

Min

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

1 0.0661 8.86 0.1810 8.78 0.2547 8.80 0.4328 8.78

2 0.0661 8.86 0.1797 8.78 0.2465 8.80 0.3903 8.78

3 0.0668 8.86 0.1771 8.80 0.2309 8.80 0.3232 8.80

4 0.0668 8.86 0.1735 8.80 0.2141 8.81 0.2783 8.81

5 0.0672 8.86 0.1697 8.82 0.1988 8.81 0.2450 8.81

6 0.0667 8.86 0.1664 8.82 0.1911 8.81 0.2306 8.81

7 0.0666 8.86 0.1632 8.82 0.1861 8.81 0.2171 8.81

8 0.0668 8.86 0.1605 8.82 0.1821 8.81 0.2104 8.82

9 0.0667 8.86 0.1586 8.82 0.1790 8.81 0.2048 8.82

10 0.0668 8.86 0.1569 8.82 0.1765 8.81 0.2006 8.82

11 0.0669 8.85 0.1569 8.82 0.1748 8.81 0.1973 8.82

12 0.0667 8.85 0.1546 8.82 0.1732 8.81 0.1945 8.82

13 0.0668 8.85 0.1542 8.82 0.1718 8.81 0.1923 8.82

14 0.0668 8.85 0.1536 8.83 0.1707 8.81 0.1903 8.82

15 0.0668 8.85 0.1532 8.83 0.1699 8.81 0.1888 8.82

16 0.0672 8.85 0.1530 8.83 0.1690 8.81 0.1873 8.82

17 0.0668 8.85 0.1528 8.83 0.1683 8.81 0.1862 8.82

18 0.0670 8.84 0.1526 8.83 0.1675 8.81 0.1850 8.82

19 0.0669 8.84 0.1527 8.83 0.1669 8.81 0.1841 8.81

20 0.0669 8.84 0.1527 8.83 0.1664 8.81 0.1831 9.67
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Table A.3: Spe
trophotometri
 measurements. PAN Triton X-100. Sample in MQ.

Spe
trophotometri
 measurements

PAN Triton X-100

Sample in MQ

Blank

300

[nM℄

Mn(II)

400

[nM℄

Mn(II)

600

[nM℄

Mn(II)

Min

Abs

560 nm

Abs

560 nm

Abs

560 nm

Abs

560 nm

1 0.0339 0.1669 0.1959 0.2937

2 0.0339 0.1661 0.1954 0.2790

3 0.0341 0.1657 0.1948 0.2859

4 0.0341 0.1659 0.1947 0.2812

5 0.0341 0.1653 0.1935 0.2754

6 0.0342 0.1652 0.1934 0.2689

7 0.0345 0.1652 0.1929 0.2626

8 0.0348 0.1651 0.1926 0.2557

9 0.0348 0.1650 0.1925 0.2488

10 0.0351 0.1653 0.1921 0.2418

11 0.0349 0.1656 0.1920 0.2352

12 0.0377 0.1655 0.1917 0.2291

13 - 0.1656 0.1915 0.2230

14 - 0.1659 0.1912 0.2184

15 - 0.1657 0.1908 0.2140

16 - 0.1660 0.1907 0.2098

17 - 0.1664 0.1904 0.2061

18 - 0.1661 0.1901 0.2050

19 - 0.1656 0.1899 0.2004

20 0.1656 0.1896 0.1979
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Table A.4: Spe
trophotometri
 o� 
hip measurements. PAN SDS. Sample in seawater

pH 8.0

Spe
trophotometri
 measurements

PAN - SDS

Sample in seawater

Blank

300

[nM ℄

Mn(II)

500

[nM ℄

Mn(II)

1000

[nM ℄

Mn(II)

Min

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

1 0.1769 8.86 0.1914 8.82 0.2036 8.86 0.2354 8.77

2 0.1764 8.86 0.1898 8.82 0.2032 8.85 0.2351 8.77

3 0.1761 8.88 0.1888 8.82 0.2031 8.85 0.2350 8.85

4 0.1761 8.89 0.1882 8.82 0.2029 8.85 0.2349 8.85

5 0.1762 8.89 0.1883 8.82 0.2028 8.85 0.2349 8.85

6 0.1762 8.89 0.1880 8.86 0.2028 8.85 0.235 8.86

7 0.1760 8.89 0.1877 8.86 0.203 8.85 0.2349 8.86

8 0.1759 8.89 0.1878 8.86 0.2026 8.85 0.2349 8.86

9 0.1758 8.89 01875 8.86 0.2025 8.85 0.2346 8.87

10 0.1759 8.89 0.1874 8.86 0.2025 8.85 0.2346 8.87

11 0.1759 8.89 0.1877 8.86 0.2024 8.85 0.2347 8.87

12 0.1758 8.89 0.1879 8.86 0.2025 8.85 0.2345 8.86

13 0.1756 8.89 0.1874 8.86 0.2025 8.85 0.2345 8.86

14 0.1758 8.88 0.1877 8.86 0.2023 8.85 0.2347 8.86

15 0.1760 8.88 0.1879 8.86 0.2022 8.85 0.2344 8.86

16 0.1756 8.88 0.1880 8.86 0.2022 8.85 0.2346 8.86

17 0.1757 8.88 0.1877 8.86 0.2022 8.85 0.2346 8.86

18 0.1759 8.88 0.1877 8.86 0.2024 8.85 0.2343 8.86

19 0.1758 8.88 0.1873 8.85 0.2022 8.85 0.2343 8.86

20 0.1758 8.88 0.1873 8.85 0.2021 8.85 0.2345 8.86
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Table A.5: Spe
trophotometri
 o� 
hip measurements. PAN SDS. Sample in 0.02 M

HCl. Sample bu�er bori
 a
id in 0.4 M NaOH. Part 1/2

Spe
trophotometri
 measurements

PAN - SDS

Sample in 0.02 M HCl

Blank

300

[nM ℄

Mn(II)

Rep1

300

[nM ℄

Mn(II)

Rep2

500

[nM ℄

Mn(II)

Rep1

500

[nM ℄

Mn(II)

Rep2

Min

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

1 0.0234 9.71 0.0997 9.63 0.0990 9.58 0.1496 9.66 0.1510 9.64

2 0.0228 9.71 0.1038 9.63 0.1046 9.60 0.1572 9.66 0.1584 9.64

3 0.0229 9.75 0.1060 9.63 0.1076 9.60 0.162 9.66 0.1638 9.64

4 0.0230 9.76 0.1081 9.63 0.1099 9.66 0.1653 9.67 0.1677 9.64

5 0.0231 9.76 0.1096 9.63 0.1118 9.67 0.1678 9.67 0.1702 9.65

6 0.0231 9.75 0.1111 9.62 0.1130 9.68 0.1697 9.67 0.1723 9.65

7 0.0230 9.75 0.1117 9.62 0.1143 9.68 0.1713 9.67 0.1740 9.65

8 0.0231 9.76 0.1125 9.62 0.1151 9.69 0.1727 9.67 0.1757 9.65

9 0.0231 9.76 0.1134 9.62 0.1158 9.69 0.1736 9.67 0.1762 9.65

10 0.0231 9.76 0.1145 9.62 0.1165 9.69 0.1746 9.67 0.1772 9.65

11 0.0232 9.76 0.1148 9.62 0.1172 9.69 0.1756 9.67 0.1780 9.65

12 - - 0.1154 9.62 0.1176 9.69 0.1764 9.68 0.1790 9.65

13 - - 0.1161 9.61 0.1181 9.70 0.1772 9.68 0.1798 9.65

14 - - 0.1166 9.61 0.1186 9.70 0.1779 9.68 0.1804 9.65

15 - - 0.1171 9.61 0.1192 9.70 0.1787 9.68 0.1813 9.65

16 - - 0.1175 9.61 0.1194 9.70 0.1793 9.68 0.1821 9.65

17 - - 0.1180 9.61 0.1199 9.70 0.1798 9.68 0.1824 9.65

18 - - 0.1185 9.60 0.1203 9.70 0.1804 9.68 0.1831 9.65

19 - - 0.1190 9.60 0.1206 9.70 0.1809 9.68 0.1837 9.65

20 - - 0.1193 9.60 0.1209 9.69 0.1816 9.68 0.1843 9.65
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Table A.6: Spe
trophotometri
 o� 
hip measurements. PAN SDS. Sample in 0.02 M

HCl. Sample bu�er bori
 a
id in 0.4 M NaOH. Part 2/2

Spe
trophotometri
 measurements

PAN - SDS

Sample in 0.02 M HCl

1000

[nM ℄

Mn(II)

Rep1

1000

[nM ℄

Mn(II)

Rep2

2000

[nM ℄

Mn(II)

Rep1

2000

[nM ℄

Mn(II)

Rep2

Min

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

Abs

560 nm

pH

1 0.2360 9.70 0.2431 9.74 0.4159 9.64 0.4209 9.65

2 0.2528 9.73 0.2431 9.74 0.4486 9.64 0.4209 9.65

3 0.2631 9.74 0.2527 9.74 0.4677 9.64 0.4466 9.65

4 0.2689 9.74 0.2581 9.76 0.4816 9.66 0.4656 9.67

5 0.2742 9.74 0.2642 9.76 0.4931 9.67 0.4803 9.67

6 0.2777 9.75 0.2701 9.76 0.5015 9.67 0.4926 9.68

7 0.2807 9.75 0.2751 9.76 0.5094 9.97 0.5016 9.68

8 0.2838 9.75 0.2798 9.76 0.5171 9.67 0.5100 9.68

9 0.2865 9.75 0.2834 9.76 0.5222 9.68 0.5171 9.68

10 0.2887 9.75 0.2859 9.76 0.5278 9.68 0.5239 9.69

11 0.2915 9.75 0.2888 9.76 0.5324 9.68 0.5290 9.69

12 0.2938 9.75 0.292 9.76 0.5368 9.68 0.5344 9.69

13 0.2951 9.75 0.2938 9.76 0.5404 9.68 0.5385 9.69

14 0.2965 9.75 0.2949 9.76 0.5446 9.69 0.5426 9.69

15 0.2981 9.75 0.297 9.76 0.5480 9.69 0.5468 9.69

16 0.2999 9.75 0.2993 9.76 0.5507 9.69 0.5468 9.69

17 0.3009 9.75 0.2999 9.76 0.5535 9.70 0.5535 9.69

18 0.3022 9.75 0.3014 9.76 0.5563 9.70 0.5564 9.68

19 0.3039 9.75 0.3029 9.76 0.5586 9.71 0.5591 9.68

20 0.3047 9.75 0.3043 9.76 0.5611 9.72 0.5621 9.68
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Table B.1: Data - Figure 5.8

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV

MQ 1 4.954 -

Blank 1 4.949 -

500

[nM℄

1 4.076

0.152 4.237

3 3.938

1000

[nM℄

1 3.625

0.15

2 3.410

Table B.2: Data - Figure 5.10

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.953 - -

Blank 1 4.660 - -

1000

[nM℄

1 3.868

0.31 7.31

2 3.983

3 4.171

4 4.235

170



M. Skiba

Table B.3: Data - Figure 5.12

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 3.891 - -

Blank

1 3.331

0.01 0.17

2 3.335

3 3.344

4 3.332

500

[nM℄

1 2.582

0.03 11.252 2.633

3 2.593

Table B.4: Data - Figure 5.13

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.528 - -

Blank

1 4.007

0.08 1.99

2 3.888

3 3.975

4 3.784

5 0.005 (not in
luded in 
al
.)

6 3.950

7 3.985

8 3.985

9 0.005 (not in
luded in 
al
.)
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Table B.5: Data - Figure 5.17

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.459 - -

Dye

1 1.661

0.03 1.58

2 1.686

3 1.690

4 1.693

5 1.700

6 1.702

7 1.661

8 1.707

9 1.754

10 1.720

11 1.720

Table B.6: MQ-Dye experiment data

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.459 - -

Dye

1 3.373

0.05 1.38

2 3.294

3 3.385

4 3.374

5 3.421
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Table B.7: MQ-Dye experiment data

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.476 - -

Dye

1 2.707

0.11 4.14

2 2.647

3 2.552

4 2.851

5 2.751

Table B.8: MQ-Dye experiment data

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.390 - -

Dye

1 3.900

0.05 1.24

2 3.893

3 3.994

4 3.981

5 3.958

6 4.009

Table B.9: MQ-Dye experiment data

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.421 - -

Dye

1 2.826

0.02 0.75

2 2.878

3 2.859

4 2.855
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Table B.10: Data - Figure 5.18

On-
hip measurements

PAN-SDS

Sample Rep Volt STD DEV %RSD

MQ 1 4.671 - -

Blank

1 4.221

0.03 0.75

2 4.217

3 4.248

4 4.290

5 4.274

Table B.11: Data - Figure 5.19

On - 
hip measurements

PAN-SDS

Sample Rep Volt

MQ

1 4.288

2 4.433

2000 nM

1 3.094

2 3.742

3 4.046

4 4.049

5 4.092

6 4.091
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Table B.12: Data - Figure 5.20

On - 
hip measurements

PAN-SDS

Sample Rep Volt

MQ 1 4.671

2000 nM

1 2.804

2 3.055

3 3.677

4 3.965

5 4.187

6 4.259

7 3.298

Table B.13: Data - Figure 5.21

On - 
hip measurements

PAN-SDS

Sample Rep Volt

MQ

1 4.288

2 4.433

2000 nM

1 3.586

2 3.862

3 3.626

4 4.049

5 4.069
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Table B.14: Data - Figure 5.22

On - 
hip measurements

PAN-SDS

Sample Rep Volt

MQ

1 4.288

2 4.433

2000 nM

1 3.620

2 3.581

3 3.640

4 4.069

Table B.15: Data - Figure 5.23

On - 
hip measurements

PAN-SDS

Sample Rep Volt

MQ 1 4.288

2000 nM

1 3.208

2 3.117

3 3.674

4 3.254

5 3.139

Table B.16: Data - Figure 5.24

On-
hip measurements

PAN-SDS

Sample Step Volt

MQ - 4.013

1500

[nM℄

1 1.399

2 2.134

3 2.201

4 2.562

5 3.256

6 3.599

7 3.686

8 3.686

9 3.693

10 3.694
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Table B.17: Data - Figure 5.25

On-
hip measurements

PAN-SDS

Sample Step Volt

MQ - 4.013

2500

[nM℄

1 2.837

2 0.812

3 1.039

4 1.433

5 0.834

6 1.164

7 1.092

8 1.681

9 2.133

10 2.556

Table B.18: Data - Figure 5.26

On-
hip measurements

PAN-SDS

Sample Step Volt

MQ - 4.013

2500

[nM℄

1 0.621

2 1.571

3 2.208

4 2.803

5 2.915

6 3.373

7 3.544

8 3.579

9 3.642

10 3.619
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Table B.19: Data - Figure 5.27

On-
hip measurements

PAN-SDS

Sample Step Volt

MQ - 4.115

500

[nM ℄

1 3.741

2 1.365

3 1.818

4 2.660

5 2.788

6 2.464

7 2.531

8 2.821

9 2.841

10 3.092

Table B.20: Data - Figure 5.28

On-
hip measurements

PAN-SDS

Sample Step Volt

MQ - 4.111

250

[nM ℄

1 3.956

2 2.295

3 3.524

4 3.688

5 3.440

6 3.486

7 3.422

8 3.451

9 3.440

10 3.731
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