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Abstract

Further Development of Capillary Electrophoresis for the

Quantitative Determination of Small Inorganic Anions.

Ms Marion King B.Sc. (Hons), AMRSC Grad MIC).

Factors influencing the separation and indirect UV absorbance detection of
common inorganic anions using capillary zone electrophoresis (CZE) have
been investigated Initially a number of different aspects of indirect
background electrolyte (BGE) systems were studied, with the resultant
observations indicating the requirements of an ‘ideal’ BGE system for the
separation and detection of common inorganic anions In water samples In
addition to the above the correct use of buffers within BGE used with indirect
detection was also investigated in order to improve the robustness of
inorganic anion determinations and hence quantitative performance Both
commercially available and freshly prepared novel polymeric isoelectric buffer
systems were investigated

Following the above investigations, studies of detector performance for
indirect detection were camed out In a joint study with workers from the
University of Tasmania, the optical charactenstics of on-capillary photometnc
detectors for capillary electrophoresis were evaluated and five commercial
detectors were compared FPlots of sensitivity (absorbance/concentration)
versus absorbance obtained with a suitable testing solution yielded both the
linear range and the effective pathlength of each commercial detector

With the above results indicating some room for improvement with certain

commercial detectors, the project then focused on the use and
Vi



charactensation of a UV light emitting diode (LED) based detector LEDs are
known to be excellent light sources for detectors in hiquid chromatography and
caplllary electromigration separation techniques Here, a UV LED was
investigated as a simple alternative light source to standard mercury or
deutennum lamps for use in indirect photometnc detection of inorganic anions
using a chromate BGE The noise, sensitivity and linearty of the LED detector
were evaluated and all exhibited supenor performance to the mercury hght
source (up to 70% decrease in noise, up to 26 2% increase in sensitivity, and
over 100% increase In linear range) Using the LED detector with a simple
chromate/diethanolamine BGE, hmits of detection for the common Inorganic
anions, CI', NOs, SO4%, F and PO.%, ranged from 3-14ug/L. without using
sample stacking

Finally, a useful application of the polymenc isoelectric buffer (mentioned
above) was developed The rapid simultaneous separation of Cr(Vl) and
Cr(lll) — pyndinedicarboxylate complex (pre-capillary complexation) was
obtained using a phosphate running buffer (pH 62) contaming the
synthesised polymenc isoelectnc reagent Excellent peak shapes were
obtained, with no sign of interaction of the analytes with the components of
the BGE Photodiode array detection was used, which offered the advantage
of peak identification via its UV spectrum and also allowed electropherograms
to be recorded at two specific wavelengths, namely 365 nm for Cr(Vl) and 260
nm for the Cr(lll) complex, thus eliminating interferences from common matnx
anions Injection conditions were optimised in order to establish detection
limits, which were below 0 1 mg/L for standard solutions Lineanty and other
analytical performance charactenstics were also investigated Finally, real
nver water samples were analysed for the Cr(VI) and Cr(lll) species
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1. Introduction to Capillary Zone Electrophoresis.



1.1. Introduction.

Electrophoresis uses an electnc field to separate charged molecules based on
ther movement through a fluid [1] The first electrophoretic apparatus was
developed by Tiselius in the 1930’s, he was awarded the Nobel Pnze in 1948
for his work with this apparatus In the mid 1980’s the first commercial
capillary electrophoresis apparatus appeared This instrument could perform
analytical electrophoresis on a micro scale n fused silica capillanes [2]

In the late 1990's there was a broadening of the range of separation
mechanisms applicable to capillary electrophoresis (CE) and today research
1s currently invested in developing and exploiting microchip based capillary
electrophoresis devices [3] The versatiity and range of capillary
electrophoretic techniques stems from #s unique charactenstics and
advantages compared to other analytical separation techniques The six
commonly used formats of CE are capillary zone electrophoresis (CZE),
capillary 1sotachophoresis (CITP), capillary gel electrophoresis (CGE),
capillary isoelectnc focusing (CIEF), micellar electrokinetic chromatography
(MEKC) and capillary electrochromatography (CEC) To date, CZE has been
the most popular technique and accounts for approximately 60% of CE
publications Whereas CITP and CIEF have been the least used techniques

[4]



1.2. Principles of Electrophoretic Separations.

1.2.1.  Electrophoretic Separations.

Charged solutes migrate under the influence of an electnc field with an
electrophoretic velocity (v) This velocity 1s proportional to the field strength £,
when no electroosmotic flow (defined below) is present

v=u,kE (101)

Where u., IS the electrophoretic mobility of the charged solute The
electrophoretic mobility depends on the ionic species’ size and charge, the
nature of the camer electrolyte and its concentration, and the temperature,

qt

Ho = e (102)

Where ris the ions radius, g+ 1s its charge and 7 I1s the solution viscosity

Consequently, each species moves under the influence of an electnc field at a
specific velocity

Electroosmotic flow (EOF) 1s the iquid flow, which onginates in the presence
of an electnc field when an i1onic solution 1s In contact with a charged solid
surface In a silica capillary that contains an electrolyte, the solid surface has
an exc%ss of negative charge due to the ionisation of the surface silanol
groups Counter 1ons to these anionic groups form a stagnant double layer
adjacent to the capillary wall This layer is called the Stern layer and an outer
more diffuse layer is known as the Gouy-Chapman layer Figure 1 1 shows
this double layer formation
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Figure 1.1. Schematic of double layer on the capillary wall.

The potential across the double layer is termed zeta potential (£) and is given

by the equation;

_ (103)

Where rj and e are, respectively, the viscosity and the dielectric constant of
the solution and is the coefficient for electroosmotic flow, which is the
linear velocity of electroosmotic flow in an electric field of unit strength. lons
closest to the capillary surface are immobile, even under the influence of the
applied electric field. Further away from the surface the solution becomes
electrically neutral as the zeta potential is not sensed

The cationic counterions in the diffuse layer migrate towards the cathode;

and, because these ions are solvated, they drag solvent with them. The extent
4



of the potential drop across the double layer govems the flow rate The linear
velocity v, Of the electroosmotic flow 1s given by the following equation,

_ &

- 4rn (104)

ep

The extremely small size of the double layer leads to flow at the walis of the
capillary, resulting in a flat flow profile (Figure 1 2) Electroosmotic flow can
affect the migration time of a sample ion since If it moves In the same
direction as electroosmotic flow, its velocity will be higher However, if the
species moves against the electroosmotic flow, its velocity will decrease A
neutral species will move at the velocity of the EOF A neutral species can
therefore be used to determine the velocity of the EOF [5]

1.2.2.  Electrophoretic migration.

As stated earlier in equation (1 01) when EOF does not occur, the migration
velocity is given by,

MooV
v=yu,k = T (1 05)

Where ueo IS the electrophoretic mobility, £ is the field strength (V/L), Vs the
voltage applied across the capillary and L is the total capillary length [6] The
actual time taken for a solute to migrate from one end of the capillary to the
detector 1s the migration time (¢,) and i1s given by Eqn 1 06, where / is the
length of the capillary to the detector,

L _L_r
"‘_V—ﬂy (1 06)



The presence of electroosmotic flow allows the separation and detection of
both cations and anions within a single analysis since the electroosmotic flow
Is sufficiently strong at pH 7 and above to move anions of imited mobility
towards the cathode The migration times correspond to the time each peak
passes through the detector [7]

1.2.3.  Efficiency.

The efficiency of capillary electrophoresis is a consequence of several factors
As a stationary phase is not required (in contrast to iquid chromatography
(LC)), band broadening which results from resistance to mass transfer
between the stationary and mobile phases in iquid chromatography does not
occur In capillary electrophoresis Other dispersion mechanisms such as eddy
diffusion and stagnant mobile phases are not a problem In pressure driven
systems such as LC, the frictional forces of the mobile phase interacting at the
walls of the tubing or column resuit in radial velocity gradients within the
column/tubing As a resuit, the fluid velocity 1s greater at the middle of the
column/tubing and tends to zero near the walls This 1s known as laminar or
parabolic flow However, in electrnically dnven systems, the electroosmotic flow
1s generated uniformly down the entire length of the capillary There 1s no
pressure drop in caplillary electrophoresis and the radial flow profile 1s uniform
across the capillary, except very close to the wall where the flowrate
approaches to zero [1] Figure 1 2 shows this effect



Electroosmotic Flow
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Figure 1 2.Electroosmotic flow and hydrodynamic flow

1.24. Joule Heating.

The production of heat tn capillary electrophoresis 1s an inevitable result of the
use of high field strengths Heat 1s produced homogenously in the solution,
while it can dissipate only through the capillary wall In addition to a general
nse in temperature of the solution, a temperature gradient in the solution s
also produced The rate of heat generation in a capillary can be represented

as,
dH IV
E "ZA (107)



Where L= the total capiliary length, A = cross-sectional area, V = voltage and /
= current Since / =V/R (Ohm's Law) and R = L/kA, where k i1s the

conductivity, then,

an_w
gL (108)

The amount of heat generated i1s proportional to the square of the field
strength By decreasing the voltage or increasing the length of the capiliary,
there 1s a dramatic effect on the heat generation By using a low conductivity
buffer, the heat generation can be lessened, although sample loading s
adversely affected The temperature 1s higher in the centre of the capillary
than close to the wall The solution In the centre becomes less viscous, and
ions therefore migrate faster in the centre This broadening effect is countered
by diffusion in the radial direction, 1 e 10ns near the wall lagging behind diffuse
into the centre where they catch up with the zone

Narrow diameter capillanes improve the situation as the cumrent passed
through the capilllary i1s reduced by the square of the capiliary radius and the
heat 1s more readily dissipated across the narrower radial field The thermal
gradient resulting from this 1s proportional to the square of the diameter of the
capillary, which i1s represented by the following equation,

AT =0 24(Wr %k) (109)

Where W s the power, r = capillary radius and k 1s the thermal conductivity
However, effective cooling systems are required to ensure heat removal
Liquid cooling 1s the most effective means of dissipation [8]



1.2.5. Resolution.

The easiest way to charactense the separation of the two components (; and
12) 1s to divide the difference in migration distance by the average peak width
to obtain resolution (R;),

X, =X,
R =2 — (1 10)

Wl A 4 12

-

where x, 1s the migration distance of the analyte 1, and the subscnpt 2 denotes
the slower moving component, and w = the width of the peak at the baseline
It can be seen that the position of a peak x, I1s determined by the
electrophoretic mobility The peak width 1s determined by diffusion and other
phenomena [9]

The resolution (Rs) between two solutes can also be defined as,

PO Y

- (111)
4 uep + ueo
Au is the difference in mobility between two species, ue, Is the mobility due to

the applied electnc field, and N 1s the number of theoretical plates The
equation for the measurement of theoretical plates is given beiow,

KV
N==5 (112)

Where D = the diffusion coefficient of the individual solutes and V is the
applied voltage Substituting equation 1 12 into 1 11 give equation 1 13,
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R.=0177A
s #ep\[m (113)

Increasing the voltage is not very effective for improving resolution In order to
double the resolution, the voltage must be quadrupled As the voitage s
usually in the 10-30 kV range Joule, heating lmitations are quickly
approached Another means of improving resolution 1s to reduce the
electroosmotic flow or invert the direction of its flow Under these conditions,
the effective length of the capillary 1s increased and the resolution i1s improved

at the expense of the runtime [1]
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1.3. Instrumentation.

The Instrumentation required for CE is relatively simple. It consists of 4 main
components. A capillary is required for the separation; a high-voltage power
supply is needed to drive the separation, a detector to determine the presence
and amount of analyte and a data acquisition point to view the
electropherogram. The entire operation can be automated, as is
commonplace for most commercial instruments. A schematic diagram of a

basic CE system is shown in figure 1.3.

Figure 1.3.Schematic of a basic CE instrument.

While not always necessary, the majority of instruments provide some
mechanism for temperature control of the capillary. This serves two purposes.

Using a thermal bath with high heat capacity, the capillary can be cooled and



its temperature can be actively controlled This does not essentially improve
the separation in electrophoresis expenments as the thermal gradients across
the capillary and not absolute temperature nse, limit the efficiency of the
separation The separation efficiency i1s not improved because the
temperature gradient across the interior of the capillary 1s independent of the
temperature of the outside wall of the capiltary The maintenance of constant
temperature 1s most important in achieving reproducible migration times For
each degree Celswus of temperature rise, the viscosity of aqueous solutions
decreases by about 2% As electrophoretic mobility i1s inversely proportional to
viscosity, vanations in temperature lead to vanations in separation times This
situation 1s difficult to control, particularly if no temperature control 1s available
in the instrument

1.3.1.  Injection Systems.

In order to preserve the high peak efficiencies typical in CE, the injection
system must not introduce significant zone broadening It 1s important to
ensure that the sample Injection method employed I1s capable of delivenng
small volumes of sample (typically several nanolitres) onto the capillary
efficiently and reproducibly [10-12] There are 2 different methods of sample
introduction onto the capillary — either hydrodynamic or electrokinetic injection
[13)

Hydrodynamic injection 1s based on pressure differences between the inlet
and outlet ends of the capillary This pressure can be achieved by vanous
methods such as gravimetnc, over pressure and vacuum In gravimetnc
injection (siphoning) the sgmple end 9f the capillary 1s raised to a pre-
determined height for a ﬁxe?\ t‘nme The height difference between the liquid
levels of the inlet and out{t\ety ends of the capillary creates hydrodynamic
pressure that forces the sample onto the capillary Over pressure, which 1s
usually termed pressure injection, involves pressunsing the inlet end of the
capillary at a specific pressure for a given time Electrokinetic injection 1s

12



performed by placing the electrode into the sample vial. An injection voltage is
then applied for a brief period causing some sample to enter the end of the
capillary by electromigration. Electrokinetic injection otherwise known as
electromigration injection includes contribution from both the electrophoretic
migration of charged sample ions and the electroosmotic flow of the sample

solution.

The effect of injection conditions of quantitative CE is discussed in more detalil
in Chapter 2, Section 2.2. Figure 1.4 shows a schematic diagram of the two

common modes of injection used in CE.

Hydrodynamic
Capillary

Pressure

Sample Buffer

Figure 1.4 Hydrodynamic injection mechanism. Continued overleaf.
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Electrokinetic
Capillary

Sample Buffer

Figure 1.4.Cont. Electrokinetic injection mechanism.

In general, hydrodynamic injection has better reproducibility and greater
control over the amount of sample injected onto the capillary. Since the
injection is based on the pressure difference, it is universally applied to all
kinds of sample matrices without any bias on the sample components. With
electrokinetic injection there is a strong bias operating on the injecting
guantity, in that ions with a higher mobility are preferentially injected onto the
capillary (see Chapter 2, Section 2.2). However, it can inject a much smaller
sample volume more reproducibly than can hydrodynamic injection [14]. In
addition, the injection apparatus has the same arrangement as the separation
process, with the exception that the capillary and electrode is moved into the
sample vial. Ease of operation makes electrokinetic injection the preferred

technique in many CE applications.
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1.3.2.  Capillary Technology.

in CE, the major aim of using capillanes is the achievement of effective heat
dissipation necessary for high efficiencies requinng high separation voltages
[15-18] In recent years, nearly all CE separations have been performed in
polyamide coated fused silica capillanes The main reasons for the populanty
of fused silica capillaries include their flexibiity, good thermal and optical
properties in the UV range, and most importantly the availability of high-quality
fused silica capillaries with intemal diameters less than 100um To achieve
on-column optical detection it I1s necessary to remove the polyamide coating in
a small section of the separation capillary coating to form the detection
window [19] An alternative solution IS to replace the polyamide with an
optically transparent capillary coating Since the detection window 1s the most
fragile part after the removal of the protective coating, the advantage of an
optically transparent coating i1s that it helps to make capillanes easier to
handle dunng change of column and everyday use As the flexibiity and
chemical inertness of this type of capillary continues to improve, it may
become the preferred type of capillary for use in CE

Coated capillanies offer an alternative to bare fused silica capillanes The
major goal of coating technology 1s to produce a surface that doesn’t suffer
problems associated with bare capillanes, e g adsorption of solutes on the
capillary or generation of a high EOF For a coating to be successful, it must
also be stable for a long penod so that migration times remain constant and
good quantitative determinations are possible

Caplllaries may also be packed with a stationary phase and used for capillary
electrochromatography (CEC) With these packed capillanes, electroosmotic
flow occurs between the stationary phase particles but not within them The
velocity of the EOF 1s not expected to dechine significantly from that
achievable with much larger particles, provided the particles are not smaller
than 0 5um [20-24] In the case of packed capillanes, since the capillary wall
itself represents only a small proportion of the total surface area compared to

15



the stationary phase itself, their condition is relatively less cnitical than in the
case of open-tubular capillanes Currently the use of’ packed capillanes is
much less popular than open-tubular capillanes However, packed capillaries
can be potentially more robust than open-tubular methods

Rapid advances in semi-conductor technology have been made In recent
years Currently design, manufactunng and testing of miniatunsed devices
with features of um dimensions are standard procedures in the semi-
conductor industry The technology required to produce a micro-channel on a
chip-hke structure with dimensions similar to those provided by fused silica
capillanes 1s readilly available Chip technology allows for easy access to
multiplexed liquid-phase separation compartments with dimensions in the low
pum range CE on a chip can be viewed as an extension of miniatunsed
column methodology with the added possibility of carrying out complicated
sample handling techniques in a highly integrated and automated manner
Integration of intersecting channels, reaction chambers, temperature sensors,
heating elements and detection devices makes 1t possible to perform on-chip
reactions in sub-nL volumes under controlled conditons The analysis time 1s
often reduced by a factor between 10 and 100 compared to conventionatl CE
without a significant decrease in separation performance

1.3.3. Detection Systems.

1331 Direct Detection Methods

The small capillary dimensions employed in CE and the small zone volumes
produced present a challenge to achieve sensitive on-capillary detection
without introducing zone dispersion Some of the common detg\ctors used in
CE are listed below with their typical concentration detection imits
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Method Concentration Detection
Limit (molar)

UV-vis absorption 10~-10°
Fluorescence 107-10°
Laser-induced 1071410 1¢
Fluorescence
Amperometry 10"%-10 ™
Conductivity 107108
Thermo-optical 10™*-10°
Refractive Index 10%-107
Mass Spectrometry 10°-10°
Indirect Methods 10-100 times less than
direct

Table 1.1. Table of typical detection himits for vanous detection methods used
in CE [6]

1332 Direct UV Absorption

UV absorption i1s currently the most popular detection technique for CE [25-
271 The main reason for its populanty 1s the universal nature of the detector
Several types of absorpton detectors are avallable on commercial
instrumentation, including,

1 Fixed wavelength (1) using mercury, zinc, or cadmium lamps with A
selection by filters (Waters)

2 Vanable A detector using a deutenum or tungsten lamp with A selection
by monochromator (Isco, Applhed Biosystems)

3 Filter photometer using a deutenum lamp with A selection by filters
(Beckman)

4 Scanning UV detector (Spectra Physics, Bio Rad)

5 Photodiode-array detector (Agilent, Beckman)
17



Each of these absorption detectors has certain attributes that are useful in
CE. Multiwavelength detectors such as the photodiode-array (PDA) or
scanning UV detectors are valuable because spectral as well as
electrophoretic information can be displayed. However, these detectors are
less sensitive when used in the scanning modes, since signal averaging must
be carried out more rapidly than for single X detection. Spectral information
can be used to aid the identification of unknown compounds. A schematic of a

PDA detector is shown in figure 1.5.

Figure 1.5.Schematic of a photo-diode array detector.

1.3.3.3. Use ofa Light Emitting Diode as a Light Source.

The use of light emitting diodes (LED) as light sources for photometric
detection in CE has been investigated by a number of workers and has been
shown to exhibit some benefits over traditional light sources such as
deuterium or tungsten lamps. For example, Tong and Yeung [28] were the

first to report the use of both diode lasers and LEDs as light sources within an



absorption detector system for CE They investigated two LEDs at 660 and
565 nm respectively, finding reduced noise levels and improved stability over
commercial detectors Tong and Yeung also illustrated how inorganic anions
could be sensitively determined using permanganate as a probe anion in
place of chromate, using the green 565 nm LED

Later work by Macka et al [29] found that LEDs in general exhibit stable
output and markedly lower noise than other light sources such as mercury,
deutenum and tungsten lamps, and as detection limits in CE are determined
using the ratio of signal to noise, this reduction in noise can result in
significant reductions in mits of detecton Macka et a/ investigated 6
different LEDs within the visible region, ranging from 563 to 654 nm, and
illustrated the potential of this approach with the detection of alkaline earth
metal complexes of Arsenazo |

A similar study was later camed out by Collins and Lu [30], who investigated a
red LED with a maximum emission wavelength of 660 nm They detected
uranium (Vi) down to a concentration of 23 pg/L, using Arsenazo lll as a pre-
complexing hgand An LED based visible detector in CE has also been
investigated by Bradley Bonng et al [31], who compared the detectors
performance with zinc, cadmium and mercury lamps The LED used had a
maximum emission wavelength at 605 nm (orange) They found that
comparable noise levels were obtained with the LED and the cadmium and
zinc lamps, although the cadmium and zinc sources were operated with a
wider sht
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14 Indirect Detection.

Anions and cations that lack suitable chromophores cannot be determined by
direct UV absorbance detection In such cases, indirect photometnc detection
can be employed An absorbing co-ion called the probe i1s added to the
background electrolyte (BGE) The analyte leads to a quantifiable decrease in
the background signal by displacement of the probe ion, through which
detection can be achieved (shown In figure 1 8) Commercially available
instruments used for direct photometric detection need no adjustment for
indirect detection Indirect absorbance detection was first introduced by
Hijerten et al [32] in 1987 The usefuiness and applicaton of CE has
increased with the introduction of this universal detection method

There are four main reasons for the development of this type of detection
Firstly, as stated, indirect detection 1s universal which infers that there is hittle
requirement as to the exact nature of the analyte, however it must not absorb
In the same region as the probe 1on Of course, it has to be different from the
probe ion and it must participate in the particular displacement mode Even
analytes that show a response at a detector will give an indirect signal, as
long as the response s different e g per mole, per volume or per equivalent,
from the probe 1on Secondly, it is useful to broaden the applicability of high-
sensitivity detectors by implementing indirect detection However, it i1s difficult
to achieve the same low limit of detection (LOD) for indirect detection
compared with direct methods This 1s due to the low-level signal in the
presence of a high background absorbance This falls within 1 or 2 orders of
magnitude of the LOD of high sensitivity detectors This 1s very usefui with
regard to analytes that would not normally show a response with direct
detection Thirdly, quantitation 1s easier with indirect detection Chemical
denvitisation and other sample manipulation 1s avoided The response from
the signal 1s more predictable because it 1s derived from the BGE Lastly,
indirect detection ts non-destructive This i1s a direct result from the fact that
chemical manipulation 1s avoided The analyte may be collected The only

‘contamination’ would be from the BGE, if it interacted with the analyte
20



However, in order to allow detection by displacement the BGE must not

chemically interact with the analyte [33).

High Background
Absorbance

Reduction of Background
Absorbance due to
Non-absorbing
Analyte

Analyte band

# Probe ion

Q Analyte ion

Figure 1¢.Principle of Indirect detection.

1.4.1. Kohlrausch Regulating Function and the Transfer
Ratio.

The Transfer Ratio (TR) is the degree of displacement of the probe by the
analyte [34]. This is defined as the number of moles of the probe displaced by
one mole of analyte ions. Detector response is based on the transfer ratio and
a high TR results in a larger peak area. However, the displacement of ions
does not occur on an equivalent per equivalent basis, as one may expect, but
is instead based on the Kohlrausch regulating function (KRF). Ackermans et
al. [35] demonstrated a non-linear relationship between peak area and the

effective mobilities of the ionic species for an equimolar sample composition.
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This can be explained by consideration of the electrophoretic separation
mechanism for fully i1orised 1onic constituents, described by the KRF,

clzl —
o= ~ )= CONSTANT (1 14)

Where ¢, 2 and p; represent the ionic concentrations, absolute values of
charge and the absolute values of all the effective mobilities of the ionic
constituents, respectively One o (work function) i1s representative of the
migration of ions through a capilfary filled with uniform electrolyte The
concentration profiles of the ions remain the same when an electnc current 1s
dniven through the capillary If a single analyte ts introduced the migration of
Ions 1s described by two w, 1 e one for the sample plug and one for the bulk
electrolyte The w for each must be constant and therefore it can be
concluded from this that the concentration distnbution of the 1ons In the bulk
electrolyte and the sample plug remain as they were before the voltage was
applied A consequence of this Is that the TR i1s dependent on the mobility of
the probe, the analyte and the counter 1on The relationship can be directly
denved from the w function [36] or consideration of the migration of 1ons using
an eigenvalue approach [37-38]

Consider an electrolyte of a single 1on A, and its corresponding counter ion, C
and using equation (1 15),

C,2, CcZ
_ faf4 | Cctc

Hy He

@D,

(115)

Where Ca and Cc are the concentratrons of A and C in the background
electrolyte
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To retain electroneutrality
CyZ4=CcZc (1 16)

1 1 C4Z4
O, =C,2,| —+—|= (1, + 1)
b He He | HaHc 4 4

Now consider an injection of an anionic analyte BC, which is co-ion B, and
counter ion C The sample zone consists of A, B and C substituting into
equation (1 15),

c',z CpZ c'.z
— ~ A4 B<B C “<C
w, = + + (19
:uA IUB :uC

U U
Where C 4and C ¢ are the concentrations of A and C in the sample zones

Preserving electroneutrality,
1 —_ !
CuZytCp2Zp=Cc2Zc (119)

' '
Cc,2 CpZ C, 2 CpZ
W, AAIBBI AAIBB

Hy Hp He Hc (120)

1 1 ( 1 1 j
=C,z,| —+— |+cpzp| —+—
My MK Hs K

(121)

Now &0, = ),
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Several authors have attempted to validate the applicability of equation (1 27)
to samples of more than one analyte Neilen [39] demonstrated that the
analysis of alkylsulphate surfactants, with a veronal probe, fitted well with
theoretical predictions of equation (1 27) Cousins et al [34,40] expenmentally
determined the TR values for a senes of anions using a number of different
probes They found that the trend followed the predicted values but the fit was
poor
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Doble et al [41] described an expenment to determine the transfer ratio
expenmentally for a number of analytes including chionde, sulphate and
nitrate Corrected peak area (peak area divided by its migraton time to
account for the different velocities of the sample bands) was plotted against
concentration of the analyte using a suitable electrolyte probe enabling
indirect detection A second calibration graph of the signal produced by the
probe (using a suitable transparent electrolyte) was prepared The 7R values
for each analyte were calculated by determining the quotient of the slope of
the analyte calibration plot and the probe calibration plot The effect of
differences between the mobility of a probe and an analyte were investigated
It was concluded that the maximum transfer ratio was achieved when the
electrolyte contained one co-anion, and that reproducibiity was enhanced if
the electrolyte was buffered It was also concluded that it was preferable to
use a probe with a mobility which was near the centre range of mobilities of all
the analytes which were being separated simultaneously

Steiner et al [42] also believed that indirect detection was based on the KRF
As stated, every ion in the background electrolyte system including the
counter ion must be included in the mathematical calculaton of the TR
between sample 10ns and background electrolyte ions No Gaussian peaks
are observed and therefore the concentration at the peak maximum can only
be calculated assuming tnangular peaks and applying Euclidian geometry
The maximum area Is therefore twice the averaged height of the triangle The
area proportional to the amount injected 1s descnbed by the rectangie formed
by the product of the peak width and the average peak height The
concentration, Cnay IS Calculated by the equation,

mytm

wir'n (128)

2m_t

Where w; 1s the peak width in time units, r s the internal radius of the capillary,
tm 1s the migration time, my, 1S the mass injected and /s the effective length of
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the capillary To calculate the TR, the signal measured has to be divided by
the signal calculated,

g, —TRX
S=a =———|c/ (129)
zg,
Cs = sample concentration a = detector constant
&s = molar absorptivity of the solute ions TR = Transfer Ratio
X = charge on the solute 1ons z = charge on the buffer ions

&» = molar absorptivity of the UV absorbing eluent components
= the optical pathlength

The detector constant a, is also required which was calculated by Stemner et
al [42] from the height of a signal of 2 mM solution of Imidazole The noise
factors were calculated individually for each detector from commercially
available mnstruments

1.4.2. Limits of Detection.

The sensitivity of indirect photometric detection is its biggest imitation The
hmit of detection of a non-absorbing anaiyte is given by,

CP N bl

“ “TRD, TRl (130)

where Cj,o= analyte concentration imit of detection, C,= probe concentration,
TR = transfer ratio, D= dynamic reserve (background absorbance to baseline
noise ratio), Ny~ baseline noise, € = molar absorptivity of probe and / = optical
path length [43] Clearly, reducing C, and increasing D, will lower the
detection imit However, D, and C, are dependent on one another and

26



decreasing C, will decrease D, Hence, the most effectve means of
decreasing concentration detection imits are to maximise the transfer ratio
(TR), path length (/) and molar absorptivity (&)

From the Beer-Lambert law,

A= ¢ec! (131)

Where A Is the absorbance, ¢ i1s the molar absorptivity of the substance, c I1s
the concentration of the substance and / is the optical path length, it can be
seen that absorbances measured will be very low, as the optical pathiength
for a capillary is ideally its full internal diameter One obvious way to increase
the absorbance measured and hence improve sensitivity I1s to increase the
path length This could be done by using a larger diameter capillary, but this
leads to an increase in Joule heating and hence a decrease In separation
efficiency Attempts to increase the path length without loss of efficiency have
been made using z shaped and egg shaped cells [44] Techniques such as
these have been shown to improve detection sensitivity for direct photometric
detection [45], however the improvement for indirect photometnc detection
has not been very significant [43]

An alternative means of improving sensttivity 1S to increase the absorbance of
the background electrolyte This can be done by using a probe with a higher
molar absorptivity This allows a higher absorbance to be obtained while
keeping the probe concentration at an acceptably low level However, the
probe must have a similar mobility to the analytes for the full benefit of high
molar absorptivity to be realised Foret et al [46] report a 50 times
improvement in the detection imits of anions when the probe was switched
from benzoate (low ¢) to sorbate (high ¢) Beck and Engelhardt [47]
investigated the analysis of inorganic and organic cations using & senes of
cationic probes The optimised separation conditions consisted of the probe
with the closest mobility to the analytes and the highest molar absorptivity
(see Section 1 5 3)
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1.5.  Analysis of Inorganic Anions.

1.5.1. EOF Modifiers.

There are two modes of separation for the analysis of inorganic anions Co-
migration 1s where the EOF and the migration of analyte 1ons are in the same
direction and counter-migration is when each migrate in opposite directions
Normally the magnitude of the EOF is such that the net migration of analyte
ions will be towards the detector [48] In co-electroosmotic or co-migration
mode, the analytes migrate through the detector in order of decreasing
effectve mobilities EOF in untreated capillanes 1s directed towards the
cathode For anionic analytes, its anodic inversion is needed for the co-
electroosmotic mode of separation, 1 e the net charge on the capillary wall is
made positive By using an EOF modifier, usually a cationic surfactant, the
polanty of the {-potential 1s changed

The most common EOF modifiers are usually cetlytnmethylammonium
bromide (CTAB) and tetradecyltetraammonium bromide (TTAB) Coating the
capillary with an EOF modifier involves a dynamic equiibnum between the
electrolyte solution and the capillary wall The positive charge of the modifier
Is attracted to the negatively charged silanol groups with the long hydrocarbon
chain sticking out from the wall Additional cation molecules are
hydrophobically attracted to the molecules already present, and therr
positively charged ends are facing into the capillary This mechanism provides
the net positive charge on the capillary surface needed to reverse the
direction of the EOF Another molecule, which 1s used as an EOF modifier, ts
didodecylammonium bromide (DDAB) Unlike CTAB, DDAB does not form a
dynamic equilibnum, but rather it forms a permanent coating on the capillary
surface This has the advantage that it can be coated onto the capillary pnor
to separation In other words, 1t does not need to be included in the BGE The
advantages of DDAB over CTAB are discussed later in Chapter 4, Section
431
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1.5.2. Buffers.

For the analysis of inorganic anions by CZE, it 1s important that the BGE
provides some degree of buffenng [46] Electrolysis 1s an accompanying
phenomenon when a high voltage 1s applied to a solution to achieve
electrophoresis The volume of electrolyte contained in the vials at either end
of the capillary 1s small, which makes pH changes induced by electrolysis in
these vials significant The pH of the BGE i1s one of the features, which
determines the magnitude of the EOF, which in tun affects the migration
times of analytes Detection properties of analytes can also change at
different pH values A pH change of just 0 03 pH unit can influence resolution
and alter selectivity [49] Electrolysis-induced pH changes are normally
irreproducible and undesirable, so there 1s a need for background electrolytes
to provide some pH buffering properties Properly buffered electrolytes will
resist such pH changes, leading to improved reproducibility and ruggedness

Traditionally BGE’s were unbuffered and consequently the reproducibility of
analyses was found to be poor Macka et al [50] found that by using a non-
buffered electrolyte the pH of the BGE changed by 2 5 pH units after only 3
minutes of applying the separation voltage Electrolysis occurs at both the
anode and cathode Hydrogen ions are produced at the anode causing a
decrease in pH and hydroxide ions are produced at the cathode producing an
increase In pH Buffenng of BGE’s i1s essential for reproducible and rugged
separations A common method of buffering is to use the probe itself 1 e
benzoate and phthalate Thompson et a/ [51] found that using benzoate as a
probe gave rise to more reproducible separations than chromate This was
due to the buffenng nature of the benzoate probe However, the pH range
was limited to 1 unit either side of the pK, of the probe and as the probe was
partially ionised, the mobility was low and therefore the analysis s imited to
anions of low mobility

Co-anionic buffers such as horate [52] and carbonate [50,53] have also been
used, however, since the BGE now contains more that one co-anion,
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interfering system peaks can appear and a reduction in detection sensitivity
can occur due to the competitive displacement of added buffenng anion
Another approach is to use a counter-cationic buffer Thus eliminates problems
associated with multiple co-anion buffers Bases such as diethanolamine
(DEA) and tnethanolamine (TEA) can be used with the acid form of the probe
without introducing co-anions to the system Francois et a/ [54] added TEA to
a chromate BGE to increase the buffenng capacity, however only a mited
buffering capacity was achieved Doble et al [55] investigated electrolytes
buffered with Tns and DEA Analytical performances were reported for an
unbuffered and Tns buffered chromate electrolyte They found that migration
times showed a dnft of 12-2% over 9 consecutive injections for the
unbuffered electrolyte No such dnft was expenenced with the Tnis buffered
BGE They also found that the reproducibility for peak area data increased
when the buffered electrolyte system was used

The final approach for buffering indirect detection uses ampholytic buffers
such as histidine, lysine and glutamic acid When a free ampholyte Is
dissolved In pure water, the pH of the solution Is close to the isoelectnc point
(p/) of the ampholyte Under these conditions, the ampholyte 1S In its
zwittenonic form having a net zero charge, which means that it does not
interfere with indirect detection The ampholyte at its p/ does not contnbute to
the conductivity of the soluton and may be added In éufﬂcxentiy high
quantities in order to provide good buffering capacity However, the major
disadvantage is that there are relatively few ampholytes, which buffer well at
thewr p/, so the accessible electrolyte pH values, are hmited Doble, Macka
and Haddad, [56] found the determination of sulphonic acids using a
bromocresol green yielded identical electropherograms when buffered with
DEA and lysine However, the analysis times were shorter for the lysine
buffered electrolyte than with DEA as the buffer This was due to a faster EOF
obtained with the higher pH electrolyte (lysine)
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1.5.3. Indirect Probe lons.

As the determination of non-UV absorbing inorganic anions by CZE employs
indirect detection, a BGE containing a highly absorbing probe must be
employed This ensures that, even if an analyte absorbs to some degree In
the UV range, it Is still detectable in the indirect mode Coloured compounds
such as chromate or tartrazine can be used Doble et a/ [55-57] have
investigated dyes such as bromocresol green and indigo-tetrasulphonate for
the determination of anions The very high molar absorptivities of dyes means
they can be used In low concentrations This approach has been used by
relatively few authors Xue and Yeung [58] using unbuffered electroiytes
analysed the pyruvate anion using bromocresol green, and used malachite
green for the detection of potassium Sub-femtomol limits of detection were
reported Mala et a/ [59] achieved sub-femtomol detection mits of cations
using the cationic dyes chiophenol red and methyl green
Tns(hydroxymethyl)aminoethane (Tns) was used as a buffer, which may act
as a competing co-cation, leading to competitive displacement and decreased
sensttivity Mala et al [59] also used the anionic dye indigo carmine, buffered
with acetate, for the detection of inorganic anions Detection hmits In the
range of sub-picomol levels were found The higher detection limits for anions
than cations were most likely due to acetate acting as a competing co-anion,
leading to competitive displacement and decreased sensitivity Siren et af
[60] used nitrosonaphthol dyes in unbuffered electrolytes for the detection of
organic acids and inorganic anions Limits of detection at near attomol levels
resulted Other probes that can be used are phthalate, 2,6-
pyndinedicarboxyilic acid and pyromeliitic acid, which are highly absorbing in
the UV range of the spectrum Each probe has a different Amex, which must be
Investigated pnor to analysis, e g, 26-pyndinedicarboxyilic acid absorbs
strongly at 254 nm, whereas phthalate’s maximum absorbance is at 214 nm

The most important factor to take into account, when selecting a probe for the
BGE 1s its mobility The use of a probe ion with a mobility close to that of the
target analyte will result in improved peak shape and therefore more sensitive
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detection and improved precision For example, a chromate probe is suitable
for anions with similar high mobilities such as chionde, nitrate and sulphate,
whereas phthalate is suited to slower anions such as fluonde and phosphate

1.5.4. Peak Shapes and System Peaks.

Peak shapes have been the subject of numerous papers [61-64] Mikkers et
al [65] first descnbed the effect of electrophoretic migration on analyte zone
concentration distnbutions using a non-diffusional mathematical model
denved from the Kohlrausch Regulating Function The concentration
distnbutions of the analyte bands were found to be dependent upon the
relative mobility of the analyte and the BGE co-ion Analytes that have a lower
mobility than the BGE co-ion migrate with a concentration distnbution that i1s
sharp at the front and diffuse at the rear of the zone, resulting in a tailing
peak The reverse holds true for analytes that have a higher mobility than the
BGE co-ion, resulting in fronting peaks Symmetrical peaks are only obtained
when the mobility of the analyte and the co-ion are identical

A major problem with indirect detecton in CZE 1s the appearance and
understanding of system peaks (SP’s) These peaks do not contain any of the
sample components, but migrate through electrophoretic separation
chambers with a mobility determined by the composition of the BGE
Competitive displacement occurs when an ion of the same charge as the
analyte and the probe, 1s present in the background electrolyte The presence
of a co-ion can mean that this co-ion i1s displaced by the analyte, when the
analyte should be displacing the probe and decreasing the absorbance
Hence, the signal for the analyte I1s reduced, resulting In a decrease in
sensitivity The presence of co-ions In an electrolyte has been shown to have
serious consequences Doble and Haddad [41] demonstrated that the addition
of co-ions to an electrolyte can have two significant effects Firstly,
competitive displacement between the probe and co-ions causes a decrease
in the transfer ratio (TR) leading to a decrease in sensitivity and an increase in
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hmits of detection Secondly, the introduction of a co-ion gives nse to SP’s
Depending on the concentration of the co-1on and the relative mobilities of the
probe and co-ion, such system peaks may occur at regions In an
electropherogram where analytes should be detected, therefore making their
detection difficult The introduction of co-tons should be avoided If possible or
the effects should be minimised by keeping the concentration of the co-ion as
small as possible, for example by punfication of probes and buffers

Beckers et al [66] proposed a mechanism for the prediction of SP’s Applying
BGE’s containing n ionic species, (both anionic and cationic) then n-2 SP’s
are present These are in addition to a non-moving EOF peak In a system
where n=2, the only SP observed is the EOF peak However, if a BGE with 3
ronic species (n=3) then a moving system peak and an EOF peak will be
observed Probes with a divalent nature such as phthalate must be classed as
two 1onic components In addition, buffers such as DEA are included as an
ionic component Therefore, a BGE with phthalate as the probe and buffered
with DEA will result in one SP and an EOF peak, whereas a chromate/DEA
electrolyte results only in an EOF peak, as chromate i1s a monovalent probe
SP’s begin to interfere with analysis when using muiti-probe electrolytes, such
as chromate/phthalate or chromate/2,6-pyndinedicarboxylate These can be
used for determination of a range of anions, which consist of both slow and
fast mobilities

Macka ef al [67] developed some practical rules for predicting the existence
of SP’s for the analysis of anions based on qualitative descnptions of transient
isotachophoresis of the analyte species and of the co-ion to which its mobility
was closest Two cases were considered, the first being when the analyte had
a higher mobility than either of the BGE co-ions and the second when the
mobility of the analyte was slower than the co-ions For both cases, it was
demonstrated that the system peak was created by a vacancy of one
component of the BGE that had the greatest difference in mobility relative to
that of the analyte species They also reported that a practical transition exists
in which the BGE changes in behaviour from a single co-ion to a two co-ion
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BGE when the concentration of the second co-lon is approximately 5% of the
concentration of the first co-ton
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1.6 Real Sample Analysis.

The most commonly used background electrolyte for the analysis of inorganic
anions has been sodium chromate It has been applied to the separation and
detection of anionic constituents iIn many samples including, unne [68], Bayer
hiquors [69-71], Kraft black iquors [72-73] and water samples [74]

Jones and Jandik [75] first used a chromate BGE for the determination of
eight common anions fluonde, carbonate, chlonde, nitrate, bromide, nitrate,
phosphate and sulphate They also investigated the factors that controlled the
selectivity of separation They found that the 1onic strength of the BGE had a
hmited effect on selectivity Increasing the ionic strength increased the
migration time of all the anions due to a decrease in EOF velocity Increasing
the concentration of the BGE did not change the migration order of the anions
with the exception of the co-migration of sulphate and nitnte when the
concentration was above 7 mM The pH of the BGE had Iittle effect on anions
with pKa values below 8 Weaker acids such as borate, carbonate and
phosphate decreased in migration time with increasing pH due to the increase
in onisation The concentration of the EOF modifier TTAB effected the
relative migration times for bromide, sulphate and nitrate

Buchberger and Haddad [76] have reported that the migration order of
inorganic anions was strongly influenced by the addition of organic solvents to
the chromate BGE A general increase in the migration time of all anions
occurred due to a decrease in the electncal conductivity of the BGE, as well
as slower electro-osmotic velocity because less of the EOF modifier was
adsorbed onto the capillary wall The resolution of the highly mobile tons
thiosulphate, bromide and chionde decreased with increasing organic solvent
concentration The relative migration time of nitrite also increased with higher
organic solvent concentrations, reversing the order of migration of nitrate and
nitnte The same authors [76] also investigated the effect of the alkyl chain
length of the EOF modifier Changes in the peak order were observed for the

ions thiosulphate, iodide and thiocyanate when the alkyl chain length was
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sequentially increased from C12 to C16 The mechanism for this behaviour
was unclear, although the authors speculated that the most probable cause
was an ion interaction phenomenon between these anions and the EOF
modifier A further observation was that the average migration time of the
anions decreased with increasing chain length of the EOF modifier

Benz and Fntz [77] added 1-butanol to the chromate BGE to aid in the
reversal of the EOF In previous studies [75-76] concentrations of the EOF
modifier of 0 3 mM or more were found to be required to reverse the EOF
However, addition of 1-butanol up to 5% v/v reduced the required amount of
modifier by a factor of 10 The authors report that separations using this
approach exhibited less noise and greater reproducibility

Harakuwe et a/ [78] adjusted the selectivity of separation of inorganic anions
with the chromate BGE by utilising binary surfactant mixtures, namely TTAB
and dodecyltnmethylammonium bromide (DTAB) Adjusting the ratios of
TTAB DTAB was found to be a useful means to fine-tune the separation Ina
following study, Haddad et a/ [70] optimised the separation of inorganic and
organic anions present in Bayer liquors They reported that two optimal ratios
of TTAB DTAB existed in which most of the components of the Bayer liquor
were separated, a result that was not achievable with the use of a single EOF
modifier

Although the separation selectivity has been studied extensively, most studies
using the chromate electrolyte have involved the electrolyte being prepared
from the sodium salt and therefore unbuffered A number of publications have
attempted to buffer the chromate electrolyte by the addition of a co-anionic
buffer such as borate [79-81] and sodium carbonate [53] Additions of such
buffering agents have the potential to interfere wvith analytes of interest due to
inducement of system peaks and competitive displacement of the probe and
the bufferning co-anion
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A Review of Current Literature.
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21 Introduction.

The following hterature review details the quantitative application of capillary
zone electrophoresis (CZE) to the determination of small inorganic anions To
gain an inittal perspective on the current position of CZE as an analytical
method for the determination of inorganic anions the total number of
publications invoiving both CZE and the separation of inorganic 1ons can be
broken down into three simple categones, namely, (1) those that report on
theoretical and instrumental developments (specifically related to inorganic
anion separations), (2) those that report on theoretical and instrumental
developments but also bnefly apply these developments to one or more real
samples, and (3) those papers which are truly application based, which do not
report on theoretical or instrumental developments, but rather on optimisation
of method parameters to suit a particular sample matrix As an analytical
method matures it 1s the latter category that would be expected to become
more dominant However, this Is not necessanly the case for CZE A thorough
survey of the literature reveals that the purely application based papers grew
to a maximum of approximately 50% of the total in 1998, but has never gone
on to exceed that level in the last five years, and subsequently each category
of publication has diminished equally rapidly in recent years Figure 1 shows
the total number of publications that have specific relevance to the analysis of
inorganic anions published over the past 13 years, next to those which
actually contain some degree of application to real or simulated samples Also
included 1n Figure 2 1 are the quantitative parameters quoted within these
applied papers, which shall be discussed in detail within this review (for the
purposes of this review quantitative parameters are defined as those
descnbing all aspects of method precision and accuracy) As can be seen
from Figure 2 1, the degree of quantitation carned out in a great deal of the
applications reported can be rather imited For more details on the large body
of work investigating all theoretical and applied aspects of the determination
of inorganic 1ons using CZE, see the many reviews published over the past 5
years [1-18]
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*

Year of Publication

Figure 2.1. Theoretical and applied papers involving CZE and inorganic
anions with a breakdown of quantitative parameters used.

So why is there an apparent lack of quantitative applications of CZE to
inorganic analysis? In all of the above reviews quantitation is one aspect of
CZE that is constantly only given limited attention. Can it be argued that the
initial advantages of improved efficiency, short runtimes and minimal reagent
consumption have failed to outweigh the disadvantages of poorer precision
and accuracy and limited detection limits (compared to the standard technique
of suppressed IC)? Have improvements in chromatographic column
technology, such as micro-bore columns and fast chromatography columns
eroded even those early stated advantages? To answer these questions it is
important to review the quantitative work that has been carried out and
therefore ascertain if quantitative limitations are indeed significant and
resulting in a lack of applied studies. To do this, the review will look at in turn
three aspects of CZE that affect the quantitative nature of the obtained

results, namely injection, separation and detection. Sample pre-treatment and



data analysis are excluded, as poor practice in each of these 1s common to all
analytical techniques and not specific to CZE itself For a review of sample
preparation techniques for inorganic anion determinations using CZE see that
compited by Haddad et a/ [17]
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2.2.  Sample Injection.

The need/ability to inject small sample volumes in CZE represents both an
advantage and disadvantage of the technique Volumes typically injected
range from picolitres to nanolitres Clearly, when only small samples volumes
are available this counts as an advantage (single cell analysis and analysis of
single rain drops being excellent examples) However, the ability to
quantitatively inject samples becomes more problematic as the sample
volume decreases, this being an obvious disadvantage Some of the
parameters which can affect the injection of such small sample volumes
include, (1) vanations In sample viscosity, matnx, surface tension and
temperature, (2) changes in sample volume (evaporation), (3) instrumental
vanations In injection time and applied pressure or voltage, (4) capillary
effects (tp damage, blocking), (5) sample carryover and contamination, and
(6) vanations in electroosmotic flow (EQF) (electrokinetic injection only) in
addition to the above problems there exists the phenomenon of so-called
‘spontaneous’ or ‘ubiquitous’ injection, whereby small volumes of sample are
instantly drawn into the capillary simply by touching of the capillary and the
sample solution This can result in non-zero intercepts when calibrating
Injection volumes in CZE, although this effect can be mintmised if very small
injection volumes are avoided [19] Many of the above systematic emrors
associated with injection can be accounted for through correct choice of
calibration, particularly through the use of intemal standardisation, although
as discussed In Section 2 4 2 and shown In Table 2 1, to-date this mode of
calibration has only found limited application in the CZE of inorganic anions

There are really only two injection techniques commonly used in CZE, these
being hydrodynamic and electrokinetic injection In publications that include,
however minor, some quantitative investigations into norganic anion
determinations, these two injection methods constitute over 91% of the
injection methods used, with hydrodynamic injection representing 77% of the
above sample population (for exact details see Table 2 1)
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Table 2.1 Analytes, analytical conditions and quantitative data provided

Anaiytes Injection Elecirolyte Detection Intemal Standord Quoted oD roa WRSO %RSD %RSD % Ref
Method Methods Standard Addlition Linear Migration Peak Area Peak Recovery
Rango {ime Helght
Benzoate lodate sulphamate fuoride Hydrodynamic 2mM Naz8.07/ Conductivity NA A :_L—_—560-5000pglL 2 25ugh NA 2% NA NA N/A T20]
malonate chiorate thlocyanate azide 2s 5mM glycine 3mM (n’=9)
nitrate nitrke sulphats chiorde NaOH/4mM KCN R*=0 996~
bromde 0999
Chiorite fluoride phosphate chiorate Hydrodynamic 2mM borax Conductivity N/A NA NA 2 10X10°M NA NA N/A NA N/A [21]
perchiorate nbate sulphats chloride 2s
lodide bromide chromate
Bromide chioride nitrite nitrate Hydrodynamic 4mM NMS NDS Indirect UV N/A N/A N/A 8-350ug/L NA N/A N/A N/A NA [22)
sulphate fluoride orthophosphate (various time or NTS in 100mM
periods) H3BOy/SMM
Na;BO72mM
DETA
Chioride nitrate sulphate nitis souL" 10mM aspartic Conductivty N/A N/A 5-750ppm 200ppt-Sppm NA NA NA N/A N/A [23)
fluoride phosphats ackd 34mM 8- {n=14)
alanine 0 2%wh R’=>0 999
MHEC
lodide thocyanate nirate bromide Hydrodynamic 0 05M TEAP In Amperometric N/A N/A sx10°- 1x10? NA N/A N/A N/A N/A [24]
nitrts azide chiorde fluorkle 158 DMF/0 1M n- and Indirect UV 1x10°M? 8x10°M
chromate thicsulphate sulphate BuNH; n R’=0997
DMF/ 01M KHP 0999
0 02M n-BuNH;
and 29% (vv)
water in methanol
Polyphosphates polyphosphonates Hydrodynamic 5mM UMP or Indirect UV A NiA 1 200mg/L 45-80mg/L NA N/A £14% NA NA 125]
s AMP in 100mM (n=6)
H,BO; 5mM R?=0996-
Na;B;0, 2nM 0699
DETA
Chiorkie hydroxide fuoride formate 5OuLh 6mM sodum Indirect UV NA N/A N/A NA NA N/A 39% 27% NA [26]
bonate propionate chrpmats 3 2x (n=7) (=7
benzoate lactate phosphate sulphite 10°M CTAB and
thiosuiphate butyrate sulphate 3mM boeric ecid
sulphide malenlate fumarate succinate
oxalate malate tartrate clrate
ascorbate
Chioride nitrite nitrate sulphate Hydrodynamic 100mM CHES Indirect UV N/A N/A 0 1 160mM N/A NA N/A 36-98% N/A N/A 27
phosphats carbonate 28 40mM Ithium R*=0997 (n=10)
hydroxide2 0999
propanol 928
(viv) 8DpM
spermine
Chioride nlrita nitrate sulphate Electrokinetic 50mM bori acki Conductivy Tungstate N/A 0 5-5ppb N/A NA ~02% N/A N/A N/A 28]
5kV x 24s 20mM LiIOH (n=10)
0 YmM TTAOH R’=0 086
0 75% Triton X
100
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Analytes injeciion Electrolyte Detection Tntemnal Standard Quoted tob 1oQ RRSD RRSD WRSO % Rel
Method Methods Standard Addition Linear Migration Peak Area Peak Recovery
Range time Helght
Chioride nttrate sulphate fuoride Hydrodynamic &mM 4-amino- indirect UV NA N/A NA N/A NA 0 185% 363% N/A NA {29]
phosphate carbonate (various time pyrdine 2 7mM (n=9) {n=9)
periods) HCrOs 30uM
CTAB 2mM 18-
crown-6
Thwosulphate chiofide nitrite sulphate 40-50pL 6mM scdium Indirect UV Thiosulphate N/A N/A 005 NA 07% 35% 16% N/A [30)
nitrate citrate fiuorde phosphate chromate 3 2x10° 0 3ug/mb (n=5) (n=6) (n=6)
carbonate acetate *MCTAB 3mM
boric acid
Bromule lodide chioride nirate ntrite Electrokinetic 10mM potassium lon-selective N/A N/A 10°M 10°'M 8x16°M NA NA N/A NA N/A (311
perchiorate thiocyanate 5kVx 7s sulphate electode (n=9)
Chiorde sulphate nitrite ntrate Hydrodynamic 7 5mM Indirect UV N/A N/A N/A N/A NA NA NA NIA NIA 32}
carbonate formate pyruvate glycolate 13 chromate/7 5mM
acrylate lactate acetate propbnate dinttrobenzoic
crotonate benzoate butyrate acid 0115mM
CTAB
Bromide ninte nitrate wdide FlA 25mM NaClt Direct bV NA N/A 001 1ug/L 001ugn N/A 34% NA N/A N/A [33}
0 3mM CTAC R*=0993-10 (n=12)
Thiosulphate bromide chioride FiA 3 5mM K,CrOy Indlrect UV Thiosulphate NA N/A 0 05- NA NA NA NA N/A 341
sulphate nirite nitrate 3mM boric acd 0 2ugimL
30uM CTAB
Nitrate niirite phosphate silicate Hydrodynamic 5mM scdium indirect UV N/A N/A 790uM- 06-13uM 20- 1% 4% N/A NA [35)
30s chromate 0 2mM 12310° M 44uM
TTAB (n=10)
R°=0994-
0999
Fluoride phosphate Hydrodynamic SmM sodium Indirect UV N/A Fluorde (Iinear up 5-120pgimL 0 Sugimb. NA 1 7% 08% 04% 106% (36]
chromate 2 5mM to 20pg/mL added  {n=7) (n=5) (n=5) (n=5) {n=10)
TTAB 5% (V&) fluoride) R’=0 997  R’=09%9
butan 1 0l
Bromide lodide nirate nitrite Hydrodynamic S5mM TBAC! Direct UV N/A N/A N/A 80-340ugi. NA NA N/A N/A NA [37}
thiocyanide 3s 100mM KC1
Chloride sulphate nitrate Hydrodynamic 22 5mM PMA, Indirect UV N/A N/A 0-40ppm N/A NA 03% N/A N/A NA £38]
30s 65mM NaOH (n=10)
16mM R*=0 998
triethanolamine
0 75mM HmBr
Thiosulphate chioride sulphate Electrokinetic 5mM sodum Indirect UV NA N/A 10° 10°m 20-60tmol NA <20% <5 0% <5 0% A 138}
selenate perchiorate tungstate 15kV x 58 chromate (n=3) {n=5) {n=5) (n=5)
carbonate ssients R’=0 904
0999
Chicride sulphate nitrate Electrokinetic 7mM CrO,2 Indirect UV Tungstate N/A 10-40pgA. 038 N/A <02% N/A N/A 90-110% {40}
5KV x 455 056mM TTAB (n=3) 0 82ugn
1mM NaHCO, R’=0988-
0 897
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“Enatytes jection Electrolyle Detectlon Tnternal Standand Quoted TS0 ToQ YRED RRED ~RR3S0 B —Ra
Method Methods Standard Addition Linear Migration Peak Area Peak Recovery
Range time Helght
Chlorkie sulphate nitrate formate Hydrodynamic 3mM TMA 002%  (ndirect UV N/A N/A 001 1mM 0281 77uM 093- NA 4251% NA 100 + 8% 141)
phosphate acetate proplonate valerate 10s viv DETA/8mM ("z=7) 591uM {n=10) n=4)
TRIS 2mM TMA R*=0983- 93-59%
03mMTTAB 0989 {n=20)
Bromide chloride iodide suiphate Hydrodynamic 5-150mM TTAB indirect UV N/A N/A 0051 OmM 5-11uM NA 064-0 95% 31103% NA N/A [42]
nitrte nirate oxalate thiocyanats 3s 10mM phosphate R?=0955-
flucride 0992
Bromkie chloride sulphate nitrke Electrokinetic 22 5mM PMA, indirect UV Chiorate NA 4-48ng/mL 02 1 0ng/mL 1 NA NA NA N/A [43)
nitrate oxafate chiorate fluoride 10kV x 10s 6 5mM NaOH (n=10) Sng/mL
formate phosphate 1 6mM R?*=0992
triethanolamine 0999
0 75mM HmOH
Bromide chloride nltrate sulphate Hydrodynamic 7mM salicylate Indirect UV N/A N/A N/A 12pM NA 1224% 1738% NiA N/A {44)
fluoride phosphate 108 12rM TRIS {n=8) (n=8)
Chiorde nitrate sulphate citrate Hydrodynamic 7 SmM salicylic Indirect UV N/A NA 10-300pM 05-2uM NA NA NA N/A N/A {45]
carbonate ascorbate oxalte 38 acid 15mM TRIS R?=>0 999
phosphats succinate 500uM DoTAOH
180UM calcium
hydroxide
Nitrate nirie Hydrodynamic 750mM sodium Direct UV N/A N/A 01 50mgt 0 1mgAL 0205% 1177% a7 114% NA (46]
90s chromate 5% R?=0 999
Nice-Pak OFM
Anion BT
Chioride bromide sulphate niyate 200 and 400nt 7mM succinate Conductivity N/A NA 10-100ppb 3-10ppb NA 05-08% 04-106% N/A N/A {47}
lodide nitrite fluoride phosphate BTP 02% wn (n=7) (n=15) (n=95)
MHEC 5% wiv R?=0 998
PVP 0999
Nirte nitrate Hydrodynamic 200mM-1M LICI Dwect UV N/A N/A NA NA NA <1 6% NA N/A NA (48]
23 07 10mM TTAB
5-10mM TEA
Chicride nkrate sulphate chlorate Hydrodynamic 0 5SmM tartrazine/ Indirect UV NA Chiorile fluoride 5-500uM 0 4-2 0uM 96 <05% 2479% NA N/A (49]
malonate tartrate formate phthalate (various time naphthol yelow S phosphats R’=0 997 43 6uM
carbonate lodate perlods) 10mM histidine 0999
Bromide chloride nitrate sulphats Hydrodynamic 20mM POC Indirect UV NA NA 20-1000mgL 6-12mg/L NA <049% 08-39% NA NA {50}
oxalate mafonate citrate phosphate 63 0 5mM CTAH (n=6) {n=5) {(n=5)
malate R’=0999
Chioride sulphate nitvate Hydrodynamic 5mM sodum Indirect UV N/A N/A N/A N/A NA N/A N/A N/A NA {511
chromate OFM
Anjon-87
Chlorkie nitrite nitrate Hydrodynamic 1000pprn Direct UV lodide tungstate N/A N/A N/A NA N/A N/A N/A 73-118% {52}
chloride 0 5mM thiocyanate
OFM Anion-BT
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Analytes injection Efectrolyte Betection Tntemal Standard Quoted 160 ToQ RSO RRSD ®RSD % Ref
Method Methods Standard AddRlon Linear Migration Peak Area Peak Recovary
Range time Halght
Nirte nitrate Hydrodynamic 20mM Tris Direct UV Thioccyanate N/A 5x10~ 0099 NA 124 143% 17 194% N/A 92 106% {ﬁ]
(various time 1)510“M 0 105pg/mL (n=6) (n=g)
periods) R=09g8
Bromde chicride nitrite nitrate Hydrodynamic 50mM CHES Conductivity and NA N/A N/A <100ppt <100ppt 016 35% 0 45-108% 04-12-% N/A [54]
sulphate fluoride phosphate (various tme 20Mm LIOH Indirect UV (n=4) (n=4) {n=4)
periods) 0 03% Trton X
100
Chioride sulphate chiorate malonate 0 7|.JLb 001M Potentlaj gradlent N/A N/A 50-700pM N/A NA 0213% N/A N/A N/A {59]
chromate pyrazole-3 5-dicarboxylate MES/0 605M and diect UV (n=7) (n=6)
adpate acetats propionate S acetic acxd R’=0 999
chloroproplonate benzoate histidine 0 1%
naphthalene-2-monosulphonate HEC 0 1M acetic
glutamate enanthate benzy:-DL acd y-
aspanate aminobutyric acid
0 1% HEC
Nigate chioride sulphate nitite 05-1pL Cadmium acetate  Potentlal gradient  N/A NIA 0107nM 10pmol NA NA 2% N/A N/A 156}
and drect UV (n=5) (n=5)
Bromid tate cacodylate 2-3mm length SmM chromate Indirect UV N/A N/A N/A N/A NA NA N/A N/A N/A 157
of capilary Nice-Pak OFM
Anion BT
Bromkie chloride sulphate nirte Hydrodynamic 5mM chromate indirect UV N/A N/A N/A N/A NA NA N/A N/A N/A [58]
nifrate fluoride phosphate 30s Nice-Pak OFM
Anlon-BT
Bromxe chlofide sulphate nitrite Hydrodynamic chromate NICE Indirect UV NJA N/A N/A N/A NA N/A N/A N/A 94-35% {59]
nirate fluoride phosphate carbonate 60s Pak OFM Anion-
arsenate arsenate ascorbate oxalate BT
citrate
Bromide chloride icdide sulphate Hydrodynamic SmM chromate Indirect UV N/A N/A N/A N/A NA NA NA N/A N/A {60]
nirke nitrate chiorate perchiorate 30s 0 3mM CIA-Pak
fluoride phosphate chiorite carbonate OFM Anion-BT
acetate monochioracetate
dichloroacetate
Thiosuiphate chloride sulphate oxalate Hydrodynamic SmM chromate Indirect UV N/A N/A N/A N/A NA 056-69% N/A N/A NA {81}
sulphtte formate carbonate acetate 30s Nice-Pak OFM (n=3)
propionats butyrate Anion-BT
Chionde sulphate fiuoride oxalate Hydrodynamic S5mM chromate indirect UV N/A N/A N/A NA NA NA N/A N/A 80-105% 162]
45s 2 5mM CIA-Pak
OFM anion-BT
Bromide chioride sulphate nidrte Hydrodynamic 5-10mM sodum Indirect UV N/A NA 01 10uM 03-08ppb NA N/A 275% N/A N/A (63}
nirate fluorkde phosphate 30s chromate 0 5mM R’=0993-10 (n=6)
NICE Pak OFM
anion-BT
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Analyles Infecilon Electrolyle Betection Tniemal ‘Standard Quoted LoD toa RRSD BRSO WRSD ) Ref
Mothod Methods Standard Addtition Linear Migration Peak Area Peak Recavery
Range time Helght
Thiosuiphate bromide chioride Hydrodynamic 5mM chromate Indirect UV NiA NIA NA NA NA NA N/A N/A N/A {64]
sulphate ntrite nitrate molybdate (various time 0 4mM OFM
azide tungstate monofuorophosphate periods) Anion-BT
chlorate citrate fluorkie formate Electrokinetic
phosphate phosphite chiorite glutarate 5KV x 458
c-phthalate galactarate
sthanesulphonate propionate
propanesulphonate DL aspartate
crotonate butyrate butanesulphonate
valerate benzoate L-giutamate
pentanesuiphonate D-giuconate D-
galacturonate
\nositol phosphates Electrokinetic 2 5mM K2Cr0s indirect UV N/A NA 0-17ug/mL 200 NA N/A N/A N/A N/A (65)
5kV x 28 0 5mM TTAB R?=0994 ng/mL
5 OmM H3BO; (n=86)
Bromide chloride nirate sulphate Electrokinetic 0 02M pnthalc indirect UV N/A N/A N/A N/A NA 0 69-0 96% 43-73% N/A N/A [66]
20x 3s ackd’2 (n=8) (n=8)
sulfobenzoic
acid/benzoi; ackd/
o-benzyl benzoic
ackl
Bromide chloride sulphate nitrite Hydrodynamic 5mM chromate Indirect UV N/A N/A N/A 01 4ppm NA N/A 3-5% NA N/A 671
nitrate fluoride phosphate carbonate 308 Nice-Pak OFM (n=30)
Anlon-BT
Thiosulphate prormide chicride Hydrogdynamic 5mM sodium Directand Indirect  N/A N/A N/A 0 1 058ppm NA N/A NA N/A N/A [68]
sulphate nirte nirate molybdate 30s chromate 025 uv
tungstate fuoride phosphate carbonae 1 5mM OFM
Anien-BT
Bromide chlorikle sulphate nitrie Hydrodynamic 4mM chromate Indirect UV N/A NA N/A 008 NA 05% 14% N/A N/A [69]
nitrate fluoride phosphate 308 0 3mM CIA-Pak 0 58ppm {n=15) (n=4)
OFW Anion BT
Chioride sulphate nitrate citrate Hydrodynamic SmM chromate Indirect UV N/A NA 100ng/mL 157 0523 017% 158-19% N/A N/A [70]
fumarate phosphate carbonate acetate  30s 0 4mM ClA-Pak 100pg/mL 210ng/mL 0 7ug/mL
OFM anfon BHT R’=0998-10
Bromide chioride sulphate nitrite Hydrodynamic chromate dilute Indirect UV NA N/A 1 100pg/mi 0 SpgmL NA N/A N/A N/A N/A [71)
ctrate Muoride (various time sufphuric acid (n=12)
periods) Anion BT OFM R%=0 987
0999
Bromde chioride sulphate nitrite Hydrodynamic SmM chromate Direct and Cltrate Fluoride N/A <150ng/mL NA N/A NA N/A N/A [72)
nirate fluocride phosphate carbonate (various time 0 5mM ClA-Pak Indlrect UV
perlods) OFM Anlon-BT
Electrokinetic
3KV {various
time pernods)
Chiorde sulphate nirate carbonate Hydrodynamic 7mM chromate Indirect UV N/A N/A 8-3éng/mL N/A NA N/A N/A N/A NA [73)
30s 0 7mM ClA-Pak (n=3)
OFM Anlon R’=0 999

50




Analytes Tnjectlon Electrolyte Detection Tntemal Slandard Quoted LoD Loa VRSD %RSD WRSD % Ret
Mothod Methods Standard Addition Linear Migration Peak Aroa Peak Recovery
Range time Helght
Bromkie chioride sulphats nivite Hydrodynamic 5mM chromate Indirect UV N/A NA 02 10ug/mL 102 220 NA 064 143% 305-88% N/A 99 79- [74]
nivate oxalate formate acetats 10s 05mM (n=4) ng/mL 104 56%
proplonate butyrate TTAB/2Z 5mM
PMA, 6 5mM
NaOH 16mM
tristhanclamine
0 756mM
HmMOHSmMM KHP
05mM TTAB
1mM boric
acid/2mM NDC
05mM TTAB
5mM NaOH
Sulphate Hydrodynamic 5mM chromate Indirect UV NA NA 4-180pg/mL N/A NA NA N/A N/A NA {75]
308 0 5mM OFM (n=14)
R’=0 999
Bromide wdide nirate chiorate Electrokinetic 20mM tris-formate  lon selective N/A N/A 1511x10° M N/A NA NA N/A N/A N/A (76}
thiocyanide (various time electrode (n=5)
periods)
Chromate Hydrodynamic 0 01M borate Dlrect UV N/A N/A 25-300pg 1 2pghL NA 35% 35% N/A N/A 77
5-108 20mM TTAB (n=7)
R*=0997
Chiloride sulphate nitrate phosphats Hydrodynamic 4 S5mM ¢hromate Indlrect Uv N/A NA (n=3) NA NA NA NA N/A N/A (78]
carbonate 30s 0 5mM OFM R’=0 997
Thiosulphate bromide chioride Hydrodynamic 225mM PMA, Indirect UV N/A N/A 1 10mgit 01 2mg/mL NA 081% 47% NA NA (79)
sulphate nirite nitrate fuoride €s 6 5mM NaOH (n=5) (n=9) (n=9)
phosphate 1 6mM
triethanolamine
0 75mM
HmMOHASmMM
sodium chomate
05mM TTAB
5mM boric acid
Chioride sutphate oxalate fluoride MHydrodynamic 235mM TTAB Indirect UV N/A NA N/A N/A NA N/A N/A N/A N/A (80}
formate malonate succinate tartrate (various time 2 65mM DTAB
carbonate acetate periods) S5mM chromate
Bromide chiofide, suiphate nitrke Hydrodynami 5mM chromate Indirect UV NA NA 1-50pg/mL 10-43pg/mL  NA NA NA NA NA [81]
nitrate ch h i 308 02mM TTAB (n=11)
formate carbonate
Chloride bromide sulphate Hydrodynamic 0 005M sodium Diract UV N/A N/A 5x10° NA NA NA N/A N/A N/A (82}
188 chromate 5x10 M
0 23%(wi) (n=
PDOPichromate R*=0899
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Anglytes Injection Electrolyte Detection Intemal Standard Quoted LoD LoQ %RSD WRSD RRSD % Ref
Method Methods Standard Addition Linear Migration Peak Area Peak Recovery
Range time Helght
Bramide chlorkie sulphate nitrite Hydrodynamic 22 5mM PMA Indirect UV N/A N/A 0 09-80mg/L 00350 154 NA NA N/A N/A N/A (83]
nitrate oxalate formate 10s 6 5mM NaCH (nz=6’) mg/L
methanesulphonate flucride acetate 1 6mM R=0999
propronate butyrate chleroacetate triethanolamine
phosphate 0 75mM HMOH
Nitrate nirite Hydrodynamic 10mM CrO4° Indirect UV N/A Chioride 0 1 2 5pgfmL 02032 01105 NA N/A N/A 867 84]
10s 23mMCTAB (n=5) Hg/mL pg/mL 107 5%
R*=0 991
0999
Chioride sulphate nitrte nitrate Hydrodynamic 5mM sodium Indirect UV N/A N/A N/A N/A N/A NA N/A N/A N/A (85]
phosphate carbonate 30s chromate 0 5mM
CTAB
Chiorikde sulphate oxalate malonate Hydrodynamic 5mM chromate indirect UV N/A N/A 1 10ug/mL 007 088 NA NIA 165217% N/A 71 113% [86]
fluofide formate phosphate tartrate 453 2 6mM R?=0964-10 pa/mi (n=5-10)
succinate carbonate citrate acetate TTAB/DTAB
Cyanide compounds Hydrodynamic 1mM fluorescein Indirect N/A N/A N/A 2x10° NA 05-14% NiA N/A N/A (87]
(various time fluorescence 10°M (n=10)
periods)
Nitrate thlocyanate Hydrodynamic 100mM sodium Direct UV N/A N/A 1 40ppm 154-6820 NA 16-35% 51203% NA 84 113% {88)
30s chloride 2mM R’=099 ppb
CTAC
Bremkie chloride sulphate nitrate Hydrodynamic 5mM sodum Indirect UV N/A N/A N/A 002 10 uM NA NA N/A N/A N/A (89}
oxalate chiorate malonate fluorkde 30s chromate 0 2mM
phosphate acetate proplonate TTAB
Bromide iodide chromate nitrate Hydrodynamic 20mM phosphate Direct UV N/A NA 10-200mgl 14-260 g N/A 02065 10-34% N/A N/A [90]
thiocyanate molybdate tungstats g R*>0999 (n=10) (n=10)
bromate chiorite arsenate iodate
Thiocyanate iodide nitrate nitrite Hydrodynamic 50mM Direct UV N/A N/A 0 05-100mM 00209mM NA 024-0 29% 17513 5% N/A N/A [é1]
18 DTAB/CTAB (n=18) (n=9) (n=9)
18m sodum R?=0975-
tetraborate 30mM 0998
disodum
hydrogenphospha
te 10% 2
propanct
Nitrke nitrate Electrokinetic 20mM tetraborate Direct UV N/A N/A 7 8-78ng/mL 1 ng/mL NA 37-43% 3748% NA 51 57% 192}
75kVxSs 11 mMCTAC 82 82ng/mL 0 4pgiml (n=6) (n=6)
(n=5)
R?=096-0 99
Bromide chloride sulphate nitrke Hydrodyhamic 4 5mM chromate Indirect UV N/IA N/A 1-6mg/mL N/A NA NA N/A N/A N/A 93]
nitrate fluoride phosphate 30s 0 4mM OFM (n2=3)
R°=0997
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Rnalytes Tnjection Electrolyte Detection Trtetnal Standard Quoted LoD [X79) WRSD WRSD . WRSD % Rl

Method Methodts Standard Addition Linear Migration Peak Area Peak Recovery
Range time Helght
Thio and oxothloarsenates Hydrodynamic phosphate Dlrect UV N/A N/A NA 0105mglL NA NA N/A N/A N/A [84]
(various time
period)
Bromide thiosulphate sulphide Hydrodynamic SmM chromate Direct UV NA N/A N/A N/A N/A N/A N/A N/A N/A (95}
sulphite molybdate tungstate 303 0 5mM OFM-BT
Filuorde Hydrodynamic 1 13mM PMA, Indlrect UV NA NA 1 10uM 0 &M N/A 08% N/A NA NA [96]
2408 08mM TEA, 213 (n=10)
mM HMOH R’=0473
Oxalate Hydrodynamic SmM chromate Indirect UV NA N/A N/A N/A NA 078-101% 18-289% 171512% N/A {974
208 0 5mM ClA-Pak
anion-BT
Chloride cirate acetate Hydrodynamic 25mM phosphate Direct UV NA N/A N/A N/A N/A NA NA N/A N/A (s8]
303 0 5mM OFM-OH
Chioride nkrate nkrite sulphide 1 drop 4mM 4-N-methyl Laser induced N/A N/A N/A N/A NA NA N/A N/A N/A [e8}
sulphate amino-phenol fiuorescence
4mM 18-crown-6
Chioride sulphate nitrate oxalate Etectrekinetic 7 10mM Indlrect UV NA N/A 2-40ugh. 02116pg NA 014-027% 210-4 88% N/A NA (100)
fluoride phosphats 5kV x 303 chromate 05 {n=5) (n=6) {n=6)
1 5mM OFM R’=0 996-
0999
Bromide chioride nirite nitrate Hydrodynamic 100mM CHES Conductivity N/A N/A 005-20mg/L 2-3ugit 5-8pgh 16-42% 15-26 1% N/A N/A {101]
sulphate oxalate sulphite formiate 30s 40mM LIOH (n=8) (n=%) (n=6)
fluoride phosphate carbonate acotate D 02% wiw Triton R’=>0 999
X 100
Chiloride nitrate sulphate oxalte Hydrodynamic 3mM PMA, 3mM Indirect UV N/A N/A 01 100mgh. 0006-1 072 0020 003-054% 0 95-4 25% N/A NA {102]
tartrate malate succinate citrate 28 DETA (n2=6) mg 3574 {n=18) (n=18)
phosphate acetate lactate R'=099 mgit
Fluoride monofiuofophosphate Hydrodynamic 10mM sodium Indirect UV Tungstate NA 005-Tpg/mL N/A 0104 NA N/A N/A 825 (103)
10-403 chromate 0 1mM (n:=8) pg/mL 106%
CTAB R“=0996-
0998
Chioride sulphate oxalate formate Hydrodynamic 5mM PDC Direct UV N/A NA 5-50mg/L 09-25mg.  NA 01013% 06-26% NA NA {104)
malate clrate succinate pyruvate 2s 0 5mM CTAB R*>0899 (n=6) (n=6)
acetate lactate phosphate
pyrogiutamate
Phosphate fluoride nitrate nirite Hydrodynamic 0 5mM nitiroso-R indirect UV N/A N/A N/A N/A NA NA NA N/A N/A (105}
chloride sulphate phosphite (various time salt
periods)
Phosphate Hygarodynamxc 1 13mM PMA, Indirect UV N/A N/A 05 10uM 0 12 0 45uM NA 0010 22% N/A N/A 106% (108]
24-2408 0 8mM TEA, (n=9) (n=15)
2 13mM HmOCH
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Bromide chloride sulphate nitrite Hydrodynamic 225mM FMA Indirect UV N/A N/A 0 5-10ug/L N/A A NA N/A N/A N/A {107]
nirate phosphate 30s 6 5mM NaOH (n=5)
16mM R*=0996-
triethanolamine 0999
0 76mM HmOH
Bromide chioride sulphate nitrite Hydrodynamic 225mM PMA Indirect UV N/A N/A 0 5-50mg/L 009 NA 394 483% N/A N/A N/A (108}
nitrate oxalate 108 6 5mM NaOH {n=56) 0 15mg/L {n=55)
1 6mM R?>0 999
triethanolamine
0 76mM HmOH
Chlorde nitrate sulphate oxalate Hydrodynamic 20mM salicylc Indirect UV N/A N/A N/A 32 72imaot NA NA NA N/A NA [109]
malonate formate maieninate acetate 458 ackl 32mM Tris
azelate propionate butyrate valerate 0001% HOB
pelargonate
Chioride chiorite chiorate nirate Hydrodynamic 4 6mM sodium Indirect UV N/A N/A 1 50mg/L 0106mgi NA NA NA N/A 86-106% [110}
sulphate perchlorate 308 chromate R?=09%8-
0 46mM CIA-Pak 0999
OFM Anlon-BT
Chioride suiphate nfrate oxakate Hydrodynamic 5 05mM 4- Indlrect UV N/A N/A N/A 33-119ppb NA NA N/A N/A N/A {111]
malonate formiate succinate 308 methylbenzylammn
e 18ImM 18
crown-§ 6 53mM
HIBA
Nitrate nitrie Hydrodynamic 14g NaCl 110mg  Direct UV Bromkie NIA 0312mgn 0 3mgiL NA NA NA 3775% 89-90% [112]
70s Na;HPQ, 50mg {n=10)
NaH,PO,; 100mg
poly(ethylene
glycol) 8000 in
100mi water
Chioride nirite nitrate sulphate Hydrodynamic 4mM CuSQ Indirect UV N/A N/A 0 1 80ug/mL 007 024- NA N/A N/A N/A [113)
phosphate 108 4mM formic acid R*=0993 0 1pg/mL 0 8pgimL
3mM 18-crown-6
ether
Chioride sulphate Hydrodynamic 10mM nitrate Indirect UV N/A Chloride 25 100ugiml. 1 dpg/mL WA 2425% 252%% 434 5% NIA [114)
108 R*=0997 (n=10) (n=7) (n=n
0998
Bromide chloride nirate nirite Hydrodynamic Artificial seawater Direct UV N/A Bromide 01 12mght 0 46mgh. NA 14% 156% 03-16% N/A [116)
25 R’=0999 (n=4) (n=4) (n=4)
Bromide chlonide flucrte nirke Hydrodynamic 5mM KHP 2mM Indlrect UV NA NA N/A N/A NA NA N/A N/A N/A {116)
nitrate phosphate sulphate 20s TTAB
Bromide chloride sulphate thiocyanate Hydrodynamic 0 5mM BCG Indirect Uv N/A N/A 0-100u4M 012uM NA 0117% N/A N/A N/A 117
chicrate malonate tartrate bromate (varlous tme 2mM DEA/OmM R?=0979-
formate cltrate succmate phthalate periods) fysine/2mM 0999
lodate phosphate CHES/2ZmM
acetate 4mM
DEA
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Bromide chloride sulphate nirate SnL 2 5mM PMA, tndirect UV Bromde N/A N/A N/A NA N/A 3 4% N/A N/A [118]
15mM Tris {mi (n=11)
DoTACOH
Oxalate ciyate fluoride malate aspartic  Mydrodynamic 10mM sodium indirect UV N/A N/A 021000mglL.  N/A NA 04-083% 093-353% N/A 97 105% (119]
acié glutamic ackd quinkc acid 5 chromate 0 SmM R*=0997 (n=4) (n=4)
TTAB 0 1mM 0 999
Na,EDTA
Chioride sulphate oxalate formats Hydrodynamic 7 5mM p-AB Indirect UV and Chiorate 5- N/A 1.100mg/L 0 018-0 667 003- N/A N/A N/A N/A {120)
matate citrate succinate pyruvate 308 0 12mM TTAB Conductivity Chlorovalerate R*>0999 mgiL 111mght
acetate phosphate lactate
pyroglutamate
Chlorkde nirate sulphate carbonate Electrokinetic SmM Cu(En);z Indirect UV Lithium N/A 1x10° Q108mglt NA 0 18-0 45% 1852% NA N/A 21
5KV x 58 hydroxide 2mm 1x10°M (n=6) (n=6)
TEA 20pM R?*=0996-
TTACH 0999
neutralised with
chromic acid
Nitrate bromide chioride mesylate Hydrodynamic 10mM KHP Direct UV Nitrate N/A 6-10ug/mL N/A NA 075% 102% N/A N/A 122)
49 0 5mM TMAOH R%=09814- (n=6) (n=6)
2% (vN) water in 0699
methanol-OMF
Bromide chleride sulphats nitrke Elecyokinetic 6X 10°m 2 Indirect UV NA Chiorde WA x01'M NA 06% 124-138% N/A N/A (123)
nitrate 5KkV x 10s aminopyridine 3 sulphate nitrate
Hydrodyna mic X 10°M
8s chgumata 5X
10°M CTAB
Chloride nirate sulphate Electrokinetik: 5X 107M Croé Indirect UV Nitrite Chioride nitrate [Joh] 1x01 "M NA 03-04% 5475% N/A 887 {124)
5KV X 108 5 X 10°M suphats 4X10M 105 2%
Hydrodynamic CTAB R’=0897
8s 0999
Chiorde nitrate sulphate oxalate Hydrodynamic 20mM PDC Indirect UV N/A N/A 1G-100mgA 0819mgn NA 0120 15% 1139% N/A N/A {125)
formate tartate malate citrate 6s 0 5mM CTAH R*=0999 {n=6) (n=6)
succinate hypophosphite phosphate
lactate phosphate
Bromide chloride nitrite nitrate Hydrodynamic 3ImM KGOy Indirect UV NA NA 20-1000mgi. 6-12mg/L NA <0 5% 08-498% N/A N/A £126]
sulphate oxatate ascorbate malonate 6s 30pM CTAB {n=5) {n=5)

fluords formate cltrate diphosphate 3mM Borkc Acid
phosphate trtrate succinate malate

Thiosulphate bromde chioride Hydrodynamic 5mM KxCrO4 Indirect UV N/A NA NA 4-500ppb N/A NA N/A N/A N/A {127]
sulphate, nirite nitrate motybdate 2 3mM Boric Acid

tungstate citrate fumarate fluoride 35(M CTAB

phosphate carbonate 12uM EDTA
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Thiosulphate bromide chioride Electrokinetic 3mM chromate Indirect UV N/A Chiorde Calibration 4 500ug/L NA 0102% 1872% 0722% N/A [128]
sulphate nirite nitrate molybdate 5kVx 7 55 30pM CTAB 3mM sulphate nitrate curve (n=5) n=%) (n=5)
tungstate citrate fumarata fluoride Hydrodynamic Borlc acid nitrite phosphate
phosphate carbonate 53
Bromide chloride sulphate nitrte Hydrodynamic 2 25mM PMA Indirect UV N/A N/A 0 5-100mgn. 001 NA 011-043% N/A N/A N/A [129)
nirate 10-50s 6 5mM NaOH (n=6) 0 04mgiiL (n=5)
1+ 6mM R’=0997
tristhanolamine 0999
0 75mM HMOH
Bromide lodide nirate nitrte lodate Elactrokinetic3k 100mM KCI Oirect UV NA N/A NA 32107 N/A NA N/A N/A N/A [130]
Vx 158 14x10% M
Hydrodynamic
(various trme
perods)
Chiorite sulphate nirite oxalate Hydrodynamic 2 25mM PMA, Indirect UV N/A N/A Calibration 0 5mg/l NA <6% N/A N/A N/A [131]
formate acetats 253 6 5mM NaOM curve (n=5)
16mM
triethanolamine
0 75mM HMOH
Bromde chloride sulphate nitrate Hydrodynamic 12mM DIPP 4mM  Indirect UV N/A N/A Calibration 20-50uM NA 05132% 0837% N/A N/A [132]
chiorate 108 TMA, 1 5mMm cyrve (n=6) (n=6)
HIBA 23mM 18- R*=0 995-
crown-6 0899
Bromide iodide nirte thiosulphate Hydrodynamic 50mM sodium Direct UV N/A N/A 01 10ug/mL N/A 002 064 118% 132296% N/A N/A [133}
nirate ferrocyanide thiocyankde 208 tetraborate 5% R*=0954- 01iugiml  (n=10) (n=10)
molybaate tungstate MeOH 0993
Bromide chloride nitrite nirate Hydrodynamic 2 5mM phthalate Indirect UV N/A N/A NA N/A NA N/A N/A N/A N/A [134)
sulphate oxalate perchiorate chlorate 58 2 5mM Cro,>
malonate formate fluoride bromate 10mM Histdine
citrate succinate tarrate glutarate 0%-0 8% PDDA
adipate lodate acetate propancate
butancate valerate caproate caprylate
Chlonde bromide sulphate nitrate Electrokinetic 4 7mM sodium Indirect UV N/A N/A 01 80mgA 006-0325 NA 0521 116-3698% 0892 NA £135)
fluorde phosphate carbonate 4KV x 108 chromate 4mM (n=i mg/L 0718% (n=8) 2 750%
Hydrodynamic OFM 10mM R’=0934 (n=8) (n=8)
308 CHES 0 1mM 0999
cakum gluconate
Chioride bromide suiphate nitrate Hydrodynamic 4 7mM sodium Indirect UV NiA N/A 01 80ppm 006 NA 052-0 72% 116-37% 089-275% N/A [138]
fluorde phosphate casbonate 30s chromate 4mM (n=8) 0 32ppm (n=8) (n=8) (n=8)
OFM 10mM R’=0967
CHES 0 1mMm 0999
calcium gluconate
Chioride sulphate nitrite nitrate Hydrodynamic 2 25mM PMA Indirect UV N/A N/A 011000mg/L  N/A NA 0107% 5-11% N/A N/A [137}
5208 & 5mM NaOH R?=0882
1 6mM 0999
tristhanolamine
0 76mM HmOH
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{odide perhenate iodate Eloctrokinetic 5mM phosphate Direct UV N/A N/A N/A 45x10 " mol NA NA N/A N/A NA [138]
Nitrate nitrite Hydrodynamic 25mM phosphats Direct UV NA N/A 005-10ug/mL  N/A NA 1% 1295% N/A N/A [139]
53 05% DMMAPS
10% Brij-35
Nitrate nitrte Hydrodynamic 10mM sodium Direct UV N/A NA 10ng/mL. 25ng/mL NA NA NA N/A 952 [140}
208 sulphate OFM- 5m! 104 5%
OH R“=0997
0998
Thicsulphate chioride sulphate Hydrodynamic 5mM chromate Indirect UV N/A N/A 1 100ppm N/A NA NA NA N/A N/A [141]
sulphide oxalate sulphite carbonate 158 0001% WA R?=0990-
polybrene 20% 0999
vN ACN
Bromide chioride nitrite sulphats Hydrodynamic 5mM potassium Indlrect UV N/A NA 2 5-50pg/mL N/A NA NA NA N/A N/A [142]
nirate chiorate fluoride phosphate 58 dichromate R?=0 993-
16mM TEA, 0993
TTAB/DMB/DMO
H/HMBr/TBHPBr
Hydroxide thiosulphate chioride SmM chromats Indirect Uv N/A NA 1 _100ppm 05-10ppm NA 03-154% N/A N/A NA [143]
suiphate sulphkle oxalate sulphite 32% ACN R’=0992
formate casbonate acetate proplonate 0001% HDB 0999
butyrate
Chicride nirite nitrate sulphite Rydrodynamic 300mM borate Direct UV N/A NA 19pM—10mM 05-15uM NA 029-0 74% 071862% 0958-8 47% NA (144]
sulphate formate fluoride acetate 108 05mM TTAB R°=0995-
0 5mM EDTA 0399
Thiosulphate chioride sulphate nitrte Hydrodynamic 10mM chromate Indlrect UV N/A NA 5-150mg/L 125mgn NA 004-012%  289-1156% 084617%  NA [145]
nitrate sulphite phosphate carbonate 53 0 5mM (n=5) (n=5) (n=5)
TYABBSMM
salicylic acid
SmM Tris
Chlorkle sulphate nitrate fluoride Electrokinetic 5mM molybdate Indirect UV N/A Chlorate 0 05-20ppm 2 SBppb NA 04131% 4283% 4171% 80-97% [148)
formate phosphate carbonate acetate 3kV x 203 0 15mM CTAH {hydto )10- (n=5) (n=5) (n=6)
Hydrodynamic 0 01% PVA, 5mM 3000ppm
208 Tris (electro )
(n=7)
R*=0990-
0997
Nitrate chiorate chloride sulphate Hydrodynamic 10mM chromate Direct and N/A N/A R?=0892 0 4-7pg/mi NA 029-0 44% 1836% NA 872 {147]
308 0 1mM CTAB indirect UV 0984 (n=8) (n=5) 110%
Chioride sulphate nitrate sopL® 6mM chromate 3 Indlrect UV NA Thiosuphate N/A N/A NA NA N/A N/A N/A [148]
X 10°M CTAB
3mM boric ackl
Chioride nitrite nitrate sulphate Hydrodynamic 20mM MESMHis Conductivity Nitrite N/A sgpg/L Smg/t 7 2650ugh NA 079-1 4% 4786% N/A N/A [149)
fluoride phosphate 10-30s 20uM CTAB R*>0 999 (n=8) (n=8)

1 5mM 18-crown-
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Chloride nitrate sulphate fuciide Electrokinetic 5mM chromate Indirect UV N/A N/A N/A 3-14ugl NA NA NA N/A NA [160]
phosphate 5kV x &s 20mM DEA
0 5mM DDAB
Chioride nitrate sulphate formate Hydrodynarmic 7 5mM salicyclic Indirect UV N/A N/A N/A 8 5-24 ygdm NA §370% N/A N/A NA {181}
lonate succnate late 35-60s acd 04mM 7133377
propanoate butanocate DoTAH 15mM ugm ° per
Trs day" © 42
1 18mgm4‘”
Bromide chioride nitrite nitrate Doubie end 50mM MES-His Conductivty N/A N/A 200ppb- T0ppb NA NA N/A N/A NA [162]
sulphate fluoride Injection 1mM 18-crown- 100ppm
hydrodynamic 6/0 001%
(6 and 8s) SPAS/0 001%
HDB
Bromiie bromate iodide iodate nitrite Hydrodynamic 25mM phosphats Direct Uv Bromate Nitrate NA NA NA 0 25-3 46% 0424 27% N/A NA [163}
nitrate selenite {n=30) (n=30)
Niirate nitrite Hydrodynamic Artiticial seawater Dlrect UV NA N/A 00 1mgA. 1 77wl NA 011-02% 14-26% 1733% N/A [164]
258 3mM CTAC R’=0997 (n=8) (n=8) (n=8)
0 699
Chioride suiphate nitrate nirite lodide 200ni sample 10mM L Conductiity N/A N/A 5 50uM 26-155nM NA NA 29-49% NA NA [165)
fluorkie phosphate loop Aspartate 2 6mM {(n=15) (n=10)
BTP 0 29%(wA) R’=0 993
MHEC 70mM o 0998
COD/14mM PEG-~
DC 4 5mM BTP
0 19%(wN) MHEC
5 19%(wN)PVP
Thiosuiphate bromide chioride Hydrodynamic 3mM SSA21mM Indirect UV N/A N/A 15-200pM 160~ NA N/A 1143% N/A 972 {166]
sulphate nitrite hitrate oxalate 228 Tris R'=0951 1370nM? (n=6) 107 6%
perchiorate thlocyanate sulfie clrate Electrokinetic 0999 22 13om?
malate fartrate fluoride formate 2KV x 168
hydrogenphosphats
hydrogencarbonate acetate proplonate
butyrate valerate
Bromide lodide sulphits suiphate Hydrodynamic 10mM Na;SO, Direct UV N/A NA 1x10° - 2x10° M NA NA NA NA NA 1167]
nirate 10s 2mM CH;COONa 810" M
R°=0998
Bromide nirate thiocyanite Hydrody 0 1M B-alanh Dlrect UV N/A NA 15-500uM 1 5uM" NA 0 04%" 071%" N/A 922 [168}
4s HCt R’=09995" o 7um’ 008%’ 0 88%" 105 7%"
25-5001M (n=10) (n=10) 947
R%=09999" 101 9%’
(n=5)
Sulphiie thiosulphate tetrathionate Hydrodynamic 2mM SULSAL Indirect UV N/A N/A 002 1mM 15-10pM NA N/A NA N/A N/A [169])
trithionate sulphite sulphate 59 0 5mM OFM-OH R’=0989-
peroxodisulphate Bls-Tris 0999
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Nitrte nftrate sulphate oxatate Hydrodynamic 30mM Sodlum Direct UV N/A N/A 001 2mM 10-8 0uM NA NA 19-32% N/A 916 {170}
fumarate tartrate malonate malate 108 1mM TTAB R*=0999 (n=5) 102 5%
ciirate malonate phthalate acetate 20%(viv) ACN
Bromide chionde nirte nirate Hydrodynamic 30uM FMN Fluorescence N/A NA NA 20-30ug/L? NA NA N/A N/A N/A 1171}
chromate sulphate oxalate molybdate 45 100mM H3BO, 10-15pgn
tungstate malonate fluoride fumarate 2mM DETA
formate succinate malate clirate
tartrate phosphate hypophosphate
phthalate carbonate
Bromide Hydrodynamic 100mM Direct UV N/A NA 13-167uM 0 36uM 12uM 004% 0 6% NIA 58 2 1172)
158 methanesulphoric (n1=5) (n=6) (n=6) 104%
acid 60% ACN R'=0999
Sulphate sulphlte sulphiie Hydrodynamic 5mM KH,PO, Directindirect UV N/A NA 1x10° 1x10°  8x10’ NA 0415% 18-58% N/A 918 1173)
thicsulphate tetrathionate 6s 5mM M (n=5) 8 4x10° M (n=5) {n=5) 105%
pentathionate hexathionate (NH.),SO«/5mM R’=0 995-
HCrOg 1mM 0999
HMOH/BSmMM
TBAAC 5mM
(NH,);80,
Thicsulphate suiphide sulphite Hydrodynamic 20mM NH,CI Dlrect UV N/A N/A 1x1oj 5x107 NA 045058%  18-29% N/A N/A [174)
001min 5x10°' M 200%™ (n=6) (n=6)
(n=6)
R’=0 968
Nirate nitrite Hydrodynamic 100mM borate Direct UV N/A N/A 1 500uM 0 43-0 57uM 14 0077 N/A N/A 86 6- [175]
58 (n=5) 19uM 0088% 97 4%
R?=0999 (n=48)
Bromide nitrate nitrite Hydrodynamic 0 1M sodium Direct UV N/A N/A 100-800ug/L 35ug/L NA 01% 3 0% 15% N/A [176]
60-100s phosphate 0 t15M (n=4) (n=5) {n=5) (n=5)
DDAPS R?*=0998-
0999
Chioride nitrite nitrate phosphate Electrokinetic 25mM arghine Conductivity N/A N/A N/A 10911 9nM NA NA N/iA NA N/A 177]
sulphate 6KV x 208 81 5mM borate
0 5mM TTAOH
Bromxe nirate bromate Hydrodynamic 100mM sodum Indlrect UV N/A N/A N/A 183-6 51ppb NA 403-11 0% 919-1269% 454-1204% NA (178]
100s dihyrogenphosph (n=15) (n=3) (n=3)
ate 05M
phosphoric acid
Chioride nitrite sulphate nitrate Hydrodynamic 5mM sodium Indirect UV N/A N/A N/A N/A NA NA N/A N/A N/A {1791
phosphate acetate fluoride formate 308 chromate
carbonate propionate butyrate oxalate tetrahydrate
phthalate benzoate chioroacetate 0 5mM OFM-
OH/12 3mM
potassum
phasphate
monobasic
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14 8mM sodum
phosphate
dibask 1mM
OFM-CH
Chioride bromide iodide sulphate 200n] sample 7mM succnate Conductivity N/A NA N/A 046-1 4uM NA 004-0 3% 12 14% N/A N/A [180]
nirate nitrée fluoride phosphate loop 0 5mM BTP 02% (n=5) (n=5)
(wh) m-HEC O-
90 mM o-CD
Bromide ntrite nitrate Hydrodynamic Artifical seawater Direct UV N/A NIA 0-2mg/L 004~ NA 078-085% 1524% 042071% 97 114% [181]
133 3mM CTAC R?>0999 0 07mg/L (n=8) (n=8) (n=8)
Bromde Hydrodynamic 15mM sodium Direct UV N/A N/A 0-500pgt 15ug/L 20pg/L 014% 244% N/A NiA 1182}
10s chioride 5mM (n=5)
formic acid R%>0999
Chiloride nitrite sulphate nitrate Electrekinetic 6 3mM sodium indirect UV N/A N/A 1_10C0ppm 007 0 3ppm NA NA NA N/A NA [183]
fluoride phosphate carbonate acetate 0 5kV x 68 chromate 2 SmM R?=0993-
pyrogiutamate CTAB 4% ACN 09586
Chioride sulphate nitrate fuoride 101pP S5mM K;CrO4 Indirect UV N/A N/A N/A N/A NA N/A 20-23% 05-13% 916 [184)
05mM CTAB (n=32) (n=32) 105 8%
Nitrate nitrite Hydrodynamic 25mM borate Direct UV NA Nitrate nitrite N/A N/A NA NA N/A N/A 83-103% 1185)
30-60s 25mM HMBr
Chioride bromde sulphate nirate 200n! sample 10mM PEG-DC Conductviy NA WA NA 42 420nM N/A NA N/A N/A N/A [186]
lodide nitrite fluoride phosphate loop 4 11mM BTP
7 5%(wh)
PVP/7TmM
succinate ) 5SmM
BTP 0 29%{wA)
HEC 5% (wh)
PVP
Bromude chionde thiosulphate nitrite Hydrodynamic 20-35mM LIOH Conductivity N/A N/A 15-15mgL 0008 1mg/L NA 1241% 1751% N/A N/A {187}
nitrate suiphide sulphate thiocyanate 6128 50mM CHES (n=5) (n=5) (n=5)
sulphite flucride phosphate 0 03% Triton X R’=0993-
100 0999
Bromxde iodide nirke nitrate Hydrodynamic 10mM Phosphate Diract UV N/A N/A N/A 0 06- A 012 14%° 135463% NA NA [188]
thiocyanate molybdate chromate 48 1mm 0 3pg/mL 009 058%° 1 236%°
CTAC/2 5mM
Zwittergent 3-14
Bromide odide chionde niite nitrate Hydrodynamic 20mM NaHPO, Dhrect UV N/A N/A 10-100uM 4 0-3 0pM NA NA 2136% N/A 92 4 (189]
thiocyanate 60s 20mM TMAOH R*=0 993 (n=5) 94 5%
0999
Bromdie iodide nitrte nitrate Hydrodyhamic 0 3M NaCl 10mM Direct UV NA Bromide nitrate N/A 06-08uM N/A 0205% 59-70% N/A N/A [180]
molybdate 4158 Zwittergent-3-14 (n=3) (n=3)
50mM Tween 20
5mM Phosphate
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Arsenite arsenate dimethylarsinic acid Hydrodynamic 15mM phosphate Direct UV N/A N/A 01 4omgiL N/A ImgA NA 27 152% N/A N/A [181)
methanearsonic acid phenylarsonic 6s 10mM sodium (n=4)
acld diphenylarsinic acid phenarsazinic dodecylsulphonat R?=0 988

e 0986
Bromxe chloride nitrite sulphate Hydrodynamic 2 25/5mM PMA, Indlrect UV Perchlorate N/A N/A N/A NA <05% <5% N/A N/A (192}
perchlorate oxalate sulphosuccinate 10s 1mM barium
fluarophosphates fluoride hydroxxie

12/20mM TEA

0 75mM HMOH
Thiosulphate thiocyanate sulphite Hydrodynamic 50mM CHES Conductivity N/A N/A N/A 0 5mg/L NA NA N/A N/A N/A (193}
sulphate 12s 3I5mM LIOH

003% Triton X

100

a b [ d )
. @ Electrochemical detection, ® Flow injection Analysis, © Hydrodynamic injection, @ Electrokinetic injection, © Bulk/wet

- deposition, P Dry deposition,  Aerosol, ™ Serum, ” Unne, ? CTAC, ¥ Zwittergent-3-14
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In hydrodynamic injecton the amount of sample injected can be
theoretically calculated using the Poiseullle equation below [194],

4
1
V_APm:l

Where V., 1s the volume injected, AP is the pressure difference across the
capillary, d is the internal diameter of the capillary, tis the injection time, n
is sample viscosity, and L is the length of the capillary (total) From this
equation it can be seen the sample itself can influence the sample volume
injected, through varying viscosity Although this s relatively minor for
dilute aqueous samples, it can be significant when analysing more complex
sample matnces In addition to such sample related errors, hydrodynamic
injection I1s also susceptible to instrumental error due to its reliance on the
precise application of a head pressure to the sample vials

When utilising electrokinetic injection the following equation can be used to
calculate the number of moles of each analyte injected (Q,), rather than an
actual volume [195],

Ve
Qz — (/uep +:uz>)7zr 11 C (202)

Where, w4, 1S the electrophoretic mobility of the analyte molecule, e, Is the
electrophoretic mobility of the sample solution, V, represents injection
voltage, t, equals injection time, ris the radius of the capillary, C 1s molar
concentration of each analyte and L s the capillary length From the above
equation it is clear that, (1) as each analyte will have its own mobility In the
sample solution, those with higher mobilites will enter the column
preferentially over those of lower mobility and, (2) as both e, and 1, are
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dependent upon solution conditions (pH and ionic strength), differences
between the sample solutions, standard solutions and the running buffer
itself, will also cause differences in the amount of analyte injected This
results in the injected sample plug not being a true representation of the
onginal sample and a decreasing amount of analyte 1ons actually being
injected as the sample icreases in ionic strength

Huang et al [196] proposed a simple method to compensate for different
injection amounts resulting from differences in analyte mobilites For two
analytes of diffenng mobilities, uep7 and sep2, the ratio of the amount of each

analyte injected under the same solution conditions is given by,

0 G 2oy

g _,54

Where b 1s equal to a bias factor, given by,

b= (luepl + :ueo)

e + 100 ) 204)

If ether b = 1 Or meo >> pepr and pep2, INjection bias will be insignificant
Where this i1s note the case the following Huang et a/ proposed using a
bias correction factor based upon migration times of each analyte, defined
as follows,

Le

— 2

n, = )E (2 05)
ept + lueo
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Where, t, 1s equal to migration time and L5 1s effective capillary length
The bias correction factor (by) I1s then simply calculated as b = &,/tm
However, for the above correction factor to work In practice the i, of the
sample and running buffer solutions have to be approximately equal,
necessitating the preparation of standard and sample solutions In the
running buffer Secondly, the electroosmotic flow rate generated dunng the
injection step should be the same as that generated dunng the separation
step, necessitating the use of the same applied voltage in both instances
In practice these limitations are often too restnctive for this correction factor
to be widely applied, and as shown In a recent study by Knvankova et a/
[197], dilution or preparation of low concentration samples and standards in
or with the running buffer can have severe effects upon anaiyte peak
shape, making quantification difficult Also, the type of correction factor
proposed does not take Into account differences in sample concentration
and onic strength An approximately linear relationship exists between
both the solution electroosmotic flow and the electrophoretic velocity of
each analyte and the sample solution ionic strength, with both solution
electroosmotic flow and the analyte eiectrophoretic velocity increasing with
decreases in sample Jonic strength [196] This effect was clearly illustrated
by Jackson and Haddad [72], who showed the response for 10 mg/L
fluonde injected electrokinetically was reduced by over 80% when the
standard solution onic strength was increased through the addition of a
relatively small concentration of chlonde (200 mg/L)

Therefore, it s reasonable to conclude that for quantitative work,
electrokinetic injection i1s often impractical and requires great care If used
However, as again discussed in Section 2 4 2, in certain instances the use
of internal standards and standard addition techniques can be used to
improve quantitation when using electrokinetic injection

In their review on electrokinetic injection in CZE and its application to the
determination of inorganic compounds, Krivacsy et al [13] qualitatively

65



compared electrokinetic injection with hydrodynamic injection Knvacsy et
al clamed that for peak area repeatability, values of 2-5% (presumably
RSD) are typical for electrokinetic injection, compared to 05-3% for
hydrodynamic njection For migration time, values of 02-2% for
electrokinetic Injection are shown, compared with 01-05% for
hydrodynamic injection (although it i1s not clear how such values were
obtained as expenmental details were not given)

One nteresting attempt to improve upon the quantitative aspects of CZE
injection techniques was the use of an external loop system developed by
Dasgupta and Surowiec [198-199] Here, a small wire loop attached to the
tip of the capillary, which when dipped into a sample solution emerges
containing a thin film of the sample This could then be quantitatively drawn
Into the capillary using a small applied pressure without the introduction of
any ar The method was said to be more independent of sample viscosity
and surface tension than hydrodynamic injection
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2.3. Separation Stage

In any review of quantitative aspects of CZE it is important not only to
discuss precision in terms of peak area and height (which as mentioned
above are predominantly related to sample injection conditions), but also In
terms of migration time (which i1s of course heavily dependent upon a
reproducible EOF (i), and constant analyte electrophoretic mobilities
(Lep), (Happ=Hep+ieo) Migration time precision in CZE is usually expressed
as short-term repeatability or precision, this being migration time vanation
determined from consecutive repeat injections of a single standard, camed
out by the same analyst, on the same instrument, over a short timescale
Other expressions of precision such as long-term repeatability, long-term
reproducibility (such as Inter-laboratory precision), or indeed robustness
are seldom quoted

It should be noted that, as mentioned above when discussing vanation due
to sample injection, the use of internal standardisation would take account
for much of the vanation in migration times due to varying u., and thus
allow precision to be more preferably expressed as relative migration
times However, since In practice the majonty of workers have chosen not
to use this calibration technique it seems reasonable that this review
should survey absolute methods of improving e, and migration time

precision

2.3.1. Control of EOF.

For quantitative CZE the correct choice of running buffer is very important
Reproducible migration times (u,,,) are required to permit any type of
guantitatve work and these are obwviously heavily dependent upon a
reproducible EOF (ue), and constant analyte electrophoretic mobilities
(#ep): (Mapp=teptited) The EOF itself 1s dependent upon the conditions
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within the running buffer, predominantly pH and ionic strength The
electrophoretic mobility of the analytes can be affected by solution
conditions such as pH, ionic strength and viscosity Changes in the above
conditions dunng or between runs, for example caused by evaporation,
unstable reagents, precipitation or adsorption, electrolysis at the
electrodes, or cross contamination, can drastically alter migration times It
Is also very important that any pre-treatment of the capillary itself (such as
pre-run flushes with the running buffer, acids, bases or water) also results
in a repeatable capillary surface and a reproducible EOF [200]

Amongst the publications surveyed for this review, literature that included
some application to one or more real samples, the majonty worked under
co-electroosmotic flow and so required some form of EOF modifier within
the running buffer In most cases this would involve adding a quaternary
ammonium salt with a least one long alkyl chain to the running buffer to
form a positively charged dynamic micellar layer at the capillary wall (for
examples see Table 2 1) The problem with this approach s the EOF
modifier has to be present in the running buffer as the stability of this layer
is insufficient for the buffer to be used without it The presence of the
modifier can alter the stability of the running buffer through the formation of
insoluble 1on-pairs with other components of the solution, and also form
ion-pairs with analyte ions thus affecting migration times and selectivity
For example, insoluble precipitates can be formed between the EOF
modifier and probe 1ons added to facilitate indirect detection, an example
being chromate and CTAB or TTAB, which must be used together at a pH
greater than 8 to avoid such affects and prepared freshly each day [201]
The addition of EOF modifiers can also alter the viscosity of the running
buffer, and cause competitive displacement problems if indirect detection 1s
used through the introduction of unwanted counter ions

Double chained cationic surfactants have been shown to produce more
stable double layers at the capillary surface and have been used to pre-
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coat the capillary and thus be removed from the running buffer The double
chained surfactant DDAB was used to pre-coat the capillary in a method
for the rapid CZE determination of nitrate and nitnte developed by
Melanson and Lucy [202] Migration ttime RSD was quoted as less than
0 5% for the two analytes, suggesting the method resulted in a stable and
reproducible coating However, the coating was by no means permanent
and so reqular flushes with a DDAB solution was needed pror to each
injection To obtain more detalls on dynamic capillary coatings for control of
EOF, readers are directed to the review compiled by Melanson et a/ [203]

To further improve the control of EOF permanently coated/modified
capillanes have been developed Burt et a/ [204] and Finkler ef a/ [205]
have shown how permanently modified capillanes can be appled to the
separation of small inorganic anions Using a polyamide coated capillary
and a pyromellitic ac:d/TEA running buffer, Burt et a/ reported reasonable
migration tme stability, ranging from 1 35 to 1 58% for 6 common inorganic
anions This was mmproved upon by Finkler ef al who produced
tnmethylammoniumstyrene modified capillanes Migration time vanation of
< 0 25% was quoted for 5 consecutive injections of a mixture of 6 common
Inorganic anions using a simple chromate running buffer

2.3.2. Buffering Capacity.

As EOF 1s pH dependent it stands to reason pH changes dunng
electrophoresis are unwanted Without correct buffenng capacity the
running buffer can alter in pH by anything up to 25 pH units due to
electrolysis occurmng at the surface of the platinum electrode, particularly if
the caplillary inlet is positioned close to the electrode [206] Such significant
changes in pH will cause changes in analyte migration times, peak areas
and heights, and also affect baseline stability, which can then also impinge
on imits of detection Changes in overall charge of the analyte anions due
to small vanations in pH are particularly troublesome, as even intemnal
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standardisation could not be applied to take such changes into account
Correct buffenng capacity can result in marked improvements in the above
parameters, although with indirect detection careful consideration of how to
achieve this 1s required iIf the additional probilem of competitive
displacement I1s to be avoided [207] Correct buffenng also enables the
analysis of strongly basic samples, which require a sufficiently high
buffenng capacity to avoid large hydroxide peaks masking analyte peaks

Doble et al compared selected analytical performance charactenstics of
running buffers, used for the indirect UV detection of anions, of diffenng
buffenng capacity [208] Effectively non-buffered and buffered solutions of
chromate were Iinvestigated, with the buffered chromate solution containing
20 mM TRIS Using 9 repeat injections of a test mixture of 6 common
Inorganic anions it was shown that analyte mobility was largely unaffected
by the addition of the buffer, with % RSD values of 0 1 or less for both
solutions The exceptions were phosphate and carbonate, which due to
higher pK, values, were more susceptible to small changes in pH and so
showed a vanation in mobility of 0 7% and 0 3% respectively when using
the non-buffered chromate solution, this reducing to 0 1% for both anions
with the TRIS buffered solution However, it was analyte migration time and
peak area reproducibility data that showed the greatest improvements with
the use of correct buffenng Changes in migration times for 9 consecutive
runs vaned between 14 and 2 0% for the 6 anions with the unbuffered
solution, and 0 03 and 027% with the TRIS buffered solution For peak
areas the % RSD values improved from between 16 and 7 5%
(unbuffered) to between 14 and 3 1% (buffered) With such clear
improvements obtainable through the correct use of buffers it 1s not
surpnsing that in recent years, most of the applied publications conceming
inorganic anions have adopted correct buffenng protocols (see Table 2 1),
and standard texts on CZE now recommend adequate buffering capacity
as a means of improving precision [209]
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24. Calibration.

2.4.1. External Calibration.

In quantitative analysis of any kind the approach to standardisation and
calibration 1s of great importance If sufficient care 1s taken in preparation of
standards, poor calibration data generally must then result from reasons
mentioned above relating to standard injecton and separation
Instrumentally specific vanables such as detector dnft and detector linear
range can be determined expenmentally [210], and easily taken into
account through simple procedures such as regular injection of standards
when analysing large numbers of samples, or operating within the known
Iinear range of the detector

As can be seen in Section 2 2, sample and standard vanables can affect
injection volumes in CZE Therefore, although the effect may be small in
most cases, it 1S correct to assume that external calibration in CZE will
always be subject to some degree of injection error, and with electrokinetic
njection it 1s clear extemal calibration 1s simply not an option If external
calibration 1s used for quantitative purposes the accepted protocol is to use
a range of standards, generally no less than five, ranging from 50-150% of
the analyte concentration in the actual sample, with each standard injected
in duplicate Calibration graphs resulting Iin comrelation coefficients of
R2=0 999 or above are usually deemed necessary if the response is to be
termed linear, although care should be taken as non-linear effects at higher
and lower regions of the graph can still result n high R? values

As can be seen from Table 2 1 most lineanty studies involving external
calibration show lineanty generally exists over 2-3 orders of magnitude,
with direct detection such as direct UV or conductivity having a greater
linear range than indirect methods However, such data should be viewed
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with caution as the values refer only to lineanty of standard solutions and
not the actual sample itself, and linearity can never be assumed below the
lowest Injected standard concentration

2.4.2. Internal Calibration.

In CZE intemmal cahbration generally results in both improved reproducibility
and accuracy compared to external calibration, as both vanations in
injected quantity and detector response are taken into account [211-214]
Correct choice of intemal standards requires the internal standard not be
present in the onginal sample, be resolved from the target analyte(s), and
have a mobility close to that of the target analyte(s) In the imited number
of apphed studies that have used internal calibration, the following internal
standard anjons have been used, tungstate [28,40,52,103], thiosulphate
[30,34], chlorate [43,120], i1odide [52], thiocyanate [52-53), citrate [72],
bromide [112,118], 5-chlorovalerate [120], ritrate [122,124], nitnte [124)
and Iithum (method for simultaneous anion and cation determinations)
[121]

Dose and Guiochon [211] found for hydrodynamic injection a single internal
standard was sufficient for improved accuracy and precision However,
when electrokinetic mjection was applied Dose and Guiochon, proposed
the use of a method involving two intemal standards of diffenng mobilities
to produce a correction factor based upon the linear relationship between
effective volume of each analyte 1on injected and its mobility

A later study into the use of an intemal standard has been reported by
Haber et a/, who showed improvements in both method precision and
lineanty for the CZE determination of ppb/ppt levels of inorganic anions
using a tungstate internal standard with electrokinetic injection [28] The
greatest improvements were seen in extending the lower imit of the linear
range of the analyte anions, in this case chlonde, by reducing electrokinetic
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bias Lewis ef al used the same method to determine low pg/L
concentrations of chionde, sulphate and nitrate n samples from a nuclear
power plant {40] Klampfl and Katzmayer developed a method for the
determination of both fast and slow organic and inorganic anions In vanous
beverages that used two internal standards and hydrodynamic injection
Two modes of detection were used, conductivity for the first group of fast
anions, which were quantified using a fast interal standard (chlorate), and
indirect UV for the slower anions, which were quantified using a slower
internal standard (5-chlorovalerate) The method resulted in excellent
lineanty, with R? values of 0 999 or greater for all 12 anions investigated
over the range 1-100 mg/L [120]

In the analysis of basic drug samples for chioride and sulphate impunties,
Altna et al [215] reported the iImprovements in quantification and precision
possible through the correct use of internal calibration Using 10 repeat
injections of a 50 mg/L test mix, Altna ef al found migration time precision
improved from 06% RSD to 011% RSD, with peak area (chlonde)
improving from 4 19% RSD to 052% RSD The use of the internal
standard method also resulted in improved method lineanty, R?=0 9998 for
25-75 mg/L., and accuracy, with measured results quoted within 1 1% of a
true value

2.4.3. Standard Addition and Recovery.

The use of the standard addition calibration method in the quantitation of
inorganic anions using CZE 1s a relatively simple method for determining
possible matnx effects Such effects cannot easily be determined using any
other method, Including internal standards For analysis of complex
matrices standard addition calibration should be camed out together with
external calbration For quantitative purposes at least three standard
additions to the sample should be camed out, and the comparison of
slopes from this and the external calibration procedure then used to identify
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any possible matnx effects, with any statistically significant differences in
the two slopes Indicating the presence of such effects The above
companson is essential for quantitative work, as standard addition used on
its own can be misleading, as it assumes linearnty at analyte concentrations
below the level of the unspiked sample analyte concentration, which in
CZE 1s often not the case

Standard addition can also be used to take into account one aspect of
injection bias when using electrokinetic injection, as the negative effects on
the introduction of anions into the capillary caused by high levels of matrix
tons will be equal for both the onginal analyte anions and the added
calibration anions This type of application of standard addition calibration
has been demonstrated by Jackson and Haddad [72]

A number of workers have used standard addition calibration as either their
main or complmentary calibration technique for the determination of
Inorganic anions In a range of complex sample matnces These Include,
snow samples [123], nver water [124], mineral water and beer [83], bore
water [72], digested concrete [114], seawater [115], toothpaste [36] and
vegetable extracts {84] In many cases (using hydrodynamic injection),
companson of external and internal calibrations showed no significant
matnx effects [36,84,116), although for high 1onic strength samples 1t is
recommended that peak areas be used rather than peak heights for
calibration due to the de-stacking effect caused by the difference between
the field strength of the sample and running buffer [115]

A good example of how unexplained matnx effects can occur is given by
Harakuwe et a/ [114] who showed how in the analysis of concrete digests,
the slope for internal (standard addition) calibration of chionde was greater
than that obtained for extemal calibration, indicating a greater unit
response for chlonde in the real sample compared to standard solutions,
meaning external calibration was not suitable for this particular sample
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Many applied studies in CZE quote % recovery data as evidence for lack of
sample matnx effects [36,41,52,53,74,84,88,92,103,106,110,112,119,124,
140,146,147] Whilst such data does give an indication of matnx effects or
lack of, when determined using single standard additions to the sample,
the information it provides the analyst 1s extremely imited It does not
provide information on the nature or degree of the matnx effect at other
analyte concentrations This being determined from obtaining a slope from
a complete standard addition calibration graph

As can be seen from Table 2 1, and perhaps as expected, a great deal of
vanation exists in the recovery data shown, which s obviously method and
sample specific However, it 1s interesting to note that of those papers
which do quote recovery data, only ~50% quote figures where all spiked
analytes fall within +10% of the added amount Of the remainder, 37%
quote values that fall within +20%, with the rest falling outside of this
margin In certain instances, such as those described by Guan et a/ [92],
where recoveries as low as 51% were recorded for nitnte in tap water,
sample effects, in this case the rapid oxidation of spiked nitnte, can make
any sort of meaningful quantification difficult

There 1s of course no agreed Iimit to what range of recovery values are
acceptable if a method i1s to be termed ‘quantitative’ for a particular analyte
In a particular sample, realising in analytical chemistry 100% recovenes are
often achieved more through luck than judgement Therefore in most cases
it 1s simply left to the analyst to decide if the results are acceptable to solve
the problem at hand However, If a range of 95-105% were to be
considered acceptable, it can be seen that most of the reported
applications would fall outside of this margin, which when working at
concentration levels well above the method detection limits (as 1s the case
for the majority of the above) is disappointing
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2.5, Evaluating Accuracy

Accuracy In any analytical methodology can only be determined with
reference to a known or ‘true’ value An accurate measurement is one that
1S both precise and, at the same time free of any bias Accuracy can be
achieved in one of two ways, firstly, through direct reference to a known
standard, such as a quality control standard or certified reference matenal,
or secondly, through reference to a standard analysed using an altemative
technique that 1s known to be accurate [216]

2.5.1. Comparative Methods.

Table 2 2 lists the applied studies camed out using CZE and the nature
and number of the samples analysed The table also shows which studies
used a comparatve method to evaluate accuracy and the type of
comparative method used As can be seen from the table, the large
majonty of studies showed no companson data For the few that did, the
companson has been manly between CZE with |IC
[20,22,38,40,43,60,67,69,71,73,74,81,83,93,94,96,101,103,107,108,110,

121,123,128,131,132,137,138,143,145,146,149,154,156,172,188,192,193,
217] Typical examples include studies by Yang ef al [123], who found that
results obtained using a high sensitivity method developed using sample
stacking technique together with the use of an internal standard correlated
well with a standard IC method, and work by Fung et a/ [146], who
examined a CZE method for the analysis of inorganic anions In rainwater
and used an IC technique in parallel, reporting that the results for the major
anions were within statistical vanation In a rather more complex
application camed out by Stephen and Truslove [218], investigating anions
In Ink jet dyes, results obtained using CZE and IC were compared and
evaluated for both precision and accuracy, with a view of determining
which technique was more suited for routine use in an industnal QC
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environment The vanation in results obtained for chlonde and sulphate
was up to 15%, with the authors concluding that CZE was insufficiently
precise and accurate compared to IC for routine applcation, and
interestingly noting how following this study (C was subsequently employed
at industnal sites carrying out this particular analysis

In a similar, more recent study by Tamisier-Karolak et a/ [218] which
systematically compared the determination of anions 1In aqueous samples
using IC and CZE, based on relative statistical validation parameters such
as LODs, lineanty, accuracy and precision, it was concluded that, “the
results in this work are rather in favour of the use of IC instead of CZE for
quantitative determinations of anions in real samples because of better
rehabiity “ However, it was interesting to note that these conclusions
were based more upon poorer precision data for CZE compared to IC,
rather than poorer accuracy, which was very similar for both techniques

However, the above examples aside, most studies do report acceptable
correlation between results obtained using CZE and IC, aithough this has
to be taken with some caution when discussing accuracy This 1S because
in the majonty of studies that compared IC and CZE, the IC methods
(although assumed to be accurate) were not recognised standard methods
Moreover, in many of the studies companng CZE and IC, specific IC
method details were simply not included

For more complete reviews comparing all aspects of CZE and IC in relation

to inorganic analysts, including aspects of quantitation, see those reviews
compiled by Haddad [1] and Pacékova and Stulik [2]
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Table 2 2 Analytes, sample matnces, number of samples analysed and

comparative techniques used

Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Benzoate, iodate, sulphamate, Beer, soy 5 lon chromatography  {20]
fluonde, malonate, chiorate, sauce
thiocyanate, azide, nitrate, Chinese
nitrite, sulphate, chlonde, green tea,
bromide Swedish
coffee, saliva
Chlorite, fluonde, phosphate, Tap water, 2 N/A f21]
chlorate, perchlorate, nitrate, Grape juice
sulphate, chionde, 1odide,
bromide, chromate
Bromide, chlonde, nitnte, nitrate, N/A N/A lon chromatography  [22]
sulphate, fluonde, (alkanesulphonates)
orthophosphate
Chlonide, nitrate, sulphate, N/A N/A N/A [23]
nitrite, fluonde, phosphate
lodide, thiocyanate, nitrate, N/A N/A N/A [24]
bromide nitnte, azide, chlonde,
fluonde, chromate, thiosulphate,
sulphate
Polyphosphates, Crest 4 N/A [25]
polyphosphonates toothpaste,
Lever 2000
soap, Topol
Plus
toothpaste,
Roundup
herbicide
solution
Chlonde, hydroxide, fluonde, Tap water, 5 N/A [28]
formate, acetate, carbonate, mud, orange
propionate, benzoate, lactate, Juice, milk
phosphate, sulphite,
thiosulphate, butyrate, sulphate,
sulphide, maleniate, fumarate,
succinate, oxalate malate
tartrate, citrate, ascorbate
Chloride, nitrite, nitrate, Rat lung 1 N/A [27]
sulphate, phosphate, carbonate  airway surface
flud
Chlonde, nitnte, nitrate, sulphate  1ppm 6 N/A [28]
ammonia and
S50ppb
hydrazine
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Chloride, nitrate, sulphate, Tap water, 4 N/A [29]
fluonde, phosphate, carbonate rainwater, milk
and mud
Thiosulphate, chloride, nitrite, Tap water, 7 N/A {30]
sulphate, nitrate, citrate, fluonde, ramnwater
phosphate, carbonate, acetate
Bromide, 10dide, chionde, N/A N/A N/A [(31]
nitrate, nitnte, perchlorate,
thiocyanate
Chionde, sulphate, nitrite, Vehicular 6 N/A [32)
nitrate, carbonate, formate, exhausts
pyruvate, glycolate, acrylate,
lactate, acetate, propionate,
crotonate, benzoate, butyrate
Bromide, nitnte, nitrate, 1odide N/A N/A N/A [33]
Thiosulphate, bromide, chloride, Black, white, 3 N/A [34]
sulphate, nitrite, nitrate green pulping
liquor
Nitrate, mtnte, phosphate, River water 10 Colounmetric [3%5]
silicate
Fluonde, phosphate Toothpaste 1 N/A [36]
Bromide, 1odide, nitrate, nitrite, Sea water 1 N/A [37]
thiocyanide
Chloride, sulphate, nitrate Detergent 10 lon chromatography  [38]
and Gravimetric
Thiosulphate, chlonde, sulphate, Lemon tea, 3 N/A {39]
selenate, perchlorate, tungstate, orange juice,
carbonate, selenite apple juice
Chloride, sulphate nitrate Reactor 10 lon chromatography  [40]
cooling water,
boller
feedwater
Chlonde, sulphate, nitrate, Soall 4 N/A [41]
formate, phosphate, acetate,
propionate, valerate
Bromide, chlonde, iodide, Artficial sea 2 N/A [42]
sulphate, nitrite, nitrate, oxalate, water

thiocyanate, fluonde
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed

Bromide, chlonde, sulphate, Silicon wafer 10 lon chromatography  [43]

nitrite, nitrate, oxalate, chlorate,  surfaces

fluonde, formate, phosphate

Bromide, chlorde, nitrate, N/A N/A N/A [44]

sulphate, fluoride, phosphate

Chlonde, nitrate, sulphate, Phloem, 2 N/A [45]

citrate, carbonate, ascorbate, xylem

oxalate, phosphate, succinate

Nitrate, nitnte Human blood 41 N/A [46]
plasma

Chloride, bromide, sulphate, River water, 2 N/A [47]

nitrate, 1odide, nitnite, fluonde, dnnking water

phosphate

Nitnte, nitrate Human blood 3 N/A [48]
plasma

Chlonde, nitrate, sulphate, Tap water, 2 N/A [49]

chlorate, malonate, tartrate, beer

formate, phthalate, carbonate,

iodate

Bromide, chionde, nitrate, Sea urchin, 2 N/A [50]

sulphate, oxalate, malonate, sake

citrate, phosphate, malate

Chloride, sulphate, nitrate Food and 27 Titration [51]
beverages

Chionde, nitnte, nitrate Food 41 N/A [52)

Nitnte, nitrate Meat and 8 N/A (53]
vegetables

Bromide, chlonde, nitnite, nitrate, Multi-vitamin 3 N/A [54]

sulphate, fluoride, phosphate supplement,
cola, unne

Chlornde, sulphate, chlorate, N/A N/A N/A {56]

malonate, chromate pyrazole-

3,5-dicarboxylate, adipate,

acetate, propionate, 8-

chloropropionate, benzoate,

naphthalene-2-monosulphonate,

glutamate, enanthate, benzyl-

DL-aspartate

Nitrate, chionde, sulphate, nitrite  Drinking water  N/A N/A [59]
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Bromide, acetate, cacodylate Human 6 N/A (571
serum, virus,
bactera, y-
globulin,
haemoglobin,
pH indicators
Bromide, chlonde, sulphate, Kraft black 4 N/A [58]
nitnte, nitrate, fluonde, liquor, arr filter
phosphate sample,
petroleum
refinery
extract,
shampoo
Bromide, chionde, sulphate, Urine 5 N/A [59]
nitnte, nitrate, fluonde,
phosphate, carbonate, arsenate,
arsenate, ascorbate, oxalate,
citrate
Bromide, chlonde, 1cdide, Drinking 10 lon chromatography  [60]
sulphate, nitrite, nitrate, chlorate, water, waste
perchlorate, fluorde, phosphate, water
chlorite, carbonate, acetate,
monochloroacetate,
dichloroacetate
Thiosulphate, chlonde, sulphate, Black, green 7 N/A [61]
oxalate, sulphite, formate, and white
carbonate, acetate, propionate,  Kraft iquors
butyrate
Chlonde, sulphate, fluonde, Bayer hquor, 25 fon chromatography, [62]
oxalate vegetation gravimetric, titnmetnc
and autoanalyser
Bromide, chioride, sulphate, Water 6 N/A [63]
nitnte, nitrate, fluonde,
phosphate
Thiosulphate, bromide, chlonde, Coffee, fine 3 lon chromatography  [64]
sulphate, nitrite, nitrate, chemicals,

molybdate, azide, tungstate,
monofluorophosphate, chlorate,
citrate, fluonde formate,
phosphate, phosphite, chlonte,
glutarate, o-phthalate,
galactarate, ethanesulphonate,
propionate, propanesulphonate,
DL-aspartate, crotonate,
butyrate, butanesulphonate,
valerate, benzoate, L-glutamate,
pentanesulphonate, D-

terephthalic
acd
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Analytes Sample No of Comparative Ref
Determined Matnix Samples Technique Used
Analysed
gluconate, D-galacturonate
Inositol phosphates N/A N/A N/A [65]
Bromide, chlonde, nitrate, N/A N/A N/A [66]
sulphate
Bromide, chlonde, sulphate, Water, Ink, 9 lon chromatography  [67]
nitnite, nitrate, fluonde, brine,
phosphate, carbonate tndustrial
biocide,
agrochemical,
dye
Thiosulphate, bromide, chlonde, N/A N/A N/A [68]
sulphate, nitrite, nitrate,
molybdate, tungstate, fluoride,
phosphate, carbonate
Bromide, chlonde, sulphate, Water 8 ton chromatography  [69]
nitrite, nitrate, fluonde,
phosphate
Chloride, sulphate, nitrate, Vitamins 1 N/A (70]
citrate, fumarate, phosphate,
carbonate, acetate
Bromide, chlonde, sulphate, Drugs 3 lon chromatography  [71]
nitrite, citrate, fluoride
Bromide, chionde, sulphate, Water, soi 2 N/A [72)
nitrite nitrate, fluonde,
phosphate, carbonate )
Chlonde, sulphate, nitrate, Boller water, 3 lon chromatography  [73]
carponate green and
blue dye
Bromide, chlonde, sulphate, Aerosol S0 lon chromatography  [74]
nitnte, nitrate, oxalate, formate, extracts
acetate, proptonate, butyrate
Sulphate Detergents 26 Gravimetric [75]
Bromide, 1odide, nitrate, N/A N/A N/A [76]
chlorate, thiocyanide
Chromate Chromium 1 N/A [77]
plating baths
Chloride, sulphate, nitrate, Water 16 N/A (78]

phosphate, carbonate
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Thiosulphate, bromide, chlornde, Tap water, 3 N/A [79]
sulphate, nitnte, nitrate, fluoride,  urnne, serum
phosphate
Chloride, sulphate, oxalate, Bayer hiquor 1 N/A [80]
fluonde, formate, malonate,
succinate, tartrate, carbonate,
acetate
Bromide, chloride, sulphate, Process 3 lon chromatography  [81]
nitnite, nitrate, chlorate, solution, soil
perchlorate, fluonde, formate, extracts
carbonate
Chionde, bromide, sulphate Potash, 2 N/A [82]
home-made
white wine
Bromide, chlonde, sulphate, Atmosphenc 22 lon chromatography, [83]
nitrite, nitrate, oxalate, formate, aerosols automated wet
methanesulphonate, filuonde, chemistry system
acetate, propionate, butyrate,
chloroacetate, phosphate
Nitrate, nitnte Vegetables 15 Spectrophotometry [84]
Chlonde, sulphate, nitnte, Sodium 4 N/A [85]
nitrate, phosphate, carbonate carbonate,
caustic
solution, HCI
digest paper
coating
Chloride, sulphate, oxalate, Bayer iquor 1 N/A [86]
malonate, fluonde, formate,
phosphate, tartrate, succinate,
carbonate, citrate, acetate
Cyanide compounds N/A N/A N/A [87]
Nitrate, thiocyanate Subterranean 4 N/A [88]
waters
Bromide, chionde, sulphate, Borc Acid 2 N/A [89]
nitrate, oxalate, chlorate,
malonate, fluonde, phosphate,
acetate, propionate
Bromide, 1ocdide, chromate, N/A N/A N/A [eo]

nitrate, thiocyanate, molybdate,
tungstate, bromate, chionte,
arsenate, 1odate
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed

Thiocyanate, todide, nitrate, Biological 2 N/A [91]
nitrite samples
Nitrite, nitrate Tap and rain 1 N/A [92)

water
Bromude, chlonde, sulphate, Drinking water 2 lon chromatography  [93]
nitrite, nitrate, fluonde,
phosphate
Thio and oxothioarsenates N/A N/A lon chromatography  [94]
Bromide, thiosulphate, sulphide, Corrosion 3 N/A [95]
sulphite, molybdate, tungstate processes
Fluonde Rain water 42 ion chromatography, {96]

lon-selective
electrode

Oxalate Bayer liquor 5 N/A [97]
Chlonde, citrate, acetate Waste water 2 N/A [98]

from nickel-

plating baths
Chloride, nitrate, nitnte, Raindrops, 4 N/A [99]
sulphide, sulphate fogdrops
Chloride, sulphate, nitrate, Hard disk 4 N/A [100]
oxalate, fluonide, phosphate drive heads
Bromide, chlonde, nitnte, nitrate, Natural and 4 lon chromatography  [101]
sulphate, oxalate, sulphite, simulated
formiate, fluonde, phosphate, rainwater
carbonate, acetate
Chlonde, nitrate, sulphate, Red wine, 3 N/A [102]
oxalate, tartrate, malate, white wine
succinate, citrate, phosphate, and apple
acetate, lactate juice
Fluonde monofluorophosphate  Toothpaste 4 lon chromatography  [103]
Chlonide, sulphate, oxalate, Beer 1 N/A [104]
formate, malate, citrate,
succinate, pyruvate, acetate,
lactate, phosphate,
pyroglutamate
Phosphate, fluoride, nitrate, Sugar 1 N/A [105]
nitrite, chioride, sulphate, production
phosphite flud
Phosphate Natural waters 46 Spectrophotometry {106]

84



Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed

Bromide, chlonde, sulphate, Silicone 10 lon chromatography  [107]
nitnte, nitrate, phosphate samples
Bromide, chlonde, sulphate, Atmospheric 55 lon chromatography  [108)
nitnte, nitrate, oxalate *  aerosols
Chlonde, nitrate, sulphate, Raindrops, 2 N/A [109]
oxalate, malonate, formate, fogdrops
maleninate, acetate, azelate,
propionate, butyrate, valerate,
pelargonate
Chloride, chlorte, chlorate, Tap water, 3 lon chromatography  [110]
nitrate, sulphate, perchiorate bleach,

swimming

pool water
Chloride, sulphate, nitrate, Atmospheric 2 N/A [111]
oxalate, malonate, formiate, aerosois
succinate
Nitrate, nitnte Biological 13 N/A [112)

fluids
Chloride, nitnte, nitrate, Synthetic 1 N/A [113]
sulphate, phosphate water
Chionde, sulphate Concrete 1 N/A [114]
Bromide, chlonde, nitrate, nitnte  Seawater 10 N/A [118]
Bromide, chionde, fluoride, Water from 42 lon chromatography  [116]
nitnte, nitrate, phosphate, the Space
sulphate Shuttle and

Mir Space

Station
Bromide, chlonde, sulphate, N/A N/A N/A [117]
thiocyanate, chlorate, malonate,
tartrate, bromate, formate,
citrate, succinate, phthalate,
iodate phosphate
Bromide, chionde, sulphate, Single plant 30 N/A [118]
nitrate cells
Oxalate, citrate, fluoride, malate, Green tea, 2 N/A [119]
aspartic acid, glutamic acid, black tea
guinic acid
Chlonde, sulphate, oxalate, Beer 6 N/A [120]

formate, malate, citrate,
succinate, pyruvate, acetate,
phosphate, lactate,

85



Analytes Sample No of Comparative Ref
Determined Matrix Samples Techmique Used
Analysed

pyroglutamate
Chlonde, nitrate, sulphate, River water, 3 lon chromatography  [121]
carbonate Tap water,

mineral water
Nitrate, bromide, chloride, N/A N/A N/A [122]
mesylate
Bromide, chlonde, sulphate, Snhow 2 ion chromatography  [123]
nitnte, nitrate
Chlonde, nitrate, sulphate River water 1 lon chromatography  [124]
Chloride, nitrate, sulphate, Plating bath 1 N/A [125]
oxalate, formate, tartrate, solution
malate, citrate, succinate,
hypophosphite, phosphate,
lactate, phosphate
Thiosulphate, bromide, chioride, Tap water, 5 N/A [13]
sulphate, nitite, nitrate, mineral water
molybdate, tungstate, citrate,
fumarate, fluonde, phosphate,
carbonate
Bromide, chlonde, nitnte, nitrate, Soy sauce, 3 N/A [126]
sulphate, oxalate, ascorbate, nutnent tonic,
malonate, fluonde, formate, pineapple
citrate, diphosphate, phosphate,
tartrate, succinate, malate
Thiosulphate, bromide, chlonde, Tap water, 1 N/A [127]
sulphate, nitrite, nitrate, mineral water
molybdate, tungstate, citrate,
fumarate, fluonde, phosphate,
carbonate
Thicsulphate, bromide, chlorde, Drainage 12 lon chromatography  [128]
sulphate, nitnte, nitrate, water, surface
molybdate, tungstate, citrate, water
fumarate fluonde phosphate,
carbonate
Bromide, chlonde, sulphate, Groundwaters 5 N/A [129]
nitrite, nitrate
Bromide, 10dide, nitrate, nitrite, Highly saline 1 N/A [130)
iodate samples
Chioride, sulphate, nitnte, Pulp and 9000 lon chromatography  [131)]
oxalate, formate, acetate paper mills

water
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Analytes Sample No of Comparative Ref
Determined Matrix Sanmples Technique Used
Analysed

Bromide, chionde, sulphate, Mineral water, 3 lon chromatography  [132]
nitrate, chlorate beer
Bromide, 1odide, nitrite, Rain water, 4 N/A {133]
thiosulphate, nitrate, river water,
ferrocyamide, thiocyanide, drinking water
molybdate, tungstate
Bromide, chlonde, nitnte, nitrate, Bayer liquor 1 N/A (134]
sulphate, oxalate, perchlorate,
chlorate, malonate, formate,
fluonde, bromate, citrate,
succinate, tartrate, glutarate,
adipate, iodate, acetate,
propanoate, butanoate, valerate,
caproate, caprylate
Chlonde, bromide, sulphate, Thermal water 10 N/A [(135]
nitrate, fluonde, phosphate, and
carbonate condensed

steam from

hydrothermal

springs and

fumaroles
Chloride, bromide, sulphate, Hailstones 5 Spectrophotometry [136]
nitrate, fluonde, phosphate,
carbonate
Chionde, sulphate, nitnte, nitrate  Environmental 21 Titration, 1on [137]

waters chromatography,

flow injection
analysis

{odide, perrhenate, iodate N/A N/A lon chromatography  [138]
Nitrate, nitrite Urine, water 2 N/A [139]
Nitrate, nitnte Biological 2 N/A {140]

samples
Thiosulphate, chlonde, sulphate, Kraft Black 2 N/A [141]
sulphide, oxalate, sulphite, Liquor
carbonate
Bromide, chlonde, nitnte, Mineral water 3 N/A [142]
sulphate, nitrate, chlorate,
fluonde, phosphate
Hydroxide, thiosulphate, Kraft black 2 lon chromatography  [143]
chlornde, sulphate, sulphide, liquor

oxalate, sulphite, formate,
carbonate, acetate, propionate,
butyrate
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed

Chloride, nitnte, nidrate, sulphite, Mineral water 13 N/A [144]
sulphate, formate, fluoride,
acetate
Thiosulphate, chlonde, sulphate, Fermentaton 6 lon chromatography  [145]
nitrite, nitrate, suiphite, samples
phosphate, carbonate
Chlonde, sulphate, nitrate, Rain water 4 lon chromatography  [146]
fluonde, formate, phosphate,
carbonate, acetate
Nitrate, chlorate, chlonde, Swimming 1 N/A [147]
sulphate pool water
Chlonde, sulphate, nitrate Tap water, 4 N/A [148]

orange Juice,

wine, vinegar
Chloride, nitnte, nitrate, Surface water, 6 lon chromatography  [149]
sulphate, fluonde, phosphate rainwater
Chromate, nitnte, nitrate, River water 1 N/A [150}
selenate, molybdate, tungstate,
vanadate, selenite, arsenate,
tellurtte, tellurate, arsente
Nitrate, nitnte Urine 1 N/A [151]
Nitnte, nitrate, sulphate, Tap water, 7 N/A [152]
chlonde, bromide rainwater,

surface water,

drainage

water, plant

exudates,

plant extracts,

ore leachates
Octanesutphonate, N/A N/A N/A [153]
heptanesulphonate,
hexanesulphonate,
pentanesulphonate,
butanesulphonate,
propanesulphonate,
ethanesulphonate,
methanesulphonate
Acetate N/A N/A lon Chromatography  [154]
Chloride, nitrate, sulphate, Ice-crystals 2 N/A [155]
oxalate, malonate, formate,
acetate, propionate
Nitrate, nitrite Air samples 6 lon chromatography  [156]
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Bromide, chlonde, nitnte, nitrate, Tap water, 2 N/A [157]
sulphate, oxalate, fluonde, mineral water
succinate, malate, tartrate,
citrate, hydrogencarbonate
Chlonde, nitrate, sulphate, Red wine, 13 N/A [158]
phosphate, oxalate, tartrate, white wine,
malate, succinate, citrate, fruit juice
acetate, lactate
Chlonde, sulphate, perchlorate,  N/A N/A N/A [159]
chiorate, thiocyanate, malonate,
tartrate, bromate, phthaiate,
phosphate, methanesulphonate,
carbonate, 10date,
ethanesulphonate,
propanesulphonate,
butanesulphonate,
pentanesulphonate,
hexanesulphonate,
heptanesulponate,
octanesulphonate
Chlonde, nitrate, suiphate, River water, 2 N/A [160]
fluonde phosphate mineral water
Chloride, nitrate, suiphate, Aerosol, wet 47 N/A [161)
formate, malonate, succinate, and dry
acetate, oxalate, propanoate, depositions
butanoate
Bromide, chlonde, nitnte, nitrate, Mineral water 1 N/A [162]
sulphate, fluonde
Bromide, bromate, iodide, River water 2 N/A [163]
iodate, nitnte, nitrate, selenite
Nitrate, nitnite Seawater 3 N/A [164])
Chloride, sulphate, nitrate, Tap water, 2 N/A [165]
nitrite, todide, fluoride, mineral water
phosphate
Thiosulphate, bromide, chlonde, Forensic 4 N/A [166])
sulphate, nitrite, nitrate, oxalate, environmental
perchlorate, thiocyanate, sulfite, samples
citrate, malate, tartrate, fluonde,
formate, hydrogenphosphate,
hydrogencarbonate, acetate,
propionate, butyrate, valerate
Bromide, icdide, sulphite, Wine 4 Titration [167]

sulphate, nitrate
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Bromide, nitrate, thiocyanite Serum, unne, 6 N/A [168]
saliva
Sulphide, thiosulphate, N/A N/A N/A [169]
tetrathionate, tnthionate,
sulphite, sulphate,
peroxodisulphate
Nitnte, nitrate, sulphate, oxalate, Plant tissue, 10 N/A [170]
fumarate, tartrate, malonate, soll extracts
malate, citrate, malonate,
phthalate, acetate
Bromide, chlonde, nttnte, nitrate, Shampoo 1 N/A [171]
chromate, sulphate, oxalate,
molybdate, tungstate, malonate,
fluonde, fumarate, formate,
succinate, malate, citrate,
tartrate, phosphate,
hypophosphate, phthalate,
carbonate
Bromide Local 27 lon chromatography  [172]
anaesthetic
Sulphate, sulphite, sulphide, Spent fixing 3 N/A [173]
thiosulphate, tetrathionate, solutions
pentathionate, hexathionate
Thiosulphate, sulphide, sulphte  Spent fixing 3 Titration [174]
solutions
Nitrate, nitnte Human 18 N/A [175]
plasma,
cerebrospinal
flud
Bromide, nitrate, nitrite Seawater 1 N/A [176]
Chloride, nitnte, nitrate, Neuronal 1 N/A [177]
phosphate, sulphate tissues
Bromide, nitrate, bromate N/A N/A N/A [178]
Chlonde, nitrite, sulphate, Corrosion 13 N/A [179]
nitrate, phosphate, acetate, samples
fluonde, formate, carbonate,
propionate, butyrate, oxalate,
phthalate, benzoate,
chloroacetate
Chioride, bromide, iodide, Salt, milk 4 N/A [180}

sulphate, nitrate, nitrite, fluoride,
phosphate
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Analytes Sample No of Comparative Ref
Determined Matrix Samples Technique Used
Analysed
Bromide, nitnte, nitrate Seawater 23 N/A [181]
Bromide Drinking 5 N/A [182]
water, ground
water, surface
water
Chlonide, nitrite, sulphate, Water, sugar, 3 N/A [183]
nitrate, fluonde, phosphate, wine
carbonate, acetate,
pyroglutamate
Chlonde, sulphate, nitrate, Cola, tea, 4 N/A [184]
fluonde coffee
Nitrate, nitnte Hanford 6 N/A [185]
defence waste
Chioride, bromide, sulphate, Water, soil 6 N/A [186]
nitrate, 1odide, nitnte, fluoride,
phosphate
Bromide, chlonde, thiosulphate, Water 1 N/A [187]
nitnte, nitrate, sulphide,
sulphate, thiocyanate, sulphite,
fluonde, phosphate
Bromide, iodide, nitrite, nitrate, Saliva 7 lon chromatography  [188]
thiocyanate, molybdate,
chromate
Bromide, 10dide, chlonde, nitnte, Groundwater 1 N/A [189]
nitrate, thiocyanate
Bromide, iodide, nitrite, nitrate, Seawater 2 N/A [190]
molybdate
Arsenite, arsenate, Urine 2 N/A [191]
dimethylarsinic acid,
methanearsonic acid
phenylarsonic acid,
diphenylarsinic acid,
phenarsazinic
Bromide, chlonde, nitnte, Silicon wafer 8 lon chromatography  [192]
sulphate, perchiorate, oxalate, surface
sulphosuccinate,
fluorophosphates, fluonde
Thiosulphate, thiocyanate, Bactenal 3 lon chromatography  [193]
sulphite, sulphate sulphur
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As can be seen in Table 2 2, other comparative techniques used in applied
studies include colounmetnc/spectrophotometrnic analysis [35,84,106,136],
gravimetnc analysis [38,62,75], titrations [51,62,75,137,174], flow injection
analysis [137] and 1on selective electrodes [96]

2.5.2. Certified Reference Materials (CRMSs).

Despite the increasing availability of CRMs for a huge range of industnal,
environmental and biological samples, for some reason In the area of
Inorganic anions, very few workers take the time to obtain these matenals
to validate new CZE methods or techniques This 1s despite the fact that
CRMs for inorganic anion determinations exist for approximately 60% of
the sample matnces listed in Table 22 Indeed a complete search of all
CZE references for all types of analytes, both inorganic and organic,
results in remarkably few examples utiising this important tool for
quantitative analysis, and the reason for this remains very unclear [220-
221} It may be simply improper reporting of the use of CRMs In a recent
article Jenks and Stoeppler [222] reported only 55% of abstracts of
scientific papers that included analysis of CRMs actually mentioned the
fact in either the abstract or keywords This may be one of the reasons only
one example of a CZE paper on the determination of inorganic anions that
actually analysed a CRM could be found Fukushi et a/ [164] analysed
MOOS-1, a proposed reference matenal for nutnents In seawater,
distnbuted by the National Research Council of Canada (NRC) The
method involved the use of CZE with artificial seawater as the running
buffer and utilising transient isotachophoresis to achieve stacking of the
target analytes, namely nitrate and nitnte For nitnte alone and combined
nitrate and nitrite concentrations the resuits reported using the developed
method fell within the tolerance intervals of the certified values
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2.6. Detection.

Obviously a large number of parameters affect detection in CZE and it i1s
beyond the scope of this Iiterature review to discuss each of these For
reviews of detection in CZE see those compiled by Polesello and Valsecchi
[3], Doble and Haddad [6], Timerbaev and Buchberger [5], and Kappes and
Hauser [12] and Buchberger [223] However, in general it 1s fair to state
that inorganic CZE suffers quantitatively due to poor concentration
sensitivity This 1s a direct result of the imitations of on-capillary detection,
particularly where this is direct or indirect photometric detection, which
inevitably involves a short (average) optical path length, this being the case
for 89% of applied studies Therefore, it is more likely with CZE, than for
example with IC, to be working closer to the baseline noise and at a lower
signal to noise ratio There are of course methods available to improve
upon method sensitivity, such as sample stacking and on-capillary
preconcentration techniques, but these more complex procedures are not
readily applied quantitatively [130,164,224]

Selectivity with any chromatographic or electrophoretic technique s
generally associated with the separation stage However, In quantitative
applications, detector selectivity can be equally important, as co-migrating
and hidden peaks in real samples can be difficult to identify and quantify
For inorganic anions, direct UV detection could be considered a selective
detection mode due to the limited number of UV absorbing anions This
selectivity has been utilised successfully in CZE when analysing complex
samples containing large concentrations of non-UV absorbing matnx ions,
seawater for example [37,164,115,225] Indirect UV i1s non-selective for
Inorganic anions, as Is direct and indirect conductivity, although these latter
methods do offer some selectivity over non-electroactive components
within a sample
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Potentiometric detection in CZE has been reviewed by Wang and Fang
[226], and has been appl:e& to the selective determination of certain
organic and inorganic anions by Macka et al [227] However, it 1s the recent
emergence of CE-MS [228-229] which presents the analyst with a truly
selective detector for CZE, although it has so far only found hmited
application in the area of inorganic anions [230]

2.6.1. LODs and LOQs.

Table 2 1 shows the large range in Iimits of detection (LODs) quoted for
inorganic anions using numerous CZE methods (in CZE LODs are
commonly accepted as representing the concentration of analyte resulting
In a peak height equal to three times the standard deviation of the baseline
noise) it s hardly possible to summanse the widely varying data shown in
Table 2 1, although in most cases where stacking and preconcentration
methods are not used, LODs are in the order of 0 01-10 mg/L for most
inorganic anions, for both direct and indirect photometnc detection and less
commonly used electrochemical detection Of course the data quoted in
Table 2 1 should once more be treated with caution, as for almost every
example given, LODs were determined using standard solutions and not
the sample of interest It is clear that such data can be misleading and
future quantitative work should acknowledge this limitation when reporting
these vailues Good laboratory practice dictates that where the analyte of
interest 1s present below the approximate method LOD in the real sample,
low level standard additions In preference to simple standards, should be
used to determine the true LOD

A small number of publications can be found that evaluate/quote method
hmits of quantitation (LOQ) [35,41,49,84,101,-103,133,120,133] However,
the same hmitation as above should be placed upon much of this data It 1s
generally accepted that repeat analysis of standard/sample solutions at the
method LOQ (the concentration of analyte resulting in a peak height equal
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to ten times the standard deviation of the baseline noise) should for any
reasonably quanttative method resutt in % RSD values for peak area and
height of <10% [220] The majonty of % RSD values listed in Table 2 1
were determined using analyte concentrations considerably higher than the
LOQ, meaning that such an assessment cannot be made
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3.1. Introduction.

Caplllary electrophoresis with indirect UV detection has been extensively
used as a technique for the determination of small inorganic anions [1-2]
BGE'’s for indirect absorbance detection of inorganic anions must contain
an absorbing anionic probe ion, usually at a pH where it 1s fully dissociated
A typical example 1s sodium chromate, at a pH of around 8 [3] This has
become one of the most frequently used electrolyte systems for the
determination of anions by CZE [4] However, many factors influence the
separation and indirect UV detection of anions, including the nature and
concentration of the probe ion, the type of buffer (if any) used, and the
nature of the EOF modifier added Development of an ideal BGE for anion
determination 1s dependent upon all of the above parameters, and also on
the relative mobilities of both the probe ion and the analyte ions

In this chapter, the following parameters were investigated, (1) the
concentration and molar absorptivity of the probe ton, (2) the maobility of
single probe ions, (3) the type of EOF modifier used and (4) the use of
multi-probe/valent 1ons and the appearance/prediction of system peaks
The main analyte tons under investigation were chlonde, nitrate, sulphate
and phosphate Bromide, nitnte and fluonde were also looked at with
selected BGE's The aim of these investigations was to further understand
existing methods and thus understand means to significantly improve upon
them By examining all of the aforementioned parameters, the stability of
the BGE, peak shapes of the analyte anions and hence detection limits
could all be improved through correct control of said paramstars Lows~
detection imits are of particular interest when investigating real samples
For example, anions such as nitrate and phosphate are usually, present in
low levels In environmental water samples and t'ﬁerefore highly sensitive
methods of analysis are needed :

in this laboratory, phosphate was of particular interest due to Its
environmental impact Phosphates are cntical for plant growth Inorganic
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phosphate is usually present in orthophosphate and polyphosphate forms
Orthophosphate 1s the most stable form of phosphate and i1s in the form
used by plants Orthophosphate is produced by natural processes and Is
also found in sewage Excessive aquatic plant production caused by
nitrates and phosphates leads to eutrophication Eutrophication is a
process that results from accumulation of nutrients in lakes and nvers It s
a natural process, but can be greatly accelerated by human activities, that
Increase the rate at which nutnents enter the water e g industnal, domestic
and agncultural waste

However, little attempt has been made to develop a CZE method for
phosphate determinations in real samples Barciela Alonso et al [5]
descrbed the analysis of silicate, nitrate and phosphate with a chromate
electrolyte, however the phosphate peak was not very symmetncal due to
the mis-match of mobilities between it and the chromate probe Van den
Hoop et al [6] descnbed a BGE consisting of pyromellitic acid and TEA for
the determination of phosphate in natural waters Although In 9 of 15
surface water samples taken, phosphate was undetectable However,
following the removal of carbonate, some phosphate was then evident In
the samples The lack of appiications for phosphate determination using
capillary electrophoresis i1s an indication that there 1s a need for
development of a suitable BGE system Thus the following chapter aiso
aftempts to optimise the conditions for phosphate determination in real
water samples using appropnate BGE conditions
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32 Experimental.

3.2.1. Instrumentation.

A P/ACE MDQ system (Beckman Instruments, Fullerton, CA, USA)
equipped with a UV absorbance detector was used for all expenments
Data acquisition and control was performed using P/ACE software Version
2 3 for Windows 95 on a personal computer Untreated silica capillanes
(Polymicro Technologies, Phoenix, AZ, USA) with an inner diameter of 75
um, outer diameter of 365 um, and a total length of 502 cm (40 cm to
detector) were used unless otherwise stated

A Vanan Cary 50 scan UV-vis spectrophotometer with Cary win UV-vis
software was used for spectrophotometnc measurements

3.2.2. Reagents.

Chemicals used were of analytical-reagent grade Chromic acid, phthalic
acid, diethanolamine (DEA), cetyltnmethylammonium bromide (CTAB),
potassium bromide (KBr), potassium chlonde (KCI),
didodecyldimethylammonium bromide (DDAB) and potassium dihydrogen
phosphate (KHPQO,) were obtaned from Aldnch (Milwaukee, WI, USA)
Tns (hydroxymethyl)-aminomethane (Tris), sodium sulphate (Nax;SOs),
sodium nitrate (NaNQOs), sodium nitnte (NaNO;) and sodium fluonde (NaF)
were obtained from Fluka (Buchs, Switzerland) Water used throughout the
work was treated with a Millipore (Bedford, MA, USA) Mill-Q water
punfication apparatus
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3.2.3. Procedures.

New capillanes were conditioned with 0 5 M NaOH for 5 minutes, methanol
for 2 minutes and water for 5 minutes at 30°C before any analysis took
place All other analyses were camed out at 25°C The unbuffered
electrolyte was prepared by titration of chromic acid, phthalic acid or 2,6-
pyndinedicarboxylic acid with NaOH to a final concentration of 5 mM
Buffered electrolytes were prepared in the same manner using other buffer
solutions where stated, that i1s the probe ion was titrated with the
appropriate buffer to its pKa CTAB (0 5 mM) was added as the EOF
modifier, unless otherwise stated The electrolyte was degassed and
fitered using a 045 um nylon membrane filter (Gelman Laboratones
Michigan, USA) pnor to use Electrokinetic injection was used at 5 kV for §
seconds unless otherwise stated, analysis was performed at ~20 kV and
detection was at 254 nm unless otherwise indicated

in the case where DDAB was used as the EOF modifier, the following
procedures were carmed out The capillary was coated with a 0 5 mM
solution of DDAB for 0 5 min and the excess nnsed with water for 0 3 min
pnor to each analysis
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3.3. Results and Discussion.

3.3.1. Molar Absorptivity ofthe Probe lon.

The molar absorptivity of the probe ion in the BGE has significant effects
upon the detection of anions using indirect detection. Figures 3.1 to 3.3
show UV spectra of some common probe ions. As can be seen, selection
of the detection wavelength is critical in order to maximise transfer ratios
(see Chapter 6 Section 6.3.1). As is evident from these UV spectra
different probe ions need to be monitored at various wavelengths,
according to where their maximum molar absorptivity occurs. For chromate
2 maxima exist at 270 nm (c = 24,000 L mol'1 cm')) and 370 nm (e =
30,400 L mol'1 cm'l). For phthalate a less distinctive absorbance spectra is
shown. For 2,6-pyridinedicarboxylic acid an absorbance maximum at 270

nm (e = 13,600 L mol'1cm']) can be seen.

Wavelength (nm)

Figure 3.1.UV Scan of 0.05 mM solution of chromate (pH 8).
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Wavelength (nm)

Figure 3.2.UV Scan of 0.05 mM solution of phthalate (pH 7).

Wavelength (nm)

Figure 3.3.UV Scan of 0.05 mM solution of 2,6-pyridinedicarboxylic acid
(PH 7).
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Depending on detector capabilities a compromise may have to be made In
order to monitor detection at a suitably highly absorbing wavelength For
example, in the case of chromate, from figure 3 1, two absorption maxima
are evident However, as many CE detectors are only equipped with
specific filters at 200, 214, 254 and 280 nm, detection of anions using
chromate as the probe ion 1s more often than not, performed at 254 nm

3.3.2. Concentration of the Probe lon.

Increased probe ion concentrations have several advantages Firstly, it 1s
desirable that the probe 1on be present at as high a concentration as
possible so that the calibration piot for analytes can be extended, provided
the linear range of the detector is not exceeded (see Chapter §) Secondly,
higher probe concentrations also provide potential significant benefits in
gaining better sample stacking upon sample injection Figures 34 and 35
show the difference in concentration of the probe ion makes on the
detection of anions Figure 3 4 shows an electropherogram resulting from a
chromate electrolyte concentration of 5 mM and figure 35 shows an
electropherogram using a 20 mM chromate BGE Different migration times
are probably due to changes in the EOF caused by increased strength of
the BGE
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Migration Time (mins)

Figure 3.4.Electropherogram obtained using 5 mM chromate. (other
conditions see Section 3.2). Concentration of anions 5 ppm. Buffered with

20 mM DEA. EOF modifier 0.5 mM CTAB. Injection for5 sat 5 kV.

N dnoo

Migration time (mins)

Figure 3.5.Electropherogram obtained using 20 mM chromate (other
conditions see Section 3.2.) Concentration ofanions 5 ppm. Buffered with
20 mM DEA. EOF modifier 0.5 mM CTAB. Injection for5sat 5 kV.
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Table 3 1 shows the peak efficiencies obtained for both BGE’s As Is
evident from table 3 1, in some cases, apart from chlonde and phosphate,
the peak efficiencies increased when the higher concentration of probe ion
was used If larger injection volume were to be the higher concentration
BGE would therefore be more suitable The equation used to calculate the
peak efficiencies was as follows

2
— tm
N —5.54(Amj (3.01)

Where N s the peak efficiency, t, is the migration time and wy, i1s the peak
width at half the peak height

Anion 5 mM chromate BGE 20 mM chromate BGE
Chlonde 53587 23738
Bromide 86372 N/A
Nitnte 91469 N/A
Nitrate 96763 102416
Sulphate 33272 72439
Fluonde 14227 17526
Phosphate 29518 18758
N/A Data unavailable

Table 3 1 Table of peak efficiencies for 5 mM and 20 mM chromate BGE

3.3.3. Mobility of Single Probe lons.

The mobility of the probe ion 1s an important factor in the determination of
norganic anions The use’of a probe anion with a mobility close to that of
the target analyte results in improved peak shape (the closer the analyte
mobihty to that of the probe anion the more symmetncal the peak) and
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therefore more sensitive detection and improved precision Table 32
shows the relatve mobiities of common inorganic anions and some
commonly used probes

Probe Mobility Analyte Mobility
(10°m?v's™) (10°m?v's ")
Chromate -81 Bromide -81
Pyromeliitate -55 Chlonde -76
Phthalate -48 Sulphate -70
Benzoate -29 Nitrate -63
Fluonde -57
Phosphate -55

Table 3 2 Mobiities of common probes and analytes [7]

To lllustrate this effect figure 3 6 shows the difference between using a
chromate probe and a phthalate probe The mobility of chromate 1s high
and I1s suitable for high mobility anions, whereas phthalate has a slower
mobility and therefore 1s more suitable for slow migrating anions Table 3 3
summanses the peak asymmetry data Values greater than 1 indicate peak
taling and below 1 exhibit fronting Peaks with an asymmetnc value of 1
are deemed to be perfectly symmetncal Peak asymmetry is calculated at
10% of the total peak height, using the following equation

b

T ==
a (302)

Where T 1s the peak asymmetry, a i1s the distance between the peak front
and the peak maximum, and b is the distance between the peak maximum
and the peak end
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Migration tim« (mins)

Figure 3.6.(a)Electropherogram obtained using a BGE with a chromate
probe (5 mM chromate buffered with DEA, 0.5 mM CTAB) (other conditions
see Section 3.2) Detection wavelength 254 nm. Concentration: 25 ppm of
each anion. Continued overleaf. Injection for5sat 5 kV.
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Migration time (mint)

Figure 3.6.Cont. (b). Electropherogram obtained using a BGE with a
phthalate probe (5 mM phthalate buffered with DEA, 0.5 mM CTAB). (other
conditions see Section 3.2) Detection wavelength 254 nm. Concentration:
25 ppm of each anion. Injection for5sat 5 kV.

Anion Chromate Phthalate
Chloride 0.75 N/A
Nitrate 1 0.26
Sulphate 3 N/A
Fluoride 6.6 0.5
Phosphate 4.3 0.6

WA Uafe unavailable

Table 3.3. Table of peak asymmetries for chromate and phthalate probe
ions.

As can be seen from the above electropherograms (figure 3.6), a chromate
probe is most suitable for those anions with similarly high mobilities, here
chloride, nitrate and sulphate. A phthalate probe is more suited to the
slower anions in particular phosphate. As the phthalate probe is di-valent, a

system peak has appeared. As can be seen the system peak interferes
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with the early migrating anions This conforms to the prediction of system
peaks discussed In Section 3 35, which states that BGE’s containing n
Ionic species give nse to n-2 moving system peaks in the electropherogram

and every electrolyte system also gives nse to a non-moving EOF peak

3.3.4. Effectof Single Probe BGE’s upon Precision.

To further illustrate the effect that matching the probe and analyte ion
mobilities can have upon the separation and detection of analyte anions,
chromate and phthalate BGE's were compared for theirr effect upon
precision for nitrate, fluonde and phosphate determinations These anions
were selected because of their lower mobilities compared to the other
common Inorganic anions listed in table 3 2 Both BGE’s were adjusted to
pH 9 2 with DEA The concentration of the anions in the standard mix was
5 ppm and the injection voltage was 5 kV for 5 seconds The cumulative %
RSD values based on peak area data was calculated and then plotted
against injecton number The cumulative % RSD was calculated from
mean and standard deviation data The first point is calculated by dividing
the standard deviation of the first 2 points by the average of the first 2
points and multiplying by 100 to get a percentage The second point is then
calculated from the standard deviation and average of the first 3 points and
so on The data shown in figures 3 7 and 3 8 represents the complete data
set acquired for twenty repeat injections of a single mixed standard
solution By calculating the cumulative % RSD, the exact injection number
where the precision detenorates can be seen clearly It i1s interesting to
note how nitrate 1s more precise with the chromate BGE than F and
HPO4? This is due to the fact that nitrate’s mobility is closer to that of
chromate than either fluonde or phosphate (see table 3 2) Fluonde and
phosphate exhibit significant improvement when investigated with the
phthalate BGE As the mobilities of both fluonde and phosphate are much
closer to phthalate (see table 3 2), these values were to be expected The
precision of nitrate with the phthalate BGE 1s significantly improved
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especially after 7 injections. From table 3.2, it can be seen that the mobility
of nitrate lies between that of chromate and phthalate, and so either probe
ion can be used for the determination of nitrate, however the phthalate
BGE exhibits more superior results. The improvement in peak area
precision seen is simply due to the improved peak integration possible for

symmetrical peaks over severely tailed/fronted peaks.

Injection No.

Figure 3.7.Graph of Cumulative % RSD V5 Injection no. Calculated using
peak area with a chromate electrolyte.
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Injection No.

Figure 3.8.Graph of Cumulative % RSD V% Injection no. Calculated using
peak area with a phthalate electrolyte.

3.3.5. Multi-Valent Probes and Multi-Probe BGE's.

In this section of work, a multi-probe electrolyte was explored, which would
be suitable for the separation of both fast and slow mobility anions.
Examples of a multi-probe electrolytes include, chromate/phthalate and
chromate/2,6-pyridinedicarboxylic acid. Fast migrating anions such as
chloride and nitrate would displace the fast mobility probe, i.e. chromate
and the slow migrating anions, phosphate and fluoride would selectively
displace the phthalate or 2,6-pyridinedicarboxylate probe. Simultaneous
and sensitive determination of chloride, nitrate, sulphate and phosphate in
real samples could then be carried out. As previously mentioned, (Chapter
1, Section 1.5.4) a major problem with indirect detection in CZE is the
appearance and understanding of system peaks (SFs). BGE's containing
n ionic species give rise to Nn-2 moving system peaks in the
electropherogram. Every electrolyte system also gives rise to a non-moving

EOF peak. In a simple chromate/DEA BGE (prepared from chromic acid)
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(n=2) (one resulting from the chromate anion and the other from the DEA
buffer) the only system peak expected would be the non-moving EOF peak
(figure 39 (a)) However, a simiar electrolyte containing phthalate
(prepared from phthalic acid) contains 3 ionic species (n=3) due to the
divalent nature of the probe Hence, a moving peak, with the potential to
interfere with the analysts would appear Other probe ions which fall into
this category are 2,6-pyndinedicarboxylic acid and pyromellitic acid

To counteract the problem of mis-matched analyte/probe mobilities, mult-
probe BGE's can be used The analyte anion predominately displaces the
probe 1on with the closest mobility to itself in accordance with the
Kohirausch Regulating Function (see Chapter 1, Section 1 4 1) However,
each additional probe anion will result in an addiional, potentially
interfering system peak To Illustrate this effect 3 different BGE’s were
prepared containing 5 mM chromate, 5 mM phthalate and 5 mM
chromate/5 mM phthalate respectively The resuitant electropherograms
are shown in figure 3 9
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Migration time (mins)

Migration Time (mina)

Figure 3.9.(a) Electropherogram obtained using a BGE with a chromate
probe. Conditions: BGE 5 mM chromate 20 mM DEA, 0.5 mM CTAB, pH
9.2. (b) Electropherogram obtained using a BGE with a phthalate probe.
Conditions: BGE 5 mM phthalate 20 mM DEA, 0.5 mM CTAB, pH 9.2.
(other conditions see Section 3.2) Continued overleaf. Injection for 5sat 5
kV.
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Migration Time (mins)

Figure 3.9.Cont. (c) Electropherogram obtained using a BGE with a
chromate/phthalate probe. Conditions: BGE 5 mM chromate 5 mM
phthalate 20 mM DEA, 0.5 mM CTAB, pH 9.2. (other conditions see
Section 3.2) Injection for5s at 5kV

In multi-probe system (figure 3.9 (c)) n=4. There are two ionic species from
the phthalate probe, one from the chromate probe and one resulting from
the DEA buffer. Therefore there are 2 moving system peaks evident.
However, for the di-probe BGE the peak symmetry and hence peak shape
has improved for both the fast and slow analyte anions as they
preferentially displace one of the two probe ions present. Table 3.4
illustrates the peak asymmetry values for the three systems As can be
seen from the table, the closer the mobility of the analyte ion to the probe
ion, the more symmetrical the resultant peak.
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Anion Chromate Phthalate Chromate/

phthalate
Chlonde 075 042 06
Nitrate 15 N/A 11
Sulphate 15 025 N/A
Phosphate 3 066 05

N/AData unavailable

Table 3.4. Table of peak asymmetnes for 3 BGE's

3.3.6. Real Sample Analysis-Phosphate.

3361 Electrolyte Selection

Several electrolyte systems were investigated to determine which was
most suitable for the indirect determination of phosphate, in terms of both
peak shape sensitivity and precision As was determined earlier, a
phthalate probe was more suitable for phosphate determination than a
chromate probe, due to the similar mobilities of phthalate and phosphate
2,6-Pyndinedicarboxylic acid 1s another probe with a mobility close to that
of phosphate and so In theory would also suit the determination of
phosphate An experiment was carmed out to determine the effect of
chromate, phthalate and 2 ,6-pyndinedicarboxylate probes upon
phosphate’s peak shape and detector response A 10 ppm phosphate
standard was run with each probe and figure 3 10 shows the companson of
each of these probe containing BGE’s
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WgraMon Tfr« (min*)

Figure 3.10. Electropherogram of 10 ppm Phosphate standard with 3
different probes. Conditions: BGE 5 mM chromate or 5 mMphthalate or 5
mM 2,6-pyridinedicarboxylic acid 20 mM DEA, 0.5 mM CTAB, pH 9.2.
(other conditions see Section 3.2). Detection at 214 nm.

As can be seen from the above electropherogram the best response in
terms of peak height for phosphate arises from the 2,6-pyridine
dicarboxylate electrolyte which, also gives the most symmetrical peak
shape. Peak asymmetries are summarised in table 3.5.

Anion Chromate Phthalate 2,6-pyridine
dicarboxylate
Phosphate 9.5 0.5 0.7

Table 3.5 Table of peak asymmetries with 3 different probe ions.
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Wavelength (nm)

Figure 3.11. Overlayed UV spectra of phthalate, 2,6-pyridine
dicarboxylate and chromate.

Figure 311 shows overlaid spectra for the 3 probe ions under
investigation. Chromate has the most significant absorbance at 254 nm,
although 2 ,6-pyridinedicarboxylate also exhibits a strong absorbance at
254 nm and also below 230 nm However, as the mobility of chromate
does not match phosphates’ as well as phthalate or 2,6-pyridine
dicarboxylate, the peak shape it not as good.

3.3.6.2.  Linearity and Precision.

To test the linearity of each probe a series of calibrations from 0 to 10 ppm
(n = 3) phosphate were carried out. All of these probes were buffered with
DEAto pH 9.2.
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Figure 3.12. Graph of concentration V’s area for three probes from 0

to 10 ppm HPO

From figure 3 12 and table 3 8 it can be seen that the BGE containing 2,6-
pyndinedicarboxylic acid yields the highest R? value A study on the
reproductbility of each probe for the analysis of phosphate was also
performed The parameter investigated in this case was the peak area
From the table 3 6 below it can be seen that peak area data is more linear
than peak height This 1s also evident from reproducibility studies, as peak
heights tend to fluctuate more so than peak area values The % RSD
values for peak height with all probes are greater than 10, whereas for
peak area the greatest value is for chromate is 8 94% (see figure 3 13)
Therefore peak area data i1s seen to be a more reliable parameter As: can
be seen clearly from the graph (figure 3 12), the 2,6-pyndinedicarboxylate
electrolyte gave the most reliable and reproducible results This 1s due to
the fact that its mobility lies closest to that of the phosphate analyte, thus
producing the most symmetncal analyte peak shape, allowing more
accurate peak integration
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R* Values

Probe Peak Area Peak Height
Chromate 0.9737 0.894

2 6-pyridine 0.9887 0.9057
dicarboxylate

Phthalate 0.9661 0.8984

Table 3.6. Table of R2 Values for each probe.

Injection No.

Figure 3.13. Graph of Injection no V's cumulative % RSD with 3
different probes. Concentration of phosphate 5 ppm.

The final electrolyte composition was therefore chosen as 5 mM 2,6-
pyridinedicarboxylic acid titrated to pH 9.2 with DEA and 0.5 mM CTAOH.
Detection limits for phosphate with a 2,6-pyridinedicartx)xylate probe were
calculated using signal equivalent to 3 X standard deviation of the baseline
noise and was found to be approximately 0.015 ppm HP042 in a standard
solution. Injection was performed for 5 s at 5 kv and the detection
wavelength in this case was 214 nm
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3363  River Water Samples

River Water samples were collected from a local nver deemed highly
polluted by the EPA, in order to evaluate the level of phosphate in the nver
A standard curve was constructed from 0 25 ppm to 10 ppm HPO4? (figure
3 14) using the selected 2,6-pyndinedicarboxylate BGE A correlation co-
efficient of R? = 09931 was obtained illustrating adequate lineanty for
phosphate in standard solutions

40000 -

35000 - R?= 09931

30000 -

Peak Area (Arbitary units)
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5000
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Figure 3.14. Calibration curve for Phosphate from 0 5 ppm to 10 ppm
using the 2,6-pyndinedicarboxylate BGE

Figure 3 15 shows electropherograms of a real nver water sample,
unspiked and spiked with 5 ppm phosphate and 10 ppm phosphate As can
be clearly seen, no phosphate was visible in the nver water Othqr anions,
namely those with fast mobiities were not properly resolved due to the
nature of the background electrolyte In other words, the mobility of the
probe was slow and did not match the faster migrating anions The large
peak migrating after the phosphate peak was carbonate A standard
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addition curve was also constructed, using the river sample and the
correlation co-efficient was found to be R2 = 0.9987. However, phosphate
was only detectable above 0.5 ppm. The actual LOD using signal
equivalent to 3 X standard deviation of the baseline noise was found to be
0.8 ppm HPO4 in a real sample, much higher than determined in pure
standard solution.

Migration Time (mins)

Figure 3.15. (a) Electropherogram of unspiked River Sample.
Conditions: 5 mM 2,6-pyndinedicarboxylate, 20 mM DEA and 0.5 mM

CTAB, pH 9.2. (other conditions see Section 3.2) Continued overleaf.
Injection for5s at 5kV.
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Figure 3.15. Cont. (b) Electropherogram of 5 ppm spiked River
Sample Conditions: BGE 5 mM 2,6-pyridinedicarboxylic acid 20 mM DEA,
0.5 mM CTAB, pH 9.2. (c) Electropherogram of 10 ppm spiked River
Sample Conditions: BGE 5 mM 2,6-pyridinedicarboxylic acid 20 mM DEA,
0.5 mM CTAB, pH 9.2. (other conditions see Section 3.2).Injection for5 s
at 5 kv.
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The 2,6-pyridinedicartx)xylate BGE was found to be suitable for the
determination of phosphate due to it's matching mobility. However, in order
to simultaneously determine the fast mobility anions along with phosphate,
a multi-probe electrolyte (see Section 3.3.4) was again investigated.

Figure 3.16 shows an unspiked river water sample. The BGE comprised of
10 mM chromate and 10 mM 2,6-pyridinedicarboxylate, with DDAB as the
EOF modifier (see Section 3.3.7). As can be seen from figure 3.16,
excellent efficiencies for both fast (CI, NOs', SO429 and slow (HCOs)
anions was possible with the dual probe BGE.

MHr*ton TVn» (mini)

Figure 3.16. Electropherogram of river water sample. Conditions:
BGE 10 mM 2,6-pyridinedicarboxylate/10 mM chromate, 20 mM DEA, pH
9.2. The capillary was rinsed for0.5min with 0.5 mM DDAB, 0.3min with
water and for 1min with the BGE prior to separation, (other conditions see
Section 3.2). Injection forS5sat5 kV.

As is also evident from figure 3.16., a phosphate peak was again not
visible in the real sample. Figure 3.17 shows the same sample spiked with
50 ppm phosphate under the same conditions as figure 3.16. These
conditions resulted in a sharp visible peak for phosphate albeit at a
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relatively high concentration and did not compromise the resolution of the 3

early migrating anions.

Migration Tim« (mint)

Figure 3.17. Electropherogram of river water sample spiked with 50
ppm HP042. Conditions: BGE 10 mM 2,6-pyhdinedicarboxylate/10 mM
chromate, 20 mM DEA, pH 9.2. The capillary was rinsed for 0.5 min with
0.5 mM DDAB, 0.3 min with water and for 1 min with the BGE prior to
separation, (otherconditions see Section 3.2). Injection for5sat 5 kV.

In the above electropherogram 2 SP’s are evident due to the presence of 4
ionic species (one from the chromate species, one from the DEA buffer
and two resulting from the divalent 2,6-pyridinedicarboxylic acid). However,
under the conditions developed, neither SP interfered with the analytes of
interest. Table 3.7 summarises the peak asymmetries for the developed
BGE conditions.
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Anion Peak Asymmetry

Chlonde 04
Nitrate 2
Sulphate 08
Phosphate 04
Carbonate 4*

a Due to excess concentration

Table 3.7. Table of peak asymmetnes for the developed BGE conditions

As i1s evident from figure 3 16, a phosphate peak was not visible in the real
sample This could be due to the fact that low levels are undetectable in
the presence of other inorganic anions at higher concentration due to
injection bias The presence of high levels of chlonde, sulphate and
carbonate, means that they maybe preferentially injected onto the capillary
when using electrokinetic injection (see Chapter 2, Section 2} A series of
dilutions were camed out and each analysed at different injection times, to
increase the imit of detection for phosphate in the nver water sample The
dilutions were from 10 0 1e 10 mL of nver water and 0 mL of waterto 1 9
Each sample was spiked with 1 ppm HPO.4? and then analysed at varying
injection times, from 5 s to 30 s The signal to noise ratio for each injection
was calculated and the three varnables were plotted as a surface (figure
3 18) to determine the optimum conditions at which phosphate could be
determined These conditions were found to be an injection time of 30s and
a dilution of 90% However, the resolution of the early migrating anions has
detenorated significantly A compromise of each vanable was reached at
the 90% diluton and 20 s injection time These conditions gave a sharp
visible peak for phosphate and did not compromise the resolution of the 3
early migrating anions Figure 3 18 shows the combination of all three
vanables investigated However, as the nver water was diluted the actual
concentration of the spike in the nver water was effectively increased
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Figure 3.18. Surface plot of dilution factor, injection times and signal
to noise ratio.

It was thought that by using electrokinetic injection the anions with faster
mobility which were also present in large excess may be injected
preferentially onto the capillary (figure 3.19). Therefore, injection using
pressure was examined, by injecting for various time intervals at different
pressures. It was found that injections lower than 4s resulted in mainly
noise and no identifiable peaks were evident. The best results were
observed with injection conditions of 4 s at 4 psi (figure 3.20). As the 90%
dilution of the river sample using electrokinetic injection yielded the
sharpest and most sensitive peak, this diluted sample was used to
compare both types of injection.

139
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Figure 3.19. Electropherogram of diluted river water sample spiked
with 1ppm HPO/\ BGE 10 mM 2,6-pyridinedicarboxylate/IO mM
chromate, 20 mM DEA, pH 9.2. The capillary was rinsed for 0.5 min with
0.5 mM DDAB, 0.3 min with water and for 1 min with the BGE prior to
separation, (otherconditions see Section 3.2). Injection for 5 sat 5 kV.
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Figure 3.20. Electropherogram of diluted river water sample spiked
with 1ppm HPO*. BGE 10 mM 2.6-pyridinedicarboxylate/10 mM
chromate, 20 mM DEA, pH 9.2. The capillary was rinsed for 0.5 min with
0.5 mM DDAB, 0.3 min with water and for 1min with the BGE prior to
separation, (other conditions see Section 3.2). Injection at 4 psi for 4 s.

The above electropherograms shown as figures 3.19 and 3.20 illustrates
that electrokinetic injection was found to be the most sensitive injection
method for ion determination. Both figures are shown on the same scale to
compare the sensitivity in relation to the phosphate peak. Even though the
sample was spiked with 1 ppm, the actual spike was 10 ppm due to the
dilution factor. The LOD for this method of analysis was calculated to be
0.5 ppm in the real sample. However, any phosphate present in this
particular river was undetectable by this method.

141



3.3.7. Effect of EOF Modifiers upon Migration Time
Precision.

The use of EOF modifiers when separating anions using CZE i1s essential
in order to prevent excessively long migration times However, adding an
EOF modifier to the BGE can lead to some practical problems In this
section, instead of adding an EOF modifier to the BGE, a specific type of
EOF modifier was coated onto the capillary pnor to analysis This meant
that the EOF modifier could be totally removed from the BGE This
improves the stability of the BGE as in certain cases the EOF modifier can
cause the precipitation of the probe anion or interfere with indirect
detection through introduction of unwanted co-anions Removal of the
surfactant EOF modifier also makes CZE more compatible with detection
systems such as MS, as they no longer contnbute to the high background
signal The EOF modifier under examination In this chapter was
didodecyldimethylammonium bromide (DDAB) (see figure 3 21) This 1s a
double-chained surfactant and was found to form more stable coatings on
the fused silica walls of a capillary than single chained surfactants such as
CTAB (see figure 3 22) This Is due to the differences in the properties of
single and double-chained surfactants, which consequently have different
adsorption mechanisms onto silica surfaces, such as the capillary wall
DDAB 1s more hydrophobic than CTAB and therefore can also change the
selectivity and thus the migration order of the anmions This type of
surfactant has been previously used for the analysis of proteins [8] and in
the analysis of chemical warfare agent degradation products [9-11] In this
work the effect of replacing TTAB or CTAB with DDAB was investigated to
evaluate the effect upon method precision Using DDAB to coat the
capillary before each injection and once only pnor to a batch run was
investigated
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Didodecyldimethylammonium bromide

I}I’“/ Br
\\/\/\/\/\/\/\/\/ AN
Cetyltnmethylammonium bromide

Figure 3 21 Structure of DDAB and CTAB

Single-chained surfactants such as CTAB form sphencal micelles at
concentrations above the cntical micelle concentration (cmc), whereas
double-chained surfactants aggregate in solution to form bilayer structures
[8] This s attnbuted to the increased tail group cross sectional area The
exact mechanism by which surfactants adsorb onto silica surfaces is still
unclear Conventionally, the adsorption of single-chained surfactants onto
sihca has been depicted as a bilayer [t has been assumed that a
monolayer is initially formed into which tail groups from a second layer
become intertwined, resulting in a fiat bilayer structure [12] However, this
model I1s not completely correct, as bilayer structures are strongly
disfavoured for single-chained surfactants Even though only a few studies
have Investigated the adsorption of double-chained surfactants at surfaces,
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Ittle question surrounds thewr surface-aggregate morphology Since
double-chained surfactants are capable of forming bilayers in solution, one
would expect them to form bilayers at surfaces Manne and Gaub
confirmed this by observing a uniform and featureless atomic force
microscopy (AFM) image of DDAB on mica [13] This was indicative of a
flat bilayer, which was consistent with previous interpretations of the
adsorption of double-chained surfactants [14] Melanson et a/ [15]} found
that DDAB formed more stable coatings on capillary walls than CTAB The
greater coating stability of DDAB 1s associated with its formation of
bilayers As single-chained surfactants form a micellar coating at the
surface This creates a heterogeneous surface, In which gaps of bare silica
are evident due to electrostatic repulsion between adjacent micelles,
whereas the bilayer formed by DDAB 1s completely homogenous DDAB
was found to adhere so strongly to the capillary surface that any excess
surfactant could be flushed from the capillary pnor to separations it was
found that after removing DDAB from the BGE solution, the reversed EQF
decreased only 3% over 75 minutes of successive separations Whereas,
the stability of CTAB was significantly lower {15] The more homogenous
coating and greater surface coverage provided by DDAB are thought to
account for its increased stability

The replacement of CTAB with DDAB in this work resulted in a change in
the selectivity of the system and therefore the mugration order of the
analyte anions With CTAB the migration order was found to be Cl'<Br<
NO,'<NO3'<S0,% <F<HPO,®> The nature of this migration order is based
on the mobilites of each anion As the CTAB is both in solution and
adhered to the capillary wall, the attraction to the stationary CTA®
molecules and the mobile molecules effectively cancel each other out The
CTAB s only present In order to reverse the direction of the EOF
However, with DDAB the migration order i1s altered shightly As DDAB 1s
only on the silica surface and not in solution, it acts like a stationary phase
and interacts with the analyte anions The analytes are now separated by
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their mobilities and also their interaction with the DDA* molecules on the
capillary surface The mugration order with the DDAB coating 1s now Br<Cl
<NO;<NO3<SO4*<F<HPO,> There I1s only a shght change in the
selectivity of the migration order, however, the analysis time 1S nearly a
minute longer This I1s particularly true in the case of fluonde and
phosphate, which are more resolved from the early anions and from each
other (figure 3 22) The baseline in figure 3 22 (a) 1s also considerably less
noisy than figure 3 22 (b), which has CTAB included in the BGE In theory
this should lead to lower detection imits
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Figure 3.22. Electropherogram of 7 anions, (a) The capillary was
rinsed for 0.5min with 0.5 mM DDAB, 0.3min with water and for 1min with
the BGE prior to separation. BGE 5 mM Chromate 20mM DEA, pH 9.2. (b)
BGE 5 mM chromate 20 mMDEA, 0.5 mM CTAB, pH 9.2 (other conditions
see Section 3.2) Concentration of each anion 25 ppm. Injection for 5sat 5
KV.
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The benefits of the pre-coated DDAB approach is also evident from studies
on reproducibility. As in Section 3.3.2, cumulative % RSD values were
calculated and plotted against injection number. Improvements in % RSD
values for peak area values can clearly be seen from figure 3.23 through to
figure 3.26.and % RSD values for migration time are shown in figures 3.27
to 3.30. Results are summarised in table 3.8. All electropherograms were
obtained using a 5 MM chromate electrolyte, adjusted to pH 9.2 with DEA.
Injection was for 5 s at 5 kV, separation at 25 KV and detection at 254 nm

Injection No.

Figure 3.23. Graph of Cumulative % RSD V's Injection no. Calculated
using peak area data. 0.5 mM CTAB was used as the EOF modifier.
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Injection No.

Figure 3.24. Graph of Cumulative % RSD V's Injection no. Calculated
using peak area data. 0.5 mM CTAOH was used as the EOF modifier.

Injection No.

Figure 3.25. Graph of Cumulative % RSD V's Injection no. Calculated
using peak area data. 0.5 mM DDAB was used as the EOF modifier; and
was coated onto the capillary prior to each injection.
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Figure 3.26.

Injection No.

Graph of Cumulative % RSD V's Injection no. Calculated

using peak area data. 0.5 mM DDAB was used as the EOF modifier, and

was coated onto the capillary once prior to the set of 20 injections.

Conditions
Br
CTAB 4.53-
10.23
CTAOH 1.17-
8.93
DDABC 3.85-
12.21
DDABd 0.86-
7.81

Cl
N/A

N/A

5.01-
9.22
2.64-
7.64

% RSD Values8

AnionsO
NCV S04
4.12- 6.04-
10.2 11.76
1.03- 3.47-
12.22 17.93
5.54- 4.4-
9.35 11.44
3.43- 3.19-
8.32 8.81

a Values calculated from mean and standard deviation data

b 5 ppm of oach anion used and injected onto the capillary for 5 s at 5 kV

c Captlary coated wth DDAB prior to each injection

d Capilary coated once >Mth DDAB prior to full set of injections.

N/A Data unavailable

Table 3.8. Table of % RSD values of common inorganic anions using
various separation conditions. Data calculated from peak area data

5.49-
11 9%
1.33-
8.43

4.94-
17.59
2.98-
9.63

HPO&
0.68-
11.37
3.21-
11.18
10 86-
19.14
5.48-
103
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Table 3 8 summarnes the results obtained for the different conditions of
EOF modifiers As can be seen from the table, replacing the CTAB with
CTAOH, significantly improved the % RSD values for bromide As bromide
was then only present in the analyte mixture, any interference from the
bromide component of the EOF modifier was ellminated The largest %
RSD values were obtained from coating the capillary with DDAB pror to
each injection and this may a result of excess coating being present in the
capillary during the separation procedure Removal the EOF modifier from
the BGE and coating the capillary only once with DDAB improves the %
RSD values This shows that the coating procedure leads to stable coating
on the capillary, which 1s still present even after 20 injections It is possible
that the capiliary became overioaded with DDAB, when it was constantly
being introduced onto the capillary With regard to the other anions
investigated the spread of % RSD values were much less with one coating
of DDAB than any other EOF modifier conditons The large values
obtained in all cases for fluonde and phosphate were due to the fact that a
chromate probe was used In the investigations and not a more suitably
slower mobility probe such as phthalate

% RSD values for migration time precision are shown in figures 3 27 to
3 30 Results are summansed in table 39 All electropherograms were
obtained using a 5 mM chromate electrolyte, adjusted to pH 9 2 with DEA
Injection was for 5 s at 5 kV, separation at 25 kV and detection at 254 nm:
As can be seen from figures 3 27 to 3 30, significant improvements In
migration time prectsion can be achieved through correct choice of EOF
modifier
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Figure 3.27. Graph of Cumulative % RSD Vs Injection no. Calculated
using migration time data. 0.5 mM CTAB was used as the EOF modifier.

-¢-Bromid®
-+-Nitrate
Sulphate
— Fluoride
-M-Phosphate
£
8
oc
1
[
o]
Figure 3.28. Graph of Cumulative % RSD i/'s Injection no. Calculated

using migration time data. 0.5 mM CTAOH was used as the EOF modifier
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Injection No.

Figure 3.29. Graph of Cumulative % RSD V's Injection no. Calculated
using migration time data. 0.5 MMDDAB was used as the EOF modifier,
and was coated onto the capillary prior to each injection.
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1
Figure 3.30.

Graph of Cumulative % RSD V's Injection no. Calculated

using migration time data. 0.5 mM DDAB was used as the EOF modifier,
and was coated onto the capillary once prior to the set of 20 injections.

Conditions
Br Cl
CTAB 1.3-2.5  N/A
CTAOH 1.3-2.3  N/A
DDABO 0.17- 0.26-
2.64 2.6
DDABd 0.09- 0.08-
0.601 0.77

% RSD Values3

Anions5
no3 S04
1.33- 1.4-
2.72 3.02
0.26- 0.099-
0.79 0.73
0.24- 0.22-
2.94 3.16
0.167-  0.23-
0.89 0.86

a Values calculated from mean and standard deviation data,

b 5 ppm of each anion usad and injected onto the capillary for 5 s at 5 kV.

¢ Captlary coated wrth DDAB prtor to each injection

d Captlary coated once with DDAB prior to full set of injections.

N/A Data unavailable.

Table 3.9. Table of % RSD values of common inorganic anions using

0.96-
4.0
0.29-
0.71
0.50-
4.29
0.53-
1.37

HPOV
2.32-
4.11
0.23-
0.65
0.04-
5.47
0.71-
1.6

various separation conditions. Data calculated from migration time data.
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It can be seen from figures 3 27 to 3 30 and table 3 9, the % RSD trends
for each condition based on migration time more or less mirror the trends
obtained from peak area data Confirming that CTAOH s supenor to CTAB
as an EOF modifier and coating the capillary once pnor to a batch run with
DDAB i1s more favourable than recoating between each run The main
difference being that the actual values are much less for migration time In
fact, in the majonty of cases the values are less than 1, indicating excellent
precision

3.3.8. Internal Standard.

In order to further improve the reproducibility of the developed method (see
Chapter 2, Section 2 4 2), the use of internal standard was investigated
with the DDAB coated capillary 25 ppm thiosulphate was used as the
internal standard Thiosulphate was chosen as the intemnal standard as its
migration time 1s close to that of the other anions under investigation Also
its occurrence In real samples such as dnnking or rain water is highly
unhkely As can be seen from figure 3 31 the % RSD was greatly improved
for bromide, chlonde and sulphate Nitrate, however, was not significantly
improved, but the vanation of % RSD values was much lower (9 36-11 7%)
than without the internal standard In other words, the vanation of peak
area for the nitrate anton was quite high, however relative to the intemal
standard, this is taken into account and the actual vanation of the % RSD
values Is actually only 2 34% compared with 4 89% (from table 3 8) without
using the intemal standard Figure 3 32 shows the % RSD values from
migration time data It can be seen that excellent precision was achieved
using an Internal standard All values are less than 1, showing that
precision calculated relative to an intemal standard are supenor to data
calculated without
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Figure 3.31. Graph of Cumulative %RSD V's Injection no. Calculated
using peak area data relative to an internal standard (thiosulphate). 0.5 mM
DDAB was used as the EOF modifier, and was coated onto the capillary
once prior to the set of 20 injections.
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injection No

Figure 3.32. Graph of Cumulative %RSD V's Injection no. Calculated
using migration time data relative to an internal standard (thiosulphate). 0.5
mM DDAB was used as the EOF modifier, and was coated onto the
capillary once prior to the set of 20 injections.
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3.4. Conclusion.

For the determination of inorganic anions many factors have to be
considered especially when analysing a range of anions with varying
mobilities Firstly, the molar absorptivity of the probe 1on needs to be taken
Into account when selecting the detection wavelength to ensure maximum
visualisation of the analyte anions Secondly, the concentration of the
probe 1on used in the BGE s also of vital importance Hgher
concentrations of the probe ion can improve efficiency due to stacking
effect Thirdly, matching the probe and analyte mobilites improves
precision and sensitivity However, multi-probe BGE’'s, while improving
peak shape can lead to the appearance of interfenng system peaks The
use of multi-probe electrolytes for the determination of phosphate in real
samples provides a method which allows its detection simultaneously with
high mobility anions due to the displacement of each anions matching
probe 1on This means that adequate resolution of the early ions can be
achieved and determination of nitrate and phosphate can be achieved
simultaneously Lastly, selection of the EOF modifier is furthermore
significant Correct choice of this parameter leads to improved stability of
the BGE, enhanced reproducibility and contnbuted to less baseline noise
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4. The Correct Use of Buffers in the Background
Electrolyte for the Determination of Inorganic
Anions and Their Effect Upon Precision.
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41. Introduction

In addition to the BGE parameters discussed in Chapter 3, namely the
nature of the probe 1on and the composition of the EOF modifier, the type
of buffer used s of vital importance As discussed in Chapter 1, Section
1 5 2, vanous types of buffers can be used effectively in CZE Buffenng 1s
essential in order to prevent pH changes due to electrolysis occurmng at
the electrodes while separation i1s in progress (1-2] Bnefly, the main types
of buffers that can be used are, the probe itself [3], co-anionic buffers such
as borate [4] and carbonate [2,5], and counter-cationic buffers such as
tnethanolamine (TEA) [6] and diethanolamine (DEA) [7] One other type of
buffer used 1s the ampholytic buffers such as histidine and lysine [8]
Included in this category of buffer are some new synthetic isoelectric
buffers which work on the same pnnciple as ampholytic buffers [9]

Isoelectnc buffers are suitable for electrophoresis because of therr low
conductivity, and their compatibiity with indirect photometnc detection
They do not contribute to competitive displacement of the probe ion In
other words, similar to counter-cationic buffers they do not possess an
anion which can interfere with the transfer mechanism and lead to poorer
detection sensitivity Isoelectnc buffers are zwittenonic compounds that
also possess an isoelectric point (p/) where the molecule has an overall
zero charge The two relevant proton dissociation constants (pKa) on both
sides of the p/ are close enough so that the compound exhibits an
appreciable buffenng capacity at the p/ Low buffenng capacity occurs
when the values of the relevant pKa constants are spaced apart more than
ca 15 pH umt Some CZE separations have been conducted using acidic
isoelectnic buffers such as glutamic, aspartic or iIminodiacetic acid [10-13]
Excluding those which have undesirable properttes such as high UV
absorptivity, not readily available or expensive, very few isoelectnc buffers
are suitable [14], such as lysine (p/ 97), histidine (p/ 7 7), and glutamic
acid (p/ 3 2)
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This chapter focuses on the use of counter-cationic buffers and their effect
upon precision of migration time and peak area They are also compared
with unbuffered BGE’s to illustrate the benefit of correct buffenng of the
BGE The synthesis of a macromolecular isoelectnc buffer and its use in
the determination of inorganic anions 1s also investigated it's effect upon
the resolution of close-migrating anions and precision of migration time and” g
peak area 1s explored [t was also found that the macromolecular
isoelectric buffer also acted as an EOF modifier, thus allowing a simpler
BGE to be used (no additional EOF modifier was required)
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4.2. Experimental.

4.2.1. Instrumentation.

A P/ACE MDQ system (Beckman Instruments, Fullerton, CA, USA)
equipped with a UV absorbance detector was used for all experiments
Data acquisition and control was performed using P/ACE software Version
2 3 for Windows 95 on a personal computer Untreated silica capillaries
(Polymicro Technologies, Phoenix, AZ, USA) with an inner diameter of 75
um, outer diameter of 365 um, and a total length of 50 2 cm (40 cm to
detector) were used unless otherwise stated

4.2.2. Reagents.

Chemicals used were of analytical-reagent grade Chromic acid, phthalic
acid, diethanolamine (DEA), cetyltnmethylammonium bromide (CTAB),
potassium bromide (KBr), potassium chlonde (KCl), potassium dihydrogen
phosphate (KH.PQ.), polyethyleneimine (PEI), average M, ~ 25,000,
sodium chloroacetate (98%), chromic acid (CrO3) and sodium chromate
(Na,CrQ;) were obtained from Aldnch (Milwaukee, WI, USA) Tns
(hydroxymethyl)-aminomethane (Tns), sodium sulphate (Na,SO,), sodium
nitrate (NaNQOs), sodium nitnte (NaNO;) and sodium fluonde (NaF) were
obtained from Fluka (Buchs, Switzerland) Water used throughout the work
was treated with a Milipore (Bedford, MA, USA) Milli-Q water punfication
apparatus
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4.2.3. Procedures.

New capillanies were conditioned with 0 5 M NaQOH for 5 minutes, methanol
for 2 minutes and water for 5 minutes at 30°C before any analysis took
place All other analyses were camed out at 25°C The unbuffered
electrolyte was prepared by titration of chromium tnoxide with NaOH to a
final concentration of 5 mM chromate Buffered electrolytes were prepared
in the same manner using other buffer solutions where stated CTAB (0 5
mM) was added as the EOF modifier, unless otherwise stated The
electrolyte was degassed and filtered using a 0 45 um nylon membrane
filter (Gelman Laboratones Michigan, USA) prior to use Electrokinetic
injection was used at 5 kV for 5 seconds, analysis was performed at —20
kV and detection was at 254 nm unless otherwise indicated

4.2.4. Synthesis of Carboxymethylated
Polyethyleneimine (CMPEI).

Several buffer systems were synthesised using vanous quantities of
starting matenals in order to manipulate the number of acidic and basic
groups present on the polymer This directly affects the p/ of the synthetic
buffer, leading to vanous applicatons of the buffer The buffers were
synthestsed according to Macka et a/ [9] Bnefly, polyethylenetmine (PEl,
20 181 g, 468 9 mmol N) was dissolved in 50 mL of de-ionised water and
this was added to a solution of sodium chloroacetate (27 142 g , 2330
mmol) in 100 mL of de-ionised water at 50°C Residual PEI was washed In
with another 50 mL of water The clear solution was heated to 80°C in an
oll bath and stirred below a condenser for 16 hours and afterwards was
diluted to 250 mL n a volumetnc flask The mixture was placed in dialysis
tubing (BioDesign, from Lennox Laboratory Suppltes, Dublin, Ireland M,
cut off ~8000), weighed, and placed in a 1 L beaker filled with de-ionised
water The tube was tied to a glass rod which was placed across the top of
the beaker This apparatus was left on a magnetic stirrer in a cold room
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(5°C) with the water being changed twice a day untif the concentration of
chionde (analysed by CZE) showed no further change This was
approximately 3-4 days The tubing with the mixture was removed, dned
and weighed

The reaction scheme Is as follows

-‘V[(CHz)z-NH—(CHz)z NH—]~ + Cl——CH,—COONa
n

polyethyleneimine (PEl) Sodium chloroacetate

Nacl =+ ‘(CH2)2—NH—(CH2)2_T_.j

CH,

COOH

— -

carboxymethytfated
polyethyleneimine
(CMPEI)

The theoretical concentration of synthesised CMPEI was calculated to be
09322 M This 1s based on the initial concentration of sodium
chloroacetate was 09322 M or 0134 g/mL The mass of this starting
matenal was 27 142 g The dilution factor from the dialysis procedure was
found to be 1 565 Therefore, the theoretical concentration of the CMPEI
after dialysis was 0 596 M From dry residue analysis, it was found that
only 68% of the expected value was present Hence, the actual
concentration of the synthesised buffer was 0 455 M
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4.3. Results and Discussion.

4.3.1. Counter-Cationic Buffers.

Buffering of the BGE 1s essential for reproducible and rugged separations
An approach to buffering, which s investigated here, i1s to add a counter-
cationic buffer such as Tns or diethanolamine (DEA) These types of
electrolytes are typically prepared by titration of the acid form of the probe
e g chromic acid, with the buffenng base to the pK, of the base In the
case of DEA this pK, value is 9 2 The advantage that this type of buffenng
has lies in the fact that the BGE consists of only a single co-anion

Using a chromate probe, the effect of buffenng the BGE with a counter-
cationic buffenng 1on upon migration tme and peak area precision for
separattons of common Inorganic 1ons was determined The unbuffered
electrolyte was prepared from chromic acid and adjusted to pH 8 with
NaOH Whereas the Tns and DEA buffered BGE’s were adjusted to therr
respective pK, values The concentration of the anions in the standard mix
was 5 ppm and the injection voitage was 5 kV for 5 seconds Figure 4 1
shows the precision based on cumulative %RSD values for peak area data
for three different BGE systems Twenty repeat injections of the standard
mixture were carried out using the same BGE solution for each run
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Injection No.

Injection No.

Figure 4.1.Graph of Cumulative %RSD V's Injection No. (peak area)
(Chromate) with (a) no buffer, (b) buffered with Tris. Continued overleaf.
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Injection No.
Figure 4.1.Cont. (c) buffered with DEA.

The cumulative % RSD was calculated from mean and standard deviation
data. As can be seen from figure 4.1, the % RSD for each anion improved
dramatically when a buffer was added, although particular improvement
was for chloride and phosphate ions. The addition of DEA exhibited the
most reproducible results over the 20 injections. With the DEA buffered
chromate BGE, those ions with mobilities close to that of chromate gave
the smallest % RSD values. For phosphate, which has the lowest mobility
of the test mixture, the % RSD’s were the greatest. This investigation
correlates with studies carried out by Doble et al. [7] who also briefly
investigated the effect of buffers on BGE's over a shorter series of
standard injections. However, the only slow migrating anion that was
determined was phosphate.

Figure 4.2 shows typical electropherograms of common anions using a

chromate electrolyte, unbuffered, buffered with Tris and buffered with DEA.
Each electropherogram shows the first and fifth run of each batch. This
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shows the improvement in precision resulting in addition of a buffer solution

to the BGE.

Migration Time (mins)

Figure 4.2.Electropherogram of common inorganic anions, (a) unbuffered
electrolyte. Injection no 1is shown with the blue trace and injection no 5 is
shown with the pink trace. Continued overleaf. Concentration of anions is 5
ppm. Conditions as in Section 4.2.3. Injection for5s at 5 kV.
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Migration Tim« (mins)

Migration Time (mint)

Figure 4.2.Cont. Electropherogram of common inorganic anions (b) Tris
buffered electrolyte and (c) DEA buffered electrolyte. Injection no 1is
shown with the blue trace and injection no 5 is shown with the pink trace
Concentration of anions is 5 ppm. Conditions as in Section 4.2.3. Injection

for5s at5kV.
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Figure 4.3 shows the %RSD values for the same batch runs but calculated

from the migration time data.

Injection No.

Injection No.

Figure 4.3.Graph of Cumulative %RSD V’s Injection No. (migration time)
(Chromate) with (a) no buffer, (b) buffered with Tris. Continued overleaf
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Injection No.

Figure 4.3.Cont. (c) buffered with DEA.

As is evident from figure 4.3, the chromate BGE buffered with the Tris
buffer exhibited the most precise results. As with the peak area data
fluoride and phosphate showed the worst precision, again due to its mis-
match with the chromate probe ion. Taking the results from the both the
migration time and peak area data, the chromate BGE buffered with DEA
was considered the best. However, as can be seen from figure 4.3, there is
a clear decrease in precision after approximately run 9-10 with both
buffered BGE’s. This shows the buffering capacity may have been reached
at this point and would indicate the BGE solutions should be replaced after
9-10 runs.

4.3.2. Design ofa New Isoelectric Buffers for CZE.

HjertGn et al. [14] recommended the following four different types of low
conductivity or isoelectric buffers: (a) buffers of relatively high M, having

171



few charged groups, (b) a namow fraction of a pH gradient of camer
ampholytes for isoelectnc focusing, (c) an ampholyte at its isoelectric point,
that 1s with 3 properly spaced pK. values, (d) an ampholyte with identical
pK, values for both the acidic and the basic groups Another type of
tisoelectnc buffer not proposed by Hjerten et a/ 1s a high M; compound
having a high content of acidic and basic dissociable groups and an
1Isoelectric point Needless to say it should also encompass a high buffenng
capacity at its p/ This type of polymeric 1soelectrnic buffer was designed by
Dr Mriroslav Macka in the University of Tasmania, Aus [9] The buffer was
synthesised by reacting polyethyleneimine (PEI) with sodium chloroacetate
to yield the product of N-carboxymethylated polyethyleneimine (details in
Section 42 4) The buffer was used with a BGE consisting of 0 5 mM
tartrazine It yielded a stable baseline, no system peaks, separation
efficiencies of up to 195,000 theoretical plates and detection limits down to
0 2 uM of Injected analyte

The absorption spectrum of the resultant CMPEI buffer synthesised here
(see Section 4 2 4) was measured using a Vanan Cary 50 scan UV-vis
spectrophotometer with Cary win UV-vis software, and i1s shown in figure
44

172



-i
J

o
-~
A

Absorbance (AU)
o o - o
'Y X > o

(-]
-

0 T — y T T T
200 260 300 350 400 450 500
Wavelength (nm)

Figure 4.4 UV spectra of synthesised CMPE| buffer

As mentioned in Section 4 2 4 several vanations of Macka's isoelectnc
buffer were synthesised using varying concentrations of sodium
chloroacetate This means that, by reducing the molar concentration of the
sodium chloroacetate the amount of COO" groups are consequently
reduced leading to higher p/ values Table 4 1 shows the mass of each
reactant, the p/ and buffering capacity of each product The buffering
capacity (B) 1s defined as the number of moles of a strong acid (HCI)
needed to be added to a volume of 1 mL of buffer solution to cause a pH
change of 1 unit
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Buffer Mass Mass of sodium p/ B B B

no of PEl chloroacetate (moles (mequiv (mequiv
(9) (9) of HCl) L'pH'® L'pH'P

1 20181 27 142 638 81X10° 045 353

2 20181 2036 780 9X10® 047 367

3 20181 1357 905 91X10° 048 376

4 20181 6786 939 8X10° 044 345

a Based on a butier solution of 12 74 mMW
b based on a buffer solution of 100 mM

Table 4.1 Table of properties of synthesised CMPE! isoelectnc buffers

The buffenng capacity () was also calculated using the following equation

_ =dC (Ve * My, *1000)/(V,,,, +Vyer)

it

d(pH) ~ApH o

p

Where Vuc) = volume of hydrochlonc acid added (L), Mac) = concentration
of HCI (M), Ve = volume of buffer solution (L) and ApH = resultant pH
change As can be seen from the table each synthesised buffer offered
approximately the same amount of buffenng capacity, although the
buffenng capacity of each was a little lower than initially expected from the
results of Macka et a/ 9]

4.3.4. Use of CMPEI as a Buffer in CZE.

The CMPEI| buffer has been used by Macka ef a/ [9 with a tarfrazine
probe Their synthesised buffer had a p/ of 6 8 In this section, the CMPEI
buffer was used with a chromate probe to determine inorganic anions
Buffer no 3 (p/ 9 05) was the buffer of choice because the buffers with
lower p/ values reacted with the sodium chromate to yield a precipitate of
dichromate The BGE compnsing of CMPEI and chromate was optimised
by varying the concentration of each constituent The BGE was found to
suppress the EQOF significantly and therefore could be used in a chromate
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BGE without the addition of an EOF modifier, thus greatly simplifying the
composition of the BGE. This suppression of the EOF by the CMPEI
validates the early experiments carried out by Macka et al. [9], Therefore,
the BGE consists only of the chromate probe ion and the buffering agent
(CMPEI). As the CMPEI exhibits some absorbance below 250 nm (see
figure 4.4), the PDA detector was used at 370 nm, in order avoid any loss
in detection signal due to the CMPEIL. Figure 4.5 shows an
electropherogram with 20 mM chromate and 20 mM CMPEIL. Table 4.2
shows the different BGE compositions investigated along with the peak

resolutions and/or theoretical plates.

Migration Time (mins)

Figure 4.5.Electropherogram ofanions with 20 mM chromate and 20 mM
CMPEI. Concentration of anions: 1ppm each. Injection for5s at 5 kV.
Separation at -25 kV. Detection at 370 nm.

As can be seen from figure 4.5., the test mixture of anions could be readily
separated using the CMPEI/chromate BGE, however, particular attention

must be paid to the early anions. Bromide and chloride migrate close
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together as do nitrate and sulphate Table 4 2 show the resolution (Rs)
between these two sets of peaks As with chromatography, baseline
separation 1s achieved when Rs>(1 0) As chromate 1s a high mobility 1on,
better peak shape is evident with the faster mgrating anions The most
suitable BGE was chosen, not only for the resolution of the early migrating
anions, but also for the best peak shape and efficiency This was found to
be BGE P (20 mM sodium chromate, 20 mM CMPE() This I1s shown in
figure 45

BGE [Na,CrO4} [CMPEI] R of R, of
(mM) (mM) Br and Cl NO; and SO,

A 5 5 1325 1302
B 10 5 0766 N/A
c 15 5 11 0736
D 20 5 122 14

E 5 10 065 113
F 10 10 084 N/A
G 15 10 076 0695
H 20 10 144 105

| 5 15 07 111
J 10 15 074 N/A
K 15 15 1207 065
L 20 15 096 115
M 5 20 071 115
N 10 20 096 N/A
0 15 20 1056 056
P 20 20 1065 1005

N/A Data not available due to co-migration of peaks

Table 4.2. Table of R, values for each BGE

The BGE P was chosen over A, D and H, which all exhibit good resolution
of the early migrating anions; because of fluonde and phosphate’s supenor
peak shapes, with BGE P
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Detection imits were calculated from a 1 ppm mixed standard of anions

and are tabulated in table 4 3

Anion Detection Limits Detection Detection Limits  Detection
(ug mk. )y Limits (uM)® (ug mL*)® Limits (pM)°
Bromide 0395 49 078 97
Chlonde 014 394 109 307
Nitrate 029 4 67 108 17 42
Sulphate 020 217 178 19 35
Fluonde 024 12 63 129 67 89
Phosphate 023 242 307 3232

a Calculated using the GMPEI
b Calcutated using DEA buffer

Table 4.3 * Detection imits of inorganic anions calculated from a 1 ppm
standard and based on a signal to noise ratio of 3 ° Detection limits of
iorganic anions calculated from a 5 ppm standard and based on a signal
to noise ratio of 3 Injection Conditions 5s at 5 kV

As can be seen from table 4 3, detection limits calculated using the
synthesised 1soelectnc buffer are much lower than those using the counter-
cationic buffer DEA This 1s probably due to the fact the detection
wavelength used with the CMPEI|/chromate BGE 1s 370 nm as opposed to
254 nm used with the chromate/DEA BGE system As chromate has a
much higher absorbance at 370 nm, better visualisation of the analyte
anions occurs Also the absence of an additional EOF modifier in the
CMPEl/chromate BGE i1s added advantage and could be a contnbuting
factor to the improved detection limits

The % RSD using the chromate/CMPEI buffer was also investigated and 1s
shown In figure 4 6 Phosphate exhibits the lowest reproducibility and is
most likely due to thgg fact that unlke the chromate probe ion it is a slow
mobility anion Figure 47 shows the precision calculated from the

migration tme data As can be seen, it is much improved from the
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unbuffered BGE (see figure 4.3 (a)). Again the slower mobility anions

exhibit the least precise results

Injection No.

Figure 4.6. Graph of % RSD values v's injection number. Data calculated
from peak area data
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Figure 4.7 Graph of%RSD values v's injection number. Data calculated
from migration time data.
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4.4. Conclusions.

It has been shown that buffering of BGE's 1s essential for reproducible
results Counter-cationic buffers have proved useful as they do not
contnbute a competing co-anion to the BGE, which results in interfenng
system peaks DEA yielded the most reproducible results, which correlates
with resuits in the literature [7] it has been established, that a polymenc
Isoelectnc buffer can be synthesised and punfied in a relatively simple
manner This buffer can be used in CZE and synthesised at a low cost
One advantage for the use of high-M, 1soelectnc buffer is that at its p/ the
buffer 1s truly uncharged in contrast to a low-M; isoelectric buffer, which
contains significant concentrations of protonated and deprotonated forms
The absence of any competing ions in the buffer system 1s highly desirable
and can lead to improved detection imits Another advantage of this type
of buffer particularly in relation to inorganic anion determination is its ability
to change the electroosmotic flow This i1s a result of the buffer's adsorption
onto the capillary wall The main disadvantage of the synthesised buffer i1s
its absorptivity in the UV region, however, this can be easily overcome by
using high detection wavelengths such as 370 nm for chromate
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5. Investigation of Detector Linearity for
Commercial CE Systems.
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51 Introduction.

As discussed In earlier chapters, capillary zone electrophoresis has been
used extensively as a techmique for the determination of small inorganic
anions [1-2] Photometnc detection i1s the most commonly used method of
detection in capillary electrophoresis and can be performed in two modes
Firstly, direct photometnc detection can be used to detect absorbing
analytes against a non-absorbing background This approach relies on the
analyte containing a suitable chromophore and its sensitivity I1s imited due
to the small path length (50-100 um) inherent to on-capillary detection Iin
capillary electrophoresis Alternatively, as discussed earlier in Chapter 1
Section 14, indirect photometnc detection can be used, in which the
absorbance of a strongly absorbing co-ion (termed the probe) added to the
electrolyte 1s monitored [3-4] This provides universal detection which can
be more sensitive than direct absorbance detection for many analytes
Indirect detection was first used in CE for anions by Hjerten et a/ [5] and I1s
based upon the displacement, on a charge for charge basis, of a UV
absorbing probe anion In the background electrolyte (BGE) by the sample
analyte anions This produces negative peaks on a high absorbance
background as the analytes pass through the detection window From this
early work the development of indirect UV detection as a universal
detection method has led to the establishment of CE as a viable alternative
to i1on chromatography for the simultaneous determination of inorganic
anions

In contrast with electrolytes used for direct detection where the separation
current 1s the sole limiting factor that determines the electrolyte
concentration, in indirect detection the background absorbance of the
electrolyte becomes an additional imiting factor of the probe concentration
For rehable quantitative resuits, the background absorbance must remain
within the linear range of the detector However, there are benefits to be
gained from the use of higher concentrations of the probe, such as

183



improved peak shapes (see Chapter 3, Section 33 2) Hence there Is a
clear need to know the lmits of detector hneanty and as most
manufacturers do not give reliable data on this parameter, simple methods
are required to determine this data

A number of approaches to determine detector lineanty are possible [6-9]
However, it has been shown [6] that the best method of evaluating the
hneanty is by carefully measunng the response (absorbance) caused by a
series of known probe concentrations so that the sensitivity
(response/concentration) can be calculated A plot of sensitivity versus
concentration can then be constructed to show when the detector lineanty
hmit 1s reached, usually by determining the concentration at which the
sensitivity falls below its maximum value by a defined amount (such as a
5% decline from maximum sensitivity) This approach shows more clearly
when the detector lineanty 1s exceeded than by estimating when a simple
plot of absorbance versus concentration begins to deviate from a straight
hne [10] Importantly, the plot of sensitivity versus absorbance is stnctly an
instrumental charactenstic which should be independent of the absorptivity
of the probe, thereby elminatng any need for further lineanty
measurements for different probes Such plots can also provide useful
information on compansons regarding sensitivity and lineanty between
vanous detectors and instruments A companson of the detection
sensitivity achieved with vanous probes can also be ganed by this
technique, and an estimate of effective pathlength can also be calculated

Effective pathlength 1s dependent on the geometry of the light beam
incident on the capillary window The effective pathlength will equal the
capillary inner diameter only when the central ray of a colimated beam
travels through the full length of the inner diameter of the capillary For
beams further away from the central axis, the distance travelled through
the capillary will be shorter and hence the effective pathlength will be
smaller than the nner capillary diameter Bruin et a/ [9] presented a
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theoretical model for calculation of the effective pathiength, which may be
useful for approximate estmations However, this model 1s based on
parallel ight beams passing through the cylindncal capillary and this model
is therefore not applicable to detectors used in practice Therefore, it 1s
desirabie to have an expenmental method for the determination of effective
pathlength Macka et a/ [6] fitted curves to expenmentally measured
sensitivity plots and derived the effective pathlength from the fitted curves
Whilst this method would be optimal for detectors exhibiting very poor
lineanty, 1t 1s very time consuming Therefore a simple and fast method,
based on a calculation of the effective path length for a known probe
absorptivity and the measured sensitivity in the inear range of the detector
was investigated, and applied to a range of commercial CE systems as
part of a collaborative comparative study
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5.2, Experimental.

5.2.1. Instrumentation.

Absorbance measurements were recorded on four different CE
instruments These were Applied Biosystems 270A-HT (Perkin-Elmer, San
Jose, CA, USA), Waters Capillary lon Analyser (Milford, MA, USA), Agilent
Technologies °CE (Waldbronn, Germany) and P/ACE MDQ system
(Beckman Instruments, Fullerton, CA, USA) The expenmental data for the
first three instruments was provided by Cameron Johns under the
supervision of Dr Miroslav Macka and Prof Paul Haddad in the University
of Tasmania, Austraha The Apphed Biosystems 270A-HT was fitted with a
deutenum lamp with vanable wavelength detection The Waters CIA was
fitted with a deuterum lamp with detection at 254 nm The Agilent
Technologies 3D-CE was fitted with a deutenum lamp with a photodiode
array detector The P/ACE System MDQ was used with two different
detection systems, a deutenum lamp with a fixed filter at 254 nm used for
UV measurements, and a 256 element photodiode array detector A 100 X
800 pm shit width aperture was used with both systems

Fused silica capillanies (Polymicro Technologies inc , Phoenix, AZ, USA) of
75 um inner diameter were used Spectrophotometnc measurements were
conducted In Tasmania, using a Cary UV-Vis-NIR Spectrophotometer

(Vanan Australia Pty Ltd ) with 1 cm pathlength quartz cells A Vanan Cary
50 scan UV-vis spectrophotometer with Cary win UV-vis software was
used in Dublin for spectrophotometnc measurements
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5.2.2. Reagents.

All chemicals used were of analytical-reagent grade Sodium chromate (LR
grade, Ajax Chemicals, Sydney, NSW, Australia or from Aldnch Miiwaukee,
WI, USA) was used to prepare a series of chromate standards Tartrazine
(Fluka, Switzerland) was punfied and used to prepare a senes of tartrazine
standards Water treated with a Millipore (Bedford, MA, USA) Milli-Q water
system was used to prepare and dilute standard solutrons

5.2.3. Procedures.

A senes of standards was prepared by serial dilution by a factor of two of a
stock solution Chromate standards were prepared n 50 mM sodium
hydroxide to ensure the presence of chromate rather than dichromate
Absorbance measurements were performed by flushing the capillary with
water or the desired standard solution (approx 10 capillary volumes), then
stopping the flow and measunng the absorbance under static conditions
Absorbances were measured In order of increasing concentration
standards to minimise possible carry-over errors
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5.3. Results and Discussion.

5.3.1. Detector Linearity Studies ofa Beckman MDQ.

The linearity of a particular detector will depend on the quality and
geometry of the detector optics of the CE instrument. By measuring the
linearity and effective pathlength of a detector, the design of different
instruments may be compared directly with one another. As is shown in
figure 5.1, cylindrical cells can have a variety of possible individual ray
pathways of differing lengths between 0 and the capillary's internal

diameter.

Figure 5.1.Schematic of the light pathway through a fused silica capillary.

The linear range of on-capillary UV detectors in CE allows the user to
optimise the maximum probe concentration with which a linear analyte
response can be achieved. For highly absorbing probes, poor detector
linearity means low concentrations of the probe must be used, which can
adversely affect analyte peak shape [11]. To test detector linearity a series

of standards were prepared as outlined in Section 5.2.3.
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Figure 5.2 shows a plot of absorbance measurements versus chromate
concentration for both the UV and PDA detectors that come with the
Beckman MDQ instrument. As is evident from the plot, deviation from
linearity appears to occur at - 80 mM. In order to visualise the deviation
more accurately, a graph of sensitivity versus chromate concentration is
shown as figure 5.3. Sensitivity was calculated using the following

equation;

ScramviWA U 1™ = A b « A I oftcentration(moi/L) (s 01
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[chromate] (mmol/L)

Figure 5.2.Graph of Absorbance v’s Chromate concentration.

Figure 5.3 shows us the highest concentration of the probe ion (in this case
chromate), that can be used while remaining in the linear range of the
detector. The concentration at which sensitivity decreases by more than a
certain value (5%) defines the upper limit of detector linearity. It was found
that the linear range for a chromate probe of the Beckman instrument with
the PDA detector was found to be from 0.5 mM to 30 mM\i. This means that
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the concentration of the chromate probe can be as high as 30 mvtf whilst
still working in the linear range of the detector. Increasing the background
electrolyte concentration of a probe is important for gaining better sample
stacking. From the above data, the molar absorptivity of the probe can be
determined and using the Beer Lambert law the effective pathlength of the
detector can be calculated for the Beckman instrument (see Table 5.1).

[chromate] (mmolA.)

Figure 5.3.Graph of Sensitivity v's Chromate concentration.

Comparing both figures 5.2 and 5.3, the linear range of the Beckman
instrument seems different. Figure 5.3 shows more accurately the deviation
from linearity. As stated earlier, a deviation of 5% constitutes the upper
limit of detector linearity; this is shown in figure 5.3.

In order to calculate the effective pathlength (U) at each concentration the
Beer-Lambert law is used;
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A = gcl (502)

Where A 1s the absorbance, ¢ i1s the molar absorptvity, ¢ 1s the
concentration and /1s the pathlength The molar absorptivity Is calculated
by using a solutton of known concentration and measunng it's absorbance
In a standard 1 cm cell, using a UV-vis spectrophotometer Once this has
been calculated it can be used to calculate the effective pathlength of the
capillary at vanous chromate concentrations, using equation 5 03,

£
ly = (—gc—,E)(l) (5 03)

Where /. 15 the effective pathlength, ez 1s the measured molar
absorptivity values, £’ i1s the known molar absorptivity of the probe i1on at
the wavelength under investigation and /1s the actual pathlength Of course
this resuits in only an approximation of /s and is subject to the accuracy of
the values used for £, but it provides an excellent parameter for companng
the relative optical performance of on-capillary photometnc detectors
Figure 5 4 shows the calculated effective pathlength values at the different
chromate concentrations
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[chromate] (mmol/L)

Figure 5.4.Graph of Effective pathlength v's Chromate concentration.

By taking the average values for I& over the linear region of the graph an
accurate value for I can be obtained and used to compare CE detectors.
The linear part of the graph for the PDA detector is from 57.05 pm to 57.2
pm and for the UV detector is from 57.05 pm to 58.9 pm. Averages from

these values are given in table 5.1.

5.3.2. Comparison ofDetector Linearity and Effective
Pathlength for Commercially Available
Instruments.

Several detectors from other commercially available instruments were also
investigated. This was carried out in collaboration with Prof. Haddad's
group using the method described previously, at the University of
Tasmania, Australia. Figure 5.5 shows a direct comparison between the
Beckman instrument and 3 other available instruments. The figure shows
how instrumental detector design drastically affects detector linearity and

192



sensitivity. As can be seen from figure 5.5, even though the sensitivity of
the Beckman MDQ PDA is slightly less than the Applied Biosystems
detector, the deviation from linearity occurs at approximately the same
concentration. This means that the concentration of background electrolyte
that can be used without deviation from linearity is the same for both

instruments.

[chromate] (mmol/L)

Figure 5.5.Graph of Sensitivity v's Chromate concentration for a selection
of commercially available instruments.

Once again a more useful comparison of the instruments and their detector
linearity was achieved by plotting sensitivity versus absorbance for each
instrument (figure 5.6). This plot is independent of the absorptivity of the
probe and the detection wavelength.
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Figure 5.6.Graph of Sensitivity v’s Absorbance for a selection of
commercially available instruments.

From figure 5.6 it can be seen that the Agilent instrument provided both the
highest sensitivity and greatest linearity. Linearity (at 95% of maximum
sensitivity) was maintained up to a concentration of -80 mM, far in excess
of the typical background electrolyte of 5 mM chromate used for indirect
detection. For the Agilent instrument linearity is maintained up to 1.2 AU. It
should be pointed out that the linearity limits for all instalments exceed
background absorbances typically used (-0.1 AU) for indirect detection in
capillary electrophoresis when using moderately absorbing probes such as
chromate, the concentration of which is limited by the separation current.

However, the use of highly absorbing probes, such as dyes, to improve
sensitivity has been well documented recently [3,4]. Measurement of



detector linearity using a highly absorbing probe such as tartrazine (e =
21600 L mol'cm™ at 426 nm, pH=8 [3]) can Illustrate the increased
sensitivity of such probes and also provide a guide to the concentration at
which they should be present in the background electrolyte It is desirable
that the probe be present at as high a concentration as possible so that the
cahbration plot for analytes can be extended and also to provide significant
benefits in gaining better sample stacking upon sample injection However,
this then leads to potential problems of calibration flineanty if the
background absorbance of the electrolyte exceeds the limit for detector
hnear range A plot of sensitivity versus absorbance for tartrazine on an
Agilent and Applied Biosystems instruments 1s shown in Figure 5 7, data
provided by P R Haddad’s group along with chromate data for the same
instruments This plot demonstrates two important features First, it
highiights that tartrazine s significantly more sensitive (about 7 times
higher) than chromate and this translates into improved detection imits [3]
Second, detector lineanty followed the same trend as ewvident from the
chromate data, with sensitivity decreasing at approximately the same
absorbance This shows that detector lineanty was independent of the
probe, which means that the detector [ineanty can be charactensed by the
measurement of just one probe The concentration of a different probe
required to produce this absorbance can then be easily determined A
tartrazine concentration of 8 and 6 mM can be used with both instruments
respectively, while still retaining 95% of the maximum sensitivity and
remaining in the linear range of the detector
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Figure 5.7.Graph of Sensitivity v’s Absorbance.

Effective pathlengths were calculated by rearranging the Beer-Lambert law
to give the ratio of sensitivity to probe absorptivity as described earlier. The
sensitivity value chosen was at an absorbance of -0.05 AU which is well
inside the linear range of all five instalments. It is vital that such a
calculation is performed within the linear absorbance range to provide a
true estimate of the effective pathlength. This highlights the importance of
knowing the detector linearity range. Observed effective pathlengths
ranged from 49.7 “m (Waters CIA) to 64.6 nm (Agilent) for a capillary of 75
nm i.d. (See table 5.1). Effective pathlength can be used to judge and
compare the quality of the detector optics. Most importantly, it is well
known that detection pathlength inhomogeneity, similarly to incident light
wavelength inhomogeneity (polychromatic light), will result in detector non-
linearity [12]. This effect will cause a departure from linearity across the
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whole absorbance range, also affecting the low-absorbance region, in
contrast to stray light, which mostly affects the high-absorbance regions
[6,12]

Instrument Detector lineanty Effective
upper mit [AU] pathlength* [um]
Agilent Technologies 12 646
3D-CE
Applied Biosystems AB 075 605
270A-HT
Waters ClA 0175 497
Beckman MDQ PDA 055 549
Beckman MDQ UV 030 536

*based on a 75 um intemal diameter capillary

Table 5.1. Table of upper detector hneanty imits and effective pathlengths
for commercially available instruments
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54. Conclusions.

The evaluation of detector lineanty in capillary electrophoresis instruments
provides wital information regarding the upper lineanty limit of the
instrument, the sensitivity of probes used for indirect detection, and the
maximum concentration at which a probe may be used in background
electrolytes From this work it can be clearly seen that some instruments
have supenor optical properties which can lead to improved results It is
also clear that background electrolyte concentrations of most probes can
be markedly increased whilst still working in the linear range of the
detector This is particularly important for highly absorbing probes, the
concentration of which is imited by the background absorbance rather than
by the separation cumrent Increasing the background electrolyte
concentration of such a probe i1s essential for ganing better sample
stacking The effective pathlength i1s another important Iinstrumental
parameter which 1s determined quickly and easily from the approach
described in this work In addition, judgements can be made on the quality
of detector optics of on-capillary absorbance detectors and the
concentration of the probe used for indirect detection methods can be
optimised
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6. Using a Ultra Violet Light Emitting Diode
(UV-LED) as a Detector Light Source in CZE.
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6.1. Introduction.

The use of ight emitting diodes (LEDs) as light sources for photometric
detection in CE has been investigated by a number of workers and these
have been shown to exhibit some benefits over traditional light sources,
such as deutenum or tungsten lamps These can be summansed as,
generally low cost (typically under US$1, somewhat dearer for the UV
LED), small size, high robustness and reliability, long ifetimes (in the order
of 10° h), little heat production, good lineanty of the emitted light intensity
with current, suitability for operation in a pulsed regime at high frequencies
(emission output stabilisation measured in ns), particularly stable light
emission, and extremely low noise

Tong and Yeung [1] were the first to report the use of both diode lasers and
LEDs as light sources within an absorption detector system for CE They
investigated two LEDs at 660 and 565 nm, finding reduced noise leveis
and improved stability over commercial detectors Tong and Yeung also
illustrated how Inorganic anions could be determined sensitively using
permanganate as a probe anion in place of chromate, with a green 565 nm
LED as hght source

Later work by Macka et al [2] found that LEDs in general exhibit stable
output and markedly lower noise than other light sources such as mercury,
deutenum and tungsten lamps Since detection imits in CE are determined
using the ratio of signal to noise, this reduction in noise can result in
significant reductions in imits of detection Macka et al investigated 6
different LEDs having emission wavelengths within the wvisible region,
ranging from 563 to 654 nm, and demonstrated the potential of this
approach by the detection of alkaline earth metal complexes of Arsenazo |
Metal 1on and metal complex separations were also investigated by Butler
et al [3] who used a green LED (525 nm) for the direct detection of metal
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PAR complexes and the indirect detection of alkall and alkaline earth
metals using a BGE containing Pyronine G

A similar study was later camed out by Collins and Lu, [4] who investigated
a red LED with a maximum emission wavelength of 660 nm They detected
uranium(VI) at a concentration of 23 ug L~" using Arsenazo Iil as a pre-
capillary complexing igand An LED-based visible wavelength absorbance
detector in CE has also been investigated by Bonng and Dasgupta, [5] who
compared the performance of the LED detector with zinc, cadmium and
mercury lamps The LED used had a maximum emission wavelength at
605 nm (orange) They found that comparable noise levels were obtained
for the LED and the cadmium and zinc lamps, although the cadmium and
zinc sources were operated with a wider slit The above study and others
utihsing visible and NIR LEDs as detector light sources in CE are the
subject of a recent review by Malik and Faubel [6]

In contrast to all the previously used LEDs that emit in the visible spectrum,
the use of LEDs as UV light sources has not yet been reported for CE
absorption detection systems, or for any column hquid chromatography or
electromigration capillary separation technique Only for fluorescence
detection recently has there been a report on the use of a UV LED
operated In a pulsed regime for fluorescence detection of labeled amino
acids [7]

Therefore, this chapter examines the application of such a hght source to
the indirect absorbance detection of inorganic anions using a standard
chromate BGE The LED used in this study had an emission maximum at
379 nm, which matches closely the absorbance maximum for chromate To
achieve the lowest possible detection imits, the BGE used in this work was
prepared In such a way as to eliminate the presence of interfenng co-
anions from either the added buffer or EOF modifier [8-9] This work was
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carmed out in the University of Tasmania, Hobart, Tas Australia under the
supervision of Prof Paul Haddad and Dr Miroslav Macka
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6.2 Experimental.

S

6.2.1. Instrumentation.

A Waters Capillary lon Analyser (Mitfford, MA, USA) was used either with
the original detector (fitted with a mercury lamp and a 254 nm filter) or an
in-house buillt UV LED-based detector, as descnbed by Macka et a/ [2]
(see figure 6 1) In bnef, the LED was accommodated in place of the
onginal mercury lamp and equipped with a 2 mm diameter circular slit
positioned on the bulb of the LED, and powered by a standard stabilised
laboratory power supply using a resistor (180 €) in senes to give a current
of 30 mA All other parts including the capillary optical interface, the
detector and associated electronics were of the onginal Waters CIA CE
system Separations were performed using a Polymicro (Phoenix, AZ,
USA) fused silica capillary (58 cm x 75 ym, length to detector 50 cm) The
LED used was a 5 mm domed lens 10 degree UV LED with optical power
of 1 mW obtained from Optosource (Marl International Ltd, Ulverston,
Cumbna, UK) The emission spectrum was measured with an Ocean
Optics S 1000 diode array fibre-optics wisible spectrophotometer
(purchased through LasTek, Thebarton, SA, Australia) and showed an
emission maximum at 379 nm and a spectrum half width of 12 nm
Absomption spectra of the chromate BGE and other spectrophotometnc
measurements were determined wusing a Cary UV-Vis-NIR
spectrophotometer (Vanan, Australia) with a 1 cm pathlength quartz cell
The spectrum of chromate was registered using a 0 387 mM solution of
Na,CrO, in 50 mM NaOH
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Figure 6.1.Schematic representation of the in-house detector unit. NEW,
the part of the original detector unit where changes were made. LH, the
original lamp holder, (L), position of the original Hg-lamp, LED, light
emitting diode, H, LED holder, DC, DC current supply, S1, slit 1.5 mm, S2,
slit 1 mm, C, capillary, CH, capillary holder, (IF), interference filterif used,
PD, a pair of photodiodes. R, reference signal output, S, sample signal
output.
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UV LED 370 nm

Figure 6.2.Picture of UV LED emitting at 370 nm.

6.2.2. Reagents.

All chemicals used were of analytical-reagent grade. Chromic trioxide,
diethanolamine  (DEA), potassium chloride, (KCI) potassium
dihydrogenphosphate, and didodecyldimethylammonium bromide (DDAB),
were obtained from Aldrich (Milwaukee, WI, USA). Sodium sulfate, sodium
nitrate, sodium nitrite and sodium fluoride were obtained from Fuka
(Buchs, Switzerland). Water used throughout the work was treated with a
Millipore (Bedford, MA, USA) Milli-Q water purification system.

6.2.3. Procedures.

New capillaries were conditioned with 0.5 M NaOH for 5 minutes, methanol
for 2 minutes and water for 5 minutes at 30°C before any analysis took
place. All other analyses were carried out at 25°C. BGEs were prepared
using the following procedure. 5 mM chromic acid solution was prepared
by titrating the required amount of chromic trioxide with DEA to pH 9.2
(final concentration of DEA approximately 20 mM). The electrolyte was
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degassed and filtered using a 0 45 pym nylon membrane filter from Gelman
Laboratories (Michigan, USA) prior to use A 0 5 mi/ solution of DDAB was
prepared as the electro-osmotic flow (EOF) modifier The capillary was
prepared for coating by flushing with NaOH (10 mM for 1 min at -0 5 bar
pressure on the detection side), after which a coating of DDAB was applied
by flushing the capillary (0 5 mM for 1 min) pnor to analysis The capillary
was then flushed for a further 1 min wath water to remove any excess EOF
modifier and finally nnsed with the BGE before injection of the samples
Total nnse time pnor to injection was 3 min Electrokinetic injection of the
analytes was used at -5 kV for 5 s Analysis was performed at a separation
voltage of =25 kV Lineanty data were obtained using the same procedures
as used in Chapter 5

207



6 3. Results and Discussion.

6.3.1. UVLED as a Light Source.

Figure 6 3 shows an overlay of the chromate absorption spectra from 200
to 500 nm with the emission wavelength of a standard mercury lamp and
the emission spectra of the UV LED As can be seen from the spectrum
shown, 254 nm s far from the maximum absorption wavelength of
chromate under alkaline conditions (spectrum shown obtained using a
0387 mM solution of Na,CrOs in 50 mM NaOH) Using the above
conditions values for molar absorptivities of € = 2 58 x 10° (254 nm), 3 96 x
10% (371 nm) and 380 x 10° L mol ' cm ' (379 5 nm) were obtained This
represents a 47 % increase In the molar absorptivity of the chromate probe
anion If a detector wavelength of 379 5 nm is used, which for indirect
detection can be directly related to potential reductions in detection hmits,
as described by equation 6 01 below [10],

N AA
~ [(TR)&b] (601

Where AA I1s the absorbance noise, & i1s the molar absorptivity of the probe
anion, b 1s the pathlength and TR 1s the transfer ratio (which can be
maximised through correct choice of probe and BGE conditions) Of course
molar absorptivities measured using a 1-cm cell in a spectrophotometer wall
rarely correspond to those determined using an on-capillary CE
photometric detector but they can be used to provide a simple evaluation of
the optical performance of such detectors
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Wavelength (nm)

Figure 6.3.0verlay of the chromate absorption spectra with the line
emission wavelength ofa standard mercury lamp and the emission
spectrum of the UV LED.

In Section 5.3.1 a simple practical method for the determination of effective
pathlength of on-capillary photometric detectors in CE was described. The
effective pathlength is a useful parameter in describing the efficiency of the
optical design of a CE photometric detector. If determined for two different
detectors under the same BGE conditions and with the same capillary, this
parameter will indicate their relative performance. To determine the
effective pathlength (4 the only measurements required are those
determining the molar absorptivity of the probe using the CE detector.
These measured molar absorptivity values (EftE) are then compared to
known molar absorptivity values (above) for chromate at the same
wavelength {¢). The exact expression used for calculation of I* is shown

below as equation 6 02;

(602)

209



Of course this results in only an approximation of .z and I1s subject to the
accuracy of the values used for £, but it provides an excellent parameter
for companng the relative optical performance of on-capillary photometnc
detectors

Using the same 0 387 mM chromate solution as above, & values of 1 82
x 10% and 2 14 x 10° were obtained for the onginal Waters detector fitted
with the mercury lamp and the UV LED based detector respectively These
values correspond to /4 values of 5428 and 42 28 uym for the two
detectors using a 75 pm capillary It is not surpnsing that the in-house built
LED detector exhibits a smaller /g than the commercially produced
detector This is due to improved optical design, focussing and control of
stray light in the commercial detector, although these aspects of the LED
based detector could easily be improved

6.3.2.  Detector Linearity with the UV LED.

The above calculation only remains true If the value for &g 1S obtained from
within the linear range of the detector If the detector is used outside of its
linear range for the probe anion, the value of &g (and hence /) will be
dependent upon probe concentraton To investigate this further it was
necessary to determine the linear range of the two detectors This was
carned out using the method described in Chapter 5, Section §2 3
Absorbance measurements at both 254 and 379 nm were performed by
flushing the capillary with water, followed by the standard solution, then
stopping the flow and measunng the absorbance under static conditions
Concentration values were plotted against measured absorbance values
(see figure 64) Sensitvity data were calculated from the measured
absorbances and plotted versus chromate concentration as shown in
Figure 6 5 The concentration at which sensitivity decreases by more than
a certain value (5%) defines the upper Iimit of detector lineanty It was
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found that the linear concentration range for a chromate probe is 50 mMfor
the Waters CIA instrument equipped with the UV LED as the light source.
This represented excellent linearity for the LED based detector,
corresponding to a detector linearity upper limit of 0.375 AU. The upper
limit of detector linearity for the same instrument with a standard mercury
detector was only 10 mM (0.175 AU). Although, as probe concentration for
indirect UV detection is generally below 10 mvtf (for chromate typically
between 2 and 5 nM), both detectors were deemed suitable for this type of

application.
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Figure 6.4.Graph of Absorbance (mAU) V's chromate concentration (mM).

211



[chromate] (mmoJ/L)

Figure 6.5.Graph of Sensitivity (AU/mol) V's [chromate] (mmol/L).

As above, it is possible to take the absorption data shown in Figure 6.4 and
calculate I* at each probe concentration. This is shown as Figure 6.6. The
figure allows the simple comparison of the two detectors both in terms of

detector linearity and relative efficiency of the optical design.
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[chrornate] (mmoJ/l.)

Figure 6.6.Graph of Effective pathlength (pm) Vs [chromate] (mmol/L)

6.3.3. Noise and Detection Limits.

As can be seen from equation 6.01, two important parameters in obtaining
low LODs when using indirect detection in CE are the molar absorptivity of
the probe and the intensity of the background noise. The other major
parameter is the TR, which can be close to the theoretical value if the
mobility of the probe anion and the analyte anions are similar and if there
are no other anions in the BGE. Such anions can be introduced into the
BGE by incorrect choice of additional buffers or EOF modifiers such as
TTAB and CTAB. In this study, to establish detector noise and determine
the lowest possible detection limits, it was decided to use pre-coated
capillaries, which could be used without the addition of any EOF modifiers
to the BGE. In addition, the BGE was buffered with a counter cationic
buffer, in this case DEA, so as not to introduce any co-anions into the
system. The capillary was pre-coated using DDAB as described by
Melanson et al. [9], (and as used in Chapter 3 Section 3.3.4) who found
that DDAB formed more stable coatings on capillary walls than CTAB and
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thus could be used to pre-coat the capillary and therefore not be required
within the BGE Under these conditions test mixtures of common inorganic
anions were separated and detected using both the standard mercury
detector and the UV LED based detector From these both background
detector noise and analyte signal to noise ratios were determined Figure
6 7 shows typical resultant electropherograms obtamned for low level test
mixtures The figure shows a dramatic improvement in the signal to noise
ratio when using the LED based detector, allowing the potential detection
and determination of sub-uM concentrations of the anions shown
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Migration Time (mins)

Figure 6.7.(a) Electropherogram of 0.0 5 mg/L standard mixture detected
with UV LED (b) Electropherogram of 0.5 mg/L standard mixture detected
with Hg lamp.

Figure 6.8 shows an expanded view of the peaks obtained for a 25 pg/L
mixed standard of Cr, NOs' and SO42. When compared with Figure 6.7 (b)

the improvement in background noise can clearly be seen.
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Figure 6.8.Electropherogram of 0.025 mg/L standard with UV LED

From the above and other similar series of injections, average noise levels
and approximate detection limits were determined, using a signal to noise
ratio of 3:1. Obviously in CE detection limits are dependent upon injection
mode, so here the same injection parameters were used throughout, to
allow useful comparison of the two detectors. This data is in Table 6.1,
together with the manufacturers quoted detection limits (at 254 nm) when
using their recommended BGE and injection conditions [11]. As can be
seen from Table 6.1, the background detector noise was found to be
between 35 and 70%6 lower with the LED based detector at 379 nm than
with the mercury lamp at 254 nm. This combined with the increased
sensitivity for chromate obtained at 379 nm resulted in an order of

magnitude decrease in detection limits for the anions tested.
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UV LED Mercury lamp Mercury

379 nm 254 nm lamp
254 nm?®

Noise 0 024 — 0 040 mAU® 0 060 mAU -
Anion ug/L mM ug/L mM pg/l mM

(£SD)° (£SD)° (+SD)° (+SD)°
Chlonde 5(04) 014(001) 60(5) 17(013) 46 13
Nitrate 9(07) 015(001) 120 (9) 20(015) 84 14
Sulphate 14(05) 015(001) 190 (7) 20(007) 32 03
Fluonde 3(03) 0 16 (002) 120(12) 55(060) 84 44

Phosphate 4 (0 4) 004(0005) 70(7) 07(007) 41 04

a BGE = 47 mM Na2CrO4/4 0 mM TTACH/10 mM CHES/0 1 mM calcium gluconate applied voltage = 15 kV
injection = hydrostatic at 10 cm for 30 s detection = Hg lamp at 254 nm

b Range of background noise determined from muttiple analysis (7=3)

¢ SO determined from multiple consecutive analysis of standard solutions (=20)

Table 6.1. Baseline noise values and approximate detection imits for
common anions using indirect detection with a chromate BGE at 379 nm
(LED source) and 254 nm (Hg lamp source)

6.3.4. Qualitative Analysis of Water Samples.

To illustrate a potential application that benefits from the improved
sensitivity of the LED based detector, a number of water samples where
screened for the presence of trace anions Typical sample
electropherograms for (a) a tap water, (b) a nver water and (c) a mineral
water sample are shown in Figure 6 9 As can be seen from Figure 6 9, the
presence of trace levels of NOs, SO, and F~ can be seen in the samples,
which contain higher concentrations of CI" and HCO5 Semi-quantitation of
these trace anions using a single point calibration at 25 ug/L indicated NO3
to be present at ~ 140 pg/L In the nver water sample and ~40 pg/L in the
mineral water SO,* was determined to be ~20 ug/L in the mineral water
with F found to be ~5 pg/L in the nver sample and 13 pg/L in the mineral
water
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Figure 6.9.Electropherograms of (a) tap water, (b) river water. Continued
overleaf.
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Figure 6.9.Cont. Electropherogram of (c) mineral water.
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6.4. Conclusions.

UV LED'’s provide a potential excellent low cost alternative to commercial
mercury and deutenum hght sources detectors The UV LED has an
emission maximum that closely matches the absorption maximum of the
probe, in this case chromate The sensitivity of the detector employing the
UV LED hght source 1s higher than that of the onginal UV detector The
effective pathlength exhibited is smaller than the mercury lamp, however,
as this 1s an in-house built detector, this 1s not unusual Due to the UV
LED’s more stable output, the range in which it 1s linear 1Is much improved
over the mercury lamp Due to the significant improvement in the sensitivity
and the removal of the EOF modifier from the BGE, lower detection limits
were achieved This method was applied successfully to the semu-
quantitative analysis of some water samples

220



6.5. References.

[1] Tong, W, Yeung, E S, J Chromatogr A, 1995, 718, 177-185

[2] Macka, M, Andersson, P, Haddad, P R, Electrophoresis, 1996, 17,
1898-1905

[3] Butler, P A G, Mills, B, Hauser, P C , Analyst, 1997, 122, 949-953

[4] Colins, GE, Lu, Q, Anal Chim Acta, 2001, 436, 181-189

[5] Bradley Bonng, C , Dasgupta, P K, Anal Chim Acta, 1997, 342, 123-
132

[6] Malik, A K, Faubel, W, Chem Soc¢ Rev, 2000, 29, 275-282

[7] Hillebrand, S, Schoffen, J R, Mandaj, M, Termignoni, C , Gneneisen,
HGH, Kist, T B L, Electrophoresis, 2002, 23, 2445-2448

[8] Doble, P, Macka, M, Andersson, P , Haddad, P R, Anal Commun ,
1997, 34, 351-353

[8] Melanson, J E , Baryla, N E , Lucy, C A, Trends Anal Chem , 2001, 20,
365-374

[10] Santoyo, E , Garcia, R, Abella, R, Apancio, A, Verma, S P, J
Chromatogr A, 2001, 920, 325-332

[11] Waters Application Note 4140, Determination of Inorganic Anions

221



7. Improved method for the Simultaneous
Separation and Detection of Cr(lll) and Cr(Vl) using
CZE with pre-capillary complexation with 2,6-
Pyridinedicarboxylic Acid.
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71. Introduction.

Chromium primanly exists naturally in its trivalent state (Cr(lil)) Soluble
species of Cr(lll) include the free hydrated ion (Cr*") and a number of
hydroxide species, such as CrOH?*, Cr(OH),* and Cr(OH), Chromium in
its tnvalent form 1s an essential element but i1s only found In very low
concentrations In natural waters due to its imited hydroxide solubikty
However, hexavalent chromium (Cr(V1)) present as either Cr,0,% or CrO>
depending upon pH, behaves very differently Hexavalent chromium, has a
high solubility in water and i1s very mobile within the environment Sources
of Cr(Vl) in environmental waters are predominantly industrial activities,
such as electroplating, leather tanning, wood treatment, energy production
and vanous high tech industries The relative toxicities of Cr(lll) and Cr({Vi)
are also quite disparate, with the latter classified as a known human
carcinogen by the US EPA

Therefore, with the above information tn mind, when it comes to monitonng
for chromium contamination in natural waters (and dnnking waters), it 1s
important to be able to distinguish between the two oxidation states of
chromium, If data on the source and fate of the chromium species is to be
ascertained As atomic spectroscopic methods, when used on their own,
can only provide total chromium concentrations, there has been much
Interest in 1on chromatographic [1-4] and capillary electrophoretic [5-13]
methods for chromium speciation In both cases, one approach taken has
been to convert cationic species of Cr(lll) to anionic complexes with
suitabie chelating ligands pnor to separation, thus allowing simultaneous
separation of both Cr(lll) and Cr(Vl) as anions [1, 511] For capillary
electrophoretic methods, the majonty of these studies have used either
ethylene-diaminetetraacetic acid (EDTA), diethylene-tnaminepentaacetic
acid (DPTA) or 1,2-cyclohexane-diaminetetraacetic acid (CDTA) for the
pre-capillary complexation, together with one study using hexamolybdate
[7} and a more recent study utilising 2,6-pyndinedicarboxylic acid (PDCA)
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[11] For detection of the separated species, most studies have relied upon
direct UV absorbance, although methods utlising altemative detection
methods such as chemijuminescence [12], and more recently ICP-MS [13],
have also been developed

In the above mentioned study using PDCA to complex Cr(lll) ions [11],
Chen et al, compared PDCA with alternative pre-capillary ligands, namely
(1) EDTA, (2) DTPA, (3) N-2-hydroxyethylethylene-diaminetnacetic acid
(HEDTA), and (4) nitrolotnacetic acid (NTA) Chen et a/, found that for
igands 1-3, a poor UV response was seen for the Cr(lll) complex and/or
multiple peaks Ligand 4 resulted in a single sharp peak for the Cr(lll)
complex anion but response was only approximately 30% of that seen for
the Cr(lll)-PDCA complex (peaks detected at 190 nm) Chen et al/,
concluded that PDCA was the most suitable ligand for Cr(lil) complexation
as it absorbed strongly in the UV region, formed a single stable complex
(stable over 5 days), and was more selective than ligands 1-4, thus
eliminating many possible interfenng peaks caused by other transition
metal 1ons and matnx alkaline earth metal 1ons

However, in the study by Chen ef a/ [11) under the optimum separation
conditions shown, peak shapes for Cr(Vl), excess PDCA and the Cr(lll)-
PDCA complex were rather poor, with indications of wall interactions
causing excessive peak taling for the PDCA and the Cr(ll{)-PDCA
complex The reason for the poor peak shape for Cr(VI) could lie in the fact
TTAB was used to reverse the EOF at pH 6 4, at which pH Cr(VI) (as
chromate) can begin to form precipitates with TTAB In addition to the
above, the work was also camed out using UV detection at 185 nm, which
although resulting in a strong response for both Cr(VI) and Cr(lll)-PDCA,
was not selective against other UV absorbing species likely to be present
In water samples at higher concentrations, such as several common
Inorganic anions
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in this chapter, PDCA was again used for pre-capillary complexation of
Cr(ill), with the aim of obtaining the simultaneous separation of Cr(VI) and
Cr(lll) species However, here the electrophoretic conditions have bcen
improved to facilitate improved peak shapes for both chromium species,
and to allow field amplified sample stacking for improved method detection
hmits In addition, separation conditions were investigated using short
capillanes to allow the developed method to be applied to rapid sample
screening, and UV photodiode array detection used to improve detection
selectivity and venfy the identification of chromium peaks at concentrations
close to the method detection limits
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7.2. Experimental.

7.2.1. Instrumentation.

A P/ACE MDQ system (Beckman Instruments, Fullerton, CA, USA)
equipped with a UV absorbance detector was used for all expenments
Data acquisition and control was performed using P/ACE software Version
2 3 for Windows 95 on a personal computer Untreated silica capillanes
(Polymicro Technologies, Phoenix, AZ, USA) with an inner diameter of 75
um, outer diameter of 365 um, and a total iength of 59 cm (49 cm to
detector) were used unless otherwise stated A Vanan Cary 50 scan UV-
vis spectrophotometer with Cary win UV-vis software was used for all
spectrophotometric work

7.2.2. Reagents.

Chemicals used were of analytical-reagent grade throughout Chromic
acid, and 26-pyndinedicarboxylic acid were obtained from Aldnch
(Milwaukee, WI, USA) Chromium(lll) hexahydrate and phosphonc acid
were obtained from Fluka (Buchs, Switzerland) Water used throughout this
work was treated with a Millipore (Bedford, MA, USA) Milli-Q water
punfication system Carboxymethylated polyethyleneimine (CMPEl) was
synthesised according to Macka et al [15] Bnefly, polyethyleneimine (PEl,
20 181 g, 468 9 mmol N) was dissolved in 50 mL of de-ionised water, then
mixed with a solution of sodium chloroacetate (27 142 g, 233 0 mmol) in
100 mL of de-ionised water at 50 °C Residual PElI was washed in with
another 50 mL of water The clear solution was heated to 80 °C in an oil
bath and stired below a condenser for 16 hours, then diluted to 250 mL in
a volumetnc flask The mixture was punfied using dialysis and

226



charactensed as described by Macka et al [14], as described in earlier In
Section4 2 4

7.2.3. Procedures.

New capillanes were conditioned with 0 5 M NaOH for 5 minutes, methanol
for 2 minutes and water for 5 minutes at 30°C before any analysis took
place All other analyses were camed out at 25°C Buffered electrolytes
were prepared from stock solutions of phosphate and the synthesised
1soelectnc buffer at pH of 6 4 The electrolyte was degassed and filtered
using a 045 um nylon membrane filter from Gelman Laboratones
(Michigan, USA) prior to use Electrokinetic injection was used at 5 kV for
vanous time periods Separation was performed at -25 kV and the
resulting determinations were monitored at vanous wavelengths using the
supplied photodiode array detector

7.2.4. Sample Preparation.

The complexation reaction with PDCA was quite simple 5 mL of 6 mM
PDCA was added to 2 5 mL of Cr(lll) from chromium (lif) hexahydrate The
mixture was heated to 80°C and immediately taken off the heat and
allowed to cool to room temperature The mixture, which was a dark green
colour turned purple when the reachon was complete The Cr(lll)-PDCA
complex anion was stable and showed no signs of degradation for 5 days
The complex formed was of the type [Cr(L),]", the exact form was
[Cr(PDCA).I
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7.3. Results and Discussion.

7.3.1.  Electrolyte Optimisation.

From chapter 4 it was established that inorganic anions could be separated
using the synthesised isoelectnc buffer CMPEI (Buffer no 1, see Chapter 4
Section 4 3 3) No EOF modifier or any other additive was needed, as the
CMPEI sufficiently suppresses the EOF, and simultaneously prevents any
wall interactions by the formation of a zwitterionic coating on the capillary
wall [14] Initial investigations started with a relatively high concentration of
CMPEI (35 mM) added to a 5 mM phosphate electrolyte, with the pH kept
at the exact p/ of the buffer, in this case 6 38 The mugration times for
Cr(Vl) and Cr(ll)-PDCA were between 6 and 8 minutes with a 49cm
capillary and an applied voltage of -25 kV However, peak shapes were
poor for both chromium species, at this relatively low concentration of
phosphate So the concentraton of phosphate was Increased
systematically to see If peak shapes improved Over the range of 5-30 mM
phosphate, peak shapes for both chromium species 1mproved
considerably However, the peak for the excess PDCA showed
considerable tailing Migration times for the Cr(VI) and the PDCA peaks
vaned only slightly over the conditions tested, however, the Cr(lll)-PDCA
peak migration times showed an increase with increasing phosphate
concentration This led to an improved resolution of the Cr(lil)-PDCA peak
from the excess PDCA peak and other possible interferancas Figt2 7 1
shows this effect
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[Phosphate] (mM)

Figure 7.1.Plot of migration time v's phosphate concentration.

To illustrate this further, figures 7.2 and 7.3 show the different
electropherograms obtained using a relatively low and high concentrations
of phosphate. I is clear from figures 7.2 and 7.3 that the higher
concentration of phosphate results in both improved resolution and

efficiency for all 3 species.
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Figure 7.2.Electropherogram of 0.5 mM Cr(VI), PDCA and Cr(lll)-PDCA.
Electrolyte 5 mM phosphate and 35 mM CMPEI. Injection at -5kV for5s.
Separation at -25 kV.
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Figure 7.3.Electropherogram of 0.5 mM Cr(VI), PDCA and Cr(lll)-PDCA.
Electrolyte 30 mM phosphate and 35 mM CMPEI. Injection at -5 kV for 5s.
Separation at -25 kV.

7.3.2. Migration Time Optimisation.

The migration time for the Cr(IH)-PDCA complex using the higher
phosphate buffer concentration was excessively long at 12 minutes. To
maintain peak shapes, yet reduce run times, shorter capillary lengths were
used. Three capillaries were used, namely 49 (59), 34 (44), 21 (31) cm
(total capillary length). Under the same electrolyte conditions it was found
that resolution of the Cr(VI), PDCA, and Cr(lll)-PDCA peaks was practically
identical for each of the three capillary lengths, but that peak efficiency was
improved drastically for the PDCA peak and significantly for the Cr(VI)
peak. However, the total run time was reduced by almost 9 minutes, with
the Cr(lll)-PDCA migration time now at 3.5 minutes. Figure 7.4 (a-c) shows

the electropherograms obtained using the various capillary lengths.
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Figure 7.4.Electropherograms ofCr(VI), PDCA and Cr(lll)-PDCA complex.
Length ofcapillary to detector, (a) 49 cm, (b) 34 cm.Continued overleaf.
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Figure 7.4.Cont. Electropherograms of Cr(VI), PDCA and Cr(lll)-PDCA
complex. Length ofcapillary to detector (c) 21 cm.

As is evident from figure 7.4, a short capillary (21 cm to detector, 31 cm
total length) can significantly reduce migration times while maintaining the
separation. This capillary length was used for all other investigations.

7.3.3. CMPEI Concentration Optimisation.

With the shorter capillary giving the required resolution, it was decided to
reduced the concentration of the CMPEI, which was present at a higher
than required concentration. An investigation of the effect of varying the
concentration of CMPEI whilst keeping the concentration of phosphate
constant showed that CMPEI at 10 mM resulted in the best overall
efficiency and resolution of the three peaks without increasing run times.
Figure 7.5 shows the variation of migration time with CMPEI concentration.
As can be seen, the Cr(VI) and the PDCA showed relatively small
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deviations across the concentration range and in two instances the
resolution becomes inadequate. In fact Cr(VI) becomes a shoulder on the
PDCA peak (see figure 7.6). The Cr(lll)-PDCA peak is well resolved from
the excess PDCA at low concentrations of CMPEI, and then again at very
high concentrations of CMPEI. However, between 20 and 30 mM CMPEI it
migrates very close to the PDCA peak. Figures 7.6 and 7.7 show
electropherograms obtained at various concentrations of CMPEI.

[CMPEI] (mitf)

Figure 7.5.Plot of migration time v's CMPEI concentration.
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Figure 7.6.Electropherogram of 0.5 mM Cr(VI), PDCA and Cr(lll)-PDCA.
Electrolyte 30 mM phosphate and 30 mM CMPEI. Injection at-5 kV for 5 s.
Separation at -25 kV.
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Figure 7.7.Electropherogram of 0.5 mM Cr(VI), PDCA and Cr(lll)-PDCA.
Electrolyte 30 mM phosphate and 10 mM CMPEI. Injection at -5kV for5 s.
Separation at -25 kV.

7.3.4. Field Amplified Sample Stacking.

The aim of this work was the development of a rapid sensitive technique
for screening of water samples for Cr(VI) and Cr(lll). Therefore method
sensitivity was an important factor if the method is to be used with real
samples containing trace levels of each species. Sample stacking would
reduce detection limits and so was investigated here. Using a 1 mg/L
mixed standard solution, increasing electrokinetic injection times from 5 s
at 5 kV, to 55 s at 5 kV, was investigated and peak areas and peak heights
determined. Figure 7.8 and 7.9 shows the linear curves obtained.

236



1 8E+05
1 6E+05
1 4E+05 A
12E+05 -
1 0E+05 -
8 0E+04

6 0E+04

Peak Height (Arbitary Units)

4 0E+04 4

2 0E+04 4

o Cr(Vl} R?= 09994
= Cr(If)-PDCA

0 0E+00
0

T T T T v L T -

5 10 18 20 25 30 35 40
Injection Time (s)

Figure 7.9.Graph of peak height v's injection time from 5to 40 s
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Acceptable lineanty (R%>0 98) was obtained for peak area over the range
investigated Peak areas for Cr(VI) could be increased by up to 15 times,
with peak area for the Cr(lll)-PDCA complex increasing by approximately
30 times Peak heights linearly increased over 5-40 s injections (see figure
7 9) Correlation coefficients of R*>0 99 were obtained for both chromium
species Above 40 s injection tmes, peak heights began to level off
Indicating the beginning of peak broadening (see figure 7 10)

2 5E+06 1
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Cr(ll)-PDCA a

2 DE+05 R°=0992
7
=
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S 10E+05 -
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injection Time (s)

Figure 7.10. Graph of peak height v’s injection time from 5to 55 s

Increasing the injection time from 5 to 40 s led to a 7 fold increase in peak
height for Cr(VI), and a 17 fold increase in peak height for Cr(Ill)-PDCA
These results are summansed in table 7 1
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Analyte Range n° Regression Correlation

(det line coefficient
wavelength) R?
Cr(VI) 5 - 40 sec 8 y=38510"x + 0 999°
(270 nm) (1 mg/L)? 39810°

Cr(VI) 5 - 40 sec 8 y=43010°x+ 0 999°
(370 nm) (1 mg/L)? 459 10°

Cr(ln-PDCA  5-40 sec 8 y=21610% - 0 993°
(270 nm) (1 mg/L)? 92410°

Cr(Vl) 5-55sec 11 y=115210%- 0 998"
(270 nm) (1 mg/L)® 2710°

Cr(ll)-PDCA  5-55sec 11 y=1047 10%- 0 984°
(270 nm) (1 mg/L)® 6 08 10*

a7 mg/L Mixed standard solition ijected Tor & — 55 of 5 — 40 seconds al -5 KV
b Number of individual calibration points

c Results obtained using peak heights

d Results obtained using peak areas

Table 7.1. Summary of results obtained

Figure 7 11 shows the comparson of a 1 mg/L mixed chromium standard
injected for (2) 10 s at 5 kV and (b) 50 s at 5 kV, illustrating how sample
stacking maintained peak efficiencies
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Figure 7.11. Electropherograms of 1 mg/L mixed chromium standard
(@ 10s at5kVvand (b) 55 sat 5 kV. Separation at 25kV.
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7.3.5. Selective Detection using PDA Detector.

Chen et al. 111] reported a sensitive UV response for both Cr(Vl) and
Cr(llN-PDCA complex at 185 nm. However, under these conditions matrix
anions such as chloride and nitrate can cause large interfering peaks. Both
anions have slightly higher mobilities than chromate and were resolved
from the Cr(VI) peak at low concentrations, but would interfere with the
detection of Cr(VI) at concentrations expected in natural and treated water
samples. In addition to this the maximum UV cut-off point of CMPEI is 250
nm (see Chapter 4 Section 4.3.3) and so caused increased background
noise at detection wavelengths of <220 nm. A UV scan of the of Cr(Vl),
Cr(lll), PDCA and Cr(lll)-PDCA is presented in figure 7.12. Itcan be seen
that both Cr(1V) and Cr(ll)-PDCA have an absorbance peak at 270 nm,
and that Cr(Vl) also has a second absorbance peak at 370 nm which

exhibits an absorbance of approximately 12096 of that at 270 nm.

Wavelength (nm)

Figure 7.12. UV spectra of Cr(VI), Crflll), Cr(ll)-PDCA and PDCA.
Concentration of each compound is 5 pM.
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These absorbance maxima allow both species to be sensitively and
selectively detected at 270 nm, but the use of the PDA detector allows the
simultaneous monitoring of Cr(Vl) at 370 nm. This is an important
advantage when working close to the detection limit for this species, where
the peak spectra obtained from the PDA detector may be unclear.
Comparison of peak areas/heights for the Cr(VI) species at 270 and 370
nm should reveal the same relative response as mentioned above, and will
therefore identify the peak as CitVI). even when present at concentrations
close to the detection limit. This is illustrated in figure 7.13, which shows a

1 mg/L mixed standard simultaneously monitored at (a) 270 and (b) 370

nm.

cr(vI)
PDCA

1S0

cr(lll)-POCA

1.6 2

Migration Time (mins)

Figure 7.13. 1 mg/L Cr(VI) and Cr(lil)-PDCA monitored at (a) 270 nm.
Injection for 55 sat 5 kV Separation at 25 kV. Continued overleaf.
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Figure 7.13. Cont. 1 mg/L Cr(VI) and Cr(lll)-PDCA monitored at (b)
370 nm. Injection for55 sat 5 kV Separation at 25 kV.

Figure 7.14 shows the 3-D spectra obtained from the PDA detector for the

above electropherograms.
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Figure 7.14. 3-D spectra obtained from PDA detector

7.3.6. Analytical Performance Characteristics.

Under the optimum separation and detection conditions, linearity was
determined with standard solutions over the range of 200 - 1,600 \g/L,

details of which are given in table 7.2 and shown in figure 7.15.

244



Analyte Range n°  Regression Correlation
(det line coefficient
Wavelength) R?
Cr(VI) 200-1600 4 y=5561x+58010° 0971°
(370 nm) ug/L

(55 sec)?
Cr(vl) 200-1600 4 y=2607x+60510* 0898°
(270 nm) ug/L

(55 sec)?
Cr(ll)-PDCA 200 - 1600 4 y=23343x + 0 976°¢
(270 nmy) ug/L 6 20 10*

(55 sec)®

& Each standard solufion mjeaea Tor 55 seconds af 5 KV
b Number of individual calibration points
¢ Results obtained using peak areas

Table 7 2. Summary of results for hnear calibration
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Figure 7.15. Calibration curve of Cr(VI) and Cr(il[)-PDCA

Detection limits were not accurately determined in standard sotuttons, as
when using electrokinetic injection this provides misleading data, which
cannot be applied to real samples However, In standard solutions
theoretical detection limits were well below 200 ug/L, as can be seen from
figure 7 16, which shows a separation of a 200 pg/L mixed standard
solution under separation and detection optimal conditions
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Migration Tim« (min*)

Figure 7.16. Electropherogram of 200 pg/L mixed chromium
standard. Injection for 55sat 5 kV, Separation at 25 kV and detection at
270 nm.

The precision was investigated using the optimal conditions. The
concentration of the anions in the standard mix was 1 ppm and the
injection voltage was 5 kV for 55 seconds. The cumulative % RSD values
based on peak area data was calculated and then plotted against injection
number. The cumulative %6 RSD was calculated from mean and standard
deviation data. The data shown in figure 7.17 represents the complete data

set acquired for nine repeat injections of a single mixed standard solution.
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Injection No.

Figure 7.17. Graph of Cumulative %RSD V's injection no. Calculated
using peak area data.

As is evident from figure 7.17 the earlier migrating anions, Cr(VIl) and
PDCA exhibit the best reproducibility compared with the later migrating

Cr(ll)-PDCA complex, which exhibited rather poorer precision

7.3.7. Real Samples.

To illustrate the potential of the developed method for real sample analysis
it was applied to a real water sample. Figure 7.18 shows a real sample, to
which PDCA was added in excess and heated to 80°C and then analysed.
The same sample was spiked with 2.8 and then 54 ppm of the mixed
chromium standard to confirm the presence of Cr(VIl) and Cr(lll). The same
electropherograms are shown in figure 7.19 at 370 nm. This further

confirms the presence of the Cr(VI) species.
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Migration Time (mins)

Figure 7.18. Electropherogram of river water sampie and sample
spiked with 2.8 ppm and 5.4 ppm Cr(VI) and Cr(lll)-PDCA Injection for 55 s
at 5 kV, separation at 25 kV and detection at 270 nm.
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fUgratlon Time (mins

Figure 7.19. Electropherogram of river water sample and sample
spiked with 2.8 ppm and 5.4 ppm Cr(VI) and Cr(lll)-PDCA Injection for 55 s
at 5 kV, separation at 25 kV and detection at 370 nm.

A fourth peak is evident at approximately 1.3 minutes at 270 nm, this most
likely is another metal present in the sample, which is complexing with the
PDCA. However, as it does not interfere with the analytes of interest it is of

no great concern.
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7.4. Conclusion.

A method that simultaneously determines Cr(VI) and Cr(lll) has been
developed The composition of the electrolyte has been optimised and s
compnsed of 30 mM phosphate and 10 mM CMPEI The synthesised
carboxymethylated polyethyleneimine 1s an ideal buffer for this method and
in addition, it acts as an EOF modifier Therefore, no other additive 1s
needed In the electrolyte PDCA was used as the complexing reagent for
Cr(Ili) The optimised separation was preformed in less than 2 minutes
The capillary used was only 21 cm to detector The injection parameters
were optimised and these conditions were 55 s at -5 kV The linear range
was found to be 200-1600 ppb and yielded R? values >0 97 The method
was also shown to be applicable to real samples
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8. Overall Conclusions.

Many aspects of chemical and instrumental parameters for the
determination of inorganic anions using caplllary electrophoresis indirect

UV detection were investigated

The most important instrumental aspect investigated was the study of the
detector design and the upper limit of detector linearity By evaluating this
lmit the maximum concentration of the probe 1on, which could be used was
determined The effective pathlength of the capillary could also be
evaluated This information 1s important when the effect of the probe
concentration upon anion determinations i1s considered One of the
chemical vanables studied was indeed the effect of the probe 10n
concentration, it was found that by increasing this concentration, peak
efficiencies of several anions could be significantly improved The molar
absorptivity factor of the probe ion is also an important factor Increasing
this value leads to a better visualisation of the non UV absorbing analytes
and hence lower detection limits can be achieved Matching the analytes
mobility with the probe 1on mobility 1s also an important consideration
Improved peak shapes were achieved by using a multi-probe BGE when
determining a mixture of both fast and slow mobihties anions However,
care must be taken to avoid interfering system peaks when the BGE
contains more than 2 ionic species

In order to avoid excessively long migration times, an EOF modifier must
be used Investigations using both single and double chained surfactant
molecules were carned out It was concluded that the hydroxide form of a
single chained molecule (CTACH) was more favourable that the bromide
(CTAB) form especially if bromide constitutes one of the analytes Most
precise results for both migration time and peak area were observed with
the CTAOH EOF modifier The use of a double chained surfactant (DDAB)
as the EOF modifier gave by far the most reproducible results, particularly
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for migration times In this case the EOF modifier was coated onto the
capillary pnor to the separation step It was found that it formed a very
stable coating, which showed no degradation even after 20 repeat
separations In fact it showed the most precise results when only one
coating step was performed before a batch run, rather than recoating the
capillary before each run

Buffenng of the BGE i1s another important factor that needs consideration
for the determination of anions using CZE Counter-cationic buffers, Tns
and DEA were Investigated for their effect upon migration time and peak
area precision It was found, firstly, that generally buffenng of the BGE s
essential In order to prevent pH changes due to electrolysis occurnng at
the electrodes Secondly, it was shown that when taking both peak area
and migration time into consideration, buffenng using DEA resulted in the
more superior precision data

Another type of buffer that was studied was a synthetic macromolecular
isoelectnc buffer (CMPEI) This high M; i1soelectnc buffer was synthesised
in-house and designed to have a p/ that was compatible with a chromate
probe 1on In this case the p/ was approximately 32 and was used to
determine anions successfully The usefulness of the Isoelectnc buffer was
twofold Not only did it buffer the BGE, but it also suppressed the EOF
sufficiently that a separate EOF modifier was not required The resultant
BGE resulted in both good separation efficiency and precision

Detection wavelength selection 1s another important factor to be

consudere'qQ Different probe i1ons absorb at different UV wavelengths ‘
Chromate Ras 2 maxima at 270 nm and 370 nm The longer wavelength
has approximately 20% higher absorbance than 270 nm This fact was
capitalised upon by using a UV LED which emits at this wavelength It was
found that using this ight source led to much lower detection imits Firstly,
because LED's are known to have a more stable output than traditional
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mercury or deuterium lamps, secondly, because the An.x of the LED
matched closely the absorbance maxima of the chromate, and thirdly,
because the hnear range of the UV LED was found to be larger than the
onginal ight source, and so higher probe 1on concentrations could be used

Finally, the synthetic isoelectnc buffers mentioned earlier were also used
with direct UV detection to simuitaneously determine Cr(Vl) and Cr(lll)
species Cr(lll) was reacted with PDCA to form a stable UV absorbing
complex anion The CMPEI was synthesised to yield a buffer with a p/ of
6 4 which was used with a phosphate buffer to separate Cr(Vi) and Cr(lil)-
PDCA complex in under 3 minutes Simultaneous detection at 270 nm and
370 nm was carmed out using the PDA detector and Cr(VI) and Cr(lll)
species were found In nver water samples

In summary, a number of important factors have been investigated with
each playing an important role when determining inorganic anions using
CZE with indirect UV detection The work presented here within this thesis
has led to an increased understanding of these factors in this area to more
fully understand this complicated analytical methodology
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9. Appendix.
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Understanding the Role of the Background Electrolyte in the
Indirect Detection of Inorganic Anions using
Capillary Zone Electrophoresis

and Brett Pauli

National Centre for Sensor Research. School of Chemical Sciences. Dublin City University. Ire

DCU

Mirek Macka. Cameron Johns and Paul R.Haddad
Australian Centre for Research On Separation Saence. University of Tasmania. Aus

Factors Influencing the separation and indirect UV absorbance detection of common Inorganic anions using capillary zone
electrophoresis (CZE) have been investigated. Four different aspects of indirect background electrolyte (BGE) systems have been
studied, with the combined observations indicating the requirements of an ideal BGE system for the separation and detection of
common inorganic anions In water samples The effects of the following parameters upon analyte separation, detection and
quantification « shown using a test mixture containing the anions nitrate. cWonde, sulphate, fluoride and phosphate; (1) concentration
and molar absorptivity of the probe ion. (2) addition of buffers to the BGE system. (3) mobility of single probe ions and the use of
multi-probe electrolytes. (4) multi-probe/muRi-valent probe ions and the appearance prediction of system peaks
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Determination of Inorganic Anions in Water
Samples by Capillary Electrophoresis using
Indirect UV Detection. A Study of
Electrolyte and Detector Parameters
Marion King and Brett Pauli.

National Centre for Sensor Research.

Dublin City University. Ireland.

Mirefc Macka and Paul R Haddad.

Australian Centre foe Research on Separation Science.

University of Tasmania. Australia.
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River Water Sample
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Limits of Detection
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Injection Effects

The eiectropherograms on the
loft show a comparison of tho
- spiked river water sampie (10
mg/L P O /) using two types of
injection modes. Figure (a) m
the sampte using pfassure
injecton mod* (4psi for 4s)
and (b) show* electrokinetk:
injection (5kV foe 5s). As can
be seen the eiectroUnebc
- mode provided the best
“3 1 serrsrirvity fo< this
- analysis
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Conclusion

Them a im shown Vialbu*amg ortie BOC s eaaanoaito acn»v» rugged
end r«produc*>ie im A A rub-pnfee 8GE m mar« aitafda tor aanw
contatiaiQ t>cm »&» and atow moMty araona pfovtoed mat ayUam peak* do nor
migrate at toe «am* Dm* 1t me anatye peaks Ratnwal & the EoF modflar
from rta BCE leads to a steadier beeerne. kwa nom + ** and a mo»« «SOW
8GE sakibon For arwn aruiys* « was tfao la « to* eUttofcnebc rfactton
was preferable to pressure «*eden » UV LED « a uaed dua to me tHjner
mottr absoiptvey <f chrome* « ta ««nasion ww*nan”i D«ec» imaarty
studsa <w i earned oui to detarmne the inear range tf tie detector and me
efface* pemiengm A crwomatt wecroMe bulteced <*m OCA and ua»>g a
capeary presorted DOAB at toe EOF modfler was tound to ym i me
«wear detecton lanfta

The W cvW Cwew Ibr Se#wr*w e »r#i U\/\;l |



Dotoc tion Lmcrintv And Effective ) -

Detection Evaluation Of rivo ConHiierri.il

Cameron Johns' Miroslav Macka

hup'Mvav across *dti a f

Marion King Brett Pauil

ana Paul R Haddad
1 Australian Centre for Research On Separation Science University of Tasmania
GPO Box 252 "5 Hobart Tasmania Australia 7001

2 National Centre for Sensor Research School of Chemical Sciences

Dublin City University Dublin 9 Ireland

http A “w n”si it-1
On-C.ipili.i'y Photomotiic Dfleclion m
CE CEC CLC
Wfi.It » important to
loalist?

o Tit- ! .
separation molh<kKh> in He liquid [)IMSO - capillary
electrophoresis <CEt cleOtHKtw>rnalrK|M|i*iy iCEC)
Jdiul capitaly Injll«! Chumuiliojl.lpltv iCICI

lired typtculy e»h4*1mg low
at»s» elihince backfliound ami nvJireci utiitawj lhe
.tdditicw ot an absorbing pro!**to the mobile
pli.is»- efcy.trntyte and thcreloie «»hilwltno .1 Iwgl
absoibonce background
Concentration ol highly abswbmy indirectdeler.litin
probes fflIMjhl be absorbance-innded
. . L}

ahm the linear response range ol the dolcctM «
tin**«» calibration cai.es ait to be obtained

Approach

*Using a series ol standard solutions ol incrtxmog
concentrancn
* Measure detect» respond* (absorbance) ot
vnnonsconcentrations
« Calculate sensitivity (detector resjKjnse probe
concentrationt
* Plot sensitivity versus absorbance
*Detector linearity n maintained when Mtfltitnrty
remain!, constant (v.here ptot ts horizontal); the
Imeanty limit can bo defined as the absorbance at
which sensitivity decreases fro»» its maimnm value
by Bti agreed value hen* by SS
* The effective pathtength can be estimated by
rearranging Beers taw fl» c»f v/tirtc cttoowng un
absorbance and concentration v.tthtn the linear
defector range
mPtot ischaracterises ol lhe dotector
. of Ihe probe
*«Advantages
« Can characterise detector performance by
measuring one series of standards
* The con.-entrotioo ot any otfwtr ion corresponding
to a desned absorbance can be calculated easily
*« The plot formal (sensrti.ity vs absorbance) makes
itotsy to recognise linear and non linear response
regions
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Effective Pathlftiuith

Linearity nl detector «nil depend on the iJu.ility
«ind oeomotry ol ihe defoctoi oitfics ot Hie CE
instrument

The linearity and the ptfective |wtti»oni|lh in.iy t»*
used to compare Ihe «nullity ot defecto «l”mijii of
different im.trimteiits

Linearity of some CE instalments 1» assumed to
bo in lhe 0 2 AU region but is mostly unkiw n
Acytmdical 1tHh.»s a v.uiety nf porailv
individual ray iutti..ays otdiffering length:-

brt'. ven 9 and lhe capillary 1d

Eliot live p.ithli .ittis hi u*H*n«ic*al unJiumcnh
sire not knov.n
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A 370-nm UV LED for Detection in Capillary
Electrophoresis: Performance with Indirect
Detection Using a Chromate Background

Marion King2, M iroshEta& PjK tet Pauli2 and Paul R.
Haddad1
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1. Why use LED? 2. New 370 nm UV-LED 3. The CE method used

Ughi erattng dndet (LEDs) are atraes« Ight sources «Advenoeein to otectrorac aidustry brought UV-LEDs «Waters Caplary lon Analyser used erfhera#i

Prewously M.2) used tor photomrtnc detection m CEin emitingr to 370nmrenga * Theongnal detecta (Hg lamp* 254 nmfilar), cr

aaMirepon * An «-house b u | UV LED-baaed detector |1)

M mtgn *UV-LH) 5 mm emK*xxi\_=379nm,optoaJpower m
 QuasHmonochromsic 1mW. specfrumhsl «adt>~2 nm (Optoaouce. Marl
*Smat, retatile robu« bw pnce htematonal Ltd. Ufcercten, CUmbna. UK)

Long Hetme of-101hours to t means >11 yesrsrf *Elac*olyle we* prepared uang a previously deaenbed
permanently sunchad onf pnxedirt|3J 5 mMchromate - aettanotaimne (OEA)

\Very lowrose m>improved LOO values solAon. prepared by Mrstng to requred amountd

«Can be pubed at extremely fad rate* (if needed) 00, «a* 0€A to pH 9 2 (finaloonoenlraton oi DEA

Vjw.-rige- appro« 20 mi)

« Until recently only «-LEDs were avaitatto *Cap»arYmo<lica»cn 1)fWang»tthHaOH(10mMtor

[ gtzdﬁ; M m Pl Kn\jltvj\(/)l)SPBée 1mn)./) oosing o( DOA8 we* oppled byftishmg to
L

a . captery (05 mMfor 1win)
P) John C. Sha*M Mick*M >db3PR, Pl 0OaU* P.Mick*fct. Andartaon P.. HM M PR.
EM #M k, W J.S&7-S06.»03 AmiCom Mfl1).361-363 t»7

4. How do the spectra match? 5. How did the detector worfc? -> detector performance
« Errasaon spectoim ol IN-LED - manrwm at 3795 nm linearit
Msrcuryemson Ine at 254 nme shewn tor onentaton Yy
« Absorption spectrum of chromate elac*olyte shoe« 2
manma
«Dotecton ha* been tractoonely mto  250-270 nmrange.
eVioughto detecsen sensitwty « gher at 370 nm

6. Detection in CE - LODs 7. Analyses of water samples 8. What has been achieved...
«Basetne n o« vabet and appronmete detectan lira Anatys«otreet Malar samptae Etactroftonj*wnsol «W LED*are aba costalemateielo commercial rnsrary
far common amnc uang ndrect detector *«) a (a) Rwr water and (b) Wneral water and (toulenum Ight soooe* n dwrtance detectors tar
ctromete BGE at 379 nm (LED awce) and 254 nm chromatography, etx-tmphcmw and related techngues
(marcuy lamp source) *At379 5 nm chromrte abort* strongly and e*Nbrts a47%
«ExceftmlLOO vetos acheved * * to UV1ED higher molar absorptyity to n at 254 ran «hen usnga
standard mercury ty it source
W1J® Ktecw? « Tiie norae senaCvity and biearty ol to LH) detector al
rvas LaniM . ntibrf supenor performance to to mercury Ight source (up
IMrvIMI w4 0060 to 70% decree» n none, upto 26 2% roeese m
rty *in LN sensitivity, and crver 100% ncrease n knear range)
* M » *«LOOsto Ct. NOj. SO/ F and PO,» ranged from
»
M M M 3-14 mgA. (without usng sanpte stacking)
UlLa mH- n ™1 L] . Qi .
NSO (raw USX US* uay USX Sirtlsr mprovemeots n dete.rtcn parameters can e,\\_ko Be
Otfvwr 5 0J4 <0 IT 4« u expected tor drect (tatomeftic detoctun but 00M*e tO
(0«)  (001)  (5) <0I>1 optwn vadely attraete«. LEDs arih wnwswn wevetongto n
rar* <E;7) (8(1]?) }'I):I «0‘1]5) »4 M the b»-UV spectral reArn must become avalabb
. 14 on w 2% I o1 commercia*y
(05) (001) (v  (00T)
) 0l« IX 55
M «» O (00 (i  <060) o 44
> 004 7 o7 " 04
M O <06 (007) Published as a journal
mBUK - 4 <mM 0 «M TTAIMONMCHKSO 1nM .
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Performance of a simple UV LED light source in the
capillary electrophoresis of inorganic anions with indirect
detection using a chromate background electrolyte

Marion King and Brett Pauli D‘ | l
National Centre for Sensor Research. Schoolof Chemcal Sciences. Dublin City University. Ire

Mirek Macka and Paul R Haddad

Austrakan Centre for Research On Separation Science. University of Tasmania Aus

Light emitting diodes (LEDs) are known to be excellent Wght sources lor detectors m hgiad chromatography and cap*ary
electromigration separation techniques, but to date in capillary electrophoresis only LEDs emitting in the visible range have been
used In th«s work, a UV LED was nvestigated as asimple alternative hght source to standard mercury or deutenum lamps for use in
indirect photometric detection of inorganic anions using capillary electrophoresis w*h a chromate background electrolyte (BGE)
Studies of detector fcneanty parameters were earned out in order to establish the maximum probe concentration with which a linear
response could be achieved and determne effective detector pathlengths The UV LED used had an emission maximum at
379.5 nm. a wavelength at which chromate absorbs strongly and exhibte a 47% higher molar absorptivity than at 254 nm when using
a standard mercury fcght source  The norse. sensitivity and linearrty of the LED detector ware evaluated and all exhtbrfed superior
performance to the mercury bght source (up to 70% decrease in nocse, up to 26 2% increase in sensitivity, and over 100% increase in
Imear range) Using the LED detector w<h a sanple chromate diethanolamtne background electrolyte, limits of detection for the
common inorganic anions. Cl. NO, SO,*. F and P04>.ranged from 3-14 pgrt. wthout using sample stacking

LED Detector Design Wavelength Selection Defection g mrts

Anion Separations

LJU L.

Conclusions
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Improved Method for the Fast Spéciation of Chromium
using Capillary Zone Electrophoresis and Photodiode Array

Detection

Marion King and Bret! Pauli
National Centre for Sensor Research
[Xitohn City Uraversty.

Mirek Macka

DCU

jJE E jE Australian Centre for Research On Separation Science.

Urwersiy of Tasmania Aus

The rapid sanirtaneous separation of Cr(VI) and Cr(lll) - pyndmedicarboxytate complex (pre-captfary complexabon) was oManed us»ig a
phosphate running buffer (pH 6 2) containing carboxymethylated polyethylene«!*** (CMPEI). synthesised according to Macka atsi (1) CAIPEI
was used as an alternative to other EOF modifiers such as TTAB. which are known to produce sdutxhty problems wrth chromate at neutral
pH's, resuming n poor peak shapes Various concentrations of both the CMPEI and phosphate were investigated to achieve optimum
separation of Cr(VI). pyndmedicarboxylato itself and the Cr(ll> - pyndinedicarboxylate complex Excellent peak shapes were obtained wtfh no

sign of rtteraction of the analytes with the components of the runmng buffer

Photodiode array detoction was used, which offered the

advantage of peak identification via its UV spectrum and also allowed rteciropherograms to be recorded at two specific wavelengths namefy
365 nm for Cr(V1) and 260 nm for the Cr(it> complex thus eliminating interferences from common matnx anions Injection conditions were
optimised m order to establish detection limits, whch were below 0 1 mg*, lor standard solution« Unearty and other analytical performance
characteristics were also investigated Finally, real samples were analysed forthe Cr(V!) and C rflll) species

1 Precapillary Comptexation
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