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ABSTRACT

Over the past one hundred years high performance liquid chromatography 

(HPLC) has become one of the most important tools for determinations of numerous 

compounds. Today, the desire to increase productivity, especially in industry, inspires 

research to develop fast and easy HPLC methods. In this thesis two approaches are 

examined to meet such demands: elimination of sample preparation prior to the analysis 

and reduction of the separation columns dimensions.

Very often samples require time consuming chemical modifications before 

analysis. In the analysis o f thiols and disulfides for instance, derivatisations are usually 

performed to enable detection using fluorescence or absorption spectrometry. This thesis 

presents a method involving detection o f thiols and disulfides through indirect 

fluorescence. This reduces analysis time by three to one hundred-fold by eliminating the 

need for derivatisation. The molecules are separated in their native form by reverse phase 

liquid chromatography (RPLC). After separation the disulfides are reduced on-line to 

their thiol equivalent by reaction with the first post-column reactant: tris(2 - 

carboxylethyl)phosphine (TCEP). The second post-column reactant is a highly 

fluorescent solution consisting of a cadmium and 8-hydroxyquinoline-5-sulfonic acid 

(CdHQS) complex. Thiols can quench the fluorescence o f this complex thus decreasing 

the fluorescence background of the solution. Optimization o f the separation and post­

column conditions to maximise efficiency and sensitivity is presented.

Another way to reduce analysis time is to reduce the length of the separation 

column. Very short columns enable fast separations at the cost o f less resolution. If
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packed with very small particles, short columns (<2  cm) can achieve high resolution 

separations. To obtain efficient separations with such columns however, the extra­

column band broadening effects have to be carefully minimized. Ion Chromatography 

(IC) is performed on 2 cm long columns packed with 1.8 pm diameter particles resulting 

in up to 230,000 plates/meter. The IC columns are created from reverse phase column 

via coating with a hydrophobic surfactant (didodecyldimethylammonium bromide, 

DDAB). Also, IC is performed on 1 and 0.5 cm long monolithic columns. These 

columns have lower efficiency but possess unique internal structure that results in very 

low pressure drops. This facilitates the use of an inexpensive low pressure syringe pump.
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CHAPTER ONE. Introduction

1.1 Motivation and thesis overview

High Performance Liquid Chromatography (HPLC) has become the premier 

analytical separation technique for many industries.1 Numerous applications are 

developed and used in research, quality control and quality assurance laboratories. A key 

feature for analytical methods is speed. Very fast methods increase sample throughput 

and enable real-time monitoring of chemical processes. High speed analyses translate 

into increased operation efficiency, lower cost and ultimately larger profits.

To increase the speed of HPLC analysis one should focus on the overall method. 

Sample preparation is an integral part o f the methods, and one which can consume a lot 

of time and resources.2'4 From sample derivatisation to sample clean-up, a myriad of 

different techniques exist. If sample preparation cannot be avoided, it should be fast, 

simple, cheap and should not introduce error. However, this is rarely the case.

A second way to enhance sample throughput is to improve the apparatus, more 

specifically, the separation column. The column is the heart o f an HPLC separation. In 

conjunction with the mobile phase, it ideally provides selectivity and resolution of all of 

the sample components. Nonetheless, superior resolution comes at a cost: low speed. 

Column design, namely its size and packing can be optimized for rapid and good quality 

separations.1

In Chapter 2 o f this thesis, fast and simple analyses o f thiols are achieved through 

elimination o f the sample preparation steps. To achieve this, a post-column reaction is

1
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used together with indirect fluorescence detection. Chapter 3 extends this method to the 

simultaneous analysis o f both thiols and their associated disulfides without pre- 

derivatisation. In Chapters 4 and 5, the speed of ion chromatographic analyses is 

improved by optimizing the size o f the column and the packing particles. More 

specifically, Chapter 4 explores the use o f very short columns (<1 cm) for fast separations 

through optimization of the whole HPLC system. In Chapter 5, short columns packed 

with very small particles (1.8 pm) are used to achieve high efficiency separations at 

moderate pressures.

1.2 High Performance Liquid Chromatography (HPLC)

The Russian botanist Mikhail S. Tswett (1872-1919) is generally referred to as the 

father o f chromatography for his work on the isolation o f plant pigments.5’6 He first 

presented his technique in 1903 at a meeting of the Warsaw Society of Natural 

Scientists7,8. He later named the method “chromatography”3 and described it in detail in 

two papers8' 10 and a book11. His work led to a description o f various aspects o f liquid 

adsorption chromatography. Chromatography was however only barely used during 

Tswett’s lifetime, and was all but forgotten until its resurrection in the 1930’s by the 

German Edgar Lederer.6,12 After the publication o f Martin and Synge’s classic paper on 

partition chromatography in 194113, modernization of the technique took place. Workers 

such as van Deemter and Giddings put forward rate and efficiency theories14,15 which 

predicted that smaller particles would provide more efficient separations.16 In the 1960’s, 

pumping systems that could accommodate the higher pressures generated by these small

a From the Greek roots chroma (color) and graphein (to write).
2
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particles were developed by Horvath and co-workers, who coined the term “High

17 18Pressure Liquid Chromatography (HPLC)” for this new technique. ’ In the years since, 

HPLC has become the dominant separation technique in bioanalytical analysis.

Today, the HPLC instrumental setup consists o f high pressure eluent pumps, 

injectors, separation columns, detectors and computers for data collection (Figure 1.1). 

The next sections will discuss some instrumental aspects o f modem HPLC that are 

related to my work.

Eluent i j y * ,-------------------
| Column Detector

JlL
Computer

Figure 1.1 Typical HPLC instrumental scheme.

1.2.1 Chromatographic terms

In HPLC, samples are transported by a liquid mobile phase (eluent) through a 

column containing a solid stationary phase (tightly packed particles). If  the sample 

components each interact differently with the stationary phase, separation occurs. The 

performance of a column and the speed of the separations are a function of various 

factors.

Ideally, analytes should separate and be detected as narrow peaks. However, 

molecules experience dispersion as they travel along the column which causes 

broadening of the peaks. Van Deemter’s rate theory identifies three effects that

3
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contribute to broadening: eddy diffusion (A), longitudinal molecular diffusion (B) and 

mass transfer in the stationary phase (C).

H — A + B + Cu ( 1.1)
u

were u is the linear velocity o f the mobile phase and H the plate height. A small value of 

H corresponds to a narrow peak and is proportional to A, B and C. Term A, the eddy 

diffusion, relates to the multi-path effect. During the separation, molecules find different 

paths through the stationary phase particles. Identical molecules injected at the same 

time should elute together since they have the same interactions with the stationary phase. 

However, the molecules that found the shortest path elute faster and vice versa (Figure 

1.2). Eddy diffusion is proportional to the particle diameter (dp) and the packing factor

Small, tightly packed particles minimize eddy diffusion.

Figure 1.2 Illustration of eddy diffusion. Adapted from reference 1.

The B term refers to the contribution due to molecular diffusion. Zone 

broadening occurs when molecules diffuse from regions o f high concentration to that of 

lower concentration with time. B is proportional to the diffusion coefficient (Dm):

(X):

A = 2 X dp (1.2)

B = 2 v|/ Dm (1.3)

4
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The obstruction factor, y, is function o f the nature of the packed bed. The van Deemter 

equation (1.1) predicts that the contribution of B is minimized at high flow velocity. At 

high speed, a solute spends less time in the column thus has less time for molecular 

diffusion.

The C term o f equation 1.1 concerns the transfer of molecules in and out of the 

stationary phase. At equilibrium, the molecules are distributed in the mobile and the 

stationary phases (Figure 1.3 a). When the molecules in the mobile phase move down 

stream, the ones in the stationary phase stay behind, thus broadening the zone (Figure 1.3 

b). The molecules that moved ahead in the mobile phase must partition in the stationary 

phase and the molecules of the stationary phase must partition in the mobile phase 

(arrows on Figure 1.3 b). The C term is minimized by fast transfer in and out of the 

stationary phase (fast kinetics) and also is proportional to the particle diameter and 

average stationary phase film thickness.

Mobile
phaseo

c© Stationary
phase2avoa

3

Mobile

cQ
Stationary
phaseI

c
a

Figure 1.3 Illustration of zone spreading due to resistance to mass transfer. 

Adapted from reference 1.

5
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The height equivalent to a theoretical plate (H, equation 1.1) is a measure of 

efficiency that is independent o f the length o f the column. It is usually expressed in pm.

H = L/N (1.4)

The number of plates (N) or column efficiency is a measure of the broadening o f a 

peak. It takes into account the dispersion that a peak undergoes during its travel through 

the chromatographic system. Assuming Gaussian peaks, N for each peak is commonly 

calculated using the tangent method (Figure 1.4 a). In this method, two tangents are 

drawn to the inflection points (i) of the peaks and their intersection with the baseline 

determines the peak width (Wb) which is equal to four standard deviations (4a). 

However, when a peak is not Gaussian (tailed, for example), the tangent method 

overestimates the plate count.19 In Chapters 4 and 5, N is calculated using the 

exponentially modified Gaussian (EMG) peak model developed by Foley and Dorsey

where tr is the retention time (min) o f the peak maximum, Wo.i (min) is the width o f the 

peak at 10% height, (B/A)o.i is the ratio o f the distances to and from tr at 10% height

The resolution (Rs) characterizes the separation between two peaks relative to the 

peak width:

(Figure 1.4 b):20

N = 41.7(tr/W 0,i)2 
(B /A )0.i + 1.25

(1.5)

R s  -  t r2 - t r l

>/2 (W bl+W b2)
(1.6)

6
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where tri and tr2 are the retention times o f the first and second peaks (min) and Wi and 

W2 their width at the baseline (min). (The width is obtained with the tangent method.) 

An Rs value o f 1.0 represents about 90-94% resolution between two peaks and is usually 

considered adequate for a separation. Baseline resolution is achieved when Rs > 1.5.

W„, =  A + B

10% Height

TimeTime

Figure 1.4 Determination of N using a) tangent method and b) the EMG method. 

Adapted from references 1 and 20.

N, H, Rs as well as the speed o f analysis and the column backpressure are all 

influenced by the column dimensions, the stationary phase and the experimental 

conditions. Long columns directly enhance the efficiency (N) but also increase the 

analysis time and backpressure:

N=L/H -------------- ► NccL (1.7)
t0=L/u  ► Analysis time a  L (1.8)

AP=Fr|L/7T r2 B0 ---- ► AP a  L (1.9)

7
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were L is the column length, t0 the retention time of an unretained compound (dead time), 

u the flow velocity, AP the pressure drop, F is the flow rate, r\ the viscosity, r the column 

radius and B0 the permeability (equation 1.12 below).

Also, columns packed with particles of small diameter (dp) are more efficient 

(small H) but generate substantially more backpressure:

dp~3500H ------► H a  dp (1.10)
dp2-  lOOOBo ►AP a  l/dp2 (1.11)

Table 1.1 demonstrates the effects of dp and L on N, t0 and AP. For example if 

6,000-7,000 plates are needed to achieve a separation, this can be achieved with a 15 cm 

column packed with 10 pm particles. However, the dead time o f the column is 1.5 

minutes and the retention time o f a compound with a retention factor k’ o f 10 would be

16.5 minutes. The same separation could be achieved on a 5 cm column packed with 3 

pm particles, with a three-fold reduction in analysis time. Finally, a column packed with

1.8 pm particles would only have to be 2.3 cm long to generate 6,000-7,000 plates and so 

would produce a separation in an eighth the time required versus using 10 pm particles. 

However, while the time necessary for a separation decreases with particle size, the 

pressure increases (Table 1.1).

8
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Table 1.1 Effect of particle size and column length on efficiency, dead time and

pressure drop.4

dp (pm) L (cm) N to (min)a AP (psi)b

10 15 6,000-7,000 1.5 350

10 25 8 .0 0 0 - 10,000 2.5 590

5 10 7,000-9,000 1.0 940

5 15 10 ,000 - 12,000 1.5 1,410

5 25 17,000-20,000 2.5 2,360

3 5 6,000-7,000 0.5 1,310

3 7.5 9,000-11,000 0.8 1,960

3 10 12,000-14,000 1.0 2,620

3 15 17,000-20,000 1.5 3,930

1.8 2 5,000-6,000 0.2 1,450

1.8 2.3 6,000-7,000 0.2 1,670

1.8 10 27,000-30,000 1.0 7,270°

1.8 15 41,000-43,000 1.5 10,910°

a t0~ 0. lL/flow rate.4 Flow rate = 1 mL/min.

b In a 50% methanol/water mobile phase. Calculated using equations 1.11 and 1.12. 

c Standard HPLC systems have a maximum pressure limit o f about 4,000 psi. Above this 

pressure, the recently developed Ultra-high Pressure Liquid Chromatography (UPLC) 

systems must be used.21

N, H and Rs are useful parameters to assess the performance of a column and 

separation, but do not provide good comparison between diverse columns operated under 

different conditions. The reduced plate height (h=H/dp) is a dimensionless parameter 

which factors out many experimental conditions. A well packed column in an optimized 

system usually yields reduced plate heights of 1.5-3.22

9
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Similarly, the permeability (B0) is a parameter which describes the ease o f flow

23through a column, and corrects for viscosity, flow rate, column length and particle size.

It enables evaluation o f the overall backpressure o f a column.

Bp = FnL  ( 1.12)
7i r2 AP

where B0 is in cm2, F is the flow rate (cm3/s), r\ the viscosity (mPa-s), L the column 

length (cm), r the column radius (cm) and AP the pressure drop (Pa). The lower B0, the 

easier it is to pump the mobile phase through the column.

1.2.2 Extra-column band broadening

The statistical variance of a peak is given by : 1

a 2 = (trF)2 / N (1.13)

where the retention time tr is in min and the flow rate F in pL/min. This equation is used 

in Chapters 4 and 5. This variance or band spreading occurs in several parts o f the 

separation system, in addition to the column. The contribution o f the various components 

to the overall variance o f the peak (a2) is given by :1,4

O — O col + (T jnj + O tu ry fc + CT rt (1-14)

2 2  * * 2where a  coi is the variance contribution from the column, a  inj is from the injector, a  tu

2 2from the tubing and connectors, a  fc from the flow cell and a  rt from the detector response

(or rise) time. The column variance (a2) represents the distribution of the analyte

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



molecules in the analyte zone and is related to the plate height by HL. In conventional 

HPLC systems, the extra-column effects have been minimized by the manufacturer such 

that crCoi is usually at least 60% larger than all o f the other factors combined. However, 

when the column dead volume is small (e.g., for short columns and narrow diameters), 

the retention is low, and/or the number of plates is large (e.g., small particles), the extra­

column effects become more significant.4

The presence o f extra-column band broadening can be assessed by calculating and 

comparing the number o f plates of each peak along the chromatogram .1,4,24 Extra-column 

effects can be detected when the least retained peaks have a much lower efficiency than 

the late eluting peaks (early eluting peaks have a lower peak volume and so are more 

sensitive to extra-column effects). The various sources o f extra-column band broadening 

and their elimination will be discussed in Chapters 4 and 5.

1.2.3 Separation modes

1.2.3.1 Reverse Phase (RPLC)

Reverse phase chromatography is by far the most popular HPLC separation mode. 

Its applications encompass a wide range of compounds, including pharmaceuticals, 

proteins and environmental samples 4 In reverse phase chromatography, the stationary 

phase is less polar than the mobile phase. A typical reverse phase consists of an 8 or 18 

carbon long alkyl chain attached to a porous silica particle (silica-(CH2)nCH3). The 

surface coverage of the bonded phase is usually around 4 pmol/m2. Usual mobile phases 

are mixtures of water, organic solvent (methanol, acetonitrile) and sometimes a buffer.

11
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The retention of the analytes in RPLC is related to their equilibrium between the 

mobile phase and the stationary phase. The distribution constant, Kp, is the ratio o f the 

analyte’s concentration in the stationary phase [A]s to the concentration in the mobile 

phase [A]m:

KP = [A]s (1.15)
[A]m

The retention volume (tv) o f an analyte that is not retained on the column (i.e. 

[A]s=0) corresponds to the void volume of the column (VG). On a chromatogram V0 

corresponds to t0, the dead time or retention time of an unretained compound. For a 

retained compound, tr, its retention time, minus t0 would then correspond to the time 

spent in the stationary phase. To express the relative retention o f an analyte on a column, 

its retention factor (k’) is calculated from tr and t0:

k ’ = time spent in stat. phase = tr-tQ (1-16)
time spent in the mobile phase t0

In most separations, k ’ is adjusted to be between 0.5 and 10 to achieve resolution 

o f weakly retained analytes (k’>0.5), while maintaining the overall separation time 

relatively short (k’< 10).

The driving force of the analyte equilibrium between stationary and mobile phase 

in RPLC is the degree o f solubility o f the analytes in the mobile phase. It is function of 

the polarities o f the analytes, the mobile phase and the stationary phase. Analytes with 

greater polarity easily interact with the aqueous mobile phase through hydrogen bonding.

12
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Conversely, less polar analytes contribute less to hydrogen bonding and adsorb onto the 

stationary phase through dispersion forces.

Changes in the polarity of the mobile phase control retention by altering the 

analytes equilibrium between the mobile and the stationary phases. A less polar mobile 

phase (less water in the mixture) is a stronger eluent since analytes adsorbed on the 

stationary phase become more soluble in the mobile phase and elute faster. Also, 

changes in the eluent pH can alter retention o f acidic and basic molecules. Depending on 

the pH, these molecules can be charged or not. When charged, a molecule’s ability to 

undergo hydrogen bonding is greater, which will increase its solubility in the mobile 

phase.

In general, reverse phase columns are composed of a silica-based bonded phase. 

The derivatisation o f the silica involves a reaction with chlorosilanes, which carry the 

functional group (Ri):

R•2 R■2

 Si— OH + Cl-----Si— Rj -------------- ►----------Si— O — Si— R!
I I ” I |

R3 ' R 3

Figure 1.5 Bonding of silica surface with chlorosilanes. Adapted from reference 23.

R2 and R3 can be additional functional groups or protecting methyl, isopropyl or i-butyl

groups. It is usually recommended that siloxane bonded phases such as this one be used

only from pH 2-8. In acidic eluent conditions, hydrolysis o f the siloxane bond (Si-O)

attaching the bonded phase to the silica particle compromises the chemical stability.

Sterically protected phases where R2 and R3 are bulky groups such as isopropyl or

isobutyl instead o f the conventional methyl groups improve the stability with regard to

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hydrolysis.25 Alternately, low-pH stable phases can be made using bidentate stationary 

phases (Figure 1.6), where the bonded phase is linked to the silica surface through dual 

siloxane bonds. The bridging group Q is -(CH2)n- with -(CH2)3- being optimum when R is 

an additional octadecyl group.26 In addition, bidentate phases have been found to protect 

the silica structure and enhance stability at elevated pH. Normally, at high pH the 

stability o f the silica particle (not the bonded phase) is low, hence the limitation of use at 

pH>8 . This will be discussed in Section 1.2.5.1. In Chapter 5, a bidentate column, the 

Zorbax Extend-C18, is used at elevated pH.

R  P -I8

\  / Q\ /
Si Si

/ \ / \
° v  P\  /  Surface

SL .S i .
0 o  . 0

Silica 
B i o r t

Figure 1.6 Structure of a bidentate phase. Adapted from reference 26.

Highly polar analytes are weakly retained on reverse phase columns. To 

maximize their retention they are separated using weak eluents containing 95-100% 

water. This high water content however, may result in phase collapse or dewetting of the 

bonded phase.27 This phenomenon refers to the expulsion o f water from the pores and 

results in low retention, peak tailing and non reproducible retention times. Partially 

hydrophilic phases where polar groups are added within the silica surface or bonded 

phase are available for highly aqueous conditions.28,29 These phases greatly reduce phase 

collapsing and enable separations in 100% water. They can be classed as: polar

14
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embedded, polar/hydrophilic encapped or phases with enhanced-polar selectivity. Polar 

embedded phases have a polar functionality such as an amide, ether or carbamate inserted 

into the alkyl ligand (Ri in Figure 1.5) close to the silica surface. Examples are the 

Supelco Discovery Amide, the Waters SymmetryShield RP18 (carbamate) and the 

Agilent Zorbax Bonus-RP (amide). Phases with enhanced-polar selectivity have methoxy 

(CH3O-) or ethoxy (CH3CH2O-) groups as R2 and R3. After bonding, these groups are 

hydrolyzed to non-acidic Si-OH which interact through hydrogen bonding with water. 

The Agilent Zorbax SB-Aq column is an example of such a phase and will be used in 

Chapter 3. Finally, polar/hydrophilic endcapped phases are obtained by reacting 

trimethoxy or triethoxysilanes ((CFECfbSiH or (CFECFEO^SiH) with the silica free 

silanols (Figure 1.11 in Section 1.2.5.1). After hydrolysis, they also provide non-acidic 

silanol functional groups. Examples are Alltech Altima AQ or Thermo Aquasil C l 8 

columns.

1.2.3.2 Ion Chromatography (IC)30'32

-3-5
Ion chromatography evolved from the pioneer work of Hamish Small in 1975.

It is used for the separation of ions and ionizable compounds. Retention is achieved by 

the exchange of analytes (cations or anions) between the stationary and the mobile 

phases. For simplicity, I will only discuss anion exchange IC since the work presented in 

Chapters 4 and 5 involves anion analysis. In anion exchange IC, the stationary phase 

carries a fixed positive charge and the eluting ion is negatively charged (Ey‘). The
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equilibrium of the stoichiometric exchange of the anions between stationary (s) and 

mobile (m) phases is expressed as follow:

xEy'(s) + yAx'(m) ^  yAx'(s) + xEy'(m) (1.17)

where Ax' is the analyte ion. The equilibrium constant (K iex) determines the relative 

retention o f each analytes. Strongly retained analytes (spending most time in the 

stationary phase) have a larger Kiex thus, a larger retention factor (k’). For instance, 

doubly charged analyte ions (A'2) are more retained because they have a stronger 

electrostatique attraction on the column than singly charged analytes (A"1). Similarly, 

increased eluent charge (y) reduces retention factors by decreasing Kiex since the eluent 

becomes more attracted to the stationary phase.

Retention is controlled by Kiex, the ion exchange capacity o f the column (Q), the 

weight and volume of stationary phase (w and Vm respectively) and by the nature and 

concentration o f the eluent anion, Ey':32

log k ’ = I  log Kiex + ^ lo§ ( y  )  + lo§ ( ^ r )  “  y lo§ tEy'(m)] C1•18)

where x and y are the charges o f the analyte and the eluent respectively. This equation 

suggests that increases in Kiex, Q or w/Vm lead to increased retention factors and that 

increasing [Ey'(m)j results in decreased retention. Plots o f  log k ’ vs log (Q/y) or vs log 

[Ey'(m)] have slopes of x/y and -x /y  respectively. In both cases, the slope of a graph for 

doubly charged analyte is then double the slope of a graph for singly charged analyte 

when eluted with the same eluent. The retention of doubly charged analytes is thus more
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affected by changes of column capacity and eluent concentration than the retention of 

singly charged analytes.

Preferred eluents are salts of weak acids (pH>7) such as (in order of increasing 

strength): hydroxide (’OH), bicarbonate (HCO3') and carbonate (CO32). The mixture of 

bicarbonate and carbonate ions is often used as a powerful eluent for the separation of 

both singly and doubly charged analytes in a single chromatogram.

Due to the alkaline nature of IC eluents, the stationary phases in IC are normally 

high pH stable polymer-based ion exchangers (Section 1.2.5.1). As will be explained in 

Section 1.2.5.1, polymeric phases do not usually enable high efficiency separations 

because o f the poor mass transfer into porous particles. However, polymeric phases with 

high efficiencies (N=4,000-7,000) can be obtained using particles where the ion exchange 

sites are only located on the outer surface o f the particle. Such agglomerated particles 

are synthesized by Dionex by electrostatically attaching small latex particles on the 

surface of solid nonporous particles. In anion exchange IC, the 0.1 pm aminated latex 

particles (Particle-(NR3+)n) are agglomerated onto a surface-sulfonated (Particle-(S0 3 ’)n) 

solid polymeric particle o f 5-10 pm diameter (Figure 1.7).

Anion exchange separations are typically performed on strong base (quaternary 

ammonium) stationary phases and only rarely on weak base (tertiary amine) phases. The 

ion-exchange capacity of a resin, expressed in peq/g, is defined as the number of ion- 

exchange sites per weight equivalent of the column packing. Typical IC columns have 

capacities of 6-60 peq/g. In contrast, classic polystyrene-divinyl benzene anion exchange

31resins such as Dowex A1 have much higher capacity (0.8-2.4 meq/mL).
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Figure 1.7 Structure of a latex-based anion exchange particle. Adapted from 

reference 35 with permission.

1.2.4 Detection

Conductivity detection is very important in IC as it is a universal detection mode 

for ionic species. A conductivity detector consists of a cell with two electrodes through 

which an electric potential is applied. When ions enter the cell, they move towards the 

anode or the cathode and generate an electrical current. This current is measured and 

depends of the concentration and conductance o f the ions. However, since the eluent in 

IC is conductive itself, it causes a large conductivity background, worsening limits of 

detection. To reduce this background, either low concentrations o f weakly conductive

1.2.4.1 Conductivity detection

18
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eluent are used with low capacity columns (non-suppressed IC) or an eluent suppressor is 

added to the system between the column and the detector (suppressed IC).

Eluent suppression in anion exchange IC improves the detection limits of anions 

from the parts-per-million (ppm, pg/rnL) to the parts-per-billion (ppb, ng/mL) level 

through two processes. First, the eluent is converted to a lower conductive form to 

decrease the conductivity background. In anion analysis, the suppressor is a cation 

exchanger. When the eluent (Na+E', salt of a weak acid) passes through the suppressor, 

the following equilibrium occurs:

Na+E' + (suppressor)-H+ HE + (suppressor)-Na+ (1-19)

The resulting conductivity background is reduced. After suppression, this residual 

conductivity background depends on the strength of the acid HE. Weak acids such as 

H2O, which is obtained from the suppression o f a NaOH eluent, only very slightly 

dissociate, generating background conductivity as low as 0.06 pS/cm. Stronger acids 

such as H2CO3 (pKa 6 .6 ) obtained from suppression o f a carbonate eluent generate 

backgrounds o f 12-15 pS/cm.

Second, suppression increases the conductivity o f the analytes. As with the 

eluent, the analyte anions (A") are converted to their acid form:

Na+A' + (suppressor)-H+ HA + (suppressor)-Na+ (1-20)

Common anions (F", Cl", NO2", Br", NO3", HPO42", SO42') are the salts o f strong and 

relatively strong acids. Therefore, they will mostly or fully dissociate yielding H+ and A" 

which is more conductive than Na+A", hence a sensitivity improvement.
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Since the mid-1990s, many types and designs of suppressors have been 

commercially available.34 The suppressors used in my work are based on cation 

exchange membranes or monolithic beds, with the regenerant (H+) generated

35electrochemically. The operation of a suppressor is illustrated in Figure 1.8. The eluent 

and sample components flow through the center o f the suppressor between the two cation 

exchange membranes. On the outside o f the membrane flows the regenerant (water) in 

the opposite direction. Finally, two electrodes sandwich the membranes and flow paths. 

When a current is applied, hydronium ions are formed at the anode and cross the 

membrane to form HE with the eluent’s anions (E‘) and acids (H+A‘) with the sample 

anions (A‘). At the same time, sodium ions are attracted towards the cathode and cross the 

opposite membrane to form NaOH before going to the waste.

More recently a new type o f suppressor (Dionex, Atlas) based on a monolithic 

(Section 1.2.5.2) suppression bed was released. The suppression process is identical to 

the one described above. However, here, the suppression bed is made of cation exchange 

monolith disks through which the eluent flows (Figure 1.9). A water regenerant flows in 

the opposite direction and a current is applied across the suppressor to enable 

neutralization.
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Figure 1.8 Suppressor for anion analysis and photo of a Dionex Self Regenerating 

Suppressor (SRS). Adapted from reference 35 with permission.
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Figure 1.9 Cross-section and photo of a Dionex Anion Atlas Electrolytic Suppressor 

(AAES). Adapted from reference 35 with permission.

1.2.4.2 Post-column reactions

Post-column reactions involve the on-line modification of analytes after their 

separation.36 To the cost of complexity and band spreading, these reactions increase 

selectivity or facilitate detection o f analytes with weak detector response. They also 

present the possibility to separate the analytes in their native form, before derivatisation. 

Eluent suppression in IC is an example of a post-column reaction .37 Very commonly 

chromophores or fluorophores are reacted with the analyte to enable UV/VIS absorbance 

or fluorescence detection. In Chapters 2 and 3, analytes are detected through quenching 

of the fluorescence of a post-column reactant.

The most simple apparatus design (Figure 1.10) involves the continuous addition 

of one reagent through a T-piece just after the separation.22,36 Even though the on-line 

derivatisation reaction does not have to go to completion, it must be reproducible and 

reasonably fast. Depending on the needs of the reaction, on-line mixing, incubation or a
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change of temperature might be necessary. In addition, the reaction solution(s) must be 

miscible with the eluent. When possible, the introduction of the post-column reactant 

must be pulse-less to reduce excessive baseline noise.

Post-Column
Solution

Eluent
Pump

s_______ __________

Tnj.
r 's

\ ---------------- 1
” 0 ”  Column Detector Computer

JlL

Figure 1.10 Instrumental scheme of HPLC with post-column reaction.

1.2.4.3 Indirect detection

Indirect detection is used for detection of analytes having a weak detector 

response. In this method, the eluent or eluent additives give a strong and constant signal 

background. During elution, the analytes displace the eluent molecules and decrease the

22 38detector signal when passing through the detector, resulting in a dip in the baseline. ’ 

The method presented in Chapters 2 and 3 is based on indirect fluorescence detection 

coupled with a post-column reactant.

The theoretical limit o f detection for indirect fluorescence detection is given

by :38’39

Ciod =  Cp sbn =  Cp (1-21)
T r  T r  X D R

where Cp is the concentration o f the detectable probe in the eluent, sbn is the relative

stan d ard  d e v ia t io n  o f  th e  b a c k g r o u n d  s ig n a l f lu c tu a t io n s  ( n o is e ) ,  T r is  th e  tra n sfer  ra tio
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(the number of probe molecules displaced by one analyte molecule), and DR is the 

dynamic reserve (ratio of the background signal intensity to the noise; = Sb n  1). T o  

maximize the sensitivity for indirect detection it is desirable to maximize the signal due 

to the probe so as to maximize DR or to allow reduction in the probe concentration (Cp).

1.2.5 Columns

1.2.5.1 Particulate columns

Most commonly, the stationary phase in HPLC is based on small, spherical, 

porous silica particles. Silica has high mechanical strength (resists high pressures), does 

not swell in the presence of organic solvents and can be easily modified to offer different

o'ysurface chemistries (Section 1.2.3.1). However, the chemical stability o f silica at pH>8 

is poor. Figure 1.11 illustrates the dissolution mechanism o f silica in alkaline condition. 

Nucleophilic attack o f the Si-0 bonds by hydroxide results in the formation of Si(OH)4 

and erosion of the silica surface.22’40 When a silica-based column is exposed to elevated 

pH, its efficiency decreases, its backpressure increases and eventually the bonded phase 

collapses.25 The speed o f particle degradation at high pH depends on many factors, but 

principally on the nature o f the stationary phase, the buffer used in the mobile phase, the 

nature and content o f the organic modifier and the temperature.22,25 In addition, free 

ionized silanol groups (at pH>3)23 on the silica surface (Figure 1.11) interact with basic 

compounds and negatively affect peak shape.
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Figure 1.11 Hydrolysis of silica at high pH. Adapted from reference 40, courtesy of 

Waters Corporation.

Organic polymeric materials such as styrene/divinylbenzene copolymer (Figure

• 231.12), polymethacrylate or polyvinyl resins can be used as an alternate support to silica. 

These stationary phases are stable from pH 1-14 and have no silanol interaction problem 

since none are present. However, polymeric packings are mechanically soft and 

susceptible to shrinking or swelling in the presence o f organic solvents. More 

importantly, they exhibit significantly lower efficiency than silica packing because of 

poor mass transfer properties into the stationary phase.41
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Figure 1.12 Schematic illustration of the polystyrene/divinylbenzene skeleton. 

Adapted from reference 30.

Silica-based stationary phases are known to be more stable at high pH when 

eluents are buffered with organic molecules or with borates.25,26,42 It is believed that 

organic molecules, especially nitrogen containing compounds, are sorbed on the silica 

surface and act as a shield to protect the silica from the nucleophilic attack by the 

hydroxide ions.43 Inorganic buffers, however, would not be as effective in protecting the 

silica.43 They may even complex with the silica surface at pH>7, weakening the silica- 

siloxane bonds.44 The use of carbonates and phosphates is therefore not recommended 

with silica based stationary phases.
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1.2.5.2 Monolithic columns

In the recent years, monolithic columns (or continuous bed columns) have been 

increasingly used in HPLC separations.45 These columns exhibit a different internal 

geometry than columns packed with particles, as illustrated in Figure 1.13.46,47 Monoliths 

are obtained through a sol-gel process and enclosed in a PEEK sheath.48 In essence, they 

consist of a rod of stationary phase (e.g. silica) with mesopores for retention and 

macropores (larger channels) for through-flow (Figure 1.14).48'50

i i

Monolithic Column Packed Column

Figure 1.13 Flow paths of monolithic and packed bed columns. From reference 46, 

with permission.

M acropores M esopores

Figure 1.14 Macroporous and mesoporous structures of a monolith. Adapted from 

references 46 and 47 with permission.
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For HPLC applications monolithic columns are usually silica-based, with 

mesopores typically around 10-25 nm and macropores around 1-3 pm. Tallarek and co­

workers51 demonstrated that monolithic columns are equivalent to 3 pm particulate 

columns in terms o f band broadening and to 15 pm particles with regard to permeability. 

In other words, these columns exhibit high efficiency while generating minimal pressure 

drops (Figure 1.15). Thus, these characteristics enable the use o f very high flow rates (as 

high as 16 mL/min) for ultra-fast separations.45,52 Polymeric monolith columns exist for 

HPLC but for the same reason as stated in Sections 1.2.3.2 and 1.2.5.1., they are seldom 

used because o f low efficiencies generated.

1600

£, 1200

5 pm Silica Particle

800

400
Monolith

0
0 2 31 4 5

Linear Velocity (mm/s)

Figure 1.15 Pressure vs. linear velocity for various columns. Adapted from 

reference 48.

1.2.5.2.1 IC on a silica-based Cig monolithic column

Speed o f analysis is an important factor, as it leads to improvements in sample 

throughput and productivity. Anion analysis is an important application in industry and
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up to a few years ago was not a very fast process. Separations were performed on anion 

exchange polymer-based columns (10-25 cm) and would take 10-20 minutes for the 

analysis o f the common anions.30 Our group developed a high-speed IC method for 

anions using 5 cm long monolithic columns. In this method, ion chromatography is 

performed by converting a silica-based reverse phase (Cis) monolithic column into an ion 

exchanger.53,54 To do so, a long chain cationic surfactant solution (1 mM Didodecyl- 

dimethylammonium bromide, DDAB), is flushed onto the RPLC column until complete 

breakthrough o f DDAB is observed (Figure 1.16). The hydrophobic alkyl chains of 

DDAB adsorb strongly onto the Cis column leaving the charged ammonium group o f the 

surfactant available for anion exchange. After coating and washing with water, the 

column is equilibrated with the eluent and is then ready for IC. To remove the DDAB 

coating, 100% acetonitrile (ACN) is flushed through the column. This coating procedure 

was first designed for particulate columns.54 The use o f monolithic columns enable flow 

rates of 10 mL/min, resulting in 30 second separations of 7 analytes.53 The column 

capacity is varied by adjusting the ACN content in the DDAB coating solution.53,55 A 

higher content of ACN results in a lower capacity since less surfactant coats on the 

column.

Since the monolith column is silica-based, the usual alkaline IC eluents cannot be 

used (Section 1.2.5.1). Instead, a solution of 2-cyanophenol (pKa=6.9) at pH 7 is used as 

the eluent. 2-Cyanophenol can be suppressed and also used in non-suppressed mode 

because of its low conductivity.
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Figure 1.16 Coating and removal of DDAB on a Qg column.
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CHAPTER TWO. HPLC separation and indirect fluorescence detection of thiols3

2.1 Introduction

Organosulfiir compounds include a large variety of molecules and among them, 

the thiols group is very important. Widely distributed in living cells, as part of proteins 

or as independent molecules, thiols are involved in numerous biological reactions. 

Interest in their determination has been growing in recent years as their role in biological 

processes has become more evident.1'5 Variations in the concentration o f certain thiols 

have been related to many illnesses. For example, high levels of cysteine (cys) or 

homocysteine (hcys) in physiological fluids result from metabolic disorders, and have 

been related to coronary heart disease, renal disease, Alzheimer’s disease, Parkinson’s 

disease and mental retardation.3,4’6,7 Glutathione (gsh) is a cellular antioxidant and its 

level in cells is indicative of oxidative stress. Analysis of thiols is extremely important 

for the biochemical and clinical domains o f research in order to understand many 

physiological and metabolism processes.

A number o f recent reviews detail the many methods (mainly HPLC) that have 

been reported for the analysis o f thiols.1,7' 10 The compounds in Figure 2.1 are the most 

studied due to their biological importance and structural simplicity. Since thiols lack 

strong chromophores or fluorophores, the analysis methods require pre-, post- or on- 

column derivatisation for UV-VIS, fluorescence, chemiluminescence or electrochemical 

detection. The most popular and sensitive detection reagents are the fluorimetric

a A version of this chapter has been published as Pelletier, S; Lucy C. A. J. Chromatogr. A 2002, 972, 221 - 
229.
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bimanes, maleimides and halogenosulphonylbenzofurazans. Unfortunately, these

reagents often require drastic, complex and time consuming reaction conditions. 11-14

H3t4

Cysteine
(cys)

N*H,

Homocysteine
(hcys)

Glutathione
(gsh)

Figure 2.1 Chemical structures of thiol analytes.

In this Chapter, thiols are separated by RPLC and detected using a post-column 

indirect fluorescence system (Section 1.2.4.2 and 1.2.4.3). The thiol separation is based 

on that published by Manna et al.15 A Ci8 column is used to separate cys, hcys and gsh 

using a mobile phase of 0.01 M trifluoroacetic acid (TFA) in water containing 0.5% 

methanol. This yields baseline resolution separation of the three analytes in 5 minutes.

The post-column reactant is a fluorescent complex of cadmium and 8- 

hydroxyquinoline-5-sulphonic acid (HQS) (Figure 2.2).16 HQS, like its parent compound 

(8-hydroxyquinoline; oxine; 8-HQ), forms stable complexes with a wide variety of 

metals.16,17 However, only those metals which have stable electron configurations (i.e. 

either completely full or empty electron shells) yield fluorescent complexes.17 Thus HQS 

can provide sensitive fluorescence detection only for Cd2+, Zn2+, Mg2+, Al3+ and La3+.18'23

'y.
The detection limits for these metals, and particularly for Cd are very good. For 

instance, Pauli et al. achieved detection limits as low as 0.02 pM (2 pg/'L) using an ion- 

interaction reverse phase liquid chromatographic method with on-column complexation 

with HQS.22 Alternatively, Soroka et al. reported that detection limits well below 10'8 M
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and approaching 10~9 M could be achieved for Cd2+ using post-column reaction

detection. 17

-o,s f  \

Figure 2.2 Structure of Cd(HQS)2'. Adapted from reference 16.

In addition to direct fluorescence detection of Cd2+, Zn2+, Mg2+, Al3+ and La3+, 

HQS can be used for indirect detection of other species if  they perturb the fluorescent 

metal-HQS complex. For instance, Soroka et al. and Dasgupta et al. demonstrated that 

Fe3+, Cu2+, Ni2+ and Co2+ could be detected based on their quenching of the fluorescent 

Al-HQS complex.17,18 The post-column detection of thiols used in this chapter is based 

on the quenching of the strongly fluorescent Cd(HQS)2 ’ complex. Competitive 

complexation o f the cadmium by thiols forms non-fluorescent Cd-thiols complexes as 

observed by Wang et al. in their spectrofluorimetric studies o f the complex with 

cysteine.24 Alternatively, the weaker fluorescent Zn(HQS)22‘ also provides indirect 

detection o f thiols.25 However, as the detection limits for Zn(HQS)22' are comparable to 

that for Cd(HQS)22', only Cd(HQS)22' is studied herein.25

After the RPLC separation, the column effluent is mixed with the post-column 

reagent containing Cd2+ and HQS (Figure 2.3). When mixed together, Cd2+ and HQS 

form 1:1 and 1:2 complexes. Stability constants for the Cd/HQS system are logKi=7.7,

logP2=14.2 (equation 2.1), and HQS pKa2 = 8.23.26,27 As shown by Bishop, only the 1:2

28complex fluoresces.

Cd2+ + 2 HQS2' Cd(HQS)22" (2.1)
non-fluorescent non-fluorescent fluorescent
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Stability constants for complexation o f Cd2+ with thiols such as cys (logP2=19.6)\29

are much greater than that for the complexation of Cd with HQS (logp2-14.2). Thus, 

when the thiols (RS‘) eluting from the chromatographic column mix with the Cd(HQS)22', 

the thiols complex the cadmium. This leaves HQS uncomplexed.

Cd(HQS)2 + 2 RS‘ Cd(SR)2 + 2 HQS2' (2.2)
fluorescent non-fluorescent non-fluorescent non-fluorescent

Since neither HQS2' nor the new complex thiol-cadmium is fluorescent,24’30 the 

decomposition of the Cd(HQS)22’ complex results in a decrease in the fluorescence 

background. Presumably, mixed thiol/HQS complexes would also be formed and would 

be non-fluorescent. However, stability constants are available only for the 1:2 

complexes. Therefore, for simplicity, equation 2.2 does not include such mixed 

complexes.
Post-Column 

Solution

Cd(HQS)22 -

Eluent C18 Column
Fluorescence

Detector

V

Computer

Figure 2.3 Instrumental Scheme for indirect fluorescence post-column reaction 

detection.

In this chapter, the HPLC conditions, the concentrations o f HQS and Cd, the pH 

of the post-column solution and the flow rates are optimized. The specificity o f the 

reaction is studied and the linearity and sensitivity o f the method are determined. 

Artificial urine samples are also analyzed for cys, hcys and gsh.
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2.2 Experimental

2.2.1 Reagents

All solutions and eluents were prepared in deionised 18 M fl water (Nanopure 

Water System, Bamstead, Chicago, IL, USA). L-cysteine, L-alanine, L-methionine, L- 

serine, y-Glu-Cys-Gly (Glutathione reduced form; gsh), 2-Amino-4-mercaptobutyric acid 

(DL-homocysteine), 3-[cyclohexylamino]-l-propanesulfonic acid (Caps), 3- 

[cyclohexylamino]-2-hydroxy-l-propanesulfonic acid (Capso), 2-[N-Morpholino]- 

ethanesulfonic acid (Mes) and 3-[N-Morpholino]-2-hydroxypropanesulfonic acid 

(Mopso) were purchased from Sigma (St. Louis, MO, USA). Disodium hydrogen 

orthophosphate was from BDH (Toronto, Canada). 8-Hydroxyquinoline-5-sulfonic acid 

monohydrate (HQS) was obtained from Janssen Chimica (Beerse, Belgium), cadmium 

sulfate from Matheson Coleman & Bell (Norwood, OH, USA), Tris ultra pure buffer 

from Schwarz/Mann Biotech (Cleveland, OH, USA), sodium hydroxide analytical 

reagent from BDH, trifluoroacetic acid 99% (TFA) from Aldrich (Milwaukee, WI, USA), 

hydrochloric acid reagent grade from Anachemia (Montreal, Canada) and HPLC grade 

methanol and acetonitrile were purchased from Fisher (Fair Lawn, NJ, USA). Artificial 

urine matrix31 was made of 55 mM sodium chloride (Fisher), 67 mM potassium chloride 

(EM Science, Gibbstown, NJ, USA), 2.6 mM calcium sulfate dihydrate (Sigma), 3.2 mM 

magnesium sulfate (Caledon, Georgetown, Canada), 29.6 mM sodium sulfate (BDH), 

19.8 mM sodium dihydrogen orthophosphate (BDH), 310 mM urea (BDH) and 9.8 mM 

creatinine (Sigma).
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2.2.2 Apparatus

The HPLC system consisted of a Beckman System Gold Model 125 dual piston 

pump (Beckman, Fullerton, CA, USA) operated at 1.0 mL/min, a Rheodyne 7120 

sampling valve (Rheodyne, Berkeley, CA, USA) fit with a 20 pL loop and a fluorimetric 

detector (Model 470, Waters Associates, Milford, MA, USA; A,excitation: 365 nm; Admission-' 

510 nm ;24 bandwidth, emission: 30 nm, excitation: 18 nm; rise time: 4 sec). Data was 

collected at 5 Hz with PeakNet 5.2 data software (Dionex, Sunnyvale, CA, USA) 

interfaced to a 100 MHz microcomputer. Initial optimization studies o f the Cd-HQS 

post-column reagent were performed in the flow injection analysis (FIA) mode (i.e., no 

separation column was present). All separations were performed on a Cis analytical 

column (150 mm long x 4.6 mm I.D., 5 pm) (Phenomenex, Torrance, CA, USA).

The post-column reagent was delivered by a LC-600 Shimadzu solvent delivery 

module (Shimadzu, Kyoto, Japan) at a flow rate o f 1.0 mL/min and using an Upchurch 

(Oak Harbor, WA, USA) U-609 500 psi backpressure device. For dynamic reserve, 

linearity, specificity and sensitivity studies, a constant pressure reagent delivery 

module32,33 was used to deliver the post-column reagent at 1.0 mL/min. This system was 

used to minimise background noise. An Upchurch P-727 tee was used to connect the 

post-column solution to the column effluent. Connecting tubing was 0.005” I.D. 

polyether ether ketone (PEEK, Upchurch). The post-column reactor was ~5 cm of 0.005” 

I.D. PEEK tubing.

A Coming 445 pH-meter (Coming, NY, USA) with a Coming electrode (3 in 1 

Combo P/N 476436) was used in all pH measurements. The software Solution Equilibra:

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



principles and application (SolEq) (1999) from Academic Software (Otley, UK) was 

used for the construction of theoretical speciation curves for the different equilibria.

2.2.3 Method

The MeOH/TFA/Water mobile phase, the Cd/HQS/Buffer post-column as well as 

all thiols and urine solutions were prepared daily. Thiols solutions were stored at 4°C. 

Post-column solutions were prepared by first dissolving the buffer in water on a stirring 

plate and then by adding HQS and cadmium sulfate. The solution was sonicated for 10 to 

20 minutes to dissolve the HQS. The pH was adjusted with NaOH or HC1 depending on 

the buffer.

The HPLC eluent and Tris, Mes and Mopso buffered post-column solutions were 

degassed by sparging with helium. Since Caps and Capso solutions generate foams, the 

post-column reagent was not degassed when using these buffers. For background 

measurements, water was used as the post-column reactant to set the zero fluorescence on 

the detector.

In the post-column pH study, after equilibration and before injection, about 5 mL 

of the effluent was collected and pHeffiUent was determined using the pH-meter.
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2.3 Results and discussion

2.3.1 Post-column reaction

Initial studies focused on optimizing the fluorescence signal from Cd(HQS)22’ 

with the objectives o f minimizing the concentration of the probe (Cp) while maintaining a 

high transfer ratio (TR) and dynamic reserve (DR) (Section 1.2.4.3).

2.3.1.1 HQS and Cd2+ concentration

The concentration ratio o f cadmium and HQS in the post-column solution is a key

factor when considering the background fluorescence intensity. As shown in Figure 2.4,

'2+for a post-column reagent containing a constant concentration o f Cd (40 pM), the 

background (fluorescence signal of Cd(HQS)2 ") increases as the concentration o f HQS is 

increased. The signal then levels off at HQS concentrations greater than about 140 pM 

(ratios of HQS/Cd higher than 3.5). This behaviour is consistent with that predicted 

based on literature stability constants. The solid curve in Figure 2.4 is the fraction of

'y
cadmium in the Cd(HQS)2 ’ form calculated using SolEq based on literature stability 

constants for Cd2+ and HQS (Cd-HQS, Cd-Hydroxide species, H2O)29’34 and HQS pKa227 

under the concentration conditions used in Figure 2.4. Increasing the HQS concentration 

increases the fluorescence signal by forming more o f the fluorescent Cd(HQS)2 ’. At 

high concentrations o f HQS all cadmium is in the Cd(HQS)22‘ form, and so no further 

increase in background intensity is observed. Thus, on the basis o f maximizing the
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dynamic reserve it would seem reasonable to use HQS concentrations of 140 pM or 

greater with 40 pM Cd2+.

1 °  

C =O) o
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Figure 2.4 Fluorescence of Cd(HQS)22' complex and Cd(HQS)22" fraction as a 

function of increasing HQS concentration. Experimental conditions: post-column 

reagent is Cd2+=40 pM, Tris 100 mM, pH effiuent= 9.1.

However, as shown in Figure 2.5, the signal observed for cys, hcys and gsh 

increases as the concentration of HQS increases up to only 80 pM HQS for hcys and gsh 

and to 140 pM for cys. At higher concentrations o f HQS, the signals gradually decrease. 

This behaviour can be understood on the basis o f the fundamental equilibria governing 

this post-column reagent (equations 2.1 and 2.2). Firstly, at low concentrations o f HQS 

(<80 pM), only a portion o f the cadmium is present as Cd(HQS)2 ’ (curve in Figure 2.4

based on equation 2.1). Under these conditions thiols eluting from the HPLC column can

2+ 2 
complex free Cd . Thus the thiols will not directly affect the Cd(HQS)2 " fluorescence.

Therefore, under these conditions the transference ratio (Tr) is low, resulting in lower

sensitivity. As the concentration o f HQS increases above 80 pM, essentially all cadmium
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-J
is present as Cd(HQS)2 ' (curve in Figure 2.4). Under these conditions, the thiol will 

disrupt the Cd(HQS)2 ’ complex, as shown in equation 2 .2 , with a resultant higher 

transference ratio. As the concentration of HQS is increased beyond that needed for 

formation of Cd(HQS)22', the excess HQS competes with the thiol for complexation o f 

the cadmium. As a consequence, we observe a decrease in the sensitivity when HQS 

concentrations are higher than 100 pM (ratio of 2.5) for hcys and gsh and higher than 180 

pM (ratio o f 4.5) for cys. Such decreases in sensitivity at high HQS concentrations were 

also observed by Wang et al.24

80 -i

60 ■

•CO)

20  •

0 40 80 120 200 280160 240

HQS concentration (pM)

Figure 2.5 Cys; ■ , gsh; •  and hcys; A  response as a function of increasing HQS 

concentration to a constant 40 pM Cd2+. The curves are simply a guide to the eye. 

Experimental conditions as in Figure 2.4. Analyte concentration is 200 pM.

The conditional cumulative formation constant for Cd(cys)2 (logP'2=19.6, based 

on logP2= 19.6, pKa=8.3327,29 and pH=9.1) is substantially higher than that of Cd(gsh)2 

(logP'2=15.2 based on logP2=15.4, pKa=8 .6626,27 and pH=9.1)29. Cys can then more 

effectively compete with HQS for cadmium complexation (equation 2.2) than can gsh.
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Thus, the optimum fluorescence response occurs at a higher concentration o f HQS for cys 

than gsh. Unfortunately, no literature formation constants are available for Cd-hcys.

2.3.1.2 pH of the post-column solution

The pH of the post-column solution is also an important variable which must be 

optimized. The fluorescence signal for the Cd(HQS)22' complex is pH dependent with 

maximum intensity at pH 7 according to Soroka et al.17 and from pH 8-9 based on Wang 

et al.24

Speciation curves are generated using the SolEq software for the cadmium-HQS 

system using literature stability constants (see Section 2.3.1.1). The curve in Figure 2.6 

shows the fraction of cadmium present as Cd(HQS)22' in a solution containing 40 pM 

cadmium and 100 pM HQS over a variety o f pH. Based on these calculations the 

background Cd(HQS)2 ' would be expected to exhibit a broad optimum from pH 8-12. 

Below pH 8 the HQS is incompletely ionized (pKa2 = 8.23). Thus, the conditional 

formation constant decreases dramatically as the pH decreases. At high pH, formation of 

cadmium-hydroxide species competes with the HQS for complexation o f cadmium. 

Under these same solution conditions, the intensity of the Cd(HQS)2 " fluorescence 

(background) is experimentally observed (data points in Figure 2.6) to increase with pH 

to a maximum signal between pH 9-11 and then decreased at higher pH. This behaviour 

is in agreement with that expected (curve in Figure 2.6).
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Figure 2.6 Fluorescence of the Cd(HQS)22’ complex and Cd(HQS)22" fraction as a 

function of pH of post-column reagent. Experimental conditions: analyte concentration 

is 200 pM, post-column solution is 100 pM HQS, 4 0  pM Cd2+ (ratio HQS/Cd=2.5), 

buffered in •  pH effiuent3.5=100 mM Tris, pH effiUent5.8=100 mM Mes, pH emuent7.0=100 

mM Mopso, pH effiuent7.8 -8 .5= 100  mM Tris, pH effluent8.7 -9 .8 = 2 0 0  mM Capso, 

pHeffluent 10 .0 -11 .0= 100  mM Caps or buffered in O  pH effiuent7.9 and 11.1=100 mM 

Phosphate.

The effect o f pH on the indirect response observed for thiol analytes is shown in 

Figure 2.7. For all o f the analytes, optimal signal is observed at about pH 10.3. This is 

consistent with the results above. To achieve optimal sensitivity, the formation of 

Cd(HQS)2 ’ has to be maximized. For this, the pH has to be higher than 8 (Figure 2.6). 

In addition, the thiols have to be ionized. Thus pH has to be higher than their S-H group 

pKa. In this case, the highest pKa is 8.87 (hcys). Therefore, the most favourable pH of 

the post-column solution should be above 8.87. Figure 2.7 illustrates this very well.

Also, above pH 10.5 the thiol response decreases. This too is consistent with the 

studies above (Figure 2.6) and results from the formation o f cadmium-hydroxides species 

limiting the amount o f Cd(HQS)2 " in solution, and hence the sensitivity.
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Figure 2.7 Cys; ■  □ , gsh; •  O and hcys; A  A  response as a function of pH of post­

column reactant. The curves are simply a guide to the eye. Experimental conditions as 

in Figure 2.6.

2.3.1.3 Buffers

To obtain the wide range of pH in the studies in Section 2.3.1.2, a number of

buffers are used in the post-column solutions. Special care is taken to choose non- 

1 8complexing buffers such as Tris, Mes, Mopso, Caps and Capso. This is done to ensure 

that the formation o f Cd(HQS)22‘ is not compromised by competitive complexation o f the 

Cd2+ by the buffer anion. To illustrate the potential detrimental effects o f Cd2+ 

complexation by the buffer, data for a 100 mM phosphate buffer is included in Figures

2.6 and 2.7 (stability constant for phosphate and cadmium is log P2 =5.1)34. The use o f a 

phosphate buffer considerably lowers both the Cd(HQS)22' background (open symbols in 

Figure 2.6), and as a consequence the sensitivity (open symbols, Figure 2.7).
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2.3.1.4 Dynamic Reserve (DR)

Equation 1.21 shows that the dynamic reserve (background/noise) is inversely 

proportional to the limit of detection. To maximize dynamic reserve in order to improve 

detection limits, the background o f the fluorescent probe has to be as high as possible and 

the noise in the baseline low.

Firstly, instrumental conditions are adjusted to minimize the baseline noise. 

Using a dual piston HPLC pump (LC-600 Shimadzu) along with a 500 psi backpressure 

device, a periodic oscillation o f about 1 mV is evident in the background o f an HQS/Cd 

100/40 pM post-column reagent. Addition o f pulse dampers yield essentially no 

improvement. The use o f a constant pressure delivery system to deliver the post-column 

solution reduces the noise to 0.2 mV for the same reagent solution. By reducing the 

overall noise, dynamic reserves are improved by factors o f 5 to 6 , which has a direct 

impact on decreasing detection limits.

The concentrations of HQS and cadmium in the post-column reactant are varied to 

determine the optimum conditions as defined as maximum ratio background to noise 

(maximum DR). The HQS/Cd ratio in the post-column solution is kept constant at 2.5 at 

a pH of 10.0 with Caps at 100 mM. The responses for cys, hcys and gsh are monitored at 

concentrations (pM) of 50/20, 100/40 and 200/80 for HQS and Cd2+ respectively. As the 

concentration of Cd-HQS increases, the background increases by an overall factor o f 4. 

However, simultaneously the noise increases by a factor o f 3. Thus the overall dynamic 

reserve increases slightly: 900, 1400 and 1300 for the 50/20, 100/40 and 200/80 

solutions. About a 21% sensitivity is thus achieved by varying the probe concentration
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(Cd-HQS concentration). In all further studies, the concentration o f HQS and Cd are at 

100 pM and 40 pM respectively.

2.3.1.5 Reaction rate and flow rates

The reaction between Cd(HQS)22' and the thiols (equation 2.2) is very fast.18 The 

sensitivity observed using a 5 cm segment of straight 0.005” I.D. PEEK is comparable to 

that for a 1000 cm 0.018” I.D. knitted reaction coil (R X N 1000 Coil, P/N 030805 Waters 

Associates, Milford, MA, USA). Further, significant band broadening is observed with 

the longer reaction coil. Thus 5 cm o f tubing is used as the reaction coil in all studies 

reported herein.

The flow rate o f the post-column solution is varied from 0.5 to 1.5 mL/min while 

keeping the eluent flow constant at 1.0 mL/min. The best resolution between cys and 

hcys is obtained at a post-column flow rate between 0.9 and 1.1 mL/min. Therefore, a 

flow rate of 1 mL/min is selected for the post-column solution.

2.3.1.6 Specificity of the reaction

Stability constants for Cd2+ with carboxylate, amine and thioether (RSCH3) 

groups are small (log P2 < 5.5)26,34,36 relative to the complexation o f Cd2+ by thiols (e.g., 

log P2 = 19.6 for cysteine). Thus it is expected that Cd-HQS should show good 

specificity for thiols relative to other biomolecules. To confirm this, high concentration 

solutions (5 mM) of serine, alanine and methionine are injected. The post-column
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solution is HQS/Cd at 100/40 pM in a 100 mM Caps buffer with pH effiuent= 10.1. When 

comparing the sensitivity with an almost 27 times lower concentration o f cys, hcys and 

gsh (188 pM ), response factors (signal/concentration) o f serine, alanine and methionine 

are found to be on average about 300 times lower than those o f the thiols (Table 2.1). 

This demonstrates that the reaction with Cd(HQS)22' is governed by RS' groups (equation 

2 .2).

Table 2.1 Response Factors (signal/concentration) for cys, hcys, gsh, serine, alanine 

and methionine.

Compound
Concentration Response Factor

(pM) (mV/pM)

Cysteine 188 414 000

Homocysteine 188 207 000

Glutathione 188 313 000

Serine 5 000 1 670

Alanine 5 000 1 300

Methionine 5 000 604

2.3.2 Separation conditions, detection limits and determination of thiols in 

synthetic urine

The separation mode in RPLC with TFA is a concerted mechanism involving both

ionic and hydrophobic interactions.37'39 TFA acts as a small ion-paring agent by

adsorbing onto the stationary phase and interacting with positively charged analytes.

Thiols are therefore retained on the stationary phase through both ionic and hydrophobic

interactions. This system is tuneable by adjusting the concentration o f organic modifier
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(i.e., interaction of the ion-pair with Cis), the concentration o f TFA (i.e., amount o f TFA 

for ionic interaction with analytes) and the pH of the mobile phase (i.e., ionization of the 

analytes). Manna et al. 15 separated gsh and gssg (oxidized form o f gsh) using 0.1% TFA 

(0.01 M) in a water-acetonitrile (98:2) mobile phase. However, under these conditions 

cys and hcys are too weakly retained (k’< l) to achieve separation. Decreasing the 

organic modifier concentration resultes in greater retention o f all analytes, and < 1% 

acetonitrile or methanol gives adequate separations (Figure 2.8). An eluent of 0.5% 

MeOH v/v with 0.01 M TFA is used in all further studies as it provides a baseline 

resolution between cys and hcys (Rs = 1.7). A mobile phase containing 0.5% acetonitrile 

gives similar retention times as methanol 0.5% but with an inferior cys-hcys resolution 

(Rs = 1.5).

Cys

mco>
w

GSH
Hcys

©O
c0o
CO
0u Acetonitrile 1%

Acetonitrile 0.5%

MeOH 0.5%

o 1 2 3 4 65
Time (min)

Figure 2.8 Cys, hcys and gsh chromatograms under different separation conditions.

Experimental conditions: mobile phase: TFA 0.01M/ACN 1%, TFA 0.01M/ACN 0.5% 

and TFA O.OlM/MeOH 0.5%, post-column is HQS/Cd2+ 80/40 pM, Tris 100 mM, 

pHsoiution 8.5, analyte concentration is 200 pM.
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Calibration curves for cys and hcys are linear (R2=0.9993 and 0.9987) up to 370 

pM with intercepts equal to zero at the 95% confidence limit (Figure 2.9). Calibrations 

for gsh however show a small negative deviation from linearity. The gsh response is well 

fit by a quadratic expression (R =0.9994) up to 370 pM with an intercept equal to zero at 

the 95% confidence limit.

100 200

Concentration (pM)
300 400

Figure 2.9 Calibration curves for Cys; ■ , gsh; #  and hcys; A . Experimental 

conditions as in Figure 2.8 with TFA O.OlM/MeOH 0.5% eluent.

Table 2.2 shows the detection limits we determined using the detection limit 

evaluation procedure recommended by the US Environmental Protection Agency 

(EPA) .40 This method gives the minimum concentration o f an analyte that can be 

reported with 99% confidence to be greater than the noise (equivalent to the 3a method). 

Analytes with a concentration of 4-10 times the estimated limit o f detection are injected 7 

to 10 times in the system. The standard deviation o f the peak area between the runs is 

multiplied by the Student’s t (at the 95% confidence level) to obtain the limit of 

detection. The detection limits range from 0.1 to 0.2 pM for cys, hcys and gsh. This is
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an improvement in comparison with W ang’s et al. indirect fluorescence method where 

the cysteine detection limit is 0.4 pM with a narrow dynamic range of 0-18 pM .24 In 

contrast, Tang et al. achieve 23 nM and 35 nM detection limits for gsh and cys, 

respectively using a pre-column derivatisation method with SBD-F.11 However, the 

derivatisation procedure is complex and time consuming (>5 steps over 1.5 hour 

including incubation at high temperature). Another derivatisation method using dansyl 

chloride give detection limits of 1 pM (signal-to-noise ratio 2) for gsh and gssg 41 Pre­

column derivatisation (over 2 hours including incubation in the dark) and a 30 minute 

gradient separation are necessary.

Table 2.2 Detection limits, run to run %RSD and dynamic range for cys, hcys and 

gsh.

Thiol Detection limit % RSD Dynamic Range

Cysteine 0.1 pM, 0.02 ppm 2.7 0.1-430 pM

Homocysteine 0.1 pM, 0.02 ppm 5.5 0.1-370 pM

Glutathione 0.2 pM, 0.05 ppm 3.4 0.2-430 pMa

a Quadratic fit

b. Experimental conditions: as in Figure 2.8 with TFA O.OlM/MeOH 0.5% eluent.

Calibration curves are equivalent whether standards are prepared in water or 

synthetic urine. Synthetic urine samples are spiked with 200 pM of cys, hcys and gsh. 

Recoveries vary between 87% and 120%. Figure 2.9 shows a chromatogram of cys, hcys 

and gsh at 200 pM in synthetic urine. The large negative peak at the dead volume is due 

to the urine matrix. The cys peak is expected to show poor recovery due to being so close
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to the negative peak but actually recoveries are near quantitative (95.6% to 99.7%). 

Similar quantitative recoveries are observed by Wang et al. for cys in protein 

hydrosylate and gsh in human blood serum using Zn-HQS.

Cys

GSHHcys

(3
C
05
'55
0)oc
0)o</)a>k.
o3
LL

40 1 2 3 5 6

Time (min)

Figure 2.10 Separation of Cys, hcys and gsh (200 pM) in urine matrix. Experimental 

conditions as in Figure 2.8, mobile phase: TFA 0.01 M, methanol 0.2%. Analyte 

concentration is 200 pM. Fluorescence detector rise time at 0.5 sec.

2.4 Conclusions

Cys, hcys and gsh are separated by reverse phase HPLC in their native form and 

simply detected by the quenching o f a fluorescent Cd(HQS2)2' complex added as a post­

column reactant. No derivatization or sample preparations o f the analytes prior to
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injection are needed. Detection limits as low as 0.1 pM are achieved and a broad 

dynamic range o f 0.1-370 pM is obtained in the calibrations. This dynamic range is 

suited for the analysis of urine or blood samples (normal and abnormal) in which a 

typical concentration o f thiols ranges from 1 to 200 pM .42 The method is applied to the 

analysis o f spiked artificial urine samples.

In the next chapter, I will show how this method can be applied to the analysis of 

both thiols (RSH) and disulfides (RSSR) simultaneously.

Finally, the low retention of the thiols on the RPLC column made the separation 

challenging. In Chapter 6 , I will discuss possible strategies to increase the retention of 

hydrophilic analytes in RPLC.
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CHAPTER THREE. HPLC simultaneous analysis of thiols and disulfides: on-line 

reduction and indirect fluorescence detection without derivatisation2

3.1 Introduction

In this chapter, the method for thiols described in Chapter 2 is extended to the 

analysis of both thiols and disulfides. Disulfides, which consist o f two thiol molecules 

joined by a sulfur-sulfur bond (examples include cyss, hcyss and gssg in Figure 3.1), are 

neither naturally fluorescent nor UV active. Therefore, as for thiols, their determination 

also requires chemical modification. Lock and Davis have recently published a review 

on disulfide analysis.1 Essentially all procedures for disulfides first reduce the sulfur- 

sulfur link and then derivatize the resultant thiols. The reduction is usually performed 

using strong reductants (e.g., sodium borohydride), reduced thiols (dithiothreitol, 2 - 

mercaptoethanol) or phosphine derivatives (tris(2-carboxyethyl)phosphine (TCEP), tri-n- 

butylphosphine (TBP), triphenylphosphine). Phosphine derivatives present many 

advantages over strong reductants and reduced thiols: they do not interfere with thiol- 

reactive labels and therefore do not need to be removed after reaction; they do not 

produce gas while reacting; and they are stable for longer periods o f time and over a

2 3wider pH range (1.5-8.5). ’ Among phosphines, TCEP has the advantages o f being water 

soluble, odourless, non-volatile, non-flammable, non-corrosive, and not sensitive to air or 

humidity.4 Thus, TCEP has been extensively utilised, and will be used for on-line 

reduction o f the disulfides herein.

a A version of this chapter has been published as Pelletier, S; Lucy C.A. Analyst 2004, 129, 710-713.
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(gssg)

Figure 3.1 Chemical Structures of analytes.

Often, it is necessary to determine the independent concentrations of disulfides 

and thiols, such as in the gssg /gsh assessment of health.5 However, such determinations 

must normally be done sequentially. For example, for the gssg-gsh ratios, direct 

determination yields a concentration of only the thiol gsh. Reduction of the sample prior 

to a second analysis then yields a signal corresponding to the combined concentrations of 

gssg and gsh. The gssg concentration is determined as the difference between these 

determinations. Only a few reports o f simultaneous detection o f thiols and disulfides 

using mass spectrometry6,7 or electrochemical detection8' 10 have been reported.

This chapter presents a simple method to simultaneously detect underivatized 

thiols and disulfides by indirect fluorescence. As in Chapter 2, thiols and disulfides are 

separated in their native form and detected using a post-column reagent based on the 

highly fluorescent Cd(HQS)2 ’ complex. Disulfides do not complex cadmium and as 

such do not affect the Cd(HQS)22' fluorescence. Thus, to use this post-column reaction 

system for disulfides, the TCEP reagent is added on-line immediately after the separation 

and before addition of the Cd(HQS)22‘ solution (Figure 3.2).
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Figure 3.2 Instrumental Scheme.

This on-line reduction of disulfides to their corresponding thiol allows for 

simultaneous detection of thiols and disulfides in the same determination. For the

reasons mentioned above, TCEP is used as the reductant:

(COOH (CH2 )2)3  P: + RSSR + H2 O ->  (COOH (CH2 )2)3  P = 0  + 2 RSH (3.1)

(Disulfidered)

'y
In this work, the separation conditions, TCEP reduction and Cd(HQS)2 " indirect 

fluorescence detection are all optimized. The linearity and sensitivity of the method are 

determined.

3.2 Experimental

3.2.1 Reagents

All solutions and eluents were prepared in deionised 18 water (Nanopure 

Water System, Bamstead, Chicago, IL, USA). L-cysteine (cys), L-cystine (cyss), DL- 

homocysteine (hcys), DL-homocystine (hcyss), L-glutathione (gsh, y-Glu-Cys-Gly), L-
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glutathione disulfide (gssg, (y-Glu-Cys-Gly)2), tris(carboxyethyl)phosphine 

hydrochloride salt (TCEP) and tris 3-[cyclohexylamino]-2-hydroxy-l-propanesulfonic 

acid (Capso) were purchased from Sigma (St. Louis, MO, USA). 8-Hydroxyquinoline-5- 

sulfonic acid monohydrate (HQS) was obtained from Janssen Chimica (Beerse, 

Belgium), cadmium sulfate from Matheson Coleman & Bell (Norwood, OH, USA), 

sodium hydroxide 10M certified solution from Fisher (Fair Lawn, NJ, USA), 

trifluoroacetic acid 99% (TFA) from Aldrich (Milwaukee, WI, USA), and HPLC grade 

methanol was purchased from Fisher.

3.2.2 A pparatus

The eluent pump, fluorimeter, sample loop and data handling were as in Section

2.2.2 (except for data collection which was 10 Hz in this chapter). Initial optimization 

studies of the TCEP post-column reagent were performed in the flow injection analysis 

(FIA) mode (i.e., no separation column was present) or with a C i8 analytical column (150 

mm long X 4.6 mm I.D., 5 pm) (Phenomenex, Torrance, CA, USA). All other separations 

were performed on a Ci8 Zorbax SB-Aq analytical column (150 mm long X 4.6 mm I.D., 

5 pm) (Agilent Technologies, Palo Alto, CA, USA).

The first post-column reagent (TCEP) in Figure 3.2 was pumped using a Waters 

625 LC system and mixed with the effluent in an Upchurch P-727 tee (Oak Harbor, WA, 

USA). The TCEP plus effluent then passed through a mixing coil (knitted PTFA tubing, 

0.018” I.D., 1000 cm long) (RXN1000 Coil, P/N 030805, Waters). After the mixing coil, 

a constant pressure reagent delivery module11,12 was used to deliver the second post-
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2
column reagent (Cd(HQS2) ’) at 1.0 mL/min through a second Upchurch P-727 tee. The 

second tee was connected to the detector via a 5 cm segment o f 0.005” I.D. PEEK tubing 

(Upchurch). The total length of tubing between the injection valve and the detector was 

about 10 cm (excluding mixing coil).

A Coming 445 pH-meter (Coming, NY, USA) with a Coming electrode (3 in 1 

Combo P/N 476436) was used for solution pH measurements. To measure pHeff (i.e. pH 

of the solution coming out of the detector) and pHcoii (i.e. pH of the solution coming out 

of the mixing coil), pH indicator strips (EM Science, Gibbstown, NJ, USA) with 

resolution from 0.2-0.5 pH units were used.

3.2.3 M ethod

3.2.3.1 Solution preparation

All solutions were prepared daily. The eluent was made by adding the proper 

amount of TFA and MeOH to water, adjusting the pH with NaOH and diluting to volume 

with water. The first post-column solution (TCEP) was prepared by dissolving the 

appropriate amount o f solid in water, adjusting the pH with NaOH and diluting with 

water to the desired volume. The second post-column solution (Cd(HQS)2 ') was 

prepared with Capso as in Section 2.2.3. The pH was adjusted with NaOH. Samples 

containing thiols (cys, hcys, gsh) and disulfides (cyss, hcyss, gssg) were dissolved in the 

eluent, sonicated 10-15 minutes and diluted with the eluent. The eluent and the first post­

column solution (TCEP) were degassed by sparging with helium.
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3.2.3.2 Optimization of post-column conditions

Factorial experiments13,14 (analysis of multiple variables) were used to optimize 

the post-column conditions. Three concentrations (32, 64 and 80 mM), two pH values (5, 

8) for the TCEP solution and three cadmium concentrations (20, 40 and 64 pM) for the 

Cd(HQS)22' post-column solution were used. Optimization of the post-column reagents 

was performed using flow injection analysis.

Mixing of eluent and the first post-column reagent (TCEP) resulted in slight 

changes in the pH within the reaction coil. The pH of the effluent from the TCEP 

reaction coil was measured using pH strips and was 5.0 when a TCEP solution o f pH 5.0 

was used and 7.5 when the pH 8.0 solution was used. The use o f 300 mM (pH 9.6) 

Capso in the second post column reagent resulted in a constant pH for the effluent (9.5) 

regardless o f the TCEP solution. The eluent and the Cd(HQS)22’ flow rates were 1.0 

mL/min, the TCEP was 0.5 mL/min and the HQS concentration 100 pM unless otherwise 

stated.

3.2.3.3 Calculations

As shown in equation 3.1, reducing one mole o f disulfide (SS) produces two 

moles o f thiol (SH). Based on the 2:1 stoichiometry of the disulfide to the thiol, complete 

disulfide reduction would result in a signal double that obtained from an equimolar 

concentration of thiol (SS/SH=2). For a given thiol/disulfide pair (cys/cyss for example), 

the percent o f disulfide reduction was obtained by comparing the experimental peak area
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SS/SH ratios with the calculated SS/SH ratio, the latter being equal to twice the disulfide 

concentration divided by the thiol concentration.

3.3 Results and discussion

3.3.1 Optimization of the reduction reaction

The pH of TCEP, its concentration and the concentration o f cadmium in the post­

column solution were optimized in a series of FIA experiments as described in Section 

3.2.3.2. When increasing the pH of the TCEP solution from 5 to 8 , sensitivity was, on 

average, 60% higher for the disulfides. This improved sensitivity at pH 8 is the result of 

more complete reduction - increasing from ~ 50% at pH 5 to ~ 90% at pH 8 . This is 

consistent with the work of Han and Han where increasing the pH of a TCEP solution 

from 6  to 8 doubled the reduction of the disulfide 5,5’-dithiobis(2-nitrobenzoic acid 

(DTNB).2 Increasing the TCEP concentration from 32 to 80 mM did not significantly 

affect either the thiol or disulfide sensitivity (<10% change). Finally, the sensitivity of 

thiols and disulfides increased by 40% when the cadmium concentration in the post- 

column solutions was increased from 20 pM to 40 pM. However, a 20% loss in 

sensitivity was observed when the cadmium concentration was further increased to 64 

pM. This is consistent with the observations in Section 2.3.1.1. A TCEP concentration 

of 32 mM at pH 8 and 40 pM cadmium were used in all further experiments.

The flow rate o f the eluent and the TCEP solution also affect both the disulfide 

reduction and the general sensitivity by regulating the reaction time and the reagent-to- 

analyte concentration ratio. Flow rates were optimized in the FIA mode. At a TCEP
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flow rate of 0.3 mL/min, the reduction of disulfides was low (10-30%) due to the low 

concentration of TCEP in the effluent. From 0.5 to 1.5 mL/min TCEP, the disulfide 

reduction rapidly increased to 70-100%. However, at flow rates higher than 0.5 mL/min, 

the sensitivity linearly decreased (at 0.8 mL/min 20% decrease, 1.5 mL/min 88% 

decrease) due to the combined effects o f effluent pH and detector response. At these high 

flow rates, the large amount of TCEP solution (pH 8) overwhelmed the buffering 

capacity o f the Cd(HQS)22' solution, causing the pH of the effluent to fall below the 

optimal value of pH 8.5 (Section 2.3.1.2). This could have been avoided by increasing

•j

the amount of Capso buffer in the Cd(HQS)2 " solution, but was judged unnecessary since 

the peak area would still show a reciprocal relationship with flow rate through the 

detector, reducing sensitivity.15 As well, high TCEP flow rates degraded the resolution 

between cys and cyss in the separation. A TCEP flow rate o f 0.5 mL/min was the best 

compromise for optimal sensitivity and disulfide reduction, and was used in further 

experiments.

Varying the eluent flow rate from 0.5-1.4 mL/min did not significantly (<10%) 

change the disulfide reduction. However, increasing the eluent flow did cause a 53% 

average overall reduction in sensitivity. A compromise eluent flow rate o f 0.8 mL/min 

was used. This resulted in a 17% decrease in sensitivity relative to 0.5 mL/min but 

reduced the separation time from 35 to 20  minutes.

In preliminary experiments a 17 cm long x 0.005” I.D. PEEK tubing was used as 

the reaction coil (i.e., in place o f the mixing coil in Figure 3.2). This provided a reaction 

time o f ~ 0.1 s for the TCEP reduction. Under these conditions (eluent 1.0 mL/min, 

TCEP 0.5 mL/min, cyss and cys injected independently) the level o f disulfides reduction
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was low: 22% for cyss; 51% for hcyss; and 13% for gssg. Installing the mixing coil 

described in Section 3.2.2 increased the reduction time to -38  s, and increased the 

disulfide reduction to 45% for cyss; 76% for hcyss; and 19% for gssg. This is consistent 

with Han and Han’s experiments where increasing the reaction time from 1 to 40 s 

increased the disulfide reduction from 8 to 100% in the presence o f TCEP (pH 8) . 

Longer reaction times were not explored as over 80% reduction was obtained after full 

optimization as described below. Upon addition of the mixing coil, extra-column band 

broadening (Section 1.2.2) was observed since values of N (number o f plates) increased 

from 1500 to 4500 from the least retained compound (cyss) to the more retained (gssg). 

However, the resolution between the less retained analytes remained satisfactory (Section

3.3.2).

Finally, separations in triplicate of all six analytes with mixing coil and under 

optimized conditions (eluent 0.8 mL/min; TCEP 0.5 mL/min 32 mM pH 8 ; Cd(HQS)22‘

1.0 mL/min 40 pM Cd 100 pM HQS 200 mM CAPSO pH 9.7) resulted in disulfide 

reduction efficiency of 98% for cyss/cys, 82% for gssg/gsh and 208% for hcyss/hcys.

The unexpectedly high signal for hcyss relative to hcys was investigated. The 

injection of hcys alone (freshly opened new bottle) resulted into two peaks: one, which 

corresponded to hcys (4.0 min) and a second about 70% smaller corresponding to hcyss 

(8.5 min). This was possibly caused by the partial oxidation o f hcys to hcyss in the acidic 

sample16 (dissolved and diluted in eluent) and explained the high percent reduction since 

the ratio SS/SH increased due to the underestimate o f hcys and overestimate o f hcyss. 

This occurrence can be minimized by keeping the solutions at 0 °C or by blocking the 

thiol group with N-ethylmaleimide (NEM) .16,17 However, a blocking agent cannot be
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used in our procedure since the thiols must be free to be detected. When hcys solutions 

were prepared at room temperature and immediately injected, the oxidation product was 

observed, indicating that the oxidation of hcys to hcyss is rapid. The amount of hcyss 

measured in a sample kept at room temperature was constant throughout the day. The 

addition of TCEP 40 mM to an hcys sample prevented the formation o f hcyss.

3.3.2 Separation conditions and limits of detection

The separation on a Ci8 column (Figure 3.3) was adapted from Chapter 2 by 

decreasing the pH from 2.6 to 2.0 and increasing the TFA concentration from 0.01 M to

0.2 M. The lower pH increased the overall charge o f the analytes and resulted in stronger 

interaction with TFA. A higher concentration of TFA increased retention o f the sample 

enabling a better separation. A resolution o f 0.8 between cys and cyss, a baseline 

separation between all other analytes and a retention factor of about 9 for the most 

retained compounds was obtained. The typical cys to cyss concentration ratio in blood 

samples is around 6 .18 This would generate a peak height for cyss much smaller than 

showed on Figure 3.3 where the cys/cyss concentration ratio is about 1. In a real 

biological sample, the resolution between cys and cyss would then be improved since the 

cyss peak would be much smaller.15 Improved peak shape compared to Figure 2.8 was 

obtained since the separation column used was new.

The separations were performed using a Zorbax StableBond-Aq column (SB-Aq). 

In StableBond (SB) columns, the bonded phase is sterically protected with isobutyl 

groups to improve low pH stability (Section 1.2.3.1) resulting in a phase that is stable
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from pH 1-8.19 The SB-Aq is a modified SB column which incorporates a hydrophilic 

group to improve compatibility in highly aqueous phases (Section 1.2.3.1).

Calibration curves were linear (R =0.9964-0.9995) with intercepts equal to zero 

at the 95% confidence limit. TCEP 40 mM was added to the hcys calibration solutions to 

prevent the formation of hcyss during calibration of hcys. Table 3.1 shows the detection 

limits determined as in Section 2.3.2. The detection limits were 0.3-4.3 pM for all 

analytes, which are comparable in range to those observed for the thiols in Chapter 2. 

Dynamic ranges were up to 200 pM (75 pM for cyss due to its low solubility) and %RSD 

typically between 3 and 5%. As showed in Section 2.4, these dynamic ranges and limits 

of detection are suitable for the analysis o f biological samples. An LC/MS method 

capable of simultaneous analysis of thiols and disulfides developed for the same analytes 

by Guan et al.6 showed similar detection limits and standard deviations, but required 

labour-intensive pre-derivatization steps. In contrast, electrochemical methods for gsh 

and gssg have yielded detection limits on the order of 2 nM. ’
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Figure 3.3 Separation of cys, cyss, hcys, hcyss, gsh and gssg. Experimental conditions: 

Eluent is TFA 0.2 M, Methanol 0.5%, pH 2.1, 0.8 mL/min First post-column is TCEP 32 

mM, pH 8.3, 0.5 mL/min Second post-column is HQS 100 pM, Cd2+ 40 pM, Capso 200 

mM, pH 9.7, 1.0 mL/min Analyte concentrations is cys 79 pM, cyss 55 pM, hcys 98 pM, 

hcyss 72 pM, gsh 103 pM, gssg 174 pM Column is Zorbax SB-Aq, 150X4.6 mm., 5 pm.

Table 3.1 Detection limits, run to run %RSD and dynamic ranges for cys, hcys, gsh, 

cyss, hcyss and gssg. 3

Analyte
Detection limit Dynamic Range

------------  °/o RSD (pM)
pM ppm

Cys 0.3 0.04 4.0 0.3-200

Cyss 0.9 0.2 3.6 0.9-75

Hcys 0.6 0.1 4.5 0.6-150

Hcyss 0.6 0.2 3.4 0.6-100

Gsh 0.3 0.1 3.4 0.3-150

Gssg 4.3 2.6 2.5 4.3-200

Conditions as in Figure 3.3
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3.4 Conclusions

Thiols and disulfides were separated in their native form and detected by 

quenching of a fluorescent Cd(HQS)2 " complex after on-line reduction o f the disulfides 

with TCEP. The method is simple and rapid, as it requires no sample preparation and 

only one single injection to determine both thiols and disulfides.
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CHAPTER FOUR. Rapid low pressure IC separations on short monolithic columns3

4.1. Introduction

Over the past few years, ion chromatography has developed into a significant 

chromatographic technique for ion analysis within the field of separation sciences. Small 

organic and inorganic ions, proteins, peptides, carbohydrates and amines are the main 

compounds determined.1 Applications are numerous within the fields of environmental 

and clinical analysis as well as in the industries of semiconductors, food and beverage, 

and pharmaceutical. Most o f the time, matrices are relatively simple and require easy 

cleaning steps such as filtration, extraction or centrifugation. The method presented in 

this chapter can be applied to water samples for analysis o f small inorganic anions.

As mentioned in Section 1.2.1, ultra-high pressure HPLC (UPLC) is used to 

generate very large number of theoretical plates using small particles and long columns.

Such separation power is not always essential. For instance, most ion chromatography

2 2
determinations involve just a few common anions (Cl', NCV, HPO4 ', SO4 '). Thus, the 

wish to perform cheaper, faster and easier analyses is pushing researchers to explore the 

use of short columns for separations. Fast separations have been performed using short 

(< 5 cm) and wide columns (up to 120 mm).3'6 However, these examples used large 

particles (30-200 pm) to minimize the pressure drop across the columns so that 

inexpensive peristaltic pumps could be used for elution. The use o f such large particles 

results in low resolution separations of only 2-4 compounds.

a A version of this chapter has been accepted in Jan 2005 for publication in a special issue o f the Journal o f  
Chromatography A devoted to the International Ion Chromatography Symposium 2005 (IICS05).
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Monolithic columns offer new opportunities for high-resolution analytical 

separations at low pressure (Section 1.2.5.2). Very high flow rates (as high as 16 

mL/min) can be used for ultra-fast separations.7,8 However, typical HPLC pumps are not 

designed for these flow rates, and such a method would have excessive solvent 

consumption. In this Chapter the use o f short monolithic columns at lower flow 

velocities is explored to overcome these difficulties. Efficient separations are achieved 

because o f the high efficiencies inherent to the monolithic phases and the low flow 

velocities used (equation 1.1). In addition, the short length and high permeability make 

possible fast separations at reduced pressure. One advantage o f such low back pressure is 

the possibility of using low pressure pumps in what is essentially a flow injection analysis 

(FIA) manifold that includes a separation component.

The use o f peristaltic pumps for IC on monolithic columns has recently been 

demonstrated for inorganic anion separations.9,10 Using a 1.0 cm long x 0.4 cm I.D. silica 

monolith, Pauli and co-workers observed a 50 psi pressure drop at 0.3 mL/min. 

Unfortunately, this back pressure (mainly due to a 10 cm long packed bed suppressor) 

was sufficiently high that they had to simultaneously use two peristaltic pumps in parallel 

to achieve this flow rate. The low flow rates resulted in long separations - 6 anions in 30 

minutes using gradient elution. This method showed that peristaltic pumps could be used 

for low pressure IC separations, but does not compare with the actual state o f the art in 

anion analysis where up to 8 anions are separated in 10-15 minutes with superior 

resolution.1 This method also suffered from extra-column band broadening due to large 

void volumes originating mainly in the long suppressor and the large injection loop (25 

p L ) .
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Satinsky’s group also reported the use of a low pressure syringe pump to drive 

separations on a monolithic column (2.5 cm and 5 cm long x 0.46 cm I.D .) .11,12 Four 

organic drugs were analysed using a commercial FIA system fitted with a 5 or 10 mL 

syringe for eluent delivery. The pressure limitations of the pump (360 psi) permitted 

separations at 0.6 mL/min. The system also suffered from extra-column band broadening 

since very wide connecting tubing was used (0.030” I.D. compared to the usual 0.005” 

I.D.).

In the present Chapter, the use o f 0.5 and 1 cm long monolithic columns for the 

separation o f inorganic anions is discussed. Ion chromatography is performed by coating 

the reverse phase silica monolithic columns with a long chained cationic surfactant as 

described in Section 1.2.5.2.1. Rapid, high resolution and low pressure separations on 

monoliths are achieved at low flow rates using isocratic elution. It is also demonstrated 

that the separations can be performed using a low pressure syringe pump at a constant 

flow rate of 0.9 mL/min.

4.2. Experimental

4.2.1 Apparatus

The equipment used for high and low pressure IC is illustrated in Figure 4.1. In 

high pressure IC (Figure 4.1 a) a model 625LC Waters (Milford, MA, USA) HPLC pump 

was used to deliver the eluent. A Chromolith RP-18e column (25 mm long x 4.6 mm

I.D., Merck KGaA, Darmstadt, Germany) was used as a pre-column and coated with 

didodecyldimethylammonium bromide (DDAB). A Rheodyne (Berkeley, CA, USA)

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



injection valve (model 7520) was fitted with a 0.5 pL loop for low dead volume 

experiment or a 1 pL loop for quantitative studies. Chromolith guard cartridges RP-18e 

(5 mm and 10 mm long x 4.6 mm I.D.) with cartridge holder (Figure 4.2) were used as 

the columns and connected directly to the injection valve through the 10-32 female port 

of the column holder. In eluent suppression mode, a Dionex (Sunnyvale, CA, USA) 

Anion Atlas Electrolytic Suppressor (AAES) was connected to the column with 5 cm of 

PEEK tubing (0.005” I.D, Upchurch, Oak Harbor, WA, USA). The suppressor operated 

in external water mode with a regenerant flow rate of ~2 mL/min. (The suppressor was 

removed when coating or uncoating the columns.) A Dionex ED-50A electrochemical 

detector and a DS3 Detection Stabilizer (Dionex, model DS3-1) were used for detection. 

A 10 cm 0.005” I.D. PEEK tubing (Upchurch) connected the column or suppressor 

directly to the cell which was within the DS3-1 stabilizer. The conductivity cell was 1 pL, 

the rise time 0.05 s and data was collected with the PeakNet 5.2 software (Dionex) at 20 

Hz.

Low pressure separations (Figure 4.1 b) were performed with a Sage Multi-Range 

Syringe pump, model M365 (Thermo Electron Corporation, Beverly, MA, USA) fitted 

with a 5 mL glass gastight syringe (model #1005, Hamilton Corporation, Reno, NV, 

USA). To insure smooth flow, the syringe and piston were periodically cleaned with an 

ethanolic 5% wt KOH solution. The tubing from the syringe to the injection port was 

1/16” I.D. Teflon PFA (Upchurch). To reduce noise from the syringe pump, 2 pulse 

dampers were introduced before the injector.13 The first one consisted of a 40 cm long 

piece of 1/8” I.D. Teflon tubing partially filled with eluent and introduced 

perpendicularly in the flow line with a micro-splitter valve (Upchurch, P/N P-460S). The
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splitter valve was used as a T-junction. The second pulse damper was model Lo-Pulse 21 

(Scientific Systems Inc., State College PA, USA). The injection valve, columns, 

suppressor and detector were as described in the previous paragraph.

A Coming 445 pH-meter (Coming, New York, NY, USA) with a Coming 

electrode (3 in 1 Combo P/N 476436) was used for pH measurements.

a)

HPLC
pump

Pre-column* K H  Columi 
Inj.

b)

Syringe pump

Waste

ConductivitySuppressor Computer
Detector

Regenerant

kWastePulse
dampers

ConductivityColumn - Suppressor Computer
Detector

Regenerant

Optional

Figure 4.1 a) High and b) low pressure IC systems.
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Figure 4.2 Life size pictures of the 0.5 and 1.0 cm long Chromolith guard cartridges

and the column holder . 14 Adapted from reference 14.

4.2.2 Reagents and solution preparation

All solutions were prepared in deionised 18 Mf2 water (Nanopure Water System, 

Bamstead, Chicago, IL, USA). Chemicals were reagent grade or better. The sodium 

salts of chloride (EMD Chemicals, Gibbstown, NJ, USA), nitrite (BDH, Toronto, 

Canada), nitrate (ACP Chemicals Inc. Montreal, Canada), sulphate (BDH) and phosphate 

(NaH2P0 4 -H2 0 , EMD) were used. Potassium salts o f bromide (Fisher, Fair Lawn, NJ, 

USA) and iodate (ACP Chemicals Inc.) were used.

The eluents were freshly prepared by dissolving the appropriate amount o f 4- 

cyanophenol (95%, Aldrich, St-Louis, MI, USA) or 4-hydroxybenzoic acid (99%, 

Aldrich, St-Louis, MI, USA) in water, adjusting the pH with a 2.5 M sodium hydroxide 

(Fisher) solution and diluting with water to the desired volume. The solutions were
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filtered through 0.22 pm Magna nylon membrane filters (GE Osmonic, Trevose, PA, 

USA) prior to use.

The column coating solution was 1 mM didodecyldimethylammonium bromide 

(DDAB 98%, Aldrich) in 1% or 5% v/v acetonitrile (ACN, HPLC grade, Fisher). The 

appropriate amount of DDAB was dissolved in water using a sonicator, acetonitrile was 

added, the solution was diluted to the desired volume and finally it was filtered through a 

0.22  pm nylon filter.15

4.2.3 DDAB Solubility

The solubility of DDAB in 50% ACN/water and 100% acetonitrile was measured 

by adding small amounts (between 0.01 and 0.05 mL) of the ACN solution to a known 

mass o f DDAB (~0.1 g) under constant stirring until the DDAB visibly dissolved.

4.2.4 Column coating and removal of coating

The monolithic guard columns were coated using the procedure illustrated in 

Figure 1.16 where a column is equilibrated with 1% or 5% acetonitrile and then flushed 

with a DDAB/ACN solution at 1 mL/min until complete breakthrough of DDAB is 

observed (< 25 mL), as determined by a rapid increase in the conductivity. Then, the 

columns were washed with water to remove any unretained DDAB for 10 min at 1 

mL/min. Finally the columns were equilibrated with the 4-cyanophenol or 4- 

hydroxybenzoic acid eluents at 1 mL/min.
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The ion exchange capacity of the coated columns (Q in peq/column) is estimated

1 C  1-7

according to this equation:

Q = CddabF (tb — to) (4.1)

where C d d a b  is the concentration o f the DDAB coating solution (peq/mL or pmol/mL), F 

is the flow rate (mL/min), tb the breakthrough time of DDAB (min) and to the dead time 

of the column (min). The column capacity is varied by adjusting the ACN content in the 

coating solution. 15,18

The DDAB coating was stable for up to 3 weeks (Section 4.3.1.4). However, to 

insure reproducible retention behaviour, the columns were typically recoated every 3-5 

days using the following procedure. The column was first flushed with water at 1 

mL/min for 3 minutes to remove the eluent. The %ACN was gradually increased to 50% 

over 1 min and the column was flushed at 1 mL/min for 7 min to remove the DDAB. 

Finally the %ACN was reduced to 1% or 5% and held for 2 minutes to equilibrate the 

column prior to the next coating.

4.3. Results and discussion

4.3.1 HPLC separations on short columns

4.3.1.1 Eluent conditions and selection

Traditional eluents for IC are hydroxide and bicarbonate/carbonate (Section

1.2.3.2). Such alkaline eluents cannot be used with silica stationary phases, which 

experience dissolution at pH greater than 8 (Section 1.2.5.1). Cyanophenols have been
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demonstrated to be a good alternative to basic eluents for suppressed conductivity ion 

chromatography on silica columns.15 Initially, the use o f 2-cyanophenol at pH 7.0 

appeared to be an ideal choice. However, it causes pressure increase problems possibly 

by forming a precipitate in the column.15,19 In these experiments, 4-cyanophenol was 

used instead.

The strength of weak acid eluents in IC is tuneable by adjusting their 

concentration (Section 1.2.3.2) and pH. Using a pH near the pKa o f the eluent (±1 pH 

unit) provides both good buffering capacity and insures that the amount of deprotonated 

acid (the actual eluent) stays constant. The pH of the 4-cyanophenol (pKa 7.7) eluent 

was adjusted at 7.3 or 7.4, to be close to the pKa without exceeding the column pH 

limitations.

The separation of chloride, nitrate, phosphate and sulphate on a 0.5 cm column in 

less than 2 min at 2 mL/min is presented in Figure 4.3 a. The 9 mM 4-cyanophenol (pH 

7.3) provides a resolution of 1.8 between chloride and nitrate (minimum resolution o f the 

separation). The same anions along with iodate are separated on a 1 cm column using 9 

mM 4-cyanophenol, pH 7.4 in 3 min at 2 mL/min (Figure 4.3 b). Chloride and nitrate are 

now baseline resolved and a resolution o f 1.4 is obtained between iodate and chloride. A 

slightly lower eluent concentration of 6 mM 4-cyanophenol enables the separation of five 

singly charged analytes in 1 min with a resolution of 1.1 between the critical pairs (Figure

4.3 c). Phosphate and sulphate elute in 4 and 8 minutes respectively using this eluent.
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Figure 4.3 Suppressed anion separations with 4-cyanophenol eluent. Experimental 
conditions: flow rate is 2.0 mL/min, injection is 0.5 pL, analyte concentration is 250 pM. 
a) 0.5 cm column, eluent is 4-cyanophenol 9 mM pH 7.3, coating solution is DDAB 1 
mM in 1% ACN, column capacity is 12 peq/column, suppression at 60 mA. b) 1 cm 
column, eluent is 4-cyanophenol 9 mM pH 7.4, coating solution is DDAB 1 mM in 5% 
ACN, column capacity is 20 peq/column, suppression at 80 mA, pre-column is 2.5 cm 
column coated with DDAB 1 mM in 5% ACN. c) 1 cm column, eluent is 4-cyanophenol 
6 mM pH 7.3, coating solution is DDAB 1 mM in 5%ACN, column capacity is 21 
peq/column, suppression at 70 mA.
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Calibration plots are linear up to 350 pM (R2 =0.9985-0.9999) with intercepts 

equal to zero at the 95% confidence limit. Table 4.1 shows the detection limits

91determined as in Section 2.3.2. The detection limits are from 0.3 to 0.5 pM (0.02 to 

0.06 ppm) for all analytes. These limits o f detection are higher than previously reported 

for suppressed IC (usually in the ppb range1,22) because o f the use of a small (1 pL) 

injection loop to minimize extra-column band broadening (Section 4.3.1.3).

Table 4.1 Detection limits and run to run %RSD for IO3", Cl', NO3', HPO42' and 

SO42

Analyte
Detection limits

% RSD
pM ppm

IO3 0.3 0.06 1.5

Cl 0.5 0.02 3.7

NO3 0.3 0.02 1.6

HPO42 0.3 0.03 0.8

SO42 0.4 0.04 1.0

a. Experimental conditions: 1 cm column, flow rate is 1.0 mL/min, injection is 1 pL, 

eluent is 4-cyanophenol 9 mM pH 7.3, coating solution is DDAB 1 mM in 5%ACN, 

column capacity is 20 peq/column, suppression at 40 mA, pre-column is 2.5 cm column 

coated with DDAB 1 mM in 5% ACN.

As suggested by Pauli and co-workers 4-hydroxybenzoic acid (pKai=4.6, 

pKa2=9 .5)20 can also be used as a neutral pH eluent.9 Figure 4.4 shows the separations of 

seven inorganic anions on the 0.5 and 1 cm columns using a 5 mM 4-hydrobenzoic acid 

(pH 5.6) eluent. Under these conditions, separations are complete in 1.5 and 2.5 min at

2.0 mL/min on the 0.5 and 1 cm columns, respectively. Thus 4-hydroxybenzoic acid is a
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more effective eluent than 4-cyanophenol in terms of resolution and separation time. 

However, as can be noticed by comparing the scales o f Figures 4.3 and 4.4, sensitivities 

can be up to 60% inferior with 4-hydroxybenzoic acid, since this eluent conductivity 

cannot completely be suppressed by the suppressor (Section 1.2.4.1) .1,23 The residual 

background conductivity with 4-hydroxybenzoic acid is evident in the large water dip at 

the dead time in Figure 4.4.

0.5 cm Column

1 cm Column

0.05 nS

0 1 2
Time (min)

Figure 4.4 Suppressed anion separations with 4-hydroxybenzoic acid eluent.
Experimental conditions: flow rate is 2.0 mL/min, injection is 0.5 pL, analyte 
concentration is 250 pM, eluent is 4-hydroxybenzoic acid 5 mM pH 5.6, coating solution 
is DDAB 1 mM in 1%ACN. a) 0.5 cm column, column capacity is 12 peq/column, 
suppression at 70 mA. b) 1 cm column, Column capacity is 25 peq/column, suppression 
at 80 mA.
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4.3.1.2 Coating conditions

In this system, the capacity of the columns is adjusted upon coating and depends 

on the concentration o f ACN in the coating solution.15,18 The eluent concentration, pH 

and the column capacity are adjusted together to provide fast but resolved 

chromatograms. In Figure 4.3 a, the 0.5 cm column was coated with 1 mM DDAB in 1% 

ACN. The use of a low ACN content resulted in a column capacity of 24 peq/cm (12 

peq/column, see Table 4.2), which allowed sufficient retention to separate chloride from 

the water dip at the dead time. The 1 cm columns were coated with 1 mM DDAB in 5% 

ACN (Figure 4.3 b and c), generating capacities o f -2 0  peq/cm (20 and 21 peq/column), 

which was sufficient to resolve iodate from the water dip. Doubly charged analytes are 

more affected by the column capacity than singly charged anions (equation 1.18 in 

Section 1.2.3.2). Thus, the lower capacities obtained by increasing the ACN in the 

coating solution reduced the retention of phosphate and sulphate by 10% while not 

significantly affecting the retention o f the other anions. In Figure 4.4, columns were 

coated with 1 mM DDAB in 1% ACN to resolve the early eluting peaks and to provide 

sufficient retention to move them away from the water dip. Capacities of 24 peq/cm were 

obtained (12 and 25 peq/column for the 0.5 and 1 cm long columns, respectively).

The capacities o f 20 ±1 peq/cm obtained for the coatings with DDAB in 5% ACN 

(Table 4.2) are in agreement with previous work with 5 cm columns which had capacities 

of 20 peq/cm . 15 Coatings with DDAB in 1% ACN were not reported in this earlier work 

but are interpolated to be 22 peq/cm which is comparable to the capacities o f 24 ±2 

peq/cm obtained here (Table 4.2).
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Table 4.2 Column capacities according to coating solution.

Figure Column Length DDAB in 1% ACN DDAB in 5% ACN

a 0.5 cm 24 ±2 peq/cm na

4.3 b 1 cm na 20  ±1  peq/cm

c 1 cm na 20  ± 1  peq/cm

4.4
a 0.5 cm 24 ±2 peq/cm na

b 1 cm 24 ±2 peq/cm na

4.3.1.3 Band broadening from extra-column effects

Section 1.2.2 explained the effects of extra-column band broadening on a 

separation. For the IC system used herein the variance caused by the suppressor (a2sup) is 

added to the overall variance equation. Equation 1.14 becomes:

O — CJ Col +  O inj +  CJ tu ® sup & fc "F O rt (4-2)

The 0.5 and 1 cm columns used for this work are much smaller than conventional 

columns (V0 <0.1 mL compared to ~1.5 mL for a 15 cm long column). Thus the impact 

of each extra-column effect on band spreading can be substantial and must be minimized.

The effect o f the injection volume on the overall efficiency was estimated by 

calculating Vs/Vc, where Vs is the volume of the sample loop and Vc is the volume of the 

peak (i.e. baseline width = 4a ).24 No negative effect on the separation is observed when 

Vs/Vc is less than 0.1, and the loss in resolution is less than 10% when Vs/Vc is below 

0.4.24 Typically an injection volume of 20 pL is used in IC. However peak volumes as 

small as 100 pL are achieved with the 1 cm monolith used herein (Table 4.3). Thus for a
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20 pL injection, Vs/Vc is about 0.2 and the injection would contribute to the overall peak 

width. For the 0.5 cm column, a 20 pL injection would contribute about 10% to the peak 

width. To insure that injection does not affect the peak efficiencies, a conservative 

injection volume o f 0.5 pL was used (Vs/Vc < 0.004). Similarly, the detector contribution

7 9to broadening (a fc+ a  rt) was minimized by using a small flow cell (1 pL) and a fast rise 

time (0.05 s). Short (<5 cm total injector-to-suppressor) and narrow connecting tubing 

(0.005” I.D.) were used to minimize the connecting tubing contribution (a2tu). The 

diameter o f the connecting tubing could have been smaller, but as it will be explained in 

Section 4.3.2, it was desirable to keep the backpressure of the system low.

The top section of Table 4.3 presents the efficiencies obtained in the low-volume 

IC system described above (non-suppressed). The efficiencies (as H or N/m) for the non­

suppressed IC system are essentially independent of retention, indicating that the above 

adjustments were successful in eliminating extra-column band broadening. Nonetheless, 

the plate heights in Table 4.3 (H -40  pm) are substantially poorer than expected for 

monoliths possessing 2 pm macropores. Typically, such monoliths behave comparably 

to columns packed with 3 pm particles (Section 1.2.5.2) and, as was observed by Hatsis 

et al., values of H should be around 15 pm.15 Unexpectedly, an additional source of 

extra-column band broadening was discovered - the column holder (Figure 4.2). One end 

of the holder consists o f a 2 cm long connector with an I.D. o f -0 .02”. This is very wide 

compared to the connecting tubing I.D. of 0.005” used, consequently increasing the 

overall band broadening in the system. However, as discussed below, the suppressor 

dominated extra-column band broadening. Therefore, no further efforts were made to 

reduce the extra void volume o f the holder.
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Detection limits for non-suppressed IC are usually only ~100 ppb. Suppression in 

IC increases detection sensitivity by reducing the eluent background and increasing the 

analyte’s conductivity signal (Section 1.2.4.1) .1,23 Two small internal volume (-35 pL) 

suppressors (Dionex AAES and Metrohm MSM) were tried. The MSM suppressor 

consists of 3 small packed beds positioned in a 3-position rotary valve. During 

operation, one bed suppresses the eluent while the second is regenerated with sulphuric 

acid and the third rinsed with water. The valve is rotated prior to each separation which 

provides a fully regenerated suppressor bed each time. The AAES produced less 

broadening and was used hereafter. Table 4.3 shows the efficiencies (N/m) deteriorating 

by more than 2-fold for IO3' in suppressed mode. Also, in the suppressed separation, the 

efficiencies worsen by 2-fold from Cl' to IO3' (Table 4.3). These are clear indications

r)f\that the suppressor is the major source o f extra-column band broadening. Nevertheless, 

baseline resolution between IO3' and Cl" is still achieved (Rs=1.4). In addition, since the 

suppressor contributes to up to 50% of the total extra-column band broadening, it was 

possible to increase the size o f the injection loop to 1 pL to furthermore improve 

sensitivity without compromising efficiency. A 5 pL loop was tried, but not used, since it 

doubled the plate height for iodate.
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Table 4.3 Peak efficiency in non-suppressed and suppressed modes.

IO3 Cl' n o 2 Br NO3

k’ 1.5 2.4

Non-Suppressed

3.4 4.6 5.0

N/m 25,000 28,000 23,000 26,000 28,000

H (pm) 40 36 43 38 36

<72 (pL2) 520 860 1,640 2,470 2,700

k’ 1.6 2.6

Suppressed

na na 5.3

N/m 11,000 23,000 na na 18,000

H (pm) 91 43 na na 56

o 2 (pL2) 1,160 1,150 na na 4,610

a. Experimental conditions: 1 cm column, flow rate is 1 mL/min, injection is 0.5 pL, 

eluent is 4-cyanophenol 9 mM pH 7.3, coating solution is DDAB 1 mM in 5%ACN, 

column capacity is 20 peq/column, suppression at 60 mA, pre-column is 2.5 cm column 

coated with DDAB 1 mM in 5%ACN. For non-suppressed conductivity studies the 

analyte concentration is 2.5 mM, except for IO3' which was 10 mM. With suppressed 

conductivity, the analyte concentration is 250 pM.

4.3.1.4 Improved stability and the removal of the DDAB coating

With surfactant coated columns, the ion exchange capacity gradually decreases 

due to the slow leaching of the surfactant off o f the analytical column. Reproducible 

retention times can be achieved either by addition of a small amount o f surfactant to the 

eluent27 or by periodically recoating the column.15 The long-term stability o f the DDAB 

coatings was studied by pumping an 8 mM 4-cyanophenol pH 7.3 eluent through a 1 cm 

monolith coated with 1 mM DDAB in 5% ACN. After pumping about 2900 column
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volumes through the column, the retention times had decreased by 7% (Figure 4.5). If  a 

10% loss in retention was considered acceptable, a fresh coating would last for 11 hours 

of operation (roughly two days) at 1 mL/min.

The stability of the retention times was improved by placing a 2.5 cm DDAB 

coated monolithic pre-column prior to the injector (Figure 4.1 a). This pre-column was 

coated with DDAB using the same coating procedure as the analytical column. DDAB 

leaching from this pre-column replaces any surfactant lost from the analytical column. In 

this manner, the coating of the analytical column is continuously regenerated. With a 

DDAB coated pre-column in place, the retention times decreased by less than 1% after 

flushing with eluent through 6300 column volumes (Figure 4.5). About 150 hours 

(roughly 19 days) would then be necessary to reduce the column performance by 10%. 

This is nearly a 15-fold improvement compared to the stability o f a coating without pre­

column and signifies that a column would only need to be recoated every 3 weeks when 

doing routine analysis. In both the stability studies (with and without the pre-column), 

the pressure o f the system increased by 5% after pumping for 8 or 15 hours, but was 

recovered using the recoating procedure described below.
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With pre-column

- 2 -

Without pre-column

2000 5000 6000 70001000 3000 4000

Column Volumes

Figure 4.5 Variation of retention time of sulphate with column volumes.

Experimental conditions: Separation column is 1 cm, pre-column is 2.5 cm, coating

solution is DDAB 1 mM in 5% ACN, column capacity is 21 peq/column, eluent is 4- 

cyanophenol 8 mM pH 7.3, flow rate is 1.0 mL/min, injection is 0.5 pL, analyte

concentration is 250 pM. The curves are simply a guide to the eye.

To remove the DDAB coatings from a column, Hatsis and Lucy flushed the

columns with 100% ACN (Figure 1.16).15 Unfortunately, DDAB is only slightly soluble

in pure ACN. Using the procedure described in Section 4.2.3, it was determined that the

solubility o f DDAB in ACN is only 0.1 g/ml. Thus DDAB precipitates in the column

when mixed with 100% ACN. The precipitation o f DDAB in the columns upon repeated

removal of coatings caused pressure build ups and reproducibility problems. These

difficulties were solved by using a 50% ACN/water solution to remove the DDAB

coatings. The solubility of DDAB is 0.7 g/ml in 50% ACN. Using this procedure, the

%RSD of the capacity obtained from successive coating/uncoating cycles (n=5) were
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below 2%, and retention time variability was less than 3%. Significantly, the column 

pressure also remained constant (%RSD < 3%) over multiple coating/uncoating cycles 

(n=4).

4.3.2 Multicomponent flow injection analysis

The use of low pressure pumps such as peristaltic or syringe pumps for

separations on monolithic columns has been attempted by the groups o f Satinsky and

Pauli.9,11,12 The most important challenge when using low pressure pumps for separations

on monolithic columns is to reduce the system back pressure. Using 2.5 and 5 cm

monolithic columns, Satinsky and co-workers replumbed their system with very wide

tubing (0.030” I.D.) which reduced the back pressure but contributed substantially to the

extra-column band broadening. Despite this effort to reduce the pressure, the maximum

flow rate they attained was ~0.6 mL/min with a syringe pump. As a result separations 

11 12took 6-8  min. ’ Pauli and co-workers, on the other hand, used shorter columns (1 cm) 

and peristaltic pumps. They could not exceed flow rates o f 0.38 mL/min even when 

simultaneously using two peristaltic pumps and increasing the column temperature to 45 

°C to reduce viscosity (and therefore back pressure).9 The low flow rates obviously 

resulted in very long separations dominated by band broadening from longitudinal 

diffusion effects (Section 1.2.1) .28’29

My work with a syringe pump (glass syringe), illustrated in Figure 4.6, shows that 

it is possible to overcome these difficulties. By using columns no longer than 1 cm and 

very short 0.005” I.D. tubing, flow rates o f 0.9 mL/min were achieved. The total back
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pressure o f the system (i.e. syringe to detector) was about 70 psi at this flow rate, with 40 

psi arising from the suppressor. Analytes (nitrate and sulphate) that were eluted in 18 and 

30 minutes in Pauli’s system (using a gradient elution o f 4-hydroxybenzoic acid from 2 to 

5 mM) were resolved here in less than 2 and 4 min, respectively. Figure 4.6 demonstrates 

that the flow rate of the syringe pump is constant during the analysis since the 

chromatograms obtained with an HPLC pump matched the ones obtained with the 

syringe pump. Baseline fluctuations occurred because the pump’s mechanisms and 

motor were operating at maximum speed. Fluctuations were reduced by the addition of 

pulse dampers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

93



0.5 cm Column

0.1 pS
Syringe Pump

HPLC Pump

1 cm Column

Syringe Pump

0.1 pSHPLC Pump

3 41 20
Time (min)

Figure 4.6 Low pressure separations with syringe pump. Experimental conditions: 

injection is 0.5 pL, analyte concentration is 250 pM, suppression at 40 mA. a) 0.5 cm 

column, eluent is 4-cyanophenol 9 mM pH 7.3, coating solution is DDAB 1 mM in 1% 

ACN, column capacity is 13 peq/column, flow rate is 0.9 mL/min. b) 1 cm column, 

eluent is 4-cyanophenol 6 mM pH 7.3, coating solution is DDAB 1 mM in 5% ACN, 

column capacity is 21 peq/column, flow rate is 0.9 mL/min, with HPLC pump only: pre­

column is 2.5 cm column coated with DDAB 1 mM in 5% ACN.
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4.4. Conclusions

The separations presented in this chapter clearly demonstrate that columns as 

short as 0.5 cm can be used to obtain fast IC separations using reasonable flow rates. 

When compared to traditional IC1, our separations resolve most important inorganic 

anions with elution times up to five times faster. These fast separations come with the 

advantages of reduced solvent consumption compared to previous fast IC work15. To 

achieve efficient separations, sources of extra-column band broadening have to be 

considered and reduced. The low pressures generated from the monolithic columns 

enable the use o f an inexpensive and simple syringe pump for eluent delivery.
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CHAPTER FIVE. Small particle IC separations at high pH on a silica stationary 

phase

5.1 Introduction

The ion chromatography method described in the previous chapter is limited to a 

maximum eluent pH o f 8 due to the poor chemical stability o f silica-based stationary 

phases in alkaline solutions (Section 1.2.5.1). 4-Cyanophenol and 4-hydroxybenzoic acid 

were used as an alternate to the traditional IC eluents such as sodium hydroxide and 

carbonate/bicarbonate, which require pH>10. However, since alkaline eluents are 

suppressed more effectively because of their high pKa and provide better sensitivity 

(Section 1.2.4.1), it is desirable to adapt our method to high pH eluents. In addition, high 

pH enables the use o f more highly charged eluents, which give better control of 

selectivity.

Bidentate silica-based Zorbax Extend C18 columns (Section 1.2.3.1) are stable 

from pH 2-11.5. They are used in this work with 4-hydroxybenzoic acid and 

carbonate/bicarbonate eluents from pH 5.6 to 10.5.

As was explained in Section 1.2.1, the size of the particles has a great impact on 

the efficiency and speed of analysis. By combining the use o f short columns (2.0 cm) 

with small particle diameter (1.8 pm), fast (<2 min) and efficient (N/m~100,000) 

separations are achieved in this work. However, the high efficiencies and low peak 

volumes generated by these small particle columns make even greater demands on the 

efficiency o f the extra-column components (Sections 1.2.2 and 4.3.1.3). Thus, a
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significant aspect of these studies was the reduction of the extra-column band broadening 

due to other system components, particularly the suppressor.

IC separations are performed using DDAB coatings as in Chapter 4. However, 

the removal procedure (Section 4.2.4) has been improved to eliminate the pressure build­

up caused by precipitation of the surfactant in the column during uncoating.

5.2 Experimental

5.2.1 Apparatus

The ion chromatography system was essentially as discussed in Section 4.2.1 and 

illustrated in Figure 4.1a. A 0.5 pm stainless steel frit (Upchurch, Oak Harbor, WA, 

USA) was added before the pre-column. The pre-column (Zorbax Extend-C18, 1.25 cm 

long x 0.46 cm I.D., 5 pm particle diameter, Agilent Technologies, Palo Alto, CA, USA) 

was positioned before the injector and coated with didodecyldimethylammonium bromide 

(DDAB) as described in Section 5.2.3. A Rheodyne (Berkeley, CA, USA) injection 

valve (model 7520) fitted with a 1 pL loop, injected samples onto a Zorbax Extend-C18 

1.8 pm particle diameter columns (2 cm long x 0.46 cm I.D., Agilent Technologies) also 

coated with DDAB. The column was connected directly to the injection valve through a 

column coupler (Merck KGaA, Darmstadt, Germany) fitted with 3 cm o f 0.004” I.D. 

PEEK tubing (Upchurch). A Dionex (Sunnyvale, CA, USA) Anion Atlas Electrolytic 

Suppressor (AAES) or a Dionex Anion Self Regenerating Suppressor (ASRS ULTRA II) 

was connected to the column with 5 cm of PEEK tubing (0.004” I.D, Upchurch). The 

suppressor operated in external water mode with a regenerant flow rate o f ~2 mL/min.
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(The suppressor was removed during coating or uncoating the columns and during the 

stability study with carbonates.) A Dionex ED-50A electrochemical detector and a DS3 

Detection Stabilizer (Dionex, model DS3-1) were used for detection. A 10 cm 0.004” 

I.D. PEEK tubing (Upchurch) connected the column or suppressor directly to the cell, 

which was within the DS3-1 stabilizer. The conductivity cell was 1 pL, the rise time 0.05 

sec and data was collected with the PeakNet 5.2 software (Dionex) at 20 Hz. A Dionex 

Variable Wavelength Detector-II was used at 254 nm to perform RPLC column tests.

A Coming 445 pH-meter (Coming, New York, NY, USA) with a Coming 

electrode (3 in 1 Combo P/N 476436) was used for pH measurements.

5.2.2 Reagents and solution preparation

The reagents used and their preparation were as in Section 4.2.2. In addition, 

sodium bromide (Anachemia) solution was used in these experiments to rinse the 

columns prior to removing the DDAB coating (Section 5.2.3).

IC eluents were freshly prepared by dissolving the appropriate amount o f 4- 

hydroxybenzoic acid (99%, Aldrich, St-Louis, MI, USA) in water, adjusting the pH with 

a 2.5 M and 1.0 M sodium hydroxide (Fisher) solution and diluting with water to the 

desired volume. The solutions were filtered through 0.22 pm Magna nylon membrane 

filters (GE Osmonic, Trevose, PA, USA) prior to use. To avoid chloride contamination 

from the pH electrode, the pH of an aliquot of the final solutions was measured. Eluents 

based on carbonates were prepared by dissolving the appropriate amounts of sodium
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carbonate and sodium bicarbonate (EM Science, Gibbstown, NJ, USA) in water. The 

solution was filtered through 0.22 pm nylon membrane filters (GE Osmonic).

Periodically, the RPLC performance o f the columns was checked to ensure that 

the column was still intact. A solution of 0.01 g/L uracil (98%, Aldrich, St-Louis, MI, 

USA), 0.3 g/L phenol (ACP Chemicals Inc,), 0.06 g/L l-chloro-4-nitrobenzene (Aldrich) 

and 0.07 g/L naphthalene (Fisher) in 40/60% water/ACN was injected and monitored 

with UV detection at 254 nm. The eluent was 40/60% water/ACN eluent (2 mL/min).

5.2.3 Column coating and removal of coating

The Extend-C18 columns were coated with 1 mM DDAB in either 35% or 40% 

ACN solution, and then equilibrated with 4-hydroxybenzoic acid or 

carbonate/bicarbonate eluents as in Section 4.2.4. Breakthrough o f DDAB was observed 

at < 15 mL. The ion exchange capacity o f the coated columns (Q in peq/column) was 

estimated according to equation 4.1.

To insure reproducible retention behaviour, the columns were typically recoated 

every 3-5 days using the following procedure (Figure 5.5). The column was first flushed 

with water at 1 mL/min for 10 min to remove the eluent. Then the column was flushed 

with aqueous 1 mM NaBr for 20 min and rinsed again with water for 10 min at 1 

mL/min. The %ACN was gradually increased from 0 to 50% over 3 min and the column 

was flushed for 5 min with 50% ACN to remove the DDAB. Finally the %ACN was 

reduced to 35% or 40% over 2 min and held for 2 min to equilibrate the column prior to 

the next coating.
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5.3 Results and discussion

5.3.1 High pH eluent on a silica-based column

5.3.1.1 4-Hydroxybenzoic acid eluents

Section 1.2.5.1 states that carbonate buffers should not be used with silica-based 

stationary phases as this type o f buffer accelerates the silica dissolution at high pH. 

Therefore, the initial experiments with the Zorbax Extend phase columns were performed 

using less aggressive 4-hydroxybenzoic acid eluents. In Chapter 4, 4-hydroxybenzoic 

acid (pKai=4.6, pKa2=9 .5 )1 was shown to be an effective eluent for DDAB coated 

monolith columns at pH 7-7.5. However, at such neutral pH, 4-hydroxybenzoic acid 

carries only a -1 charge, and so is a weak eluent with respect to multiply charged ions 

such as sulphate (Section 1.2.3.2). Consequently, as can be seen in Figure 4.3, singly 

charged ions are rapidly eluted by 4-hydroxybenzoic acid at pH 5.6 while sulphate is 

strongly retained.

Figure 5.1 shows the variation in retention for a number o f common anions using 

4-hydroxybenzoic acid eluent from pH 5.6-10.5. The retention factor of all analytes 

decreases as the pH increases since the eluent becomes more ionized, and therefore 

stronger. The effect is particularly important as the second pKa of 4-hydroxybenzoic acid 

(4-hb) is approached (at pH>8.5). The increased presence o f 4-hb2' is very significant for 

the doubly charged analytes phosphate and sulfate which reduces their retention factors 

considerably (Section 1.2.3.2). Because phosphate and sulfate are more affected than the 

singly charged analytes, the later are still resolved at high pH while the gap between the 

singly and doubly charged analytes is considerably reduced, improving the speed of
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analysis. The ideal pH for a 4-hydroxybenzoic acid eluent used with a high pH stable 

phase is about 10. The retention of phosphate increases between pH 7-8 because the ion 

(H2PO4') reaches its second pKa (7.2)2 and becomes doubly charged (HPO42') and thus, is 

more retained. However, by pH 8.5 phosphate is essentially fully in the -2 form, and the 

eluent is now approaching its second pKa (pKa2=9 .5 )1. Thus above pH 8.5, the retention 

of phosphate behaves (decreases) similarly to sulphate (SO4 ').

20  -

10  -

6 7 8 9 10 115

pH

Figure 5.1 Variation of the retention factors with pH for a 4-hydroxybenzoic acid 

eluent. Experimental conditions: eluent is 4-hydroxybenzoic acid 2.0 mM, 1.0 mL/min, 

coating solution for pre-column and separation column is 1 mM DDAB in 40% ACN, 

separation column capacity is 5 peq/column, AAES suppressor at 20 mA, analyte 

concentration is 250 pM. Standard deviation is smaller than symbols, n=3.
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RPLC-UV separations were performed to study the stability o f the silica when 

using 4-hydroxybenzoic acid at high pH. Separations were performed upon receipt of the 

column and after 30-35 hours o f usage with 4-hydroxybenzoic acid at pH 8 to 10 with a 

coated pre-column (Section 5.2.1). On average peak efficiency and retention factors were 

reduced by 6%. The column permeability was unchanged. These results indicate that 4- 

hydroxybenzoic acid at high pH does degrade the silica but at a slow rate.

Figure 5.2 illustrates the separation of seven common anions with a 2.5 mM 4- 

hydroxybenzoic acid eluent at pH 10.0. The peaks are separated in 2 minutes and 

baseline resolved with peak efficiency up to 180,000 plates/meter (see second section of 

Table 5.1). The separations obtained in Chapter 4 (Figures 4.3 and 4.4) would have 

resolved the same analytes in 4 minutes with peak efficiencies 20,000-40,000 

plates/meter if  performed on a 2 cm long monolithic column at 1 mL/min. The impact of 

the small 1.8 pm particle diameter size on efficiency is thus significant compared to the 

monolithic columns.
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0.2 nS

Time (min)

Figure 5.2 Suppressed anion separation with 4-hydroxybenzoic acid eluent at pH

10.0. Experimental conditions: eluent is 4-hydroxybenzoic acid 2.5 mM, 1.0 mL/min, 

coating solution for pre-column and separation column is DDAB 1 mM in 35% ACN, 

separation column capacity is 12 peq/column, ASRS-II suppressor at 40 mA, analyte 

concentration is 150 pM.

Coating of the column with a DDAB in 35% ACN solution resulted in an ion 

exchange capacity of 12 peq/column (6  peq/cm). On a monolithic columns, coating with 

a DDAB in 35% ACN solution results in column capacity o f 4 peq/cm (from 

interpolation o f previous results ). Because monolithic columns have large throughpores, 

the density o f silica/cm is less than for a particulate column. The amount o f DDAB 

coated/cm of column is thus smaller for monolithic columns.
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5.3.1.2 Carbonate eluents

As mentioned in Section 5.1, the use of conventional IC eluents such as 

carbonates provides better sensitivity since their conductivity background is better 

suppressed. However, the use o f carbonates is not recommended with silica-based 

stationary phases because of their poor stability with such eluents (Section 1.2.5.1). It 

was shown that the Extend phase (bidentate chemistry, Section 1.2.3.1) was much more 

stable (>90%) than standard Ci8 phases in carbonate/bicarbonate eluents.4 Upon 

completion o f the experiments with the 4-hydroxybenzoic acid eluent, the column 

stability was tested by flushing a classic IC eluent solution o f carbonate/bicarbonate (3.4 

and 2.7 mM respectively, pH 10.5) through the column at 1.0 mL/min. Initially (t=0 on 

Figure 5.3), high efficiency (up to 160,000 N/m) were obtained. After 24 hours 

efficiencies had decreased by about 10%. The Extend column failed after only 36 hours 

of operation with the carbonate eluent. Between the separations o f t=0 and t=36 hours, 

the efficiencies decreased by 20  to 60% and the resolution between nitrate and phosphate 

decreased from 1.8 to 1.1 (Figure 5.3). At the same time, the pressure increased by 10%. 

A life time of 36 hours is not long enough to be considered usable for routine analysis. 

Ideally a column should be stable enough to perform 1000-2000 sample analyses5 (about 

50-100 hours in this case). Impairment o f the silica backbone and the bonded stationary 

phase due to high pH eluent result in reduced plate number and column clogging.4,6,7 The 

bottom chromatogram on Figure 5.3 was obtained after removing DDAB and replacing it 

by a fresh coating on the column. This chromatogram demonstrates the dramatic effect
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of the carbonates on the column. In addition, the RPLC-UV tests performed before and 

after testing also demonstrate the degradation caused by the carbonate eluent (Figure 5.4).

1 0.1 nS

T=36 hrs

T=36.3 hrs 
*Fresh coating

0 1 2 3
Time (min)

Figure 5.3 Anion separations with carbonate/bicarbonate eluent at t = 0, 36 and 36.3 
hours. Experimental conditions: eluent is carbonate (CO32') 3.4 mM, bicarbonate 
(HCO3') 2.7 mM, pH 10.5, 1.0 mL/min, coating solution for pre-column and separation 
column is DDAB 1 mM in 35% ACN, separation column capacity is 12 peq/column, 
ASRS-II suppressor at 50 mA, analyte concentration is 150 pM.

-c

T=0 hrs 
‘ Before coating

T=36 hrs
‘ After DDAB removal

0 0.2 0.4 0.6
Time (min)

Figure 5.4 RPLC-UV chromatograms at 0 and 36 hours. Experimental conditions: 
eluent is 40/60% water/ACN, 2.0 mL/min, for analyte concentration see Section 5.2.2.
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5.3.2 Band broadening from extra-column effects

If not carefully minimized, the extra-column band broadening effects can be 

substantial when using short columns packed with small particles (Sections 1.2.2 and 

4.3.1.3). However, as presented in the top section o f Table 5.1, these effects were 

virtually eliminated in the non-suppressed mode. The reduced plate heights (h) obtained 

under non-suppressed conditions are within the optimal range o f 1.5-3 (Section 1.2.1) and 

indicate that the column is performing properly and that additional broadening is 

eliminated. This data was obtained by removing the conductivity cell from the DS-3 

detection stabilizer and connecting it directly to the column using a column coupler (from 

Merck, see Section 5.2.1). This prevented any broadening from the 10 cm long tube used 

for connection with the cell. For normal operation, in suppressed mode, the cell was put 

back in the DS-3 to reduce noise due to temperature fluctuations. As explained in the 

next paragraph, the suppressor is the prevailing broadening factor in suppressed mode, 

therefore the 10 cm tubing does not contribute to band broadening in that mode and can 

be used with the cell. A 1 pL injection loop was used and did not significantly contribute 

to band broadening since Vs/Vc= 0.03 (Section 4.3.1.3).

Suppression o f the eluent background in IC improves the detection limits but 

increases the extra-column void volume and therefore the extra-column band broadening 

(Section 4.3.1.3). However, if  the void volume of the suppressor is reduced, the 

detrimental effects are diminished.8 Reducing the void volume o f the suppressor from 35 

to 15 pL by using a different suppressor considerably decreased the extra-column effects, 

as shown is the second and last sections of Table 5.1. When using the low void volume
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ASRS-II suppressor, the number of plates/meter can be up to ten times higher than with 

the AAES suppressor. However, the ASRS-II can only handle a maximum flow rate of 1 

mL/min before leakage from the seals occurs within this suppressor. The AAES 

suppressor must be used at flow rates higher than 1 mL/min.

Detection limits were not studied, but would be the same as in Chapter 4 with the 

4-hydroxybenzoic eluents. They would, however, be lower with the carbonate eluents 

since suppression is more efficient.

Table 5.1 Peak efficiency in non-suppressed and suppressed modes.

IO 3 c r n o 2‘ Br N 0 3 HPO 42 SO 42

Noni-Suppressed
k ’ na3 1.1 1.8 2.8 4.1 5.4 na

N/m na 161,000 170,00 230,000 174,000 186,000 na
H (pm) na 6 6 4 6 6 na

h na 3 3 2 3 3 na
o2 (pL2) na 50 90 120 300 440 na

Suppressed with ASRS ULTRA II (15 pL void volume)
k ’ 0.7 1.5 2.2 3.2 4.5 5.9 8.2

N/m 31,000 49,000 63,000 100,000 138,000 137,000 180,000
H (pm) 32 20 16 10 7 7 6

h 18 11 9 6 4 4 3
o2 (pL2) 170 210 280 300 380 600 810

Suppressed with AAES (35 pL void volume)
k ’ 0.9 1.7 2.5 3.6 5.1 6.5 9.0

N/m 3,000 12,000 12,000 22,000 39,000 53,000 79,000
H (pm) 381 86 81 46 26 19 13

h 212 48 45 25 14 11 7
a2 (pL2) 1950 890 1420 1400 1390 1560 1860

a In non-suppressed mode, IO3" co-elutes with the large water dip at the dead time, 

b. Experimental conditions: Eluent is 4-hydroxybenzoic acid 2.5 mM pH 10, 1.0

mL/min, coating solution for pre-column and separation column is DDAB 1 mM in 35% 

ACN, separation column capacity is 12 peq/column, ASRS-II suppression at 40 mA, 

AAES suppression at 20 mA, analyte concentration in non-suppressed mode is 0.5 mM 

except for IO3' (5mM), CL (0.2 mM), and HPO42' (ImM), analyte concentration in 

suppressed mode is 150 pM.
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5.3.3 DDAB removal

In Chapter 4, it was found that a 50% ACN/water solution removed DDAB from 

the monolithic columns without causing a significant increase in back pressure. 

However, after only five coating/uncoating cycles on a column packed with 1.8 pm 

particles, the pressure almost doubled (B0 halved) and the column became plugged. It 

was hypothesized that the plugging resulted from the formation o f an insoluble ion pair 

within the ACN rinse solution. Just prior to cleaning the columns with 50% ACN, the 

DDAB molecules within the column are in the DDA+Eluent' form (DDA+/4-hb‘ or 

(DDA+)2/4-hb2‘) (See section 4.2.4 and Figure 1.16). This form of the surfactant is likely 

less soluble in 50% ACN than the DDA+/Br form and probably precipitates in the 

column. The uncoating procedure was modified by flushing the column with a 1 mM 

NaBr solution for 20 min at 1 mL/min (Figure 5.5). In this manner, DDA+ was converted 

to the more soluble bromide form and hopefully would not precipitate in the column upon 

uncoating. The surfactant was then washed from the column using 50% ACN.

Using the NaBr pre-rinse before uncoating the Extend column resulted in 

essentially no change in column backpressure. The %RSD after eight coating/uncoating 

cycles was 3.9%. In addition, after uncoating the column seven times, the pressures at 

50% ACN (when all the DDAB is removed) had a %RSD of only 3.2%. Because of the 

lower constriction within the monolithic column, the precipitation of DDA+/4-hb' did not 

have such a strong effect on the monolithic columns in Chapter 4.
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Figure 5.5 Removal of DDAB using NaBr and 50% ACN.
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5.4 Conclusions

The work presented in this chapter demonstrates the possibility of performing IC 

separations on silica-based columns at pH higher than 8 with 4-hydroxybenzoic acid as 

an eluent. Elevated pH enables faster separations as this eluent becomes doubly charged 

at pH>8.5. As well, the combination of small particle (1.8 pm) packings with short 

columns (2 cm) results in high peak efficiency and reasonable backpressures. The eluent 

can easily be pumped through the column using a standard HPLC pump. An UPLC 

apparatus (Section 1.2.2) is hence not required.

It has been shown that adding a bare silica pre-column to the flow line effectively 

protects the analytical column from dissolution o f silica and extends the column life by

n

about 4-fold. With the carbonate/bicarbonate eluent used in Section 5.3.1.2, the Extend 

column would then potentially last for -140 hours. However, Chapter 6 will show how 

the column life can be considerably extended without the need for a bare silica pre­

column.

As with the work presented in Chapter 4, it is observed in the present chapter that 

the control and reduction of extra-column band broadening generated by the suppressor is 

essential to increase peak efficiency. To avoid precipitation o f surfactant in the column 

upon its removal, NaBr is flushed through the column to convert DDAB in its more 

soluble bromide form.
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CHAPTER SIX. Conclusions and future work

6.1 Conclusions and significance

This thesis explored means o f reducing analysis time and complexity in analytical 

separation methods. The studies in Chapters 2 and 3 involving thiols and disulfides 

focused on eliminating sample preparation steps which add considerably to the labor and 

time necessary for these analyses. The work with ion chromatography in Chapters 4 and 

5 explored alternatives in column dimensions and stationary phase structure and 

chemistry to enable short separation times using reasonable flow rates. An important 

aspect of the overall work was to design techniques that would be usable in laboratories 

equipped with standard separation systems and detectors.

The work with thiols and disulfides demonstrated that the elimination o f off-line 

sample derivatisation steps can significantly reduce analysis time - by 3 to 100-fold. 

Conventional long and complex sample derivatisations processes (from 1-24 hours) were 

replaced by a simple 20 minute separation that did not require any pre-derivatisation 

steps. It is arguable that even if  the analyses are faster, the system using two post-column 

reagents is relatively complex. However, once the instrumental setup is in place, the 

method can easily be used routinely.

Laboratories are today under constant pressure to improve throughput and 

productivity while keeping their methods environmentally friendly. To improve 

separation time, one can think of increasing the flow rate through the columns. The 

commercialization o f high permeability monolithic columns for LC separations enabled
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the use of exceptionally fast flow rates (up to 16 mL/min) for separations.1 However, 

solvent consumption becomes excessive and a specific pump capable of high flow rates is 

essential. My work using short monolithic columns (Chapter 4) demonstrates that IC 

analysis can be performed in as little as 2 minutes using conventional flow rates o f 1-2 

mL/min. This reduces solvent use and can be carried out using standard HPLC 

instrumentation. The separations are far quicker than established IC separations which 

usually resolve the same analytes in 10 minutes on 15 cm long columns.2 Separations of 

multiple compounds on short columns are only possible if  extra-column band broadening 

effects are minimized. These effects become very significant as the columns are 

shortened and particle size reduced. It was demonstrated that the contribution to band 

broadening of the injection loop, the tubing and detector is minor in a well optimized 

system. However, it was also shown that the suppressor in IC is the principal cause of 

band broadening.

The short length and trivial pressure drops of the monolithic columns enabled the 

use of a syringe pump to circulate the eluent at constant flow rates. This is an important 

step towards an eventual development of portable LC systems.

The work with the small particle columns in Chapter 5 not only demonstrates the 

ability to perform efficient separations on short columns, but is also o f significance in the 

field of IC. Selectivity in IC is mainly based on column chemistry, resulting in the 

manufacture o f a variety of different columns adapted to diverse needs. The capacity of 

DDAB coated columns is easily modified and regenerated. This flexibility reduces the 

need for an array of costly columns required for different applications. Moreover, with 

the advent of high pH stable silica phases, DDAB coated columns could potentially be
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used with the most common IC eluents. Interest for commercialization of DDAB coated 

columns and implantation in research labs has been expressed by two companies. Since 

most laboratories possess RPLC columns, IC becomes a very accessible technique. In 

addition, it is shown in Chapter 4 that when used with a coated pre-column, DDAB 

coated columns can be stable for weeks.

The improvement of column technology unites robustness, stability, performance 

and alas elevated prices. Columns are precious and must be used with care. My work 

using short columns brings a new dimension to this general vision on column usage. 

Short columns, often commercialized as guard columns, are available at a fraction o f the 

cost of standard columns and can be easily replaced. In this manner, separation columns 

may become a general consumable product.

6.2 Future work

6.2.1 Improvements in fast ion chromatography with small particles

6.2.1.1 Hybrid stationary phases

In HPLC separations, an ideal support material would unite the best properties

from both the silica and the polymer-based packings: high efficiency and mechanical

strength, wide pH stability range and no silanol interactions. Columns made of a hybrid

organic-inorganic material combining these properties have recently been developed.3'5

To slow down degradation o f the silica in alkaline conditions, organic ethyl groups are

bridged within the silica particle (Figure 6.1). The organic groups sterically protect the

silica surface from the hydroxide attack while reducing the amount o f free silanols on the

surface. In addition, these materials are more difficult to hydrolyze since up to five
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siloxane bonds have to be broken to free one ethylene-bridge unit. These phases are 

stable from pH 1-14, mechanically strong and are as efficient as silica. They are now 

commercialized by Waters as the XBridge columns.6 These columns are available 

packed with 1.7 pm particles and can be as short as 2 cm. Waters claims that under 

alkaline conditions the XBridge columns are more than 20 times more stable than the 

Extend phase used in Chapter 5.6 With XBridge columns it would therefore be possible 

to use carbonate/bicarbonate eluent for IC with DDAB coatings for more than 2 or 3 

months without degrading the stationary phase.
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Figure 6.1 Structure of an ethylene bridged hybrid organic-inorganic particle. 

Adapted from reference 6, courtesy of Waters Corporation.
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6.2.1.2 Improved suppressors

To perform anion analysis in less than 1 minute with short columns and small 

particles, a flow rate of 2 mL/min is necessary. However, as explained in Section 5.3.2, 

the low volume ASRS-II suppressor which minimizes band broadening operates at a 

maximum flow o f 1 mL/min. The AAES suppressor is the other option for operation at 2 

mL/min but it generates more broadening. Dionex has expressed interest in building a 

low volume suppressor (comparable to the ASRS-II) that would sustain flows of 2 

mL/min. By combining this enhanced suppressor with the XBridge columns, IC analysis 

based on DDAB coatings can become a robust alternate or complement to traditional IC 

analysis.

6.2.2 Increasing retention of weakly retained compounds in RPLC

HPLC column technology is always improving and evolving. The work in this 

thesis involved the use o f a few specialized RPLC columns such as monolithic, wide pH 

stable, aqueous compatible or small particulate phases. For RPLC analysis of polar 

compounds such as thiols and disulfides (Chapters 2 and 3) an array of different columns 

are available for separations under acidic and highly aqueous conditions (Section 1.2.3.1). 

The actual trend is to produce RP columns with added hydrophilicity and bulky group 

protection. This chemistry enhances wettability o f the stationary phase in 100% water 

and the compatibility at low pH. I had the opportunity to beta test a new low pH stable 

polar embedded column (Dionex, Acclaim PolarAdvantage II, PA2)7 and compare it with
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the Zorbax SB-Aq used in Chapter 3. The increased polarity o f the PA2 column resulted 

in an average retention factor increase o f 45%. However peak shape was poor compared 

to the SB-Aq. This demonstrates that this area of column development is still growing 

and will improve separation of polar analytes.

As seen in Chapters 2 and 3, the separation of weakly retained polar compounds 

in RPLC is still a challenge. Elevated column temperature has traditionally been used to

O Q
reduce analysis time since retention factors decrease at higher temperature. ’ 

Conversely, reduced temperatures can be used to increase retention times. Working with 

Jen Cook, a WISEST (Women in Scholarship, Engineering, Science and Technology) 

student, we observed up to a 20% increase in retention factors and some selectivity 

changes were observed when separating organic acids on a Zorbax SB-Aq column at 30 

°C and 6 °C.10 In addition, it has been observed that the loss in retention in highly 

aqueous conditions attributed to phase collapse is reduced at low temperatures.11 

Resolution o f polar compounds in RPLC could be improved by combining below room 

temperature separations with aqueous and low pH compatible phases. This could become 

a powerful analytical tool for polar compounds in RPLC.
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